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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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T h i s  e d i ti o n  o f N F PA 9 2 ,  Standard for Smoke Control Systems,  was  p r e p ar e d  b y th e  Te c h n i c al
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 9 2  was  ap p r o ve d  a s  a n  Am e r i c a n  N a ti o n al  S ta n d a r 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 9 2

T h e  N F PA S tan d ar d s  C o u n c i l  e s ta b l i s h e d  th e  Te c h n i c al  C o m m i tte e  o n  S m o ke  M an a ge m e n t
S ys te m s  i n  1 9 8 5  an d  c h a r ge d  i t wi th  a d d r e s s i n g th e  n e e d  fo r  gu i d e l i n e s  an d  m a te r i al s  o n  s m o ke
m a n ag e m e n t i n  b u i l d i n g s .  T h e  C o m m i tte e ’ s  frst d o c u m e n t,  N F PA 9 2 A,  Recommended Practice for
Smoke-Control Systems,  wa s  p u b l i s h e d  i n  1 9 8 8  an d  ad d r e s s e d  s m o ke  c o n tr o l  u ti l i z i n g  b a r r i e r s ,  airfows,
an d  p r e s s u r e  d i ffe r e n ti a l s  s o  a s  to  confne  th e  s m o ke  o f a  fre  to  th e  z o n e  o f fre  o r i g i n  to  m ai n ta i n  a
te n a b l e  e n vi r o n m e n t i n  o th e r  z o n e s .  T h e  c o m p l e x  p r o b l e m  o f m ai n ta i n i n g te n ab l e  c o n d i ti o n s  wi th i n
l ar g e  z o n e s  o f fre  o r i g i n  s u c h  as  atr i a a n d  s h o p p i n g m al l s  r e p r e s e n te d  a m o r e  diffcult i s s u e  i n  te r m s
o f th e  p h ys i c s  i n vo l ve d  an d  th u s  wa s  r e s e r ve d  fo r  a n o th e r  d o c u m e n t,  N F PA 9 2 B ,  Guide for Smoke
Management Systems in Malls,  Atria,  and Large Areas,  frst p u b l i s h e d  i n  1 9 9 1 .

B e twe e n  1 9 9 1  a n d  2 0 0 9 ,  N F PA 9 2 A a n d  N F PA 9 2 B  we r e  s e p ar a te l y m ai n ta i n e d .  I n  2 0 0 6 ,  N F PA
9 2 A was  r e wr i tte n  a s  a  s tan d ar d  wi th  m an d ato r y p r o vi s i o n s  r e g ar d i n g  d e s i g n ,  i n s ta l l a ti o n ,  a n d  te s ti n g
o f s m o ke -c o n tr o l  s ys te m s  a n d  wa s  r e n a m e d  Smoke-Control Systems Utilizing Barriers and Pressure
Differences.  I n  2 0 0 5  a n d  2 0 0 6 ,  b o th  d o c u m e n ts  we r e  r e o r g an i z e d  to  c o m p l y wi th  th e  Manual of Style for
NFPA Technical Committee Documents.  B o th  d o c u m e n ts  e ve n tu al l y c o n tai n e d  m an y o f th e  s am e
r e q u i r e m e n ts  fo r  d e s i g n  o b j e c ti ve s ,  ac ti va ti o n ,  a n d  i n s tal l ati o n .

I n  th e  An n u al  2 0 1 1  r e vi s i o n  c yc l e ,  N F PA 9 2 A an d  N F PA 9 2 B  we r e  wi th d r awn  a n d  r e p l ac e d  wi th  a
n e w d o c u m e n t,  N F PA 9 2 ,  Standard for Smoke Control Systems.  N F PA 9 2  was  c r e ate d  u s i n g  r e q u i r e m e n ts
fr o m  b o th  o f th e  o r i g i n a l  d o c u m e n ts ,  r e m o vi n g d u p l i c ate  p r o vi s i o n s  an d  m aki n g  n u m e r o u s  e d i to r i a l
c h a n ge s .  T h e  n e w d o c u m e n t u s e d  th e  te r m  smoke control systems to  a d d r e s s  b o th  c o n ta i n m e n t a n d
m a n ag e m e n t s ys te m s .  Wi th  th e  c o n s o l i d ati o n  e ffo r t,  th e  n e w s tan d a r d  c o ve r e d  th e  fo l l o wi n g  to p i c s :
d e s i g n  o f s m o ke  m a n ag e m e n t s ys te m s  a n d  c al c u l ati o n s ,  d e s i g n  o f s m o ke  c o n tai n m e n t s ys te m s ,  d e s i g n
o f s ta i r we l l  p r e s s u r i z ati o n  s ys te m s ,  an d  te s ti n g r e q u i r e m e n ts .

T h e  2 0 1 5  e d i ti o n  i n c l u d e d  e d i to r i al  r e vi s i o n s  an d  n e w r e q u i r e m e n ts  a d d r e s s i n g  d r a ft c u r ta i n
m a te r i al s .

T h e  2 0 1 8  e d i ti o n  ad d e d  r e q u i r e m e n ts  r e ga r d i n g  th e  verifcation  o f d e d i c a te d  s m o ke  c o n tr o l
e q u i p m e n t th r o u gh  u s e  o f th e  we e kl y s e l f-te s t fu n c ti o n .  A n e w an n e x  o n  te n ab i l i ty wa s  a d d e d  to
p r o vi d e  g u i d e l i n e s  fo r  d e s i g n e r s  to  a s s e s s  te n a b l e  c o n d i ti o n s  i n  s p ac e s  p r o te c te d  b y s m o ke  c o n tr o l
s ys te m s ,  i n  c o n n e c te d  s p a c e s ,  an d  o f m e a n s  o f e gr e s s  e l e m e n ts  d u r i n g  th e  o p e r a ti o n  o f a  s m o ke
c o n tr o l  s ys te m .

T h e  2 0 2 1  e d i ti o n  o f N F PA 9 2  r e vi s e d  th e  r e q u i r e m e n ts  fo r  th e  d e s i gn  n u m b e r  i n  C h a p te r  4  an d
th e  n u m b e r  o f d o o r s  r e q u i r e d  to  b e  o p e n  d u r i n g  te s ti n g  i n  C h a p te r  8  fo r  s m o ke  c o n tai n m e n t an d
s tai r we l l  p r e s s u r i z a ti o n  s ys te m s  to  o n l y d o o r s  th at a r e  au to m ati c al l y o p e n e d  d u r i n g  th e  s m o ke
c o n tr o l  s tr a te g y.  N e w An n e x  A m ate r i a l  was  ad d e d  to  p r o vi d e  g u i d an c e  o n  s ys te m s  wi th  m a ke u p  ai r
ve l o c i ti e s  e x c e e d i n g  2 0 0  ft/ m i n  ( 1 . 0 2  m / s ) .  E q u a ti o n s  an d  va l u e s  th r o u gh o u t th e  d o c u m e n t we r e
u p d ate d  to  p r o vi d e  b o th  I - P  an d  S I  va l u e s .

T h e  2 0 2 4  e d i ti o n  h as  r e vi s e d  th e  defnitions  fo r  d am p e r s  i n  C h ap te r  3 ,  u p d a te d  th e  te r m i n o l o gy
fo r  th e  l i s ti n g o f c o n tr o l  e q u i p m e n t fo r  s m o ke  c o n tr o l  s ys te m s  i n  C h ap te r  6 ,  a n d  r e vi s e d  th e
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r e q u i r e m e n ts  fo r  p e r i o d  te s ti n g  i n  C h a p te r  8  to  i n c l u d e  i n s p e c ti o n  a n d  m ai n te n a n c e .  N e w m ate r i al  h as  b e e n  a d 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  m ai n ta i n i n g  te n a b i l i ty i n  c o m m u n i c ati o n  s p ac e s .
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E l yah u  Avi do r,  Te l  Avi v,  I s r a e l  [ RT ]
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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 ]
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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 ]
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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 an  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 ate s  m a te r i al  th at 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 al  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 ta ti 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 a l l  b e  s e n t to  th e
te c h n i c a l  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 ati o n  o n  r e fe r e n c e d  a n d  e x tr a c te d  p u b l i c ati o n s  c a n
b e  fo u n d  i n  C h ap te r  2  a n d  An n e x  N .

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

1 . 1 *  S c o p e .    T h i s  s tan d ar d  s h a l l  ap p l y to  th e  d e s i gn ,  i n s tal l a‐
ti o n ,  ac c e p tan c e  te s ti n g,  o p e r ati o n ,  an d  o n g o i n g p e r i o d i c  te s t‐
i n g o f s m o ke  c o n tr o l  s ys te m s .

1 . 2  P urp o s e .

1 . 2 . 1    T h e  p u r p o s e  o f th i s  s tan d ar d  s h al l  b e  to  e s tab l i s h
re q u i r e m e n ts  fo r  s m o ke  c o n tr o l  s ys te m s  to  ac c o m p l i s h  o n e  o r
m o r e  o f th e  fo l l o wi n g :

( 1 ) I n h i b i t s m o ke  fr o m  e n te r i n g s ta i r we l l s ,  m e a n s  o f e gr e s s ,
s m o ke  r e fu g e  ar e as ,  e l e vato r  s h a fts ,  o r  s i m i l ar  ar e a s

( 2 ) M ai n ta i n  a te n ab l e  e n vi r o n m e n t i n  s m o ke  r e fu g e  ar e a s
a n d  m e a n s  o f e g r e s s  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 a‐

ti o n
( 3 ) I n h i b i t th e  m i g r ati o n  o f s m o ke  fr o m  th e  s m o ke  z o n e
( 4 ) P r o vi d e  c o n d i ti o n s  o u ts i d e  th e  s m o ke  z o n e  th at e n ab l e

e m e r g e n c y r e s p o n s e  p e r s o n n e l  to  c o n d u c t s e ar c h  an d
r e s c u e  o p e r ati o n s  a n d  to  l o c a te  an d  c o n tr o l  th e  fre

( 5 ) C o n tr i b u te  to  th e  p r o te c ti o n  o f l i fe  an d  to  th e  r e d u c ti o n
o f p r o p e r ty l o s s

1 . 2 . 2    T h e  r e q u i r e m e n ts  s p e c i fyi n g  th e  c o n d i ti o n s  u n d e r  wh i c h
a  s m o ke  c o n tr o l  s ys te m  s h al l  b e  p r o vi d e d  a r e  a d d r e s s e d  b y

o th e r  c o d e s  a n d  s ta n d a r d s .

1 . 2 . 3    Specifc  d e s i g n  o b j e c ti ve s  ar e  e s tab l i s h e d  i n  o th e r  c o d e s
an d  s tan d a r d s .

1 . 3  Re tro ac ti vi ty.

1 . 3 . 1    U n l e s s  o th e r wi s e  n o te d ,  i t i s  n o t i n te n d e d  th at th e  p r o vi ‐
s i o n s  o f th i s  d o c u m e n t b e  a p p l i e d  to  fac i l i ti e s ,  e q u i p m e n t,
s tr u c tu r e s ,  o r  i n s ta l l a ti o n s  th a t we r e  e x i s ti n g  o r  ap p r o ve d  fo r

c o n s tr u c ti o n  o r  i n s ta l l ati o n  p r i o r  to  th e  e ffe c ti ve  d ate  o f th i s
d o c u m e n t.

1 . 3 . 2    I n  th o s e  c as e s  wh e r e  th e  au th o r i ty h a vi n g j u r i s d i c ti o n
d e te r m i n e s  th a t th e  e x i s ti n g  s i tu ati o n  i n vo l ve s  a d i s ti n c t h az ar d
to  l i fe  o r  p r o p e r ty,  r e tr o a c ti ve  ap p l i c a ti o n  o f th e  p r o vi s i o n s  o f

th i s  d o c u m e n t s h a l l  b e  p e r m i tte d .

1 . 3 . 3    Wh e r e  a s m o ke  c o n tr o l  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 . 3 . 4    Verifcation  i s  r e q u i r e d  to  e n s u r e  th at n e w o r  modifed
s ys te m s  d o  n o t a d ve r s e l y affe c t th e  p e r fo r m an c e  o f e x i s ti n g
s m o ke  c o n tr o l  s ys te m s .

1 . 4  E q ui 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 a l i ty,  s tr e n gth ,  fre  r e s i s ta n 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 . 4 . 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 r i 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 . 4 . 2    T h e  s ys te m ,  m e th o d ,  o r  d e vi c e  s h a l l  b e  a p 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 . 5  U n i ts  an d  Fo r m u l as .  ( Re s e r ve d )

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 a p te r  ar e  r e fe r e n c e d  wi th i n  th i s  s tan d ar d  an d  s h a l l  b e
c o n s i d e r e d  p a r 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 a ti o n a l  F i r e  P r o te c ti o n  As s o c i ati 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 .

NFPA  70®,   National Electrical Code®,  2 0 2 3  e d i ti o n .
NFPA  72®,   National Fire Alarm and Signaling Code®,  2 0 2 2

e d i ti o n .
N F PA  9 0 A,   Standard for the Installation of Air-Conditioning and

Ventilating Systems,  2 0 2 4  e d i ti o n .
N F PA  1 01 ® ,   Life Safety Code®,  2 0 2 4  e d i ti o n .
N F PA  1 1 0 ,   Standard for Emergency and Standby Power Systems,

2 0 2 2  e d i ti o n .
N F PA  2 2 1 ,   Standard for High Challenge Fire Walls,  Fire Walls,

and Fire Barrier Walls,  2 0 2 4  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  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   5 5 5 ,  Fire Dampers,  2 0 0 6 ,  re vi s e d  2 0 2 0 .

U L   5 5 5 S ,  Smoke Dampers,  2 0 1 4 ,  r e vi s e d  2 0 2 0 .
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U L  8 6 4 ,  Control Units and Accessories for Fire Alarm Systems,
2 0 1 4 ,  r e vi s e d  2 0 2 0 .

2 . 3 . 2  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 am -
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 .

N F PA  1 ,   Fire Code,  2 0 2 4  e d i ti o n .
N F PA  3 ,   Standard for Commissioning of Fire Protection and Life

Safety Systems,  2 0 2 4  e d i ti o n .
N F PA  1 01 ®,   Life Safety Code®,  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 al l  a p p l y to
th e  te r m s  u s e d  i n  th i s  s ta n 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
a n 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 g an i z a ti 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 a l s ,

a n  i n s ta l 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 a l s  to  wh i c h  h as  b e e n
a ttac 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 a r 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
an 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 a n c e  wi th  ap p r o p r i ate  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 a te r i al 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 ate r i a l 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 a l ,  o r  s e r vi c e  m e e ts  ap p r o p r i ate  d e s i gn a te d

s tan d ar d s  o r  h a s  b e e n  te s te d  an 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 ate s  a m an d a to 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 a ti o n  o r  th a t 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 tan d ar d ,  th e  m a i 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 ate  r e q u i r e m e n ts  a n d  th at 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 aw.  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 a ti 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 a l s  o f
s tyl e .  Wh e n  u s e d  i n  a ge n e r i c  s e n s e ,  s u c h  a s  i n  th e  p h r as e s

“ 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 a r 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  a l 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 a r 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 .

3 . 3  G e n e ral  Defnitions.

Δ 3 . 3 . 1  Atri u m .    A l ar g e -vo l u m e  s p ac e  c r e ate d  b y a  foor  o p e n i n g
o r  s e r i e s  o f foor  o p e n i n gs  c o n n e c ti n g  two  o r  m o r e  s to r i e s  th a t

i s  c o ve r e d  at th e  to p  o f th e  s e r i e s  o f o p e n i n g s  a n d  i s  u s e d  fo r
p u r p o s e s  o th e r  th an  a n  e n c l o s e d  s tai r wa y;  a n  e l e vato r  h o i s tway;

a n  e s c al ato r  o p e n i n g ;  o r  a s  a u ti l i ty s h a ft u s e d  fo r  p l u m b i n g ,
e l e c tr i c a l ,  ai r- c o n d i ti o n i n g ,  o r  c o m m u n i c a ti o n s  fac i l i ti e s .  [ 1 01 ,

2 0 2 4 ]

3 . 3 . 2 *  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 ge m e n t o n  th e

c e i l i n g .

N 3 . 3 . 3  D am p e r.

N 3 . 3 . 3 . 1  Combination Fire and Smoke Damper.    A d am p e r  th a t
m e e ts  b o th  th e  fre  d a m p e r  a n d  s m o ke  d am p e r  r e q u i r e ‐

m e n ts .

N 3 . 3 . 3 . 2  Fire Damper.    A d am p e r  i n s tal l e d  i n  a n  ai r-
d i s tr i b u ti o n  s ys te m  th at i s  d e s i gn e d  to  c l o s e  au to m ati c al l y

u p o n  d e te c ti o n  o f h e a t to  i n te r r u p t m i gr a to r y airfow an d
r e s tr i c t th e  p a s s a ge  o f fame.

3 . 3 . 3 . 3  Smoke Damper.    A d am p e r  wi th i n  a n  ai r  d i s tr i b u ti o n
s ys te m  l i s te d  to  c o n tr o l  th e  m o ve m e n t o f s m o ke .

3 . 3 . 4 *  D e s i gn  P re s s u re  D i ffe re n c e .    T h e  d e s i r e d  p r e s s u r e
d i ffe r e n c e  b e twe e n  th e  p r o te c te d  s p a c e  an d  an  a d j ac e n t s p a c e
m e a s u r e d  a t th e  b o u n d ar y o f th e  p r o te c te d  s p a c e  u n d e r  a
specifed  s e t o f c o n d i ti o n s  wi th  th e  s m o ke  c o n tr o l  s ys te m  o p e r ‐

a ti n g.

3 . 3 . 5 *  D raft C u r tai n .    A fxed  o r  au to m ati c al l y d e p l o yab l e
b a r r i e r  th at p r o tr u d e s  d o wn war d  fr o m  th e  c e i l i n g to  c h an 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 . 6  Fi re .

3 . 3 . 6 . 1  Fuel-Limited Fire.    A fre  th at h a s  a h e at r e l e as e  r a te
th at i s  c o n tr o l l e d  b y th e  m a te r i al  b u r n i n g.

3 . 3 . 6 . 2  Steady Fire.    A fre  th a t h as  a c o n s ta n t h e a t r e l e a s e
r a te .

3 . 3 . 6 . 3  t-squared (t2)  Fire.    A fre  th at h as  a h e at r e l e as e  r a te
th at g r o ws  p r o p o r ti o n al l y to  th e  s q u ar e  o f ti m e  fr o m  i g n i ‐

ti o n .  [See Annex B for further information on t-squared (t2) profle
fres.]

3 . 3 . 6 . 4  Unsteady Fire.    A fre  th at h as  a  h e at r e l e a s e  r ate  th a t
va r i e s  wi th  r e s p e c t to  ti m e .

3 . 3 . 6 . 5  Ventilation Limited Fire.    A fre  wh e r e  e ve r y o b j e c t i n
th e  fre  c o m p a r tm e n t i s  fu l l y i n vo l ve d  i n  fre  an d  th e  h e a t

r e l e as e  r ate  d e p e n d s  o n  th e  airfow th r o u gh  th e  o p e n i n g s  to
th e  fre  c o m p a r tm e n t.

3 . 3 . 7 *  Firefghters’  S m o k e  C o n tro l  S tati o n  ( FS C S ) .    A s ys te m
th at p r o vi d e s  g r ap h i c al  m o n i to r i n g  a n d  m an u al  o ve rr i d i n g
c a p ab i l i ty o ve r  s m o ke  c o n tr o l  s ys te m s  an d  e q u i p m e n t at d e s i g‐
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S h ad 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 a te d  l o c a ti o n ( s )  wi th i n  th e  b u i l d i n g fo r  u s e  b y th e  fre  d e p a r t‐
m e n t.

3 . 3 . 8  G ro wth  T i m e  ( tg) .    T h e  ti m e  i n te r va l  fr o m  th e  ti m e  o f
e ffe c ti ve  i gn i ti o n  u n ti l  th e  h e a t r e l e as e  r a te  o f th e  fre  i s

1 0 0 0   B tu / s e c  ( 1 0 5 5   kW) .

3 . 3 . 9  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 a u s t d u e  to  a h i gh  e x h au s t r ate .

3 . 3 . 1 0 *  P l u m e .    A c o l u m n  o f s m o ke  th at r i s e s  ab o ve  a fre.

3 . 3 . 1 0 . 1 *  Axisymmetric Plume.    A p l u m e  th at r i s e s  ab o ve  a
fre,  d o e s  n o t c o m e  i n to  c o n ta c t wi th  wal l s  o r  o th e r  o b s ta‐

c l e s ,  an d  i s  n o t d i s r u p te d  o r  defected  b y airfow.

3 . 3 . 1 0 . 2 *  Balcony Spill Plume.    A s m o ke  p l u m e  th a t o r i g i ‐
n ate s  fr o m  a c o m p ar tm e n t fre,  fows  o u t th e  d o o r wa y,  fows

u n d e r  a b a l c o n y,  an d  fows  u p war d  afte r  p a s s i n g th e  b a l c o n y
e d g e .

3 . 3 . 1 0 . 3 *  Window Plume.    A p l u m e  th at fows  o u t o f a n
o p e n i n g  to  a r o o m  o r  o th e r  c o m p ar tm e n t th at i s  i n vo l ve d  i n

a ve n ti l ati o n  l i m i te d  fre.

3 . 3 . 1 1  P re s s u ri z e d  S tai r we l l s .    A typ e  o f c o n ta i n m e n t s m o ke
c o n tr o l  s ys te m  i n  wh i c h  s ta i r  s h afts  a r e  m e c h a n i c al l y p r e s s u r ‐
i z e d ,  wi th  r e s p e c t to  th e  fre  ar e a ,  wi th  o u td o o r  ai r  to  ke e p

s m o ke  fr o m  c o n ta m i n ati n g  th e m  d u r i n g  a fre  i n c i d e n t.

3 . 3 . 1 2  Re gi s te re d  D e s i gn  P ro fe s s i o n al  ( RD P ) .    An  i n d i vi d u al
wh o  i s  r e gi s te r e d  o r  l i c e n s e d  to  p r ac ti c e  th e i r  r e s p e c ti ve  d e s i gn

p r o fe s s i o n  as  defned  b y th e  s tatu to r y r e q u i r e m e n ts  o f th e
p r o fe s s i o n a l  r e g i s tr a ti o n  l aws  o f th e  j u r i s d i c ti o n  i n  wh i c h  th e

p r o j e c t i s  to  b e  c o n s tr u c te d ,  o r  o th e r  p r o fe s s i o n al  wi th  qualif‐
cations  o r  c r e d e n ti al s  a c c e p ta b l e  to  th e  j u r i s d i c ti o n  i n  wh i c h
th e  p r o j e c t i s  to  b e  c o n s tr u c te d .  [ 3 ,  2 0 2 4 ]

3 . 3 . 1 3  S m o k e .    T h e  ai rb 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
ga s e s  e vo l ve d  wh e n  a m ate r i a l  u n d e r go 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 a i r  th at i s  e n tr ai 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 3 . 1 *  First Indication of Smoke.    T h e  b o u n d ar y b e twe e n
th e  tr an s i ti o n  z o n e  an d  th e  s m o ke  fr e e  a i r.

3 . 3 . 1 4 *  S m o ke  B ar ri e r.    F o r  th e  p u r p o s e s  o f th i s  s tan d a r d ,  a
c o n ti n u o u s  m e m b r an e ,  e i th e r  ve r ti c al  o r  h o r i z o n ta l ,  s u c h  a s  a
wal l ,  foor,  o r  c e i l i n g  a s s e m b l y,  th at i s  d e s i gn e d  an d  c o n s tr u c te d
to  r e s tr i c t th e  m o ve m e n t o f s m o ke  i n  c o n j u n c ti o n  wi th  a s m o ke

c o n tr o l  s ys te m .

3 . 3 . 1 5 *  S m o k e  C o n tai nm e n t.    A s m o ke  c o n tr o l  m e th o d  th at
u s e s  m e c h a n i c al  e q u i p m e n t to  p r o d u c e  p r e s s u r e  d i ffe r e n c e s
a c r o s s  s m o ke  b a r r i e r s .

3 . 3 . 1 6  S m o ke  C o n tro l  M o d e .    A predefned  o p e r a ti o n al
confguration  o f a s ys te m  o r  d e vi c e  fo r  th e  p u r p o s e  o f s m o ke

c o n tr o l .

3 . 3 . 1 7 *  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 rm a l  b ar r i e r.

3 . 3 . 1 8 *  S m o ke  L aye r I n te r fac e .    T h e  th e o r e ti c al  b o u n d ar y
b e twe e n  a s m o ke  l a ye r  an d  th e  s m o ke -fr e e  ai r.

3 . 3 . 1 9  S m o k e  M an age m e n t.    A s m o ke  c o n tr o l  m e th o d  th a t
u ti l i z e s  n a tu r al  o r  m e c h an i c a l  s ys te m s  to  m ai n ta i n  a te n ab l e

e n vi r o n m e n t i n  th e  m e an s  o f e gr e s s  fr o m  a l a r ge -vo l u m e  s p a c e

o r  to  c o n tr o l  a n d  r e d u c e  th e  m i g r ati o n  o f s m o ke  b e twe e n  th e
fre  a r e a an d  c o m m u n i c a ti n g s p a c e s .

3 . 3 . 2 0  S m o k e  Re fu ge  Are a.    An  a r e a o f th e  b u i l d i n g  s e p ar ate d
fr o m  o th e r  s p a c e s  b y fre-resistance-rated  s m o ke  b ar r i e r s  i n

wh i c h  a  te n ab l e  e n vi r o n m e n t i s  m a i n tai n e d  fo r  th e  p e r i o d  o f
ti m e  th at s u c h  a r e as  m i g h t n e e d  to  b e  o c c u p i e d  a t th e  ti m e  o f
fre.

3 . 3 . 2 1  S p ac e .

3 . 3 . 2 1 . 1 *  Communicating Space.    A s p ac e  wi th i n  a b u i l d i n g
th at h as  a n  o p e n  p a th way to  a  l ar g e -vo l u m e  s p a c e  s u c h  th a t
s m o ke  fr o m  a  fre  e i th e r  i n  th e  c o m m u n i c a ti n g s p ac e  o r  i n  a
l ar g e -vo l u m e  s p ac e  c an  m o ve  fr o m  o n e  to  an o th e r  wi th o u t

r e s tr i c ti o n .

3 . 3 . 2 1 . 2  Large-Volume Space.    An  u n c o m p a r tm e n te d  s p ac e ,
g e n e r al l y two  o r  m o r e  s to r i e s  i n  h e i gh t,  wi th i n  wh i c h  s m o ke

fr o m  a fre  e i th e r  i n  th e  s p ac e  o r  i n  a c o m m u n i c ati n g  s p a c e
c a n  m o ve  an d  a c c u m u l a te  wi th o u t r e s tr i c ti o n .

3 . 3 . 2 1 . 3  Separated Spaces.    S p ac e s  wi th i n  a b u i l d i n g  th at ar e
i s o l ate d  fr o m  l ar g e -vo l u m e  s p ac e s  b y s m o ke  b a r r i e r s .

3 . 3 . 2 2  S tac k E ffe c t.    T h e  ve r ti c a l  airfow wi th i n  b u i l d i n g s
c a u s e d  b y th e  te m p e r atu r e - c r e a te d  d e n s i ty d i ffe r e n c e s  b e twe e n
th e  b u i l d i n g  i n te r i o r  a n d  e x te r i o r  o r  b e twe e n  two  i n te r i o r

s p ac e s .

3 . 3 . 2 3  S ys te m .

3 . 3 . 2 3 . 1  Compensated System.    A s ys te m  th at a d j u s ts  fo r
c h a n gi n g c o n d i ti o n s  e i th e r  b y m o d u l a ti n g s u p p l y airfows  o r
b y r e l i e vi n g e x c e s s  p r e s s u r e .

3 . 3 . 2 3 . 2 *  Dedicated Smoke Control System.    S m o ke  c o n tr o l
s ys te m s  a n d  c o m p o n e n ts  th at a r e  i n s ta l l e d  fo r  th e  s o l e

p u r p o s e  o f p r o vi d i n g s m o ke  c o n tr o l  a n d  th a t u p o n  a c ti va‐
ti o n  o f th e  s ys te m s  o p e r a te  specifcally to  p e r fo r m  th e
s m o ke  c o n tr o l  fu n c ti o n .

3 . 3 . 2 3 . 3 *  Nondedicated Smoke Control Systems.    A s m o ke -
c o n tr o l  s ys te m  th a t s h a r e s  c o m p o n e n ts  wi th  s o m e  o th e r
s ys te m ( s ) ,  s u c h  a s  th e  b u i l d i n g  H VAC  s ys te m ,  wh i c h  c h an g e s

i ts  m o d e  o f o p e r ati o n  to  ac h i e ve  th e  s m o ke -c o n tr o l  o b j e c ‐
ti ve .  [ 1 ,  2 0 2 4 ]

3 . 3 . 2 3 . 4  Pressurization System.

3 . 3 . 2 3 . 4 . 1  Multiple-Injection Pressurization System.    A typ e  o f
s m o ke  c o n tr o l  s ys te m  th at h as  p r e s s u r i z ati o n  a i r  s u p p l i e d

fr o m  m u l ti p l e  l o c ati o n s .

3 . 3 . 2 3 . 4 . 2  Single-Injection Pressurization System.    A typ e  o f
c o n tai n m e n t s m o ke  c o n tr o l  s ys te m  th a t h as  p r e s s u r i z a ti o n

a i r  s u p p l i e d  fr o m  o n l y o n e  l o c a ti o n .

3 . 3 . 2 3 . 5  Smoke Control System.    An  e n g i n e e r e d  s ys te m  th a t
i n c l u d e s  a l l  m e th o d s  th a t c an  b e  u s e d  s i n g l y o r  i n  c o m b i n a‐

ti o n  to  m o d i fy s m o ke  m o ve m e n t.

3 . 3 . 2 3 . 6 *  Smoke Exhaust System.    A m e c h an i c al  o r  g r avi ty
s ys te m  i n te n d e d  to  m o ve  s m o ke  fr o m  th e  s m o ke  z o n e  to  th e

e x te r i o r  o f th e  b u i l d i n g ,  i n c l u d i n g  s m o ke  r e m o val ,  p u r g i n g ,
a n d  ve n ti n g  s ys te m s ,  a s  we l l  a s  th e  fu n c ti o n  o f e x h au s t fa n s

u ti l i z e d  to  r e d u c e  th e  p r e s s u r e  i n  a s m o ke  z o n e .

3 . 3 . 2 3 . 7  Zoned Smoke Control System.    A s m o ke  c o n tr o l
s ys te m  th at i n c l u d e s  a c o m b i n a ti o n  o f s m o ke  c o n ta i n m e n t

an d  s m o ke  m an ag e m e n t m e th o d s  fo r  s m o ke  e x h au s t fo r  th e
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s m o ke  z o n e  an d  p r e s s u r i z a ti o n  fo r  al l  c o n ti gu o u s  s m o ke
c o n tr o l  z o n e s .

3 . 3 . 2 4 *  Te n ab l e  E n vi ro n m e n t.    An  e n vi r o n m e n t i n  wh i c h
s m o ke  an d  h e at a r e  l i m i te d  o r  o th e r wi s e  r e s tr i c te d  to  m a i n tai n

th e  i m p ac t o n  o c c u p an ts  to  a l e ve l  th at i s  n o t l i fe  th r e ate n i n g .

3 . 3 . 2 5  Z o n e .

3 . 3 . 2 5 . 1  Smoke Control Zone.    A s p a c e  wi th i n  a  b u i l d i n g
e n c l o s e d  b y s m o ke  b a r r i e r s ,  i n c l u d i n g  th e  to p  an d  b o tto m ,
th a t i s  p a r t o f a  z o n e d  s m o ke  c o n tr o l  s ys te m .

3 . 3 . 2 5 . 2  Smoke Zone.    T h e  s m o ke  c o n tr o l  z o n e  i n  wh i c h  th e
fre  i s  l o c a te d .

3 . 3 . 2 5 . 3 *  Transition Zone.    T h e  l aye r  b e twe e n  th e  s m o ke
l aye r  i n te r fa c e  an d  th e  frst i n d i c a ti o n  o f s m o ke  i n  wh i c h
th e  s m o ke  l aye r  te m p e r atu r e  d e c r e as e s  to  am b i e n t.

C h ap te r  4       D e s i gn  Fu n d am e n tal s

4 . 1  D e s i gn  O b j e c ti ve s .

4 . 1 . 1 *    T h e  m e th o d s  fo r  ac c o m p l i s h i n g  s m o ke  c o n tr o l  s h a l l
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:

( 1 ) T h e  c o n tai n m e n t o f s m o ke  to  th e  z o n e  o f o r i g i n  b y e s ta b ‐
l i s h m e n t an d  m ai n te n a n c e  o f p r e s s u r e  d i ffe r e n c e s  ac r o s s
s m o ke  z o n e  b o u n d ar i e s

( 2 ) T h e  m an a ge m e n t o f s m o ke  wi th i n  a l a r ge - vo l u m e  s p a c e
a n d  a n y u n s e p a r ate d  s p a c e s  th a t c o m m u n i c a te  wi th  th e
l ar g e -vo l u m e  s p ac e

4 . 1 . 2 *    T h e  specifc  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 val  ti m e  s h al l  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:

( 1 ) C o n ta i n i n g  th e  s m o ke  to  th e  z o n e  o f fre  o r i g i n
( 2 ) M ai n ta i n i n g  a  te n ab l e  e n vi r o n m e n t wi th i n  e x i t s ta i r we l l s

fo r  th e  ti m e  n e c e s s ar y to  al l o w o c c u p an ts  to  e x i t th e
b u i l d i n g

( 3 ) M ai n ta i n i n g a te n ab l e  e n vi r o n m e n t wi th i n  a l l  e x i t ac c e s s
a n d  s m o ke  r e fu ge  a r e a ac c e s s  p ath s  fo r  th e  ti m e  n e c e s s ar y
to  al l o w o c c u p an ts  to  r e ac h  an  e x i t o r  s m o ke  r e fu ge  ar e a

( 4 ) M ai n ta i n i n g  th e  s m o ke  l a ye r  i n te r fa c e  to  a  p r e d e te r ‐
m i n e d  e l e vati o n  i n  l a r ge  vo l u m e  s p a c e s

4 . 2  D e s i gn  B as i s .

4 . 2 . 1 *  S m o ke  C o n tai n m e n t S ys te m s .    A s m o ke  c o n tr o l  s ys te m
i n  a g i ve n  b u i l d i n g  s h a l l  b e  d e s i g n e d  to  c o n tai n  s m o ke  to  a

gi ve n  z o n e  o r  ke e p  s m o ke  fr o m  e n te r i n g  an o th e r  z o n e .

4 . 2 . 1 . 1    T h e  d e s i gn  p r e s s u r e  d i ffe r e n c e  s h al l  b e  b as e d  o n  th e
fo l l o wi n g :

( 1 ) Wh e th e r  th e  s m o ke  z o n e  i s  s p r i n kl e r e d
( 2 ) T h e  h e i gh t o f th e  c e i l i n g  i n  th e  s m o ke  z o n e
( 3 ) M ax i m u m  a n d  m i n i m u m  p r e s s u r e  d i ffe r e n ti a l s

4 . 2 . 2  S m o k e  M an age m e n t S ys te m s .    T h e  d e s i g n  b as i s  fo r
s m o ke  m an a ge m e n t wi th i n  a  g i ve n  l ar g e -vo l u m e  s p ac e  a n d  an y
u n s e p a r ate d  s p ac e s  s h a l l  i n c l u d e  th e  d e te r m i n ati o n  o f th e

fo l l o wi n g  p ar a m e te r s :

( 1 ) T h e  d e s i gn  b as i s  fres  u s e d  to  c al c u l ate  s m o ke  p r o d u c ti o n
( i . e . ,  typ e ,  l o c ati o n ,  an d  q u an ti ty o f fu e l  fo r  e ac h  d e s i g n
b a s i s  fre,  e x te n t o f c o ve r a ge  a n d  r e l i a b i l i ty o f a u to m a ti c
s u p p r e s s i o n ,  an d  e x te n t a n d  typ e  o f ve n ti l a ti o n )

( 2 ) H e i gh t,  c r o s s - s e c ti o n al  a r e a,  a n d  p l an  ar e a o f th e  l a r ge -
vo l u m e  s p a c e  to  b e  p r o te c te d

( 3 ) H e i g h t,  c r o s s - s e c ti o n al  ar e a,  an d  p l a n  a r e a o f e ac h  u n s e ‐
p ar a te d  s p a c e  th at c o m m u n i c ate s  wi th  th e  l a r ge -vo l u m e

s p ac e
( 4 ) Typ e  an d  l o c ati o n  o f o c c u p an c i e s  wi th i n  a n d  c o m m u n i ‐

c a ti n g wi th  th e  l ar g e -vo l u m e  s p a c e
( 5 ) B ar r i e r s ,  i f an y,  th a t s e p a r ate  th e  c o m m u n i c a ti n g s p a c e

fr o m  th e  l a r ge -vo l u m e  s p a c e
( 6 ) E g r e s s  r o u te s  fr o m  th e  l ar g e -vo l u m e  s p a c e  a n d  a n y

c o m m u n i c a ti n g s p a c e
( 7 ) An y ar e as  o f r e fu g e

4 . 2 . 3  Te m p e ratu re  Rati n gs .

4 . 2 . 3 . 1    T h e  te m p e r atu r e  r a ti n gs  fo r  th e  e q u i p m e n t u s e d  fo r
s m o ke  c o n tr o l  s ys te m s  s h al l  b e  b as e d  o n  th e  e x p e c te d  te m p e r a‐

tu r e  e x p e r i e n c e d  b y th e  e q u i p m e n t wh i l e  th e  e q u i p m e n t i s
i n te n d e d  to  b e  o p e r a ti o n a l .

4 . 2 . 3 . 2    Te m p e r a tu r e  r a ti n gs  s h al l  b e  b a s e d  o n  th e  fo l l o wi n g :

( 1 ) P r o x i m i ty to  th e  fre
( 2 ) E ffe c ts  o f d i l u ti o n  o f th e  s m o ke  an d  h o t g as e s  b y

e n tr a i n e d  a i r

4 . 3  D e s i gn  Ap p ro ac h e s .

4 . 3 . 1  S m o k e  C o n tai n m e n t S ys te m s .    T h e  d e s i g n  a p p r o a c h  fo r
s m o ke  c o n tai n m e n t s ys te m s  s h al l  b e  o n e  o f o r  a c o m b i n a ti o n  o f
th e  fo l l o wi n g:

( 1 ) S tai r we l l  p r e s s u r i z a ti o n
( 2 ) Z o n e d  s m o ke  c o n tr o l
( 3 ) E l e va to r  p r e s s u r i z a ti o n
( 4 ) Ve s ti b u l e  p r e s s u r i z ati o n
( 5 ) S m o ke  r e fu g e  ar e a p r e s s u r i z ati o n

4 . 3 . 2 *  S m o k e  M an age m e n t S ys te m s .    T h e  d e s i gn  ap p r o ac h  fo r
s m o ke  m a n ag e m e n t wi th i n  l a r ge -vo l u m e  s p ac e s  an d  c o m m u n i ‐
c a ti n g s p a c e s  s h al l  b e  o n e  o f o r  a c o m b i n ati o n  o f th e  fo l l o wi n g :

( 1 ) N a tu r al  s m o ke  flling  o f a n  u n o c c u p i e d  vo l u m e  o r  s m o ke
r e s e r vo i r  a n d  c al c u l a ti n g o r  m o d e l i n g o f s m o ke  l aye r
d e s c e n t to  d e te r m i n e  wh e th e r  th e  s m o ke  l a ye r  i n te r fa c e

wi l l  r e a c h  a  h e i gh t at wh i c h  o c c u p a n ts  wi l l  b e  e x p o s e d  to
s m o ke  p r i o r  to  th e i r  ab i l i ty to  e g r e s s  fr o m  th e  s p ac e

( 2 ) * M e c h an i c a l  s m o ke  e x h a u s t c a p a c i ty to  r e m o ve  s m o ke
fr o m  a s p ac e  to  m ai n ta i n  th e  s m o ke  l aye r  i n te r fa c e  at a
predefned  h e i g h t i n  th e  s p ac e  fo r  th e  d e s i g n  i n te r val

ti m e
( 3 ) M e c h an i c a l  s m o ke  e x h a u s t c a p a c i ty to  r e m o ve  s m o ke

fr o m  a s p ac e  to  s l o w th e  r a te  o f s m o ke  l aye r  d e s c e n t fo r  a
p e r i o d  th at a l l o ws  o c c u p a n ts  to  s afe l y e g r e s s  fr o m  th e
s p ac e

( 4 ) Gr avi ty s m o ke  ve n ti n g to  m ai n ta i n  th e  s m o ke  l aye r  i n te r ‐
fa c e  at a  predefned  h e i g h t i n  th e  s p ac e  fo r  th e  d e s i g n

i n te r val  ti m e
( 5 ) G r avi ty s m o ke  ve n ti n g to  s l o w th e  r a te  o f s m o ke  l a ye r

d e s c e n t fo r  a p e r i o d  th a t al l o ws  o c c u p a n ts  to  e gr e s s  fr o m
th e  s p a c e

( 6 ) * O p p o s e d  airfow to  p r e ve n t s m o ke  m o ve m e n t b e twe e n  a
l ar g e -vo l u m e  s p a c e  a n d  a c o m m u n i c ati n g  s p ac e

4 . 4  D e s i gn  C ri te ri a.

4 . 4 . 1 *  We ath e r D ata.    D e s i g n s  s h al l  i n c o r p o r ate  th e  e ffe c t o f
o u td o o r  te m p e r atu r e  a n d  wi n d  o n  th e  p e r fo r m an c e  o f s ys te m s .

4 . 4 . 2  P re s s u re  D i ffe re n c e s .    T h e  m a x i m u m  an d  m i n i m u m
al l o wab l e  p r e s s u r e  d i ffe r e n c e s  a c r o s s  th e  b o u n d ar i e s  o f s m o ke
c o n tr o l  z o n e s  s h al l  b e  e s tab l i s h e d  fo r  c o n tai n m e n t s ys te m s .



D E S I GN  F U N D AM E N TAL S 9 2 - 9

S h ad 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

4 . 4 . 2 . 1  P re s s u re  D i ffe re n c e s  Ac ro s s  S p ac e s .

4 . 4 . 2 . 1 . 1 *    E x c e p t as  specifed  b y 4 . 4 . 2 . 1 . 2 ,  th e  p r e s s u r e  d i ffe r ‐
e n c e s  i n  Tab l e  4 . 4 . 2 . 1 . 1  s h al l  b e  u s e d  fo r  d e s i gn s  th at a r e  b as e d

o n  m ai n tai n i n g  m i n i m u m  p r e s s u r e  d i ffe r e n c e s  b e twe e n  s p e c i ‐
fed  s p ac e s .

4 . 4 . 2 . 1 . 2    Wh e r e  th e  s ys te m  d e s i g n e r  h as  d e te r m i n e d  th a t a
h i g h e r  m i n i m u m  p r e s s u r e  d i ffe r e n c e  i s  n e c e s s ar y to  a c h i e ve

th e  s m o ke  c o n tr o l  s ys te m  o b j e c ti ve s ,  th e  h i gh e r  m i n i m u m  p r e s ‐
s u r e  d i ffe r e n c e  s h al l  b e  u s e d .

4 . 4 . 2 . 1 . 3    T h e  m i n i m u m  a l l o wa b l e  p r e s s u r e  d i ffe r e n c e  s h a l l
r e s tr i c t s m o ke  l e akag e  d u r i n g b u i l d i n g e va c u ati o n  to  a  l e ve l
th a t m ai n ta i n s  a  te n a b l e  e n vi r o n m e n t i n  ar e a s  o u ts i d e  th e

s m o ke  z o n e .

4 . 4 . 2 . 1 . 4    T h e  m i n i m u m  p r e s s u r e  d i ffe r e n c e  fo r  s m o ke  c o n tr o l
s ys te m s  s h a l l  b e  e s tab l i s h e d  at a  l e ve l  th at i s  h i gh  e n o u g h  th at i t

wi l l  n o t b e  o ve r c o m e  b y th e  fo r c e s  o f wi n d ,  s tac k e ffe c t,  o r
b u o ya n c y o f h o t s m o ke .

4 . 4 . 2 . 1 . 5 *    T h e  c al c u l ati o n s  s h al l  ta ke  i n to  a c c o u n t th e  d e s i g n
n u m b e r  o f d o o r s  to  b e  o p e n e d  s i m u l ta n e o u s l y vi a  a u to m a ti c

o p e n i n g  d e vi c e s  c o n tr o l l e d  o p e n  as  p a r t o f th e  s m o ke  c o n tr o l
s tr ate g y.

4 . 4 . 2 . 2 *  P re s s u re  D i ffe re n c e s  Ac ro s s  D o o rs .    T h e  p r e s s u r e
d i ffe r e n c e s  ac r o s s  d o o r s  s h a l l  n o t c au s e  th e  m a x i m u m  fo r c e
p e r m i tte d  to  b e g i n  o p e n i n g  th e  d o o r  to  e x c e e d  th e  va l u e  s ti p u ‐

l ate d  i n  N F PA  101  o r  s ta te  o r  l o c al  c o d e s  an d  r e gu l ati o n s .

4 . 4 . 3  Fi re  L o c ati o n .    T h e  s o u r c e  o f th e  s m o ke  fr o m  th e  d e s i gn
b a s i s  fres  s h a l l  c o n s i d e r  fre  l o c a ti o n s  wi th i n  th e  l a r ge - vo l u m e

s p ac e  an d  wi th i n  u n s e p a r ate d  c o m m u n i c ati n g  s p ac e s .

4 . 4 . 4  S m o k e  M o ve m e n t an d  Airfow.

4 . 4 . 4 . 1 *  M ak e u p  Ai r.    M ake u p  ai r  fo r  s m o ke  m an a ge m e n t
s ys te m s  s h a l l  b e  p r o vi d e d  b y fan s  o r  b y o p e n i n g s  to  th e  o u ts i d e .

4 . 4 . 4 . 1 . 1    T h e  s u p p l y p o i n ts  fo r  th e  m ake u p  ai r  s h al l  b e  l o c a‐
te d  b e n e ath  th e  s m o ke  l a ye r  i n te r fa c e .

4 . 4 . 4 . 1 . 2    M e c h a n i c al  m ake u p  a i r  s h a l l  b e  l e s s  th an  th e  m as s
fow r ate  o f th e  m e c h an i c a l  s m o ke  e x h a u s t.

Tab l e   4 . 4 . 2 . 1 . 1  M i n i m u m  D e s i gn  P re s s u re  D i ffe re n c e s  Ac ro s s
S m o ke  B ar ri e rs

B u i l di n g Typ e
C e i l i n g H e i gh t

[ ft ( m ) ]

D e s i gn  P re s s u re
D i ffe re n c e *

[ i n .  w. g.  ( P a) ]

AS An y 0 . 0 5  ( 1 2 . 5 )
N S 9  ( 2 . 7 ) 0 . 1 0  ( 2 5 )
N S 1 5  ( 4 . 6 ) 0 . 1 4  ( 3 5 )
N S 2 1  ( 6 . 4 ) 0 . 1 8  ( 4 5 )

AS :  S p r i n kl e r e d .  N S :  N o n s p r i n kl e r e d .
N o te s :
( 1 )  T h e  ta b l e  p r e s e n ts  m i n i m u m  d e s i g n  p r e s s u r e  d i ffe r e n c e s
d e ve l o p e d  fo r  a  g a s  te m p e r atu r e  o f 1 7 0 0 ° F  ( 9 2 7 ° C )  n e x t to  th e  s m o ke
b a r r i e r.
( 2 )  F o r  d e s i g n  p u r p o s e s ,  a  s m o k e  c o n tr o l  s ys te m  m u s t m a i n tai n  th e s e
m i n i m u m  p r e s s u r e  d i ffe r e n c e s  u n d e r  specifed  d e s i g n  c o n d i ti o n s  o f
s ta c k e ffe c t o r  wi n d .
* F o r z o n e d  s m o ke  c o n tr o l  s ys te m s ,  th e  p r e s s u r e  d i ffe re n c e  i s  r e q u i r e d
to  b e  m e a s u r e d  b e twe e n  th e  s m o ke  z o n e  a n d  a d j a c e n t s p a c e s  wh i l e  th e
a ffe c te d  a r e a s  a r e  i n  th e  s m o ke  c o n tr o l  m o d e .

4 . 4 . 4 . 1 . 3    T h e  m ake u p  ai r  s h al l  n o t c a u s e  d o o r-o p e n i n g  fo r c e
to  e x c e e d  a l l o wab l e  l i m i ts .

4 . 4 . 4 . 1 . 4 *    T h e  m a ke u p  a i r  ve l o c i ty s h al l  n o t e x c e e d
2 0 0  ft/ m i n  ( 1 . 0 2  m / s e c )  wh e r e  th e  m a ke u p  a i r  c o u l d  c o m e
i n to  c o n tac t wi th  th e  p l u m e  u n l e s s  a h i g h e r  m ake u p  ai r  ve l o c i ty
i s  s u p p o r te d  b y e n g i n e e r i n g an a l ys i s .

4 . 4 . 4 . 2  C o m m u n i c ati n g S p ac e s .

4 . 4 . 4 . 2 . 1  M an agi n g S m o k e  S p re ad  to  C o m m un i c ati n g S p ac e s .

4 . 4 . 4 . 2 . 1 . 1    M an ag i n g  s m o ke  s p r e ad  to  c o m m u n i c ati n g  s p ac e s
s h a l l  b e  ac c o m p l i s h e d  b y o n e  o f th e  fo l l o wi n g m e th o d s :

( 1 ) M ai n ta i n i n g  th e  s m o ke  l aye r  i n te r fac e  at a  l e ve l  h i gh e r
th a n  th at o f th e  h i gh e s t o p e n i n g to  th e  c o m m u n i c ati n g
s p ac e

( 2 ) P r o vi d i n g a s m o ke  b ar r i e r  to  l i m i t s m o ke  s p r e a d  i n to  th e
c o m m u n i c a ti n g s p a c e

( 3 ) P r o vi d i n g a n  o p p o s e d  airfow th r o u g h  th e  o p e n i n g  to
p r o h i b i t s m o ke  s p r e ad  i n to  th e  c o m m u n i c ati n g  s p ac e

4 . 4 . 4 . 2 . 1 . 2    Wh e n  s m o ke  b a r r i e r s  ar e  u s e d  to  l i m i t s m o ke
s p r e ad  i n to  th e  c o m m u n i c ati n g  s p a c e ,  e n gi n e e r i n g  c al c u l a ti o n s
s h a l l  b e  p r o vi d e d  to  ve r i fy wh e th e r  a  p r e s s u r e  d i ffe r e n c e
ap p l i e d  a c r o s s  th e  s m o ke  b ar r i e r  wi l l  b e  n e e d e d  to  p r e ve n t
s m o ke  m i g r ati o n .

4 . 4 . 4 . 2 . 1 . 3    Wh e n  th e  airfow m e th o d  i s  u s e d  to  p r e ve n t s m o ke
m o ve m e n t fr o m  th e  l a r ge -vo l u m e  s p ac e  i n to  c o m m u n i c a ti n g
s p ac e s  fo r  l ar g e  o p e n i n gs ,  th e  fow s h al l  b e  n e ar l y p e r p e n d i c u ‐
l ar  to  th e  p l an e  o f th e  o p e n i n g .

4 . 4 . 4 . 2 . 2 *  M an agi n g S m o k e  fro m  C o m m un i c ati n g S p ac e s .

4 . 4 . 4 . 2 . 2 . 1    Wh e n  c o m m u n i c ati n g  s p ac e s  ar e  d e s i g n e d  to  a l l o w
th e  s m o ke  to  s p i l l  i n to  th e  l a r ge -vo l u m e  s p ac e ,  th e  s m o ke  s p i l l ‐
i n g i n to  th e  l a r ge - vo l u m e  s p ac e  s h a l l  b e  h an d l e d  b y th e  s m o ke
m a n ag e m e n t s ys te m  to  m a i n tai n  th e  d e s i gn  s m o ke  l aye r  i n te r ‐
fa c e  h e i gh t.

4 . 4 . 4 . 2 . 2 . 2    Wh e n  th e  s m o ke  c o n tr o l  s ys te m s  ar e  d e s i gn e d  to
u s e  airfow to  p r e ve n t th e  m o ve m e n t o f s m o ke  i n to  th e  l a r ge -
vo l u m e  s p a c e ,  suffcient e x h a u s t fr o m  th e  c o m m u n i c a ti n g
s p ac e  s h al l  b e  p r o vi d e d  to  e s ta b l i s h  a  m i n i m u m  fow b e twe e n
th e  c o m m u n i c ati n g  s p a c e  an d  th e  l ar g e -vo l u m e  s p a c e .  (See
5.10.1.)

4 . 4 . 4 . 3 *  O p e n i n gs  an d  L e akage  Are as .    D e s i gn s  s h al l  i n c o r p o ‐
ra te  th e  e ffe c t o f o p e n i n gs  a n d  l e a ka ge  ar e as  i n  s m o ke  b ar r i e r s
o n  th e  p e r fo r m an c e  o f s m o ke  c o n tr o l  s ys te m s .

4 . 4 . 4 . 4  S p e c i al  C o n s i d e rati o n s  Re l ate d  to  N atu ral  Ve n ti n g.
S m o ke  m an a ge m e n t s ys te m  d e s i g n s  th at u s e  a m i x  o f n a tu r al
an d  m e c h a n i c al  ve n ti l a ti o n  s h al l  h ave  s u p p o r ti n g  e n g i n e e r i n g
an al ys i s  o r  p h ys i c al  ( s c al e )  m o d e l i n g to  ve r i fy th e  d e s i gn  fu n c ‐
ti o n s  as  i n te n d e d .

4 . 4 . 5 *  G as e o u s  Fi re  S up p re s s i o n  S ys te m s .    T h e  o p e r ati o n  o f
th e  s m o ke  c o n tr o l  s ys te m  s h a l l  n o t c o m p r o m i s e  th e  p e r fo r m ‐
an c e  o f ga s e o u s  a ge n t fre  p r o te c ti o n  s ys te m s .

4 . 5 *  S ys te m  O p e rati o n .

4 . 5 . 1  L i m i tati o n s .

4 . 5 . 1 . 1 *  Te n ab i l i ty.    Wh e r e  th e  d e s i gn  o f th e  s m o ke  c o n tr o l
s ys te m  i s  b as e d  o n  th e  p o te n ti al  fo r  o c c u p an ts  b e i n g e x p o s e d  to
s m o ke ,  th e  te n ab i l i ty c o n d i ti o n s  s h al l  b e  as s e s s e d .
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4 . 5 . 1 . 2 *  E gre s s  An al ys i s .    Wh e r e  th e  d e s i g n  o f th e  s m o ke
c o n tr o l  s ys te m  i s  b as e d  o n  o c c u p an ts  e x i ti n g  a s p ac e  b e fo r e
b e i n g e x p o s e d  to  s m o ke  o r  b e fo r e  te n a b i l i ty th r e s h o l d s  a r e
re a c h e d ,  th e r e  s h al l  b e  suffcient ti m e  fo r  th e  m o ve m e n t o f th e
o c c u p an t as  d e te r m i n e d  b y a  ti m e d  e g r e s s  a n al ys i s .

4 . 5 . 1 . 3 *  M i n i m u m  D e s i gn  S m o k e  L aye r D e p th .    T h e  m i n i ‐
m u m  d e s i gn  d e p th  o f th e  s m o ke  l a ye r  fo r  a s m o ke  m an a ge ‐
m e n t s ys te m  s h al l  b e  e i th e r  o f th e  fo l l o wi n g:

( 1 ) Twe n ty p e r c e n t o f th e  foor-to-ceiling  h e i gh t
( 2 ) B as e d  o n  an  e n g i n e e r i n g  an a l ys i s

4 . 5 . 2  Ac ti vati o n .    Ac ti vati o n  o f s m o ke  c o n tr o l  s ys te m s  s h al l  b e
ac c o m p l i s h e d  b y an  ap p r o ve d  au to m ati c  m e a n s .

4 . 5 . 3  S ys te m  S tar tu p .

4 . 5 . 3 . 1    T h e  s m o ke  c o n tr o l  s ys te m  s h al l  ac h i e ve  fu l l  o p e r a ti o n
p r i o r  to  c o n d i ti o n s  i n  th e  s p a c e  r e a c h i n g  th e  d e s i g n  s m o ke
c o n d i ti o n s .

4 . 5 . 3 . 2    T h e  d e te r m i n ati o n  o f th e  ti m e  i t ta ke s  fo r  th e  s ys te m
to  b e c o m e  o p e r ati o n a l  s h al l  c o n s i d e r  th e  fo l l o wi n g e ve n ts  ( a s
ap p r o p r i a te  to  th e  specifc  d e s i g n  o b j e c ti ve s ) :

( 1 ) T i m e  fo r  d e te c ti o n  o f th e  fre  i n c i d e n t
( 2 ) H VAC  s ys te m  ac ti vati o n  ti m e ,  i n c l u d i n g s h u td o wn  an d

s tar tu p  o f ai r-h a n d l i n g e q u i p m e n t,  o p e n i n g an d  c l o s i n g
o f d a m p e r s ,  an d  o p e n i n g  an d  c l o s i n g  o f n atu r al  ve n ti l a‐

ti o n  d e vi c e s

4 . 5 . 4  D u rati o n .

4 . 5 . 4 . 1    Wh e n  th e  d e s i g n  o f th e  s m o ke  m a n ag e m e n t s ys te m  i s
b a s e d  o n  o c c u p an ts  e x i ti n g a s p ac e  b e fo r e  b e i n g e x p o s e d  to
s m o ke  o r  b e fo r e  te n ab i l i ty th r e s h o l d s  ar e  r e ac h e d ,  th e  fo l l o w‐
i n g  s h a l l  b e  m e t:

( 1 ) A ti m e d  e g r e s s  a n al ys i s  s h al l  b e  c o n d u c te d .
( 2 ) T h e  s ys te m  s h al l  r e m ai n  o p e r a ti o n al  fo r  th e  d u r a ti o n

r e q u i r e d .

4 . 5 . 4 . 2    S m o ke  m an a ge m e n t s ys te m s  d e s i gn e d  to  m a i n tai n
te n ab l e  c o n d i ti o n s  s h a l l  n o t b e  r e q u i r e d  to  p r e ve n t th e  d e s c e n t
o f a s m o ke  l a ye r  i n  s p a c e s  wh e r e  te n ab l e  c o n d i ti o n s  ar e  d e m o n ‐
s tr ate d .

4 . 6  S tai r we l l  P re s s u ri z ati o n  S ys te m s .

4 . 6 . 1 *  G e n e ral .

4 . 6 . 1 . 1    Wh e r e  s tai r we l l  p r e s s u r i z ati o n  s ys te m s  ar e  p r o vi d e d ,
th e  p r e s s u r e  d i ffe r e n c e  b e twe e n  th e  s m o ke  z o n e  an d  th e  s tai r ‐
we l l ,  wi th  z e r o  an d  th e  d e s i gn  n u m b e r  o f d o o r s  o p e n ,  s h a l l  b e
as  fo l l o ws :

( 1 ) N o t l e s s  th an  th e  m i n i m u m  p r e s s u r e  d i ffe r e n c e  specifed
i n  4 . 4 . 2

( 2 ) N o t g r e ate r  th an  th e  m ax i m u m  p r e s s u r e  d i ffe r e n c e  s p e c i ‐
fed  i n  4 . 4 . 2 . 2

4 . 6 . 1 . 2    D e s i gn  p r e s s u r e s  s h al l  b e  ac h i e ve d  wi th  a l l  d o o r s
c l o s e d ,  wi th  th e  e x c e p ti o n  o f d o o r s  to  b e  o p e n e d  s i m u l tan e ‐
o u s l y vi a au to m ati c  o p e n i n g  d e vi c e s  c o n tr o l l e d  o p e n  a s  p ar t o f
th e  s m o ke  c o n tr o l  s tr a te g y.

4 . 6 . 2 *  L o c ati o n  o f S u p p l y Ai r S o urc e .    To  l i m i t s m o ke  fr o m
e n te r i n g th e  s tai r we l l  th r o u gh  th e  s u p p l y ai r  i n ta ke ,  th e  s u p p l y
ai r  i n take  s h al l  b e  s e p a r ate d  fr o m  al l  b u i l d i n g  e x h a u s ts ,  o u tl e ts
fr o m  s m o ke  s h a fts  a n d  r o o f s m o ke  an d  h e at ve n ts ,  o p e n  ve n ts

fr o m  e l e vato r  s h afts ,  a n d  o th e r  b u i l d i n g  o p e n i n gs  th at m i g h t
e x p e l  s m o ke  fr o m  th e  b u i l d i n g i n  a  fre.

4 . 6 . 3  S u p p l y Ai r Fan s .

4 . 6 . 3 . 1 *  P ro p e l l e r Fan s .    Ro o f o r  e x te r i o r  wa l l - m o u n te d
p r o p e l l e r  fa n s  s h a l l  b e  p e r m i tte d  to  b e  u s e d  i n  s i n gl e -i n j e c ti o n

s ys te m s ,  p r o vi d e d  th at wi n d  s h i e l d s  ar e  p r o vi d e d  fo r  th e  fa n .

4 . 6 . 3 . 2  O th e r Typ e s  o f Fan s .    C e n tr i fu ga l  o r  i n -l i n e  ax i a l  fa n s
s h a l l  b e  p e r m i tte d  to  b e  u s e d  i n  s i n gl e - o r  m u l ti p l e - i n j e c ti o n

s ys te m s .

4 . 6 . 4 *  S i n gl e -  an d  M u l ti p l e - I n j e c ti o n  S ys te m s .

4 . 6 . 4 . 1  S i n gl e - I n j e c ti o n  S ys te m s .

4 . 6 . 4 . 1 . 1 *    T h e  a i r  i n j e c ti o n  p o i n t fo r  a s i n g l e -i n j e c ti o n  s ys te m
s h a l l  b e  p e r m i tte d  to  b e  l o c a te d  a t an y l o c a ti o n  wi th i n  th e  s tai r ‐
we l l .

4 . 6 . 4 . 1 . 2 *    D e s i g n  an a l ys i s  s h a l l  b e  p e r fo r m e d  fo r  al l  s i n g l e -
b o tto m -i n j e c ti o n  s ys te m s  an d  fo r  a l l  o th e r  s i n gl e -i n j e c ti o n

s ys te m s  fo r  s ta i r we l l s  i n  e x c e s s  o f 1 0 0   ft ( 3 0 . 5   m )  i n  h e i g h t.

4 . 6 . 4 . 2 *  M u l ti p l e - I n j e c ti o n  S ys te m s .    F o r  s ys te m  d e s i g n s  wi th
i n j e c ti o n  p o i n ts  m o r e  th an  th r e e  s to r i e s  a p ar t,  a d e s i g n  an al ys i s

s h a l l  b e  p e r fo r m e d  to  e n s u r e  th at l o s s  o f p r e s s u r i z a ti o n  ai r
th r o u g h  o p e n  d o o r s  d o e s  n o t l e ad  to  s tai r we l l  p r e s s u r i z a ti o n

b e l o w th e  m i n i m u m  d e s i gn  p r e s s u r e .

4 . 7 *  E l e vato r P re s s u ri z ati o n  S ys te m s .    Wh e r e  e l e vato r  p r e s s u r ‐
i z a ti o n  i s  p r o vi d e d ,  e l e vato r  h o i s twa ys  s h al l  b e  p r e s s u r i z e d  to

m a i n tai n  a m i n i m u m  p o s i ti ve  p r e s s u r e  i n  ac c o r d an c e  wi th
4 . 4 . 2 .  T h e  m i n i m u m  p r e s s u r e  s h a l l  b e  m a i n tai n e d  wi th  th e

e l e va to r  c ar  a t th e  r e c al l  foor  a n d  e l e vato r  d o o r s  a n d  th e  h o i s t‐
way ve n ts  o p e n .

4 . 8 *  Z o n e d  S m o k e  C o n tro l .

4 . 8 . 1  S m o k e  C o n tro l  Z o n e s .

4 . 8 . 1 . 1    Wh e n  z o n e d  s m o ke  c o n tr o l  i s  to  b e  u s e d  to  p r o vi d e
c o n tai n m e n t,  th e  b u i l d i n g  s h a l l  b e  d i vi d e d  i n to  s m o ke  c o n tr o l
z o n e s ,  wi th  e ac h  z o n e  s e p ar ate d  fr o m  th e  o th e r s  b y s m o ke

b a r r i e r s .

4 . 8 . 1 . 1 . 1 *    A s m o ke  c o n tr o l  z o n e  s h al l  b e  p e r m i tte d  to  c o n s i s t
o f o n e  o r  m o r e  foors.

4 . 8 . 1 . 1 . 2    A foor  s h a l l  b e  p e r m i tte d  to  c o n s i s t o f o n e  o r  m o r e
s m o ke  c o n tr o l  z o n e s .

4 . 8 . 1 . 2    T h e  z o n e d  s m o ke  c o n tr o l  s ys te m  s h al l  b e  d e s i gn e d
s u c h  th a t wh e n  z o n e d  s m o ke  c o n tr o l  i s  ac ti ve ,  th e  p r e s s u r e

d i ffe r e n c e s  b e twe e n  th e  ad j ac e n t n o n –s m o ke  z o n e s  an d  th e
s m o ke  z o n e  m e e t o r  e x c e e d  th e  m i n i m u m  d e s i g n  p r e s s u r e

d i ffe r e n c e s  g i ve n  i n  4 . 4 . 2 ,  an d  at l o c ati o n s  wi th  d o o r s ,  th e  p r e s ‐
s u r e  d i ffe r e n c e  s h al l  n o t e x c e e d  th e  val u e s  gi ve n  i n  4 . 4 . 2 . 2 .

4 . 8 . 2  S m o k e  Z o n e  E x h aus t.

4 . 8 . 2 . 1    T h e  s m o ke  z o n e  e x h a u s t s h al l  d i s c h a r ge  to  th e  o u ts i d e
o f th e  b u i l d i n g .

4 . 8 . 2 . 2    T h e  s m o ke  z o n e  e x h au s t s h a l l  b e  p e r m i tte d  to  b e
e i th e r  m e c h an i c al  o r  n atu r a l  ve n ti l ati o n .

4 . 8 . 3 *  S m o k e  Re fu ge  Are as .

4 . 8 . 3 . 1    A n o n –s m o ke  z o n e  o f a z o n e d  s m o ke  c o n tr o l  s ys te m
s h a l l  b e  p e r m i tte d  to  b e  u s e d  as  a n  a r e a i n te n d e d  to  p r o te c t
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o c c u p an ts  fo r  th e  p e r i o d  o f ti m e  n e e d e d  fo r  e vac u a ti o n  o r  to
p r o vi d e  a s m o ke  r e fu g e  a r e a.

4 . 8 . 3 . 2    F o r  a r e as  o f r e fu g e  ad j a c e n t to  s tai r we l l s  o r  e l e vato r s ,
p r o vi s i o n s  s h al l  b e  m ad e  to  p r e ve n t th e  l o s s  o f p r e s s u r e  o r
e x c e s s i ve  p r e s s u r e s  d u e  to  th e  i n te r a c ti o n  b e twe e n  th e  s m o ke

r e fu g e  ar e a  s m o ke  c o n tr o l  a n d  th e  s h a ft s m o ke  c o n tr o l .

4 . 9 *  C o m b i n ati o n  o f S ys te m s .    S m o ke  c o n tr o l  s ys te m s  s h al l  b e
d e s i g n e d  s u c h  th at wh e r e  m u l ti p l e  s m o ke  c o n tr o l  s ys te m s  o p e r ‐

ate  s i m u l ta n e o u s l y,  e ac h  s ys te m  wi l l  m e e t i ts  i n d i vi d u a l  d e s i g n
o b j e c ti ve s .

4 . 1 0  Ve s ti b u l e s .

4 . 1 0 . 1 *    Ve s ti b u l e s  s h al l  n o t b e  r e q u i r e d  b u t s h a l l  b e  p e r m i tte d
as  p ar t o f th e  b u i l d i n g  s m o ke  c o n tr o l  s ys te m .

4 . 1 0 . 2 *    Wh e r e  ve s ti b u l e s  a r e  p r o vi d e d ,  e i th e r  p r e s s u r i z e d  o r
n o n p r e s s u r i z e d  ve s ti b u l e s  s h a l l  b e  p e r m i tte d .

4 . 1 1  D o o rs .    D o o r s  l o c a te d  i n  s m o ke  b ar r i e r s  s h a l l  b e  e i th e r
s e l f- c l o s i n g o r  a r r an g e d  to  c l o s e  au to m ati c al l y u p o n  ac ti va ti o n

o f th e  s m o ke  c o n tr o l  s ys te m .

C h ap te r 5    S m o k e  M an age m e n t C al c u l ati o n  P ro c e d u re s

5 . 1 *  I n tro d u c ti o n .    T h e  m e th o d  o f an a l ys i s  u s e d  fo r  d e s i g n  o f
a  s m o ke  m an a ge m e n t s ys te m  s h a l l  b e  o n e  o f th e  m e th o d s  gi ve n

i n  5 . 1 . 1  th r o u gh  5 . 1 . 3 .

5 . 1 . 1 *  Al ge b rai c  E q uati o n s .    T h e  al ge b r ai c  e q u ati o n s  i n  C h a p ‐
te r   5  s h a l l  b e  p e r m i tte d  to  b e  u s e d  to  p r o vi d e  a m e a n s  o f c a l c u ‐

l ati n g  i n d i vi d u al  fac to r s  th at c o l l e c ti ve l y c an  b e  u s e d  to
e s tab l i s h  th e  d e s i gn  r e q u i r e m e n ts  o f a  s m o ke  m an ag e m e n t

s ys te m .

5 . 1 . 2 *  S c al e  M o d e l i n g.

5 . 1 . 2 . 1    I n  a  s c al e  m o d e l ,  th e  m o d e l  s h al l  b e  p r o p o r ti o n al  i n  a l l
d i m e n s i o n s  to  th e  a c tu al  b u i l d i n g .

5 . 1 . 2 . 2    T h e  s i z e  o f th e  fre  an d  th e  i n te r p r e tati o n  o f th e
r e s u l ts  s h a l l  b e  go ve r n e d  b y th e  s c a l i n g  l aws ,  as  g i ve n  i n

S e c ti o n   5 . 1 1 .

5 . 1 . 3 *  C o m p ar tm e n t Fi re  M o d e l s .    C o m p ar tm e n t fre  m o d e l s
s h a l l  b e  z o n e  fre  m o d e l s  o r  c o m p u ta ti o n al  fuid  d yn a m i c s
( C F D )  m o d e l s .  (For information about zone fre models and CFD

models,  see Annex  C. )

5 . 2  D e s i gn  Fi re .

5 . 2 . 1 *  G e n e ral .    T h i s  s e c ti o n  p r e s e n ts  th e  e q u ati o n s  th a t s h a l l
b e  u s e d  to  c a l c u l ate  th e  h e at r e l e as e  r a te s  fo r  d e s i gn  fres.  (For

information about the heat release rates of fres,  see Annex  B. )

5 . 2 . 2  D e s i gn  Fi re  Typ e s .    D e s i g n  fres  s h al l  b e  o n e  o f th e
fo l l o wi n g :

( 1 ) S te ad y fre  wi th  a c o n s tan t h e at r e l e as e  r ate
( 2 ) U n s te a d y fre  wi th  a  h e a t r e l e as e  r ate  th at va r i e s  wi th  ti m e

5 . 2 . 3  S te ad y D e s i gn  Fi re s .

5 . 2 . 3 . 1    T h e  h e at r e l e a s e  r ate  o f s te a d y d e s i g n  fres  s h al l  b e
b a s e d  o n  a va i l a b l e  o r  d e ve l o p e d  te s t d a ta .

5 . 2 . 3 . 2    Wh e r e  th e  a va i l a b l e  fu e l  m as s  i s  u s e d  to  l i m i t th e  d u r a‐
ti o n  o f a s te ad y d e s i gn  fre,  th e  d u r ati o n  o f th e  fre  s h a l l  b e
c a l c u l ate d  u s i n g  E q u ati o n  5 . 2 . 3 . 2  a s  fo l l o ws :

∆t
mH

Q

c
=

wh e r e :
Δt = d u r ati o n  o f fre  ( s e c )

m = to tal  fu e l  m a s s  c o n s u m e d  ( l b  o r  kg )
Hc = h e at o f c o m b u s ti o n  o f fu e l  ( B tu / l b  o r  kJ / kg )

Q = h e at r e l e as e  r ate  ( B tu / s e c  o r  kW)

5 . 2 . 4  U n s te ad y D e s i gn  Fi re s .    U n s te ad y d e s i gn  fres  s h a l l
i n c l u d e  a  g r o wth  p h a s e  an d  s h al l  i n c l u d e  a s te ad y p h a s e  o r  a

d e c ay p h a s e ,  a s  d e p i c te d  i n  F i g u r e  5 . 2 . 4 ( a)  a n d  F i g u r e  5 . 2 . 4 ( b ) ,
wh e r e  s te ad y o r  d e c ay p h as e s  ar e  justifed  b a s e d  o n  te s t d a ta ,
fu e l  confguration,  o r  p r o p o s e d  p r o te c ti o n  s ys te m s .

5 . 2 . 4 . 1  G ro wth  P h as e .    T h e  gr o wth  p h a s e  o f th e  fre  s h al l  b e
d e s c r i b e d  u s i n g o n e  o f th e  fo l l o wi n g:

( 1 ) F i r e  te s t d a ta
( 2 ) t-s q u a r e d  fre  gr o wth  m o d e l
( 3 ) O th e r  fre  gr o wth  m o d e l s  ac c e p tab 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

 
[ 5 . 2 . 3 . 2 ]

T i m e  (t)

S t e a d y  p h a s e

H
e

a
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re
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e
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a
te

 (
Q

)

G
ro w

t h  p h a s e
 

FI G U RE  5 . 2 . 4 ( a)   U n s te ad y D e s i gn  Fi re  wi th  S te ad y P h as e .

T i m e  (t)

H
e

a
t 

re
le

a
s

e
 r

a
te

 (
Q

)

D
e c ay  p h a s e  

G
r o w

t h  p h a s e
 

FI G U RE  5 . 2 . 4 ( b )   U n s te ad y D e s i gn  Fi re  wi th  D e c ay P h as e .
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5 . 2 . 4 . 2  t- s q uare d  Fi re  G ro wth  M o d e l .

5 . 2 . 4 . 2 . 1    Wh e r e  u s e d ,  th e  h e at r e l e a s e  r a te  o f a t- s q u ar e d
d e s i g n  fre  s h a l l  b e  c al c u l a te d  a c c o r d i n g to  E q u a ti o n  5 . 2 . 4 . 2 . 1 a
o r  5 . 2 . 4 . 2 . 1 b  as  fo l l o ws :

Q
t

tg
= 1000

2











wh e r e :
Q = h e a t r e l e as e  r ate  o f d e s i g n  fre  ( B tu / s e c )
t = ti m e  a fte r  e ffe c ti ve  i g n i ti o n  ( s e c )
tg = gr o wth  ti m e  ( s e c )

Q
t

tg
=









1055

2

wh e r e :
Q = h e a t r e l e as e  r ate  o f d e s i g n  fre  ( kW)
t = ti m e  afte r  e ffe c ti ve  i g n i ti o n  ( s e c )
tg = gr o wth  ti m e  ( s e c )

5 . 2 . 4 . 2 . 2    Wh e r e  th e  avai l a b l e  fu e l  m a s s  i s  u s e d  to  l i m i t th e
d u r a ti o n  o f a t-s q u a r e d  fre,  th e  d u r a ti o n  o f th e  fre  s h a l l  b e

c a l c u l ate d  u s i n g  E q u ati o n  5 . 2 . 4 . 2 . 2  as  fo l l o ws :

∆ =t
mH tc g

2
1 3

333











wh e r e :
Δt = d u r ati o n  o f fre  ( s e c )
m = to tal  fu e l  m a s s  c o n s u m e d  ( l b  o r  kg )
Hc = h e at o f c o m b u s ti o n  o f fu e l  ( B tu / l b  o r  kJ / kg )
tg = gr o wth  ti m e  ( s e c )

5 . 2 . 4 . 3  S te ad y P h as e .    T h e  g r o wth  o f an  u n s te ad y d e s i g n  fre
s h a l l  b e  p e r m i tte d  to  r e ac h  a  s te a d y h e at r e l e as e  r a te  b as e d  o n

o n e  o f th e  fo l l o wi n g :

( 1 ) F i r e  te s t d ata
( 2 ) E n g i n e e r i n g  a n al ys i s  o f fre  g r o wth  an d  s p r i n kl e r

r e s p o n s e

5 . 2 . 4 . 4 *  D e c ay P h as e .    T h e  h e a t r e l e as e  r ate  o f a d e s i g n  fre
s h a l l  b e  p e r m i tte d  to  d e c a y b as e d  o n  o n e  o f th e  fo l l o wi n g:

( 1 ) F i r e  te s t d ata
( 2 ) An a l ys i s  o f th e  e ffe c t o f s p r i n kl e r  p r o te c ti o n  o n  th e  fu e l  a t

th e  p r e vai l i n g  c e i l i n g h e i gh t

5 . 2 . 5 *  S e p arati o n  D i s tan c e .

5 . 2 . 5 . 1    T h e  d e s i g n  fre  s h al l  b e  d e te r m i n e d  b y c o n s i d e r i n g th e
typ e  o f fu e l ,  fu e l  s p a c i n g ,  a n d  confguration.

5 . 2 . 5 . 2    T h e  s e l e c ti o n  o f th e  d e s i g n  fre  s h al l  s tar t wi th  a  d e te r ‐
m i n ati o n  o f th e  b a s e  fu e l  p a c ka ge ,  wh i c h  i s  th e  m ax i m u m
p r o b a b l e  s i z e  fu e l  p ac kag e  l i ke l y to  b e  i n vo l ve d  i n  fre.

 
[ 5 . 2 . 4 . 2 . 1 a]

 
[ 5 . 2 . 4 . 2 . 1 b ]

 
[ 5 . 2 . 4 . 2 . 2 ]

5 . 2 . 5 . 3    T h e  d e s i g n  fre  s h a l l  b e  i n c r e a s e d  i f o th e r  c o m b u s ti ‐
b l e s  a r e  wi th i n  th e  s e p ar a ti o n  d i s tan c e ,  R,  as  d e te r m i n e d  fr o m

E q u a ti o n  5 . 2 . 5 . 3  as  fo l l o ws :

R
Q

q

r

r

=










4

1 2

π ″

wh e r e :
R = s e p a r ati o n  d i s tan c e  fr o m  tar g e t to  c e n te r  o f fu e l  p a c kag e

( ft o r  m )
Qr = r a d i a ti ve  p o r ti o n  o f th e  h e at r e l e as e  r ate  o f th e  fre

( B tu / ft o r  kW)
qr = i n c i d e n t r ad i an t fux  r e q u i r e d  fo r  p i l o te d  i g n i ti o n

( B tu / ft2  ·  s  o r  kW/ m 2 )

5 . 2 . 5 . 4    T h e  r a d i a ti ve  p o r ti o n  o f th e  h e a t r e l e as e  r a te  o f th e
fre  s h al l  b e  d e te r m i n e d  fr o m  E q u ati o n  5 . 2 . 5 . 4  a s  fo l l o ws :

Q Qr = ξ

wh e r e :
Qr = r a d i a ti ve  p o r ti o n  o f th e  h e at r e l e as e  r ate  o f th e  fre

( B tu / s e c  o r  kW)
ξ = r a d i a ti ve  fr ac ti o n  ( d i m e n s i o n l e s s )
Q = h e a t r e l e a s e  r a te  o f th e  fre  ( B tu / s e c  o r  kW)

5 . 2 . 5 . 5    A va l u e  o f 0 . 3  s h al l  b e  u s e d  fo r  th e  r ad i ati ve  fr ac ti o n
u n l e s s  an o th e r  va l u e  i s  s u b s tan ti a te d  i n  ac c o r d a n c e  wi th  te s t
d ata.

5 . 2 . 5 . 6    I f th e  b as e  fu e l  p ac kag e  i s  n o t c i r c u l a r,  an  e q u i va l e n t
r a d i u s  s h a l l  b e  c a l c u l ate d  b y e q u ati n g  th e  foor  a r e a c o ve r e d  b y

th e  fu e l  p ac ka ge  wi th  th at s u b te n d e d  b y a c i r c l e  o f th e  e q u i va‐
l e n t r a d i u s .

5 . 2 . 5 . 7    A val u e  o f 0 . 9  B tu / ft2  ·  s e c  ( 1 0  kW/ m 2 )  s h al l  b e  u s e d
fo r  th e  i n c i d e n t r a d i a n t h e at fux  r e q u i r e d  fo r  p i l o te d  i gn i ti o n
u n l e s s  a n o th e r  val u e  i s  s u b s tan ti ate d  i n  ac c o r d an c e  wi th

a p p r o ve d  te s t d a ta .

5 . 3  M as s  C o n s u m p ti o n .

5 . 3 . 1    F o r  a  s te ad y fre,  th e  to tal  m a s s  c o n s u m p ti o n  r e q u i r e d  to
s u s tai n  th e  s te ad y h e at r e l e as e  r ate  s h al l  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 ati o n  5 . 3 . 1  as  fo l l o ws :

m
Q t

Hc

=
∆

wh e r e :
m = to tal  fu e l  m a s s  c o n s u m e d  ( l b  o r  kg )
Q = h e at r e l e as e  r ate  ( B tu / s e c  o r  kW)
Δt = d u r ati o n  o f fre  ( s e c )
Hc = h e at o f c o m b u s ti o n  o f fu e l  ( B tu / l b  o r  kJ / kg )

 
[ 5 . 2 . 5 . 3 ]

 
[ 5 . 2 . 5 . 4 ]

 
[ 5 . 3 . 1 ]
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5 . 3 . 2    F o r  a  t- s q u ar e d  fre,  th e  to ta l  m a s s  c o n s u m e d  s h a l 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  E q u ati o n  5 . 3 . 2  a s  fo l l o ws :

m
t

H tc g

=
∆333

3

2

wh e r e :
m = to tal  fu e l  m a s s  c o n s u m e d  ( l b  o r  kg )
Δt = d u r ati o n  o f fre  ( s e c )
Hc = h e at o f c o m b u s ti o n  o f fu e l  ( B tu / l b  o r  kJ / kg )
tg = gr o wth  ti m e  ( s e c )

5 . 4  S m o k e  L aye r C al c u l ati o n s .

5 . 4 . 1 *  G e n e ral .    T h e  p o s i ti o n  o f th e  frst i n d i c a ti o n  o f s m o ke
at an y ti m e  o r  th e  s m o ke  l aye r  i n te r fa c e  h e i g h t s h al l  b e  d e te r ‐

m i n e d  fr o m  th e  r e l ati o n s  i n  5 . 4 . 2  an d  S e c ti o n   5 . 5 .

5 . 4 . 2  H e i gh t o f Fi rs t I n d i c ati o n  o f S m o ke  wi th  N o  S m o ke
E x h aus t O p e rati n g.

5 . 4 . 2 . 1 *  S te ad y Fi re s .    Wh e r e  al l  th e  fo l l o wi n g  c o n d i ti o n s
o c c u r,  th e  h e i g h t o f th e  frst i n d i c ati o n  o f s m o ke  ab o ve  th e  fre
s u r fac e ,  z,  s h a l l  b e  c al c u l a te d  u s i n g e i th e r  E q u a ti o n  5 . 4 . 2 . 1 a o r

5 . 4 . 2 . 1 b :

( 1 ) U n i fo r m  c r o s s - s e c ti o n al  ar e as  wi th  r e s p e c t to  h e i g h t
( 2 ) A/H2  r ati o s  i n  th e  r a n ge  fr o m  0 . 9  to  1 4
( 3 ) z/H >  0 . 2
( 4 ) S te ad y fres
( 5 ) N o  s m o ke  e x h a u s t o p e r a ti n g

z

H

tQ

H
A

H

= 0.67 − 0.28  l n

1 3

4 3

2

















wh e r e :
z = d i s ta n c e  a b o ve  th e  b as e  o f th e  fre  to  th e  frst i n d i c ati o n  o f

s m o ke  ( ft)
H = c e i l i n g h e i gh t ab o ve  th e  fre  s u r fa c e  ( ft)
t = ti m e  ( s e c )
Q = h e at r e l e a s e  r ate  fro m  s te a d y fre  ( B tu / s e c )
A = c r o s s -s e c ti o n al  a r e a o f th e  s p ac e  b e i n g flled  wi th  s m o ke

( ft2 )

z

H

tQ

H
A

H

= 1 .11 − 0.28  l n

1 3

4 3

2

















wh e r e :
z = d i s ta n c e  a b o ve  th e  b as e  o f th e  fre  to  th e  frst i n d i c ati o n  o f

s m o ke  ( m )
H = c e i l i n g h e i gh t ab o ve  th e  fre  s u r fa c e  ( m )
t = ti m e  ( s e c )
Q = h e at r e l e a s e  r ate  fro m  s te a d y fre  ( kW)
A = c r o s s -s e c ti o n al  a r e a o f th e  s p ac e  b e i n g flled  wi th  s m o ke

( m 2 )

 
[ 5 . 3 . 2 ]

 
[ 5 . 4 . 2 . 1 a]

 
[ 5 . 4 . 2 . 1 b ]

5 . 4 . 2 . 2 *  U n s te ad y Fi re s .    Wh e r e  al l  th e  fo l l o wi n g  c o n d i ti o n s
o c c u r,  th e  d e s c e n t o f th e  h e i g h t o f th e  i n i ti al  i n d i c a ti o n  o f

s m o ke  s h al l  b e  c al c u l a te d  fo r  t- s q u ar e d  fres  u s i n g  E q u a ti o n
5 . 4 . 2 . 2 a  o r  5 . 4 . 2 . 2 b :

( 1 ) U n i fo r m  c r o s s -s e c ti o n a l  ar e a s  wi th  r e s p e c t to  h e i g h t
( 2 ) A/H2  r ati o s  i n  th e  r a n ge  fr o m  0 . 9  to  2 3
( 3 ) z/H >  0 . 2
( 4 ) U n s te a d y fres
( 5 ) N o  s m o ke  e x h a u s t o p e r a ti n g

z

H

t

t H
A

H
g

=

−

0 23

2 5 4 5

2

3 5

1 45

.

.



























wh e r e :
z = d i s tan c e  ab o ve  th e  b as e  o f th e  fre  to  th e  frst i n d i c ati o n  o f

s m o ke  ( ft)
H = c e i l i n g h e i gh t ab o ve  th e  fre  s u r fa c e  ( ft)
t = ti m e  ( s e c )
tg = gr o wth  ti m e  ( s e c )
A = c r o s s -s e c ti o n al  a r e a o f th e  s p ac e  b e i n g flled  wi th  s m o ke

( ft2 )

z

H

t

t H
A

H
g

=

−

0 91

2 5 4 5

2

3 5

1 45

.

.



























wh e r e :
z = d i s tan c e  ab o ve  th e  b as e  o f th e  fre  to  th e  frst i n d i c ati o n  o f

s m o ke  ( m )
H = c e i l i n g h e i gh t ab o ve  th e  fre  s u r fa c e  ( m )
t = ti m e  ( s e c )
tg = gr o wth  ti m e  ( s e c )
A = c r o s s -s e c ti o n al  a r e a o f th e  s p ac e  b e i n g flled  wi th  s m o ke

( m 2 )

5 . 5  Rate  o f S m o ke  M as s  P ro d u c ti o n .

5 . 5 . 1  Ax i s ym m e tri c  P l u m e s .

5 . 5 . 1 . 1 *    Wh e r e  th e  p l u m e  i s  a x i s ym m e tr i c ,  th e  m a s s  r a te  o f
s m o ke  p ro d u c ti o n  s h al l  b e  c al c u l ate d  u s i n g  E q u a ti o n  5 . 5 . 1 . 1 a ,

5 . 5 . 1 . 1 b ,  o r  5 . 5 . 1 . 1 c  o r  E q u ati o n  5 . 5 . 1 . 1 d ,  5 . 5 . 1 . 1 e ,  o r  5 . 5 . 1 . 1 f a s
fo l l o ws :

z Ql c= 0 533
2 5

.

wh e n        z z m Q z Ql c c≥ ( ), . .= +0 0 2 2 0 0 0 4 2
1 3 5 3

 
[ 5 . 4 . 2 . 2 a]

 
[ 5 . 4 . 2 . 2 b ]

 
[ 5 . 5 . 1 . 1 a]

 
[ 5 . 5 . 1 . 1 b ]
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wh e n   z z m Q zl c< , .= 0 0 2 0 8
3 5

wh e r e :
zl = l i m i ti n g  e l e vati o n  ( ft)

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  r ate  ( B tu / s e c )
z = d i s tan c e  ab o ve  th e  b a s e  o f th e  fre  to  th e  s m o ke  l a ye r

i n te r fa c e  ( ft)
m = m a s s  fow r a te  i n  p l u m e  a t h e i g h t z ( l b / s e c )

z Ql c= 0 166
2 5

.

wh e n  ,        z z m Q z Ql c c≥ ( )= 0.071 +
1 3 5 3

0 0 0 1 8.

wh e n  ,  z z m Q zl c< = 0 0 3 2
3 5

.

wh e r e :
zl = l i m i ti n g  e l e vati o n  ( m )

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  r ate  ( kW)
z = d i s tan c e  ab o ve  th e  b a s e  o f th e  fre  to  th e  s m o ke  l a ye r

i n te r fa c e  ( m )
m = m a s s  fow r a te  i n  p l u m e  a t h e i g h t z ( kg/ s e c )

5 . 5 . 1 . 2    E q u ati o n s  5 . 5 . 1 . 1 b ,  5 . 5 . 1 . 1 c ,  5 . 5 . 1 . 1 e ,  a n d  5 . 5 . 1 . 1 f s h a l l
n o t b e  u s e d  wh e n  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 ( Tp – To)

i s  l e s s  th an  4 ° F  ( 2 . 2 ° C ) .  (See 5. 5. 5. )

5 . 5 . 1 . 3    T h e  c o n ve c ti ve  p o r ti o n  o f th e  h e at r e l e as e  r a te  o f th e
fre  s h al l  b e  d e te r m i n e d  fr o m  E q u ati o n  5 . 5 . 1 . 3  a s  fo l l o ws :

Q Qc = χ

wh e r e :
Qc = c o n ve c ti ve  p o r ti o n  o f th e  h e a t r e l e a s e  r a te  o f th e  fre

( B tu / s  o r  kW)
χ = c o n ve c ti ve  fr a c ti o n  ( d i m e n s i o n l e s s )

Q = h e a t r e l e as e  r ate  o f th e  fre  ( B tu / s  o r  kW)

5 . 5 . 1 . 4    A va l u e  o f 0 . 7  s h a l l  b e  u s e d  fo r  th e  c o n ve c ti ve  fr ac ti o n
u n l e s s  an o th e r  va l u e  i s  s u b s tan ti a te d  i n  ac c o r d a n c e  wi th  te s t

d ata.

5 . 5 . 2 *  B al c o n y S p i l l  P l u m e s .

Δ 5 . 5 . 2 . 1 *    Wh e r e  th e  s m o ke  p l u m e  i s  a b a l c o n y s p i l l  p l u m e  an d
th e  h e i gh t,  zb,  o f th e  s m o ke  l aye r  i s  < 5 0  ft ( 1 5  m ) ,  th e  m a s s  r ate
o f s m o ke  p r o d u c ti o n  s h al l  b e  c al c u l a te d  u s i n g e i th e r  E q u a ti o n
5 . 5 . 2 . 1 a  o r  5 . 5 . 2 . 1 b  a s  fo l l o ws :

m QW z Hb= +0 12 0 25
2

1 3

. .( ) ( )

wh e r e :
m = m a s s  fow r ate  i n  p l u m e  ( l b / s e c )

Q = h e at re l e as e  r ate  o f th e  fre  ( B tu / s e c )

[ 5 . 5 . 1 . 1 c ]

 
[ 5 . 5 . 1 . 1 d ]

 
[ 5 . 5 . 1 . 1 e ]

 
[ 5 . 5 . 1 . 1 f]

 
[ 5 . 5 . 1 . 3 ]

 
[ 5 . 5 . 2 . 1 a]

W = wi d th  o f th e  p l u m e  as  i t s p i l l s  u n d e r  th e  b a l c o n y ( ft)
zb = h e i g h t a b o ve  th e  u n d e r s i d e  o f th e  b al c o n y to  th e  s m o ke

l a ye r  i n te r fac e  ( ft)
H = h e i g h t o f b a l c o n y ab o ve  b a s e  o f fre  ( ft)

m QW z Hb= +0 36 0 25
2

1 3

. .( ) ( )

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

Q = h e at r e l e as e  r ate  o f th e  fre  ( kW)
W = wi d th  o f th e  p l u m e  as  i t s p i l l s  u n d e r  th e  b a l c o n y ( m )

zb = h e i g h t a b o ve  th e  u n d e r s i d e  o f th e  b al c o n y to  th e  s m o ke
l a ye r  i n te r fac e  ( m )

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

5 . 5 . 2 . 2    E q u ati o n s  5 . 5 . 2 . 1 a an d  5 . 5 . 2 . 1 b  s h a l l  n o t b e  u s e d  wh e n
th e  te m p e r atu r e  r i s e  ab o ve  am b i e n t ( Tp – To)  i s  l e s s  th a n  4 ° F

( 2 . 2 ° C ) .  (See 5. 5. 5. )

5 . 5 . 2 . 3    T h e  wi d th  o f th e  p l u m e ,  W,  s h a l l  b e  p e r m i tte d  to  b e
d e te r m i n e d  b y c o n s i d e r i n g th e  p r e s e n c e  o f an y p h ys i c a l  b a r r i ‐

e r s  s u c h  as  d r aft c u r tai n s  p r o tr u d i n g b e l o w th e  b al c o n y to
r e s tr i c t h o r i z o n tal  s m o ke  m i g r ati o n  u n d e r  th e  b al c o n y.

5 . 5 . 2 . 4 *    Wh e r e  d r a ft c u r ta i n s  ar e  u s e d ,  th e y s h al l  b e  p e r p e n ‐
d i c u l ar  to  th e  o p e n i n g ,  i n  o r d e r  to  c h a n n e l  s m o ke ,  an d  e x te n d

b e l o w th e  b a l c o n y c e i l i n g  a d i s tan c e  o f a t l e as t 1 0  p e r c e n t o f
th e  foor-to-ceiling  h e i g h t o f th e  b al c o n y.

5 . 5 . 2 . 5    Wh e r e  d r a ft c u r tai n s  a r e  u s e d ,  th e y s h a l l  r e m a i 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 a x i m u m
p r e d i c te d  te m p e r a tu r e  fo r  th e  d e s i g n  i n te r val  ti m e ,  as s u m i n g a

d e s i g n  fre  i n  c l o s e  p r o x i m i ty to  th e  d r a ft c u r tai n .

5 . 5 . 2 . 6    I n  ad d i ti o n  to  th e  r e q u i r e m e n ts  i n  5 . 5 . 2 . 5 ,  d e p l o yab l e
d r aft c u r tai n s  s h al l  b e  a c ti vate d  au to m ati c a l l y an d  s h al l  r e m ai n

i n  p l ac e  u n ti l  m an u al l y r e s e t.

5 . 5 . 2 . 7 *    I n  th e  ab s e n c e  o f an y b ar r i e r s ,  th e  e q u i val e n t wi d th
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  5 . 5 . 2 . 7  as  fo l l o ws :

W w b= +

wh e r e :
W = wi d th  o f th e  p l u m e  ( ft o r m )

w = wi d th  o f th e  o p e n i n g  fr o m  th e  ar e a  o f o r i g i n  ( ft o r  m )
b = d i s tan c e  fr o m  th e  o p e n i n g  to  th e  b al c o n y e d ge  ( ft o r  m )

5 . 5 . 2 . 8 *    Wh e r e  th e  s m o ke  p l u m e  i s  a b a l c o n y s p i l l  p l u m e  an d
th e  h e i g h t,  zb,  o f th e  s m o ke  l a ye r  i s  ≥ 5 0  ft ( 1 5  m )  a n d  th e  wi d th
o f th e  p l u m e  d e te r m i n e d  u s i n g E q u ati o n  5 . 5 . 2 . 7  i s  < 3 2 . 8  ft

( 1 0  m ) ,  th e  m a s s  fow r a te  o f s m o ke  p r o d u c ti o n  s h a l l  b e  c a l c u ‐
l ate d  u s i n g e i th e r  E q u ati o n  5 . 5 . 2 . 8 a o r  5 . 5 . 2 . 8 b .

ɺ ɺm Q W z W H Wb c b= + + −( )0 32 0 098 19 5 49 2
1 3 1 5 7 15 7 15

. . . .
/ / / /

wh e r e :

ɺm
b

= m a s s  fow e n te r i n g  th e  s m o ke  l a ye r  a t h e i g h t zb ( l b / s e c )

ɺQc
= c o n ve c ti ve  h e at o u tp u t ( B tu / s e c )

 
[ 5 . 5 . 2 . 1 b ]

 
[ 5 . 5 . 2 . 7 ]

 
[ 5 . 5 . 2 . 8 a]
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W = l e n gth  o f th e  s p i l l  ( ft)
zb = h e i g h t o f p l u m e  ab o ve  th e  b al c o n y e d ge  ( ft)

H = h e i g h t o f b al c o n y ab o ve  th e  b a s e  o f th e  fre  ( ft)

ɺ ɺm Q W z W H Wb b= + +0 5 9 0 1 7 1 0 3 5 1 5
1 3 1 5 7 1 5 7 1 5

. . .
/ / / /

−( )    

wh e r e :

ɺm
b

= m a s s  fow e n te r i n g  th e  s m o ke  l a ye r  a t h e i g h t zb ( kg / s )

ɺQc = c o n ve c ti ve  h e at o u tp u t ( kW)

W = l e n gth  o f th e  s p i l l  ( m )
zb = h e i gh t o f p l u m e  ab o ve  th e  b a l c o n y e d ge  ( m )

H = h e i gh t o f b al c o n y ab o ve  th e  b a s e  o f th e  fre  ( m )

5 . 5 . 2 . 9 *    Wh e r e  th e  s m o ke  p l u m e  i s  a  b al c o n y s p i l l  p l u m e  an d
th e  h e i g h t,  zb,  o f th e  s m o ke  l a ye r  i s  ≥ 5 0  ft ( 1 5  m )  a n d  th e  wi d th
o f th e  p l u m e  d e te r m i n e d  u s i n g  E q u a ti o n  5 . 5 . 2 . 7  i s  ≥ 3 2 . 8  ft
( 1 0  m )  an d  ≤ 4 5 . 9  ft ( 1 4  m ) ,  th e  m as s  fow r ate  o f s m o ke

p r o d u c ti o n  s h al l  b e  c al c u l ate d  u s i n g  E q u a ti o n  5 . 5 . 2 . 9 a  o r
5 . 5 . 2 . 9 b .

ɺ ɺm QW z Hb c b= ( ) + +( )0 062 0 51 52
2

1 3

. .
/

wh e r e :

ɺm
b

= m a s s  fow e n te r i n g  th e  s m o ke  l a ye r  a t h e i g h t zb ( l b / s e c )

ɺQc = c o n ve c ti ve  h e at o u tp u t ( B tu / s e c )

W = l e n gth  o f th e  s p i l l  ( ft)
zb = h e i gh t o f p l u m e  ab o ve  th e  b a l c o n y e d ge  ( ft)

H = h e i gh t o f b al c o n y ab o ve  th e  b a s e  o f th e  fre  ( ft)

ɺ ɺm QW z Hb c b= ( ) + +( )0 2 0 51 15 75
2

1 3

. . .
/

wh e r e :

ɺm
b

= m a s s  fow e n te r i n g  th e  s m o ke  l a ye r  a t h e i g h t zb ( kg / s e c )

ɺQc = c o n ve c ti ve  h e at o u tp u t ( kW)

W = l e n gth  o f th e  s p i l l  ( m )
zb = h e i gh t o f p l u m e  ab o ve  th e  b a l c o n y e d ge  ( m )

H = h e i gh t o f b al c o n y ab o ve  th e  b a s e  o f th e  fre  ( m )

5 . 5 . 2 . 1 0 *    F o r  h i gh  s m o ke  l a ye r  i n te r fac e  h e i g h ts  ( zb ≥  5 0  ft
[ 1 5  m ] ) ,  b o th  a b al c o n y s p i l l  p l u m e  fre  s c e n a r i o  an d  a n  a tr i u m
fre  s c e n ar i o  ( a x i s ym m e tr i c  p l u m e  u s i n g  E q u ati o n  5 . 5 . 1 . 1 b  o r

5 . 5 . 1 . 1 e )  wi th  ap p r o p r i ate  d e s i g n  fre  s i z e s  s h al l  b e  e val u ate d
an d  th e  h i g h e r  m a s s  fow r ate  u s e d  fo r  th e  d e s i gn  o f th e  atr i u m
s m o ke  m a n ag e m e n t s ys te m .

 
[ 5 . 5 . 2 . 8 b ]

 
[ 5 . 5 . 2 . 9 a]

 
[ 5 . 5 . 2 . 9 b ]

5 . 5 . 3 *  Wi n d o w P l u m e s .

5 . 5 . 3 . 1 *    Wh e r e  th e  s m o ke  p l u m e  i s  a wi n d o w p l u m e ,  th e  to tal
h e at r e l e a s e  r a te  o f a ve n ti l ati o n -l i m i te d  fre  s h al l  b e  c al c u l a te d

u s i n g  E q u a ti o n  5 . 5 . 3 . 1 a o r  5 . 5 . 3 . 1 b  a s  fo l l o ws :

Q A Hw w= 61 2
1 2

.

wh e r e :
Q = h e at r e l e a s e  r a te  ( B tu / s e c )

Aw = ar e a  o f ve n ti l ati o n  o p e n i n g  ( ft2 )
Hw = h e i g h t o f ve n ti l ati o n  o p e n i n g  ( ft)

Q A Hw w= 1260
1 2

wh e r e :
Q = h e at r e l e a s e  r a te  ( kW)

Aw = ar e a  o f ve n ti l ati o n  o p e n i n g  ( m 2 )
Hw = h e i g h t o f ve n ti l ati o n  o p e n i n g  ( m )

5 . 5 . 3 . 2 *    Wh e r e  th e  s m o ke  p l u m e  i s  a wi n d o w p l u m e ,  th e  m as s
e n tra i n m e n t fo r  wi n d o w p l u m e s  s h a l l  b e  d e te r m i n e d  u s i n g
E q u a ti o n  5 . 5 . 3 . 2 a o r  5 . 5 . 3 . 2 b  a s  fo l l o ws :

m A H z a A H
w w w w w

= 0.077 + +1 2
1 3 5 3 1 2

0 1 8( ) ( )





.      

wh e r e :
m = m as s  fow r ate  p l u m e  at h e i gh t zw ( l b / s e c )

Aw = ar e a  o f ve n ti l ati o n  o p e n i n g  ( ft2 )
Hw = h e i g h t o f ve n ti l ati o n  o p e n i n g  ( ft)

zw = h e i g h t a b o ve  th e  to p  o f th e  wi n d o w ( ft)
a = [ 2 . 4 0 Aw

2 / 5 Hw
1 / 5 ]  – 2 . 1 Hw ( ft)

m A H z a A H
w w w w w

= 0.68 + +1 2
1 3 5 3 1 2

1 5 9( ) ( )





.     

wh e r e :
m = m as s  fow r ate  p l u m e  at h e i gh t zw ( kg / s e c )

Aw = ar e a  o f ve n ti l ati o n  o p e n i n g  ( m 2 )
Hw = h e i g h t o f ve n ti l ati o n  o p e n i n g  ( m )

zw = h e i g h t a b o ve  th e  to p  o f th e  wi n d o w ( m )
a = [ 2 . 4 0 Aw

2 / 5 Hw
1 / 5 ]  – 2 . 1 Hw ( m )

5 . 5 . 3 . 3    E q u ati o n s  5 . 5 . 1 . 1 b ,  5 . 5 . 1 . 1 c ,  5 . 5 . 2 . 1 ,  an d  5 . 5 . 3 . 2  s h a l l
n o t b e  u s e d  wh e n  th e  te m p e r atu r e  r i s e  a b o ve  am b i e n t ( Tp – To)
i s  l e s s  th an  4 ° F  ( 2 . 2 ° C ) .  (See 5. 5. 5. )

 
[ 5 . 5 . 3 . 1 a]

 
[ 5 . 5 . 3 . 1 b ]

 
[ 5 . 5 . 3 . 2 a]

 
[ 5 . 5 . 3 . 2 b ]
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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 .

5 . 5 . 4 *  Ax i s ym m e tri c  P l u m e  D i am e te r.

5 . 5 . 4 . 1  C al c u l ati o n .    T h e  d i am e te r  o f an  ax i s ym m e tr i c  p l u m e
s h a l l  b e  c al c u l a te d  u s i n g E q u ati o n  5 . 5 . 4 . 1 .  T h e  d i am e te r
c o n s tan t c a n  r an g e  fr o m  0 . 2 5  to  0 . 5 ,  an d  th e  fo l l o wi n g  va l u e s
s h a l l  b e  u s e d :  Kd =  0 . 5  fo r  p l u m e  c o n tac t wi th  wa l l s  an d  Kd =
0 . 2 5  fo r  b e am  d e te c ti o n  o f th e  s m o ke  p l u m e

d K zp d= ⋅

wh e r e :
dp = a x i s ym m e tr i c  p l u m e  d i am e te r  ( ft o r  m )
Kd = d i am e te r  c o n s tan t
z = d i s tan c e  a b o ve  th e  b as e  o f th e  fre  ( ft o r  m )

5 . 5 . 4 . 2  P l u m e  C o n tac t wi th  Wal l s .    Wh e n  th e  c al c u l ate d  p l u m e
d i a m e te r  i n d i c ate s  th at th e  p l u m e  wi l l  c o m e  i n to  c o n tac t wi th

a l l  th e  wal l s  o f th e  l ar g e -vo l u m e  s p ac e  o r  wi th  two  p a r al l e l  wa l l s
o f th e  l a r ge -vo l u m e  s p ac e ,  th e  p o i n t o f c o n tac t s h al l  b e  th e
s m o ke  l aye r  i n te r fa c e .

5 . 5 . 5 *  S m o k e  L aye r Te m p e ratu re .    T h e  te m p e r atu r e  o f th e
s m o ke  l a ye r  s h al 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  E q u a ti o n

5 . 5 . 5  as  fo l l o ws :

T T
KQ

mC
s o

s c

p

= +

wh e r e :
Ts = s m o ke  l aye r  te m p e r a tu r e  ( ° F  o r  ° C )
To = a m b i e n t te m p e r atu r e  ( ° F  o r  ° C )
Ks = fr ac ti o n  o f c o n ve c ti ve  h e a t r e l e as e  c o n tai n e d  i n  s m o ke

l aye r
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  o r  kW)
m = m a s s  fow r a te  o f th e  p l u m e  at e l e va ti o n  z ( l b / s e c  o r  kg /

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  o r  1 . 0  kJ / kg -

° C )

5 . 5 . 5 . 1    F o r  c al c u l ati n g  th e  vo l u m e tr i c  fow r ate  o f s m o ke
e x h a u s t,  a  va l u e  o f 1 . 0  s h al l  b e  u s e d  fo r  th e  fr ac ti o n  o f c o n ve c ‐

ti ve  h e at r e l e as e  c o n tai n e d  i n  th e  s m o ke  l aye r,  Ks,  u n l e s s
a n o th e r  val u e  i s  s u b s tan ti a te d  i n  ac c o r d an c e  wi th  te s t d ata .

5 . 5 . 5 . 2    F o r  c a l c u l ati n g  th e  m a x i m u m  vo l u m e tr i c  fow r ate ,
Vm ax ,  th a t c a n  b e  e x h au s te d  wi th o u t p l u g h o l i n g ,  a val u e  o f 0 . 5
s h a l l  b e  u s e d  fo r  th e  fr ac ti o n  o f c o n ve c ti ve  h e at r e l e a s e

c o n tai n e d  i n  th e  s m o ke  l aye r,  Ks,  u n l e s s  an o th e r  val u e  i s
s u b s tan ti a te d  i n  ac c o r d an c e  wi th  ap p r o ve d  te s t d ata.

5 . 6 *  N u m b e r o f E x h au s t I n l e ts .

5 . 6 . 1    T h e  m i n i m u m  n u m b e r  o f e x h a u s t i n l e ts  s h a l 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 .

5 . 6 . 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 a u s t i n l e ts
r e q u i r e d  s h al l  b e  p e r m i tte d .

 
[ 5 . 5 . 4 . 1 ]

 
[ 5 . 5 . 5 ]

5 . 6 . 3 *    T h e  m ax i m u m  vo l u m e tr i c  fow r a te  th a t c a n  b e  e x h au s ‐
te d  b y a  s i n gl e  e x h a u s t i n l e t wi th o u t p l u g h 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  5 . 6 . 3 a  o r  5 . 6 . 3 b .

V d
T T

T

s o

o

max
= γ

−
452

5 2

1 2











wh e r e :
Vm ax = m ax i m u m  vo l u m e tr i c  fow r ate  wi th o u t p l u gh o l i n g a t Ts

( ft3 / m i n )
γ = e x h a u s t l o c a ti 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 a ye 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 a u s t i n l e t ( ft)
Ts = ab s o l u te  te m p e r atu r e  o f th e  s m o ke  l aye r  ( R)
To = ab s o l u te  am b i e n t te m p e r a tu r e  ( R)

V d
T T

T

s o

o

max
.= γ

−
4 16

5 2

1 2











wh e r e :
Vm ax = m ax i m u m  vo l u m e tr i c  fow r ate  wi th o u t p l u gh o l i n g a t Ts

( m 3 / s e c )
γ = e x h au s t l o c a ti 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 a ye 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 = ab s o l u te  te m p e r atu r e  o f th e  s m o ke  l aye r  ( K)
To = ab s o l u te  am b i e n t te m p e r a tu r e  ( K)

5 . 6 . 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 an  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 . 0  s h a l l  b e  u s e d  fo r
γ.

5 . 6 . 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 a n  twi c e  th e  d i am e te r
fr o m  th e  n e ar e s t wal l ,  a  va l u e  o f 0 . 5  s h al l  b e  u s e d  fo r  γ.

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

5 . 6 . 7 *    T h e  r a ti o  d/Di s h a l l  b e  gr e a te 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.

5 . 6 . 8    F o r  r e c ta n gu l ar  e x h au s t i n l e ts ,  Di s h al l  b e  c al c u l a te d
u s i n g  E q u a ti o n  5 . 6 . 8 .

D
ab

a b
i
=

2

+

wh e r e :
Di = d i a m e te r  o f th e  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

 
[ 5 . 6 . 3 a]

 
[ 5 . 6 . 3 b ]

 
[ 5 . 6 . 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

5 . 6 . 9    Wh e r e  m u l ti p l e  e x h au s t i n l e ts  a r 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 5. 6. 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  5 . 6 . 9 a o r  5 . 6 . 9 b  as  fo l l o ws :

S V
emin

= 0 065
1 2

.

wh e r e :
Sm i n = m i n i m u m  e d ge -to -e d g e  s e p ar a ti o n  b e twe e n  i n l e ts  ( ft)

Ve = vo l u m e tr i c  fow r ate  o f o n e  e x h au s t i n l e t ( ft3 / m i n )

S V
emin

= 0 9
1 2

.

wh e r e :
Sm i n = m i n i m u m  e d ge -to -e d g e  s e p ar a ti o n  b e twe e n  i n l e ts  ( m )

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

5 . 7 *  Vo l u m e tri c  Fl o w Rate .    T h e  vo l u m e tr i c  fow r ate  o f s m o ke
e x h a u s t s h al l  b e  d e te r m i n e d  u s i n g  E q u a ti o n  5 . 7 a o r  5 . 7 b  a s

fo l l o ws :

V
m

= 60
ρ

wh e r e :
V = vo l u m e tr i c  fow r ate  o f s m o ke  e x h au s t ( ft3 / m i n )

m = m as s  fow r a te  o f s m o ke  e x h au s t ( l b / s e c )
ρ = d e n s i ty o f s m o ke  ( l b / ft3 )

V
m

=
ρ

wh e r e :
V = vo l u m e tr i c  fow r ate  o f s m o ke  e x h au s t ( m 3 / s e c )

m = m as s  fow r a te  o f s m o ke  e x h au s t ( kg / s e c )
ρ = d e n s i ty o f s m o ke  ( kg/ m 3 )

5 . 8 *  D e n s i ty o f S m o ke .    T h e  d e n s i ty o f s m o ke  s h a l l  b e  d e te r ‐
m i n e d  u s i n g E q u ati o n  5 . 8 a o r 5 . 8 b  a s  fo l l o ws :

ρ =
+

144

460

P

R T

atm

( )

wh e r e :
ρ = d e n s i ty o f s m o ke  at te m p e r atu r e  ( l b / ft3 )

Patm = a tm o s p h e r i c  p r e s s u r e  ( l b / i n . 2 )
R = g as  c o n s tan t ( 5 3 . 3 4 )
T = te m p e r a tu r e  o f s m o ke  ( ° F )

ρ =
P

RT

atm

 
[ 5 . 6 . 9 a]

 
[ 5 . 6 . 9 b ]

 
[ 5 . 7 a]

 
[ 5 . 7 b ]

 
[ 5 . 8 a]

 
[ 5 . 8 b ]

wh e r e :
ρ = d e n s i ty o f s m o ke  at te m p e r atu r e  ( kg/ m 3 )

Patm = a tm o s p h e r i c  p r e s s u r e  ( P a)
R = g as  c o n s tan t ( 2 8 7 )
T = a b s o l u te  te m p e r a tu r e  o f s m o ke  ( K)

5 . 9 *  Var yi n g C ro s s - S e c ti o n al  G e o m e tri e s  an d  C o m p l e x
G e o m e tri e s .    Wh e n  th e  l ar g e  s p ac e  h a s  a  n o n u n i fo r m  c r o s s -
s e c ti o n al  a r e a,  th e  d e s i g n  a n al ys i s  s h a l l  take  i n to  ac c o u n t th e

va r i ati o n  o f c r o s s - s e c ti o n al  ar e a wi th  h e i gh t.

5 . 1 0  O p p o s e d  Airfow.

5 . 1 0 . 1    Wh e r e  o p p o s e d  airfow i s  u s e d  to  p r e ve n t s m o ke  o r i g i ‐
n ati n g  i n  a  c o m m u n i c ati n g  s p ac e  fr o m  p r o p ag ati n g  i n to  th e
l ar g e -vo l u m e  s p a c e ,  as  s h o wn  i n  F i gu r e  5 . 1 0 . 1 ,  th e  c o m m u n i c a t‐

i n g s p ac e  s h al l  b e  e x h a u s te d  at a suffcient r ate  to  c a u s e  th e
ave r ag e  ai r  ve l o c i ty i n  th e  o p e n i n g fr o m  th e  l ar g e -vo l u m e  s p a c e
to  e x c e e d  th e  l i m i ti n g  ave r ag e  ai r  ve l o c i ty,  ve,  c al c u l ate d  u s i n g

E q u a ti o n  5 . 1 0 . 1 a  o r  5 . 1 0 . 1 b  as  fo l l o ws :

v gH
T T

T
e

f o

f

= 38
−









1 2

wh e r e :
ve = l i m i ti n g  a ve r a ge  a i r  ve l o c i ty ( ft/ m i n )

g = ac c e l e r a ti o n  o f gr a vi ty ( 3 2 . 2   ft/ s e c 2 )
H = h e i g h t o f th e  o p e n i n g as  m e as u r e d  fr o m  th e  b o tto m  o f

th e  o p e n i n g  ( ft)
Tf = te m p e r atu r e  o f h e a te d  s m o ke  ( R)

To = te m p e r atu r e  o f a m b i e n t ai r  ( R)

v gH
T T

T
e

f o

f

= 0.64
−









1 2

wh e r e :
ve = l i m i ti n g  a ve r a ge  a i r  ve l o c i ty ( m / s e c )

g = ac c e l e r a ti o n  o f gr a vi ty ( 9 . 8 1   m / s e c 2 )
H = h e i g h t o f th e  o p e n i n g as  m e as u r e d  fr o m  th e  b o tto m  o f

th e  o p e n i n g  ( m )
Tf = te m p e r atu r e  o f h e a te d  s m o ke  ( K)

To = te m p e r atu r e  o f a m b i e n t ai r  ( K)

Δ 5 . 1 0 . 2    Wh e r e  o p p o s e d  airfow i s  u s e d  to  p r e ve n t s m o ke  o r i g i ‐
n a ti n g  fr o m  th e  p l u m e  wi th i n  th e  l ar g e -vo l u m e  s p ac e  fr o m

p r o p ag ati n g  i n to  a c o m m u n i c ati n g  s p ac e  b e l o w th e  s m o ke
l aye r  i n te r fa c e ,  as  i l l u s tr ate d  i n  F i g u r e  5 . 1 0 . 2 ,  ai r  s h al l  b e

s u p p l i e d  fr o m  th e  c o m m u n i c ati n g  s p a c e  at th e  l i m i ti n g a ve r ag e
ve l o c i ty,  ve,  as  c al c u l a te d  i n  ac c o r d an c e  wi th  E q u ati o n  5 . 1 0 . 2 a
o r  5 . 1 0 . 2 b  as  fo l l o ws :

v
Q

z
e = 17

1 3









wh e r e :
ve = l i m i ti n g  ave r ag e  ai r  ve l o c i ty ( ft/ m i n )

 
[ 5 . 1 0 . 1 a]

 
[ 5 . 1 0 . 1 b ]

 
[ 5 . 1 0 . 2 a]



S M O KE  C O N T RO L  S YS T E M S9 2 - 1 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 .

Q = h e at r e l e as e  r ate  o f th e  fre  ( B tu / s e c )
z = d i s tan c e  ab o ve  th e  b a s e  o f th e  fre  to  th e  b o tto m  o f th e

o p e n i n g  ( ft)

v
Q

z
e = 0 057

1 3

.








wh e r e :
ve = l i m i ti n g ave r ag e  ai r ve l o c i ty ( m / s e c )
Q = h e a t r e l e as e  r ate  o f th e  fre  ( kW)
z = d i s tan c e  ab o ve  th e  b a s e  o f th e  fre  to  th e  b o tto m  o f th e

o p e n i n g  ( m )

5 . 1 0 . 2 . 1    Wh e r e  th e  l i m i ti n g  ave r ag e  ai r  ve l o c i ty,  ve,  c al c u l ate d
fr o m  E q u a ti o n  5 . 1 0 . 2 a  o r  5 . 1 0 . 2 b  e x c e e d s  2 0 0  ft/ m i n  ( 1 . 0 2  m /
s e c ) ,  th e  o p p o s e d  airfow m e th o d  s h a l l  n o t b e  u s e d  fo r  th e

p u r p o s e  o f th i s  s u b s e c ti o n .

 
[ 5 . 1 0 . 2 b ]

L a r g e -  
vo l u m e  

s p a c e

A i r f l o w
C o m m u n i c a t i n g  

s p a c e

FI G U RE  5 . 1 0 . 1   U s e  o f Airfow to  P re ve n t S m o ke
P ro p agati o n  fro m  a C o m m u n i c ati n g S p ac e  to  a L arge - Vo l u m e
S p ac e .

5 . 1 0 . 2 . 2    E q u ati o n s  5 . 1 0 . 2 a  a n d  5 . 1 0 . 2 b  s h a l l  n o t b e  u s e d  wh e n
z i s  l e s s  th an  1 0   ft ( 3   m ) .

5 . 1 0 . 3    Wh e r e  o p p o s e d  airfow i s  u s e d  to  p r e ve n t s m o ke  o r i g i ‐
n ati n g  i n  th e  l a r ge - vo l u m e  s p a c e  fr o m  p r o p a ga ti n g i n to  a

c o m m u n i c a ti n g s p ac e  ab o ve  th e  s m o ke  l a ye r  i n te r fac e ,  a s
s h o wn  i n  F i g u r e  5 . 1 0 . 3 ,  a i r  s h al l  b e  s u p p l i e d  fr o m  th e  c o m m u ‐
n i c ati n g  s p a c e  a t th e  l i m i ti n g ave r ag e  ve l o c i ty,  ve,  a s  d e te r m i n e d

i n  ac c o r d an c e  wi th  E q u ati o n  5 . 1 0 . 3 a o r  5 . 1 0 . 3 b  as  fo l l o ws :

v gH
T T

T
e

f o

f

=
−

38

1 2











wh e r e :
ve = l i m i ti n g  a ve r a ge  a i r  ve l o c i ty ( ft/ m i n )
g = ac c e l e r a ti o n  o f gr a vi ty ( 3 2 . 2   ft/ s e c 2 )
H = h e i g h t o f th e  o p e n i n g as  m e as u r e d  fr o m  th e  b o tto m  o f

th e  o p e n i n g  ( ft)
Tf = te m p e r atu r e  o f h e a te d  s m o ke  ( R)
To = te m p e r atu r e  o f a m b i e n t ai r  ( R)

v gH
T T

T
e

f o

f

=
−

0 64

1 2

.










wh e r e :
ve = l i m i ti n g  a ve r a ge  a i r  ve l o c i ty ( m / s e c )
g = ac c e l e r a ti o n  o f gr a vi ty ( 9 . 8 1   m / s e c 2 )
H = h e i g h t o f th e  o p e n i n g as  m e as u r e d  fr o m  th e  b o tto m  o f

th e  o p e n i n g  ( m )
Tf = te m p e r atu r e  o f h e a te d  s m o ke  ( K)
To = te m p e r atu r e  o f a m b i e n t ai r  ( K)

 
[ 5 . 1 0 . 3 a]

 
[ 5 . 1 0 . 3 b ]
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Y a m a n a  &  T a n a ka          N R C C           C o m m i t t e e ’ s  d a t a

N F P A  9 2                     E q n  L . 3 a

1  kW  =  0 . 9 5  B t u /s e c .

1  m  =  3 . 2 8  f t

Δ FI G U RE  5 . 1 0 . 2   U s e  o f Airfow to  P re ve n t S m o ke  P ro p agati o n  fro m  th e  P l um e  Wi th i n  th e
L arge - Vo l u m e  S p ac e  to  a C o m m u n i c ati n g S p ac e  L o c ate d  B e l o w th e  S m o ke  L aye r I n te r fac 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

5 . 1 0 . 3 . 1    Wh e r e  th e  l i m i ti n g  a ve r a ge  ai r  ve l o c i ty,  ve,  c al c u l a te d
fr o m  E q u a ti o n  5 . 1 0 . 3 a  o r  5 . 1 0 . 3 b  e x c e e d s  2 0 0  ft/ m i n  ( 1 . 0 2  m /

s e c ) ,  th e  o p p o s e d  airfow m e th o d  s h a l l  n o t b e  u s e d  fo r  th e
p u r p o s e  o f th i s  s u b s e c ti o n .

5 . 1 0 . 3 . 2    T h e  m as s  fow r ate  o f a i r  s u p p l y fr o m  th e  c o m m u n i ‐
c a ti n g s p ac e  s h a l l  b e  i n c l u d e d  i n  th e  d e s i gn  o f th e  s m o ke

e x h au s t fo r  th e  l ar g e -vo l u m e  s p a c e .

5 . 1 1 *  S c al i n g L aws .

5 . 1 1 . 1    T h e  s c al e  m o d e l  s h al l  b e  b as e d  o n  th e  r e l ati o n s h i p s  i n
Tab l e  5 . 1 1 . 1 .

5 . 1 1 . 2    T h e  m o d e l  s h a l l  b e  m ad e  l ar g e  e n o u gh  th at th e  h e i g h t
o f o n e  s to r y i n  th e  s c al e  m o d e l  o r  th e  d e s i gn  h e i gh t o f th e

s m o ke  i n te r fa c e  i s  n o t l e s s  th an  1   ft ( 0 . 3   m ) .

L a r g e -  
vo l u m e  

s p a c e

A i rf l o wC o m m u n i c a t i n g  
s p a c e

FI G U RE  5 . 1 0 . 3   U s e  o f Airfow to  P re ve n t S m o ke
P ro p agati o n  fro m  a L arge - Vo l u m e  S p ac e  to  a C o m m u n i c ati n g
S p ac e  L o c ate d  Ab o ve  th e  S m o k e  L aye r I n te r fac e .

Δ Tab l e   5 . 1 1 . 1  S c al i n g E x p re s s i o n s

C h arac te ri s ti c  Re l ati o n s h i p E x p re s s i o n

Ge o m e tr i c  p o s i ti o n xm = xF ( lm/ lF)

Te m p e r a tu r e Tm =  TF

P r e s s u r e  d i ffe r e n c e Δpm =  ΔpF ( lm/ lF)

Ve l o c i ty vm =  vF ( lm/ lF) 1 / 2

To ta l  h e at r e l e as e  r ate Qm =  QF ( lm/ lF) 5 / 2

C o n ve c ti ve  h e a t r e l e as e  r ate Qc, m =  Qc, F ( lm/ lF) 5 / 2

Vo l u m e tr i c  e x h a u s t r a te Vfan, m =  Vfan, F ( lm/ lF) 5 / 2

T i m e tm =  tF ( lm/ lF) 1 / 2

wh e r e :
l =  l e n g th
Δp =  p r e s s u r e  d i ffe r e n c e
Q =  h e a t r e l e a s e  r a te
t =  ti m e
T =  te m p e r a tu r e  ( a m b i e n t a n d  s m o k e )
v =  ve l o c i ty
V =  vo l u m e tr i c  e x h a u s t r a te
x =  p o s i ti o n
S u b s c r i p ts :
c =  c o n ve c ti ve
F =  fu l l - s c a l e
m =  s m a l l -s c a l e  m o d e l

C h ap te r 6    B ui l d i n g E q u i p m e n t an d  C o n tro l s

6 . 1  G e n e ral .    E q u i p m e n t a n d  c o n tr o l s  u s e d  fo r  s m o ke  c o n tr o l
p u r p o s e s  s h al l  b e  i n  a c c o r d an c e  wi th  th i s  c h ap te r.

6 . 2 *  H e ati n g,  Ve n ti l ati n g,  an d  Ai r- C o n d i ti o n i n g ( H VAC )  E q ui p ‐
m e n t.

6 . 2 . 1  G e ne ral .    H VAC  e q u i p m e n t u s e d  fo r  s m o ke  c o n tr o l
p u r p o s e s  s h a l l  b e  p e r m i tte d  to  b e  l o c a te d  wi th i n  th e  c o n d i ‐
ti o n e d  s p ac e ,  wi th i n  ad j a c e n t s p ac e s ,  o r  wi th i n  r e m o te  m e c h an ‐

i c al  e q u i p m e n t r o o m s .

6 . 2 . 2  O uts i d e  Ai r.    H VAC  s ys te m s  u s e d  fo r  s m o ke  c o n tr o l
p u r p o s e s  s h al l  b e  p r o vi d e d  wi th  o u ts i d e  a i r  fo r  p r e s s u r i z a ti o n .

6 . 2 . 3    Wh e r e  s u p p l y a n d  r e tu r n  a i r  s ys te m s  ar e  i n te r c o n n e c te d
a s  p a r t o f n o r m al  H VAC  o p e r ati o n ,  s m o ke  d am p e r s  s h a l l  b e

p r o vi d e d  to  s e p a r ate  th e  s u p p l y a n d  e x h au s t d u r i n g  s m o ke
c o n tr o l  o p e r ati o n .

6 . 2 . 4 *  M ake u p  Ai r S ys te m .    F o r  s m o ke  m an a ge m e n t s ys te m s
wi th  m ake u p  ai r  s u p p l i e d  b y fa n s ,  s u p p l y fa n  ac tu a ti o n  s h a l l  b e

s e q u e n c e d  wi th  e x h au s t fan  ac ti vati o n .

6 . 3  S m o ke  D am p e rs .

Δ 6 . 3 . 1    S m o ke  d am p e r s  u s e d  to  p r o te c t o p e n i n gs  i n  s m o ke
b a r r i e r s  o r  u s e d  as  s a fe ty-r e l a te d  d am p e r s  i n  e n g i n e e r e d  s m o ke

c o n tr o l  s ys te m s  s h al l  b e  l i s te d  a n d  l a b e l e d  i n  a c c o r d a n c e  wi th
U L   5 5 5 S ,  Smoke Dampers.

Δ 6 . 3 . 2    C o m b i n a ti o n  fre  a n d  s m o ke  d a m p e r s  s h al l  b e  l i s te d  an d
l ab e l e d  i n  ac c o r d a n c e  wi th  U L  5 5 5 ,  Fire Dampers,  an d  U L  5 5 5 S ,

Smoke Dampers.

6 . 4 *  S m o ke  C o n tro l  S ys te m s .

Δ 6 . 4 . 1 *    C o n tr o l  s ys te m s  s h a l l  b e  l i s te d  i n  ac c o r d an c e  wi th
U L  8 6 4 ,  Control Units and Accessories for Fire Alarm Systems,  a s

s m o ke  c o n tr o l  s ys te m  e q u i p m e n t.

6 . 4 . 2  C o o rd i n ati o n .    A s i n g l e  c o n tr o l  s ys te m  s h al l  c o o r d i n a te
th e  fu n c ti o n s  p r o vi d e d  b y th e  fre  a l ar m  s ys te m ,  frefghters’
s m o ke  c o n tr o l  s tati o n  ( F S C S ) ,  a n d  an y o th e r  r e l ate d  s ys te m s

wi th  th e  o p e r a ti o n  o f th e  b u i l d i n g  H VAC  s ys te m s  an d  d e d i c a‐
te d  s m o ke  c o n tr o l  e q u i p m e n t.

6 . 4 . 3 *  H VAC  S ys te m  C o n tro l s .    O p e r ati n g  c o n tr o l s  o f th e
H VAC  s ys te m  s h al l  b e  d e s i g n e d  o r  modifed  to  p r o vi d e  th e
s m o ke  c o n tr o l  m o d e  wi th  th e  h i gh e s t p r i o r i ty o ve r  al l  o th e r

c o n tr o l  m o d e s .

6 . 4 . 4  Ac ti vati o n  an d  D e ac ti vati o n .

6 . 4 . 4 . 1  Au to m ati c  Ac ti vati o n .

6 . 4 . 4 . 1 . 1 *    S m o ke  c o n tr o l  s ys te m s  s h a l l  b e  a u to m a ti c a l l y a c ti va‐
te d  i n  r e s p o n s e  to  s i gn a l s  r e c e i ve d  fr o m  a  specifc  fre  d e te c ti o n

d e vi c e  o r a  c o m b i n ati o n  o f fre  d e te c ti o n  d e vi c e s .

6 . 4 . 4 . 1 . 2 *    I n  th e  e ve n t th at s i gn a l s  ar e  r e c e i ve d  fr o m  m o r e
th a n  o n e  s m o ke  z o n e ,  th e  s ys te m  s h al l  c o n ti n u e  a u to m a ti c

o p e r ati o n  i n  th e  m o d e  d e te r m i n e d  b y th e  frst s i g n al  r e c e i ve d
e x c e p t as  p r o vi d e d  fo r  i n  6 . 4 . 4 . 1 . 3 .

6 . 4 . 4 . 1 . 3 *    F o r  s ys te m s  d e s i g n e d  fo r  o p e r ati o n  o f m u l ti p l e
z o n e s  u s i n g  o n l y h e a t- ac ti va te d  d e te c ti o n  d e vi c e s ,  i t s h al l  b e
p e r m i tte d  to  e x p an d  th e  c o n tr o l  s tr a te g y to  ac c o m m o d a te  ad d i ‐
ti o n a l  z o n e s ,  u p  to  th e  l i m i ts  o f th e  m e c h a n i c al  s ys te m  d e s i gn .
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6 . 4 . 4 . 1 . 4 *  S c h e d u l e .    T h e  e q u i p m e n t to  b e  o p e r ate d  fo r  e a c h
au to m ati c al l y a c ti va te d  s m o ke  c o n tr o l  confguration  s h al l  b e
fu l l y defned  i n  th e  p r o j e c t d o c u m e n ts .

6 . 4 . 4 . 1 . 5 *  Stratifcation  o f S m o k e .    F o r  l ar g e  s p a c e s  wh e r e
s m o ke  stratifcation  c an  o c c u r,  o n e  o f th e  fo l l o wi n g  d e te c ti o n
s c h e m e s  s h a l l  b e  u s e d :

( 1 ) * An  u p war d  b e a m  to  d e te c t th e  s m o ke  l a ye r
( 2 ) * D e te c ti o n  o f th e  s m o ke  l a ye r  a t var i o u s  l e ve l s
( 3 ) * H o r i z o n ta l  b e am s  to  d e te c t th e  s m o ke  p l u m e

6 . 4 . 4 . 2  M an ual  Ac ti vati o n .

6 . 4 . 4 . 2 . 1 *    Wh e r e  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 ,  m an u al  ac ti vati o n  b y a n  au th o r i z e d  u s e r  s h al l  b e  p e r m i t‐
te d .

6 . 4 . 4 . 2 . 2 *    M an u al  fre  a l a r m  p u l l  s ta ti o n s  s h a l l  n o t b e  u s e d  to
ac ti va te  s m o ke  c o n tr o l  s ys te m s  th at r e q u i r e  i n fo r m ati o n  o n  th e
l o c ati o n  o f th e  fre.

6 . 4 . 4 . 2 . 3 *    S tai r we l l  p r e s s u r i z a ti o n  s ys te m s  o r  o th e r  s m o ke
m a n ag e m e n t s ys te m s  wh e r e  th e  r e s p o n s e  o f th e  s ys te m  i s  i d e n ‐
ti c a l  fo r  a l l  z o n e  al ar m s  s h al l  b e  p e r m i tte d  to  b e  ac ti va te d  fr o m
a m an u a l  fre  al ar m  p u l l  s ta ti o n .

6 . 4 . 4 . 2 . 4    F i r e  al ar m  p u l l  s ta ti o n s  s h a l l  b e  p e r m i tte d  to  c au s e
d o o r s  i n  s m o ke  b ar r i e r  wal l s  to  c l o s e .

6 . 4 . 4 . 2 . 5 *    M an u al  ac ti vati o n  a n d  d e ac ti vati o n  s h a l l  b e  p e r m i t‐
te d  to  b e  at a c o n tr o l l e d  d e vi c e ,  at a l o c al  c o n tr o l  p an e l ,  at th e
b u i l d i n g ’ s  m a i n  c o n tr o l  c e n te r,  o r  a t th e  fre  c o m m an d  s tati o n .

6 . 4 . 4 . 2 . 6    Ke y-o p e r ate d  m an u al  s wi tc h e s  th at ar e  c l e a r l y
m a r ke d  to  i d e n ti fy th e i r  fu n c ti o n  s h al l  b e  p e r m i tte d  to
m a n u al l y ac ti va te  th e  s m o ke  c o n tr o l  s ys te m .

6 . 4 . 5  FS C S  Ac ti vati o n .

6 . 4 . 5 . 1    S m o ke  c o n tr o l  s ys te m s  s h al l  b e  c a p a b l e  o f b e i n g  ac ti va‐
te d  fr o m  th e  F S C S  b y s wi tc h e s  c l e a r l y m ar ke d  to  i d e n ti fy th e
l o c ati o n  an d  fu n c ti o n .

6 . 4 . 5 . 2  S e q u e n c e  o f C o n tro l  P ri o ri ti e s .    S m o ke  c o n tr o l  s ys te m s
s h a l l  b e  s u b j e c t to  th e  s e q u e n c e s  o f c o n tr o l  p r i o r i ti e s  g i ve n  i n
6 . 4 . 5 . 2 . 1 ,  6 . 4 . 5 . 2 . 2 ,  a n d  6 . 4 . 5 . 2 . 2 . 2 .

6 . 4 . 5 . 2 . 1  Au to m ati c  Ac ti vati o n .

6 . 4 . 5 . 2 . 1 . 1    Au to m ati c  a c ti vati o n  o f s ys te m s  a n d  e q u i p m e n t fo r
s m o ke  c o n tr o l  s h al l  h ave  th e  h i gh e s t p r i o r i ty o ve r  al l  o th e r
s o u r c e s  o f au to m ati c  c o n tr o l  wi th i n  th e  b u i l d i n g.

6 . 4 . 5 . 2 . 1 . 2 *    E x c e p t as  p r o vi d e d  fo r  i n  6 . 4 . 5 . 2 . 1 . 3 ,  wh e r e  e q u i p ‐
m e n t u s e d  fo r  s m o ke  c o n tr o l  i s  a l s o  u s e d  fo r  n o r m al  b u i l d i n g
o p e r ati o n ,  c o n tr o l  o f th i s  e q u i p m e n t s h al l  b e  p r e e m p te d  o r
o ve r r i d d e n  as  r e q u i r e d  fo r  s m o ke  c o n tr o l .

6 . 4 . 5 . 2 . 1 . 3    T h e  fo l l o wi n g c o n tr o l s  s h a l l  n o t b e  au to m ati c al l y
o ve r r i d d e n :

( 1 ) S tati c  p r e s s u r e  h i g h  l i m i ts
( 2 ) D u c t s m o ke  d e te c to r s  o n  s u p p l y a i r  s ys te m s

6 . 4 . 5 . 2 . 2  M an u al  Ac ti vati o n  an d  D e ac ti vati o n .

6 . 4 . 5 . 2 . 2 . 1    M an u a l  ac ti va ti o n  o r  d e ac ti va ti o n  o f s m o ke  c o n tr o l
s ys te m s  an d  e q u i p m e n t s h a l l  h ave  p r i o r i ty o ve r  au to m ati c  a c ti ‐
vati o n  o f s m o ke  c o n tr o l  s ys te m s  a n d  e q u i p m e n t a n d  al l  o th e r
s o u r c e s  o f a u to m a ti c  c o n tr o l  wi th i n  th e  b u i l d i n g  a n d  o ve r  p r i o r
m a n u a l  s m o ke  c o n tr o l  ac ti vati o n  o r  d e ac ti va ti o n  c o m m an d s .

6 . 4 . 5 . 2 . 2 . 2    I f e q u i p m e n t u s e d  fo r  s m o ke  c o n tr o l  i s  s u b j e c t to
au to m ati c  ac ti va ti o n  i n  r e s p o n s e  to  a n  al a r m  fr o m  a n  au to m ati c
fre  d e te c to r  o f a fre  a l a r m  s ys te m ,  o r  i f s u c h  e q u i p m e n t i s

s u b j e c t to  a u to m a ti c  c o n tr o l  a c c o r d i n g to  b u i l d i n g o c c u p an c y
s c h e d u l e s ,  e n e r gy m an ag e m e n t s tr ate gi e s ,  o r  o th e r  n o n e m e r ‐
ge n c y p u r p o s e s ,  s u c h  a u to m a ti c  c o n tr o l  s h al l  b e  p r e e m p te d  o r

o ve r r i d d e n  b y m a n u a l  ac ti va ti o n  o r  d e ac ti vati o n  o f th e  s m o ke
c o n tr o l  e q u i p m e n t.

6 . 4 . 5 . 2 . 2 . 3    M a n u a l  c o n tr o l s  p r o vi d e d  specifcally fo r  m an u al
ac ti va ti o n  o r  d e a c ti vati o n  fo r  s m o ke  c o n tr o l  p u r p o s e s  s h a l l  b e
c l e ar l y m ar ke d  to  i n d i c a te  th e  l o c a ti o n  a n d  fu n c ti o n  s e r ve d .

6 . 4 . 5 . 2 . 2 . 4    O p e r a ti o n  o f m an u a l  c o n tr o l s  th at a r e  s h a r e d  b o th
fo r  s m o ke  c o n tr o l  fu n c ti o n s  an d  fo r  o th e r  b u i l d i n g  c o n tr o l

p u r p o s e s ,  as  i n  a b u i l d i n g’ s  m ai n  c o n tr o l  c e n te r,  s h al l  fu l l y
c o ve r  th e  s m o ke  c o n tr o l  fu n c ti o n a l i ty i n  o p e r ati o n al  d o c u m e n ‐
ta ti o n  fo r  th e  c o n tr o l  c e n te r.

6 . 4 . 5 . 2 . 3  FS C S  Ac ti vati o n .    T h e  F S C S  s h a l l  h ave  th e  h i gh e s t
p r i o r i ty c o n tr o l  o ve r  al l  s m o ke  c o n tr o l  s ys te m s  a n d  e q u i p m e n t.

6 . 4 . 5 . 3  Re s p o n s e  T i m e .

6 . 4 . 5 . 3 . 1    T h e  s m o ke  c o n tr o l  m o d e  s h a l l  b e  i n i ti ate d  wi th i n
1 0  s e c o n d s  afte r  an  au to m ati c ,  m an u a l ,  o r  F S C S  ac ti va ti o n

c o m m an d  i s  r e c e i ve d  a t th e  s m o ke  c o n tr o l  s ys te m .

6 . 4 . 5 . 3 . 2 *    S m o ke  c o n tr o l  s ys te m s  s h al l  ac ti vate  i n d i vi d u al
c o m p o n e n ts  ( e . g . ,  d am p e r s ,  fa n s )  i n  th e  s e q u e n c e  n e c e s s ar y to
p r e ve n t p h ys i c al  d a m a ge  to  th e  fan s ,  d am p e r s ,  d u c ts ,  an d  o th e r

e q u i p m e n t.

6 . 4 . 5 . 3 . 3 *  S m o k e  C o n tai n m e n t S ys te m s .    T h e  ti m e  n e c e s s ar y
fo r  i n d i vi d u al  s m o ke  c o n ta i n m e n t c o m p o n e n ts  to  a c h i e ve  th e i r

d e s i r e d  s ta te  o r  o p e r ati o n al  m o d e  fr o m  wh e n  th e  c o m p o n e n t
r e c e i ve s  th e  s i g n al  s h a l l  n o t e x c e e d  th e  fo l l o wi n g  ti m e  p e r i o d s :

( 1 ) F an  o p e r ati o n  at th e  d e s i r e d  s ta te :  6 0   s e c o n d s
( 2 ) C o m p l e ti o n  o f d a m p e r  tr a ve l :  7 5   s e c o n d s

6 . 4 . 5 . 3 . 4 *  S m o ke  M an age m e n t S ys te m s .    T h e  to ta l  r e s p o n s e
ti m e ,  i n c l u d i n g th at n e c e s s a r y fo r  d e te c ti o n ,  s h u td o wn  o f

s m o ke  m a n ag e m e n t o p e r ati n g  e q u i p m e n t,  an d  s m o ke  c o n tr o l
s ys te m  s ta r tu p ,  s h a l l  a l l o w fo r  fu l l  o p e r ati o n a l  m o d e  to  b e
a c h i e ve d  b e fo r e  th e  c o n d i ti o n s  i n  th e  s p a c e  e x c e e d  th e  d e s i gn

s m o ke  c o n d i ti o n s .

6 . 4 . 5 . 4 *  Firefghters  S m o k e  C o n tro l  S tati o n  ( FS C S ) .

6 . 4 . 5 . 4 . 1    An  F S C S  s h a l l  b e  p r o vi d e d  fo r  al l  s m o ke  c o n tr o l
s ys te m s .

6 . 4 . 5 . 4 . 2    T h e  F S C S  s h al l  b e  i n s ta l l e d  at a  l o c ati o n  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 .

6 . 4 . 5 . 4 . 3 *    T h e  F S C S  s h a l l  p r o vi d e  s tatu s  i n d i c a ti o n ,  fau l t
c o n d i ti o n  i n d i c ati o n ,  an d  m an u al  c o n tr o l  o f a l l  s m o ke  c o n tr o l

s ys te m  c o m p o n e n ts .

6 . 4 . 5 . 4 . 4    S ta tu s  i n d i c a to r s  an d  c o n tr o l s  s h al l  b e  a r r an g e d  an d
l ab e l e d  to  c o n ve y th e  i n te n d e d  s ys te m  o b j e c ti ve s .

6 . 4 . 5 . 4 . 5    O p e r a to r  c o n tr o l s ,  s tatu s  i n d i c a ti o n ,  a n d  fau l t i n d i c a‐
ti o n  s h a l l  b e  p r o vi d e d  fo r  e ac h  s m o ke  c o n tr o l  z o n e ,  e ac h  p i e c e
o f e q u i p m e n t c ap ab l e  o f ac ti vati o n  fo r  s m o ke  c o n tr o l ,  o r  a

c o m b i n a ti o n  o f th e s e  ap p r o ac h e s .
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6 . 4 . 5 . 4 . 6    P o s i ti ve  s tatu s  i n d i c a ti o n  ( O N  an d  O F F )  s h a l l  b e
p r o vi d e d  i n d i vi d u al l y o r  b y z o n e  i n  ac c o r d a n c e  wi th  6 . 4 . 5 . 4 . 5

fo r  th e  fo l l o wi n g:

( 1 ) D e d i c a te d  s m o ke  c o n tr o l  s ys te m  fan s
( 2 ) N o n d e d i c a te d  fan s  u s e d  fo r  s m o ke  c o n tr o l  h avi n g  a

c a p ac i ty i n  e x c e s s  o f 2 0 0 0   ft3 / m i n  ( 5 7   m 3 / m i n )

6 . 4 . 5 . 4 . 7 *    O N  s ta tu s  s h a l l  b e  s e n s e d  b y a  p r e s s u r e  d i ffe r e n c e ,
an  airfow s wi tc h ,  o r  s o m e  o th e r  p o s i ti ve  p r o o f o f airfow.

6 . 4 . 5 . 4 . 8    P o s i ti ve  s tatu s  i n d i c ati o n  ( fu l l y o p e n  an d  fu l l y
c l o s e d )  o f d a m p e r  p o s i ti o n  s h al l  b e  p r o vi d e d  i f i n d i vi d u al

c o n tr o l s  fo r  th e  d a m p e r  ar e  p r o vi d e d  o n  th e  F S C S .

6 . 4 . 5 . 4 . 9    P r o vi s i o n  s h a l l  b e  i n c l u d e d  fo r  te s ti n g  th e  p i l o t
l am p s  o n  th e  F S C S  c o n tr o l  p an e l ( s )  b y m e an s  o f o n e  o r  m o r e
“ L AM P  T E S T ”  m o m e n tar y p u s h  b u tto n s  o r  o th e r  s e l f-r e s to r i n g

m e a n s .

6 . 4 . 5 . 4 . 1 0    D i a gr a m s  an d  gr a p h i c  r e p r e s e n tati o n s  o f th e  s ys te m
s h a l l  b e  u s e d .

6 . 4 . 5 . 4 . 1 1    T h e  F S C S  s h a l l  h a ve  th e  h i gh e s t p r i o r i ty c o n tr o l
o ve r  al l  s m o ke  c o n tr o l  s ys te m s  an d  e q u i p m e n t.

6 . 4 . 5 . 4 . 1 2    Wh e r e  m a n u a l  c o n tr o l s  fo r  c o n tr o l  o f s m o ke
c o n tr o l  s ys te m s  ar e  a l s o  p r o vi d e d  a t o th e r  b u i l d i n g  l o c ati o n s ,

th e  c o n tr o l  m o d e  s e l e c te d  fr o m  th e  F S C S  s h a l l  p r e va i l .

6 . 4 . 5 . 4 . 1 3    F S C S  c o n tr o l  s h al l  o ve r r i d e  o r  b yp a s s  o th e r  b u i l d ‐
i n g c o n tr o l s  s u c h  a s  h a n d -o ff- au to  an d  s tar t/ s to p  s wi tc h e s  l o c a‐
te d  o n  fan  m o to r  c o n tr o l l e r s ,  fr e e z e  d e te c ti o n  d e vi c e s ,  an d

d u c t s m o ke  d e te c to r s  e x c e p t a s  p r o vi d e d  b y 6 . 4 . 5 . 4 . 1 3 . 1 .

6 . 4 . 5 . 4 . 1 3 . 1    T h e  F S C S  fa n  c o n tr o l  c ap a b i l i ty s h a l l  n o t b e
r e q u i r e d  to  b yp as s  h a n d -o ff- au to  o r  s tar t/ s to p  s wi tc h e s  l o c a te d

o n  m o to r  c o n tr o l l e r s  o f n o n d e d i c a te d  s m o ke  c o n tr o l  s ys te m
fan s  wh e r e  b o th  o f th e  fo l l o wi n g  c o n d i ti o n s  e x i s t:

( 1 ) S u c h  fan  m o to r  c o n tr o l l e r s  ar e  l o c ate d  i n  m e c h a n i c al  o r
e l e c tr i c a l  e q u i p m e n t r o o m s  o r  i n  o th e r ar e a s  a c c e s s i b l e

o n l y to  a u th o r i z e d  p e r s o n n e l .
( 2 ) T h e  u s e  o f s u c h  a  m o to r  c o n tr o l l e r  s wi tc h  to  tu r n  a  fa n  o n

o r  o ff wi l l  c au s e  a n  o ff-n o r m al  i n d i c a ti o n  a t th e  b u i l d i n g ’ s
m a i n  c o n tr o l  c e n te r  d u r i n g  n o r m al  H VAC  o r  b u i l d i n g

c o n tr o l  o p e r ati o n s  o f th e  n o n d e d i c ate d  fan .

6 . 4 . 5 . 4 . 1 4    F S C S  c o n tr o l  s h al l  n o t take  p r e c e d e n c e  o ve r  fre
s u p p r e s s i o n ,  e l e c tr i c al  p r o te c ti o n ,  o r  p e r s o n n e l  p r o te c ti o n

d e vi c e s .

6 . 4 . 6  C o n tro l s  fo r S tai r we l l  P re s s uri z ati o n  S ys te m s .    Wh e n
s tai r we l l  p r e s s u r i z ati o n  s ys te m s  ar e  p r o vi d e d ,  th e y s h al l  b e  a c ti ‐

vate d  a s  d e s c r i b e d  i n  6 . 4 . 6 . 1  th r o u g h  6 . 4 . 6 . 4 . 2 .

6 . 4 . 6 . 1  Au to m ati c  Ac ti vati o n .

6 . 4 . 6 . 1 . 1 *    O p e r ati o n  o f an y z o n e  o f th e  b u i l d i n g  fre  al a r m
s ys te m  s h al l  c a u s e  al l  s ta i r we l l  p r e s s u r i z ati o n  fan s  to  s tar t e x c e p t
a s  i n d i c a te d  i n  6 . 4 . 6 . 1 . 2 .

6 . 4 . 6 . 1 . 2    Wh e r e  a n  e n g i n e e r i n g  a n al ys i s  d e te rm i n e s  th at o p e r ‐
a ti o n  o f al l  s ta i r we l l  p r e s s u r i z a ti o n  fa n s  i s  n o t r e q u i r e d  to
a c h i e ve  th e  d e s i g n  o b j e c ti ve ,  o n l y th e  s ta i r we l l  p r e s s u r i z a ti o n

fa n s  identifed  d u r i n g th e  a n al ys i s  s h al l  b e  r e q u i r e d  to  b e  a c ti ‐
vate d .

6 . 4 . 6 . 2  S m o k e  D e te c ti o n .

6 . 4 . 6 . 2 . 1    A s m o ke  d e te c to r  s h al l  b e  p r o vi d e d  i n  th e  ai r  s u p p l y
to  th e  p r e s s u r i z e d  s tai r we l l .

6 . 4 . 6 . 2 . 2    O n  d e te c ti o n  o f s m o ke  i n  th e  ai r  s u p p l y,  th e  s u p p l y
fan ( s )  s h a l l  b e  s to p p e d .

6 . 4 . 6 . 3  M an ual  P u l l  S tati o n s .    S tai r we l l  p r e s s u r i z ati o n  s ys te m s
wh e r e  th e  r e s p o n s e  o f th e  s ys te m  i s  i d e n ti c al  fo r  al l  z o n e  al a r m s
s h a l l  b e  p e r m i tte d  to  b e  ac ti va te d  fr o m  a m an u a l  fre  al ar m  p u l l
s tati o n .

6 . 4 . 6 . 4  FS C S  Ac ti vati o n .

6 . 4 . 6 . 4 . 1    M a n u a l  ac ti vati o n  an d  d e ac ti va ti o n  c o n tr o l  o f th e
s tai r we l l  p r e s s u r i z a ti o n  s ys te m s  s h a l l  b e  p r o vi d e d  at th e  F S C S .

6 . 4 . 6 . 4 . 2    An  o ve r r i d e  s wi tc h  s h a l l  b e  p e r m i tte d  to  b e  p r o vi d e d
a t th e  F S C S  to  r e s tar t th e  s tai r we l l  p r e s s u r i z ati o n  fan ( s )  afte r

s h u td o wn  fr o m  th e  s m o ke  d e te c to r.

6 . 4 . 7  C o n tro l s  fo r Z o n e d  S m o ke  C o n tro l  S ys te m s .

6 . 4 . 7 . 1  G e n e ral .    Wh e n  z o n e d  s m o ke  c o n tr o l  s ys te m s  ar e
p r o vi d e d ,  th e y s h a l l  b e  a c ti va te d  a s  d e s c r i b e d  i n  6 . 4 . 7 . 2 . 1  an d

6 . 4 . 7 . 2 . 2 .

6 . 4 . 7 . 2  Au to m ati c  Ac ti vati o n .

6 . 4 . 7 . 2 . 1 *    Wh e n  s i g n al s  fr o m  fre  al a r m  s ys te m s  ar e  u s e d  to
a c ti va te  th e  z o n e d  s m o ke  c o n tr o l  s ys te m ( s ) ,  th e  fre  a l a r m
z o n e s  s h al l  b e  ar r a n ge d  to  c o i n c i d e  wi th  th e  s m o ke  c o n ta i n ‐

m e n t z o n e s .

6 . 4 . 7 . 2 . 2    Wh e r e  a n  au to m ati c  s m o ke  d e te c ti o n  s ys te m  i s  u s e d
to  a u to m a ti c al l y ac ti vate  a z o n e d  s m o ke  c o n tr o l  s ys te m ,  th e

s m o ke  d e te c ti o n  s ys te m  s h al l  b e  p e r m i tte d  to  b e  o f l i m i te d
c o ve r ag e  h avi n g  s p a c i n g gr e a te r  th a n  9 0 0  ft2  ( 8 4   m 2 )  p e r  d e te c ‐

to r.

6 . 4 . 7 . 2 . 3    Wh e r e  a n  au to m ati c  s m o ke  d e te c ti o n  s ys te m  i s  u s e d
to  a u to m a ti c a l l y ac ti va te  a z o n e d  s m o ke  c o n tr o l  s ys te m ,  th e

l o c ati o n  o f s m o ke  d e te c to r s  an d  th e  z o n i n g o f th e  d e te c to r s
s h a l l  b e  a r r an g e d  to  d e te c t s m o ke  b e fo r e  i t l e ave s  th e  s m o ke
z o n e .

6 . 4 . 7 . 2 . 4    Wh e r e  a waterfow s wi tc h  o r  h e at d e te c to r  i s  u s e d  to
a c ti va te  a z o n e d  s m o ke  c o n tr o l  s ys te m ,  z o n i n g  o f s u c h  s ys te m s

s h a l l  c o i n c i d e  wi th  th e  s m o ke  c o n ta i n m e n t z o n e .

6 . 4 . 7 . 3 *    Z o n e d  s m o ke  c o n tr o l  s ys te m s  s h a l l  n o t b e  a c ti vate d
fr o m  m a n u a l  fre  al a r m  p u l l  s ta ti o n s .

6 . 4 . 8 *  C o n tro l  S ys te m  Verifcation.

6 . 4 . 8 . 1    E ve r y d e d i c a te d  s m o ke  c o n tr o l  s ys te m  a n d  e ac h  d e d i ‐
c a te d  s m o ke  c o n tr o l  s u b s ys te m  i n  a n o n d e d i c ate d  s m o ke

c o n tr o l  s ys te m  s h al l  h ave  a  m e a n s  o f ve r i fyi n g  c o r r e c t o p e r a ti o n
wh e n  a c ti va te d .

6 . 4 . 8 . 2    Verifcation  s h a l l  i n c l u d e  p o s i ti ve  confrmation  o f ac ti ‐
vati o n ,  te s ti n g ,  m a n u a l  o ve r r i d e ,  an d  th e  p r e s e n c e  o f o p e r a ti n g

p o we r  d o wn s tr e am  o f al l  c i r c u i t d i s c o n n e c ts .

6 . 4 . 8 . 3    F a i l u r e  to  r e c e i ve  p o s i ti ve  confrmation  afte r  a c ti va ti o n
o r  c e s s a ti o n  o f s u c h  p o s i ti ve  confrmation  wh i l e  th e  s ys te m  o r

s u b s ys te m  r e m ai n s  ac ti vate d  s h al l  r e s u l t i n  an  o ff-n o rm al  i n d i c a‐
ti o n  at th e  s m o ke  c o n tr o l  s ys te m  wi th i n  2 0 0   s e c o n d s .
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6 . 4 . 8 . 4    F i r e  al a r m  s i gn a l i n g p ath s  to  th e  s m o ke  c o n tr o l  s ys te m
s h a l l  b e  m o n i to r e d  fo r  i n te gr i ty i n  a c c o r d an c e  wi th  1 2 . 6  o f
NFPA 72 wi th  tr o u b l e  a n n u n c i a ti o n  p r o vi d e d  a t th e  F S C S ,
u n l e s s  b o th  o f th e  fo l l o wi n g c o n d i ti o n s  ar e  m e t:

( 1 ) T h e  i n te r c o n n e c ti n g  wi r i n g  b e twe e n  th e  fre  al ar m  s ys te m
an d  th e  s m o ke  c o n tr o l  s ys te m  i s  l o c ate d  wi th i n  2 0  ft
( 6 . 1  m )  o f e ac h  o th e r.

( 2 ) T h e  c o n d u c to r s  a r e  i n s tal l e d  i n  c o n d u i t o r  e q u i va l e n tl y
p r o te c te d  ag ai n s t m e c h a n i c al  i n j u r y.

6 . 4 . 8 . 5    Gr o u n d -fau l t an n u n c i ati o n  s h a l l  n o t b e  r e q u i r e d
wh e r e  r e c e i p t o f th e  ac ti vati o n  s i gn a l  b y th e  s m o ke  c o n tr o l
s ys te m  i s  n o t a ffe c te d  b y a s i n g l e  gr o u n d  fa u l t.

Δ 6 . 4 . 8 . 6    O p e r ati o n a l  c ap a b i l i ty o f i n d i vi d u al  c o m p o n e n ts  o f
d e d i c ate d  s m o ke  c o n tr o l  s ys te m s  s h al l  b e  verifed  u s i n g  th e
we e kl y s e l f-te s t fu n c ti o n  p r o vi d e d  b y th e  l i s te d  s m o ke  c o n tr o l
p an e l  m a n d ate d  b y 6 . 4 . 1 ,  e x c e p t as  specifed  i n  6 . 4 . 8 . 7 .

6 . 4 . 8 . 7    Wh e r e  verifcation  o f i n d i vi d u a l  c o m p o n e n ts  te s te d
th r o u g h  th e  p r e p r o gr a m m e d  we e kl y te s ti n g s e q u e n c e  wi l l
i n te r fe r e  wi th  n o r m al  b u i l d i n g  o p e r ati o n  an d  p r o d u c e  u n wan ‐
te d  e ffe c ts  to  n o r m al  b u i l d i n g  o p e r a ti o n ,  s u c h  i n d i vi d u al
c o m p o n e n ts  s h al l  b e  p e r m i tte d  to  b e  b yp a s s e d  fr o m  th e  we e kl y
s e l f- te s ti n g  wh e r e  a p p r o ve d  b y th e  c o d e  offcial  a n d  wh e r e  i n
ac c o r d an c e  wi th  6 . 4 . 8 . 7 . 1  an d  6 . 4 . 8 . 7 . 2 .

6 . 4 . 8 . 7 . 1    Wh e r e  th e  o p e r a ti o n  o f c o m p o n e n ts  i s  b yp a s s e d
fr o m  th e  p r e p r o g r am m e d  we e kl y te s t,  p r e s e n c e  o f p o we r  d o wn ‐
s tr e am  o f a l l  d i s c o n n e c ts  s h a l l  b e  verifed  we e kl y b y th e  l i s te d
c o n tr o l  u n i t.

6 . 4 . 8 . 7 . 2    Al l  c o m p o n e n ts  th at ar e  b yp as s e d  fr o m  th e
p r e p r o g r am m e d  we e kl y te s t s h al l  b e  te s te d  s e m i a n n u a l l y.  T h e
s ys te m  s h al l  al s o  b e  te s te d  u n d e r  s tan d b y p o we r  c o n d i ti o n s .

6 . 5  E n e rgy M an age m e n t.    E n e r gy m an a ge m e n t s ys te m s ,  p a r ti c ‐
u l a r l y th o s e  th a t c yc l e  s u p p l y,  r e tu r n ,  a n d  e x h a u s t fan s  fo r
e n e r g y c o n s e r vati o n ,  s h al l  b e  o ve r r i d d e n  wh e n  th e i r  c o n tr o l  o r
o p e r ati o n  i s  i n  confict wi th  a s m o ke  c o n tr o l  m o d e .

6 . 6  M ate ri al s .

6 . 6 . 1    M a te r i al s  u s e d  fo r  s ys te m s  p r o vi d i n g s m o ke  c o n tr o l  s h a l l
c o n fo r m  to  N F PA 9 0 A an d  o th e r  ap p l i c a b l e  N F PA d o c u m e n ts .

6 . 6 . 2    D u c t m a te r i al s  s h al l  b e  s e l e c te d  an d  d u c ts  s h al l  b e
d e s i g n e d  to  c o n ve y s m o ke ,  to  wi th s tan d  ad d i ti o n al  p r e s s u r e
( b o th  p o s i ti ve  a n d  n e ga ti ve )  b y th e  s u p p l y an d  e x h au s t fa n s
wh e n  o p e r ati n g  i n  a s m o ke  c o n tr o l  m o d e ,  a n d  to  m a i n tai n
th e i r  s tr u c tu r al  i n te gr i ty d u r i n g th e  p e r i o d  fo r  wh i c h  th e  s ys te m
i s  d e s i g n e d  to  o p e r a te .

6 . 6 . 3 *    E q u i p m e n t,  i n c l u d i n g  b u t n o t l i m i te d  to  fan s ,  d u c ts ,
an d  b a l a n c e  d a m p e r s ,  s h al l  b e  s u i ta b l e  fo r  i ts  i n te n d e d  u s e  an d
th e  p r o b ab l e  te m p e r atu r e s  to  wh i c h  i t i s  l i ke l y to  b e  e x p o s e d .

6 . 7  E l e c tri c  S e r vi c e s  I n s tal l ati o n .

6 . 7 . 1    Al l  e l e c tr i c al  i n s ta l l a ti o n s  s h a l l  m e e t th e  r e q u i r e m e n ts  o f
NFPA  70.

6 . 7 . 2    T h e  s m o ke  c o n tr o l  s ys te m  s h al l  b e  d e s i g n e d  s o  th at l o s s
o f n o r m al  p o we r  fo r  a p e r i o d  o f u p  to  1 5  m i n u te s  wi l l  r e s u l t i n
th e  c o m p o n e n ts  au to m ati c al l y p e r fo r m i n g th e i r  fu n c ti o n  u p o n
r e s to r ati o n  o f p o we r.

6 . 7 . 3    Wh e r e  s tan d b y p o we r  i s  p r o vi d e d  i n  a c c o r d a n c e  wi th
N F PA 1 1 0 ,  th e  s ta n d b y p o we r  s o u r c e  a n d  r e l ate d  tr an s fe r
s wi tc h e s  s h al l  b e  s e p a r ate d  fr o m  tr a n s fo r m e r s  a n d  s wi tc h  g e ar

fo r  th e  p r i m a r y p o we r  s u p p l y an d ,  fo r  i n d o o r  i n s ta l l ati o n s ,
e n c l o s e d  i n  a r o o m  wi th  a m i n i m u m  1 -h o u r  fre-resistance-
rated  fre  b a r r i e r  wal l  i n s tal l e d  i n  a c c o r d an c e  wi th  N F PA  2 2 1 .

C h ap te r 7    S m o k e  C o n tro l  S ys te m  D o c u m e n tati o n

7 . 1 *  D o c u m e n tati o n  Re q ui re d .    T h e  fo l l o wi n g  d o c u m e n ts
s h a l l  b e  ge n e r a te d  b y th e  d e s i gn e r  d u r i n g  th e  d e s i gn  p r o c e s s :

( 1 ) D e ta i l e d  d e s i g n  r e p o r t
( 2 ) O p e r a ti o n s  a n d  m ai n te n an c e  m an u al

7 . 2  D e tai l e d  D e s i gn  Re p o r t.

7 . 2 . 1    T h e  d e ta i l e d  d e s i g n  r e p o r t s h al l  p r o vi d e  d o c u m e n ta ti o n
o f th e  s m o ke  c o n tr o l  s ys te m  a s  i t i s  d e s i gn e d  a n d  i n te n d e d  to
b e  i n s tal l e d .

7 . 2 . 2    T h e  d e s i gn  r e p o r t s h al l  i n c l u d e  th e  fo l l o wi n g  e l e m e n ts ,
i f a p p l i c ab l e :

( 1 ) S ys te m  p u r p o s e
( 2 ) S ys te m  d e s i g n  o b j e c ti ve s
( 3 ) D e s i gn  a p p r o a c h
( 4 ) D e s i gn  a s s u m p ti o n s  ( b u i l d i n g h e i gh t,  am b i e n t c o n d i ‐

ti o n s ,  r e l i an c e  o n  o th e r  fre  p r o te c ti o n  s ys te m s ,  l e akag e ,
e tc . )

( 5 ) L o c ati o n  o f s m o ke  z o n e ( s )
( 6 ) D e s i g n  p r e s s u r e  d i ffe r e n c e s
( 7 ) B u i l d i n g u s e  l i m i tati o n s  th at a r i s e  o u t o f th e  s ys te m

d e s i g n
( 8 ) D e s i gn  c al c u l a ti o n s
( 9 ) F an  an d  d u c t specifcations

( 1 0 ) D am p e r  specifcations
( 1 1 ) D e ta i l e d  i n l e t o r  e x h au s t i n l e ts  s i te  i n fo r m a ti o n
( 1 2 ) D e ta i l e d  m e th o d  o f a c ti vati o n
( 1 3 ) S m o ke  c o n tr o l  s ys te m  o p e r ati o n  l o g i c
( 1 4 ) S ys te m  c o m m i s s i o n i n g  p r o c e d u r e s

7 . 3 *  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 ati o n s
a n d  m ai n te n a n c e  m an u al  s h al l  p r o vi d e  th e  r e q u i r e m e n ts  to
e n s u r e  th e  p r o p e r  o p e r ati o n  o f th e  s ys te m  o ve r  th e  l i fe  o f th e

b u i l d i n g .

7 . 3 . 1    T h e  o p e r a ti o n s  an d  m ai n te n a n c e  m an u a l  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  p r o c e d u r e s  u s e d  i n  th e  i n i ti al  c o m m i s s i o n i n g  o f th e
s ys te m  a s  we l l  a s  th e  m e as u r e d  p e r fo r m a n c e  o f th e  s ys te m
a t th e  ti m e  o f c o m m i s s i o n i n g

( 2 ) T h e  te s ti n g  an 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  an 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  8)
( 3 ) T h e  c r i ti c a l  d e s i g n  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

l i m i ta ti o n s  o n  th e  b u i l d i n g  an d  i ts  u s e  th at a r i s e  o u t o f
th e  d e s i g n  as s u m p ti o n s  an d  l i m i tati o n s

( 4 ) T h e  p u r p o s e  o f th e  s m o ke  c o n tr o l  s ys te m

7 . 3 . 2    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  th e  au th o r i ti e s  h a vi n g j u r i s d i c ‐

ti o n .

7 . 3 . 3    T h e  b u i l d i n g  o wn e r  s h al 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 ta i 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  i n  a c c o r d an c e  wi th  th e  o p e r a ti o n s  an d  m ai n te ‐
n a n c e  m a n u al .
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7 . 3 . 4    T h e  b u i l d i n g o wn e r  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 a ti o n s  an d  m a i n te n an c e  m an u a l .

C h ap te r 8    Te s ti n g

8 . 1 *  G e n e ral .

8 . 1 . 1    E ac h  s m o ke  c o n tr o l  s ys te m  s h al l  b e  te s te d  a ga i n s t i ts
specifc  d e s i g n  c r i te r i a.

8 . 1 . 2    Te s ti n g s h al l  confrm  th at th e  d e s i g n  o b j e c ti ve s
d e s c r i b e d  i n  S e c ti o n   4 . 1  ar e  a c h i e ve d .

8 . 1 . 3    D e s i g n  d o c u m e n ts  s h a l l  i n c l u d e  al l  a c c e p ta n c e  te s ti n g
p r o c e d u r e s  an d  p as s / fai l  c r i te r i a .

8 . 1 . 4 *    Re s p o n s i b i l i ty fo r  e ac h  p h as e  o f th e  te s ti n g s h al l  b e
defned  c l e a r l y p r i o r  to  c o m m e n c i n g i n s p e c ti o n  an d  te s ti n g .

8 . 2  P re l i m i n ar y B ui l d i n g I n s p e c ti o n s .

8 . 2 . 1    P r i o r  to  te s ti n g,  th e  p a r ty r e s p o n s i b l e  fo r  te s ti n g s h a l l
ve r i fy c o m p l e te n e s s  o f b u i l d i n g c o n s tr u c ti o n .

8 . 2 . 2    T h e  fo l l o wi n g  a r c h i te c tu r a l  fe atu r e s ,  wh e r e  a p p l i c ab l e ,
s h a l l  b e  i n s p e c te d :

( 1 ) S m o ke  b ar r i e r s ,  i n c l u d i n g  j o i n ts  th e r e i n
( 2 ) S h a ft i n te gr i ty
( 3 ) F i r e s to p p i n g
( 4 ) D o o r s / c l o s e r s
( 5 ) Gl a z i n g,  i n c l u d i n g th at e n c l o s i n g a l ar g e -vo l u m e  s p ac e
( 6 ) P ar ti ti o n s  an d  c e i l i n g s

8 . 3 *  C o m p o n e n t S ys te m  Te s ti n g.

8 . 3 . 1    An  o p e r a ti o n al  te s t o f e a c h  s m o ke  c o n tr o l  s ys te m
c o m p o n e n t a n d  s u b s ys te m  s h al l  b e  p e r fo r m e d  p r i o r  to  th e
ac c e p tan c e  te s t.

8 . 3 . 2    O p e r a ti o n a l  te s ts  s h al l  b e  p e r fo r m e d  p r i o r  to  i n te r c o n ‐
n e c ti o n  o f i n d i vi d u al  c o m p o n e n ts  a n d  s u b s ys te m s  to  th e  s m o ke

c o n tr o l  s ys te m .

8 . 3 . 3 *    S m o ke  c o n tr o l  s ys te m  o p e r ati o n a l  te s ti n g s h al l  i n c l u d e
a l l  s u b s ys te m s  to  th e  e x te n t th at th e y affe c t th e  o p e r a ti o n  o f th e

s m o ke  c o n tr o l  s ys te m .

8 . 3 . 4    Re q u i r e m e n ts  an d  r e s p o n s i b i l i ti e s  fo r  e ac h  c o m p o n e n t
te s t s h a l l  b e  identifed  i n  th e  d e s i g n  d o c u m e n ta ti o n .

8 . 3 . 5    Al l  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  r e l a‐
ti ve  to  th e  s m o ke  c o n tr o l  s ys te m  s h al l  b e  i n c l u d e d  i n  th e  fnal
te s ti n g  d o c u m e n ta ti o n .

8 . 4  Ac c e p tan c e  Te s ti n g.

8 . 4 . 1 *  G e n e ral .    Ac c e p tan c e  te s ti n g  s h a l l  d e m o n s tr ate  th a t th e
fnal  s ys te m  i n s tal l ati o n  c o m p l i e s  wi th  th e  specifc  d e s i gn  an d  i s

fu n c ti o n i n g  p r o p e r l y.

8 . 4 . 2 *  Te s t P aram e te rs .    Wh e r e  ap p r o p r i a te  to  th e  d e s i g n ,  a l l
p ar a m e te r s  s h a l l  b e  m e as u r e d  d u r i n g a c c e p ta n c e  te s ti n g

8 . 4 . 3 *  M e as u re m e n t L o c ati o n s .    T h e  l o c a ti o n s  fo r  m e as u r e ‐
m e n t o f th e  p a r am e te r s  identifed  i n  8 . 4 . 2  s h al l  b e  i n  ac c o r d ‐

an c e  wi th  n ati o n al l y r e c o g n i z e d  m e th o d s .

8 . 4 . 4  Te s ti n g P ro c e d u re s .    T h e  ac c e p tan c e  te s ti n g s h a l l
i n c l u d e  th e  p r o c e d u r e s  d e s c r i b e d  i n  8 . 4 . 4 . 1  th r o u gh  8 . 4 . 4 . 4 .

8 . 4 . 4 . 1 *    P r i o r  to  b e g i n n i n g ac c e p tan c e  te s ti n g,  a l l  b u i l d i n g
e q u i p m e n t s h a l l  b e  p l ac e d  i n  th e  n o r m al  o p e r a ti n g m o d e ,
i n c l u d i n g  e q u i p m e n t th a t i s  n o t u s e d  to  i m p l e m e n t s m o ke

c o n tr o l .

8 . 4 . 4 . 2 *    I f s ta n d b y p o we r  h a s  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  s m o ke  c o n tr o l  s ys te m ,  th e  a c c e p ta n c e  te s ti n g s h al 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  a n d  s ta n d b y p o we r.

8 . 4 . 4 . 3    T h e  a c c e p ta n c e  te s ti n g s h a l l  i n c l u d e  d e m o n s tr a ti n g
th a t th e  c o r r e c t o u tp u ts  a r e  p r o d u c e d  fo r  a g i ve n  i n p u t fo r
e ac h  c o n tr o l  s e q u e n c e  specifed.

8 . 4 . 4 . 4    T h e  c o m p l e te  s m o ke  c o n tr o l  s e q u e n c e  s h al l  b e
d e m o n s tr ate d  fo r  th e  fo l l o wi n g :

( 1 ) N o r m al  m o d e
( 2 ) * Au to m ati c  s m o ke  c o n tr o l  m o d e  fo r  frst a l ar m
( 3 ) Tr a n s fe r  to  s ta n d b y p o we r  i f p r o vi d e d .
( 4 ) Re tu r n  to  n o r m al

8 . 4 . 4 . 5    T h e  fo r c e  n e c e s s a r y to  o p e n  e ac h  e g r e s s  d o o r  s h a l l  b e
m e a s u r e d  u s i n g a  s p r i n g -typ e  s c al e  a n d  r e c o r d e d .

8 . 4 . 4 . 6    D o o r-o p e n i n g  fo r c e s  s h a l l  n o t e x c e e d  th o s e  al l o we d  b y
th e  b u i l d i n g c o d e .

8 . 4 . 4 . 7    Ac ti va ti o n  o f e ac h  s m o ke  c o n tr o l  s ys te m  r e s p o n s e  to  al l
m e a n s  o f ac ti va ti o n ,  b o th  a u to m a ti c  a n d  m an u a l ,  as  specifed  i n
th e  d e s i gn  r e p o r t a n d  o p e r a ti o n s  a n d  m ai n te n a n c e  m a n u a l  i n

C h ap te r   7 ,  s h al l  b e  verifed  an d  r e c o r d e d .

8 . 4 . 4 . 8    T h e  p r o p e r  o p e r ati o n  o f al l  fa n s ,  d am p e r s ,  an d  r e l a te d
e q u i p m e n t,  as  o u tl i n e d  b y th e  p r o j e c t d o c u m e n ts  r e fe r e n c e d  i n

6 . 4 . 4 . 1 . 4 ,  s h a l l  b e  verifed  an d  r e c o r d e d .

8 . 4 . 5 *  Te s ti n g o f S m o ke  M an age m e n t S ys te m s  i n  L arge -
Vo l um e  S p ac e s .    Ac c e p tan c e  te s ti n g to  ve r i fy s ys te m s  p e r fo r m ‐
an c e  s h a l l  i n c l u d e  th e  fo l l o wi n g:

( 1 ) P r i o r  to  p e r fo r m a n c e  te s ti n g:

( a) Ve r i fy th e  e x a c t l o c a ti o n  o f th e  p e r i m e te r  o f e a c h
l ar g e -vo l u m e  s p a c e  s m o ke  m a n ag e m e n t s ys te m ,
i d e n ti fy an y d o o r  o p e n i n g s  i n to  th at s p a c e ,  an d

i d e n ti fy al l  ad j a c e n t ar e a s  th a t a r e  to  r e m ai n  o p e n
an d  th at ar e  to  b e  p r o te c te d  b y airfow a l o n e .

( b ) F o r  l ar g e r  o p e n i n g s ,  m e as u r e  th e  ve l o c i ty b y m aki n g
ap p r o p r i a te  tr ave r s e s  o f th e  o p e n i n g .

( 2 ) Ac ti vate  th e  s m o ke  m an a ge m e n t s ys te m ,  th e n  d o  th e
fo l l o wi n g :

( a) Ve r i fy an d  r e c o r d  th e  o p e r ati o n  o f a l l  fa n s ,  d am p ‐
e r s ,  d o o r s ,  a n d  r e l a te d  e q u i p m e n t.

( b ) M e as u r e  fa n  e x h a u s t c ap a c i ti e s  an d  ai r  ve l o c i ti e s
th r o u g h  i n l e t d o o r s  an d  gr 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 an i c a l  m ake u p  a i r  s ys te m .

( c ) M e as u r e  th e  fo r c e  to  o p e n  e x i t d o o r s .
( 3 ) Wh e r e  a p p r o p r i ate  to  th e  d e s i g n ,  m e as u r e  a n d  r e c o r d  th e

p r e s s u r e  d i ffe r e n c e  ac r o s s  a l l  d o o r s  th a t s e p a r ate  th e
s m o ke  m a n ag e m e n t s ys te m  a r e a fr o m  ad j ac e n t s p a c e s

an d  th e  ve l o c i ti e s  a t i n te r fac e s  wi th  o p e n  ar e as .

8 . 4 . 6  Te s ti n g o f S m o k e  C o n tai n m e n t S ys te m s .

8 . 4 . 6 . 1  P re s s u re  Te s ti n g.

8 . 4 . 6 . 1 . 1    Wi th  th e  c o n tai n m e n t s ys te m  ac ti vate d ,  th e  p r e s s u r e
d i ffe r e n c e  ac r o s s  e ac h  s m o ke  b a r r i e r  s h al l  b e  m e a s u r e d  an d

r e c o r d e d  wi th  al l  i n te r i o r  d o o r s  c l o s e d .
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8 . 4 . 6 . 1 . 2    I f an  e x te r i o r  d o o r  wo u l d  n o r m al l y b e  o p e n  b y
m e a n s  o f an  au to m ati c  o p e n i n g d e vi c e  a s  p a r t o f th e  s m o ke
c o n tr o l  s tr a te g y,  i t s h a l l  b e  o p e n  d u r i n g  te s ti n g.

8 . 4 . 6 . 1 . 3    T h e  H VAC  s ys te m  s h al l  b e  o ff u n l e s s  th e  n o r m al
m o d e  i s  to  l e ave  th e  H VAC  s ys te m  o n  d u r i n g s m o ke  c o n tr o l
o p e r ati o n s .

8 . 4 . 6 . 1 . 4 *    Wi th  th e  c o n tai n m e n t s ys te m  a c ti vate d  an d  an y
au to m a ti c al l y o p e n e d  e g r e s s  d o o r s  u s e d  i n  th e  s ys te m  d e s i gn
o p e n ,  th e  p r e s s u r e  d i ffe r e n c e  ac r o s s  th e  b ar r i e r  s h a l l  b e  m e a s ‐
u r e d  a n d  r e c o r d e d .

8 . 4 . 6 . 1 . 5    N o  p r e s s u r e  d i ffe r e n c e  s h al l  b e  l e s s  th a n  th e  m i n i ‐
m u m  d e s i g n  p r e s s u r e  d i ffe r e n c e s  i n  Ta b l e  4 . 4 . 2 . 1 . 1  o r  th e  p r e s ‐
s u r e s  specifed  i n  th e  d e s i g n  d o c u m e n ts .

8 . 4 . 6 . 2 *  Fo rc e  Te s ti n g.

8 . 4 . 6 . 2 . 1    Wi th  th e  c o n ta i n m e n t s ys te m  ac ti va te d  an d  th e
n u m b e r  o f d o o r s  u s e d  i n  th e  s ys te m  d e s i g n  o p e n ,  th e  fo r c e
n e c e s s ar y to  o p e n  e a c h  e g r e s s  d o o r  s h al l  b e  m e as u r e d  an d
r e c o r d e d .

8 . 4 . 6 . 2 . 2    Al l  o th e r  d o o r s  s h a l l  b e  c l o s e d  wh e n  th e  m e as u r e ‐
m e n ts  specifed  i n  8 . 4 . 6 . 2 . 1  a r e  m a d e .

8 . 4 . 6 . 3  S tai r we l l  P re s s u ri z ati o n  S ys te m s .

8 . 4 . 6 . 3 . 1    T h e  r e q u i r e m e n ts  i n  8 . 4 . 6 . 3  s h al l  ap p l y wh e r e  s tai r ‐
we l l  p r e s s u r i z a ti o n  i s  th e  o n l y s m o ke  c o n tr o l  s ys te m  i n  th e
b u i l d i n g .

8 . 4 . 6 . 3 . 2    Wh e r e  s tai r we l l  p r e s s u r i z a ti o n  i s  u s e d  i n  c o m b i n a‐
ti o n  wi th  z o n e d  s m o ke  c o n tr o l ,  th e  r e q u i r e m e n ts  o f 8 . 4 . 6 . 7 . 1
s h a l l  a p p l y.

8 . 4 . 6 . 3 . 3    P r e s s u r i z e d  s tai r we l l  ve s ti b u l e s  s h al l  b e  tr e a te d  a s  a
z o n e  i n  a z o n e d  s m o ke  c o n tr o l  s ys te m .  (See 8. 4. 6. 4. )

8 . 4 . 6 . 4 *  Z o n e d  S m o k e  C o n tro l  S ys te m .

8 . 4 . 6 . 4 . 1    T h e  r e q u i r e m e n ts  i n  8 . 4 . 6 . 4  s h al l  a p p l y wh e r e  z o n e d
s m o ke  c o n tr o l  i s  th e  o n l y s m o ke  c o n tr o l  s ys te m  i n  th e  b u i l d i n g .

8 . 4 . 6 . 4 . 2  N o r m al  H VAC  M o d e .

8 . 4 . 6 . 4 . 2 . 1    T h e  p r e s s u r e  d i ffe r e n c e  ac r o s s  a l l  s m o ke  c o n tr o l
z o n e s  th at d i vi d e  a b u i l d i n g foor  s h a l l  b e  m e as u r e d  a n d  r e c o r ‐
d e d  wh i l e  th e  H VAC  s ys te m s  s e r vi n g th e  foor’s  s m o ke  z o n e s
ar e  o p e r ati n g  i n  th e i r  n o r m al  ( n o n - s m o ke  c o n tr o l )  m o d e  an d
wh i l e  a l l  s m o ke  b a r r i e r  d o o r s  th a t s e p a r ate  th e  foor  z o n e s  a r e
c l o s e d .

8 . 4 . 6 . 4 . 3  S m o k e  C o n tro l  M o d e  fo r E ac h  S m o ke  C o n tro l  Z o n e .

8 . 4 . 6 . 4 . 3 . 1    E ac h  s e p a r ate  s m o ke  c o n tr o l  z o n e  s h a l l  b e  a c ti va‐
te d  b y a s i m u l ate d  fre  al a r m  i n p u t.

8 . 4 . 6 . 4 . 3 . 2    T h e  p r e s s u r e  d i ffe r e n c e  ac r o s s  al l  s m o ke  b ar r i e r s
th a t s e p a r ate  th e  s m o ke  z o n e  fr o m  ad j a c e n t z o n e s  s h a l l  b e
m e a s u r e d  an d  r e c o r d e d .

8 . 4 . 6 . 4 . 3 . 3    T h e  m e as u r e m e n ts  s h a l l  b e  m ad e  wh i l e  a l l  s m o ke
b a r r i e r  d o o r s  th at s e p ar a te  th e  s m o ke  z o n e  fr o m  th e  o th e r
z o n e s  ar e  fu l l y c l o s e d .

8 . 4 . 6 . 4 . 3 . 4    O n e  m e a s u r e m e n t s h al l  b e  m a d e  ac r o s s  e a c h
s m o ke  b ar r i e r  o r  s e t o f d o o r s ,  an d  th e  d ata s h a l l  c l e a r l y i n d i ‐
c a te  th e  h i gh e r  an d  l o we r  p r e s s u r e  s i d e s  o f th e  d o o r s  o r  b ar r i ‐
e r s .

8 . 4 . 6 . 4 . 3 . 5    D o o r s  th at h ave  a te n d e n c y to  o p e n  s l i gh tl y d u e  to
th e  p r e s s u r e  d i ffe r e n c e  s h al l  h ave  o n e  p r e s s u r e  m e a s u r e m e n t

m a d e  wh i l e  h e l d  c l o s e d  an d  an o th e r  m ad e  wh i l e  n o t h e l d
c l o s e d .

8 . 4 . 6 . 4 . 3 . 6 *    Te s ti n g ,  as  d e s c r i b e d  i n  8 . 4 . 6 . 4 . 3 . 1 ,  s h a l l  c o n ti n u e
u n ti l  a l l  fre  al ar m  i n p u ts  h a ve  b e e n  ac ti va te d .

8 . 4 . 6 . 5 *  E l e vato r S m o k e  C o n tro l  S ys te m s .

8 . 4 . 6 . 5 . 1  E l e vato r H o i s tway P re s s u ri z ati o n  S ys te m s .

8 . 4 . 6 . 5 . 1 . 1  G e n e ral .

( A)    T h e  r e q u i r e m e n ts  i n  8 . 4 . 6 . 5 . 1  s h al l  a p p l y wh e r e  e l e vato r
h o i s twa y p r e s s u r i z ati o n  i s  th e  o n l y s m o ke  c o n tr o l  s ys te m  i n  th e

b u i l d i n g .

( B )    Wh e r e  e l e va to r  h o i s tway p r e s s u r i z a ti o n  i s  u s e d  i n  c o m b i ‐
n a ti o n  wi th  z o n e d  s m o ke  c o n tr o l ,  th e  r e q u i r e m e n ts  o f 8 . 4 . 6 . 7 . 3

s h a l l  a p p l y.

8 . 4 . 6 . 5 . 1 . 2  P re s s u re  Te s ti n g.

( A)    Wi th  th e  e l e vato r  p r e s s u r i z ati o n  s ys te m  ac ti va te d ,  th e  p r e s ‐
s u r e  d i ffe r e n c e  a c r o s s  e ac h  e l e vato r  d o o r  wi th  al l  e l e vato r  d o o r s
c l o s e d  s h a l l  b e  m e as u r e d  an d  r e c o r d e d .

( B )    I f th e  e l e va to r  d o o r  o n  th e  r e c al l  foor  wo u l d  n o r m al l y b e
o p e n  d u r i n g  s ys te m  p r e s s u r i z ati o n ,  i t s h al l  b e  o p e n  d u r i n g  te s t‐
i n g .

( C )    T h e  H VAC  s ys te m  s h al l  b e  o ff u n l e s s  th e  n o r m al  m o d e  i s
to  l e a ve  th e  H VAC  s ys te m  o n  d u r i n g  s m o ke  c o n tr o l  o p e r ati o n s .

( D )    I f th e  e l e vato r  p r e s s u r i z ati o n  s ys te m  h as  b e e n  d e s i g n e d  to
o p e r ate  d u r i n g e l e vato r  m o ve m e n t,  th e  te s ts  i n  8 . 4 . 6 . 5 . 1 . 2 ( A)

th r o u g h  8 . 4 . 6 . 5 . 1 . 2 ( C )  s h a l l  b e  r e p e a te d  u n d e r  th e s e  c o n d i ‐
ti o n s .

8 . 4 . 6 . 5 . 2  L o b b y P re s s u ri z ati o n  S ys te m s .

8 . 4 . 6 . 5 . 2 . 1  G e n e ral .

( A)    T h e  r e q u i r e m e n ts  i n  8 . 4 . 6 . 5 . 2  s h al l  a p p l y wh e r e  e n c l o s e d
e l e vato r  l o b b y p r e s s u r i z ati o n  i s  th e  o n l y s m o ke  c o n tr o l  s ys te m
i n  th e  b u i l d i n g .

( B )    Wh e r e  e l e va to r  l o b b y p r e s s u r i z a ti o n  i s  u s e d  i n  c o m b i n a‐
ti o n  wi th  z o n e d  s m o ke  c o n tr o l ,  th e  r e q u i r e m e n ts  o f 8 . 4 . 6 . 7 . 3

s h a l l  a p p l y.

( C ) *    Wh e r e  e n c l o s e d  e l e vato r  l o b b i e s  a r e  p r e s s u r i z e d  b y a n
e l e va to r  l o b b y p r e s s u r i z a ti o n  s ys te m ,  o r  wh e r e  e n c l o s e d  e l e va‐

to r  l o b b i e s  r e c e i ve  s e c o n d a r y p r e s s u r i z ati o n  fr o m  th e  e l e vato r
h o i s twa y,  th e  r e q u i r e m e n ts  o f 8 . 4 . 6 . 7 . 3  s h al l  ap p l y.

8 . 4 . 6 . 6  S m o k e  Re fu ge  Are a.

8 . 4 . 6 . 6 . 1    A s m o ke  r e fu ge  ar e a  s h al l  b e  tr e a te d  a s  a z o n e  i n  a
z o n e d  s m o ke  c o n tr o l  s ys te m .

8 . 4 . 6 . 6 . 2    T h e  te s ts  o u tl i n e d  i n  8 . 4 . 6 . 4  s h al l  b e  c o n d u c te d .

8 . 4 . 6 . 7  C o m b i n ati o n  o f S m o ke  C o n tro l  S ys te m s .

8 . 4 . 6 . 7 . 1 *  S tai r we l l  an d  Z o n e d  S m o ke  C o n tro l  S ys te m .

8 . 4 . 6 . 7 . 1 . 1    T h e  s tai r we l l  p r e s s u r i z ati o n  s ys te m  s h al l  b e  c o n s i d ‐
e r e d  as  o n e  z o n e  i n  a z o n e d  s m o ke  c o n tr o l  s ys te m .
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8 . 4 . 6 . 7 . 1 . 2    T h e  te s ts  o u tl i n e d  i n  8 . 4 . 6 . 1 ,  8 . 4 . 6 . 2 ,  an d  8 . 4 . 6 . 4
s h a l l  b e  c o n d u c te d .

8 . 4 . 6 . 7 . 1 . 3    Al l  te s ts  s h al l  b e  c o n d u c te d  wi th  b o th  s ys te m s  o p e r ‐
a ti n g i n  r e s p o n s e  to  a  s i m u l a te d  fre  a l ar m  i n p u t.

8 . 4 . 6 . 7 . 2  S m o k e  Re fuge  Are a an d  Z o n e d  S m o k e  C o n tro l
S ys te m .

8 . 4 . 6 . 7 . 2 . 1    A s m o ke  r e fu g e  ar e a  s h a l l  b e  tr e a te d  as  a s e p ar a te
z o n e  i n  a z o n e d  s m o ke  c o n tr o l  s ys te m .

8 . 4 . 6 . 7 . 2 . 2    T h e  te s ts  o u tl i n e d  8 . 4 . 6 . 4  s h a l l  b e  c o n d u c te d .

8 . 4 . 6 . 7 . 3  E l e vato r P re s s uri z ati o n  an d  Z o n e d  S m o k e  C o n tro l
S ys te m .

8 . 4 . 6 . 7 . 3 . 1    T h e  e l e va to r  p r e s s u r i z ati o n  s ys te m  s h a l l  b e  c o n s i d ‐
e r e d  as  o n e  z o n e  i n  a z o n e d  s m o ke  c o n tr o l  s ys te m .

8 . 4 . 6 . 7 . 3 . 2    E ac h  e l e va to r  l o b b y i n  a n  e n c l o s e d  e l e vato r  l o b b y
p r e s s u r i z ati o n  s ys te m  s h al l  b e  c o n s i d e r e d  as  o n e  z o n e  i n  a

z o n e d  s m o ke  c o n tr o l  s ys te m .

8 . 4 . 6 . 7 . 3 . 3    T h e  te s ts  o u tl i n e d  i n  8 . 4 . 6 . 4  s h al l  b e  c o n d u c te d .

8 . 4 . 6 . 7 . 3 . 4    T h e  te s ts  o u tl i n e d  i n  8 . 4 . 6 . 5 . 1  s h a l l  b e  c o n d u c te d  i f
a  h o i s twa y p r e s s u r i z ati o n  s ys te m  i s  p r e s e n t.

8 . 4 . 6 . 7 . 3 . 5    T h e  te s ts  o u tl i n e d  i n  8 . 4 . 6 . 5 . 2  s h a l l  b e  c o n d u c te d  i f
a  l o b b y p r e s s u r i z a ti o n  s ys te m  i s  p r e s e n t.

8 . 4 . 6 . 7 . 3 . 6    T h e  te s ts  o u tl i n e d  i n  b o th  8 . 4 . 6 . 5 . 1  a n d  8 . 4 . 6 . 5 . 2
s h a l l  b e  c o n d u c te d  i f b o th  s ys te m s  ar e  p r e s e n t.

8 . 4 . 7  Te s ts  o f Firefghter’s  S m o k e  C o n tro l  S tati o n .

8 . 4 . 7 . 1    Al l  i n p u ts  to  an d  o u tp u ts  fr o m  th e  F S C S  s h a l l  b e
te s te d .

8 . 4 . 7 . 2    Te s ts  s h al l  i n c l u d e  m an u al  o ve r r i d e  o f n o r m al  an d
a u to m a ti c  s m o ke  c o n tr o l  m o d e s .

8 . 5  Te s ti n g D o c u m e n tati o n .

8 . 5 . 1 *    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 ati o n al  te s ti n g  d o c u m e n ta ti o n  s h al l  b e  p r o vi d e d  to  th e

o wn e r  a n d  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 .

8 . 5 . 2    O wn e r ’ s  m an u al s  c o n ta i n i n g c o m p l e te  d ata o n  th e
s m o ke  c o n tr o l  s ys te m  an d  i n s tr u c ti o n s  fo r  o p e r ati n g  an d  m ai n ‐
ta i n i n g  th e  s ys te m  s h a l l  b e  p r o vi d e d  to  th e  o wn e r.

8 . 6  P e ri o d i c  I n s p e c ti o n ,  Te s ti n g,  an d  M ai n te n an c e .

8 . 6 . 1 *    P e r i o d i c  i n s p e c ti o n ,  te s ti n g,  a n d  m a i n te n an c e  o f s m o ke
c o n tr o l  e q u i p m e n t s h a l l  b e  p e r fo r m e d  i n  ac c o r d a n c e  wi th  th i s

s e c ti o n .

8 . 6 . 1 . 1    D e d i c ate d  s ys te m s  s h a l l  b e  te s te d  at l e a s t s e m i an n u al l y.

8 . 6 . 1 . 2    N o n -d e d i c ate d  s ys te m s  s h a l l  b e  te s te d  at l e a s t an n u al l y.

8 . 6 . 2    T h e  e q u i p m e n t s h al l  b e  i n s p e c te d ,  te s te d ,  an d  m ai n ‐
tai n e d  i n  a c c o r d a n c e  wi th  th e  m an u fac tu r e r ’ s  i n s tr u c ti o n s .

Δ 8 . 6 . 3    T h e  p e r i o d i c  te s ts  s h a l l  d e te r m i n e  th e  airfow q u a n ti ti e s
a n d  p r e s s u r e  d i ffe r e n c e s  at th e  fo l l o wi n g  l o c ati o n s :

( 1 ) Ac r o s s  s m o ke  b ar r i e r  o p e n i n g s
( 2 ) At th e  ai r  m a ke u p  s u p p l i e s
( 3 ) At s m o ke  e x h au s t e q u i p m e n t

8 . 6 . 4    Al l  d ata p o i n ts  s h al l  c o i n c i d e  wi th  th e  ac c e p tan c e  te s t
l o c a ti o n  to  fa c i l i ta te  c o m p ar i s o n  m e as u r e m e n ts .

8 . 6 . 5    T h e  s ys te m  s h a l l  b e  te s te d  b y p e r s o n s  wh o  a r e  th o r ‐
o u gh l y kn o wl e d g e ab l e  i n  th e  o p e r ati o n ,  te s ti n g,  an d  m ai n te ‐

n an c e  o f th e  s ys te m s .

8 . 6 . 5 . 1    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  i n  th e
o p e r ati o n s  an d  m ai n te n a n c e  l o g an d  m a d e  a va i l ab l e  fo r  i n s p e c ‐
ti o n .

8 . 6 . 5 . 2    T h e  s m o ke  c o n tr o l  s ys te m  s h al l  b e  o p e r a te d  fo r  e a c h
s e q u e n c e  i n  th e  c u r r e n t d e s i g n  c r i te r i a.

8 . 6 . 5 . 3    T h e  o p e r a ti o n  o f th e  c o r r e c t o u tp u ts  fo r  e ac h  g i ve n
i n p u t s h al l  b e  o b s e r ve d .

8 . 6 . 5 . 4    Te s ts  s h al l  al s o  b e  c o n d u c te d  u n d e r  s ta n d b y p o we r  i f
ap p l i c a b l e .

8 . 6 . 6    S p e c i a l  a r r an g e m e n ts  s h a l l  b e  c o n s i d e r e d  fo r  th e  i n tr o ‐
d u c ti o n  o f l ar g e  q u a n ti ti e s  o f o u ts i d e  ai r  i n to  o c c u p i e d  ar e a s  o r

s e n s i ti ve  e q u i p m e n t s p ac e s  wh e n  o u ts i d e  te m p e r atu r e  an d
h u m i d i ty c o n d i ti o n s  ar e  e x tr e m e  a n d  wh e n  s u c h  u n c o n d i ‐
ti o n e d  ai r  c o u l d  d a m a ge  c o n te n ts .

8 . 7  Modifcations.

8 . 7 . 1 *    Al l  o p e r ati o n al  an d  ac c e p tan c e  te s ti n g 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 ys te m  wh e n e ve r  th e

s ys te m  i s  c h an g e d  o r  modifed.

8 . 7 . 2    I f th e  s m o ke  c o n tr o l  s ys te m  o r  th e  z o n e  b o u n d ar i e s  h ave
b e e n  modifed  s i n c e  th e  l a s t te s t,  ac c e p tan c e  te s ti n g  s h al l  b e

c o n d u c te d  o n  th e  p o r ti o n  modifed.

8 . 7 . 3    D o c u m e n tati o n  s h al l  b e  u p d ate d  to  refect th e s e
c h a n ge s  o r  modifcations.



S M O KE  C O N T RO L  S YS T E M S9 2 - 2 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 .

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    T h i s  s tan d a r d  i n c o r p o r ate s  m e th o d s  fo r  a p p l yi n g  e n g i ‐
n e e r i n g  c al c u l ati o n s  an d  r e fe r e n c e  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  s m o ke  c o n tr o l  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 a s e d  o n  s e l e c t d e s i g n  o b j e c ti ve s
p r e s e n te d  i n  S e c ti o n   4 . 1 .

T h i s  s tan d ar d  a d d r e s s e s  th e  fo l l o wi n g to p i c s :

( 1 ) B as i c  p h ys i c s  o f s m o ke  m o ve m e n t i n  i n d o o r  s p ac e s
( 2 ) M e th o d s  o f s m o ke  c o n tr o l
( 3 ) S u p p o r ti n g d ata a n d  te c h n o l o g y
( 4 ) B u i l d i n g e q u i p m e n t an d  c o n tr o l s  a p p l i c a b l e  to  s m o ke

c o n tr o l  s ys te m s
( 5 ) Ap p r o ac h e s  to  te s ti n g  an d  m ai n te n a n c e  m e th o d s

T h i s  s tan d a r d  d o e s  n o t a d d r e s s  th e  i n te r ac ti o n  o f s p r i n kl e r s
an d  s m o ke  c o n tro l  s ys te m s .  T h e  c o o l i n g e ffe c t o f s p r i n kl e r s  c a n

r e s u l t i n  s o m e  o f th e  s m o ke  l o s i n g b u o ya n c y an d  m i gr a ti n g
d o wn wa r d  b e l o w th e  d e s i gn  s m o ke  l aye r  i n te r fa c e .  T h i s  s tan d ‐
ar d  al s o  d o e s  n o t p r o vi d e  m e th o d o l o g i e s  to  as s e s s  th e  e ffe c ts  o f

s m o ke  e x p o s u r e  o n  p e o p l e ,  p r o p e r ty,  o r  m i s s i o n  c o n ti n u i ty.

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 ati 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 ri 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 re ,  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 g an 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 a l ,  s tate ,  l o c a l ,  o r  o th e r  r e g i o n a l  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 al  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

r e 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 tan 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 ;

a t 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 a vi 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 . 2  C e i l i n g J e t.    N o r m al l y,  th e  te m p e r atu r e  o f th e  c e i l i n g
j e t i s  gr e a te r  th an  th e  a d j ac e n t s m o ke  l aye r.

A. 3 . 3 . 4  D e s i gn  P re s s u re  D i ffe re n c e .    P r o te c te d  s p a c e s  i n c l u d e
th e  n o n s m o ke  z o n e s  i n  a z o n e d  s m o ke  c o n tr o l  s ys te m ,  th e  s tai r ‐

we l l s  i n  a  s ta i r we l l  p r e s s u r i z ati o n  s ys te m ,  a  s m o ke  r e fu g e  ar e a ,
an d  th e  e l e vato r  s h aft i n  an  e l e vato r  h o i s twa y s ys te m .

A. 3 . 3 . 5  D raft C u r tai n .    A d r a ft 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 a t 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 . 7  Firefghters’  S m o k e  C o n tro l  S tati o n  ( FS C S ) .    O th e r
frefghters’  s ys te m s  ( s u c h  a s  vo i c e  al a r m ,  p u b l i c  a d d r e s s ,  fre

d e p a r tm e n t c o m m u n i c a ti o n ,  an d  e l e va to r  s tatu s  an d  c o n tr o l s )
ar e  n o t c o ve r e d  i n  th i s  d o c u m e n t.

A. 3 . 3 . 1 0  P l u m e .    A p l u m e  e n tr a i n s  ai r  as  i t r i s e s  s o  th at th e
m a s s  fow o f th e  p l u m e  i n c r e as e s  wi th  h e i gh t a n d  th e  te m p e r a‐

tu r e  an d  o th e r  s m o ke  p r o p e r ti e s  o f th e  p l u m e  d e c r e as e  wi th
h e i g h t.

A. 3 . 3 . 1 0 . 1  Ax i s ym m e tri c  P l u m e .    S tr i c tl y s p e a ki n g,  an  ax i s ym ‐
m e tr i c  p l u m e  ap p l i e s  o n l y to  r o u n d  fres,  b u t i t i s  a  u s e fu l  i d e al ‐
i z ati o n  fo r  fres  o f m an y o th e r  s h ap e s .  Wh e n  th e  l a r ge s t

d i m e n s i o n  o f a fre  i s  m u c h  l e s s  th an  th e  h e i gh t o f th e  p l u m e ,
th e  p l u m e  m as s  fow a n d  te m p e r atu r e  c an  b e  ap p r o x i m ate d  b y
th o s e  c h a r ac te r i s ti c s  o f a n  ax i s ym m e tr i c  p l u m e .

An  a x i s ym m e tr i c  p l u m e  (see Figure A. 3. 3. 1 0. 1 ) i s  e x p e c te d  fo r
a  fre  o r i gi n ati n g  o n  th e  atr i u m  foor,  r e m o ve d  fr o m  an y wal l s .

I n  th a t c a s e ,  a i r  i s  e n tr a i n e d  fr o m  a l l  s i d e s  a l o n g  th e  e n ti r e
h e i g h t o f th e  p l u m e  u n ti l  th e  p l u m e  b e c o m e s  s u b m e r ge d  i n

th e  s m o ke  l aye r.

A. 3 . 3 . 1 0 . 2  B al c o n y S p i l l  P l u m e .    A b al c o n y s p i l l  p l u m e  i s  o n e
th at fows  u n d e r  an d  ar o u n d  a b al c o n y b e fo r e  r i s i n g ,  g i vi n g  th e
i m p r e s s i o n  o f s p i l l i n g fr o m  th e  b al c o n y,  fr o m  an  i n ve r te d

p e r s p e c ti ve ,  a s  i l l u s tr a te d  i n  F i g u r e  A. 3 . 3 . 1 0 . 2 .

A. 3 . 3 . 1 0 . 3  Wi n d o w P l um e .    P l u m e s  i s s u i n g  fr o m  wa l l  o p e n ‐
i n g s ,  s u c h  as  d o o r s  an d  wi n d o ws  o f a n  a d j ac e n t c o m p a r tm e n t,
i n to  a l ar g e -vo l u m e  o p e n  s p ac e  ar e  r e fe r r e d  to  as  wi n d o w

p l u m e s  (see Figure A. 3. 3. 1 0. 3).  Wi n d o w p l u m e s  u s u al l y o c c u r
wh e n  th e  ad j a c e n t c o m p ar tm e n t i s  fu l l y i n vo l ve d  i n  a fre  typ i ‐
c a l l y afte r  th e  c o m p ar tm e n t h as  r e ac h e d  fashover.

d

H
z

z1

FI G U RE  A. 3 . 3 . 1 0 . 1   Ap p ro x i m ati o n  o f an  Ax i s ym m e tri c
P l um e .
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A. 3 . 3 . 1 3 . 1  Fi rs t I n d i c ati o n  o f S m o k e .    S e e  F i g u r e  A. 3 . 3 . 1 3 . 1 .
F o r  d e s i gn  e val u ati o n s  u s i n g  th e  al ge b r a i c  ap p r o ac h  o u tl i n e d

i n  C h ap te r  5 ,  th e  frst i n d i c ati o n  o f s m o ke  c an  b e  d e te r m i n e d
u s i n g  E q u a ti o n s  5 . 4 . 2 . 1 a a n d  b  a n d  E q u ati o n s  5 . 4 . 2 . 2 a  an d  b .

F o r  d e s i g n  e va l u a ti o n s  u s i n g  p h ys i c a l  o r  c o m p u tati o n al  fuid
d yn a m i c s  ( C F D )  m o d e l i n g ,  a  m e th o d  to  defne  th e  s m o ke

i n te r fac e  h e i gh t a n d  th e  frst i n d i c ati o n  o f s m o ke  u s i n g  a  l i m i ‐
te d  n u m b e r  o f p o i n t m e a s u r e m e n ts  o ve r  th e  h e i g h t o f th e

a tr i u m  i s  r e q u i r e d .  O n e  a p p r o a c h  ( C o o p e r  e t al .  [ 4 ] ;  M a d r z y‐
ko ws ki  a n d  Ve tto r i  [ 2 9 ] )  u s e s  l i n e ar  i n te r p o l a ti o n  o f th e  p o i n t
m e a s u r e m e n ts .  U s i n g te m p e r atu r e  d ata,  th e  i n te r fa c e s  ar e  at

th e  h e i g h ts  at wh i c h  th e  te m p e r a tu r e  i s  a s  fo l l o ws :

T C T T T
n n b b
= −( )

max
+

 
[ A. 3 . 3 . 1 3 . 1 ]

wh e r e :
Tn = te m p e r a tu r e  at th e  i n te r fac e  h e i g h t
Cn = i n te r p o l a ti o n  c o n s ta n t wi th  val u e s  o f 0 . 1 –0 . 2  fo r  th e  frst

i n d i c ati o n  o f s m o ke  an d  0 . 8 –0 . 9  fo r  th e  s m o ke  l aye r
i n te r fac e ,  r e s p e c ti ve l y

Tm ax = te m p e r a tu r e  i n  th e  s m o ke  l a ye r
Tb = te m p e r a tu r e  i n  th e  c o l d  l o we r  l aye r

A. 3 . 3 . 1 4  S m o ke  B ar ri e r.    A s m o ke  b ar r i e r  m i gh t o r  m i g h t n o t
h ave  a  fre  r e s i s tan c e  r ati n g .  S u c h  b ar r i e r s  m i g h t h ave  p r o te c ‐

te d  o p e n i n gs .  S m o ke  b a r r i e r s  as  u s e d  wi th  s m o ke  c o n tr o l  o r
s m o ke  m an a ge m e n t s ys te m s  d e s c r i b e d  i n  th i s  s tan d ar d  c o u l d
h ave  o p e n i n g s  p r o te c te d  e i th e r  b y p h ys i c a l  o p e n i n g p r o te c ti ve s

o r  b y p r e s s u r e  d i ffe r e n c e s  c r e a te d  b y th e  s m o ke  c o n tr o l  o r
s m o ke  m an a ge m e n t s ys te m .  S m o ke  b ar r i e r s  d e s c r i b e d  i n  s o m e
o th e r c o d e s  an d  s ta n d a r d s  m i g h t r e q u i r e  th at th e  o p e n i n g s  b e

p r o te c te d  b y p h ys i c al  o p e n i n g  p r o te c ti ve s .

S E C T I O N

b

H

W

w

D ra f t  

c u r t a i n
W

w
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FI G U RE  A. 3 . 3 . 1 0 . 2   Ap p ro x i m ati o n  o f a B al c o n y S p i l l  P l u m e .

S I D E  V I E W F R O N T  V I E W

N o t e :  F o r  a  w i n d o w  p l u m e ,  
t h e  c o m m u n i c a t i n g  s p a c e  
i s  f u l l y  i n vo l ve d  i n  f i r e .

C o m m u n i c a t i n g  
s p a c e Hw

Zw

FI G U RE  A. 3 . 3 . 1 0 . 3   Ap p ro x i m ati o n  o f a Wi n d o w P l u m e .
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A. 3 . 3 . 1 5  S m o ke  C o n tai n m e n t.    S m o ke  c o n tai n m e n t c a n  b e
ac h i e ve d  b y u s i n g s m o ke  b ar r i e r s  al o n e .  T h i s  s ta n d ar d  d e al s
wi th  ac ti ve  m e c h a n i c al  s ys te m s .  P a s s i ve  s m o ke  c o n ta i n m e n t
ac h i e ve d  b y c o n s tr u c ti o n  fe atu r e s  a r e  o u ts i d e  th e  s c o p e  o f th i s
d o c u m e n t.  F o r  fu r th e r  i n fo r m ati o n  o n  th e  u s e  o f s m o ke  b ar r i ‐
e r s ,  s e e  th e  r e q u i r e m e n ts  i n  N F PA  1 01  an d  NFPA  5000.

A. 3 . 3 . 1 7  S m o ke  L aye r.    T h e  s m o ke  l a ye r  i n c l u d e s  a tr a n s i ti o n
z o n e  th a t i s  n o n h o m o ge n e o u s  a n d  s e p a r ate s  th e  h o t u p p e r
l aye r  fr o m  th e  s m o ke -fr e e  ai r.  T h e  s m o ke  l a ye r  i s  n o t a  h o m o ‐
ge n e o u s  m i x tu r e ,  n o r  d o e s  i t h a ve  a u n i fo r m  te m p e r atu r e .  T h e
c a l c u l ati o n  m e th o d s  p r e s e n te d  i n  th i s  s tan d a r d  c an  a s s u m e
h o m o ge n e o u s  c o n d i ti o n s .

A. 3 . 3 . 1 8  S m o k e  L aye r I n te r fac e .    I n  p r a c ti c e ,  th e  s m o ke  l aye r
i n te r fa c e  (see Figure A. 3. 3. 1 3. 1 ) i s  an  e ffe c ti ve  b o u n d a r y wi th i n  a
tr a n s i ti o n  b u ffe r  z o n e ,  wh i c h  c a n  b e  s e ve r a l  fe e t ( m e te r s )  th i c k.
B e l o w th i s  e ffe c ti ve  b o u n d ar y,  th e  s m o ke  d e n s i ty i n  th e  tr an s i ‐
ti o n  z o n e  d e c r e as e s  to  z e r o .  T h i s  h e i g h t i s  u s e d  i n  th e  a p p l i c a‐
ti o n  o f th e  e q u ati o n s  i n  5 . 5 . 3 . 1 ,  5 . 5 . 3 . 2 ,  5 . 5 . 4 . 1 ,  a n d  S e c ti o n   5 . 7 .

A. 3 . 3 . 2 1 . 1  C o m m un i c ati n g S p ac e .    C o m m u n i c a ti n g s p a c e s  c a n
o p e n  d i r e c tl y i n to  th e  l ar g e -vo l u m e  s p ac e  o r  c o n n e c t th r o u g h
o p e n  p as s ag e ways .

A. 3 . 3 . 2 3 . 2  D e d i c ate d  S m o ke  C o n tro l  S ys te m .    D e d i c a te d
s m o ke - c o n tr o l  s ys te m s  a r e  s e p ar ate  s ys te m s  o f a i r-m o vi n g an d
d i s tr i b u ti o n  e q u i p m e n t th at d o  n o t fu n c ti o n  u n d e r  n o r m al
b u i l d i n g  o p e r ati n g  c o n d i ti o n s .

Ad va n ta ge s  o f d e d i c ate d  s ys te m s  i n c l u d e  th e  fo l l o wi n g:

( 1 ) Modifcation  o f s ys te m  c o n tr o l s  afte r  i n s tal l a ti o n  i s  l e s s
l i ke l y.

( 2 ) O p e r ati o n  an d  c o n tr o l  o f th e  s ys te m  i s  g e n e r al l y s i m p l e r.
( 3 ) Re l i a n c e  o n  o r  i m p a c t b y o th e r  b u i l d i n g  s ys te m s  i s  l i m i ‐

te d .

D i s ad va n ta ge s  o f d e d i c a te d  s ys te m s  i n c l u d e  th e  fo l l o wi n g:

( 1 ) S ys te m  i m p ai r m e n ts  m i g h t go  u n d i s c o ve r e d  b e twe e n  p e r i ‐
o d i c  te s ts  o r  m ai n te n an c e  ac ti vi ti e s .

( 2 ) S ys te m s  c a n  r e q u i r e  m o r e  p h ys i c a l  s p ac e .

A. 3 . 3 . 2 3 . 3  N o n d e d i c ate d  S m o ke  C o n tro l  S ys te m s .    Ad van tag e s
o f n o n d e d i c a te d  s ys te m s  i n c l u d e  th e  fo l l o wi n g :

S m o ke
l a y e r

T r a n s i t i o n
z o n e

S m o ke  l a y e r  
i n t e rf 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 . 1 3 . 1   Fi rs t I n d i c ati o n  o f S m o ke .

( 1 ) I m p ai r m e n ts  to  s h ar e d  e q u i p m e n t r e q u i r e d  fo r  n o r m al
b u i l d i n g  o p e r ati o n  ar e  l i ke l y to  b e  c o r r e c te d  p r o m p tl y.

( 2 ) L i m i te d  ad d i ti o n a l  s p ac e  fo r  s m o ke -c o n tr o l  e q u i p m e n t i s
n e c e s s ar y.

D i s ad va n ta ge s  o f n o n d e d i c ate d  s ys te m s  i n c l u d e  th e  fo l l o w‐
i n g :

( 1 ) S ys te m  c o n tr o l  m i g h t b e c o m e  e l ab o r ate .
( 2 ) Modifcation  o f s h ar e d  e q u i p m e n t o r  c o n tr o l s  c a n  i m p ai r

s m o ke -c o n tr o l  fu n c ti o n al i ty.

A. 3 . 3 . 2 3 . 6  S m o ke  E x h au s t S ys te m .    M ai n te n a n c e  o f a te n ab l e
e n vi r o n m e n t i n  th e  s m o ke  z o n e  i s  n o t wi th i n  th e  c ap a b i l i ty o f

th e s e  s ys te m s .

A. 3 . 3 . 2 4  Te n ab l e  E n vi ro n m e n t.    I t i s  n o t e x p e c te d  th at a
te n ab l e  e n vi r o n m e n t wi l l  b e  c o m p l e te l y fr e e  o f s m o ke .

A. 3 . 3 . 2 5 . 3  Tran s i ti o n  Z o n e .    S e e  F i g u r e  A. 3 . 3 . 1 3 . 1  fo r  fu r th e r
d e ta i l s .

A. 4 . 1 . 1    F o r  th e  p u r p o s e s  o f th i s  d o c u m e n t,  al l  s ys te m s  u s e d  to
a d d r e s s  th e  i m p a c t o f s m o ke  fr o m  a fre  ar e  te r m e d  smoke
control systems.  P a s t e d i ti o n s  o f b o th  N F PA 9 2 A an d  N F PA 9 2 B

atte m p te d  to  d r a w a  d i s ti n c ti o n  b e twe e n  typ e s  o f s ys te m s ,  r e fe r ‐
r i n g to  th e  p r e s s u r i z ati o n  s ys te m s  ( c o ve r e d  b y N F PA 9 2 A)  a s
smoke control systems a n d  th e  s ys te m s  u s e d  to  m i ti g ate  s m o ke  i n

l ar g e -vo l u m e  s p a c e s  ( c o ve r e d  b y N F PA 9 2 B )  as  smoke manage‐
ment systems.  T h e  d i s ti n c ti o n  b e twe e n  smoke control a n d  smoke
management h ad  th e  p o te n ti al  to  c a u s e  c o n fu s i o n ,  p ar ti c u l ar l y

wh e n  b u i l d i n g  c o d e s  a n d  s tan d ar d s  l ab e l e d  a l l  s ys te m s  smoke
control systems.  T h i s  d o c u m e n t fo l l o ws  th e  c o n ve n ti o n  o f u s i n g
smoke control as  th e  g e n e r al  classifcation,  wi th  smoke containment

systems b e i n g  ad o p te d  fo r  th e  subclassifcation  o f p r e s s u r i z a ti o n
s ys te m s  a n d  smoke management systems b e i n g ad o p te d  fo r  th e
subclassifcation  o f s ys te m s  fo r  l ar g e -vo l u m e  s p ac e s .

P as s i ve  s m o ke  c o n tr o l  i s  a s m o ke  c o n tai n m e n t m e th o d  u s e d
i n  ar e a s  o f a b u i l d i n g  to  p r e ve n t s m o ke  fr o m  m i g r ati n g  o u ts i d e

th e  s m o ke  z o n e .  I t i s  a  m e th o d  r e c o g n i z e d  b y m o d e l  b u i l d i n g
c o d e s ;  h o we ve r,  th i s  s tan d a r d  c o ve r s  o n l y p r e s s u r i z a ti o n  s ys te m s
fo r  c o n ta i n m e n t.  I f a p as s i ve  s ys te m  i s  u s e d ,  th e  fo l l o wi n g

d e s i g n  p ar a m e te r s  s h o u l d  b e  c o n s i d e r e d  a s  a  m i n i m u m :  s tac k
e ffe c t,  wi n d  e ffe c t,  o p e r ati o n  o f th e  H VAC  e q u i p m e n t,  l e akag e
o f b o u n d a r y e l e m e n ts ,  an d  wh e th e r  th e  s p ac e  i s  s p r i n kl e r e d .

A. 4 . 1 . 2    I n  ad d i ti o n  to  th e  d e s i g n  o b j e c ti ve s  l i s te d ,  s m o ke
c o n tr o l  s ys te m s  c an  b e  u s e d  fo r  th e  fo l l o wi n g  o b j e c ti ve s :

( 1 ) Al l o wi n g fre  d e p ar tm e n t p e r s o n n e l  suffcient vi s i b i l i ty to
ap p r o ac h ,  l o c a te ,  an d  e x ti n g u i s h  a  fre

( 2 ) L i m i ti n g th e  s p r e ad  o f to x i c  ga s e s  th a t c a n  affe c t b u i l d i n g
o c c u p an ts

( 3 ) L i m i ti n g th e  s p r e a d  o f p r o d u c ts  o f c o m b u s ti o n  to  p r o vi d e
p r o te c ti o n  fo r  b u i l d i n g c o n te n ts

(See Annex G for additional information about objectives for smoke
management systems. )

A. 4 . 2 . 1    T h e  p e r fo r m an c e  o b j e c ti ve  o f a u to m a ti c  s p r i n kl e r s
i n s ta l l e d  i n  ac c o r d an c e  wi th  N F PA 1 3  i s  to  p r o vi d e  fre  c o n tr o l ,
wh i c h  i s  defned  as  fo l l o ws :  l i m i ti n g th e  s i z e  o f a  fre  b y d i s tr i b u ‐
ti o n  o f wate r  s o  as  to  d e c r e a s e  th e  h e at r e l e as e  r ate  an d  p r e -we t

a d j ac e n t c o m b u s ti b l e s  wh i l e  c o n tr o l l i n g  c e i l i n g  ga s  te m p e r a‐
tu r e s  to  avo i d  s tr u c tu r a l  d am ag e .  A l i m i te d  n u m b e r  o f i n ve s ti ‐
ga ti o n s  h ave  b e e n  u n d e r take n  i n vo l vi n g  fu l l -s c al e  fre  te s ts  i n

wh i c h  th e  s p r i n kl e r  s ys te m  was  c h al l e n g e d  b u t p r o vi d e d  th e
e x p e c te d  l e ve l  o f p e r fo r m an c e  ( M a d r z yko ws ki  a n d  Ve tto r i  [ 2 9 ] ;
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L o u g h e e d ,  M a wh i n n e y,  a n d  O ’ N e i l l  [ 2 6 ] ) .  T h e s e  i n ve s ti ga ti o n s
i n d i c ate  th a t,  fo r  a  fre  c o n tr o l  s i tu ati o n ,  al th o u gh  th e  h e at
r e l e as e  r a te  i s  l i m i te d ,  s m o ke  c an  c o n ti n u e  to  b e  p r o d u c e d .

H o we ve r,  th e  te m p e r a tu r e  o f th e  s m o ke  i s  r e d u c e d ,  an d  th e
p r e s s u r e  d i ffe r e n c e s  p r o vi d e d  i n  th i s  d o c u m e n t fo r  s m o ke
c o n tr o l  s ys te m s  i n  fu l l y s p r i n kl e r e d  b u i l d i n gs  a r e  c o n s e r vati ve .

I n  a d d i ti o n ,  wi th  th e  r e d u c e d  s m o ke  te m p e r atu r e s ,  th e  te m p e r ‐
atu r e  r e q u i r e m e n t fo r  s m o ke  c o n tr o l  c o m p o n e n ts  i n  c o n tac t
wi th  e x h a u s t g as e s  c a n  b e  l i m i te d .

A.4.3.2    T h e  d e s i gn  ap p r o ac h e s  a r e  i n te n d e d  e i th e r  to  p r e ve n t
p e o p l e  fr o m  c o m i n g i n to  c o n tac t wi th  s m o ke  o r  to  m a i n tai n  a

te n ab l e  e n vi r o n m e n t wh e n  p e o p l e  d o  c o m e  i n to  c o n ta c t wi th
s m o ke .  T h e  s m o ke  d e ve l o p m e n t a n al ys i s  i n  e ac h  o f th e  d e s i g n
ap p r o ac h e s  l i s te d  s h o u l d  b e  justifed  u s i n g  a l g e b r ai c  c al c u l a‐

ti o n s ,  C F D  m o d e l s ,  c o m p a r tm e n t fre  m o d e l s ,  s c a l e  m o d e l i n g ,
o r  z o n e  m o d e l s .

A.4.3.2(2)    An  e q u i l i b r i u m  p o s i ti o n  fo r  th e  s m o ke  l aye r  i n te r ‐
fa c e  c an  b e  ac h i e ve d  b y e x h au s ti n g s m o ke  at th e  s am e  r ate  i t i s
s u p p l i e d  to  th e  s m o ke  l a ye r.

A.4.3.2(6)    O p p o s e d  airfow c an  h ave  ap p l i c a ti o n s  b e yo n d
l ar g e -vo l u m e  s p ac e s  an d  c o m m u n i c ati n g  s p a c e s ,  b u t th i s  d o c u ‐

m e n t d o e s  n o t p r o vi d e  d e s i gn  g u i d an c e  fo r  th o s e  o th e r  a p p l i c a‐
ti o n s .

A.4.4.1    T h e  te m p e r a tu r e  d i ffe r e n c e s  b e twe e n  th e  e x te r i o r  an d
th e  i n te r i o r  o f th e  b u i l d i n g  c a u s e  s tac k e ffe c t an d  d e te r m i n e

th e  s ta c k e ffe c t’ s  d i r e c ti o n  a n d  m ag n i tu d e .  T h e  s ta c k e ffe c t
s h o u l d  b e  c o n s i d e r e d  wh e n  s e l e c ti n g e x h au s t fa n s .  T h e  e ffe c t

o f te m p e r atu r e  an d  wi n d  ve l o c i ty var i e s  wi th  b u i l d i n g  h e i g h t,
confguration,  l e akag e ,  a n d  o p e n i n gs  i n  wal l  a n d  foor
c o n s tr u c ti o n .  O n e  s o u r c e  o f we ath e r  d a ta  fo r  o u td o o r  te m p e r a‐

tu r e s  a n d  wi n d  ve l o c i ti e s  i s  C h a p te r  2  o f th e  AS H RAE / I C C /
N F PA/ S F P E  Handbook of Smoke Control Engineering.  I f avai l a b l e ,
n e we r  o r  m o r e  site-specifc  we ath e r  d ata s h o u l d  b e  c o n s u l te d .

A.4.4.2.1 .1    A s m o ke  c o n tr o l  s ys te m  d e s i gn e d  to  p r o vi d e  s m o ke
c o n tai n m e n t s h o u l d  b e  d e s i gn e d  to  m ai n tai n  th e  m i n i m u m

d e s i g n  p r e s s u r e  d i ffe r e n c e s  u n d e r  l i ke l y c o n d i ti o n s  o f s tac k
e ffe c t o r  wi n d .  P r e s s u r e  d i ffe r e n c e s  p r o d u c e d  b y s m o ke  c o n tr o l
s ys te m s  te n d  to  fuctuate  d u e  to  th e  wi n d ,  fan  p u l s ati o n s ,  d o o r s

o p e n i n g ,  d o o r s  c l o s i n g,  an d  o th e r  fa c to r s .  S h o r t-te r m  d e vi a‐
ti o n s  fr o m  th e  s u g ge s te d  m i n i m u m  d e s i g n  p r e s s u r e  d i ffe r e n c e
m i gh t n o t h a ve  a s e r i o u s  e ffe c t o n  th e  p r o te c ti o n  p r o vi d e d  b y a

s m o ke  c o n tr o l  s ys te m .  T h e r e  i s  n o  c l e ar-c u t a l l o wa b l e  val u e  fo r
th i s  d e vi a ti o n .  I t d e p e n d s  o n  th e  ti gh tn e s s  o f d o o r s ,  th e  ti g h t‐
n e s s  o f c o n s tr u c ti o n ,  th e  to x i c i ty o f th e  s m o ke ,  airfow r ate s ,

a n d  th e  vo l u m e s  o f s p a c e s .  I n te r m i tte n t d e vi ati o n s  u p  to
5 0  p e r c e n t o f th e  s u g ge s te d  m i n i m u m  d e s i g n  p r e s s u r e  d i ffe r ‐
e n c e  a r e  c o n s i d e r e d  to l e r ab l e  i n  m o s t c as e s .

T h e  m i n i m u m  d e s i g n  p r e s s u r e  d i ffe r e n c e s  i n  Ta b l e  4 . 4 . 2 . 1 . 1
fo r  n o n s p r i n kl e r e d  s p a c e s  ar e  val u e s  th a t wi l l  n o t b e  o ve r c o m e

b y b u o ya n c y fo r c e s  o f h o t g as e s .  T h e  m e th o d  u s e d  to  o b ta i n  th e
va l u e s  i n  Tab l e  4 . 4 . 2 . 1 . 1  fo r  n o n s p r i n kl e r e d  s p ac e s  fo l l o ws .  T h i s

m e th o d  c a n  b e  u s e d  to  c al c u l ate  p r e s s u r e  d i ffe r e n c e s  fo r  ga s
te m p e r a tu r e s  o th e r  th an  1 7 0 0 ° F  ( 9 2 7 ° C ) .

T h e  p r e s s u r e  d i ffe r e n c e  d u e  to  b u o yan c y o f h o t g as e s  i s
c a l c u l ate d  b y th e  fo l l o wi n g  e q u ati o n s :

∆P
T T

h

O F

= −








7 64

1 1
.

 
[A.4.4.2.1 .1a]

wh e r e :
ΔP = p r e s s u r e  d i ffe r e n c e  d u e  to  b u o ya n c y o f h o t g as e s  ( i n .

w. g. )
To = a b s o l u te  te m p e r atu r e  o f s u r r o u n d i n gs  ( R)

TF = a b s o l u te  te m p e r atu r e  o f h o t ga s e s  ( R)
h = d i s ta n c e  a b o ve  n e u tr al  p l a n e  ( ft)

∆P
T T

h

O F

= −








3460

1 1

wh e r e :
ΔP = p r e s s u r e  d i ffe r e n c e  d u e  to  b u o ya n c y o f h o t g as e s  ( P a )

To = a b s o l u te  te m p e r atu r e  o f s u r r o u n d i n gs  ( K)
TF = a b s o l u te  te m p e r atu r e  o f h o t ga s e s  ( K)

h = d i s ta n c e  a b o ve  n e u tr al  p l a n e  ( m )

T h e  n e u tr a l  p l an e  i s  a  h o r i z o n tal  p l a n e  b e twe e n  th e  fre
s p ac e  an d  a  s u r r o u n d i n g s p a c e  a t wh i c h  th e  p r e s s u r e  d i ffe r e n c e
b e twe e n  th e  fre  s p a c e  a n d  th e  s u r r o u n d i n g s p a c e  i s  z e r o .  F o r

Ta b l e  4 . 4 . 2 . 1 . 1 ,  h wa s  c o n s e r va ti ve l y s e l e c te d  a t two -th i r d s  o f th e
foor-to-ceiling  h e i gh t,  th e  te m p e r atu r e  o f th e  s u r r o u n d i n g s

was  s e l e c te d  a t 7 0 ° F  ( 2 0 ° C ) ,  th e  te m p e r a tu r e  o f th e  h o t ga s e s
was  s e l e c te d  a t 1 7 0 0 ° F  ( 9 2 7 ° C ) ,  an d  a s a fe ty fa c to r  o f 0 . 0 3  i n .
w. g .  ( 7 . 5   P a)  wa s  u s e d .

F o r  e x a m p l e ,  th e  m i n i m u m  d e s i g n  p r e s s u r e  d i ffe r e n c e  fo r  a
c e i l i n g  h e i g h t o f 1 2   ft ( 3 . 6   m )  s h o u l d  b e  c a l c u l ate d  as  fo l l o ws :

T

T

h

O

F

=

= ( )





 =

5 3 0

1 2
2

3
8

 R =  2 9 3  K

=  2 1 6 0  R =  1 2 0 0  K

 ft =  2 .. 4 4  m

F r o m  th e  frst e q u a ti o n ,  ΔP =  0 . 0 8 7  i n .  w. g .  ( 2 1 . 6  P a) .
Ad d i n g  th e  s a fe ty fac to r  a n d  r o u n d i n g  o ff,  th e  m i n i m u m

d e s i g n  p r e s s u r e  d i ffe r e n c e  i s  0 . 1 2  i n .  w. g .  ( 3 0   P a ) .

A.4.4.2.1 .5    T h e  n u m b e r  o f d o o r s  o p e n  i n  a  p r e s s u r i z a ti o n
s m o ke  c o n tr o l  s ys te m  s h o u l d  c o n s i d e r  th e  d e s i gn  n u m b e r  o f

d o o r s  o p e n e d  s i m u l tan e o u s l y b y m e c h an i c a l  m e a n s  ( e . g. ,  au to ‐
m ati c  o p e n i n g d e vi c e ) .  T h e s e  o p e n  d o o r s  c r e ate  a  c o n s i s te n t

p r e s s u r e  s ta te  th at c a n  b e  ac c o u n te d  fo r  i n  th e  d e s i g n .

D o o r  o p e n i n gs  th a t ar e  tr an s i e n t i n  n atu r e ,  s u c h  a s  th o s e
o p e n e d  an d  c l o s e d  b y o c c u p an ts  d u r i n g  e gr e s s ,  a r e  n o t

r e q u i r e d  to  b e  c o n s i d e r e d  i n  th e  d e s i g n  as  th e  p r e s s u r i z a ti o n
s ys te m  i s  d e s i g n e d  to  o p e r ate  wi th  th e s e  d o o r s  c l o s e d .  T h e

d e s i g n e r  c an  i n c l u d e  ad d i ti o n a l  l e akag e  ar e a i n to  th e i r  p r e s s u r ‐
i z ati o n  c al c u l a ti o n s  to  p r o vi d e  s o m e  m e as u r e  o f s afe ty fac to r
i n to  th e  d e s i gn ,  s o  l o n g  as  m ax i m u m  d o o r  o p e n i n g  fo r c e s  a r e

n o t e x c e e d e d  wi th  al l  d o o r s  c l o s e d .

 
[A.4.4.2.1 .1b]

 
[A.4.4.2.1 .1c]
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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 .

A. 4 . 4 . 2 . 2    T h e  fo r c e s  o n  a d o o r  i n  a  s m o ke  c o n tr o l  s ys te m  ar e
i l l u s tr ate d  i n  F i gu r e  A. 4 . 4 . 2 . 2 .  T h e  fo r c e  r e q u i r e d  to  o p e n  a
d o o r  i n  a s m o ke  c o n tr o l  s ys te m  i s  a s  fo l l o ws :

F F
WA P

W d
r

= +
( )

−( )

5 2

2

. ∆

wh e r e :
F = to ta l  d o o r- o p e n i n g  fo r c e  ( l b )

Fr = fo r c e  to  o ve r c o m e  th e  d o o r  c l o s e r  an d  o th e r  fr i c ti o n  ( l b )
W = d o o r  wi d th  ( ft)

A = d o o r  ar e a  ( ft2 )
ΔP = p r e s s u r e  d i ffe r e n c e  ac r o s s  th e  d o o r  ( i n .  w. g . )

d = d i s ta n c e  fr o m  th e  d o o r kn o b  to  th e  kn o b  s i d e  o f th e  d o o r
( ft)

F F
WA P

W d
r= +

( )∆

−( )2

wh e r e :
F = to ta l  d o o r- o p e n i n g  fo r c e  ( N )

Fr = fo r c e  to  o ve r c o m e  th e  d o o r  c l o s e r  an d  o th e r  fr i c ti o n  ( N )
W = d o o r  wi d th  ( m )

A = d o o r  ar e a  ( m 2 )
ΔP = p r e s s u r e  d i ffe re n c e  ac r o s s  th e  d o o r  ( P a )

d = d i s ta n c e  fr o m  th e  d o o r kn o b  to  th e  kn o b  s i d e  o f th e  d o o r
( m )

Wh e n  th e  m a x i m u m  d o o r-o p e n i n g  fo r c e  i s  specifed  at 3 0   l b f
( 1 3 3  N ) ,  Tab l e  A. 4 . 4 . 2 . 2  c an  b e  u s e d  to  d e te r m i n e  th e  m ax i ‐

m u m  p r e s s u r e  d i ffe re n c e  a c r o s s  th e  d o o r.

A. 4 . 4 . 4 . 1    M ake u p  ai r  h a s  to  b e  p r o vi d e d  to  e n s u r e  th a t th e
e x h a u s t fan s  a r e  a b l e  to  m o ve  th e  d e s i g n  a i r  q u an ti ti e s  an d  to
e n s u r e  th a t d o o r-o p e n i n g  fo r c e  r e q u i r e m e n ts  a r e  n o t e x c e e ‐

d e d .  T h e  l a r ge  o p e n i n g s  to  th e  o u ts i d e  c an  c o n s i s t o f o p e n
d o o r s ,  o p e n  wi n d o ws ,  a n d  o p e n  ve n ts .  T h e  l ar g e  o p e n i n gs  to
th e  o u ts i d e  d o  n o t i n c l u d e  c r ac ks  i n  th e  c o n s tr u c ti o n ,  g ap s

a r o u n d  c l o s e d  d o o r s ,  g ap s  a r o u n d  c l o s e d  wi n d o ws ,  an d  o th e r
s m a l l  p ath s .  I t i s  r e c o m m e n d e d  th a t m a ke u p  a i r  b e  d e s i g n e d  at
8 5  p e r c e n t to  9 5  p e rc e n t o f th e  e x h a u s t,  n o t i n c l u d i n g th e  l e a k‐

a ge  th r o u g h  s m al l  p ath s .  T h i s  i s  b as e d  o n  e x p e r i e n c e  th at th e
r e m a i n i n g ai r  ( 5  p e r c e n t to  1 5  p e r c e n t)  to  b e  e x h au s te d  wi l l
e n te r  th e  l ar g e -vo l u m e  s p a c e  as  l e akag e  th r o u g h  th e  s m a l l

p ath s .  T h e  r e a s o n  th a t l e s s  m a ke u p  ai r  i s  s u p p l i e d  th an  i s  b e i n g
e x h a u s te d  i s  to  avo i d  p o s i ti ve l y p r e s s u r i z i n g  th e  l a r ge - vo l u m e
s p ac e .

A. 4 . 4 . 4 . 1 . 4    T h e  m ax i m u m  val u e  o f 2 0 0  ft/ m i n  ( 1 . 0 2  m / s e c )
fo r  m ake u p  a i r  i s  to  p r e ve n t signifcant p l u m e  defection,

wh i c h  wo u l d  i n c r e as e  th e  a m o u n t o f s m o ke  p r o d u c ti o n ,  an d
d i s r u p ti o n  o f th e  s m o ke  i n te r fac e .  An  e n g i n e e r i n g  a n al ys i s  o f
th e  e ffe c t o f a  g r e ate r  m ake u p  a i r  ve l o c i ty c a n  b e  d o n e  b y

c o m p a r i s o n  wi th  fu l l - s c a l e  e x p e r i m e n ta l  d ata,  s c al e  m o d e l i n g ,
o r  C F D  m o d e l i n g.  T h e  m a x i m u m  m ake u p  ai r  ve l o c i ty i s  b as e d
o n  fame  defection  d ata ( B e yl e r  [ 3 6 ] ) .  Wh e r e  m ai n ta i n i n g a

s m o ke  l aye r  h e i gh t i s  n o t a  d e s i g n  g o al ,  p l u m e  d i s r u p ti o n  d u e
to  s u p p l y ve l o c i ty m i g h t n o t b e  d e tr i m e n tal .  Wh e n  th e  e x h a u s t
i s  p r o vi d e d  b y n atu r a l  ve n ti n g ,  m ake u p  a i r  s h o u l d  al s o  b e

s u p p l i e d  b y n atu r al  ve n ti n g  to  avo i d  p r e s s u r i z i n g  th e  s p ac e .

 
[ A. 4 . 4 . 2 . 2 a]

 
[ A. 4 . 4 . 2 . 2 b ]

Re s e ar c h  h a s  b e e n  c o n d u c te d  fo r  atr i a  u p  to  3 3  ft ( 1 0  m )  i n
h e i g h t,  u s i n g  fre  s i z e s  b e twe e n  9 5 0  B T U / s e c  ( 1  M W)  an d

4 , 7 4 0  B T U / s e c  ( 5  M W) ,  an d  ve l o c i ti e s  fr o m  2 0 0  ft/ m i n  ( 1  m /
s e c )  to  3 4 5  ft/ m i n  ( 1 . 7 5  m / s e c )  to  as s e s s  th e  i n c r e a s e  i n

e x h a u s t c ap ac i ty n e e d e d  to  o ffs e t th e  i n c r e as e  i n  s m o ke
p r o d u c ti o n  wh e r e  th e  m ake u p  ai r  ve l o c i ty i s  i n  e x c e s s  o f
2 0 0  ft/ m i n  ( 1 . 0 2  m / s e c )  ( P o n gr a tz ,  e t a l .  [ 9 1 ] ) .  S ys te m s

d e s i g n e d  o u ts i d e  th e s e  p a r am e te r s  m i gh t r e q u i r e  a d d i ti o n al
s u b s tan ti a ti o n ,  s u c h  a s  a  C F D  m o d e l .  T h e  i n c r e a s e  n e e d e d  i s
e x p r e s s e d  as  a fa c to r,  al p h a.  U s i n g  th i s  fa c to r,  th e  r e vi s e d

s m o ke  e x h a u s t c a p a c i ty s h o u l d  b e  th e  p r o d u c t o f a l p h a an d  th e
s m o ke  e x h au s t c ap ac i ty n e e d e d  to  m a i n tai n  th e  s m o ke  l a ye r
d e s i g n  h e i gh t i n  a q u i e s c e n t atr i u m .

Tab l e   A. 4 . 4 . 2 . 2  M ax i m u m  P re s s u re  D i ffe re n c e s  Ac ro s s  D o o rs

D o o r- C l o s e r Fo rc e *
( l b f)

         

D o o r Wi d th  ( i n .  w. g. ) †

3 2   i n . 3 6   i n . 4 0   i n . 4 4   i n . 4 8   i n .

6 0 . 4 5 0 . 4 0 0 . 3 7 0 . 3 4 0 . 3 1
8 0 . 4 1 0 . 3 7 0 . 3 4 0 . 3 1 0 . 2 8

1 0 0 . 3 7 0 . 3 4 0 . 3 0 0 . 2 8 0 . 2 6
1 2 0 . 3 4 0 . 3 0 0 . 2 7 0 . 2 5 0 . 2 3
1 4 0 . 3 0 0 . 2 7 0 . 2 4 0 . 2 2 0 . 2 1

F o r  S I  u n i ts ,  1  l b f =  4 . 4  N ;  1  i n .  =  2 5 . 4  m m ;  0 . 1  i n .  w. g .  =  2 5   P a.
N o te s :
( 1 )  To ta l  d o o r-o p e n i n g  fo r c e  i s  3 0   l b f ( 1 3 3   N ) .
( 2 )  D o o r  h e i g h t i s  7   ft ( 2 . 1   m ) .
( 3 )  T h e  d i s ta n c e  fr o m  th e  d o o r kn o b  to  th e  kn o b  s i d e  o f th e  d o o r  i s
3   i n  ( 7 6   m m ) .
( 4 )  F o r  o th e r d o o r- o p e n i n g  fo r c e s ,  o th e r  d o o r  s i z e s ,  o r  h ar d war e  o th e r
th a n  a  kn o b  ( e . g . ,  p a n i c  h a r d wa r e ) ,  th e  c a l c u l a ti o n  p r o c e d u r e
p r o vi d e d  i n  AS H RAE / I C C / N F PA/ S F P E  Handbook of Smoke Control

Engineering s h o u l d  b e  u s e d .
* M a n y d o o r  c l o s e r s  r e q u i r e  l e s s  fo r c e  i n  th e  i n i ti al  p o r ti o n  o f th e
o p e n i n g  c yc l e  th an  th a t r e q u i r e d  to  b r i n g  th e  d o o r  to  th e  fu l l y o p e n
p o s i ti o n .  T h e  c o m b i n e d  i m p a c t o f th e  d o o r  c l o s e r  a n d  th e  i m p o s e d
p r e s s u r e  c o m b i n e  o n l y u n ti l  th e  d o o r  i s  o p e n e d  e n o u g h  to  a l l o w a i r  to
p a s s  fr e e l y th r o u g h  th e  o p e n i n g .  T h e  fo r c e  i m p o s e d  b y a  c l o s i n g  d e vi c e
to  c l o s e  th e  d o o r  i s  o fte n  d i ffe r e n t fr o m  th a t i m p o s e d  o n  o p e n i n g .
† D o o r  wi d th s  a p p l y o n l y i f th e  d o o r  i s  h i n g e d  a t o n e  e n d ;  o th e r wi s e ,
th e  c a l c u l ati o n  p r o c e d u r e  p r o vi d e d  i n  AS H RAE / I C C / N F PA/ S F P E
Handbook of Smoke Control Engineering s h o u l d  b e  u s e d .

H i g h - p re s s u r e  
s i d e

L o w - p r e s s u re  
s i d e

F

K n o b

H i n g e

d

ADP

W

Mr

FI G U RE  A. 4 . 4 . 2 . 2   Fo rc e s  o n  a D o o r i n  a S m o k e  C o n tro l
S ys te m .
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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

Al p h a i s  defned  as :

α =

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wh e r e :
Avent = ar e a  o f m ake u p  a i r  ve n t ( ft2 )

Afre = foor  ar e a  o f th e  fre  s o u r c e  ( ft2 )
uvent = ve l o c i ty o f m ake u p  ai r  ( ft/ s e c )

ɺQc
= c o n ve c ti ve  p o r ti o n  o f h e a t r e l e as e  r ate  ( B tu / s e c )

z1 = e l e vati o n  o f th e  b a s e  o f m a ke u p  ai r  ve n t ( ft)
z2 = e l e vati o n  o f th e  to p  o f m a ke u p  ai r  ve n t ( ft)

g = ac c e l e r a ti o n  d u e  to  g r avi ty ( 3 2 . 2   ft/ s e c 2 )
α = e x h au s t fa c to r  ( d i m e n s i o n l e s s )
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wh e r e :
Avent = ar e a  o f m ake u p  a i r  ve n t ( m 2 )

Afre = foor  ar e a  o f th e  fre  s o u r c e  ( m 2 )
uvent = ve l o c i ty o f m ake u p  ai r  ( m / s e c )

ɺQc
= c o n ve c ti ve  p o r ti o n  o f h e a t r e l e as e  r ate  ( kW)

z1 = e l e vati o n  o f th e  b a s e  o f m a ke u p  ai r  ve n t ( m )
z2 = e l e vati o n  o f th e  to p  o f m a ke u p  ai r  ve n t ( m )

g = ac c e l e r a ti o n  d u e  to  g r avi ty ( 9 . 8 1   m / s e c 2 )
α = e x h au s t fa c to r  ( d i m e n s i o n l e s s )

An  e s ti m ate  fo r  th e  vo l u m e tr i c  fow r ate  th at a c c o u n ts  fo r  a
m a ke u p  ai r  ve l o c i ty b e twe e n  2 0 0  ft/ m i n  ( 1  m / s )  an d

3 4 5  ft/ m i n  ( 1 . 7 5  m / s )  i s  o b ta i n e d  b y m u l ti p l yi n g th e  vo l u m e t‐
r i c  fow r ate  d e te r m i n e d  u s i n g th e  a p p r o a c h  i n  5 . 5 . 1  b y th e
a l p h a fa c to r.  Gu i d an c e  o n  ap p l yi n g  th e  s m o ke  p r o d u c ti o n

d e s i g n  to o l  wi th i n  i ts  s c o p e  a n d  l i m i tati o n s  i s  fu r th e r  d e s c r i b e d
i n  th e  AS H RAE  p u b l i c a ti o n  “ M e th o d s  to  I n c r e as e  M ax i m u m
Ve l o c i ty o f M ake -u p  Ai r  fo r  Atr i u m  S m o ke  C o n tr o l  — C F D

S tu d y ( AS H RAE  1 6 0 0 –RP ) , ”  ( P o n g r atz ,  e t a l .  [ 9 1 ] ) .

A. 4 . 4 . 4 . 2 . 2    F i r e s  i n  c o m m u n i c ati n g  s p ac e s  c an  p r o d u c e  b u o y‐
an t g as e s  th at s p i l l  i n to  th e  l ar g e  s p a c e .  T h e  d e s i g n  fo r  th i s  c a s e

i s  an al o go u s  to  th e  d e s i gn  fo r  a fre  i n  th e  l a r ge  s p a c e .
H o we ve r,  th e  d e s i gn  h a s  to  c o n s i d e r  th e  d i ffe re n c e  i n  e n tr a i n ‐

m e n t b e h a vi o r  b e twe e n  a n  a x i s ym m e tr i c  p l u m e  an d  a  s p i l l
p l u m e .  I f c o m m u n i c a ti n g o p e n  s p a c e s  a r e  p ro te c te d  b y au to ‐
m a ti c  s p r i n kl e r s ,  th e  c al c u l a ti o n s  s e t fo r th  i n  th i s  s tan d ar d

m i gh t s h o w th at n o  ad d i ti o n a l  ve n ti n g  i s  r e q u i r e d .  Al te r n a‐
ti ve l y,  wh e th e r  o r  n o t c o m m u n i c ati n g  s p ac e s  ar e  s p r i n kl e r e d ,
s m o ke  c an  b e  p r e ve n te d  fr o m  s p i l l i n g  i n to  th e  l ar g e  s p ac e  i f

th e  c o m m u n i c ati n g  s p ac e  i s  e x h a u s te d  at a r ate  to  c au s e  a  suff‐
cient infow ve l o c i ty ac r o s s  th e  i n te r fac e  to  th e  l ar g e  s p ac e .

A. 4 . 4 . 4 . 3    I n  th e  d e s i gn  o f s m o ke  c o n tr o l  s ys te m s ,  airfow p ath s
m u s t b e  identifed  a n d  e val u ate d .  S o m e  l e akage  p a th s  ar e  o b vi ‐
o u s ,  s u c h  a s  g ap s  a r o u n d  c l o s e d  d o o r s ,  o p e n  d o o r s ,  e l e vato r

 
[ A. 4 . 4 . 4 . 1 . 4 a]

 
[ A. 4 . 4 . 4 . 1 . 4 b ]

d o o r s ,  wi n d o ws ,  an d  a i r  tr an s fe r  gr i l l e s .  C o n s tr u c ti o n  c r a c ks  i n
b u i l d i n g  wal l s  a n d  foors  ar e  l e s s  o b vi o u s  b u t n o  l e s s  i m p o r tan t.
T h e  fow a r e a o f m o s t l ar g e  o p e n i n g s  c an  b e  c al c u l a te d  e as i l y.

T h e  fow ar e a  o f c o n s tr u c ti o n  c r ac ks  i s  d e p e n d e n t o n  wo r k‐
m a n s h i p ,  fo r  e x a m p l e ,  h o w we l l  a d o o r  i s  ftted  o r  h o w we l l
we ath e r  s tr i p p i n g  i s  i n s tal l e d .  Typ i c a l  l e akag e  a r e as  o f c o n s tr u c ‐

ti o n  c r a c ks  i n  wal l s  an d  foors  o f c o m m e r c i al  b u i l d i n gs  ar e
l i s te d  i n  Ta b l e  A. 4 . 4 . 4 . 3 .  D o o r s  o p e n  fo r  s h o r t p e r i o d s  o f ti m e
r e s u l t i n  a tr a n s i ti o n  c o n d i ti o n  th at i s  n e c e s s a r y to  p r o vi d e

e g r e s s  fr o m  o r  ac c e s s  to  th e  s m o ke  z o n e .

A. 4 . 4 . 5    I n  th e  e ve n t th a t th e  s m o ke  c o n tr o l  an d  th e  s u p p r e s ‐
s i o n  s ys te m s  ar e  ac ti vate d  c o n c u r r e n tl y,  th e  s m o ke  c o n tr o l

s ys te m  m i gh t d i l u te  th e  ga s e o u s  ag e n t i n  th e  s p ac e .  B e c au s e
ga s e o u s  s u p p r e s s i o n  s ys te m s  c o m m o n l y p r o vi d e  o n l y o n e  a p p l i ‐

c a ti o n  o f th e  a ge n t,  th e  p o te n ti a l  a r i s e s  fo r  r e n e we d  gr o wth  o f
th e  fre.

A. 4 . 5    T h e  fo l l o wi n g  fac to r s  s h o u l d  b e  c o n s i d e r e d  i n  d e te r m i n ‐
i n g  th e  a b i l i ty o f th e  s ys te m  to  r e m a i n  e ffe c ti ve  fo r  th e  ti m e
p e r i o d  n e c e s s ar y:

( 1 ) Re l i a b i l i ty o f p o we r  s o u r c e ( s )
( 2 ) Ar r a n ge m e n t o f p o we r  d i s tr i b u ti o n
( 3 ) M e th o d  a n d  p r o te c ti o n  o f c o n tr o l s  a n d  s ys te m  m o n i to r ‐

i n g
( 4 ) E q u i p m e n t m a te r i al s  an d  c o n s tr u c ti o n
( 5 ) B u i l d i n g o c c u p a n c y

A. 4 . 5 . 1 . 1    S u gg e s te d  te n ab i l i ty c r i te r i a ar e  d i s c u s s e d  i n
An n e x  M .  H o we ve r,  o th e r  r e fe r e n c e s  ar e  avai l ab l e  th a t p r e s e n t

a n al yti c al  m e th o d s  fo r  u s e  i n  te n ab i l i ty an al ys i s .  T h e  SFPE Engi‐
neering Guide to Performance-Based Fire Protection d e s c r i b e s  a  p r o c ‐

e s s  o f e s ta b l i s h i n g te n ab i l i ty l i m i ts .  Ad d i ti o n al  g u i d an c e  i s  g i ve n
i n  th e  AS H RAE / I C C / N F PA/ S F P E  Handbook of Smoke Control
Engineering.

Tab l e   A. 4 . 4 . 4 . 3  Typ i c al  L e akage  Are as  fo r Wal l s  an d  Fl o o rs  o f
C o m m e rc i al  B u i l d i n gs

C o n s tr u c ti o n  E l e m e n t T i gh tn e s s Are a Rati o a

E x te r i o r  b u i l d i n g  wa l l s  ( i n c l u d e s  
c o n s tr u c ti o n  c r a c k s  a n d  c r ac ks  
a r o u n d  wi n d o ws  an d  d o o r s )

T i g h tb 0 . 5 0  ×  1 0 –4

Ave r ag e b 0 . 1 7  ×  1 0 –3

L o o s e b 0 . 3 5  ×  1 0 –3

Ve r y l o o s e b 0 . 1 2  ×  1 0 –2

S ta i r we l l  wa l l s  ( i n c l u d e s  
c o n s tr u c ti o n  c r a c k s  b u t n o t 
c r a c ks  a r o u n d  wi n d o ws  a n d  
d o o r s )

T i g h tc 0 . 1 4  ×  1 0 –4

Ave r ag e c 0 . 1 1  ×  1 0 –3

L o o s e c 0 . 3 5  ×  1 0 –3

E l e vato r  s h a ft wal l s  ( i n c l u d e s  
c o n s tr u c ti o n  c r a c k s  b u t n o t 
c r a c ks  a n d  g ap s  a r o u n d  d o o r s )

T i g h tc 0 . 1 8  ×  1 0 –3

Ave r ag e c 0 . 8 4  ×  1 0 –3

L o o s e c 0 . 1 8  ×  1 0 –2

F l o o r s  ( i n c l u d e s  c o n s tr u c ti o n  
c r a c ks  a n d  g ap s  a r o u n d  
p e n e tr a ti o n s )

T i g h td 0 . 6 6  ×  1 0 –5

Ave r ag e e 0 . 5 2  ×  1 0 –4

L o o s e d 0 . 1 7  ×  1 0 –3

aF o r  a  wa l l ,  th e  a r e a  r a ti o  i s  th e  a r e a  o f th e  l e a ka g e  th r o u g h  th e  wal l
d i vi d e d  b y th e  to tal  wa l l  a r e a .  F o r  a foor,  th e  a r e a r a ti o  i s  th e  a r e a o f
th e  l e a ka g e  th r o u g h  th e  foor  d i vi d e d  b y th e  to ta l  a r e a  o f th e  foor.

b Va l u e s  b a s e d  o n  m e a s u r e m e n ts  o f Ta m u r a  a n d  S h a w [ 4 8 ] ;  Ta m u r a  a n d
Wi l s o n  [ 5 1 ] ;  a n d  S h a w,  Re a r d o n ,  a n d  C h e u n g  [ 4 4 ] .

c Va l u e s  b a s e d  o n  m e as u r e m e n ts  o f Ta m u r a a n d  Wi l s o n  [ 5 1 ]  a n d
Ta m u r a  a n d  S h a w [ 4 9 ] .

d Va l u e s  e x tr a p o l a te d  fr o m  ave r ag e  foor  ti g h tn e s s  b a s e d  o n  r a n g e  o f
ti g h tn e s s  o f o th e r  c o n s tr u c ti o n  e l e m e n ts .

e Va l u e s  b a s e d  o n  m e a s u r e m e n ts  o f Tam u r a  a n d  S h aw [ 5 0 ] .
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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 .

T h e  S F P E  g u i d e  r e fe r e n c e s  D .  A.  P u r s e r,  “ C o m b u s ti o n  To x i c ‐
i ty, ”  C h ap te r  6 2  o f th e  SFPE Handbook of Fire Protection Engineer‐
ing,  wh i c h  d e s c r i b e s  a  fr a c ti o n a l  e ffe c ti ve  d o s e  ( F E D )

c a l c u l ati o n  a p p r o a c h ,  wh i c h  i s  al s o  c o n tai n e d  i n  N F PA 2 6 9 .
T h e  F E D  a d d r e s s e s  th e  e ffe c ts  o f c a r b o n  m o n o x i d e ,  h yd r o ge n
c yan i d e ,  c a r b o n  d i o x i d e ,  h yd r o g e n  c h l o r i d e ,  h yd r o ge n

b r o m i d e ,  an d  a n o x i a.  I t i s  p o s s i b l e  to  u s e  th e  te s t d a ta ,
c o m b i n e d  wi th  l a b o r a to r y e x p e r i e n c e ,  to  e s ti m ate  th e  F E D
val u e  th a t l e ad s  to  th e  s u r vi va l  o f vi r tu a l l y a l l  p e o p l e .  T h i s  va l u e

i s  ab o u t 0 . 8 .

Wh e n  a c o m m u n i c ati n g  s p ac e  wh e r e  th e  d e s i gn  fre  o r i g i ‐
n a te s  o p e n s  to  a l ar g e  vo l u m e  s p ac e ,  th e  c o m m u n i c ati n g  s p a c e

i s  ge n e r al l y n o t r e q u i r e d  to  m e e t th e  te n ab i l i ty r e q u i r e m e n ts ,
as  a  s m o ke  c o n tr o l  s ys te m  c an n o t b e  r e as o n ab l y e x p e c te d  to

m ai n tai n  te n ab i l i ty i n  th e  i m m e d i a te  vi c i n i ty o f th e  fre.  F o r
ve r y l a r ge  c o m m u n i c ati n g  s p ac e s  c o n ta i n i n g th e  d e s i gn  fre,
s e e  a l s o  M . 3 . 4 .

A.4.5.1 .2    T i m e d  e gr e s s  an a l ys i s  i s  o u ts i d e  th e  s c o p e  o f th i s
d o c u m e n t.  H o we ve r,  o th e r  r e fe r e n c e s  ar e  avai l a b l e  th a t p r e s e n t

a n al yti c al  m e th o d s  fo r  u s e  i n  e gr e s s  an al ys i s ,  fo r  e x am p l e ,
AS H RAE / I C C / N F PA/ S F P E  Handbook of Smoke Control Engineer‐
ing [ 2 1 ] .

A.4.5.1 .3    T h e  d e p th  o f th e  s m o ke  l a ye r  d e p e n d s  o n  m an y
fa c to r s  an d  ge n e r a l l y r a n ge s  fr o m  1 0  p e r c e n t to  2 0  p e r c e n t o f

th e  foor  to  c e i l i n g  h e i g h t.  An  e n g i n e e r i n g a n al ys i s  o f th e
d e p th  o f th e  s m o ke  l aye r  c an  b e  d o n e  b y c o m p ar i s o n  wi th  fu l l
s c al e  e x p e r i m e n tal  d ata,  s c a l e  m o d e l i n g,  o r  C F D  m o d e l i n g.

A.4.6.1    T h e  n u m b e r  o f d o o r s  o p e n  i n  a s tai r  p r e s s u r i z a ti o n
s m o ke  c o n tr o l  s ys te m  s h o u l d  b e  th e  n u m b e r  o f d o o r s  o p e n e d

s i m u l tan e o u s l y b y au to m ati c  o p e n i n g  d e vi c e s  c o n tr o l l e d  o p e n
as  p a r t o f th e  s m o ke  c o n tr o l  s tr ate gy.  T h e s e  o p e n  d o o r s  c r e ate
a c o n s i s te n t p r e s s u r e  s tate  th a t c a n  b e  ac c o u n te d  fo r  i n  th e

d e s i g n .

T h e  n u m b e r  o f d o o r s  o p e n i n g an d  c l o s i n g d u r i n g e va c u a‐
ti o n  d e p e n d s  l a r ge l y o n  th e  b u i l d i n g o c c u p an c y an d  th e  typ e  o f
s m o ke  c o n tr o l  s ys te m .  I n  s o m e  s ys te m s ,  d o o r s  m o s t l i ke l y a r e

o p e n  fo r  o n l y s h o r t p e r i o d s  o f ti m e  a n d  s m o ke  l e akag e  i s  n e gl i ‐
gi b l e .

F o r  a  s tai r we l l  p r e s s u r i z ati o n  s ys te m  th a t h as  n o t b e e n
d e s i g n e d  to  ac c o m m o d a te  th e  o p e n i n g o f d o o r s  u s i n g  au to ‐
m ati c  o p e n i n g d e vi c e s  c o n tr o l l e d  o p e n  as  p ar t o f th e  s m o ke

c o n tr o l  s tr ate gy,  p r e s s u r i z a ti o n  wi l l  d r o p  wh e n  an y d o o r s  o p e n ,
a n d  s m o ke  c an  th e n  infltrate  th e  s ta i r we l l .  F o r  a  b u i l d i n g  o f
l o w o c c u p a n t d e n s i ty,  th e  o p e n i n g  an d  c l o s i n g o f a  fe w d o o r s

d u r i n g e vac u a ti o n  h as  l i ttl e  e ffe c t o n  th e  s ys te m .  F o r  a  b u i l d i n g
wi th  a h i gh  o c c u p an t d e n s i ty an d  to tal  b u i l d i n g  e vac u a ti o n ,  i t
c a n  b e  e x p e c te d  th at m o s t o f th e  d o o r s  wi l l  b e  o p e n  at s o m e

ti m e  d u r i n g  e va c u ati o n .

Two  r e s e ar c h  p r o j e c ts  we r e  c o n d u c te d  b y AS H RAE  wh o s e
r e s u l ts  i n d i c ate  th a t o p e n i n g ad d i ti o n a l  d o o r s ,  wh i c h  r e s u l te d

i n  l o s s  o f p r e s s u r e  i n  th e  s tai r we l l ,  d i d  n o t c r e a te  an  u n te n ab l e
e n vi r o n m e n t i n  th e  s tai r we l l .  N o te  th at th e s e  r e s e a r c h  p r o j e c ts

we r e  c o n d u c te d  b y o p e n i n g  d o o r s  th at we r e  as s u m e d  i n  th e
d e s i g n  o f th e  s ys te m  to  b e  c l o s e d  a n d  b l o c ki n g th e m  o p e n ,
wh i c h  i s  m u c h  m o r e  s e ve r e  wh e n  i t c o m e s  to  p r e s s u r e  r e d u c ‐

ti o n  th an  d o o r s  th at ar e  o p e n e d  briefy d u r i n g e x i ti n g .

AS H RAE  RP -1 2 0 3 ,  Tenability and Open Doors in Pressurized
Stairwells,  was  c o m p l e te d  i n  2 0 0 4 .  I t wa s  a s tu d y c o n s i s ti n g  o f
8 0  C F D  s i m u l a ti o n s  o f s tai r we l l  p r e s s u r i z ati o n  s ys te m s  i n  7 -s to r y

a n d  2 1 -s to r y b u i l d i n gs .  I n  a l l  c as e s ,  a n o n c o m p e n s a ti n g s tai r

p r e s s u r i z ati o n  s ys te m  wa s  m o d e l e d .  T h e  p u r p o s e  o f th e  p r o j e c t,
as  s ta te d  i n  th e  r e s e a r c h  r e p o r t,  was  “ to  d e ve l o p  a q u an ti tati ve

u n d e r s tan d i n g o f th e  i m p ac t o f o n e  o r  m o r e  i m p r o p e r l y p r o p ‐
p e d  o p e n  s ta i r we l l  d o o r s  o n  te n ab i l i ty c o n d i ti o n s  i n  th e  s tai r ‐
we l l  a n d  at o th e r  l o c ati o n s  i n  th e  b u i l d i n g . ”

O n e  o f th e  c o n c l u s i o n s  o f RP -1 2 0 3  wa s  “ Wi th  th e  s ta i r we l l
d o o r  c l o s e d  o n  th e  fre  foor,  th e  s tai r we l l  p r e s s u r i z a ti o n

s ys te m s  s tu d i e d  i n  th i s  p r o j e c t c an  b e  e x p e c te d  to  m a i n tai n
te n ab l e  c o n d i ti o n s  i n s i d e  th e  s tai r we l l  fo r  th e  s p r i n kl e r e d  an d
s h i e l d e d  fres.  F u r th e r  s tu d y wo u l d  b e  n e e d e d  to  d e te r m i n e  to

wh at e x te n t th i s  i s  al s o  tr u e  fo r  u n s p r i n kl e r e d  fres.”

AS H RAE  RP -1 4 4 7 ,  Performance of Stairwell Pressurization System
with Open Doors,  wa s  c o m p l e te d  i n  2 0 1 6 .  T h e  s tu d y c o n s i s te d  o f

te n  fu l l -s c al e  b u r n s  i n  a te n -s to r y to we r.  T h e  p u r p o s e  o f th e
p r o j e c t,  as  s tate d  i n  th e  r e s e a r c h  r e p o r t,  was  “ to  i n ve s ti g ate

wh e th e r  p r e s s u r e  c o m p e n s ati n g  s ys te m s  a r e  n e e d e d  to  m a i n ‐
ta i n  te n a b l e  c o n d i ti o n s  wi th i n  p r e s s u r i z e d  s tai r we l l s . ”

O n e  o f th e  m ai n  c o n c l u s i o n s  o f RP -1 4 4 7  was  “ Wi th o u t
c o m p e n s a ti n g fo r  p r e s s u r e  l o s s e s ,  th e  p r e s s u r e  d i ffe r e n c e

a c r o s s  th e  s tai r we l l  d o o r  o n  th e  fre  foor  d e c r e as e d  c o n s i d e r a‐
b l y wi th  o p e n  s tai r we l l  d o o r s .  H o we ve r,  a n o n c o m p e n s a te d
s tai r we l l  r e m a i n e d  te n a b l e  fo r  3 0  m i n u te s  as  l o n g  a s  th e  d o o r

o n  th e  fre  foor  wa s  c l o s e d  b o th  fo r  th e  s h i e l d e d  s p r i n kl e r e d
fre  a n d  th e  n o n s p r i n kl e r e d  fre  s c e n ar i o s .  I t i s  c o n c l u d e d  th at
i f th e  b as e  p r e s s u r i z a ti o n  s ys te m  m e e ts  th e  r e q u i r e m e n t o f th e

d e s i g n  p r e s s u r e  d i ffe r e n c e  wi th  a  p r o p e r  a r r an g e m e n t o f ai r
i n j e c ti o n  p o i n ts ,  th e  s tai r we l l  wi l l  r e m a i n  te n ab l e  as  l o n g a s  th e
d o o r  o n  th e  fre  foor  i s  c l o s e d  fo r  b o th  s p r i n kl e r e d  an d

n o n s p r i n kl e r e d  fre  s c e n ar i o s  u s e d  i n  th e  te s ts . ”  I t s h o u l d  b e
n o te d  th a t te n ab i l i ty was  m a i n tai n e d  e ve n  th o u gh  th e  p r e s s u r e
ac r o s s  th e  s tai r we l l  d o o r  o n  th e  fre  foor  was  signifcantly

b e l o w th e  m i n i m u m  d e s i g n  p r e s s u r e  d i ffe r e n c e  i n d i c ate d  i n
N F PA  9 2 .

B o th  o f th e s e  AS H RAE  r e s e ar c h  p r o j e c ts  c o n c l u d e d  th at
c o n d i ti o n s  i n  th e  s ta i r we l l  r e m a i n e d  te n ab l e  e ve n  th o u gh  p r e s ‐
s u r e  i n  th e  s ta i r we l l  was  signifcantly b e l o w th e  d e s i g n  p r e s s u r e

d i ffe r e n c e ,  p r o vi d e d  th a t th e  d o o r  o n  th e  fre  foor  r e m a i n e d
c l o s e d .  B as e d  o n  th i s  r e s e a r c h ,  i t i s  n o t n e c e s s a r y fo r  th e  d e s i gn
o f s m o ke  c o n tr o l  s ys te m s  i n  fu l l y s p r i n kl e r e d  b u i l d i n g s  to

i n c l u d e  th e  e ffe c ts  o n  s tai r we l l  p r e s s u r i z a ti o n  fr o m  tr a n s i e n t
d o o r  o p e n i n gs  wh i l e  o c c u p an ts  ar e  e x i ti n g.

A d i s c u s s i o n  o f d o o r  o p e n i n g  o n  th e  fre  foor  i s  c o n ta i n e d
i n  a  p a p e r  ti tl e d  “ P r e s s u r i z e d  S tai r we l l s  wi th  O p e n  D o o r s  an d

th e  I B C ”  ( Kl o te  [ 9 2 ] ) ,  wh i c h  s u m m ar i z e d  th e  r e s u l ts  o f th e
p r e vi o u s l y m e n ti o n e d  r e s e a r c h  p r o j e c ts  — RP -1 2 0 3  an d
RP -1 4 4 7 .  T h i s  p a p e r  c o n c l u d e d  th at d u r i n g th e  ti m e  th at o c c u ‐

p an ts  o f th e  s m o ke  z o n e  ar e  e x i ti n g  th e  ar e a,  th e  c o n d i ti o n s  i n
th e  s m o ke  z o n e  ar e  s ti l l  te n ab l e .  Al th o u g h  o p e n i n g th e  s ta i r ‐
we l l  d o o r  o n  th e  fre  foor  d u r i n g  th i s  ti m e  m i gh t r e l e as e  s o m e

s m o ke  i n to  th e  s ta i r we l l ,  i t i s  n o t e x p e c te d  to  c r e ate  u n te n ab l e
c o n d i ti o n s .  O n c e  c o n d i ti o n s  i n  th e  s m o ke  z o n e  b e c o m e  u n te n ‐
a b l e ,  i t i s  u n l i ke l y th at th e  d o o r  to  th e  fre  foor  wo u l d  b e

o p e n e d  b y o c c u p a n ts  o f th at foor.  F o r  th i s  r e as o n ,  d e s i g n i n g
fo r  an  o p e n  s ta i r we l l  d o o r  o n  th e  fre  foor  i s  n o r m a l l y n o t
r e q u i r e d .  D o o r s  b l o c ke d  o p e n  i n  vi o l a ti o n  o f ap p l i c ab l e  c o d e s

ar e  b e yo n d  th e  c a p a b i l i ty o f th e  s ys te m .

T h e  m e th o d s  p r o vi d e d  i n  th e  Handbook of Smoke Control Engi‐
neering c an  b e  u s e d  to  d e s i gn  s ys te m s  to  ac c o m m o d a te  ad d i ‐

ti o n a l  d o o r s  o p e n .  H o we ve r,  th e  d e s i g n e r  s h o u l d  r e c o gn i z e  th at
d u e  to  th e  tr an s i e n t n atu r e  o f th e  o p e n i n g  a n d  c l o s i n g o f
d o o r s ,  th e  d e s i gn  wi l l  h ave  to  e n s u r e  th at d e s i g n  p r e s s u r e  r an g e
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( i . e . ,  m i n i m u m  p r e s s u r e  vs .  m a x i m u m  p r e s s u r e  o r  d o o r  o p e n ‐
i n g  fo r c e )  i s  m ai n ta i n e d  fo r  al l  p r e s s u r e  s tate s  r an g i n g  fr o m  th e
al l -d o o r s -c l o s e d  c o n d i ti o n  to  th e  m a x i m u m  l e akag e  ar e a

a s s u m e d  i n  th e  d e s i g n .

An  e x am p l e  o f a  d e s i g n  th a t i n c o r p o r ate s  a u to m a ti c al l y
o p e n e d  d o o r s  i s  o n e  wh e r e  th e  e x te r i o r  s tai r we l l  d i s c h ar g e
d o o r  o p e n s  au to m ati c al l y u p o n  s ys te m  a c ti vati o n .  T h i s  d e s i g n

o r i gi n ate d  i n  C an a d a  an d  i s  s o m e ti m e s  r e fe r r e d  to  a s  th e
“ C an a d i an  S ys te m . ”  T h e  r ati o n a l e  b e h i n d  th i s  s ys te m  i s  th at
s i n c e  th e  e x te r i o r  d o o r  i s  th e  s tai r we l l  d o o r  m o s t l i ke l y to  b e

o p e n  fo r  a p r o l o n g e d  p e r i o d  o f ti m e  d u r i n g  e va c u ati o n ,  p ar ti c ‐
u l a r l y fo r  a fu l l -b u i l d i n g e vac u a ti o n ,  a  h i gh e r  p r e s s u r e  d i ffe r e n ‐
ti al  ac r o s s  th e  o th e r  s tai r  d o o r s  c an  b e  a c h i e ve d  wh e n  th e

e x te r i o r  d o o r  i s  fxed  o p e n  an d  th i s  s u b s ta n ti al  ad d i ti o n al  l e a k‐
ag e  i s  a c c o u n te d  fo r  i n  th e  s i z i n g  o f th e  s tai r  p r e s s u r i z ati o n  fa n .

T h e  e ffe c t o f o p e n i n g  a  d o o r  to  th e  o u ts i d e  i s  u s u al l y m u c h
g r e ate r  th an  th a t o f o p e n i n g  i n te r i o r  d o o r s .  T h e  i m p o r tan c e  o f
th e  e x te r i o r  s ta i r we l l  d o o r  c a n  b e  e x p l ai n e d  b y c o n s i d e r i n g  th e

c o n s e r vati o n  o f m as s  o f th e  p r e s s u r i z a ti o n  ai r.  T h i s  a i r  c o m e s
fr o m  th e  o u ts i d e  an d  m u s t e ve n tu a l l y fow b a c k to  th e  o u ts i d e .
F o r  an  o p e n  i n te r i o r  d o o r,  th e  r e s t o f th e  b u i l d i n g o n  th at foor

ac ts  as  fow r e s i s tan c e  to  th e  a i r  fowing  o u t th e  o p e n  d o o r wa y.
Wh e n  th e  e x te r i o r  d o o r  i s  o p e n ,  th e r e  i s  n o  o th e r  fow r e s i s t‐
a n c e ,  a n d  th e  fow c an  b e  1 0  to  3 0  ti m e s  m o r e  th a n  th r o u g h  an

o p e n  i n te r i o r  d o o r.  (See Annex F for information on types of stair‐
well pressurization systems. )

A. 4 . 6 . 2    T h i s  s e p ar a ti o n  s h o u l d  b e  a s  gr e a t a s  i s  p r a c ti c a b l e .
B e c a u s e  h o t s m o ke  r i s e s ,  c o n s i d e r ati o n  s h o u l d  b e  g i ve n  to
l o c a ti n g s u p p l y a i r  i n take s  b e l o w s u c h  c r i ti c a l  o p e n i n g s .

H o we ve r,  o u td o o r  s m o ke  m o ve m e n t th at m i gh t r e s u l t i n  s m o ke
fe e d b a c k d e p e n d s  o n  th e  l o c a ti o n  o f th e  fre,  th e  l o c a ti o n  o f
p o i n ts  o f s m o ke  l e akag e  fr o m  th e  b u i l d i n g ,  th e  wi n d  s p e e d  an d

d i r e c ti o n ,  an d  th e  te m p e r atu r e  d i ffe r e n c e  b e twe e n  th e  s m o ke
a n d  th e  o u ts i d e  ai r.

A. 4 . 6 . 3 . 1    S i m p l e  s i n g l e -p o i n t i n j e c ti o n  s ys te m s  s u c h  a s  th at
i l l u s tr a te d  i n  F i g u r e  A. 4 . 6 . 3 . 1  c a n  u s e  r o o f o r  e x te r i o r  wal l -
m o u n te d  p r o p e l l e r  fan s .  T h e  u s e  o f p r o p e l l e r  fa n s  wi th o u t

wi n d s h i e l d s  i s  n o t p e r m i tte d  b e c au s e  o f th e  e x tr e m e  e ffe c t
wi n d  c an  h a ve  o n  th e  p e r fo r m an c e  o f s u c h  fan s .

O n e  m a j o r  a d van tag e  o f u s i n g  p r o p e l l e r  fan s  fo r  s ta i r we l l
p r e s s u r i z ati o n  i s  th at th e y h ave  a  r e l ati ve l y fat p r e s s u r e
r e s p o n s e  c u r ve  wi th  r e s p e c t to  var yi n g fow.  T h e r e fo r e ,  as  d o o r s

a r e  o p e n e d  a n d  c l o s e d ,  p r o p e l l e r  fa n s  q u i c kl y r e s p o n d  to
airfow c h an g e s  i n  th e  s ta i r we l l  wi th o u t m aj o r  p r e s s u r e  fuctua‐
tions.  A s e c o n d  ad van tag e  o f u s i n g  p r o p e l l e r  fa n s  i s  th at th e y
a r e  l e s s  c o s tl y th a n  o th e r  typ e s  o f fan s  an d  c a n  p r o vi d e

ad e q u ate  s m o ke  c o n tr o l  wi th  l o we r  i n s ta l l e d  c o s ts .

A d i s ad van tag e  o f u s i n g  p r o p e l l e r  fa n s  i s  th at th e y o fte n
r e q u i r e  wi n d s h i e l d s  at th e  i n take  b e c au s e  th e y o p e r a te  at l o w

p r e s s u r e s  a n d  ar e  r e ad i l y a ffe c te d  b y wi n d  p r e s s u r e  o n  th e
b u i l d i n g .  T h i s  i s  l e s s  c r i ti c al  o n  r o o fs ,  wh e r e  th e  fan s  a r e  o fte n

p r o te c te d  b y p a r ap e ts  an d  wh e r e  th e  d i r e c ti o n  o f th e  wi n d  i s  a t
r i g h t an g l e s  to  th e  ax i s  o f th e  fan .

P r o p e l l e r  fa n s  m o u n te d  o n  wa l l s  p o s e  th e  g r e ate s t s u s c e p ti ‐
b i l i ty to  th e  a d ve r s e  e ffe c ts  o f wi n d  p r e s s u r e s .  T h e  a d ve r s e

e ffe c t i s  a t a m ax i m u m  wh e n  wi n d  d i r e c ti o n  i s  i n  d i r e c t o p p o s i ‐
ti o n  to  th e  fan  airfow,  r e s u l ti n g  i n  a  l o we r  i n take  p r e s s u r e  an d
th u s  signifcantly r e d u c i n g  fan  e ffe c ti ve n e s s .  Wi n d s  th a t a r e

var i ab l e  i n  i n te n s i ty an d  d i r e c ti o n  al s o  p o s e  a  th r e at to  th e  a b i l ‐

i ty o f th e  s ys te m  to  m a i n tai n  c o n tr o l  o ve r  th e  s tai r we l l  s ta ti c
p r e s s u r e .

A. 4 . 6 . 4    F i g u r e  A. 4 . 6 . 4 ( a)  a n d  F i g u r e  A. 4 . 6 . 4 ( b )  a r e  two  e x a m ‐
p l e s  o f th e  m an y p o s s i b l e  m u l ti p l e - i n j e c ti o n  s ys te m s  th a t c an  b e

u s e d  to  o ve r c o m e  th e  l i m i ta ti o n s  o f s i n g l e -i n j e c ti o n  s ys te m s .
T h e  p r e s s u r i z ati o n  fa n s  c a n  b e  l o c a te d  a t g r o u n d  l e ve l ,  a t r o o f
l e ve l ,  o r  a t an y l o c ati o n  i n  b e twe e n .

I n  F i gu r e  A. 4 . 6 . 4 ( a)  an d  F i g u r e  A. 4 . 6 . 4 ( b ) ,  th e  s u p p l y d u c t i s
s h o wn  i n  a s e p ar a te  s h a ft.  H o we ve r,  s ys te m s  h ave  b e e n  b u i l t

th a t h ave  e l i m i n a te d  th e  e x p e n s e  o f a  s e p ar ate  d u c t s h aft b y
l o c a ti n g th e  s u p p l y d u c t i n  th e  s ta i r  e n c l o s u r e  i ts e l f.  C ar e
s h o u l d  b e  ta ke n  s o  th a t th e  d u c t d o e s  n o t r e d u c e  th e  r e q u i r e d

e x i t wi d th  o r  b e c o m e  an  o b s tr u c ti o n  to  o r d e r l y b u i l d i n g  e vac u ‐
a ti o n .

A. 4 . 6 . 4 . 1 . 1    T h e  m o s t c o m m o n  i n j e c ti o n  p o i n t i s  at th e  to p  o f
th e  s ta i r we l l ,  a s  i l l u s tr a te d  i n  F i g u r e  A. 4 . 6 . 4 . 1 . 1 .

A. 4 . 6 . 4 . 1 . 2    S i n gl e -i n j e c ti o n  s ys te m s  c an  fai l  wh e n  a fe w d o o r s
a r e  o p e n  n e ar  th e  a i r  s u p p l y i n j e c ti o n  p o i n t.  Al l  th e  p r e s s u r i z a‐
ti o n  a i r  c an  b e  l o s t th r o u gh  th e s e  o p e n  d o o r s ,  at wh i c h  ti m e

th e  s ys te m  wi l l  fai l  to  m ai n ta i n  p o s i ti ve  p r e s s u r e s  a c r o s s  d o o r s
far th e r  fr o m  th e  i n j e c ti o n  p o i n t.

P ro p e l l e r 
fa n

S u p p l y  
a i r

R o o f  
l e ve l

FI G U RE  A. 4 . 6 . 3 . 1   S tai r we l l  P re s s u ri z ati o n  b y Ro o f- M o u n te d
P ro p e l l e r Fan .

R o o f  
l e ve l

D u c t  s h a f t

C e n t r i f u g a l
fa n

D u c t

FI G U RE  A. 4 . 6 . 4 ( a)   S tai r we l l  P re s s u ri z ati o n  b y M u l ti p l e
I n j e c ti o n  wi th  th e  Fan  L o c ate d  at G ro u n d  L e ve l .
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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 .

B e c au s e  a g r o u n d - l e ve l  s ta i r we l l  d o o r  i s  l i ke l y to  b e  i n  th e
o p e n  p o s i ti o n  m u c h  o f th e  ti m e ,  a s i n gl e -b o tto m - i n j e c ti o n
s ys te m  i s  e s p e c i a l l y p r o n e  to  fa i l u r e .  C a r e fu l  d e s i g n  an a l ys i s  i s

n e e d e d  fo r  al l  s i n g l e -b o tto m -i n j e c ti o n  s ys te m s  an d  fo r  al l  o th e r
s i n gl e -i n j e c ti o n  s ys te m s  fo r  s tai r we l l s  i n  e x c e s s  o f 1 0 0  ft
( 3 0 . 5  m )  i n  h e i g h t to  e n s u r e  p r o p e r  p r e s s u r i z ati o n  th r o u g h o u t

th e  s ta i r we l l .

A. 4 . 6 . 4 . 2    M an y m u l ti p l e - i n j e c ti o n  s ys te m s  h ave  b e e n  b u i l t wi th
s u p p l y ai r  i n j e c ti o n  p o i n ts  o n  e ac h  foor.  T h e s e  s ys te m s  r e p r e ‐

s e n t th e  u l ti m ate  i n  p r e ve n ti n g l o s s  o f p r e s s u r i z a ti o n  ai r
th ro u g h  a fe w o p e n  d o o r s ;  h o we ve r,  th at m an y i n j e c ti o n  p o i n ts

m i gh t n o t b e  n e c e s s a r y.  F o r  s ys te m  d e s i gn s  wi th  i n j e c ti o n
p o i n ts  m o r e  th a n  th r e e  s to r i e s  ap ar t,  th e  d e s i g n e r  s h o u l d  u s e  a
c o m p u te r  a n al ys i s  s u c h  a s  th e  o n e  i n  AS H RAE / I C C / N F PA/

S F P E  Handbook of Smoke Control Engineering [ 2 1 ] .  T h e  p u r p o s e
o f th i s  an a l ys i s  i s  to  e n s u r e  th at l o s s  o f p r e s s u r i z a ti o n  ai r
th ro u g h  a  fe w o p e n  d o o r s  d o e s  n o t l e a d  to  s u b s tan ti a l  l o s s  o f

s tai r we l l  p r e s s u r i z a ti o n .

Δ A. 4 . 7    I f e l e va to r s  a r e  i n te n d e d  to  b e  u s e d  fo r  e vac u a ti o n
d u r i n g a  fre,  th e  e l e vato r  p r e s s u r i z ati o n  s ys te m  s h o u l d  b e

p r o te c te d  a ga i n s t h e at,  fame,  s m o ke ,  l o s s  o f e l e c tr i c a l  p o we r,
l o s s  o f e l e vato r  m ac h i n e  r o o m  c o o l i n g ,  wa te r  i n tr u s i o n ,  an d

i n ad ve r te n t ac ti vati o n  o f c o n tr o l s .  T h e  S F P E  E n gi n e e r i n g
G u i d e  Fire Safety for Very Tall Buildings p r o vi d e s  g u i d a n c e  o n
d e s i g n i n g  fre  s afe ty fo r  o c c u p a n t e vac u a ti o n  e l e va to r s .  

R o o f  
l e ve l

D u c t  s h a f t

D u c t

C e n t r i f u g a l
fa n

FI G U RE  A. 4 . 6 . 4 ( b )   S tai r we l l  P re s s u ri z ati o n  b y M u l ti p l e
I n j e c ti o n  wi th  Ro o f- M o u n te d  Fan .

R o o f  
l e ve l

C e n t r i f u g a l
fa n

FI G U RE  A. 4 . 6 . 4 . 1 . 1   S tai r we l l  P re s s u ri z ati o n  b y To p
I n j e c ti o n .

H i s to r i c al l y,  e l e va to r  h o i s tways  h ave  p r o ve n  to  b e  r e a d i l y
a va i l ab l e  c o n d u i ts  fo r  th e  m o ve m e n t o f s m o ke  th r o u g h o u t

b u i l d i n g s .  T h e  r e as o n  i s  th at e l e vato r  d o o r s  h ave  n o t b e e n
tight-ftting  a n d  e l e vato r  h o i s twa ys  h ave  b e e n  p r o vi d e d  wi th
o p e n i n g s  i n  th e i r  to p s .  T h e  b u i l d i n g  s tac k e ffe c t h as  p r o vi d e d

th e  d r i vi n g fo r c e  th at h a s  r e a d i l y m o ve d  s m o ke  i n to  an d  o u t o f
l o o s e l y c o n s tr u c te d  e l e va to r  h o i s tways .  S e ve r al  m e th o d s  o f
c o r r e c ti n g th i s  p r o b l e m  h ave  b e e n  p r o p o s e d  an d  i n ve s ti ga te d .

T h e s e  m e th o d s  i n c l u d e  th e  fo l l o wi n g :

( 1 ) E x h au s t o f th e  fre  foor
( 2 ) P r e s s u r i z ati o n  o f e n c l o s e d  e l e va to r  l o b b i e s
( 3 ) C o n s tr u c ti o n  o f s m o ke -ti g h t e l e va to r  l o b b i e s
( 4 ) P r e s s u r i z ati o n  o f th e  e l e vato r  h o i s tway
( 5 ) C l o s i n g  o f e l e vato r  d o o r s  a fte r  au to m ati c  r e c a l l

( N o te :  Ru l e  2 1 1 . 3 a,  P h as e  I  E m e r g e n c y Re c a l l  O p e r ati o n s ,  o f
AS M E  A1 7 . 1 ,  Safety Code for Elevators and Escalators,  r e q u i r e s  th a t

e l e vato r  d o o r s  o p e n  a n d  r e m ai n  o p e n  afte r  th e  e l e vato r s  a r e
r e c a l l e d .  T h i s  r e s u l ts  i n  l ar g e  o p e n i n gs  i n to  th e  e l e vato r  h o i s t‐

ways ,  wh i c h  c an  g r e atl y i n c r e as e  th e  airfow r e q u i r e d  fo r  p r e s ‐
s u r i z ati o n .  N F PA 8 0  p e r m i ts  th e  c l o s i n g  o f e l e va to r  d o o r s  afte r
a p r e d e te r m i n e d  ti m e  wh e n  r e q u i r e d  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 .  L o c al  r e q u i r e m e n ts  o n  th e  o p e r a ti o n  o f e l e vato r
d o o r s  s h o u l d  b e  d e te r m i n e d  a n d  i n c o r p o r ate d  i n to  th e  s ys te m
d e s i g n . )

T h e  m e th o d s  l i s te d  i n  A. 4 . 7 ( 1 )  th r o u g h  A. 4 . 7 ( 5 )  h ave  b e e n
e m p l o ye d  e i th e r  s i n gl y o r  i n  c o m b i n a ti o n .  H o we ve r,  th e i r  ap p l i ‐
c a ti o n  to  a  p ar ti c u l ar  p r o j e c t,  i n c l u d i n g th e  e ffe c t o f a n y ve n ts

i n  a n  e l e va to r  h o i s twa y,  s h o u l d  b e  c l o s e l y e va l u ate d .  T h e  o p e n
ve n t at th e  to p  o f th e  e l e vato r  h o i s twa y c o u l d  h ave  an  u n d e s i r a‐

b l e  e ffe c t o n  e l e va to r  s m o ke  c o n tr o l  s ys te m s .

T h e  fo l l o wi n g r e fe r e n c e s  d i s c u s s  r e s e ar c h  c o n c e r n i n g  e l e va‐
to r  u s e  d u r i n g fre  s i tu a ti o n s :  Kl o te  an d  B r a u n  [ 1 7 ] ;  Kl o te  [ 1 5 ] ;

Kl o te ,  L e vi n ,  an d  Gr o n e r  [ 2 0 ] ;  Kl o te ,  L e vi n ,  an d  Gr o n e r  [ 1 9 ] ;
Kl o te  [ 1 3 ] ;  Kl o te  e t al .  [ 1 8 ] ;  a n d  Kl o te  e t al .  [ 1 6 ] .

I f i t i s  i n te n d e d  to  o p e n  th e  e l e va to r  d o o r s  d u r i n g  o p e r a ti o n
o f th e  s m o ke  c o n tr o l  s ys te m ,  th e  m a x i m u m  p r e s s u r e  d i ffe r e n c e

a c r o s s  th e  e l e vato r  d o o r s  th at al l o ws  th e  e l e va to r  d o o r s  to  o p e r ‐
ate  s h o u l d  b e  e s tab l i s h e d .

A. 4 . 8    T h e  p r e s s u r i z e d  s tai r we l l s  d i s c u s s e d  i n  S e c ti o n  4 . 6  ar e
i n te n d e d  to  c o n tr o l  s m o ke  to  th e  e x te n t th at th e y i n h i b i t
s m o ke  infltration  i n to  th e  s tai r we l l .  H o we ve r,  i n  a b u i l d i n g

wi th  a p r e s s u r i z e d  s ta i r we l l  a s  th e  s o l e  m e an s  o f s m o ke  c o n tr o l ,
s m o ke  c an  fow th r o u g h  c r ac ks  i n  foors  an d  p a r ti ti o n s  an d
th r o u g h  o th e r  s h afts  an d  th r e a te n  l i fe  a n d  d am ag e  p r o p e r ty at

l o c a ti o n s  r e m o te  fr o m  th e  fre.  T h e  c o n c e p t o f z o n e d  s m o ke
c o n tr o l  d i s c u s s e d  i n  th i s  s e c ti o n  i s  i n te n d e d  to  l i m i t th i s  typ e  o f
s m o ke  m o ve m e n t wi th i n  a  b u i l d i n g .

L i m i ti n g fre  s i z e  ( m a s s  b u r n i n g r ate )  i n c r e a s e s  th e  r e l i a b i l i ty
an d  vi ab i l i ty o f s m o ke  c o n tr o l  s ys te m s .  F i r e  s i z e  c an  b e  l i m i te d

b y fu e l  c o n tr o l ,  c o m p a r tm e n tati o n ,  o r  au to m ati c  s p r i n kl e r s .  I t
i s  p o s s i b l e  to  p r o vi d e  s m o ke  c o n tr o l  i n  b u i l d i n g s  n o t h avi n g
fre-limiting  fe a tu r e s ,  b u t i n  th o s e  i n s tan c e s  c a r e fu l  c o n s i d e r a‐

ti o n  m u s t b e  gi ve n  to  fre  p r e s s u r e ,  h i gh  te m p e r a tu r e s ,  m a s s
b u r n i n g  r ate s ,  ac c u m u l ati o n  o f u n b u r n e d  fu e l s ,  a n d  o th e r
o u tp u ts  r e s u l ti n g  fr o m  u n c o n tr o l l e d  fres.

A. 4 . 8 . 1 . 1 . 1    Ar r an g e m e n ts  o f s o m e  s m o ke  c o n tr o l  z o n e s  a r e
i l l u s tr ate d  i n  F i gu r e  A. 4 . 8 . 1 . 1 . 1 .

I n  F i g u r e  A. 4 . 8 . 1 . 1 . 1 ,  th e  s m o ke  z o n e  i s  i n d i c ate d  b y a  m i n u s
s i gn  an d  p r e s s u r i z e d  s p ac e s  a r e  i n d i c a te d  b y p l u s  s i g n s .  E a c h
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foor  c an  b e  a  s m o ke  c o n tr o l  z o n e ,  a s  i n  ( a)  an d  ( b ) ,  o r  a
s m o ke  z o n e  c a n  c o n s i s t o f m o r e  th an  o n e  foor,  as  i n  ( c )  an d
( d ) .  A s m o ke  z o n e  c an  al s o  b e  l i m i te d  to  a  p ar t o f a foor,  as  i n

( e ) .

Wh e n  a fre  o c c u r s ,  al l  th e  n o n –s m o ke  z o n e s  i n  th e  b u i l d i n g
c a n  b e  p r e s s u r i z e d  as  s h o wn  i n  F i g u r e  A. 4 . 8 . 1 . 1 . 1 ,  p ar ts  ( a) ,  ( c ) ,
an d  ( e ) .  T h i s  s ys te m  r e q u i r e s  l ar g e  q u a n ti ti e s  o f o u ts i d e  ai r.
T h e  c o m m e n ts  c o n c e r n i n g l o c ati o n  o f s u p p l y a i r  i n l e ts  o f p r e s ‐

s u r i z e d  s tai r we l l s  a l s o  ap p l y to  th e  s u p p l y a i r  i n l e ts  fo r  n o n –
s m o ke  z o n e s .

I n  c o l d  c l i m a te s ,  th e  i n tr o d u c ti o n  o f l ar g e  q u a n ti ti e s  o f
o u ts i d e  a i r  c an  c au s e  s e r i o u s  d a m ag e  to  b u i l d i n g  s ys te m s .
T h e r e fo r e ,  s e r i o u s  c o n s i d e r ati o n  s h o u l d  b e  g i ve n  to  e m e r g e n c y

p r e h e at s ys te m s  th at te m p e r  th e  i n c o m i n g a i r  an d  h e l p  to  avo i d
o r  l i m i t d a m a ge .  Al te r n ati ve l y,  p r e s s u r i z i n g  o n l y th o s e  z o n e s
i m m e d i a te l y ad j a c e n t to  th e  s m o ke  z o n e s  c o u l d  l i m i t th e  q u an ‐

ti ty o f o u ts i d e  a i r  r e q u i r e d ,  as  i n  F i gu r e  A. 4 . 8 . 1 . 1 . 1 ,  p ar ts  ( b )
a n d  ( d ) .  H o we ve r,  th e  d i s a d van tag e  o f th i s  l i m i te d  a p p r o a c h  i s
th at i t i s  p o s s i b l e  to  h ave  s m o ke  fow th r o u gh  s h a fts  p as t th e

p r e s s u r i z e d  z o n e  an d  i n to  u n p r e s s u r i z e d  s p ac e s .  Wh e n  th i s
a l te r n ati ve  i s  c o n s i d e r e d ,  a c ar e fu l  e x am i n a ti o n  o f th e  p o te n ti al
s m o ke  fows  i n vo l ve d  s h o u l d  b e  ac c o m p l i s h e d  an d  a  d e te r m i n a‐

ti o n  o f a c c e p ta b i l i ty m ad e .

S m o ke  z o n e s  s h o u l d  b e  ke p t as  s m al l  as  p r ac ti c ab l e  s o  th at
e vac u ati o n  fr o m  th e s e  z o n e s  c a n  b e  r e ad i l y ac h i e ve d  a n d  s o
th at th e  q u a n ti ty o f ai r  r e q u i r e d  to  p r e s s u r i z e  th e  s u r r o u n d i n g

s p ac e s  c a n  b e  ke p t to  a m an ag e ab l e  l e ve l .  H o we ve r,  th e s e  z o n e s
s h o u l d  b e  l ar g e  e n o u gh  s o  th at h e at b u i l d u p  fr o m  th e  fre  wi l l
b e  suffciently d i l u te d  wi th  s u r r o u n d i n g ai r  s o  as  to  p r e ve n t fai l ‐
u r e  o f m a j o r  c o m p o n e n ts  o f th e  s m o ke  c o n tr o l  s ys te m .  D e s i gn

gu i d a n c e  o n  d i l u ti o n  te m p e r atu r e  i s  p r o vi d e d  i n
AS H RAE / I C C / N F PA/ S F P E  Handbook of Smoke Control Engineer‐
ing.

A. 4 . 8 . 3    M e th o d s  o f d e s i g n  fo r  s m o ke  r e fu g e  a r e as  ar e  p r e s e n ‐
te d  i n  Kl o te  [ 1 4 ] .

A. 4 . 9    E x am p l e s  o f s m o ke  c o n tr o l  s ys te m s  th at c an  i n te r ac t
wh e n  o p e r ati n g  s i m u l tan e o u s l y i n c l u d e  th e  fo l l o wi n g :

( 1 ) P r e s s u r i z e d  s ta i r we l l s  th a t c o n n e c t to  foor  ar e a s  th at ar e
p ar t o f a z o n e d  s m o ke  c o n tr o l  s ys te m

( 2 ) E l e vato r  h o i s twa ys  th at a r e  p ar t o f an  e l e vato r  s m o ke
c o n tr o l  s ys te m  th at c o n n e c ts  to  foor  ar e a s  th at ar e  p a r t o f
a z o n e d  s m o ke  c o n tr o l  s ys te m

( 3 ) E l e va to r  s m o ke  c o n tr o l  s ys te m s  th at ar e  c o n n e c te d  to
ar e as  o f r e fu ge  th a t ar e  i n  tu r n  c o n n e c te d  wi th  foor  a r e as
th a t ar e  p ar t o f a z o n e d  s m o ke  c o n tr o l  s ys te m

( 4 ) P r e s s u r i z e d  s ta i r we l l s  th a t ar e  a l s o  c o n n e c te d  to  a s m o ke
r e fu g e  ar e a

O fte n  s m o ke  c o n tr o l  s ys te m s  a r e  d e s i gn e d  i n d e p e n d e n tl y to
o p e r ate  u n d e r  th e  d yn am i c  fo r c e s  th e y ar e  e x p e c te d  to  e n c o u n ‐
te r  ( e . g . ,  b u o yan c y,  s tac k e ffe c t,  wi n d ) .  O n c e  th e  d e s i g n  i s

c o m p l e te d ,  i t i s  n e c e s s ar y to  s tu d y th e  i m p a c t th e  s m o ke
c o n tr o l  s ys te m s  wi l l  h a ve  o n  o n e  an o th e r.  F o r  e x a m p l e ,  a n
e x h a u s te d  s m o ke  z o n e  o p e r ati n g  i n  c o n j u n c ti o n  wi th  a s tai r ‐

we l l  p r e s s u r i z ati o n  s ys te m  c a n  te n d  to  i m p r o ve  th e  p e r fo r m ‐
an c e  o f th e  s tai r we l l  p r e s s u r i z ati o n  s ys te m .  At th e  s am e  ti m e ,  i t
c o u l d  i n c r e a s e  th e  p r e s s u r e  d i ffe r e n c e  a c r o s s  th e  d o o r,  c au s i n g
diffculty i n  o p e n i n g th e  d o o r  i n to  th e  s tai r we l l .  F o r  c o m p l e x

s ys te m s ,  i t i s  r e c o m m e n d e d  th a t a  c o m p u te r  n e two r k m o d e l  b e
u s e d  fo r  th e  an al ys i s .

U n l e s s  ve n ti n g  o r  e x h au s t i s  p r o vi d e d  i n  th e  fre  z o n e s ,  th e
r e q u i r e d  p r e s s u r e  d i ffe r e n c e s  m i gh t n o t b e  d e ve l o p e d .  E ve n tu ‐

al l y p r e s s u r e  e q u al i z a ti o n  b e twe e n  th e  fre  z o n e  an d  th e  u n a f‐
fe c te d  z o n e s  wi l l  b e c o m e  e s tab l i s h e d ,  an d  th e r e  wi l l  b e  n o th i n g
to  i n h i b i t s m o ke  s p r e ad  i n to  a l l  o th e r  z o n e s .

A. 4 . 1 0 . 1    S ta i r we l l s  th at d o  n o t h ave  ve s ti b u l e s  c an  b e  p r e s s u r ‐
i z e d  u s i n g s ys te m s  c u r r e n tl y avai l ab l e .  S o m e  b u i l d i n g s  ar e

c o n s tr u c te d  wi th  ve s ti b u l e s  b e c a u s e  o f b u i l d i n g c o d e  r e q u i r e ‐
m e n ts .

A. 4 . 1 0 . 2    Nonpressurized Vestibules.  S ta i r we l l s  th at h ave  n o n p r e s ‐
s u r i z e d  ve s ti b u l e s  c a n  h ave  a p p l i c a ti o n s  i n  e x i s ti n g  b u i l d i n g s .
Wi th  b o th  ve s ti b u l e  d o o r s  o p e n ,  th e  two  d o o r s  i n  s e r i e s  p r o vi d e

an  i n c r e a s e d  r e s i s tan c e  to  airfow c o m p a r e d  to  a s i n gl e  d o o r.
T h i s  i n c r e a s e d  r e s i s ta n c e  wi l l  r e d u c e  th e  r e q u i r e d  airfow s o  a s

to  p r o d u c e  a gi ve n  p r e s s u r e  i n  th e  s tai r we l l .  T h i s  s u b j e c t i s
d i s c u s s e d  i n  d e ta i l  i n  AS H RAE / I C C / N F PA/ S F P E  Handbook of
Smoke Control Engineering.

I n  b u i l d i n g s  wi th  l o w o c c u p an t l o a d s ,  i t i s  p o s s i b l e  th a t o n e
o f th e  two  ve s ti b u l e  d o o r s  m i g h t b e  c l o s e d  o r  a t l e as t p a r ti al l y

c l o s e d  d u r i n g th e  e vac u a ti o n  p e r i o d .  T h i s  wi l l  fu r th e r  r e d u c e
th e  r e q u i r e d  airfow to  p r o d u c e  a gi ve n  p r e s s u r e .

Pressurized Vestibules.  C l o s i n g b o th  d o o r s  to  a  ve s ti b u l e  c an
l i m i t th e  s m o ke  e n te r i n g a ve s ti b u l e  an d  p r o vi d e  a te n a b l e  e n vi ‐
r o n m e n t a s  a s m o ke  r e fu ge  ar e a.  T h e  a d j ac e n t s tai r we l l  i s  i n d i ‐

r e c tl y p r e s s u r i z e d  b y airfow fr o m  th e  p r e s s u r i z e d  ve s ti b u l e .
H o we ve r,  th i s  p r e s s u r i z ati o n  c an  b e  l o s t i f th e  e x te r i o r  d o o r  i s
o p e n .  Al s o ,  s m o ke  c a n  fow i n to  th e  s tai r we l l  th r o u gh  a n y l e a k‐

a ge  o p e n i n g s  i n  th e  s tai r we l l  wal l s  ad j a c e n t to  th e  foor  s p a c e .
S u c h  wal l s  s h o u l d  b e  c o n s tr u c te d  to  m i n i m i z e  l e a ka ge s  fo r  a
s tai r we l l  p r o te c te d  b y a p r e s s u r i z e d  ve s ti b u l e  s ys te m .
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Pressurized Vestibules and Stairwells.  To  m i n i m i z e  th e  am o u n t o f
s m o ke  e n te r i n g  a ve s ti b u l e  an d  a s ta i r we l l ,  b o th  th e  ve s ti b u l e
an d  th e  s tai r we l l  c an  b e  p r e s s u r i z e d .  T h e  c o m b i n e d  s ys te m  wi l l

e n h a n c e  th e  e ffe c ti ve n e s s  o f th e  s ta i r we l l  p r e s s u r i z a ti o n  s ys te m .
Al s o ,  th e  p r e s s u r i z e d  ve s ti b u l e  c a n  p r o vi d e  a te m p o r ar y s m o ke
r e fu ge  ar e a .

Purged or Vented Vestibules.  P u r ge d  o r  ve n te d  ve s ti b u l e  s ys te m s
fal l  o u ts i d e  th e  s c o p e  o f th i s  d o c u m e n t.  A h az ar d  an al ys i s

wo u l d  b e  r e q u i r e d  u s i n g th e  p r o c e d u r e s  p r o vi d e d  i n  th e  S F P E
Handbook of Fire Protection Engineering.  An  e n g i n e e r i n g  an al ys i s
s h o u l d  b e  p e r fo r m e d  to  d e te r m i n e  th e  benefts,  i f an y,  o f p r e s ‐

s u ri z i n g ,  p u r g i n g ,  o r  e x h au s ti n g  ve s ti b u l e s  o n  th e  s tai r we l l .

A.5.1    S c al e  m o d e l i n g u s e s  a  r e d u c e d -s c a l e  p h ys i c a l  m o d e l
fo l l o wi n g  e s tab l i s h e d  s c al i n g l aws ,  wh e r e b y s m al l -s c al e  te s ts  a r e

c o n d u c te d  to  d e te r m i n e  th e  r e q u i r e m e n ts  an d  c ap ab i l i ti e s  o f
th e  m o d e l e d  s m o ke  m an a ge m e n t s ys te m .

Al ge b r a i c ,  c l o s e d -fo r m  e q u ati o n s  ar e  d e r i ve d  p r i m ar i l y fr o m
th e  c o r r e l ati o n  o f l ar g e - an d  s m al l -s c al e  e x p e r i m e n ta l  r e s u l ts .

C o m p ar tm e n t fre  m o d e l s  u s e  b o th  th e o r y an d  e m p i r i c al l y
d e ri ve d  val u e s  to  e s ti m a te  c o n d i ti o n s  i n  a s p a c e .

E ac h  a p p r o a c h  h as  a d van tag e s  an d  d i s ad van tag e s .  Al th o u gh
th e  r e s u l ts  o b ta i n e d  fr o m  th e  d i ffe r e n t a p p r o a c h e s  n o r m al l y

s h o u l d  b e  s i m i l ar,  th e y u s u a l l y ar e  n o t i d e n ti c al .  T h e  s tate  o f
th e  a r t,  wh i l e  a d van c e d ,  i s  e m p i r i c a l l y b as e d ,  a n d  a  fnal  th e o r y

p r o va b l e  i n  fu n d am e n tal  p h ys i c s  h a s  n o t ye t b e e n  d e ve l o p e d .
T h e  c o r e  o f e ac h  c al c u l a ti o n  m e th o d  i s  b as e d  o n  th e  e n tr a i n ‐
m e n t o f a i r  ( o r  o th e r  s u r r o u n d i n g  ga s e s )  i n to  th e  r i s i n g  fre-
driven  p l u m e .  A var i a ti o n  o f ap p r o x i m ate l y 2 0  p e r c e n t i n

e n tr ai n m e n t o c c u r s  b e twe e n  th e  e m p i r i c a l l y d e r i ve d  e n tr a i n ‐
m e n t e q u ati o n s  c o m m o n l y u s e d ,  s u c h  as  th o s e  i n d i c ate d  i n

C h ap te r  5 ,  o r  i n  z o n e  fre  m o d e l s .  U s e r s  c an  a d d  an  ap p r o p r i ‐
a te  s afe ty fac to r  to  e x h au s t c ap ac i ti e s  to  ac c o u n t fo r  th i s  u n c e r ‐
tai n ty.

A.5.1 .1    T h e  e q u a ti o n s  p r e s e n te d  i n  C h a p te r  5  ar e  c o n s i d e r e d
to  b e  th e  m o s t ac c u r a te ,  s i m p l e s t a l g e b r ai c  e x p r e s s i o n s  avai l a‐

b l e  fo r  th e  p r o p o s e d  p u r p o s e s .  I n  g e n e r al ,  th e y a r e  l i m i te d  to
c a s e s  i n vo l vi n g  fres  th at b u r n  at a  c o n s ta n t r a te  o f h e a t r e l e a s e
( “ s te ad y fres”)  o r  fres  th a t i n c r e a s e  i n  r a te  o f h e a t r e l e a s e  a s  a

fu n c ti o n  o f th e  s q u a r e  o f ti m e  ( “ u n s te ad y fres”) .  T h e  e q u a‐
ti o n s  ar e  n o t a p p r o p r i a te  fo r  o th e r  fre  c o n d i ti o n s  o r  fo r  a
c o n d i ti o n  th a t i n i ti al l y gr o ws  as  a  fu n c ti o n  o f ti m e  b u t th e n ,

afte r  r e ac h i n g  i ts  m a x i m u m  g r o wth ,  b u r n s  at a  s te a d y s tate .  I n
m o s t c as e s ,  j u d i c i o u s  u s e  o f th e  e q u ati o n s  c a n  r e a s o n a b l y o ve r ‐
c o m e  th i s  l i m i tati o n .  E ac h  o f th e  e q u ati o n s  h as  b e e n  d e r i ve d

fr o m  e x p e r i m e n tal  d ata.  I n  s o m e  c as e s ,  th e  te s t d ata a r e  l i m i te d
o r  h ave  b e e n  c o l l e c te d  wi th i n  a  l i m i te d  s e t o f fre  s i z e s ,  s p a c e
d i m e n s i o n s ,  o r  p o i n ts  o f m e as u r e m e n t.  Wh e r e  p o s s i b l e ,

c o m m e n ts  ar e  i n c l u d e d  o n  th e  r a n ge  o f d ata u s e d  i n  d e r i vi n g
th e  e q u ati o n s  p r e s e n te d .  I t i s  i m p o r ta n t to  c o n s i d e r  th e s e
l i m i ts .

C au ti o n  s h o u l d  b e  e x e r c i s e d  i n  u s i n g th e  e q u a ti o n s  to  s o l ve
th e  var i ab l e s  o th e r  th an  th e  o n e s  p r e s e n te d  i n  th e  l i s t o f va r i a‐

b l e s ,  u n l e s s  i t i s  c l e ar  h o w s e n s i ti ve  th e  r e s u l t i s  to  m i n o r
c h an ge s  i n  an y o f th e  var i ab l e s  i n vo l ve d .  I f th e s e  r e s tr i c ti o n s
p r e s e n t a l i m i t th at o b s tr u c ts  th e  u s e r s ’  n e e d s ,  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  c o m b i n i n g  th e  u s e  o f e q u a ti o n s  wi th  e i th e r
s c al e  o r  c o m p ar tm e n t fre  m o d e l s .  U s e r s  o f th e  e q u ati o n s
s h o u l d  ap p r e c i a te  th e  s e n s i ti vi ty o f c h an g e s  i n  th e  va r i a b l e s

b e i n g s o l ve d .

A.5.1 .2    S c a l e  m o d e l i n g  i s  e s p e c i al l y d e s i r ab l e  wh e r e  th e  s p a c e
b e i n g e va l u ate d  h as  p r o j e c ti o n s  o r  o th e r  u n u s u al  ar r a n ge m e n ts

th a t p r e ve n t a fr e e -r i s i n g  p l u m e .  T h i s  ap p r o ac h  i s  e x p e n s i ve ,
ti m e - c o n s u m i n g,  a n d  va l i d  o n l y wi th i n  th e  r a n ge  o f te s ts

c o n d u c te d .  B e c au s e  th i s  ap p r o ac h  i s  u s u al l y r e s e r ve d  fo r
c o m p l e x  s tr u c tu r e s ,  i t i s  i m p o r tan t th at th e  te s t s e r i e s  c o ve r  a l l
th e  p o te n ti a l  var i ati o n s  i n  fa c to r s ,  s u c h  as  p o s i ti o n  an d  s i z e  o f
fre,  l o c ati o n  an d  c a p ac i ty o f e x h a u s t a n d  i n take  fows,  var i a‐

ti o n s  i n  i n te r n al  te m p e r a tu r e  (stratifcation  o r  foor-ceiling
te m p e r a tu r e  g r ad i e n ts ) ,  an d  o th e r  va r i a b l e s .  I t i s  l i ke l y th at

d e te c ti o n  wi l l  n o t b e  ap p r ai s ab l e  u s i n g s c al e  m o d e l s .

A.5.1 .3    C o m p u te r  c a p a b i l i ti e s  suffcient to  e x e c u te  s o m e  o f
th e  fa m i l y o f c o m p ar tm e n t fre  m o d e l s  a r e  wi d e l y avai l ab l e .  Al l

c o m p a r tm e n t fre  m o d e l s  s o l ve  th e  c o n s e r va ti o n  e q u ati o n s  fo r
d i s ti n c t r e gi o n s  ( c o n tr o l  vo l u m e s ) .  C o m p ar tm e n t fre  m o d e l s

c a n  b e  classifed  as  z o n e  fre  m o d e l s  o r  C F D  m o d e l s .

Ve r i fyi n g c o m p u te r  fre  m o d e l  r e s u l ts  i s  i m p o r tan t b e c au s e  i t
i s  s o m e ti m e s  e as i e r  to  o b tai n  r e s u l ts  th a n  to  d e te r m i n e  th e i r
ac c u r ac y.  C o m p u te r  fre  m o d e l  r e s u l ts  h a ve  b e e n  verifed  o ve r  a
l i m i te d  r a n ge  o f e x p e r i m e n tal  c o n d i ti o n s  ( E m m o n s  [ 5 ] ;  Kl o te

[ 1 4 ] ;  S o d e r b o m  [ 4 5 ] ) ;  r e vi e w o f th e s e  r e s u l ts  s h o u l d  p r o vi d e
th e  u s e r  wi th  a l e ve l  o f confdence.  H o we ve r,  b e c au s e  th e  ve r y
n atu r e  o f a  fre  m o d e l ’ s  u ti l i ty i s  to  s e r ve  a s  a to o l  fo r  i n ve s ti ga t‐

i n g u n kn o wn  c o n d i ti o n s ,  th e r e  wi l l  b e  c o n d i ti o n s  fo r  wh i c h  a n y
m o d e l  h as  ye t to  b e  verifed.  I t i s  fo r  th o s e  c o n d i ti o n s  th a t th e
u s e r  s h o u l d  h ave  s o m e  as s i s tan c e  i n  j u d g i n g  th e  m o d e l ’ s  ac c u ‐

r a c y.

T h e r e  a r e  th r e e  ar e a s  o f u n d e r s tan d i n g  th a t g r e atl y ai d  ac c u ‐
r ate  fre  m o d e l i n g o f unverifed  c o n d i ti o n s .  T h e  frst ar e a

i n vo l ve s  u n d e r s ta n d i n g  wh at i te m s  a r e  b e i n g m o d e l e d .  T h e
s e c o n d  ar e a i n vo l ve s  ap p r o p r i ate l y tr an s l a ti n g th e  r e al - wo r l d

i te m s  i n to  fre  m o d e l  i n p u t.  T h e  th i r d  a r e a i n vo l ve s  u n d e r ‐
s tan d i n g  th e  m o d e l  c o n ve r s i o n  o f i n p u t to  o u tp u t.

A.5.2.1    A d e s i g n  fre  s i z e  o f ap p r o x i m a te l y 5 0 0 0  B tu / s e c
( 5 2 7 5  kW)  fo r  m e r c a n ti l e  o c c u p an c i e s  i s  o fte n  r e fe r e n c e d
( M o r ga n  [ 3 3 ] ) .  T h i s  i s  p r i m a r i l y b a s e d  o n  a  s tati s ti c al  d i s tr i b u ‐

ti o n  o f fre  s i z e s  i n  s h o p s  ( r e ta i l  s to r e s )  i n  th e  U n i te d  Ki n g d o m
th at i n c l u d e d  s p r i n kl e r  p r o te c ti o n .  L e s s  th a n  5  p e r c e n t o f fres
i n  th i s  c a te g o r y e x c e e d e d  5 0 0 0  B tu / s e c .  Ge o m e tr i c a l l y,  a

5 0 0 0  B tu / s e c  ( 5 2 7 5  kW)  fre  i n  a s h o p  h a s  b e e n  d e s c r i b e d  as  a
1 0  ft ×  1 0  ft ( 3 . 1  m  ×  3 . 1  m )  ar e a r e s u l ti n g  i n  an  ap p r o x i m a te
h e a t r e l e as e  r ate  p e r  u n i t ar e a  o f 5 0   B tu / ft2  ·  s  ( 5 6 8   kW/ m 2 ) .

Au to m ati c  s u p p r e s s i o n  s ys te m s  ar e  d e s i gn e d  to  l i m i t th e
m a s s  b u r n i n g r ate  o f a fre  a n d  wi l l ,  th e r e fo r e ,  l i m i t s m o ke

ge n e r a ti o n .  F i r e s  i n  s p r i n kl e r e d  s p a c e s  ad j ac e n t to  a tr i a an d
c o ve r e d  m al l  p e d e s tr i an  ar e a s  c a n  al s o  b e  e ffe c ti ve l y l i m i te d  to

r e d u c e  th e  e ffe c t o n  atr i u m  s p ac e s  o r  c o ve r e d  m a l l  p e d e s tr i an
a r e as  an d  th u s  i n c r e a s e  th e  vi a b i l i ty o f a  s m o ke  m an ag e m e n t

s ys te m .

T h e  l i ke l i h o o d  o f s p r i n kl e r  ac ti vati o n  i s  d e p e n d e n t o n  m an y
fac to r s ,  i n c l u d i n g  h e a t r e l e as e  r ate  o f th e  fre  an d  th e  c e i l i n g

h e i g h t.  T h u s ,  fo r  m o d e s t fre  s i z e s ,  s p r i n kl e r  o p e r a ti o n  i s  m o s t
l i ke l y to  o c c u r  i n  a r e as o n ab l e  ti m e  i n  s p ac e s  wi th  l o we r  c e i l i n g

h e i gh ts ,  s u c h  as  8  ft ( 2 . 4  m )  to  2 5  ft ( 7 . 6  m ) .  Ac ti vati o n  o f
s p r i n kl e r s  n e a r  a fre  c au s e s  s m o ke  to  c o o l ,  r e s u l ti n g i n
r e d u c e d  b u o yan c y.  T h i s  r e d u c e d  b u o ya n c y c an  c au s e  s m o ke  to

d e s c e n d  an d  vi s i b i l i ty to  b e  r e d u c e d .  E q u ati o n s  5 . 4 . 2 . 1 a o r
5 . 4 . 2 . 1 b  an d  5 . 4 . 2 . 2 a  o r  5 . 4 . 2 . 2 b  fo r  s m o ke  flling  an d  E q u a‐
ti o n s  5 . 5 . 1 . 1 a ,  5 . 5 . 1 . 1 b ,  5 . 5 . 1 . 1 c ,  5 . 5 . 3 . 2 a,  an d  5 . 5 . 3 . 2 b  fo r

s m o ke  p r o d u c ti o n  d o  n o t ap p l y i f a l o s s  o f b u o yan c y d u e  to
s p r i n kl e r  o p e r a ti o n  h a s  o c c u r 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

S p r i n kl e r  a c ti vati o n  i n  s p a c e s  ad j a c e n t to  a n  atr i u m  r e s u l ts  i n
c o o l i n g o f th e  s m o ke .  F o r  fres  wi th  a l o w h e a t r e l e a s e  r a te ,  th e
te m p e r a tu r e  o f th e  s m o ke  l e a vi n g th e  c o m p ar tm e n t i s  n e a r

a m b i e n t,  an d  th e  s m o ke  wi l l  b e  d i s p e r s e d  o ve r  th e  h e i g h t o f
th e  o p e n i n g .  F o r  fres  wi th  a h i g h  h e a t r e l e as e  r a te ,  th e  s m o ke
te m p e r a tu r e  wi l l  b e  a b o ve  a m b i e n t,  a n d  th e  s m o ke  e n te r i n g

th e  atr i u m  wi l l  b e  b u o yan t.

T h e  p e r fo r m an c e  o b j e c ti ve  o f a u to m a ti c  s p r i n kl e r s  i n s tal l e d
i n  a c c o r d an c e  wi th  N F PA 1 3  i s  to  p r o vi d e  fre  c o n tr o l ,  wh i c h  i s
defned  as  fo l l o ws :  L i m i ti n g th e  s i z e  o f a  fre  b y d i s tr i b u ti o n  o f
wate r  s o  as  to  d e c r e as e  th e  h e a t r e l e as e  r a te  an d  p r e -we t a d j a‐

c e n t c o m b u s ti b l e s ,  wh i l e  c o n tr o l l i n g  c e i l i n g ga s  te m p e r a tu r e s
to  avo i d  s tr u c tu r a l  d am ag e .  A l i m i te d  n u m b e r  o f i n ve s ti ga ti o n s
h a ve  b e e n  u n d e r take n  i n  wh i c h  fu l l -s c al e  fre  te s ts  we r e

c o n d u c te d  i n  wh i c h  th e  s p r i n kl e r  s ys te m  was  c h al l e n g e d  b u t
p r o vi d e d  th e  e x p e c te d  l e ve l  o f p e r fo r m a n c e .  T h e s e  i n ve s ti g a‐
ti o n s  i n d i c a te  th a t,  fo r  a fre  c o n tr o l  s i tu ati o n ,  th e  h e a t r e l e a s e

r ate  i s  l i m i te d  b u t s m o ke  c an  c o n ti n u e  to  b e  p r o d u c e d .
H o we ve r,  th e  te m p e r a tu r e  o f th e  s m o ke  i s  r e d u c e d .

F u l l -s c al e  s p r i n kl e r e d  fre  te s ts  we r e  c o n d u c te d  fo r  o p e n -
p l an  offce  s c e n a r i o s  ( L o u g h e e d  [ 2 3 ] ;  M ad r z yko ws ki  [ 2 9 ] ) .
T h e s e  te s ts  i n d i c ate  th at th e r e  i s  an  e x p o n e n ti a l  d e c ay i n  th e

h e at r e l e a s e  r ate  fo r  th e  s p r i n kl e r e d  fres  a fte r  th e  s p r i n kl e r s
ar e  a c ti vate d  an d  ac h i e ve  c o n tr o l .  T h e  r e s u l ts  o f th e s e  te s ts  a l s o
i n d i c ate  th at a d e s i gn  fre  wi th  a  s te ad y- s tate  h e at r e l e as e  r a te  o f

4 7 4  B tu / s e c  ( 5 0 0  kW)  p r o vi d e s  a c o n s e r vati ve  e s ti m ate  fo r  a
s p ri n kl e r e d  o p e n -p l an  offce.

L i m i te d  fu l l -s c a l e  te s t d ata a r e  avai l ab l e  fo r  u s e  i n  d e te r m i n ‐
i n g d e s i g n  fre  s i z e  fo r  o th e r  s p r i n kl e r e d  o c c u p an c i e s .  H a n s e l l

an d  M o r g an  [ 7 ]  p r o vi d e  c o n s e r vati ve  e s ti m ate s  fo r  th e  c o n ve c ‐
ti ve  h e a t r e l e a s e  r ate  b as e d  o n  U K fre  s tati s ti c s :  1  M W fo r  a

s p ri n kl e r e d  offce,  0 . 5 –1 . 0  M W fo r  a  s p r i n kl e r e d  h o te l
b e d r o o m ,  a n d  5  M W fo r  a s p r i n kl e r e d  r e tai l  o c c u p a n c y ( N o te :
1  M W =  9 5 0  B tu / s e c ) .  T h e s e  s te ad y- s tate  d e s i gn  fres  a s s u m e

th e  ar e a  i s  ftted  wi th  s ta n d ar d  r e s p o n s e  s p r i n kl e r s .

F u l l -s c al e  fre  te s ts  fo r  r e tai l  o c c u p an c i e s  we r e  c o n d u c te d  i n
Au s tr a l i a  ( B e n n e tts  e t al .  [ 1 ] ) .  T h e s e  te s ts  i n d i c a te d  th a t fo r

s o m e  c o m m o n  r e tai l  o u tl e ts  ( c l o th i n g an d  b o o k s to r e s )  th e  fre
i s  c o n tr o l l e d  an d  e ve n tu al l y e x ti n g u i s h e d  wi th  a  s i n g l e  s p r i n ‐

kl e r.  T h e s e  te s ts  al s o  i n d i c ate d  th a t th e  s p r i n kl e r s  m i g h t h ave
diffculty s u p p r e s s i n g  a  fre  i n  a s h o p  wi th  a  h i gh  fu e l  l o ad ,
s u c h  a s  a  to y s to r e .

F u l l -s c al e  fre  te s ts  we r e  c o n d u c te d  fo r  a  va r i e ty o f o c c u p an ‐
c i e s  ( r e tai l  s to r e s ,  c e l l u l ar  offces,  an d  l i b r ar i e s )  i n  th e  U n i te d

Ki n gd o m  ( H e s ke s tad  [ 1 1 ] ) .  F u l l -s c al e  fre  te s ts  we r e  c o n d u c te d
fo r c o m p ac t m o b i l e  s to r ag e  s ys te m s  u s e d  fo r  d o c u m e n t s to r ag e .

I n fo r m ati o n  o n  te s ts  c o n d u c te d  i n  1 9 7 9  o n  b e h al f o f th e
L i b r a r y o f C o n g r e s s  i s  p r o vi d e d  i n  An n e x  H  o f N F PA 9 0 9 .
S u b s e q u e n t fu l l -s c a l e  fre  te s ts  c o n d u c te d  fo r  th e  L i b r a r y o f

C o n gr e s s  Ar c h i ve s  I I  a n d  th e  N a ti o n al  L i b r ar y o f C an a d a
s h o we d  th at fres  i n  c o m p a c t m o b i l e  s to r ag e  s ys te m s  ar e  diff‐
cult to  e x ti n g u i s h  ( L o u g h e e d ,  M a wh i n n e y,  an d  O ’ N e i l l  [ 2 6 ] ) .

D u r i n g th e  i n i ti al  ac ti ve  p h a s e  o f th e  fre  wi th  th e  s p r i n kl e r s
o p e r ati n g ,  th e  s m o ke  l a ye r  r e m ai n s  stratifed  u n d e r  th e  c e i l i n g

( H e s ke s tad  [ 1 0 ] ) .  N e a r  th e  s p r i n kl e r s ,  s m o ke  i s  p u l l e d  i n to  th e
c o l d  l o we r  l aye r  b y th e  wate r  d r o p l e ts  an d  r e tu r n s  to  th e  s m o ke
l aye r  d u e  to  b u o ya n c y.  O n c e  th e  s p r i n kl e r s  ga i n  c o n tr o l  an d

b e gi n  to  s u p p r e s s  th e  fre,  th e  ga s  te m p e r a tu r e  i n  th e  s m o ke
l aye r  fa l l s  r ap i d l y an d  th e  s m o ke  i s  d i s p e r s e d  th r o u g h o u t th e
vo l u m e  a s  b u o yan c y d e c ays .

T h e  te m p e r atu r e  o f s m o ke  p r o d u c e d  i n  a  s p r i n kl e r e d  fre
d e p e n d s  o n  fa c to r s  s u c h  as  th e  h e a t r e l e as e  r a te  o f th e  fre,  th e

n u m b e r  o f s p r i n kl e r s  o p e r ati n g ,  an d  s p r i n kl e r  ap p l i c a ti o n
d e n s i ty.  F u l l -s c al e  fre  te s ts  wi th  th e  wate r  te m p e r a tu r e  a t 5 0 ° F

( 1 0 ° C )  i n d i c ate  th a t,  fo r  fo u r  o p e r ati n g  s p r i n kl e r s ,  th e  s m o ke
te m p e r a tu r e  i s  c o o l e d  to  n e ar  o r  b e l o w am b i e n t i f th e  h e at
r e l e as e  r ate  i s  < 1 9 0  B tu / s e c  ( < 2 0 0  kW)  at an  ap p l i c a ti o n

d e n s i ty o f 0 . 1  g p m / ft2  ( 4 . 1   L / m 2 )  a n d  < 4 7 4  B tu / s e c  ( < 5 0 0  kW)
a t an  ap p l i c a ti o n  d e n s i ty o f 0 . 2  gp m / ft2  ( 8 . 1 5  L / m 2 ) .  F o r

h i g h e r  h e a t r e l e as e  r ate s ,  th e  s m o ke  te m p e r atu r e  i s  ab o ve
am b i e n t a n d  i s  b u o yan t a s  i t l e ave s  th e  s p r i n kl e r e d  a r e a.

F o r  l o w h e at r e l e as e  r ate  s p r i n kl e r e d  fres,  th e  s m o ke  i s
m i x e d  o ve r  th e  h e i gh t o f th e  c o m p a r tm e n t.  T h e  s m o ke  fow

th r o u g h  l a r ge  o p e n i n gs  i n to  an  a tr i u m  h as  a c o n s ta n t te m p e r a‐
tu r e  wi th  h e i gh t.

Wi th  h i g h e r  h e at r e l e as e  r a te s ,  a h o t u p p e r  l a ye r  i s  fo r m e d .
T h e  te m p e r atu r e  o f th e  u p p e r  l a ye r  wi l l  b e  b e twe e n  th e  am b i ‐

e n t te m p e r atu r e  a n d  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.  I f th e  s m o ke  i s  h o tte r  th a n  th e  s p r i n kl e r  o p e r a ti n g
te m p e r a tu r e ,  fu r th e r  s p r i n kl e r s  wi l l  b e  a c ti vate d  a n d  th e  s m o ke

wi l l  b e  c o o l e d .  F o r  d e s i g n  p u r p o s e s ,  a s m o ke  te m p e r a tu r e
e q u i val e n t to  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 s  c an
b e  as s u m e d .

A. 5 . 2 . 4 . 4    F u l l -s c al e  fre  te s ts  fo r  o p e n -p l an  offces  ( L o u g h e e d
[ 2 3 ] ;  M ad r z yko ws ki  [ 2 9 ] )  h ave  s h o wn  th at,  o n c e  th e  s p r i n kl e r s

ga i n  c o n tr o l  o f th e  fre  b u t ar e  n o t i m m e d i ate l y ab l e  to  e x ti n ‐
g u i s h  i t d u e  to  th e  fu e l  confguration,  th e  h e a t r e l e a s e  r a te
d e c r e as e s  e x p o n e n ti a l l y as  fo l l o ws :

Q t Q eact

kt( ) = −

wh e r e :
Q(t) = h e a t r e l e as e  r ate  a t ti m e  t afte r s p r i n kl e r  ac ti vati o n

( B tu / s e c  o r  kW)
Qact = h e a t r e l e a s e  r a te  a t s p r i n kl e r  a c ti va ti o n  ( B tu / s e c  o r  kW)
k = d e c ay c o n s ta n t ( s e c -1 )
t = ti m e  afte r  s p r i n kl e r  ac ti vati o n  ( s e c )

E s ti m ate s  fo r  th e  d e c ay c o n s ta n t fo r  offce  o c c u p an c i e s
p r o te c te d  wi th  a d i s c h ar g e  d e n s i ty o f 0 . 1  gp m / ft2  ( 4 . 1  L / m 2 )
a r e  0 . 0 0 2 3  fo r  s i tu a ti o n s  wi th  l i g h t fu e l  l o a d s  i n  s h i e l d e d  ar e as
( M ad r z yko ws ki  [ 2 9 ] )  a n d  0 . 0 0 1 5 5  s e c -1  fo r  s i tu a ti o n s  wi th  h e avy
l o ad s  ( L o u g h e e d  [ 2 3 ] ) .

A. 5 . 2 . 5    T h e  e n ti r e  foor  ar e a c o ve r e d  o r  i n c l u d e d  b e twe e n
c o m m o d i ti e s  s h o u l d  b e  c o n s i d e r e d  i n  th e  c al c u l ati o n s .  F i g u r e

A. 5 . 2 . 5 ( a)  an d  F i gu r e  A. 5 . 2 . 5 ( b )  i l l u s trate  th e  c o n c e p ts  o f s e p a‐
r ati o n  d i s tan c e .

 
[ A. 5 . 2 . 4 . 4 ]

H e m i s p h e re

E l e m e n t  o r i e n t e d
n o r m a l  t o  RF l a m e

R

FI G U RE  A. 5 . 2 . 5 ( a)   S e p arati o n  D i s tan c e ,  R.
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A. 5 . 4 . 1    T h e  r e l ati o n s  a d d r e s s  th e  fo l l o wi n g  th r e e  s i tu ati o n s :

( 1 ) N o  s m o ke  e x h a u s t i s  o p e r ati n g  ( s e e  5 . 4 . 2 . 1  an d  5 . 4 . 2 . 2 ) .
( 2 ) T h e  m a s s  r a te  o f s m o ke  e x h au s t e q u al s  th e  m as s  r ate  o f

s m o ke  s u p p l i e d  fr o m  th e  p l u m e  to  th e  s m o ke  l a ye r.
( 3 ) T h e  m as s  r ate  o f s m o ke  e x h au s t i s  l e s s  th an  th e  r ate  o f

s m o ke  s u p p l i e d  fr o m  th e  p l u m e  to  th e  s m o ke  l a ye r.

T h e  h e i g h t o f th e  s m o ke  l aye r  i n te r fac e  c a n  b e  m ai n ta i n e d
at a c o n s tan t l e ve l  b y e x h au s ti n g th e  s a m e  m as s  fow r ate  fr o m
th e  l aye r  as  i s  s u p p l i e d  b y th e  p l u m e .  T h e  r ate  o f m a s s  s u p p l i e d
b y th e  p l u m e  d e p e n d s  o n  th e  confguration  o f th e  s m o ke
p l u m e .  T h r e e  s m o ke  p l u m e  confgurations  a r e  ad d r e s s e d  i n
th i s  s tan d a r d .

T h e  fo l l o wi n g  p r o vi d e s  a b a s i c  d e s c r i p ti o n  o f th e  p o s i ti o n  o f
s m o ke  l aye r  i n te r fa c e  wi th  s m o ke  e x h au s t o p e r ati n g :

( 1 ) Mass Rate of Smoke Exhaust Equal to Mass Rate of Smoke
Supplied.  Afte r  th e  s m o ke  e x h au s t s ys te m  h as  o p e r ate d  fo r

a suffcient p e r i o d  o f ti m e ,  an  e q u i l i b r i u m  p o s i ti o n  o f th e
s m o ke  l a ye r  i n te r fac e  i s  ac h i e ve d  i f th e  m a s s  r ate  o f
s m o ke  e x h au s t i s  e q u al  to  th e  m a s s  r ate  o f s m o ke

s u p p l i e d  b y th e  p l u m e  to  th e  b as e  o f th e  s m o ke  l aye r.
O n c e  a c h i e ve d ,  th i s  p o s i ti o n  s h o u l d  b e  m a i n tai n e d  a s

l o n g as  th e  m as s  r ate s  r e m a i n  e q u al .  S e e  S e c ti o n  5 . 5  fo r
th e  m a s s  r ate  o f s m o ke  s u p p l i e d  to  th e  b a s e  o f th e  s m o ke

l aye r  fo r  d i ffe r e n t p l u m e  confgurations.
( 2 ) Mass Rate of Smoke Exhaust Not Equal to Mass Rate of Smoke

Supplied.  Wi th  a g r e ate r  r a te  o f m as s  s u p p l y th an  e x h a u s t,
an  e q u i l i b r i u m  p o s i ti o n  o f th e  s m o ke  l a ye r  i n te r fac e  wi l l
n o t b e  a c h i e ve d .  T h e  s m o ke  l a ye r  i n te r fac e  c an  b e  e x p e c ‐
te d  to  d e s c e n d ,  b u t a t a s l o we r  r ate  th an  i f n o  e x h a u s t

we r e  p r o vi d e d  ( see 5. 4. 2) .  Ta b l e  A. 5 . 4 . 1  i n c l u d e s  i n fo r m a‐
ti o n  o n  th e  s m o ke  l a ye r  p o s i ti o n  as  a fu n c ti o n  o f ti m e  fo r

ax i s ym m e tr i c  p l u m e s  o f s te ad y fres,  g i ve n  th e  i n e q u a l i ty
o f th e  m a s s  r ate s .  F o r  o th e r  p l u m e  confgurations,  a

c o m p u te r  an a l ys i s  i s  r e q u i r e d .

A. 5 . 4 . 2 . 1    T h e  e q u a ti o n s  i n  5 . 4 . 2 . 1  ar e  fo r  u s e  wi th  th e  wo r s t-
c a s e  c o n d i ti o n ,  a  fre  away fr o m  an y wal l s .  T h e  e q u a ti o n s
p r o vi d e  a  c o n s e r vati ve  e s ti m a te  o f h a z a r d  b e c au s e  z r e l a te s  to
th e  h e i g h t wh e r e  th e r e  i s  a  frst i n d i c a ti o n  o f s m o ke ,  r a th e r
th an  th e  s m o ke  l aye r  i n te r fac e  p o s i ti o n .  C a l c u l ati o n  r e s u l ts
yi e l d i n g z/ H >  1 . 0  i n d i c ate  th a t th e  s m o ke  l aye r  h as  n o t ye t
b e g u n  to  d e s c e n d .

F u e l  

i t e m s

FI G U RE  A. 5 . 2 . 5 ( b )   Fue l  I te m s .

T h e  e q u ati o n s  ar e  b as e d  o n  l i m i te d  e x p e r i m e n tal  d ata
( C o o p e r  e t a l .  [ 4 ] ;  H a gg l u n d ,  J an s s o n ,  an d  N i r e u s  [ 6 ] ;  H e s ke s ‐

ta d  an d  D e l i c h ats i o s  [ 1 2 ] ;  M u l h o l l a n d  e t a l .  [ 3 8 ] ;  N o wl e r  [ 4 0 ] )
fr o m  i n ve s ti g ati o n s  u s i n g  th e  fo l l o wi n g:

( 1 ) U n i fo r m  c r o s s - s e c ti o n al  ar e as  wi th  r e s p e c t to  h e i g h t
( 2 ) A/ H2  r a ti o s  r an g i n g  fr o m  0 . 9  to  1 4

( 3 ) z/ H ≥  0 . 2

A. 5 . 4 . 2 . 2    S e e  An n e x  I  fo r  ad d i ti o n al  i n fo r m ati o n  o n  u n s te a d y
fres.

A. 5 . 5 . 1 . 1    T h e  m a s s  r ate  o f s m o ke  p r o d u c ti o n  i s  c al c u l a te d
b a s e d  o n  th e  r a te  o f e n tr ai n e d  ai r,  b e c a u s e  th e  m as s  r a te  o f
c o m b u s ti o n  p r o d u c ts  g e n e r ate d  fr o m  th e  fre  i s  g e n e r al l y m u c h
l e s s  th an  th e  r a te  o f a i r  e n tr ai n e d  i n  th e  p l u m e .

S e ve r al  e n tr a i n m e n t r e l ati o n s  fo r  a x i s ym m e tr i c  fre  p l u m e s
h ave  b e e n  p r o p o s e d .  T h o s e  r e c o m m e n d e d  h e r e  we r e  frst

d e r i ve d  i n  c o n j u n c ti o n  wi th  th e  1 9 8 2  e d i ti o n  o f N F PA 2 0 4 .  T h e
r e l ati o n s  we r e  l ate r  s l i gh tl y modifed  b y th e  i n c o r p o r a ti o n  o f a
vi r tu al  o r i gi n  an d  we r e  al s o  c o m p ar e d  a ga i n s t o th e r  e n tr ai n ‐

m e n t r e l ati o n s .  F o r  m o r e  i n fo r m ati o n  ab o u t fre  p l u m e s ,  s e e
H e s ke s tad  [ 9 ]  a n d  B e yl e r  [ 2 ] .

T h e  e n trai n m e n t r e l ati o n s  fo r  ax i s ym m e tr i c  fre  p l u m e s  i n
th i s  s tan d a rd  ar e  e s s e n ti al l y th o s e  p r e s e n te d  i n  th e  1 9 8 2  e d i ti o n
o f N F PA 2 0 4 .  E ffe c ts  o f vi r tu al  o r i gi n  ar e  i g n o r e d ,  b e c au s e  th e y

g e n e r al l y wo u l d  b e  s m al l  i n  th e  c u r r e n t ap p l i c ati o n .

T h e  b as e  o f th e  fre  h a s  to  b e  th e  l o we s t p o i n t o f th e  fu e l
ar r ay.  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 a ti 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  a r e  b e l o w th e  s m o ke  l a ye r  i n te r fa c e  o r
r e ac h  i n to  th e  s m o ke  l aye r ) .

T h e  r a te  o f m a s s  s u p p l i e d  b y th e  p l u m e  to  th e  s m o ke  l a ye r  i s
o b tai n e d  fro m  E q u ati o n  5 . 5 . 1 . 1 c  fo r  c l e ar  h e i g h ts  l e s s  th an  th e
fame  h e i g h t ( s e e  E q u ati o n  5 . 5 . 1 . 1 a an d  o th e r wi s e  fr o m  E q u a‐

ti o n  5 . 5 . 1 . 1 b ) .  T h e  c l e a r  h e i gh t i s  s e l e c te d  a s  th e  d e s i gn  h e i g h t
o f th e  s m o ke  l a ye r  i n te r fac e  ab o ve  th e  fre  s o u r c e .

Tab l e   A. 5 . 4 . 1  I n c re as e  i n  T i m e  fo r S m o ke  L aye r I n te r fac e  to
Re ac h  S e l e c te d  P o s i ti o n  fo r Ax i s ym m e tri c  P l u m e s

  t/t0

z / H m/me = 0 . 2 5 0 . 3 5 0 . 5 0 . 7 0 . 8 5 0 . 9 5

0 . 2 1 . 1 2 1 . 1 9 1 . 3 1 . 5 5 1 . 8 9 2 . 4 9
0 . 3 1 . 1 4 1 . 2 1 1 . 3 5 1 . 6 3 2 . 0 5 2 . 7 8
0 . 4 1 . 1 6 1 . 2 4 1 . 4 1 . 7 2 2 . 2 4 3 . 1 5
0 . 5 1 . 1 7 1 . 2 8 1 . 4 5 1 . 8 4 2 . 4 8 3 . 5 7
0 . 6 1 . 2 0 1 . 3 2 1 . 5 2 2 . 0 0 2 . 7 8 4 . 1 1
0 . 7 1 . 2 3 1 . 3 6 1 . 6 1 2 . 2 0 3 . 1 7 4 . 9 8
0 . 8 1 . 2 6 1 . 4 1 1 . 7 1 2 . 4 6 3 . 7 1 6 . 2 5

wh e r e :
t =  ti m e  fo r  s m o ke  l a ye r  i n te r fa c e  to  d e s c e n d  to  z

t0  =  va l u e  o f t i n  a b s e n c e  o f s m o k e  e x h a u s t (see Equation 5. 4. 2. 1 a or

5. 4. 2. 1 b)

z =  d e s i g n  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  b a s e  o f th e  fre
H =  c e i l i n g  h e i g h t a b o ve  fre  s o u r c e
m =  m a s s  fow r a te  o f s m o ke  e x h a u s t ( m i n u s  a n y m a s s  fow r a te  i n to
s m o ke  l a ye r  fr o m  s o u r c e s  o th e r  th a n  th e  p l u m e )
me =  va l u e  o f m r e q u i r e d  to  m a i n tai n  s m o ke  l a ye r  i n te r fa c e  indefnitely

a t z (see Equation 5. 5. 1 . 1 b)
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I t s h o u l d  b e  n o te d  th at E q u a ti o n s  5 . 5 . 1 . 1 b  an d  5 . 5 . 1 . 1 c  d o
n o t e x p l i c i tl y ad d r e s s  th e  typ e s  o f m a te r i al s  i n vo l ve d  i n  th e  fre,
o th e r  th an  th r o u gh  th e  r ate  o f h e at r e l e as e .  T h i s  i s  d u e  to  th e

m as s  r ate  o f a i r  e n tr a i n e d  b e i n g m u c h  g r e ate r  th an  th e  m a s s
r ate  o f c o m b u s ti o n  p r o d u c ts  ge n e r a te d  an d  to  th e  am o u n t o f
ai r e n tr ai n e d  o n l y b e i n g a fu n c ti o n  o f th e  s tr e n gth  ( i . e . ,  r a te  o f

h e at r e l e as e  o f th e  fre) .

F i r e s  c an  b e  l o c a te d  n e ar  th e  e d g e  o r  a  c o r n e r  o f th e  o p e n
s p ac e .  I n  th i s  c as e ,  e n tr ai n m e n t m i g h t n o t b e  fr o m  al l  s i d e s  o f

th e  p l u m e ,  r e s u l ti n g  i n  a l e s s e r  s m o ke  p r o d u c ti o n  r a te  th an
wh e r e  e n tr a i n m e n t c an  o c c u r  fr o m  al l  s i d e s .  T h u s ,  c o n s e r va ti ve

d e s i g n  c al c u l a ti o n s  s h o u l d  b e  c o n d u c te d  b as e d  o n  th e  as s u m p ‐
ti o n  th at e n tr ai n m e n t o c c u r s  fr o m  a l l  s i d e s .

P h ys i c a l  m o d e l  te s ts  ( L o u g h e e d  [ 2 4 ] ;  L o u gh e e d  [ 2 5 ] )  wi th
s te ad y- s tate  fres  h ave  s h o wn  th a t E q u a ti o n  5 . 5 . 1 . 1 b  p r o vi d e s  a
go o d  e s ti m ate  o f th e  p l u m e  m a s s  fow r a te  fo r  a n  atr i u m  s m o ke

m an ag e m e n t s ys te m  o p e r a ti n g u n d e r  e q u i l i b r i u m  c o n d i ti o n s
(see 5. 5. 1 . 1 ).  T h e  r e s u l ts  al s o  s h o we d  th at th e  s m o ke  l aye r  wa s
we l l  m i x e d .  T h e  a ve r a ge  te m p e r atu r e  i n  th e  s m o ke  l aye r  c an  b e

a p p r o x i m a te d  u s i n g th e  ad i a b a ti c  e s ti m ate  fo r  th e  p l u m e
te m p e r a tu r e  at th e  h e i g h t o f th e  s m o ke  l a ye r  i n te r fa c e  ( s e e
E q u a ti o n  5 . 5 . 5 ) .

At e q u i l i b r i u m ,  th e  h e i g h t z i n  E q u ati o n  5 . 5 . 1 . 1 b  i s  th e  l o c a‐
ti o n  o f th e  s m o ke  l a ye r  i n te r fac e  ab o ve  th e  b a s e  o f fu e l  ( s e e

F i gu r e  A. 3 . 3 . 1 3 . 1 ) .  F o r  a n  effcient s m o ke  m an a ge m e n t s ys te m ,
th e  d e p th  o f th e  tr a n s i ti o n  z o n e  i s  a p p r o x i m a te l y 1 0  p e r c e n t o f

th e  a tr i u m  h e i g h t.  I n  th e  tr an s i ti o n  z o n e ,  th e  te m p e r a tu r e  an d
o th e r  s m o ke  p ar a m e te r s  d e c r e as e  l i n e ar l y wi th  h e i g h t b e twe e n
th e  s m o ke  l aye r  i n te r fac e  h e i gh t an d  th e  l o we r  e d ge  o f th e

tr an s i ti o n  z o n e .

P l u m e  c o n ta c t wi th  th e  wal l s  c a n  b e  o f c o n c e r n  fo r  c a s e s
wh e r e  th e  p l u m e  d i a m e te r  i n c r e as e s  (see 5. 5. 4) to  c o n ta c t m u l ti ‐

p l e  wal l s  o f th e  atr i u m  b e l o w th e  i n te n d e d  d e s i gn  s m o ke  l a ye r
i n te r fac e .  T h e  e ffe c ti ve  s m o ke  l aye r  i n te r fac e  wi l l  o c c u r  at o r
b e l o w th e  h e i gh t wh e r e  th e  p l u m e  i s  i n  c o n tac t wi th  al l  th e

wal l s .

I n  s i tu ati o n s  wh e r e  th e  fame  h e i g h t a s  c a l c u l ate d  fr o m
E q u a ti o n  5 . 5 . 1 . 1 a  i s  gr e a te r  th an  5 0  p e r c e n t o f th e  c e i l i n g

h e i gh t o r  i n  a c o n d i ti o n  o f d i s p e r s e d  fu e l  p ac kag e s  (see 5. 2. 5)
th at c an  b e  b u r n i n g  s i m u l ta n e o u s l y,  th e  a p p l i c ati o n  o f th e

vi r tu al  o r i g i n  c o n c e p t c a n  m a ke  a d i ffe r e n c e  i n  th e  m a s s  fow
c a l c u l ati o n .  E q u ati o n s  th a t i n c l u d e  th e  vi r tu al  o r i gi n  an d
r e vi s e d  fame  h e i gh t c al c u l ati o n  c an  b e  fo u n d  i n  N F PA 2 0 4 ,

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

A. 5 . 5 . 2    An  al te r n ati ve  m e th o d  o f s p i l l  p l u m e  c al c u l ati o n  h a s
b e e n  d e ve l o p e d  b y H ar r i s o n  an d  S p e ar p o i n t as  p ar t o f a  P h D

th e s i s  at th e  U n i ve r s i ty o f C a n te r b u r y,  N e w Z e al an d  [ 8 6 –9 0 ] .

A. 5 . 5 . 2 . 1    E q u ati o n s  5 . 5 . 2 . 1 a an d  5 . 5 . 2 . 1 b  a r e  b a s e d  o n  L a w’ s
i n te r p r e ta ti o n  [ 2 2 ]  o f s m a l l -s c a l e  e x p e r i m e n ts  b y M o r ga n  an d
M ar s h al l  [ 3 5 ] .  S c e n ar i o s  wi th  b al c o n y s p i l l  p l u m e s  i n vo l ve

s m o ke  r i s i n g  ab o ve  a fre,  r e ac h i n g  a c e i l i n g,  b al c o n y,  o r  o th e r
signifcant h o r i z o n tal  p r o j e c ti o n ,  th e n  tr ave l i n g h o r i z o n tal l y
to war d  th e  e d g e  o f th e  “ b al c o n y. ”  C h ar ac te r i s ti c s  o f th e  r e s u l t‐

i n g b a l c o n y s p i l l  p l u m e  d e p e n d  o n  c h a r ac te r i s ti c s  o f th e  fre,
wi d th  o f th e  s p i l l  p l u m e ,  an d  h e i g h t o f th e  c e i l i n g a b o ve  th e
fre.  I n  ad d i ti o n ,  th e  p ath  o f h o r i z o n ta l  tr ave l  fr o m  th e  p l u m e

c e n te r l i n e  to  th e  b al c o n y e d g e  i s  signifcant.

Ag r e e m e n t o f th e  p r e d i c ti o n s  fr o m  E q u ati o n s  5 . 5 . 2 . 1 a an d
5 . 5 . 2 . 1 b  wi th  th o s e  fr o m  s m al l -s c al e  e x p e r i m e n tal  e ffo r ts  i s
p r e s e n te d  i n  F i gu r e  A. 5 . 5 . 2 . 1 .  Wh e r e as  th e  ag r e e m e n t i s  q u i te

go o d ,  th e  r e s u l ts  ar e  fr o m  o n l y two  s m al l -s c al e  e x p e r i m e n tal
p r o gr a m s .

T h e  r e s u l ts  o f fu l l -s c a l e  te s ts  c o n d u c te d  a s  p ar t o f a  j o i n t
r e s e a r c h  p r o j e c t i n vo l vi n g AS H RAE  an d  th e  N ati o n al  Re s e a r c h
C o u n c i l  ( L o u gh e e d  [ 2 7 ] ;  L o u g h e e d  [ 2 8 ] )  i n d i c ate  th a t th e

b a l c o n y s p i l l  p l u m e  e q u a ti o n  d e ve l o p e d  b y L aw p r o vi d e s  a
r e as o n ab l e  b u t c o n s e r vati ve  e s ti m a te  fo r  s m o ke  l aye r  i n te r fa c e
h e i g h ts  u p  to  5 0   ft ( 1 5   m ) .

T h e  fu l l -s c a l e  te s ts  as  we l l  a s  r e s e ar c h  c o n d u c te d  a t B u i l d i n g
Re s e ar c h  E s tab l i s h m e n t ( B RE )  u s i n g  s c al e  p h ys i c al  m o d e l s

( M a r s h a l l  an d  H ar r i s o n  [ 3 0 ] )  i n d i c ate  th at h i g h e r  s m o ke
p r o d u c ti o n  r ate s  th an  p r e d i c te d  b y s p i l l  p l u m e  e q u a ti o n s  c an
b e  p r o d u c e d  i n  a  s m al l  atr i u m  o f 3 2 . 8   ft x  3 2 . 8   ft x  6 2 . 3   ft ( 1 0   m
×  1 0  m  ×  1 9  m )  i n  h e i gh t.  T h e  a d d i ti o n al  s m o ke  p r o d u c ti o n

h as  b e e n  attr i b u te d  to  th e  r e c i r c u l a ti o n  o f th e  c e i l i n g  j e t
p r o d u c e d  b y th e  s p i l l  p l u m e  i n  th e  atr i u m  s p a c e  r e s u l ti n g  i n
a d d i ti o n al  a i r  e n tr a i n m e n t.  T h i s  a d d i ti o n al  s m o ke  p r o d u c ti o n

i s  m o r e  l i ke l y to  o c c u r  fo r  s c e n a r i o s  wi th  n a r r o w o p e n i n g s
[ 2 4 . 6  ft ( 7 . 5  m ) ]  a n d  wi th  d r aft c u r tai n s .  F o r  a  s m al l  a tr i u m ,  i t
i s  r e c o m m e n d e d  th at th e  fnal  d e s i g n  b e  s u p p o r te d  b y a m o d e l ‐

i n g  s tu d y.

A. 5 . 5 . 2 . 4    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 ,  a n d  gyp s u m  b o ar d

o r  a n y m a te r i al s  th at m e e t th e  p e r fo r m a n c e  c r i te r i a i n
S e c ti o n  7 . 2 ,  N F PA  2 0 4 .

T h e r e  i s  a n  I S O  s tan d ar d  fo r  d r aft c u r ta i n s  I S O  2 1 9 2 7 -1 ,
Smoke and heat control systems — Specifcation for smoke barriers.

T h e  I S O  s ta n d ar d  i s  te c h n i c a l l y e q u i val e n t to  th e  E u r o p e an
( E N )  s tan d ar d  fo r  th e s e  p r o d u c ts ,  E N  1 2 1 0 1 -1 ,  Specifcation for

smoke barriers.  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 an  U n i o n ,  ar 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  a p p o i n te d  b y n ati o n al  g o ve r n m e n ts .

A. 5 . 5 . 2 . 7    Vi s u al  o b s e r va ti o n s  o f th e  wi d th  o f th e  b al c o n y s p i l l
p l u m e  at th e  b al c o n y e d ge  we r e  m ad e  i n  a s e t o f s m al l -s c al e

e x p e r i m e n ts  b y M o r g an  an d  M ar s h a l l  [ 3 5 ]  an d  a n al yz e d  b y L aw
[ 2 2 ] .  I n  th o s e  e x p e r i m e n ts ,  th e  fre  wa s  i n  a c o m m u n i c a ti n g

s p ac e  i m m e d i ate l y a d j ac e n t to  th e  atr i u m .  An  e q u i val e n t wi d th
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Δ FI G U RE  A. 5 . 5 . 2 . 1   Agre e m e n t B e twe e n  P re d i c ti o n s  an d
E x p e ri m e n tal  Val u e s  ( M o rgan  an d  M ars h al l  [ 3 5 ] ;  N e wm an
[ 3 7 ] ) .
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c a n  b e  defned  b y e q u ati n g  th e  e n tr ai n m e n t fr o m  an  u n c o n ‐
fned  b al c o n y s p i l l  p l u m e  to  th at fr o m  a confned  b al c o n y s p i l l
p l u m e .

T h e  r e s u l ts  o f fu l l -s c a l e  te s ts  c o n d u c te d  a s  p ar t o f a  j o i n t
r e s e a r c h  p r o j e c t i n vo l vi n g AS H RAE  an d  th e  N ati o n al  Re s e a r c h
C o u n c i l  ( L o u g h e e d  [ 2 7 ] ;  L o u g h e e d  [ 2 8 ] )  i n d i c ate  th at th e
e q u ati o n  fo r  th e  wi d th  o f th e  unconfned  s p i l l  p l u m e  i s  val i d
fo r  s p i l l  p l u m e s  fr o m  c o m p a r tm e n ts  wi th  o p e n i n g  wi d th s  o f
1 6   ft ( 5   m )  to  4 6   ft ( 1 4   m ) .

A. 5 . 5 . 2 . 8    E q u ati o n s  5 . 5 . 2 . 8 a an d  5 . 5 . 2 . 8 b  a r e  b as e d  o n  a  p ar a‐
m e tr i c  s tu d y u s i n g C F D  m o d e l  s i m u l ati o n s  ( L o u g h e e d  [ 2 8 ] ;
M c C ar tn e y,  L o u g h e e d ,  an d  We c km an  [ 3 1 ] )  to  d e te r m i n e  th e
b e s t ft fo r  th e  p ar am e te r s  to  d e te r m i n e  s m o ke  p r o d u c ti o n
ra te s  i n  a h i gh  atr i u m .  T h e  vi r tu al  o r i g i n  te r m  fo r  th e  e q u a ti o n
was  d e te r m i n e d  s u c h  th at E q u ati o n  5 . 5 . 2 . 8 a  o r  5 . 5 . 2 . 8 b
p r o vi d e s  th e  s a m e  e s ti m ate  fo r  th e  m as s  fow r ate  fo r  a  s m o ke
l aye r  i n te r fac e  h e i gh t at 5 0  ft ( 1 5  m )  as  E q u a ti o n  5 . 5 . 2 . 1 a  o r
5 . 5 . 2 . 1 b .  F o r  n ar r o w s p i l l  p l u m e s ,  th e  i n i ti a l l y r e c ta n gu l ar
p l u m e  wi l l  e vo l ve  to  an  a x i s ym m e tr i c  p l u m e  as  i t r i s e s ,  r e s u l ti n g
i n  a h i g h e r  s m o ke  p r o d u c ti o n  r ate  th a n  th at p r e d i c te d  b y E q u a‐
ti o n  5 . 5 . 2 . 9 a  o r  5 . 5 . 2 . 9 b .  I t i s  r e c o m m e n d e d  th at th e  fnal
d e s i g n  b e  s u p p o r te d  b y a C F D  m o d e l i n g  s tu d y.

A. 5 . 5 . 2 . 9    E q u a ti o n s  5 . 5 . 2 . 9 a  an d  5 . 5 . 2 . 9 b  ar e  s i m i l ar  to  th e
al g e b r ai c  e q u ati o n  u s e d  to  d e te r m i n e  s m o ke  p r o d u c ti o n  b y a
l i n e  p l u m e  o r i g i n a ti n g i n  th e  l a r ge - vo l u m e  s p ac e  ( C I B S E  [ 3 ] ) .
T h e  e q u ati o n s  ar e  al s o  c o m p a r ab l e  to  th e  a l g e b r a i c  e q u a ti o n s
d e te r m i n e d  fo r  a s p i l l  p l u m e  b a s e d  o n  a n  infnite  l i n e  p l u m e
ap p r o x i m a ti o n  ( M o r ga n  e t al .  [ 3 4 ] ) .  T h e  vi r tu al  o r i g i n  te r m
fo r  th e  e q u ati o n s  was  d e te r m i n e d  s u c h  th a t E q u ati o n  5 . 5 . 2 . 9 a
o r  5 . 5 . 2 . 9 b  p r o vi d e s  th e  s am e  e s ti m a te  fo r  th e  m as s  fow r a te
fo r  a s m o ke  l aye r  i n te r fac e  h e i gh t at 5 0  ft ( 1 5  m )  a s  E q u a ti o n
5 . 5 . 2 . 1 a  o r  5 . 5 . 2 . 1 b .  I t i s  r e c o m m e n d e d  th a t th e  fnal  d e s i gn  b e
s u p p o r te d  b y a  C F D  m o d e l i n g s tu d y.

A. 5 . 5 . 2 . 1 0    F o r  h i g h  s m o ke  l a ye r  i n te r fac e  h e i g h ts ,  a fre  i n  an
atr i u m  c an  r e s u l t i n  a h i g h e r  s m o ke  p r o d u c ti o n  r a te  th an  a
b a l c o n y s p i l l  p l u m e .

F i g u r e  A. 5 . 5 . 2 . 1 0  c o m p ar e s  th e  m a s s  fow r ate s  i n  th e  s p i l l
p l u m e  e s ti m a te d  u s i n g  F i gu r e  E q u a ti o n  6 1  ( E q u ati o n  5 . 5 . 2 . 1 a
o r  5 . 5 . 2 . 1 b ) ,  F i g u r e  E q u a ti o n  6 3  ( E q u a ti o n  5 . 5 . 2 . 9 a  o r
5 . 5 . 2 . 9 b ) ,  an d  F i g u r e  E q u a ti o n  6 4  ( E q u a ti o n  5 . 5 . 2 . 8 a  o r

5 . 5 . 2 . 8 b )  fo r  a d e s i g n  fre  wi th  a c o n ve c ti ve  h e a t r e l e as e  r ate  o f
9 5 0  B tu / s e c  ( 1 0 0 0  kW)  an d  a  b al c o n y h e i g h t o f 1 6  ft ( 5  m )  an d
s p i l l  wi d th s  o f 1 6  ft ( 5  m )  an d  3 3  ft ( 1 0  m ) .  T h e  e s ti m a te d  m as s
fow r ate s  ar e  th e  s am e  at th e  5 0  ft ( 1 5  m )  h e i g h t a b o ve  th e

b a l c o n y.  Al s o ,  F i gu r e  E q u ati o n s  6 3  an d  6 4  p r o vi d e  c o m p ar ab l e
r e s u l ts  fo r  th e  c as e  wi th  th e  3 3   ft ( 1 0   m )  s p i l l  wi d th .

A. 5 . 5 . 3    Wi n d o w p l u m e s  ar e  n o t e x p e c te d  fo r  s p r i n kl e r-
c o n tr o l l e d  fres.

A. 5 . 5 . 3 . 1    E q u ati o n  5 . 5 . 3 . 1 a o r  5 . 5 . 3 . 1 b  i s  ap p r o p r i a te  wh e n
th e  h e at r e l e a s e  r a te  i s  l i m i te d  b y th e  a i r  s u p p l y to  th e  c o m p a r t‐

m e n t,  th e  fu e l  g e n e r ati o n  i s  l i m i te d  b y th e  ai r  s u p p l y,  an d
e x c e s s  fu e l  b u r n s  o u ts i d e  th e  c o m p ar tm e n t u s i n g  ai r  e n tr a i n e d
o u ts i d e  th e  c o m p ar tm e n t.  T h e  m e th o d s  i n  5 . 5 . 3 . 1  ar e  a l s o  val i d

o n l y fo r  c o m p ar tm e n ts  h avi n g  a s i n g l e  ve n ti l ati o n  o p e n i n g.

E q u a ti o n s  5 . 5 . 3 . 1 a a n d  5 . 5 . 3 . 1 b  ar e  fo r  a ve n ti l ati o n -
c o n tr o l l e d  fre  wh e r e  th e  h e at r e l e a s e  r a te  c an  b e  r e l a te d  to  th e

c h a r ac te r i s ti c s  o f th e  ve n ti l a ti o n  o p e n i n g.  T h e s e  e q u ati o n s  ar e
b a s e d  o n  e x p e r i m e n tal  d ata fo r  wo o d  an d  p o l yu r e th an e  b y

M o d ak an d  Al p e r t [ 3 2 ]  an d  Kh a n  [ 5 2 ] .

A. 5 . 5 . 3 . 2    T h e  ai r  e n tr ai n e d  i n to  th e  wi n d o w p l u m e  c a n  b e
d e te r m i n e d  b y an al o gy wi th  th e  a x i s ym m e tr i c  p l u m e .  T h i s  i s
a c c o m p l i s h e d  b y d e te r m i n i n g  th e  e n tr a i n m e n t r a te  at th e  ti p  o f

th e  fames  i s s u i n g fr o m  th e  wi n d o w an d  d e te r m i n i n g  th e
h e i gh t i n  an  a x i s ym m e tr i c  p l u m e  th a t wo u l d  yi e l d  th e  s a m e
a m o u n t o f e n tr a i n m e n t.  T h e  m as s  e n tr ai n m e n t fo r  wi n d o w

p l u m e s  i s  g i ve n  as  fo l l o ws :

m Q z a Qc w c= +( )



 +0 022 0 0042

1 3 5 3
. .

/ /

m Q zw a Qc c= +( )



 +0 071 0 0018

1 3 5 3

. .

S u b s ti tu ti n g  E q u a ti o n  5 . 5 . 3 . 1 a  o r  5 . 5 . 3 . 1 b  i n to  th i s  m as s  fow
r a te  an d  u s i n g  Qc =  0 . 7j r e s u l ts  i n  E q u a ti o n  A. 5 . 5 . 3 . 2 a o r
A. 5 . 5 . 3 . 2 b .

 
[ A. 5 . 5 . 3 . 2 a]

 
[ A. 5 . 5 . 3 . 2 b ]
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E q u a t i o n  6 1  W  =  5  m

E q u a t i o n  6 4  W  =  5  m

E q u a t i o n  6 3  W  =  5  m

E q u a t i o n  6 1  W  =  1 0  m

E q u a t i o n  6 4  W  =  1 0  m

E q u a t i o n  6 3  W  =  1 0  m

Δ FI G U RE  A. 5 . 5 . 2 . 1 0   E s ti m ate d  M as s  Fl o w Rate s .
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T h e  vi r tu al  s o u r c e  h e i gh t i s  d e te r m i n e d  as  th e  h e i gh t o f a
fre  s o u r c e  i n  th e  o p e n  th a t gi ve s  th e  s am e  e n tr ai n m e n ts  a s  th e
wi n d o w p l u m e  at th e  wi n d o w p l u m e  fame  ti p .  F u r th e r  e n tr ai n ‐

m e n t ab o ve  th e  fame  ti p  i s  as s u m e d  to  b e  th e  s am e  a s  fo r  a  fre
i n  th e  o p e n .  Al th o u g h  th i s  d e ve l o p m e n t i s  a  r e a s o n a b l y fo r m u ‐
l ate d  m o d e l  fo r  wi n d o w p l u m e  e n tr a i n m e n t,  n o  d a ta  ar e  avai l a‐

b l e  to  va l i d ate  i ts  u s e .  As  s u c h ,  th e  ac c u r ac y o f th e  m o d e l  i s
u n kn o wn .

A.5.5.4    As  a p l u m e  r i s e s ,  i t e n tr a i n s  ai r  an d  wi d e n s .  T h e
r e q u i r e d  val u e s  o f Kd wi l l  r e s u l t i n  c o n s e r va ti ve  c al c u l a ti o n s .

A.5.5.5    T h e  m a s s  fow r ate  o f th e  p l u m e  c an  b e  c al c u l a te d
fr o m  E q u ati o n  5 . 5 . 1 . 1 b ,  5 . 5 . 1 . 1 c ,  5 . 5 . 1 . 1 . e ,  5 . 5 . 1 . 1 . f,  5 . 5 . 2 . 1 a ,
5 . 5 . 2 . 1 b ,  5 . 5 . 3 . 2 a ,  o r  5 . 5 . 3 . 2 b ,  wh i c h  we r e  d e ve l o p e d  fo r

s tr o n gl y b u o yan t p l u m e s ;  fo r  s m al l  te m p e r atu r e  d i ffe r e n c e s
b e twe e n  th e  p l u m e  an d  a m b i e n t,  e r r o r s  d u e  to  l o w b u o yan c y
c o u l d  b e  signifcant.  T h i s  to p i c  n e e d s  fu r th e r  s tu d y;  i n  th e

ab s e n c e  o f b e tte r  d a ta ,  i t i s  r e c o m m e n d e d  th a t th e  p l u m e  e q u a‐
ti o n s  n o t b e  u s e d  wh e n  th i s  te m p e r atu r e  d i ffe r e n c e  i s  s m a l l
[ < 4 ° F  ( < 2 . 2 ° C ) ] .

T h e  te m p e r atu r e  fr o m  E q u a ti o n  5 . 5 . 5  i s  a  m a s s  fow ave r ag e ,
b u t th e  te m p e r a tu r e  var i e s  o ve r  th e  p l u m e  c r o s s  s e c ti o n .  T h e
p l u m e  te m p e r atu r e  i s  gr e a te s t a t th e  c e n te r l i n e  o f th e  p l u m e ;

th e  c e n te r l i n e  te m p e r a tu r e  i s  o f i n te r e s t wh e n  atr i a ar e  te s te d
b y r e al  fres.

T h e  p l u m e ’ s  c e n te r l i n e  te m p e r atu r e  s h o u l d  n o t b e  c o n fu s e d
wi th  th e  a ve r a ge  p l u m e  te m p e r atu r e .  T h e  c e n te r l i n e  te m p e r a‐

tu r e  o f an  ax i s ym m e tr i c  p l u m e  s h o u l d  b e  d e te r m i n e d  u s i n g
E q u a ti o n  A. 5 . 5 . 5 a  a s  fo l l o ws :

F o r  U S  u n i ts ,

T T
T

gC

Q

z
cp o

o

p o

= +








9 1

2 2

1 3
2 3

5 3
.

/
/

/ρ

wh e r e :
Tcp = a b s o l u te  c e n te r l i n e  p l u m e  te m p e r atu r e  o f a n  ax i s ym m e t‐

r i c  p l u m e  a t e l e vati o n  z ( R)
To = a b s o l u te  a m b i e n t te m p e r atu r e  ( R)
g = a c c e l e r ati o n  o f g r avi ty ( 3 2 . 2   ft/ s e c 2 )
Cp = specifc  h e a t o f a i r  ( 0 . 2 4   B tu / l b - R)
ρo = d e n s i ty o f a m b i e n t ai r  ( l b / ft3 )
Q = c o n ve c ti ve  h e at r e l e as e  r ate  o f th e  fre  ( B tu / s e c )
z = h e i gh t ab o ve  b as e  o f fu e l  ( ft)

F o r  S I  u n i ts ,

Tcp =  a b s o l u te  c e n te r l i n e  p l u m e  te m p e r atu r e  o f an  ax i s ym ‐
m e tr i c  p l u m e  at e l e va ti o n  z ( 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)

g =  ac c e l e r a ti o n  o f g r avi ty ( 9 . 8 1   m / s e c 2 )

Cp =  specifc  h e a t o f a i r  ( 1 . 0  kJ / kg-K)

ρo =  d e n s i ty o f a m b i e n t a i r  ( kg/ m 3 )

Q =  c o n ve c ti ve  h e at r e l e a s e  r a te  o f th e  fre  ( kW)

z =  h e i gh t ab o ve  b as e  o f fu e l  ( m )
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B as e d  o n  th e  frst l aw o f th e r m o d yn am i c s ,  th e  a ve r a ge
te m p e r a tu r e  o f th e  p l u m e  ab o ve  th e  fame  s h o u l d  b e  d e te r ‐

m i n e d  u s i n g E q u ati o n  A. 5 . 5 . 5 b ,  a s  fo l l o ws :

T T
Q

mC
p o

c

p

− +

wh e r e :
Tp = ave r ag e  p l u m e  te m p e r atu r e  a t e l e vati o n  z ( ° F  o r  ° C )
To = am b i e n t te m p e r a tu r e  ( ° F  o r  ° C )
Qc = c o n ve c ti ve  p o r ti o n  o f h e at r e l e a s e  ( B tu / s e c  o r  kW)
m = m a s s  fow r ate  o f th e  p l u m e  at e l e vati o n  z ( l b / s e c  o r  kg/

s e c )
Cp = specifc  h e at o f p l u m e  g as e s  ( 0 . 2 4   B tu / l b -° F  o r  1 . 0  kJ / kg-

° C )

A.5.6    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 take 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
an 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  a l 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 take  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 ar ti c u l ar 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  gr e a te r  th an  th e  h e i gh t,  s u c h  a s  s h o p p i n g  m a l l s .
( 2 ) T h e  e x h au 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 gh  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 g h 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  fa n  i n l e ts  i s  to  e s tab 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  5 . 6 . 3 a o r  5 . 6 . 3 b .

A.5.6.3    T h e  p l u gh o l i n g e q u a ti o n s  i n  th i s  p a r ag r ap h  a r e  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  [ 4 6 ] .  T h e s e  e q u ati o n s  ar e  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  e t al .  [ 3 9 ] .

A.5.6.4    T h e  γ  fa c to r  o f 1 . 0  a p 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.5.6.5    T h e  γ  fac to r  o f 0 . 5  i s  b as e d  o n  p o te n ti al  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 ad j a c e n t to  a wa l l .  Wh i l e  γ  s h o u l d  var 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 ac e n t to  a wa l 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 tai l  i n  th e  r e q u i r e m e n ts  o f th e  s tan d ar d .

A.5.6.6    T h e  γ  fac to r  o f 0 . 5  i s  u s e d  fo r  a l l  wal l  ve n ts .  B e c au s e
n o  d ata 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.5.6.7    N o i s e  d u e  to  e x h au s t fa n  o p e r ati o n  o r  to  ve l o c i ty at
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  al a r m

s i gn a l  to  b e  h e ar d .

A.5.7    F o r  s m o ke  m an a ge m e n t p u r p o s e s ,  th e  d e n s i ty o f s m o ke
c a n  b e  c o n s i d e r e d  th e  s am e  as  th e  d e n s i ty o f a i r.  E q u ati o n s  5 . 8 a

an d  5 . 8 b  ap p l y to  b o th  s m o ke  an d  ai r.  D e s i gn e r s  s h o u l d  u s e  th e
atm o s p h e r i c  p r e s s u r e  fo r  a  specifc  l o c a ti o n .  S tan d ar d  atm o s ‐

p h e r i c  p r e s s u r e  i s  1 4 . 6 9 6   p s i  ( 1 0 1 , 3 2 5   P a) .
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A.5.8    F o r  s m o ke  m an a ge m e n t p u r p o s e s ,  th e  d e n s i ty o f s m o ke
c a n  b e  c o n s i d e r e d  th e  s am e  a s  th e  d e n s i ty o f a i r.  E q u ati o n s  5 . 8 a
an d  5 . 8 b  ap p l y to  b o th  s m o ke  a n d  ai r.  D e s i gn e r s  s h o u l d  u s e  th e
atm o s p h e r i c  p r e s s u r e  fo r  a  specifc  l o c a ti o n .  S tan d ar d  atm o s ‐
p h e r i c  p r e s s u r e  i s  1 4 . 6 9 6   p s i  ( 1 0 1 , 3 2 5   P a) .

A.5.9    T h e  al ge b r ai c  e q u a ti o n s  i n  C h ap te r  5  an d  m an y o f th e
c o m p a r tm e n t fre  m o d e l s  ar e  o n l y fo r  s p ac e s  o f u n i fo r m  c r o s s -
s e c ti o n al  a r e a.  I n  p r a c ti c e ,  i t i s  r e c o g n i z e d  th a t s p a c e s  b e i n g
e val u a te d  wi l l  n o t a l wa ys  e x h i b i t a s i m p l e  u n i fo r m  g e o m e tr y.
T h e  d e s c e n t o f th e  frst i n d i c ati o n  o f s m o ke  i n  var yi n g c r o s s
s e c ti o n s  o r  c o m p l e x  ge o m e tr i c  s p a c e s  c an  b e  affe c te d  b y c o n d i ‐
ti o n s  s u c h  a s  s l o p e d  c e i l i n gs ,  var i a ti o n s  i n  c r o s s -s e c ti o n al  ar e a s
o f th e  s p ac e ,  a n d  p r o j e c ti o n s  i n to  th e  r i s i n g  p l u m e .  M e th o d s  o f
an al ys i s  th at c an  b e  u s e d  to  d e al  wi th  c o m p l e x  an d  n o n u n i fo r m
ge o m e tr i e s  a r e  a s  fo l l o ws :

( 1 ) S c al e  m o d e l s  (See 5. 1 . 2,  Section  5. 6,  and A. 5. 6. )
( 2 ) C F D  m o d e l s  (See 5. 1 . 3 and Annex  F. )
( 3 ) Z o n e  m o d e l  a d ap ta ti o n  (See Annex  C. )
( 4 ) B o u n d i n g an a l ys i s  (See Annex  C. )

Δ A.5.11    I n  th i s  s tan d ar d ,  s c a l e  m o d e l i n g  p e r tai n s  to  th e  m o ve ‐
m e n t o f h o t ga s  th r o u g h  b u i l d i n g  confgurations  d u e  to  fre.  A
fre  n e e d s  to  b e  specifed  i n  te r m s  o f a s te ad y o r  u n s te a d y h e a t
r e l e as e  r ate .

F o r  th e  z o n e  m o d e l i n g  o f th i s  s tan d ar d ,  c o m b u s ti o n  an d
fame  r ad i a ti o n  p h e n o m e n a a r e  i gn o r e d .  F i r e  g r o wth  i s  n o t
m o d e l e d .

A m o r e  c o m p l e te  r e vi e w o f s c al i n g  te c h n i q u e s  an d  e x am p l e s
c a n  b e  fo u n d  i n  th e  r e fe r e n c e d  l i te r a tu r e  ( Qu i n ti e r e  [ 4 3 ] ) .
S m o ke  fow s tu d i e s  h ave  b e e n  m ad e  b y H e s ke s tad  [ 8 ]  an d  b y
Qu i n ti e r e ,  M c C affr e y,  an d  Ka s h i wag i  [ 4 3 ] .  An al o g  te c h n i q u e s
u s i n g  a wate r  an d  s al twa te r  s ys te m  a r e  al s o  avai l ab l e  ( S te c kl e r,
B au m ,  an d  Qu i n ti e r e  [ 4 7 ] ) .  S m o ke  fow m o d e l i n g  fo r  b u i l d ‐
i n g s  i s  b as e d  o n  m ai n ta i n i n g a  b al an c e  b e twe e n  th e  b u o yan c y
an d  c o n ve c ti ve  “ fo r c e s ”  wh i l e  i gn o r i n g  vi s c o u s  an d  h e at
c o n d u c ti o n  e ffe c ts .  N e gl e c ti n g  th e s e  te r m s  i s  n o t val i d  n e ar
s o l i d  b o u n d ar i e s .  S o m e  c o m p e n s ati o n  c an  b e  m ad e  i n  th e  s c al e
m o d e l  b y s e l e c ti n g  d i ffe r e n t m ate r i al s  o f c o n s tr u c ti o n .

D i m e n s i o n l e s s  g r o u p s  c an  b e  fo r m u l ate d  fo r  a  s i tu a ti o n
i n vo l vi n g a h e a t s o u r c e  r e p r e s e n ti n g a fre  al o n g  wi th  e x h a u s t
an d  m ake u p  ai r  s u p p l y fan s  o f a g i ve n  vo l u m e tr i c  fow r a te .  T h e
s o l u ti o n  o f th e  g as  te m p e r a tu r e  (T),  ve l o c i ty (v),  p r e s s u r e  (p),
an d  s u r fac e  te m p e r atu r e  (Ts) e x p r e s s e d  i n  d i m e n s i o n l e s s  te r m s
a n d  as  a fu n c ti o n  o f x,  y,  z,  an d  ti m e  (t) a r e  as  fo l l o ws :

T

T

v
gl

gl

T

T

f
x

l

y

l

z

l g

o

o

s

o

ρ
ρ
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wh e r e :
To = am b i e n t te m p e r atu r e

g = g r avi tati o n al  a c c e l e r ati o n
l = c h ar a c te r i s ti c  l e n g th

ρo = am b i e n t d e n s i ty

π 1 ,  π 2 ,  an d  π 3  ar e  d i m e n s i o n l e s s  g r o u p s  ar i s i n g fr o m  th e
e n e r g y r e l e a s e  o f th e  fre,  fa n  fows,  a n d  wa l l  h e at tr a n s fe r  a s

fo l l o ws :

π1 5 2
=

ρ

Q

c glo o

/
∼

fi r e  e n e r gy

fl o w e n e r gy

wh e r e :
Q = e n e r g y r e l e as e  r ate  o f th e  fre

co = specifc  h e a t o f th e  am b i e n t ai r

π2 5 2
=

V

gl

fan

/ ∼

fa n  fl o w

b u o ya n t fl o w

wh e r e :
Vfan = vo l u m e tr i c  fow r ate  o f th e  e x h au s t fa n

π
3

1 6

0 3 2 0 91
=

ρ
ρ
µk c

g k l
w

o

( )










.

. .

∼

c o n ve c ti o n  h e at tr an s fe r

waal l  h e at tr a n s fe r

wh e r e :
( kρc) w = th e r m al  p r o p e r ti e s  ( c o n d u c ti vi ty,  d e n s i ty,  an d  specifc

h e a t)  o f th e  wa l l
μ = ga s  vi s c o s i ty

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

T h e  e x p r e s s i o n  o f π 3  i s  ap p l i c ab l e  to  a th e r m al l y th i c k
c o n s tr u c ti o n  m ate r i a l .  Ad d i ti o n al l y,  m o r e  th an  o n e  d i m e n s i o n ‐

l e s s  π  wi l l  b e  n e e d e d  i f wal l  th i c kn e s s  a n d  r a d i ati o n  e ffe c ts  a r e
signifcant.  π 3  atte m p ts  to  c o r r e c t fo r  h e at l o s s  a t th e  b o u n d ar y
b y p e r m i tti n g a d i ffe r e n t c o n s tr u c ti o n  m a te r i al  i n  th e  s c al e

m o d e l  i n  o r d e r  to  m ai n ta i n  a b al an c e  fo r  th e  h e a t l o s s e s .

T h e  s c al i n g e x p r e s s i o n  fo r  th e  fre  h e at r e l e as e  r ate  fo l l o ws
fr o m  p r e s e r vi n g π 1 .  S i m i l a r l y,  e x p r e s s i o n s  fo r  th e  vo l u m e tr i c

e x h a u s t r a te  an d  wal l  th e r m a l  p r o p e r ti e s  ar e  o b ta i n e d  fr o m
p r e s e r vi n g  π 2  an d  π 3 .

T h e  wal l  p r o p e r ti e s  c o n d i ti o n  i s  e as i l y m e t b y s e l e c ti n g  a
c o n s tr u c ti o n  m ate r i a l  th at i s  n o n c o m b u s ti b l e  an d  a p p r o x i ‐

m a te l y m atc h e s  (kρc)w wi th  a m ate r i a l  o f suffcient th i c kn e s s  to
m a i n tai n  th e  th e r m a l l y th i c k c o n d i ti o n .  T h e  th e r m al  p r o p e r ti e s
o f e n c l o s u r e  c an  b e  s c al e d  as  fo l l o ws :

k c k c
l

l
w m m F

m

F

ρ =( ) ( ) 







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.

ρ
0 9

 
[A.5.11b]

 
[A.5.11c]

 
[A.5.11d]

 
[A.5.11e]
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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 :
( kρc) w, m = th e r m al  p r o p e r ti e s  o f th e  wa l l  o f th e  m o d e l

( kρc) w, F = th e r m al  p r o p e r ti e s  o f th e  wa l l  o f th e  fu l l -s c a l e  fac i l i ty
c = specifc  h e a t o f e n c l o s u r e  m ate r i a l s  ( wa l l ,  c e i l i n g )

k = th e r m al  c o n d u c ti vi ty o f e n c l o s u r e  m a te r i al s  ( wal l ,
c e i l i n g )

ρ = d e n s i ty o f e n c l o s u r e  m ate r i a l s  ( wal l ,  c e i l i n g)

T h e  fo l l o wi n g  e x a m p l e s  ar e  i n c l u d e d  to  p r o vi d e  i n s i gh t i n to
th e  way th a t th e  F r o u d e  m o d e l i n g  s c al i n g  r e l ati o n s  ar e  u s e d .

Example 1 .  Wh a t s c al e  m o d e l  s h o u l d  b e  u s e d  fo r  a m al l  wh e r e
th e  s m al l e s t a r e a o f i n te r e s t a t 9 . 8 4  ft ( 3  m )  i s  th e  foor-to-
ceiling  h e i g h t o n  th e  b a l c o n i e s ?

N o te  th at i t i s  e s s e n ti al  th at th e  fow i n  th e  m o d e l  i s  fu l l y
d e ve l o p e d  tu r b u l e n t fow;  to  ac h i e ve  th i s ,  i t i s  s u gg e s te d  th a t

ar e as  o f i n te r e s t i n  th e  s c al e  m o d e l  b e  at l e as t 0 . 3  m .  T h e  c o r r e ‐
s p o n d i n g  foor-to-ceiling  h e i g h t o f th e  m o d e l  s h o u l d  b e  at l e as t
0 . 9 8 4  ft ( 0 . 3  m ) .  S e t lm =  0 . 9 8 4  ft ( 0 . 3  m ) ,  an d  lF =  9 . 8 4  ft ( 3  m ) ,
th e n  lm/lF =  0 . 1 .

l

l

m

F

= 0.1

Example 2.  T h e  d e s i g n  fre  fo r  a specifc  fac i l i ty i s  a c o n s ta n t
fre  o f 4 7 3 9  B tu / s e c  ( 5 0 0 0  kW) .  Wh at s i z e  fre  wi l l  b e  n e e d e d

fo r a o n e -te n th  s c al e  m o d e l ?

Q Q
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l
m f

m

F
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
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

 = ( ) =

5 2

5 2
4 7 3 9 0 1 1 5 0 B tu s e c B tu/s e c/ . .
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l
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
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


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5 2

5 2

5 0 0 0 0 1 1 5 8. .  kW

Example 3.  F o r  a  fu l l - s c a l e  fa c i l i ty wi th  a s m o ke  e x h a u s t r a te
o f 8 8 3 0  ft3 / s e c  ( 2 5 0  m 3 / s e c ) ,  wh at i s  th e  s m o ke  e x h au s t r ate
fo r  a o n e -te n th  s c a l e  m o d e l ?

V V
l

l
fan m fan F

m

F

, , .= 





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5 2
2 5 0 0 1= = 0.7 9  m / s e c     
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Example 4.  T h e  wal l s  o f a  fu l l -s c al e  fac i l i ty ar e  m ad e  o f
c o n c r e te .  Wh at i s  th e  i m p ac t o f c o n s tr u c ti n g th e  wa l l s  o f a o n e -

te n th  s c a l e  m o d e l  o f gyp s u m  b o ar d ?  T h e  kρc o f b r i c k i s
1 4  B tu 2 / ( ft4 · R2 · h r )  [ 1 . 7  kJ 2 / ( m 4 · K2 · s e c ) ] .  T h e  i d e al  th e r m al
p r o p e r ti e s  o f th e  m o d e l  c a n  b e  c al c u l a te d  a s  fo l l o ws :

 
[ A. 5 . 1 1 f]

 
[ A. 5 . 1 1 g]

 
[ A. 5 . 1 1 h ]

 
[ A. 5 . 1 1 i ]

 
[ A. 5 . 1 1 j ]
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T h e  va l u e  fo r  g yp s u m  b o ar d  i s  1 . 5  B tu 2 / ( ft4 · R2 · h r )  [ 0 . 1 8
kJ 2 / ( m 4 · K2 · s e c ) ] ,  wh i c h  i s  c l o s e  to  th e  i d e al  va l u e  ab o ve ,  s o  th at
th e  gyp s u m  b o a r d  i s  a go o d  m atc h .  I t s h o u l d  b e  n o te d  th a t
u s i n g  gl as s  wi n d o ws  fo r  vi d e o  an d  p h o to g r ap h s  wo u l d  b e  m o r e

i m p o r tan t th an  s c al i n g  o f th e r m al  p r o p e r ti e s .

Example 5.  I n  a  o n e -te n th  s c al e  m o d e l ,  th e  fo l l o wi n g  c l e a r
h e i gh ts  we r e  o b s e r ve d :  8 . 2 0  ft ( 2 . 5  m )  at 2 6  s e c o n d s ,  4 . 9 2  ft

( 1 . 5  m )  at 8 5  s e c o n d s ,  an d  3 . 2 8  ft ( 1 . 0  m )  at 1 5 2  s e c o n d s .  Wh at
ar e  th e  c o rr e s p o n d i n g  c l e a r  h e i gh ts  fo r  th e  fu l l -s c al e  fac i l i ty?

F o r  th e  frst c l e ar  h e i gh t a n d  ti m e  p ai r  o f zm =  8 . 2 0  ft ( 2 . 5  m )  a t
tm =  2 6   s e c o n d s :
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T h e  o th e r  c l e a r  h e i g h t an d  ti m e  p ai r s  ar e  c al c u l a te d  i n  th e
s a m e  m a n n e r  a n d  a r e  l i s te d  i n  Tab l e  A. 5 . 1 1 ( a)  a n d  Tab l e

A. 5 . 1 1 ( b ) .

A. 6 . 2    S e e  An n e x  G fo r  i n fo r m ati o n  o n  typ e s  o f H VAC  ai r-
h an d l i n g  s ys te m s .

A. 6 . 2 . 4    E x h au s t fa n s  s h o u l d  b e  o p e r ate d  p r i o r  to  th e  o p e r a‐
ti o n  o f th e  m ake u p  a i r  s u p p l y.  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 ake 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 gs  to

 
[ A. 5 . 1 1 k ]

 
[ A. 5 . 1 1 l ]

 
[ A. 5 . 1 1 m ]

 
[ A. 5 . 1 1 n ]

 
[ A. 5 . 1 1 o ]

Tab l e   A. 5 . 1 1 ( a)  S c al e  M o d e l  O b s e r vati o n  C l e ar H e i gh t

C l e ar H e i gh t
T i m e

( s e c )

8 . 2 0   ft ( 2 . 5   m ) 2 6
4 . 9 2   ft ( 1 . 5   m ) 8 5
3 . 2 8   ft ( 1 . 0   m ) 1 5 2



S M O KE  C O N T RO L  S YS T E M S9 2 - 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 .

th e  o u ts i d e ,  s u c h  as  th r o u gh  d o o r s  a n 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  ac 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 a te d  wi th  th e  ar c h i te c tu r al  d e s i g n  a n d  b e  l o c a te d  as  r e q u i r e d
b e l o w th e  d e s i gn  s m o ke  l a ye r.  F o r  l o c ati o n 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  m e c h a n i c al  s u p p l y s ys te m  c an  b e  c o n s i d ‐
e r e d .  T h i s  s ys te m  c o u l d  b e  an  a d a p tati o n  o f th e  b u i l d i n g ’ s
H VAC  s ys te m  i f c a p 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  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 at
d am ag e  to  th e  s p a c 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 t‐
i n g  o r  fr e q u e n t i n ad 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  g i ve n  to  h e ati n g  th e  m ake u p  ai r.

A. 6 . 4    Re l ate d  s ys te m s  c an  i n c l u d e  fre  p r o te c ti o n  s i g n al i n g
s ys te m s ,  s p r i n kl e r  s ys te m s ,  an d  H VAC  s ys te m s ,  am o n g o th e r s .
S i m p l i c i ty s h o u l d  b e  th e  go a l  o f e a c h  c o n tr o l  s ys te m .  C o m p l e x
s ys te m s  s h o u l d  b e  avo i d e d .  S u c h  s ys te m s  te n d  to  c o n fu s e ,  m i gh t
n o t b e  i n s tal l e d  c o r r e c tl y,  m i gh t n o t b e  p r o p e r l y te s te d ,  m i g h t
h ave  a  l o w l e ve l  o f r e l i ab i l i ty,  an d  m i gh t n o t b e  m a i n tai n e d .

N A. 6 . 4 . 1    M u l ti p l e  s ys te m  typ e s ,  s u c h  as  fre  a l ar m ,  r e l e as i n g ,
an d  vo i c e  e vac u a ti o n ,  ar e  e val u ate d  to  U L  8 6 4 ,  Control Units and
Accessories for Fire Alarm Systems.  E q u i p m e n t fo r  u s e  i n  s m o ke
c o n tr o l  ap p l i c ati o n s  i s  e va l u a te d  to  th e  s m o ke  c o n tr o l  r e q u i r e ‐
m e n ts  wi th i n  U L  8 6 4 .  Specifcally,  e q u i p m e n t i s  e val u ate d  an d
te s te d  to  ve r i fy o p e r a ti o n ,  p o we r  s u p p l y fu n c ti o n ,  F S C S  d i s p l ay,
p r i o r i ti z a ti o n  o f s i gn a l s ,  we e kl y s e l f-te s t fo r  d e d i c a te d  s ys te m s
p e r  6 . 4 . 8 . 6 ,  e l e c tr i c al  s u p e r vi s i o n ,  s o ftwa r e  p r o g r am m i n g ,  an d
i n s ta l l a ti o n  i n s tr u c ti o n s  th at ar e  c o n s i s te n t wi th  C h ap te r  6 .  T h e
l i s ti n g  o f s m o ke  c o n tr o l  e q u i p m e n t o n  U L’ s  o n l i n e  certifcation
d i r e c to r y u s e s  th e  c ate g o r y c o d e  “ U U KL . ”  T h e  te r m  “ U U KL
we e kl y s e l f-te s t”  h as  b e c o m e  c o m m o n  i n d u s tr y te r m i n o l o g y fo r
th e  we e kl y s e l f-te s t r e q u i r e d  b y 6 . 4 . 8 . 6 .  U s e  o f th i s  te r m  d o e s
n o t p r o h i b i t te s ti n g  a n d  l i s ti n g o f s m o ke  c o n tr o l  e q u i p m e n t b y
o th e r  ap p r o ve d  o r  n ati o n al l y r e c o gn i z e d  te s t l a b o r a to r i e s  th at
te s t to  U L  8 6 4  b u t u s e  al te r n ate  c ate go r y d e s i gn a ti o n s .

A. 6 . 4 . 3    Var i o u s  typ e s  o f c o n tr o l  s ys te m s  a r e  c o m m o n l y u s e d
fo r  H VAC  s ys te m s .  T h e s e  c o n tr o l  s ys te m s  u ti l i z e  p n e u m ati c ,
e l e c tr i c ,  e l e c tr o n i c ,  an d  p r o g r am m ab l e  l o gi c - b a s e d  c o n tr o l
u n i ts .  Al l  th e s e  c o n tr o l  s ys te m s  c a n  b e  a d a p te d  to  p r o vi d e  th e
n e c e s s ar y l o gi c  an d  c o n tr o l  s e q u e n c e s  to  confgure  H VAC
s ys te m s  fo r  s m o ke  c o n tr o l  fu n c ti o n s .  P r o g r am m ab l e  e l e c tr o n i c
l o gi c -b as e d  ( i . e . ,  m i c r o p r o c e s s o r-b as e d )  c o n tr o l  u n i ts ,  wh i c h
c o n tr o l  a n d  m o n i to r  H VAC  s ys te m s  a s  we l l  a s  p r o vi d e  o th e r
b u i l d i n g  c o n tr o l  an d  m o n i to r i n g  fu n c ti o n s ,  ar e  r e a d i l y ap p l i c a‐
b l e  fo r  p r o vi d i n g th e  n e c e s s a r y l o g i c  a n d  c o n tr o l  s e q u e n c e s  fo r
an  H VAC  s ys te m ’ s  s m o ke  c o n tr o l  m o d e  o f o p e r ati o n .

T h e  c o n tr o l  s ys te m  s h o u l d  b e  d e s i g n e d  a s  s i m p l y as  p o s s i b l e
to  a ttai n  th e  r e q u i r e d  fu n c ti o n al i ty.  C o m p l e x  c o n tr o l s ,  i f n o t
p r o p e r l y d e s i g n e d  an d  te s te d ,  c an  h ave  a  l o w l e ve l  o f r e l i ab i l i ty
an d  c an  b e  diffcult to  m ai n ta i n .

A. 6 . 4 . 4 . 1 . 1    F o r  p u r p o s e s  o f a u to m a ti c  a c ti vati o n ,  fre  d e te c ‐
ti o n  d e vi c e s  i n c l u d e  a u to m a ti c  d e vi c e s  s u c h  as  s m o ke  d e te c to r s ,
waterfow s wi tc h e s ,  a n d  h e at d e te c to r s .

Tab l e   A. 5 . 1 1 ( b )  Ful l - S c al e  Fac i l i ty P re d i c ti o n

C l e ar H e i gh t
T i m e

( s e c )

8 2   ft ( 2 5   m ) 8 2
4 9 . 2   ft ( 1 5   m ) 2 6 9
3 2 . 8   ft ( 1 0   m ) 4 8 0

A. 6 . 4 . 4 . 1 . 2    D u r i n g a  fre,  i t i s  l i ke l y th a t e n o u gh  s m o ke  to  a c ti ‐
va te  a s m o ke  d e te c to r  m i g h t tra ve l  to  o th e r  z o n e s  a n d  s u b s e ‐

q u e n tl y c au s e  al a r m  i n p u ts  fo r  o th e r  z o n e s .  S ys te m s  a c ti vate d
b y s m o ke  d e te c to r s  s h o u l d  c o n ti n u e  to  o p e r ate  a c c o r d i n g to
th e  frst a l a r m  i n p u t r e c e i ve d  r a th e r  th an  d i ve r t c o n tr o l s  to

r e s p o n d  to  an y s u b s e q u e n t al ar m  i n p u t( s ) .

A. 6 . 4 . 4 . 1 . 3    S ys te m s  i n i ti ate d  b y h e at-a c ti vate d  d e vi c e s  an d
d e s i g n e d  wi th  suffcient c ap ac i ty to  e x h a u s t m u l ti p l e  z o n e s  c an

e x p an d  th e  n u m b e r  o f z o n e s  b e i n g  e x h a u s te d  to  i n c l u d e  th e
o r i gi n al  z o n e  a n d  s u b s e q u e n t a d d i ti o n al  z o n e s ,  u p  to  th e  l i m i t

o f th e  m e c h an i c a l  s ys te m ’ s  ab i l i ty to  m ai n ta i n  th e  d e s i gn  p r e s ‐
s u r e  d i ffe r e n c e .  E x c e e d i n g th e  d e s i gn  c a p a c i ty l i ke l y wi l l  r e s u l t
i n  th e  s ys te m ’ s  fai l i n g  to  ad e q u ate l y e x h au s t th e  fre  z o n e  o r  to

a c h i e ve  th e  d e s i r e d  p r e s s u r e  d i ffe r e n c e s .  I f th e  n u m b e r  o f
z o n e s  th at c an  b e  e x h au s te d  wh i l e  s ti l l  m ai n ta i n i n g th e  d e s i g n
p r e s s u r e  i s  n o t kn o wn ,  th a t n u m b e r  s h o u l d  b e  a s s u m e d  to  b e

o n e .

A. 6 . 4 . 4 . 1 . 4    D o c u m e n ta ti o n  o f th e  e q u i p m e n t to  b e  o p e r a te d
fo r  e a c h  au to m ati c al l y ac ti vate d  s m o ke  c o n tr o l  s ys te m  confgu‐
ration  i n c l u d e s ,  b u t i s  n o t l i m i te d  to ,  th e  fo l l o wi n g  p ar a m e te r s :

( 1 ) F i r e  z o n e  i n  wh i c h  a s m o ke  c o n tr o l  s ys te m  au to m ati c al l y
ac ti va te s .

( 2 ) Typ e  o f s i g n al  th at ac ti vate s  a s m o ke  c o n tr o l  s ys te m ,  s u c h
a s  s p r i n kl e r  waterfow o r  s m o ke  d e te c to r.

( 3 ) S m o ke  z o n e ( s )  wh e r e  m ax i m u m  m e c h a n i c al  e x h au s t to
th e  o u ts i d e  i s  i m p l e m e n te d  an d  n o  s u p p l y ai r  i s  p r o vi ‐

d e d .
( 4 ) P o s i ti ve  p r e s s u r e  s m o ke  c o n tr o l  z o n e ( s )  wh e r e  m ax i ‐

m u m  a i r  s u p p l y i s  i m p l e m e n te d  a n d  n o  e x h au s t to  th e
o u ts i d e  i s  p r o vi d e d .

( 5 ) F an ( s )  O N  a s  r e q u i r e d  to  i m p l e m e n t th e  s m o ke  c o n tr o l
s ys te m .  M u l ti p l e - s p e e d  fa n s  s h o u l d  b e  fu r th e r  n o te d  a s
FAS T  o r  M AX .  VO L U M E  to  e n s u r e  th at th e  i n te n d e d

c o n tr o l  confguration  i s  a c h i e ve d .
( 6 ) F an ( s )  O F F  as  r e q u i r e d  to  i m p l e m e n t th e  s m o ke  c o n tr o l

s ys te m .
( 7 ) D am p e r ( s )  O P E N  wh e r e  m a x i m u m  airfow m u s t b e

a c h i e ve d .
( 8 ) D am p e r ( s )  C L O S E D  wh e r e  n o  airfow s h o u l d  take  p l ac e .
( 9 ) Au x i l i a r y fu n c ti o n s  m i g h t b e  r e q u i r e d  to  ac h i e ve  th e

s m o ke  c o n tr o l  s ys te m  confguration  o r  m i gh t b e  d e s i r a‐
b l e  i n  ad d i ti o n  to  s m o ke  c o n tr o l .  C h a n ge s  o r  o ve r r i d e  o f
n o r m a l  o p e r ati o n  s ta ti c  p r e s s u r e  c o n tr o l  s e t p o i n ts
s h o u l d  a l s o  b e  i n d i c ate d  i f ap p l i c ab l e .

( 1 0 ) D am p e r  p o s i ti o n  a t fan  fa i l u r e .

E x am p l e s  o f au x i l i ar y fu n c ti o n s  th a t c a n  b e  u s e fu l ,  b u t th a t
a r e  n o t r e q u i r e d ,  a r e  th e  o p e n i n g  an d  c l o s i n g  o f te r m i n al

b o x e s  wh i l e  p r e s s u r i z i n g o r  e x h au s ti n g  a s m o ke  z o n e .  T h e s e
fu n c ti o n s  ar e  c o n s i d e r e d  au x i l i a r y i f th e  d e s i r e d  s tate  i s
a c h i e ve d  wi th o u t th e  fu n c ti o n s ,  b u t th e  fu n c ti o n s  h e l p  to

ac h i e ve  th e  d e s i r e d  s ta te  m o r e  r e a d i l y.

A. 6 . 4 . 4 . 1 . 5    S e e  An n e x  E  fo r  a d d i ti o n al  i n fo r m ati o n  o n  th e
stratifcation  o f s m o ke .

A. 6 . 4 . 4 . 1 . 5 ( 1 )    T h e  p u r p o s e  o f u s i n g  an  u p wa r d  b e a m  to  d e te c t
th e  s m o ke  l aye r  i s  to  q u i c kl y d e te c t th e  d e ve l o p m e n t o f a

s m o ke  l aye r  a t wh a te ve r  te m p e r a tu r e  c o n d i ti o n  e x i s ts .  O n e  o r
m o r e  b e am s  s h o u l d  b e  ai m e d  at an  u p wa r d  a n gl e  to  i n te r s e c t

th e  s m o ke  l aye r  r e g ar d l e s s  o f th e  l e ve l  o f s m o ke  stratifcation.
M o r e  th an  o n e  b e a m  s m o ke  d e te c to r  s h o u l d  b e  u s e d .  T h e
m a n u fac tu r e r s ’  r e c o m m e n d ati o n s  s h o u l d  b e  r e vi e we d  wh e n
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u s i n g  th e s e  d e vi c e s  fo r  th i s  ap p l i c ati o n .  D e vi c e s  i n s tal l e d  i n  th i s
m a n n e r  c a n  r e q u i r e  ad d i ti o n a l  m ai n te n a n c e  a c ti vi ty.

A.6.4.4.1 .5(2)    T h e  p u r p o s e  o f u s i n g h o r i z o n ta l  b e am s  to
d e te c t th e  s m o ke  l aye r  a t va r i o u s  l e ve l s  i s  to  q u i c kl y d e te c t th e
d e ve l o p m e n t o f a s m o ke  l a ye r  at wh a te ve r  te m p e r a tu r e  c o n d i ‐

ti o n  e x i s ts .  O n e  o r  m o r e  b e a m  d e te c to r s  ar e  l o c a te d  a t th e  c e i l ‐
i n g .  Ad d i ti o n al  d e te c to r s  a r e  l o c ate d  at o th e r  l e ve l s  l o we r  i n  th e
vo l u m e .  T h e  e x ac t p o s i ti o n i n g o f th e  b e am s  i s  a fu n c ti o n  o f th e
specifc  d e s i gn  b u t s h o u l d  i n c l u d e  b e am s  a t th e  b o tto m  o f an y
identifed  u n c o n d i ti o n e d  ( d e ad -ai r )  s p a c e s  an d  at o r  n e a r  th e

d e s i g n  s m o ke  l e ve l  wi th  i n te r m e d i ate  b e a m  p o s i ti o n s  a t o th e r
l e ve l s .

A.6.4.4.1 .5(3)    T h e  p u r p o s e  o f u s i n g h o r i z o n tal  b e a m s  to
d e te c t th e  s m o ke  p l u m e  i s  to  d e te c t th e  r i s i n g  p l u m e  r ath e r

th an  th e  s m o ke  l a ye r.  F o r  th i s  a p p r o a c h ,  a n  ar r a n ge m e n t o f
b e a m s  c l o s e  e n o u gh  to  e ac h  o th e r  to  e n s u r e  i n te r s e c ti o n  o f th e
p l u m e  i s  i n s ta l l e d  at a  l e ve l  b e l o w th e  l o we s t e x p e c te d  stratifca‐
tion  l e ve l .  T h e  s p a c i n g  b e twe e n  b e am s  h as  to  b e  b as e d  o n  th e

n ar r o we s t p o te n ti a l  wi d th  o f th e  p l u m e  at th e  l e ve l  o f d e te c ‐
ti o n .

A.6.4.4.2.1    Au th o r i z e d  u s e r s  p o s s e s s  ke ys ,  p a s s wo r d s ,  o r  o th e r
d e vi c e s  th at l i m i t u n au th o r i z e d  u s e r s  fr o m  o p e r a ti n g th e  s m o ke

c o n tr o l  e q u i p m e n t.

A.6.4.4.2.2    M a n u al  p u l l  s tati o n s  a r e  n o t u s e d  to  ac ti va te  s m o ke
c o n tr o l  s ys te m s  th a t r e q u i r e  i n fo r m ati o n  o n  th e  l o c ati o n  o f th e
fre  b e c a u s e  o f th e  l i ke l i h o o d  o f a p e r s o n  s i g n al i n g  an  al a r m
fr o m  a s ta ti o n  o u ts i d e  th e  z o n e  o f fre  o r i g i n .

A.6.4.4.2.3    Ge n e r al l y,  s ta i r we l l  p r e s s u r i z ati o n  s ys te m s  c an  b e
ac ti va te d  fr o m  a  m an u a l  p u l l  s ta ti o n ,  p r o vi d e d  th e  r e s p o n s e  i s

c o m m o n  fo r  a l l  z o n e s .  O th e r  s ys te m s  th at r e s p o n d  i d e n ti c al l y
fo r  a l l  z o n e  al a r m s  c an  a l s o  b e  a c ti va te d  fr o m  a  m an u al  p u l l
s tati o n .  An  ac ti ve -tr ac ki n g s ta i r we l l  p r e s s u r i z ati o n  s ys te m  th at

p r o vi d e s  c o n tr o l  b as e d  o n  th e  p r e s s u r e  m e as u r e d  a t th e  fre
foor  s h o u l d  n o t b e  ac ti vate d  fr o m  a m an u al  p u l l  s ta ti o n .

A.6.4.4.2.5    M an u al  c o n tr o l s  e x c l u s i ve l y fo r  o th e r  b u i l d i n g-
c o n tr o l  p u r p o s e s ,  s u c h  as  h an d -o ff-au to  s wi tc h e s  l o c ate d  o n  a
th e r m o s ta t,  ar e  n o t c o n s i d e r e d  to  b e  m an u al  c o n tr o l s  i n  th e

c o n te x t o f s m o ke  c o n tr o l .  M an u a l  ac ti vati o n  an d  d e a c ti va ti o n
fo r  s m o ke  c o n tr o l  p u r p o s e s  s h o u l d  o ve r r i d e  m an u al  c o n tr o l s
fo r  o th e r  p u r p o s e s .

A.6.4.5.2.1 .2    T h i s  e q u i p m e n t i n c l u d e s  ai r  s u p p l y/ r e tu r n  fa n s
an d  d am p e r s  s u b j e c t to  au to m ati c  c o n tr o l  a c c o r d i n g  to  b u i l d ‐

i n g o c c u p an c y s c h e d u l e s ,  e n e r g y m a n ag e m e n t,  o r  o th e r  p u r p o ‐
s e s .

A.6.4.5.3.2    To  p r e ve n t d am ag e  to  e q u i p m e n t,  i t m i gh t b e
n e c e s s ar y to  d e l ay a c ti vati o n  o f c e r tai n  e q u i p m e n t u n ti l  o th e r
e q u i p m e n t h a s  ac h i e ve d  a  p r e r e q u i s i te  s tate  ( i . e . ,  d e l ay s tar ti n g

a  fa n  u n ti l  i ts  as s o c i ate d  d a m p e r  i s  p ar ti a l l y o r  fu l l y o p e n ) .

A.6.4.5.3.3    T h e  ti m e s  g i ve n  fo r  c o m p o n e n ts  to  a c h i e ve  th e i r
d e s i r e d  s tate  a r e  m e a s u r e d  fr o m  th e  ti m e  e ac h  c o m p o n e n t i s

ac ti va te d .

A.6.4.5.3.4    Re fe r  to  4 . 5 . 3  fo r  a d d i ti o n al  i n fo r m ati o n  r e g ar d i n g
c a l c u l ati o n  o f ti m e  r e q u i r e d  fo r  th e  s ys te m  to  b e c o m e  fu l l y
o p e r ati o n al .

A.6.4.5.4    S e e  An n e x  H  fo r  ad d i ti o n a l  c o n s i d e r ati o n s  fo r  a fre‐
fghters’  s m o ke  c o n tr o l  s tati o n .

A.6.4.5.4.3    F o r  c o m p l e x  c o n tr o l  an d  c o n ta i n m e n t s ys te m
d e s i g n s ,  s tatu s  i n d i c ati o n ,  fau l t i n d i c ati o n ,  o r  m an u al  c o n tr o l

c a n  b e  p r o vi d e d  fo r  g r o u p s  o f c o m p o n e n ts  o r  b y s m o ke  c o n tr o l
z o n e .

A.6.4.5.4.7    I n d i r e c t i n d i c ati o n  o f fan  s tatu s ,  s u c h  as  m o to r
c u r r e n t m e as u r e m e n t o r  m o to r  s tar te r  c o n tac t p o s i ti o n ,  m i g h t
n o t b e  p o s i ti ve  p r o o f o f airfow.

A.6.4.6.1 .1    I n  l i m i te d  i n s tan c e s ,  i t c an  b e  d e s i r ab l e  to  p r e s s u r ‐
i z e  o n l y s o m e  s tai r we l l s  d u e  to  fas ti d i o u s  b u i l d i n g  confgura‐
tions  an d  c o n d i ti o n s .

A.6.4.7.2.1    I f fre  al ar m  z o n e s  an d  s m o ke  c o n tr o l  z o n e s  d o  n o t
c o i n c i d e ,  th e r e  i s  a  p o s s i b i l i ty th at th e  wr o n g  s m o ke  c o n tr o l

s ys te m ( s )  c an  b e  ac ti vate d .

A.6.4.7.3    M an u al  p u l l  s ta ti o n s  ar e  n o t u s e d  to  ac ti va te  z o n e d
s m o ke  c o n tai n m e n t s tr ate g i e s  b e c au s e  th e s e  typ e s  o f s ys te m
r e q u i r e  i n fo r m ati o n  o n  th e  l o c ati o n  o f th e  fre,  an d  th e r e  i s  n o

a s s u r an c e  th a t th e  p u l l  s tati o n  th a t wa s  a c ti vate d  i s  l o c ate d  i n
th e  s m o ke  z o n e .

A.6.4.8    T h e  m e a n s  an d  fr e q u e n c y o f verifcation  m e th o d s  wi l l
va r y a c c o r d i n g  to  th e  c o m p l e x i ty an d  i m p o r tan c e  o f th e  s ys te m
as  fo l l o ws :

( 1 ) P o s i ti ve  confrmation  o f fa n  a c ti vati o n  s h o u l d  b e  b y
m e a n s  o f d u c t p r e s s u r e ,  airfow,  o r  e q u i val e n t s e n s o r s  th at
r e s p o n d  to  l o s s  o f o p e r a ti n g p o we r,  p r o b l e m s  i n  th e

p o we r  o r  c o n tr o l  c i r c u i t wi r i n g ,  airfow r e s tr i c ti o n s ,  an d
fai l u r e  o f th e  b e l t,  th e  s h aft c o u p l i n g ,  o r  th e  m o to r  i ts e l f.

( 2 ) P o s i ti ve  confrmation  o f d am p e r  o p e r a ti o n  s h o u l d  b e  b y
c o n tac t,  p r o x i m i ty,  o r  e q u i val e n t s e n s o r s  th a t r e s p o n d  to
l o s s  o f o p e r a ti n g p o we r  o r  c o m p r e s s e d  a i r ;  p r o b l e m s  i n

th e  p o we r,  c o n tr o l  c i r c u i t,  o r  p n e u m ati c  l i n e s ;  an d  fai l u r e
o f th e  d a m p e r  ac tu ato r,  th e  l i n ka ge ,  o r  th e  d a m p e r  i ts e l f.

( 3 ) O th e r  d e vi c e s ,  m e th o d s ,  o r  c o m b i n a ti o n s  o f m e th o d s  a s
ap p r o ve d  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  m i g h t a l s o
b e  u s e d .

I te m s  A. 6 . 4 . 8 ( 1 )  th r o u g h  A. 6 . 4 . 8 ( 3 )  d e s c r i b e  m u l ti p l e  m e th ‐
o d s  th a t c an  b e  u s e d ,  e i th e r  s i n gl y o r  i n  c o m b i n a ti o n ,  to  ve r i fy

th a t al l  p o r ti o n s  o f th e  c o n tr o l s  an d  e q u i p m e n t ar e  o p e r a‐
ti o n a l .  F o r  e x am p l e ,  c o n ve n ti o n a l  ( e l e c tr i c al )  s u p e r vi s i o n

m i gh t b e  u s e d  to  ve r i fy th e  i n te gr i ty o f p o r ti o n s  o f th e  c i r c u i t
u s e d  to  s e n d  an  ac ti vati o n  s i g n al  fr o m  a  fre  al ar m  s ys te m

c o n tr o l  u n i t to  th e  r e l ay c o n ta c t wi th i n  3  ft ( 1  m )  o f th e  s m o ke -
c o n tr o l  s ys te m  i n p u t (see 6. 4. 8. 4),  a n d  e n d - to -e n d  verifcation
m i gh t b e  u s e d  to  ve r i fy o p e r ati o n  fr o m  th e  s m o ke -c o n tr o l

s ys te m  i n p u t to  th e  d e s i r e d  e n d  r e s u l t.  I f d i ffe r e n t s ys te m s  a r e
u s e d  to  ve r i fy d i ffe r e n t p o r ti o n s  o f th e  c o n tr o l  c i r c u i t,  c o n tr o l ‐
l e d  e q u i p m e n t,  o r  b o th ,  th e n  e a c h  s ys te m  wo u l d  b e  r e s p o n s i b l e

fo r  i n d i c ati n g  o ff-n o r m a l  c o n d i ti o n s  o n  i ts  r e s p e c ti ve  s e g m e n t.

E n d -to -e n d  verifcation  m o n i to r s  b o th  th e  e l e c tr i c al  an d
m e c h an i c al  c o m p o n e n ts  o f a s m o ke  c o n tr o l  s ys te m .  E n d -to -e n d
verifcation  i s  a  s e l f-te s ti n g m e th o d  th at p r o vi d e s  p o s i ti ve
confrmation  th a t th e  d e s i r e d  r e s u l t ( e . g . ,  airfow o r  d am p e r

p o s i ti o n )  h as  b e e n  ac h i e ve d  d u r i n g th e  ti m e  th a t a  c o n tr o l l e d
d e vi c e  i s  a c ti va te d ,  s u c h  as  d u r i n g  s m o ke  c o n tr o l  te s ti n g,  o r
m a n u a l  o ve r r i d e  o p e r a ti o n s .  T h e  i n te n t o f e n d -to -e n d  verifca‐
tion  g o e s  b e yo n d  d e te r m i n i n g  wh e th e r  a c i r c u i t fau l t e x i s ts ,  b u t

i n s te a d  as c e r ta i n s  wh e th e r  th e  d e s i r e d  e n d  r e s u l t ( e . g . ,  airfow
o r  d am p e r  p o s i ti o n )  i s  a c h i e ve d .  Tr u e  e n d -to -e n d  verifcation,

th e r e fo r e ,  r e q u i r e s  a c o m p ar i s o n  o f th e  d e s i r e d  o p e r a ti o n  to
th e  ac tu a l  e n d  r e s u l t.
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An  o p e n  c o n tr o l  c i r c u i t,  fa i l u r e  o f a  fan  b e l t,  d i s c o n n e c ti o n
o f a  s h aft c o u p l i n g,  b l o c kag e  o f an  ai r  flter,  fa i l u r e  o f a m o to r,
o r  o th e r  ab n o r m al  c o n d i ti o n  th at c o u l d  p r e ve n t p r o p e r  o p e r a‐

ti o n  i s  n o t e x p e c te d  to  r e s u l t i n  a n  o ff-n o r m al  i n d i c ati o n  wh e n
th e  c o n tr o l l e d  d e vi c e  i s  n o t ac ti vate d ,  s i n c e  th e  m e as u r e d  r e s u l t
a t th a t ti m e  m atc h e s  th e  e x p e c te d  r e s u l t.  I f a c o n d i ti o n  th a t

p r e ve n ts  p r o p e r  o p e r ati o n  p e r s i s ts  d u r i n g  th e  n e x t atte m p te d
a c ti va ti o n  o f th e  d e vi c e ,  an  o ff-n o r m a l  i n d i c a ti o n  s h o u l d  b e
d i s p l aye d .

A.6.6.3    Te m p e r atu r e s  wi th i n  th e  s m o ke  l aye r  an d  th e  fre
p l u m e  c a n  b e  d e te r m i n e d  u s i n g  m e th o d s  o u tl i n e d  i n  th i s

s tan d ar d .  Wh e r e  fashover  i n  th e  r o o m  o f fre  o r i gi n  i s  a
c o n c e r n ,  th e  d e s i g n  te m p e r atu r e  s h o u l d  b e  1 7 0 0 ° F  ( 9 2 7 ° C ) .

A.7.1    Ad d i ti o n al  g u i d a n c e  o n  h o w to  p r e p a r e  d e s i g n  d o c u ‐
m e n ts  c a n  b e  fo u n d  i n  th e  SFPE Engineering Guide to Performance-
Based Fire Protection a n d  th e  AS H RAE  Gu i d e l i n e  1 . 5 ,  The
Commissioning Process for Smoke Control Systems.

A.7.3    T h e  b u i l d i n g o wn e r  c an  p as s  o n  th e  o wn e r  r e s p o n s i b i l i ‐
ti e s  identifed  i n  7 . 3 . 3  an d  7 . 3 . 4  to  th e  o c c u p an t,  m an ag e m e n t
frm,  o r  m a n ag i n g  i n d i vi d u al  th r o u gh  specifc  p r o vi s i o n s  i n  th e

l e as e ,  wr i tte n  u s e  ag r e e m e n t,  o r  m a n ag e m e n t c o n tr ac t.  Wh e r e
th i s  i s  d o n e ,  th e  b u i l d i n g  o wn e r  s h o u l d  p r o vi d e  a c o p y o f 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 ,  i n c l u d i n g te s ti n g  r e s u l ts ,
to  al l  r e s p o n s i b l e  p a r ti e s .

A.8.1    S o m e  s m o ke  c o n tr o l  s ys te m s  ar e  d e s i gn e d  to  l i m i t
s m o ke  m i gr a ti o n  a t th e  b o u n d a r i e s  o f a s m o ke  c o n tr o l  ar e a
u s i n g  p r e s s u r e  d i ffe r e n c e s .  A s tai r we l l  p r e s s u r i z a ti o n  s ys te m  i s

u s e d  to  l i m i t s m o ke  m o ve m e n t fr o m  th e  foor  a r e a i n to  th e
s tai r we l l  a n d  th u s  p r o vi d e  a te n ab l e  e n vi r o n m e n t d u r i n g
e g re s s .  F o r  z o n e d  s m o ke  c o n tr o l ,  p r e s s u r e  d i ffe r e n c e s  ar e  u s e d

to  c o n ta i n  s m o ke  wi th i n  th e  s m o ke  z o n e  an d  l i m i t th e  m i g r a‐
ti o n  o f s m o ke  an d  fre  g as e s  to  o th e r  p a r ts  o f th e  b u i l d i n g .  Te s t‐
i n g a p p r o p r i a te  to  th e  o b j e c ti ve  o f th e  s ys te m  c o n s i s ts  o f

m e a s u r i n g  th e  p r e s s u r e  d i ffe r e n c e  b e twe e n  th e  s m o ke  z o n e
a n d  th e  ad j ac e n t z o n e s .  T h e  te s ti n g  p r o c e d u r e s  p r o vi d e d  i n
S e c ti o n   8 . 4  ar e  b as e d  o n  th e  m e as u r e m e n t o f p r e s s u r e  d i ffe r e n ‐
c e s  an d  d o o r-o p e n i n g fo r c e s  u n d e r  th e  d e s i g n  c o n d i ti o n s
a gre e d  o n  wi th  th e  au th o r i ty h a vi n g j u r i s d i c ti o n .

An  u n d e r s tan d i n g  wi th  th e  a u th o r i ty h a vi n g j u r i s d i c ti o n  o n
th e  e x p e c te d  p e r fo r m a n c e  o f th e  s ys te m  a n d  th e  a c c e p ta n c e

te s t p r o c e d u r e s  s h o u l d  b e  e s ta b l i s h e d  e ar l y i n  th e  d e s i g n .
( D e ta i l e d  e n g i n e e r i n g d e s i g n  i n fo r m ati o n  i s  c o n ta i n e d  i n

AS H RAE / I C C / N F PA/ S F P E  Handbook of Smoke Control Engineer‐
ing [ 2 1 ]  an d  th e  N F PA p u b l i c a ti o n ,  Smoke Movement and Control
in High-Rise Buildings) .

Ab s e n c e  o f a c o n s e n s u s  ag r e e m e n t fo r  a te s ti n g  p r o c e d u r e
an d  a c c e p ta n c e  c r i te r i a h i s to r i c al l y h as  c r e ate d  n u m e r o u s  p r o b ‐

l e m s  at th e  ti m e  o f s ys te m  ac c e p tan c e ,  i n c l u d i n g d e l a ys  i n
o b tai n i n g  a  certifcate  o f o c c u p a n c y.

I t i s  r e c o m m e n d e d  th a t th e  b u i l d i n g  o wn e r,  th e  d e s i g n e r,
a n d  th e  au th o r i ty h avi n g  j u r i s d i c ti o n  m e e t d u r i n g  th e  p l an n i n g
s tag e  o f th e  p r o j e c t to  s h a r e  th e i r  th o u g h ts  a n d  o b j e c ti ve s

c o n c e r n i n g  th e  s m o ke  c o n tr o l  s ys te m  a n d  ag r e e  o n  th e  d e s i g n
c r i te r i a a n d  th e  p as s / fai l  p e r fo r m a n c e  te s ts  fo r  th e  s ys te m s .
S u c h  an  a gr e e m e n t h e l p s  to  o ve r c o m e  th e  n u m e r o u s  p r o b l e m s

th at o c c u r  d u r i n g fnal  ac c e p tan c e  te s ti n g  an d  fac i l i tate s
o b tai n i n g th e  certifcate  o f o c c u p a n c y.

A.8.1 .4    T h e  i n te n t i s  th a t a l l  p ar ti e s  — d e s i g n e r s ,  i n s tal l e r s ,
o wn e r s ,  a n d  a u th o r i ti e s  h a vi n g j u r i s d i c ti o n  — h ave  a  c l e ar

u n d e r s tan d i n g o f th e  s ys te m  o b j e c ti ve s  a n d  th e  te s ti n g  p r o c e ‐
d u r e .

A.8.3    T h e  i n te n t o f c o m p o n e n t s ys te m  te s ti n g i s  to  e s tab l i s h
th a t th e  fnal  i n s tal l ati o n  c o m p l i e s  wi th  th e  specifed  d e s i g n ,  i s

fu n c ti o n i n g  p r o p e r l y,  an d  i s  r e ad y fo r  a c c e p ta n c e  te s ti n g .
O p e r a ti o n al  te s ti n g o f s ys te m  c o m p o n e n ts  s h o u l d  b e  c o m p l e ‐

te d  d u r i n g  c o n s tr u c ti o n .  T h e s e  o p e r ati o n al  te s ts  n o r m a l l y a r e
p e r fo r m e d  b y va r i o u s  tr ad e s  b e fo r e  i n te r c o n n e c ti o n  i s  m a d e  to
i n te g r ate  th e  o ve r a l l  s m o ke  c o n tr o l  s ys te m .  I t s h o u l d  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  a n d  th e  c o m p o n e n t i s  fu n c ti o n al .  E a c h
c o m p o n e n t te s t,  i n c l u d i n g i te m s  s u c h  as  s p e e d ,  vo l u m e ,  s e n s i ‐

ti vi ty c a l i b r a ti o n ,  vo l ta ge ,  an d  am p e r ag e ,  s h o u l d  b e  i n d i vi d u al l y
d o c u m e n te d .

A.8.3.3    S ys te m s  th a t c o u l d  a ffe c t o r  b e  affe c te d  b y th e  o p e r a‐
ti o n  o f th e  s m o ke  c o n tr o l  s ys te m  i n c l u d e  th e  fo l l o wi n g :

( 1 ) F i r e  al ar m  s ys te m  (see NFPA  72)
( 2 ) E n e r g y m an a ge m e n t s ys te m
( 3 ) B u i l d i n g m an a ge m e n t s ys te m
( 4 ) H e ati n g ,  ve n ti l a ti n g,  an d  ai r-c o n d i ti o n i n g  ( H VAC )

e q u i p m e n t
( 5 ) E l e c tr i c al  e q u i p m e n t
( 6 ) Te m p e r a tu r e  c o n tr o l  s ys te m
( 7 ) P o we r  s o u r c e s
( 8 ) S tan d b y p o we r
( 9 ) Au to m ati c  s u p p r e s s i o n  s ys te m s

( 1 0 ) Au to m ati c  o p e r ati n g  d o o r s  a n d  c l o s u r e s
( 1 1 ) O th e r  s m o ke  c o n tr o l  s ys te m s
( 1 2 ) E m e r ge n c y e l e vato r  o p e r a ti o n
( 1 3 ) D am p e r s
( 1 4 ) Firefghters’  c o n tr o l  s ta ti o n  ( F F C S )

A.8.4.1    Re p r e s e n ta ti ve s  o f o n e  o r  m o r e  o f th e  fo l l o wi n g
s h o u l d  b e  p r e s e n t d u r i n g ac c e p tan c e  te s ti n g  to  g r an t a c c e p t‐

a n c e :

( 1 ) Au th o r i ty h a vi n g j u r i s d i c ti o n
( 2 ) O wn e r
( 3 ) D e s i gn e r
( 4 ) S u b s ys te m  c o n tr ac to r s

A.8.4.2    P a r am e te r s  th at s h o u l d  b e  te s te d  d u r i n g  th e  a c c e p t‐
a n c e  te s ti n g i n c l u d e  th e  fo l l o wi n g :

( 1 ) To ta l  vo l u m e tr i c  fow r ate
( 2 ) Airfow ve l o c i ti e s
( 3 ) Airfow d i r e c ti o n
( 4 ) D o o r-o p e n i n g fo r c e s
( 5 ) P r e s s u r e  d i ffe r e n c e s
( 6 ) Am b i e n t i n d o o r  an d  o u td o o r  te m p e r atu r e s
( 7 ) Wi n d  s p e e d  a n d  d i r e c ti o n

T h e  fo l l o wi n g  e q u i p m e n t m i gh t b e  n e e d e d  to  p e r fo r m
ac c e p tan c e  te s ti n g :

( 1 ) D i ffe r e n ti a l  p r e s s u r e  ga u g e s ,  i n c l i n e d  wa te r  m a n o m e ‐
te r s ,  o r  e l e c tr o n i c  m an o m e te r  [ i n s tr u m e n t r a n ge s  0 –

0 . 2 5  i n .  w. g .  ( 0 –6 2 . 5  P a )  an d  0 –0 . 5 0  i n .  w. g .  ( 0 –1 2 5  P a)
wi th  a suffcient l e n gth  o f tu b i n g ] ,  i n c l u d i n g tr ave r s i n g

e q u i p m e n t
( 2 ) S c al e  s u i tab l e  fo r  m e a s u r i n g  d o o r-o p e n i n g  fo r c e
( 3 ) An e m o m e te r
( 4 ) Am m e te r  a n d  vo l tm e te r
( 5 ) D o o r  we d ge s
( 6 ) T i s s u e  p a p e r  r o l l  o r  o th e r  c o n ve n i e n t d e vi c e  fo r  i n d i c a t‐

i n g  d i r e c ti o n  o f airfow
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( 7 ) S i g n s  i n d i c ati n g  th a t a te s t o f th e  s m o ke  c o n tr o l  s ys te m  i s
i n  p r o gr e s s  an d  th at d o o r s  s h o u l d  n o t b e  o p e n e d

( 8 ) S e ve r al  wa l ki e -tal ki e  r a d i o s  ( u s e fu l  to  h e l p  c o o r d i n a te
e q u i p m e n t o p e r ati o n  an d  d ata r e c o r d i n g)

( 9 ) P s yc h r o m e te r
( 1 0 ) F l o w m e as u r i n g h o o d  ( o p ti o n a l )

Other Test Methods.  M u c h  c an  b e  a c c o m p l i s h e d  to  d e m o n ‐
s tr ate  s m o ke  c o n tr o l  s ys te m  o p e r a ti o n  wi th o u t r e s o r ti n g  to
d e m o n s tr ati o n s  th a t u s e  s m o ke  o r  p r o d u c ts  th at s i m u l a te

s m o ke .

T h e  te s t m e th o d s  p r e vi o u s l y d e s c r i b e d  s h o u l d  p r o vi d e  a n
a d e q u a te  m e an s  to  e va l u ate  th e  s m o ke  c o n tr o l  s ys te m ’ s

p e r fo r m an c e .  O th e r  te s t m e th o d s  h ave  b e e n  u s e d  h i s to r i c al l y
i n  i n s ta n c e s  wh e r e  th e  au th o r i ty h a vi n g j u r i s d i c ti o n  r e q u i r e s

a d d i ti o n al  te s ti n g .  T h e s e  te s t m e th o d s  h a ve  l i m i te d  val u e  i n
e va l u a ti n g c e r tai n  s ys te m  p e r fo r m a n c e ,  a n d  th e i r  val i d i ty as  a
m e th o d  o f te s ti n g a s m o ke  c o n tr o l  s ys te m  i s  q u e s ti o n a b l e .

As  c o ve r e d  i n  th e  p r e c e d i n g c h ap te r s ,  th e  d yn a m i c s  o f th e
fre  p l u m e ,  b u o ya n c y fo r c e s ,  an d  stratifcation  ar e  al l  m aj o r  c r i t‐
i c al  e l e m e n ts  i n  th e  d e s i gn  o f th e  s m o ke  c o n tr o l  s ys te m .  T h e r e ‐

fo r e ,  to  te s t th e  s ys te m  p r o p e r l y,  a  r e a l  fre  c o n d i ti o n  wo u l d  b e
th e  m o s t a p p r o p r i a te  an d  m e a n i n g fu l  te s t.  H o we ve r,  th e r e  a r e

m a n y val i d  r e a s o n s  wh y s u c h  a fre  i s  n o t p r a c ti c a l  i n  a c o m p l e ‐
te d  b u i l d i n g .  O p e n  fame/actual  fre  te s ti n g  m i gh t b e  d a n ge r ‐
o u s  a n d  n o r m al l y s h o u l d  n o t b e  atte m p te d .  An y o th e r  te s t i s  a

c o m p r o m i s e .  I f a te s t o f th e  s m o ke  c o n tr o l  s ys te m  fo r  b u i l d i n g
ac c e p tan c e  i s  m an d ate d  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 ,
s u c h  a te s t c o n d i ti o n  wo u l d  b e c o m e  th e  b a s i s  o f d e s i gn  an d

m i gh t n o t i n  an y way s i m u l ate  an y r e al  fre  c o n d i ti o n .  M o r e
i m p o r tan t,  i t c o u l d  b e  a  d e c e p ti o n  a n d  p r o vi d e  a fal s e  s e n s e  o f
s e c u r i ty th at th e  s m o ke  c o n tr o l  s ys te m  wo u l d  p e r fo r m

a d e q u a te l y i n  a  r e al  fre  e m e r ge n c y.

S m o ke  b o m b  te s ts  d o  n o t p r o vi d e  th e  h e at,  b u o ya n c y,  an d
e n tr a i n m e n t o f a r e al  fre  an d  ar e  n o t u s e fu l  i n  e val u ati n g  th e

r e a l  p e r fo r m an c e  o f th e  s ys te m .  A s ys te m  d e s i g n e d  i n  ac c o r d ‐
a n c e  wi th  th i s  d o c u m e n t an d  c ap a b l e  o f p r o vi d i n g th e  i n te n ‐

d e d  s m o ke  c o n tr o l  m i g h t n o t p as s  s m o ke  b o m b  te s ts .
C o n ve r s e l y,  i t i s  p o s s i b l e  fo r  a  s ys te m  th at i s  i n c ap a b l e  o f p r o vi d ‐
i n g th e  i n te n d e d  s m o ke  c o n tr o l  to  p a s s  s m o ke  b o m b  te s ts .

B e c au s e  o f th e  i m p r a c ti c a l i ty o f c o n d u c ti n g  r e a l  fre  te s ts ,  th e
a c c e p ta n c e  te s ts  d e s c r i b e d  i n  th i s  d o c u m e n t ar e  d i r e c te d  to
th o s e  a s p e c ts  o f s m o ke  c o n tr o l  s ys te m s  th at c an  b e  verifed.

I t i s  an  u n d e r s tate m e n t to  s ay th a t ac c e p tan c e  te s ti n g  i n vo l v‐
i n g  a r e al  fre  h as  o b vi o u s  d an g e r  to  l i fe  an d  p r o p e r ty b e c au s e

o f th e  h e at ge n e r a te d  an d  th e  to x i c i ty o f th e  s m o ke .

A.8.4.3    Gu i d a n c e  o n  te s t p r o c e d u r e s  c a n  b e  fo u n d  i n  th e
p u b l i c ati o n s  o f o r g an i z ati o n s  s u c h  as  th e  As s o c i a te d  Ai r

B al an c e  C o u n c i l  ( AAB C ) ,  th e  N ati o n a l  E n vi r o n m e n tal  B a l a n c ‐
i n g  B u r e au  ( N E B B ) ,  th e  Te s ti n g ,  Ad j u s ti n g  an d  B al a n c i n g

B u r e au  ( TAB B ) ,  AS H RAE ,  a n d  th e  S h e e t M e tal  an d  Ai r  C o n d i ‐
ti o n i n g C o n tr ac to r s  N ati o n a l  As s o c i a ti o n  ( S M AC N A) .

A.8.4.4.1    B u i l d i n g m e c h an i c a l  e q u i p m e n t th at i s  n o t typ i c al l y
u s e d  to  i m p l e m e n t s m o ke  c o n tr o l  i n c l u d e s  b u t i s  n o t l i m i te d  to
to i l e t e x h a u s t,  e l e vato r  s h a ft ve n ts ,  e l e va to r  m a c h i n e  r o o m  fan s ,

a n d  e l e vato r  an d  ki tc h e n  h o o d s .

A.8.4.4.2    T h e  n o r m a l  b u i l d i n g  p o we r  s h o u l d  b e  d i s c o n n e c te d
a t th e  m ai n  s e r vi c e  d i s c o n n e c t to  s i m u l ate  tr u e  o p e r a ti n g

c o n d i ti o n s  i n  s tan d b y p o we r  m o d e .

A.8.4.4.4(2)    O n e  o r  m o r e  d e vi c e  c i r c u i ts  o n  th e  fre  a l a r m
s ys te m  c a n  i n i ti ate  a s i n gl e  i n p u t s i g n al  to  th e  s m o ke  c o n tr o l
s ys te m .  T h 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  g i ve n  to  e s tab l i s h ‐

i n g th e  a p p r o p r i ate  n u m b e r  o f i n i ti ati n g  d e vi c e s  an d  i n i ti a ti n g
d e vi c e  c i r c u i ts  to  b e  o p e r ate d  to  d e m o n s tr a te  th e  s m o ke
c o n tr o l  s ys te m  o p e r a ti o n .

A.8.4.5    L a r ge - vo l u m e  s p a c e s  c o m e  i n  m an y confgurations,
e ac h  wi th  i ts  o wn  p e c u l i a r i ti e s .  T h e y c a n  b e  tal l  a n d  th i n  o r

s h o r t an d  wi d e ,  h a ve  b a l c o n i e s  a n d  i n te r c o n n e c ti n g foors,  b e
o p e n  o r  c l o s e d  to  a d j ac e n t foors,  h a ve  c o r r i d o r s  an d  s tai r s  fo r
u s e  i n  e vac u ati o n ,  h ave  o n l y e x p o s e d  wa l l s  a n d  wi n d o ws  ( s te r i l e

tu b e ) ,  o r  b e  a  p o r ti o n  o f a  h o te l ,  h o s p i ta l ,  s h o p p i n g c e n te r,  o r
ar e n a.  Specifc  s m o ke  c o n tr o l  c r i te r i a h ave  to  b e  d e ve l o p e d  fo r
e ac h  u n i q u e  s i tu ati o n .

A.8.4.6.1 .4    T h e  l o c al  c o d e  a n d  c o n tr a c t d o c u m e n ts ’  r e q u i r e ‐
m e n ts  s h o u l d  b e  fo l l o we d  r e ga r d i n g th e  n u m b e r  an d  l o c a ti o n

o f al l  d o o r s  th at n e e d  to  b e  o p e n e d  fo r  th i s  te s t.

I n  l i e u  o f specifc  d i r e c ti o n  i n  th e  l o c al  c o d e  o r  c o n tr ac t
d o c u m e n ts ,  c h o o s e  th e  d o o r s  to  b e  o p e n e d  a s  fo l l o ws  i n  o r d e r
to  p r o d u c e  th e  m o s t s e ve r e  c o n d i ti o n s :

( 1 ) F o r  th e  d i ffe r e n ti al  p r e s s u r e  te s t,  th e  o p e n  d o o r s  s h o u l d
i n c l u d e  th o s e  fo r  wh i c h  th e  h i g h e s t p r e s s u r e  d i ffe r e n c e
was  m e a s u r e d  i n  th e  te s ts  wi th  al l  d o o rs  c l o s e d  (see

8. 4. 6. 1 ).  Wh e n  m e as u r e d  wi th  th e  s ta i r we l l  as  th e  r e fe r ‐
e n c e ,  th e s e  d o o r s  h ave  th e  gr e a te s t n e ga ti ve  val u e s .

( 2 ) Wh e n  s ys te m s  ar e  d e s i g n e d  fo r  o p e n  s ta i r we l l  d o o r s  an d
to tal  b u i l d i n g e va c u ati o n ,  th e  n u m b e r  o f o p e n  d o o r s
s h o u l d  i n c l u d e  th e  e x te r i o r  s ta i r we l l  d o o r.

( 3 ) B e c au s e  th e  p r e s s u r e  i n  th e  s ta i r we l l  m u s t b e  g r e ate r  th a n
th e  p r e s s u r e  i n  th e  o c c u p i e d  a r e as ,  i t i s  n o t n e c e s s ar y to
r e p e at th e  d o o r-o p e n i n g  fo r c e  te s ts  wi th  o p e n  d o o r s .

O p e n i n g  a n y d o o r  wo u l d  d e c r e a s e  th e  p r e s s u r e  i n  th e
s tai r we l l  a n d  th e r e b y d e c r e as e  th e  d o o r-o p e n i n g fo r c e  o n

th e  r e m ai n i n g d o o r s .

A.8.4.6.2    D o o r-o p e n i n g fo r c e s  i n c l u d e  fr i c ti o n al  fo r c e s ,  th e
fo r c e s  p r o d u c e d  b y th e  d o o r  h a r d wa r e ,  a n d  th e  fo r c e s

p r o d u c e d  b y th e  s m o ke  c o n tr o l  s ys te m .  I n  c as e s  wh e r e  fr i c ‐
ti o n a l  fo r c e s  ar e  e x c e s s i ve ,  th e  d o o r  s h o u l d  b e  r e p ai r e d .  (See
Annex  I for information on testing for leakage between smoke zones. )

A.8.4.6.4    T h e  e x ac t l o c ati o n  o f e ac h  s m o ke  c o n tr o l  z o n e  an d
th e  d o o r  o p e n i n g s  i n  th e  p e r i m e te r  o f e ac h  z o n e  s h o u l d  b e
verifed.  I f th e  p l an s  d o  n o t specifcally i d e n ti fy th e s e  z o n e s  an d

d o o r s ,  th e  fre  al ar m  s ys te m  i n  th o s e  z o n e s  m i gh t h a ve  to  b e
a c ti va te d  s o  th at a n y d o o r s  m ag n e ti c al l y h e l d  o p e n  wi l l  c l o s e

an d  i d e n ti fy th e  z o n e  b o u n d ar i e s .  (See Annex I for information on
testing for leakage between smoke zones. )

A.8.4.6.4.3.6    Afte r  a  s m o ke  z o n e ’ s  s m o ke  c o n tr o l  s ys te m s  h ave
b e e n  te s te d ,  i t s h o u l d  b e  e n s u r e d  th at th e  s ys te m s  ar e  p r o p e r l y
d e ac ti vate d  an d  th e  H VAC  s ys te m s  i n vo l ve d  a r e  r e tu r n e d  to

th e i r  n o r m a l  o p e r a ti n g m o d e s  p r i o r  to  a c ti vati o n  o f an o th e r
z o n e ’ s  s m o ke  c o n tr o l  s ys te m .  I t s h o u l d  b e  a l s o  e n s u r e d  th at a l l
c o n tr o l s  n e c e s s ar y to  p r e ve n t e x c e s s i ve  p r e s s u r e  d i ffe r e n c e s  ar e

fu n c ti o n a l  s o  a s  to  p r e ve n t d am a ge  to  d u c ts  a n d  r e l ate d  b u i l d ‐
i n g e q u i p m e n t.

A.8.4.6.5    A c o n s i s te n t p r o c e d u r e  s h o u l d  b e  e s ta b l i s h e d  fo r
r e c o r d i n g d a ta  th r o u gh o u t th e  e n ti r e  te s t,  s u c h  th at th e  s h aft
s i d e  o f th e  d o o r s  i s  al ways  c o n s i d e r e d  as  th e  r e fe r e n c e  p o i n t

[ 0  i n .  w. g.  ( 0  P a) ]  an d  th e  foor  s i d e  o f th e  d o o r s  a l wa ys  h a s  th e
p r e s s u r e  d i ffe r e n c e  val u e  ( p o s i ti ve  i f h i gh e r  th a n  th e  s h aft an d
n e g ati ve  i f l e s s  th an  th e  s h a ft) .
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B e c au s e  th e  h o i s twa y p r e s s u r i z ati o n  s ys te m  i s  i n te n d e d  to
p r o d u c e  a p o s i ti ve  p r e s s u r e  wi th i n  th e  h o i s tway,  al l  n e ga ti ve
p r e s s u r e  val u e s  r e c o r d e d  o n  th e  foor  s i d e  o f th e  d o o r s  ar e

i n d i c ati ve  o f a p o te n ti al  airfow fr o m  th e  s h aft to  th e  foor.

A. 8 . 4 . 6 . 5 . 2 . 1 ( C )    Wh e r e  e n c l o s e d  e l e va to r  l o b b i e s  ar e  p r e s s u r ‐
i z e d  b y an  e l e vato r  l o b b y p r e s s u r i z ati o n  s ys te m ,  o r  wh e r e

e n c l o s e d  e l e va to r  l o b b i e s  r e c e i ve  s e c o n d a r y p r e s s u r i z ati o n  fr o m
th e  e l e vato r  h o i s tway,  th e y s h o u l d  b e  tr e a te d  as  a z o n e  i n  a
z o n e d  s m o ke  c o n tr o l  s ys te m .

A. 8 . 4 . 6 . 7 . 1    Wh e n  te s ti n g  th e  c o m b i n a ti o n  o f z o n e d  s m o ke
c o n tr o l  s ys te m s  an d  s ta i r we l l  p r e s s u r i z ati o n  s ys te m s ,  th e  te s ts

ap p l i c a b l e  to  e ac h  s tan d -al o n e  s ys te m  s h o u l d  b e  c o n d u c te d .
D i ffe r e n ti a l  p r e s s u r e  te s ts  ar e  specifed  i n  b o th  8 . 4 . 6 . 3  an d
8 . 4 . 6 . 4 .  Wh e n  th e  two  s ys te m s  a r e  u s e d  i n  c o m b i n ati o n ,  th e

s tai r we l l  s h o u l d  b e  tr e a te d  a s  a z o n e  i n  a  z o n e d  s m o ke  c o n tr o l
s ys te m .  T h e  m i n i m u m  d e s i gn  p r e s s u r e s  specifed  i n  Tab l e
4 . 4 . 2 . 1 . 1  a p p l y o n l y to  th e  d i ffe r e n ti a l  p r e s s u r e  te s ts  specifed  i n

8 . 4 . 6 . 4 .

D i ffe r e n ti a l  p r e s s u r e  te s ts  c o n d u c te d  as  d i r e c te d  i n  8 . 4 . 6 . 1
a r e  u s e d  to  d e te r m i n e  th e  d o o r s  th a t s h o u l d  b e  o p e n e d  d u r i n g

th e  te s ts  specifed  i n  8 . 4 . 6 . 2 .  I t i s  n o t e x p e c te d  th at th e s e  val u e s
wi l l  c o m p l y wi th  th e  m i n i m u m  d e s i g n  p r e s s u r e s  specifed  i n
Tab l e  4 . 4 . 2 . 1 . 1 ,  e x c e p t a t th e  fre  foor.

I n  l i e u  o f specifc  d i r e c ti o n  i n  th e  l o c al  c o d e  o r  c o n tr ac t
d o c u m e n ts ,  c h o o s e  th e  d o o r s  to  b e  o p e n e d  a s  fo l l o ws  i n  o r d e r

to  p r o d u c e  th e  m o s t s e ve r e  c o n d i ti o n s :

( 1 ) F o r  th e  d i ffe r e n ti al  p r e s s u r e  te s t,  th e  o p e n  d o o r s  s h o u l d
i n c l u d e  th o s e  fo r  wh i c h  th e  h i g h e s t p r e s s u r e  d i ffe r e n c e
was  m e a s u r e d  i n  th e  te s ts  wi th  al l  d o o r s  c l o s e d  (see
8. 4. 6. 2),  e x c l u d i n g th e  d o o r  o n  th e  fre  foor.  Wh e n  m e as ‐

u r e d  wi th  th e  s ta i r we l l  as  th e  r e fe r e n c e ,  th e s e  d o o r s  h a ve
th e  g r e ate s t n e ga ti ve  val u e s .

( 2 ) Wh e n  s ys te m s  a r e  d e s i g n e d  fo r  o p e n  s ta i r we l l  d o o r s  an d
to tal  b u i l d i n g e va c u ati o n ,  th e  n u m b e r  o f o p e n  d o o r s

s h o u l d  i n c l u d e  th e  e x te r i o r  s ta i r we l l  d o o r.
( 3 ) F o r  th e  d o o r-o p e n i n g fo r c e  te s t,  th e  o p e n  d o o r s  s h o u l d

i n c l u d e  a n y d o o r s  ( u p  to  th e  specifed  n u m b e r )  fo u n d  i n
th e  te s ts  wi th  al l  d o o r s  c l o s e d  (see 8. 4. 6. 2) to  h a ve  p r e s s u r e
i n  th e  o c c u p i e d  a r e a gr e a te r  th an  th e  p r e s s u r e  i n  th e

s tai r we l l .  O p e n i n g  th e s e  d o o r s  ad d s  p r e s s u r e  to  th e  s ta i r ‐
we l l ,  th e r e b y i n c r e as i n g  d o o r-o p e n i n g fo r c e s  o n  th e

r e m a i n i n g d o o r s .  Wh e n  m e a s u r e d  wi th  th e  s ta i r we l l  a s
th e  r e fe r e n c e ,  th e s e  d o o r s  h ave  th e  gr e a te s t p o s i ti ve

val u e s .  I f n o  d o o r s  m e e t th e s e  c r i te r i a ,  i t i s  n o t n e c e s s ar y
to  r e p e a t th e  d o o r-o p e n i n g  fo r c e  te s ts  wi th  o p e n  d o o r s ,

s i n c e  o p e n i n g  an y d o o r  wo u l d  d e c r e as e  th e  p r e s s u r e  i n
th e  s tai r we l l  an d  th e r e b y d e c r e as e  th e  d o o r- o p e n i n g  fo r c e
o n  th e  r e m a i n i n g d o o r s .

A. 8 . 5 . 1    T h i s  d o c u m e n ta ti o n  s h o u l d  i n c l u d e  r e s u l ts  fr o m  th e
p r e l i m i n ar y b u i l d i n g i n s p e c ti o n ,  c o m p o n e n t te s ti n g ,  an d
ac c e p tan c e  te s ti n g .

A. 8 . 6 . 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 ai n te n a n c e  i s  e s s e n ‐
ti al  to  e n s u r e  th at th e  s m o ke  c o n tr o l  s ys te m  wi l l  p e r fo r m  i ts

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 .  P r o p e r  m ai n te n a n c e
o f th e  s ys te m  s h o u l d ,  as  a  m i n i m u m ,  i n c l u d e  p e r i o d i c  te s ti n g  o f
al l  e q u i p m e n t s u c h  as  i n i ti ati n g  d e vi c e s ,  fan s ,  d a m p e r s ,

c o n tr o l s ,  d o o r s ,  an d  wi n d o ws .  T h e  e q u i p m e n t s h o u l d  b e  m a i n ‐
ta i n e d  i n  ac c o r d an c e  wi th  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 .  (See NFPA  90A. )

S p e c i al  a r r an g e m e n ts  m i g h t h a ve  to  b e  m ad e  fo r  th e  i n tr o ‐
d u c ti o n  o f l ar g e  q u a n ti ti e s  o f o u ts i d e  ai r  i n to  o c c u p i e d  ar e a s  o r

c o m p u te r  c e n te r s  wh e n  o u ts i d e  te m p e r a tu r e  a n d  h u m i d i ty
c o n d i ti o n s  a r e  e x tr e m e .  B e c a u s e  s m o ke  c o n tr o l  s ys te m s  o ve r ‐

r i d e  l i m i t c o n tr o l s ,  s u c h  as  fr e e z e s ta ts ,  te s ts  s h o u l d  b e  c o n d u c ‐
te d  wh e n  o u ts i d e  ai r  c o n d i ti o n s  wi l l  n o t c au s e  d am a ge  to
e q u i p m e n t an d  s ys te m s .

A. 8 . 7 . 1    D o c u m e n ta ti o n  s h o u l d  b e  u p d ate d  to  refect c h an g e s
o r  modifcations.

An n e x  B    P re d i c ti n g th e  Rate  o f H e at Re l e as e  o f Fi re s

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

B . 1  I n tro d uc ti o n .    T h i s  an n e x  p r e s e n ts  te c h n i q u e s  fo r  e s ti m a t‐
i n g th e  h e at r e l e a s e  r ate  o f var i o u s  fu e l  ar 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 g s  wh e r e  s m o ke  ve n ti n g  i s  a p o te n ti a l  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 a ti 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  r e tai l  s h o p s ,  s tad i u m s ,  offces,  an d
s i m i l a r  l o c ati o n s  th at m i g h t i n vo l ve  l a r ge  ar e a s  ad d r e s s e d  b y
th i s  s tan d ar d .  C o n ve r s e l y,  N F PA 2 0 4  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  s to r ag e  an d  m an u fac tu r i n g l o c a ti o n s
an d  o th e r  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 s ta n d ar d .
T h i s  s tan d ar d  i s  a p p l i c ab l e  to  s i tu a ti o n s  wh e r e  th e  h o t l aye r

d o e s  n o t e n h a n c e  th e  b u r n i n g r ate .  T h e  m e th o d s  p r o vi d e d  i n
th i s  an n e x  fo r  e s ti m a ti n g th e  r ate  o f h e at r e l e as e ,  th e r e fo r e ,  a r e
b a s 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  h o t

g as  l aye r  e ffe c ts  a r e  i n vo l ve d .  I t i s  a s s u m e d  th at th e  b u r n i n g
r ate  i s  r e l ati ve l y u n affe c te d  b y th e  h o t l a ye r.

L i m i te d  h e at r e l e as e  r a te  d ata fo r  s o m e  fu e l  c o m m o d i ti e s
h a ve  b e e n  r e p o r te d  ( B ab r au s ka s  an d  Kr a s n y [ 5 4 ] ;  B ab r au s ka s
[ 5 3 ] ;  Kl o te  a n d  M i l ke  [ 2 1 ] ) .  H o we ve r,  fu r n i tu r e  c o n s tr u c ti o n

d e tai l s  a n d  m ate r i al s  a r e  kn o wn  to  s u b s ta n ti al l y infuence  th e
p e ak h e at r e l e as e  r ate ,  s u c h  th a t h e at r e l e as e  r ate  d ata ar e  n o t
a va i l ab l e  fo r  a l l  fu r n i tu r e  i te m s  o r  fo r  ge n e r i c  fu r n i tu r e  i te m s .

B . 2  S o u rc e s  o f D ata.    T h e  fo l l o wi n g  s o u r c e s  o f d a ta  ap p e ar  i n
th e i r  ap p r o x i m ate  o r d e r  o f p r i o r i ty,  gi ve n  e q u al  q u al i ty o f d ata

ac q u i s i ti o n :

( 1 ) Ac tu a l  te s ts  o f th e  ar r a y i n vo l ve d
( 2 ) Ac tu a l  te s ts  o f s i m i l a r  ar r ays
( 3 ) Al go r i th m s  d e r i ve d  fr o m  te s ts  o f ar r ays  h avi n g  s i m i l a r

fu e l s  an d  d i m e n s i o n al  c h a r ac te r i s ti c s
( 4 ) C al c u l a ti o n s  b as e d  o n  te s te d  p r o p e r ti e s  a n d  m a te r i al s  an d

e x p e c te d  fame  fux
( 5 ) M ath e m ati c al  m o d e l s  o f fre  s p r e ad  a n d  d e ve l o p m e n t

B . 3  Ac tu al  Te s ts  o f th e  Ar ray I n vo l ve d .    Wh e r e  a n  ac tu al  c al o ‐
rifc  te s t o f th e  specifc  ar r ay u n d e r  c o n s i d e r ati o n  h a s  b e e n

c o n d u c te d  an d  th e  d a ta  ar e  i n  a fo r m  th at c an  b e  e x p r e s s e d  a s
r ate  o f h e at r e l e as e ,  th e  d a ta  c an  th e n  b e  u s e d  as  i n p u t fo r  th e

m e th o d s  i n  th i s  s ta n d a r d .  S i n c e  a c tu al  te s t d a ta  s e l d o m
p r o d u c e  th e  s te a d y s tate  a s s u m e d  fo r  a  l i m i te d - gr o wth  fre  o r
th e  s q u ar e  o f ti m e  g r o wth  as s u m e d  fo r  a  c o n ti n u o u s  gr o wth  ( t-

s q u a r e d )  fre,  e n g i n e e r i n g j u d g m e n t i s  u s u a l l y n e e d e d  to
d e r i ve  th e  a c tu al  i n p u t n e c e s s ar y i f e i th e r  o f th e s e  ap p r o ac h e s
i s  u s e d .  (See Section B. 7 for further details relevant to t-squared fres.)

I f a c o m p u te r  m o d e l  th a t i s  ab l e  to  r e s p o n d  to  a r ate  o f h e a t
r e l e as e  ve r s u s  ti m e  c u r ve  i s  u s e d ,  th e  d a ta  c an  b e  u s e d  d i r e c tl y.
C u r r e n tl y th e r e  i s  n o  e s tab l i s h e d  c atal o g  o f te s ts  o f specifc

a r r ays .  S o m e  te s t d a ta  c an  b e  fo u n d  i n  te c h n i c al  r e p o r ts .  Al te r ‐
n ati ve l y,  i n d i vi d u al  te s ts  c an  b e  c o n d u c te d .
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M an y fre  te s ts  d o  n o t i n c l u d e  a d i r e c t m e a s u r e m e n t o f r a te
o f h e at r e l e as e .  I n  s o m e  c as e s ,  i t c an  b e  d e r i ve d  b as e d  o n  m e a s ‐
u r e m e n t o f m a s s  l o s s  r ate  u s i n g  th e  fo l l o wi n g  e q u ati o n :

Q mhc= ɺ

wh e r e :
Q = ra te  o f h e at r e l e as e  ( B tu / s e c  o r  kW)
ɺm = m a s s  l o s s  r ate  ( l b / s e c  o r  kg/ s e c )

hc = h e at o f c o m b u s ti o n  ( B tu / l b  o r  kJ / kg)

I n  o th e r  c a s e s ,  th e  r a te  o f h e a t r e l e as e  c an  b e  d e r i ve d  b as e d
o n  m e as u r e m e n t o f fame  h e i gh t as  fo l l o ws :

Q L D= +( )2 05 1 02
5 2

. .

wh e r e :
Q = r ate  o f h e at r e l e as e  ( B tu / s e c )

L = fame  h e i g h t ( ft)
D = fre  d i a m e te r  ( ft)

Q L D= +37 1 02
5 2

.( )

wh e r e :
Q = r ate  o f h e at r e l e as e  ( kW)

L = fame  h e i g h t ( m )
D = fre  d i a m e te r  ( m )

B . 4  Ac tu al  Te s ts  o f Ar rays  S i m i l ar to  T h at I n vo l ve d .    Wh e r e  a n
ac tu al  calorifc  te s t o f th e  specifc  ar r a y u n d e r  c o n s i d e r a ti o n
c a n n o t b e  fo u n d ,  i t c an  b e  p o s s i b l e  to  fnd  d a ta  o n  o n e  o r  m o r e
te s ts  th at ar e  s i m i l ar  to  th e  fu e l  o f c o n c e r n  i n  i m p o r tan t
m a tte r s  s u c h  a s  typ e  o f fu e l ,  ar r a n ge m e n t,  o r  i g n i ti o n  s c e n a r i o .

T h e  m o r e  th e  ac tu a l  te s ts  ar e  s i m i l ar  to  th e  fu e l  o f c o n c e r n ,
th e  h i g h e r  th e  confdence  th a t c an  b e  p l ac e d  i n  th e  d e r i ve d
r ate  o f h e a t r e l e a s e .  T h e  a d d i ti o n  o f e n g i n e e r i n g j u d gm e n t,
h o we ve r,  m i g h t b e  n e e d e d  to  ad j u s t th e  te s t d ata to  th o s e
ap p r o x i m a ti n g th e  fu e l  o f c o n c e r n .  I f r a te  o f h e a t r e l e a s e  h a s
n o t b e e n  d i r e c tl y m e a s u r e d ,  i t c an  b e  e s ti m ate d  u s i n g  th e
m e th o d  d e s c r i b e d  fo r  e s ti m ati n g  b u r n i n g  r ate  fr o m  fame
h e i g h t i n  S e c ti o n   B . 3 .

B . 5  Al go ri th m s  D e ri ve d  fro m  Te s ts  o f Ar rays  H avi n g S i m i l ar
Fu e l s  an d  D i m e n s i o n al  C h arac te ri s ti c s .

B . 5 . 1  P o o l  Fi re s .    I n  m a n y c as e s ,  th e  r ate  o f h e at r e l e as e  o f a
te s te d  ar r a y h as  b e e n  d i vi d e d  b y a c o m m o n  d i m e n s i o n ,  s u c h  a s
o c c u p i e d  foor  a r e a,  to  d e r i ve  a n o r m al i z e d  r ate  o f h e at r e l e a s e
p e r  u n i t ar e a .  T h e  r a te  o f h e a t r e l e a s e  o f p o o l  fres  i s  th e  b e s t
d o c u m e n te d  an d  a c c e p te d  a l g o r i th m  i n  th i s  c l a s s .

An  e q u ati o n  fo r  th e  m as s  r e l e as e  r a te  fr o m  a p o o l  fre  i s  a s
fo l l o ws  ( B ab r au s kas  [ 5 3 ] ) :

′′ ′′( )m m e
o

kBD= − −
1

T h e  var i a b l e s  fo r  E q u ati o n  B . 5 . 1  a r e  as  s h o wn  i n  Tab l e  B . 5 . 1 .

 
[ B . 3 a]

 
[ B . 3 b ]

 
[ B . 3 c ]

 
[ B . 5 . 1 ]

T h e  m as s  r a te s  d e r i ve d  fr o m  E q u a ti o n  B . 5 . 1  a r e  c o n ve r te d  to
r a te s  o f h e at r e l e a s e  u s i n g E q u ati o n  B . 3 a  a n d  th e  h e a t o f

c o m b u s ti o n  fr o m  Ta b l e  B . 5 . 1 .  T h e  r a te  o f h e a t r e l e as e  p e r  u n i t
a r e a ti m e s  th e  ar e a o f th e  p o o l  yi e l d s  h e a t r e l e a s e  d a ta  fo r  th e
a n ti c i p a te d  fre.

B . 5 . 2  O th e r N o r m al i z e d  D ata.    O th e r  d ata b as e d  o n  b u r n i n g
r a te  p e r  u n i t ar e a  i n  te s ts  h ave  b e e n  d e ve l o p e d .  Tab l e  B . 5 . 2 ( a)

an d  Tab l e  B . 5 . 2 ( b )  l i s t th e  m o s t a va i l ab l e  o f th e s e  d ata.

B . 5 . 3  O th e r U s e fu l  D ata.    O th e r  d a ta  th a t ar e  n o t n o r m a l i z e d
m i gh t b e  u s e fu l  i n  d e ve l o p i n g  th e  r a te  o f h e at r e l e as e  c u r ve .

E x am p l e s  ar e  i n c l u d e d  i n  Tab l e  B . 5 . 3 ( a )  th r o u g h  Tab l e
B . 5 . 3 ( h ) .

B . 6  C al c u l ate d  Fi re  D e s c ri p ti o n  B as e d  o n  Te s te d  P ro p e r ti e s .

B . 6 . 1  B ac k gro u n d .    I t i s  p o s s i b l e  to  m ake  g e n e r al  e s ti m a te s  o f
th e  r a te  o f h e a t r e l e as e  o f b u r n i n g m a te r i al s  b as e d  o n  th e  fre

p r o p e r ti e s  o f th at m ate r i al .  T h e  fre  p r o p e r ti e s  i n vo l ve d  c a n  b e
d e te r m i n e d  b y s m a l l - s c a l e  te s ts .  T h e  m o s t i m p o r tan t o f th e s e
te s ts  a r e  c al o r i m e te r  te s ts  i n vo l vi n g b o th  o x yge n  d e p l e ti o n  c al o ‐

r i m e tr y an d  th e  a p p l i c a ti o n  o f e x te r n al  h e a t fux  to  th e  s am p l e
wh i l e  d e te r m i n i n g  ti m e  to  i gn i ti o n ,  r ate  o f m as s  r e l e as e ,  an d
r a te  o f h e a t r e l e as e  fo r  th e  specifc  a p p l i e d  fux.

M o s t p r o m i n e n t o f th e  c u r r e n t te s t a p p ar atu s  a r e  th e  c o n e
c a l o r i m e te r  (see ASTM E1 354,  Standard Test Method for Heat and

Visible Smoke Release Rates for Materials and Products Using an
Oxygen Consumption Calorimeter) an d  th e  F a c to r y M u tu a l  c al o ‐
r i m e te r  ( Kh an  [ 5 2 ] ) .  I n  ad d i ti o n  to  th e s e  d i r e c tl y m e as u r e d

p r o p e r ti e s ,  i t i s  p o s s i b l e  to  d e r i ve  i g n i ti o n  te m p e r a tu r e ,  c r i ti c al
i g n i ti o n  fux,  e ffe c ti ve  th e r m al  i n e r ti a ( kρc) ,  h e at o f c o m b u s ‐
ti o n ,  an d  h e at o f gasifcation  b a s e d  o n  r e s u l ts  fr o m  th e s e  c al o ‐

r i m e te r s .  P r o p e r ti e s  n o t d e r i vab l e  fr o m  th e s e  c a l o r i m e te r s  an d
e s s e n ti a l  to  d e te r m i n i n g fame  s p r e a d  i n  d i r e c ti o n s  n o t c o n c u r ‐
r e n t wi th  th e  fow o f th e  fame  c an  b e  o b tai n e d  fr o m  th e  l ate r al
i g n i ti o n  an d  fame  tr ave l  ( L I F T )  a p p a r atu s  (see ASTM E1 321 ,
Standard Test Method for Determining Material Ignition and Flame

Spread Properties).  T h i s  s e c ti o n  p r e s e n ts  a c o n c e p t o f th e  u s e  o f
fre  p r o p e r ty te s t d ata as  th e  b a s i s  o f an  an a l yti c al  e va l u ati o n  o f
th e  r ate  o f h e at r e l e a s e  i n vo l ve d  i n  th e  u s e  o f a te s te d  m a te r i al .

T h e  ap p r o ac h  o u tl i n e d  i n  th i s  s e c ti o n  i s  b as e d  o n  th at
p r e s e n te d  b y N e l s o n  a n d  F o r s s e l l  [ 5 5 ] .

B . 6 . 2  D i s c us s i o n  o f M e as u re d  P ro p e r ti e s .    Tab l e  B . 6 . 2 ( a )  l i s ts
th e  typ e  o f fre  p r o p e r ti e s  o b ta i n ab l e  fr o m  th e  c o n e  o r  F ac to r y

M u tu a l  c al o r i m e te r s  an d  s i m i l a r  i n s tr u m e n ts .

I n  Ta b l e  B . 6 . 2 ( a) ,  th e  r ate  o f h e a t r e l e as e  ( RH R) ,  m a s s  l o s s ,
a n d  ti m e  to  i g n i ti o n  ar e  fu n c ti o n s  o f th e  e x te r n al l y ap p l i e d
i n c i d e n t r ad i an t h e a t fux  i m p o s e d  o n  th e  te s te d  s a m p l e .  T h e

p u r p o s e  o f th e  e x te r n al l y ap p l i e d  fux  i s  to  s i m u l a te  th e  fre
e n vi r o n m e n t s u r r o u n d i n g  a b u r n i n g  i te m .  I n  ge n e r a l ,  i t c an  b e
e s ti m ate d  th a t a fr e e -b u r n i n g fu e l  p ac kag e  ( i . e . ,  o n e  th at b u r n s

i n  th e  o p e n  a n d  i s  n o t affe c te d  b y e n e r g y fe e d b ac k fr o m  a h o t
g as  l a ye r  o f a h e a t s o u r c e  o th e r  th an  i ts  o wn  fame)  i s  i m p a c te d
b y a  fux  i n  th e  r an g e  o f 2 . 2  B tu / s e c -ft2  to  4 . 4  B tu / s e c - ft2

( 2 5  kW/ m 2  to  5 0  kW/ m 2 ) .  I f th e  fre  i s  i n  a  s p ac e  a n d  c o n d i ‐
ti o n s  ar e  ap p r o ac h i n g  fashover,  th i s  c a n  i n c r e a s e  to  th e  r a n ge

o f 2 . 2  B tu / s e c -ft2  to  6 . 6  B tu / s e c -ft2  ( 5 0  kW/ m 2  to  7 5  kW/ m 2 ) .
I n  fu l l y d e ve l o p e d ,  post-fashover  fres,  a r a n ge  o f 6 . 6  B tu / s e c -
ft2  to  o ve r  8 . 8  B tu / s e c -ft2  ( 7 5  kW/ m 2  to  o ve r  1 0 0  kW/ m 2 )  c a n
b e  e x p e c te d .  T h e  fo l l o wi n g  i s  a d i s c u s s i o n  o f th e  i n d i vi d u al
p r o p e r ti e s  m e as u r e d  o r  d e r i ve d  an d  th e  u s u al  fo r m  u s e d  to

r e p o r t th e  p r o p e r ty.
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Rate of Heat Release.  Ra te  o f h e at r e l e as e  i s  d e te r m i n e d  b y
o x yg e n  d e p l e ti o n  c al o r i m e tr y.  E ac h  te s t i s  r u n  at a  user-specifc
i n c i d e n t fux  an d  e i th e r  fo r  a  p r e d e te r m i n e d  p e r i o d  o f ti m e  o r

u n ti l  th e  s am p l e  i s  c o n s u m e d .  T h e  c o m p l e te  r e s u l ts  ar e  p r e s e n ‐
te d  i n  th e  fo r m  o f a  p l o t o f r ate  o f h e at r e l e as e  a ga i n s t ti m e ,
wi th  th e  l e ve l  o f ap p l i e d  fux  n o te d .  I n  s o m e  c as e s ,  th e  r ate  o f

h e at r e l e as e  fo r  s e ve r al  te s ts  o f th e  s am e  m ate r i al  at d i ffe r e n t
l e ve l s  o f ap p l i e d  fux  i s  p l o tte d  o n  a s i n g l e  c u r ve  fo r  c o m p a r i ‐
s o n .  F i g u r e  B . 6 . 2  i s  an  e x am p l e  o f s u c h  a  p l o tti n g.

O fte n  o n l y th e  p e ak r ate  o f h e at r e l e as e  at a specifc  fux  i s
r e p o r te d .  Tab l e  B . 6 . 2 ( b )  i s  a n  e x a m p l e .

Mass Loss Rate (m).  M a s s  l o s s  r a te  i s  d e te r m i n e d  b y a l o ad
c e l l .  T h e  m e th o d  o f r e p o r ti n g  i s  i d e n ti c a l  to  th at fo r  r ate  o f

h e at r e l e as e .  I n  th e  typ i c al  s i tu ati o n  wh e r e  th e  m a te r i al  h a s  a
c o n s i s te n t h e at o f c o m b u s ti o n ,  th e  c u r ve s  fo r  m as s  l o s s  r ate  an d

r a te  o f h e a t r e l e as e  ar e  s i m i l ar  i n  s h ap e .

Time to Ignition (qi).  T i m e  to  i g n i ti o n  i s  r e p o r te d  fo r  e a c h
i n d i vi d u a l  te s t an d  a p p l i e d  fux  l e ve l  c o n d u c te d .

Effective Thermal Inertia (kDc).  E ffe c ti ve  th e r m al  i n e r ti a i s  a
m e a s u r e m e n t o f th e  h e at r i s e  r e s p o n s e  o f th e  te s te d  m ate r i al  to
th e  h e at fux  i m p o s e d  o n  th e  s am p l e .  I t i s  d e r i ve d  at th e  ti m e

o f i gn i ti o n  a n d  i s  b a s e d  o n  th e  r ati o  o f th e  ac tu a l  i n c i d e n t fux
to  th e  c r i ti c a l  i gn i ti o n  fux  an d  th e  ti m e  to  i gn i ti o n .  A s e r i e s  o f
te s ts  a t d i ffe r e n t l e ve l s  o f a p p l i e d  fux  i s  n e c e s s a r y to  d e r i ve  th e

e ffe c ti ve  th e r m a l  i n e r ti a.  E ffe c ti ve  th e r m al  i n e r ti a d e r i ve d  i n
th i s  m an n e r  c an  d i ffe r  fr o m  an d  b e  p r e fe r ab l e  to  th at d e r i ve d
u s i n g  h an d b o o k d ata fo r  th e  val u e s  o f k,  D,  a n d  c d e r i ve d  wi th ‐

o u t a fre.

Heat of Combustion (Hc).  H e at o f c o m b u s ti o n  i s  d e r i ve d  b y
d i vi d i n g  th e  m e as u r e d  r ate  o f h e a t r e l e a s e  b y th e  m e a s u r e d
m a s s  l o s s  r a te .  I t i s  n o r m a l l y r e p o r te d  as  a  s i n g l e  val u e ,  u n l e s s

th e  s am p l e  i s  a c o m p o s i te  m ate r i a l  an d  th e  r a te s  o f h e at r e l e a s e
a n d  m as s  l o s s  var y signifcantly wi th  ti m e  an d  e x p o s u r e .

Heat of Gasifcation (hg).  H e a t o f gasifcation  i s  th e  fux
n e e d e d  to  p yr o l yz e  a  u n i t m a s s  o f fu e l .  I t i s  d e r i ve d  a s  a h e at
b a l a n c e  an d  i s  u s u al l y r e p o r te d  a s  a  s i n gl e  val u e  i n  te r m s  o f th e

a m o u n t o f e n e r g y p e r  u n i t m a s s  o f m ate r i a l  r e l e as e d  [ e . g . ,
B tu / l b  ( kJ / g) ] .

Tab l e   B . 5 . 1  D ata fo r L arge  P o o l  B u r n i n g Rate  E s ti m ate s

  D e n s i ty   hc   ɺm
b   kb

M ate ri al l b / ft3 kg/ m 3   B tu/ l b m J / kg   l b / ft2 · s kg/ m 2 · s   ft- 1 m - 1

Cryogenicsa

L i q u i d  H 2 4 . 4 7 0 5 5 , 5 0 0 1 2 0 0 . 0 0 3 5 0 . 0 1 7 1 . 9 6 . 1
L N G ( m o s tl y C H 4 ) 2 6 4 1 5 2 1 , 5 0 0 5 0 . 0 0 . 0 1 6 0 . 0 7 8 0 . 3 3 1 . 1

L P G ( m o s tl y C 3 H 8 ) 3 7 5 8 5 2 0 , 0 0 0 4 6 . 0 0 . 0 2 0 . 0 9 9 0 . 4 3 1 . 4

Alcohols
M e th an o l  ( C H 3 O H ) 5 0 7 9 6 8 , 5 0 0 2 0 . 0 0 . 0 0 3 5 — b —

E th an o l  ( C 2 H 5 O H ) 5 0 7 9 4 1 1 , 5 0 0 2 6 . 8 0 . 0 0 3 1 — b —

Simple organic fuels
B u tan e  ( C 4 H 1 0 ) 3 6 5 7 3 2 0 , 0 0 0 4 5 . 7 0 . 0 1 6 0 . 0 7 8 0 . 8 2 2 . 7

B e n z e n e  ( C 5 H 6 ) 5 3 8 7 4 1 7 , 0 0 0 4 0 . 1 0 . 0 1 7 0 . 0 8 5 0 . 8 2 2 . 7
H e x a n e  ( C 6 H 1 4 ) 4 1 6 5 0 1 9 , 0 0 0 4 4 . 7 0 . 0 1 5 0 . 0 7 4 0 . 5 8 1 . 9

H e p ta n e  ( C 7 H 1 6 ) 4 2 8 7 5 1 9 , 0 0 0 4 4 . 6 0 . 0 2 1 0 . 1 0 1 0 . 3 4 1 . 1
X yl e n e  ( C 8 H 1 0 ) 5 4 8 7 0 1 7 , 5 0 0 4 0 . 8 0 . 0 1 8 0 . 0 9 0 0 . 4 2 1 . 4

Ac e to n e  ( C 3 H 6 O ) 4 9 7 9 1 1 1 , 0 0 0 2 5 . 8 0 . 0 0 8 4 0 . 0 4 1 0 . 5 8 1 . 9
D i o x an e  ( C 4 H 8 O 2 ) 6 5 1 0 3 5 1 1 , 0 0 0 2 6 . 2 0 . 0 0 3 7 c 0 . 0 1 8 1 . 6 c 5 . 4

D i e th yl  e th e r  ( C 4 H 1 0 O ) 4 5 7 1 4 1 4 , 5 0 0 3 4 . 2 0 . 0 1 7 0 . 0 8 5 0 . 2 1 0 . 7

Petroleum products
B e n z e n e 4 6 7 4 0 1 9 , 0 0 0 4 4 . 7 0 . 0 0 9 8 0 . 0 4 8 1 . 1 3 . 6
Ga s o l i n e 4 6 7 4 0 1 9 , 0 0 0 4 3 . 7 0 . 0 1 1 0 . 0 5 5 0 . 6 4 2 . 1
Ke r o s e n e 5 1 8 2 0 1 8 , 5 0 0 4 3 . 2 0 . 0 0 8 0 . 0 3 9 1 . 1 3 . 5
J P -4 4 7 7 6 0 1 8 , 5 0 0 4 3 . 5 0 . 0 1 0 . 0 5 1 1 . 1 3 . 6
J P -5 5 1 8 1 0 1 8 , 5 0 0 4 3 . 0 0 . 0 1 1 0 . 0 5 4 0 . 4 9 1 . 6
Tr a n s fo r m e r  o i l ,  

h yd r o c a r b o n
4 7 7 6 0 2 0 , 0 0 0 4 6 . 4 0 . 0 0 8 c 0 . 0 3 9 0 . 2 1 c 0 . 7

F u e l  o i l ,  h e a vy 5 9 –6 2 9 4 0 –1 0 0 0 1 7 , 0 0 0 3 9 . 7 0 . 0 0 7 2 0 . 0 3 5 0 . 5 2 1 . 7
C r u d e  o i l 5 2 –5 5 8 3 0 –8 8 0 1 8 , 0 0 0 4 2 . 5 –4 2 . 7 0 . 0 0 4 5 –0 . 0 0 9 2 0 . 0 2 2 –0 . 0 4 5 0 . 8 5 2 . 8

Solids
P o l ym e th yl m e th a c r yl a te  

( C 5 H 8 O 2 ) n

7 4 1 1 8 4 1 0 , 0 0 0 2 4 . 9 0 . 0 0 4 1 0 . 0 2 2 1 . 0 3 . 2

P o l yp r o p yl e n e  ( C 3 H 6 ) n 5 6 9 0 5 1 8 , 5 0 0 4 3 . 2 0 . 0 0 3 7 — — —
P o l ys tyr e n e  ( C 8 H 8 ) n 6 6 1 0 5 0 1 7 , 0 0 0 3 9 . 7 0 . 0 0 7 — — —

aF o r  p o o l s  o n  d r y l a n d ,  n o t o ve r  wa te r.
b Va l u e  i n d e p e n d e n t o f d i a m e te r  i n  tu r b u l e n t r e g i m e .

c E s ti m a te  u n c e r ta i n ,  s i n c e  o n l y two  d a ta  p o i n ts  a va i l ab l e .
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Critical Ignition Flux (qcr).  C r i ti c al  i gn i ti o n  fux  i s  th e  m i n i ‐
m u m  l e ve l  o f i n c i d e n t fux  o n  th e  s am p l e  n e e d e d  to  i gn i te  th e
s a m p l e ,  gi ve n  a n  u n l i m i te d  ti m e  o f a p p l i c a ti o n .  At i n c i d e n t fux
l e ve l s  l e s s  th an  th e  c r i ti c al  i g n i ti o n  fux,  i g n i ti o n  d o e s  n o t ta ke

p l a c e .

Ignition Temperature (Ti).  I gn i ti o n  te m p e r atu r e  i s  th e  s u r fa c e
te m p e r a tu r e  o f a  s am p l e  at wh i c h  fame  o c c u r s .  T h i s  i s  a

s a m p l e  m a te r i al  val u e  th at i s  i n d e p e n d e n t o f th e  i n c i d e n t fux.
I t i s  d e r i va b l e  fr o m  th e  c a l o r i m e te r  te s ts ,  th e  L I F T  ap p ar a tu s

te s t,  a n d  o th e r  te s ts .  I t i s  d e r i ve d  fr o m  th e  ti m e  to  i g n i te  i n  a
gi ve n  te s t,  th e  a p p l i e d  fux  i n  th at te s t,  a n d  th e  e ffe c ti ve  th e r ‐
m a l  i n e r ti a  o f th e  s am p l e .  I t i s  r e p o r te d  at a s i n g l e  te m p e r atu r e .

I f th e  te s t i n c l u d e s  a p i l o t fame  o r  s p ar k,  th e  r e p o r te d
te m p e r a tu r e  i s  fo r  p i l o te d  i g n i ti o n ;  i f th e r e  i s  n o  p i l o t p r e s e n t,

th e  te m p e r atu r e  i s  fo r  au to i g n i ti o n .  M o s t a va i l ab l e  d ata ar e  fo r
p i l o te d  i gn i ti o n .

B . 6 . 3  I gn i ti o n .    E q u ati o n s  fo r  ti m e  to  i gn i ti o n ,  tig,  a r e  g i ve n  fo r
b o th  th e r m a l l y th i n  a n d  th e r m al l y th i c k m ate r i a l s ,  as  defned  i n

B . 6 . 3 . 1  an d  B . 6 . 3 . 2 .  F o r  m a te r i al s  o f i n te r m e d i a te  d e p th ,  e s ti ‐
m a te s  fo r  tig n e c e s s i tate  c o n s i d e r ati o n s  b e yo n d  th e  s c o p e  o f th i s
p r e s e n ta ti o n  ( Qu i n ti e r e  [ 4 2 ] ;  H i r s c h  [ 5 6 ] ) .

B . 6 . 3 . 1  T h e r m al l y T h i n  M ate ri al s .    Re l a ti ve  to  i g n i ti o n  fr o m  a
c o n s tan t i n c i d e n t h e at fux,  qi,  a t th e  e x p o s e d  s u r fa c e  an d  wi th

r e l ati ve l y s m a l l  h e a t tr an s fe r  l o s s e s  a t th e  u n e x p o s e d  s u r fa c e ,  a
th e r m al l y th i n  m a te r i al  i s  a  m ate r i a l  wh o s e  te m p e r a tu r e  i s  r e l a‐
ti ve l y u n i fo r m  th r o u gh o u t i ts  e n ti r e  th i c kn e s s ,  l,  at t =  tig.  F o r

e x am p l e ,  at t =  tigα:

T BT T BT T BTo o ig ounexposed exposed< =0 1 0 1. .( ) ( )

E q u a ti o n  B . 6 . 3 . 1 a c a n  b e  u s e d  to  s h o w th at a m a te r i al  i s  th e r ‐
m al l y th i n  ( H i r s c h  [ 5 6 ] )  i f:

1 0 6
1 2

< . ′′( )tig

F o r  e x am p l e ,  fo r  s h e e ts  o f m ap l e  o r  o ak wo o d  [ wh e r e  th e
th e r m al  d i ffu s i vi ty =  1 . 3 8  x  1 0 -6  ft2 / s e c  ( 1 . 2 8  ×  1 0 - 7  m 2 / s e c ) ;
S ako  an d  H as e m i  [ 5 7 ] ) ,  i f tig =  3 5  s e c o n d s  i s  m e a s u r e d  i n  a  p i l o ‐

te d  i gn i ti o n  te s t,  th e n ,  ac c o r d i n g  to  E q u ati o n  B . 6 . 3 . 1 b ,  i f th e
s a m p l e  th i c kn e s s  i s  l e s s  th an  ap p r o x i m ate l y 0 . 0 0 4 3  ft
( 0 . 0 0 1 3  m ) ,  th e  u n e x p o s e d  s u r fa c e  o f th e  s a m p l e  c an  b e  e x p e c ‐

te d  to  b e  r e l ati ve l y c l o s e  to  Tig at th e  ti m e  o f i g n i ti o n ,  an d  th e
s a m p l e  i s  c o n s i d e r e d  to  b e  th e rm al l y th i n .

T h e  ti m e  to  i g n i ti o n  o f a th e r m al l y th i n  m ate r i a l  s u b j e c te d  to
i n c i d e n t fux  a b o ve  a c r i ti c al  i n c i d e n t fux  i s  a s  fo l l o ws :

t cl
T T

q
ig

ig o
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= ρ
−( )
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[ B . 6 . 3 . 1 a]

 
[ B . 6 . 3 . 1 b ]

 
[ B . 6 . 3 . 1 c ]

Tab l e   B . 5 . 2 ( a)  U n i t H e at Re l e as e  Rate  fo r C o m m o d i ti e s

C o m m o d i ty
B tu / s e c  ·  ft2  o f

Fl o o r Are a
kW/ m 2  o f

Fl o o r Are a

Wo o d  p a l l e ts ,  s ta c ke d  1 1 ∕2  ft h i g h  ( 6 –1 2 %  m o i s tu r e ) 1 2 5 1 , 4 2 0
Wo o d  p a l l e ts ,  s ta c ke d  5   ft h i g h  ( 6 –1 2 %  m o i s tu r e ) 3 5 0 4 , 0 0 0
Wo o d  p a l l e ts ,  s ta c ke d  1 0   ft h i g h  ( 6 –1 2 %  m o i s tu r e ) 6 0 0 6 , 8 0 0
Wo o d  p a l l e ts ,  s ta c ke d  1 6   ft h i g h  ( 6 –1 2 %  m o i s tu r e ) 9 0 0 1 0 , 2 0 0
M a i l  b a g s ,  flled,  s to r e d  5   ft h i g h 3 5 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  1 5   ft h i g h 1 5 0 1 , 7 0 0
P E  l e tte r  tr a ys ,  flled,  s ta c ke d  5   ft h i g h  o n  c a r t 7 5 0 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  1 5   ft h i g h 1 7 5 2 , 0 0 0
P E  fberglass  s h o we r  s ta l l s  i n  c a r to n s ,  s ta c k e d  1 5   ft h i g h 1 2 5 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 5 5 0 6 , 2 0 0
P E  b o ttl e s  i n  c ar to n s ,  s ta c ke d  1 5   ft h i g h 1 7 5 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  1 5   ft h i g h 1 7 0 1 , 9 0 0
P S  j ar s  p a c ke d  i n  c o m p a rtm e n te d  c a r to n s 1 , 2 5 0 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  1 4   ft h i g h 4 7 5 5 , 4 0 0
P S  to y p a r ts  i n  c ar to n s ,  s tac ke d  1 5   ft h i g h 1 8 0 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  1 4   ft h i g h 2 9 0 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 3 0 0 3 , 4 0 0
P P  tu b s  p a c ke d  i n  c o m p ar tm e n te d  c a r to n s 3 9 0 4 , 4 0 0
P P  &  P E  flm  i n  r o l l s ,  s ta c ke d  1 4   ft h i g h 5 5 0 6 , 2 0 0
M e th yl  a l c o h o l 6 5 7 4 0
G a s o l i n e 2 0 0 2 , 3 0 0
Ke r o s e n e 2 0 0 2 , 3 0 0
D i e s e l  o i l 1 7 5 2 , 0 4 0

F o r  S I  u n i ts ,  1   ft =  0 . 3 0 5   m .
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 V:  P o l yvi n yl  c h l o r i d e .
N o te :  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 a c 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.
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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 .

Tab l e   B . 5 . 2 ( b )  M ax i m um  H e at Re l e as e  Rate s

Ware h o u s e  M ate ri al s
G ro wth  T i m e

( s e c )

H e at Re l e as e
D e n s i ty

(q)

( B tu / s e c - ft2 ) Classifcation

Wo o d  p al l e ts ,  s ta c ke d  1 1 ∕2  ft h i g h  ( 6 –1 2 %  m o i s tu r e ) 1 5 0 –3 1 0 1 1 0 M –F
Wo o d  p al l e ts ,  s ta c ke d  5   ft h i g h  ( 6 –1 2 %  m o i s tu r e ) 9 0 –1 9 0 3 3 0 F
Wo o d  p al l e ts ,  s ta c ke d  1 0   ft h i gh  ( 6 –1 2 %  m o i s tu r e ) 8 0 –1 1 0 6 0 0 F
Wo o d  p al l e ts ,  s ta c ke d  1 6   ft h i gh  ( 6 –1 2 %  m o i s tu r e ) 7 5 –1 0 5 9 0 0 F
M ai l  b ag s ,  flled,  s to r e d  5   ft h i g h 1 9 0 3 5 F
C ar to n s ,  c o m p ar tm e n te d ,  s tac ke d  1 5   ft h i g h 6 0 2 0 0 *
P ap e r,  ve r ti c al  r o l l s ,  s tac ke d  2 0   ft h i g h 1 5 –2 8 — *
C o tto n  ( al s o  P E ,  P E / C o t,  Ac r yl i c / N yl o n / P E ) ,  g ar m e n ts  i n  1 2   ft h i gh  r ac k 2 0 –4 2 — *
C ar to n s  o n  p a l l e ts ,  r ac k s to r a ge ,  1 5 –3 0   ft h i gh 4 0 –2 8 0 — M –F
P ap e r  p r o d u c ts ,  d e n s e l y p ac ke d  i n  c ar to n s ,  r ac k s to r ag e ,  2 0   ft h i gh 4 7 0 — M –S
P E  l e tte r  tr a ys ,  flled,  s tac ke d  5   ft h i gh  o n  c ar t 1 9 0 7 5 0 F
P E  tr as h  b ar r e l s  i n  c a r to n s  s tac ke d  1 5   ft h i g h 5 5 2 5 0 *
F RP  s h o we r  s tal l s  i n  c ar to n s ,  s ta c ke d  1 5   ft h i gh 8 5 1 1 0 *
P E  b o ttl e s  p ac ke d  i n  c o m p ar tm e n te d  c ar to n s 8 5 5 5 0 *
P E  b o ttl e s  i n  c a r to n s ,  s tac ke d  1 5   ft h i g h 7 5 1 7 0 *
P E  p al l e ts ,  s ta c ke d  3   ft h i gh 1 3 0 — F
P E  p al l e ts ,  s ta c ke d  6 –8   ft h i gh 3 0 –5 5 — *
P U  m attr e s s ,  s i n g l e ,  h o r i z o n tal 1 1 0 — F
P F  i n s u l ati o n ,  b o a r d ,  r i g i d  fo am ,  s tac ke d  1 5   ft h i g h 8 1 7 0 *
P S  j a r s  p ac ke d  i n  c o m p artm e n te d  c ar to n s 5 5 1 2 0 0 *
P S  tu b s  n e s te d  i n  c a r to n s ,  s tac ke d  1 4   ft h i g h 1 0 5 4 5 0 F
P S  to y p ar ts  i n  c a r to n s ,  s tac ke d  1 5   ft h i g h 1 1 0 1 8 0 F
P S  i n s u l a ti o n  b o ar d ,  r i gi d ,  s ta c ke d  1 4   ft h i gh 7 2 9 0 *
P VC  b o ttl e s  p ac ke d  i n  c o m p ar tm e n te d  c ar to n s 9 3 0 0 *
P P  tu b s  p ac ke d  i n  c o m p ar tm e n te d  c a r to n s 1 0 3 9 0 *
P P  a n d  P E  flm  i n  r o l l s ,  s ta c ke d  1 4   ft h i gh 4 0 3 5 0 *
D i s ti l l e d  s p i r i ts  i n  b a r r e l s ,  s tac ke d  2 0   ft h i g h 2 3 –4 0 — *
M e th yl  a l c o h o l — 6 5 —
Gas o l i n e — 2 0 0 —
Ke r o s e n e — 2 0 0 —
D i e s e l  o i l — 1 8 0 —

F o r  S I  u n i ts ,  1   ft =  0 . 3 0 5   m ,  1   B tu / s e c -ft2  =  1 1 . 3 5   kW/ m 2 .
S :  S l o w.  M :  M e d i u m .  F :  F a s t.
F RP :  F i b e r g l a s s - r e i n fo r c e d  p o l ye s te r.  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 .

N o te s :
( 1 )  Qm =  qA,  wh e r e  Qm =  m a x i m u m  h e a t r e l e a s e  r a te  ( B tu / s e c ) ,  q =  h e at r e l e a s e  d e n s i ty ( B tu / s e c  ·  ft2 ) ,  a n d  A =  foor  a r e a  ( ft2 ) .
( 2 )  T h e  h e a t r e l e a s e  r a te s  p e r  u n i t foor  a r e a a r e  fo r  fu l l y i n vo l ve d  c o m b u s ti b l e s ,  a s s u m i n g  1 0 0   p e r c e n t effciency.  T h e  g r o wth  ti m e s  s h o wn  a r e  th o s e
r e q u i r e d  to  e x c e e d  1 0 0 0   B tu / s e c  h e a t r e l e as e  r ate  fo r  d e ve l o p i n g  fres,  a s s u m i n g  1 0 0   p e r c e n t c o m b u s ti o n  effciency.
* F i r e  g r o wth  r a te  e x c e e d s  classifcation  c r i te r i a .

Tab l e   B . 5 . 3 ( a)  M ax i m u m  H e at Re l e as e  Rate s  fro m  Fi re  D e te c ti o n  I n s ti tu te  An al ys i s

C o m m o d i ty Ap p ro x i m ate  Val u e s  ( B tu / s e c )

M e d i u m  was te b as ke t wi th  m i l k c ar to n s 1 0 0
L a r ge  b ar r e l  wi th  m i l k c a r to n s 1 4 0
U p h o l s te r e d  c h ai r  wi th  p o l yu r e th an e  fo a m 3 5 0
L a te x  fo am  m attr e s s  ( h e at at ro o m  d o o r ) 1 2 0 0
F u r n i s h e d  l i vi n g  r o o m  ( h e a t at o p e n  d o o r ) 4 0 0 0 –8 0 0 0

F o r  S I  u n i ts ,  1  B tu / s e c  =  1 . 0 5 5  kW.
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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

B . 6 . 3 . 2  T h e r m al l y T h i c k  M ate ri al s .    Re l ati ve  to  th e  typ e  o f
i gn i ti o n  te s t d e s c r i b e d  i n  B . 6 . 3 . 1 ,  a  s a m p l e  o f a m a te r i al  o f a

th i c kn e s s ,  l,  i s  c o n s i d e r e d  to  b e  th e r m al l y th i c k i f th e  i n c r e a s e
i n  te m p e r a tu r e  o f th e  u n e x p o s e d  s u r fac e  i s  r e l ati ve l y s m a l l

c o m p a r e d  to  th at o f th e  e x p o s e d  s u r fac e  at t =  tig.  F o r  e x am p l e ,
at t =  tig:
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[ B . 6 . 3 . 2 a]

E q u a ti o n  B . 6 . 3 . 2 a c a n  b e  u s e d  to  s h o w th at a m a te r i al  i s  th e r ‐
m a l l y th i c k ( C ar s l a w an d  J a e ge r  [ 5 8 ] )  i f

T BT T BT T BTo o ig ounexposed exposed< =0 1 0 1. .( ) ( )

F o r  e x am p l e ,  ac c o r d i n g to  E q u a ti o n  B . 6 . 3 . 2 b ,  i n  th e  c a s e  o f
a n  i gn i ti o n  te s t o n  a  s h e e t o f m a p l e  o r  o a k wo o d ,  i f tig =
3 5  s e c o n d s  i s  m e as u r e d  i n  a  p i l o te d  i g n i ti o n  te s t,  th e n ,  i f th e

s a m p l e  th i c kn e s s  i s  g r e ate r  th a n  ap p r o x i m ate l y 0 . 0 1 4  ft
( 0 . 0 0 4 2  m ) ,  th e  u n e x p o s e d  s u r fa c e  o f th e  s a m p l e  c an  b e  e x p e c ‐

te d  to  b e  r e l a ti ve l y c l o s e  to  To at t =  tig a n d  th e  s am p l e  i s  c o n s i d ‐
e r e d  to  b e  th e r m al l y th i c k.

 
[ B . 6 . 3 . 2 b ]

Δ Tab l e   B . 5 . 3 ( b )  C h arac te ri s ti c s  o f I gn i ti o n  S o urc e s  ( B ab rau s k as  an d  Kras n y [ 5 4 ] )

I gn i ti o n  S o u rc e

Typ i c al H e at
O utp u t

( W)
B u r n  T i m e a

( s e c )

M ax i m u m  Fl am e
H e i gh t

( m m )
Fl am e  Wi d th

( m m )

M ax i m u m  H e at
Fl u x

( kW/ m 2 )

C i g ar e tte  1 . 1   g  ( n o t 
p u ffe d ,  l ai d  o n  s o l i d  
s u r fac e ) ,  b o n e  d r y

 C o n d i ti o n e d  to  5 0 % 5 1 , 2 0 0 — — 4 2
 Re l ati ve  h u m i d i ty 5 1 , 2 0 0 — — 3 5
M e th e n a m i n e  p i l l ,  0 . 1 5   g 4 5 9 0 — — 4
M atc h ,  wo o d e n  ( l ai d  o n  

s o l i d  s u r fa c e )
8 0 2 0 –3 0 3 0 1 4 1 8 –2 0

Wo o d  c r i b s ,  B S  
5 8 5 2   P ar t  2

N o .   4  c r i b ,  8 . 5   g 1 , 0 0 0 1 9 0 — — 1 5 d

N o .   5  c r i b ,  1 7   g 1 , 9 0 0 2 0 0 — — 1 7 d

N o .   6  c r i b ,  6 0   g 2 , 6 0 0 1 9 0 — — 2 0 d

N o .   7  c r i b ,  1 2 6   g 6 , 4 0 0 3 5 0 — — 2 5 d

C r u m p l e d  b r o wn  l u n c h  
b a g,  6   g

1 , 2 0 0 8 0 — — —

C r u m p l e d  wa x  p a p e r,  
4 . 5   g  ( ti gh t)

1 , 8 0 0 2 5 — — —

C r u m p l e d  wa x  p a p e r,  
4 . 5   g  ( l o o s e )

5 , 3 0 0 2 0 — — —

F o l d e d  d o u b l e -s h e e t 
n e ws p ap e r,  2 2   g  
( b o tto m  i g n i ti o n )

4 , 0 0 0 1 0 0 — — —

C r u m p l e d  d o u b l e -s h e e t 
n e ws p ap e r,  2 2   g  ( to p  
i gn i ti o n )

7 , 4 0 0 4 0 — — —

C r u m p l e d  d o u b l e -s h e e t 
n e ws p ap e r,  2 2   g  
( b o tto m  i g n i ti o n )

1 7 , 0 0 0 2 0 — — —

P o l ye th yl e n e  wa s te b as ke t,  
2 8 5   g ,  flled  wi th  
1 2   m i l k c a r to n s  ( 3 9 0   g )

5 0 , 0 0 0 2 0 0 b 5 5 0 2 0 0 3 5 c

P l a s ti c  tr as h  b a gs ,  flled  
wi th  c e l l u l o s i c  tr as h  
( 1 . 2 –1 4   kg ) e

1 2 0 , 0 0 0 –3 5 0 , 0 0 0 2 0 0 b — — —

F o r  U S  u n i ts ,  1  i n .  =  2 5 . 4  m m ;  1  B tu / s e c  =  1 . 0 5 5  W;  1   B tu / ft2 -s e c  =  1 1 . 3 5   kW/ m 2 .
a T i m e  d u r a ti o n  o f signifcant faming.
b To ta l  b u r n  ti m e  i n  e x c e s s  o f 1 8 0 0   s e c o n d s .
c As  m e a s u r e d  o n  s i m u l a ti o n  b u r n e r.
d M e as u r e d  fr o m  1  i n .  ( 2 5  m m )  awa y.

e Re s u l ts  va r y g r e a tl y wi th  p a c ki n g  d e n s i ty.
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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 .

T i m e  to  i gn i ti o n  o f a  th e r m a l l y th i c k m ate r i a l  s u b j e c te d  to
i n c i d e n t fux  a b o ve  a c r i ti c al  i n c i d e n t fux  i s  a s  fo l l o ws :

l tig> 2 10
1 2

( )

I t s h o u l d  b e  n o te d  th a t a p a r ti c u l a r  m ate r i a l  i s  n o t i n tr i n s i ‐
c a l l y th e r m al l y th i n  o r  th i c k ( i . e . ,  th e  c h ar a c te r i s ti c  o f b e i n g

th e r m al l y th i n  o r  th i c k i s  n o t a  m a te r i al  c h a r ac te r i s ti c  o r  p r o p ‐
e r ty)  b u t al s o  d e p e n d s  o n  th e  th i c kn e s s  o f th e  p ar ti c u l ar
s a m p l e  ( i . e . ,  a p ar ti c u l ar  m ate r i al  c a n  b e  i m p l e m e n te d  i n

e i th e r  a  th e r m al l y th i c k o r  th e r m al l y th i n  confguration) .

B . 6 . 3 . 3  P ro p agati o n  B e twe e n  S e p arate  Fu e l  P ac k age s .    Wh e r e
th e  c o n c e r n  i s  fo r  p r o p ag ati o n  b e twe e n  i n d i vi d u a l  s e p ar a te d

fu e l  p ac ka ge s ,  i n c i d e n t fux  c an  b e  c a l c u l ate d  u s i n g  tr ad i ti o n al
r a d i ati o n  h e a t tr a n s fe r  p r o c e d u r e s  ( L au te n b e r ge r,  T i e n ,  L e e ,

an d  S tr e tto n  [ 5 9 ] ) .

T h e  r ate  o f r ad i ati o n  h e a t tr a n s fe r  fr o m  a faming  fu e l  p ac k‐
a ge  o f to tal  e n e r gy r e l e a s e  r a te ,  Q,  to  a  fa c i n g s u r fa c e  e l e m e n t

o f an  e x p o s e d  fu e l  p ac kag e  c an  b e  e s ti m ate d  fr o m  th e  fo l l o w‐
i n g:

′′q
XQ

r
inc

r
=

π4
2

wh e r e :
q″inc = i n c i d e n t fux  o n  e x p o s e d  fu e l
Xr = r a d i a n t fr ac ti o n  o f e x p o s i n g fre
Q = r a te  o f h e a t r e l e a s e  o f e x p o s i n g fre
r = r a d i a l  d i s ta n c e  fr o m  c e n te r  o f e x p o s i n g fre  to  e x p o s e d

fu e l

B . 6 . 4  E s ti m ati n g Rate  o f H e at Re l e as e .    As  d i s c u s s e d  i n  B . 6 . 2 ,
te s ts  h a ve  d e m o n s tr ate d  th at th e  e n e r g y fe e d b ac k fr o m  a b u r n ‐

i n g fu e l  p ac kag e  r an g e s  fr o m  ap p r o x i m ate l y 2 . 2  B tu / s e c - ft2  to
4 . 4  B tu / s e c -ft2  ( 2 5  kW/ m 2  to  5 0  kW/ m 2 ) .  F o r  a  r e as o n ab l e
c o n s e r vati ve  an al ys i s ,  i t i s  r e c o m m e n d e d  th a t te s t d ata d e ve l ‐

 
[ B . 6 . 3 . 2 c ]

 
[ B . 6 . 3 . 3 ]

o p e d  wi th  an  i n c i d e n t fux  o f 4 . 4  B tu / s e c -ft2  ( 5 0  kW/ m 2 )  b e
u s e d .  F o r  a frst-order  a p p r o x i m a ti o n ,  i t s h o u l d  b e  as s u m e d
th a t al l  th e  s u r fa c e s  th at c an  b e  s i m u l tan e o u s l y i n vo l ve d  i n

b u r n i n g  ar e  r e l e as i n g  e n e r g y a t a r a te  e q u al  to  th at d e te r m i n e d
b y te s ti n g th e  m ate r i al  i n  a fre  p r o p e r ti e s  c al o r i m e te r  wi th  a n
i n c i d e n t fux  o f 4 . 4  B tu / s e c -ft2  ( 5 0  kW/ m 2 )  fo r  a fr e e -b u r n i n g

m a te r i al  a n d  6 . 6  B tu / s e c -ft2  to  o ve r  8 . 8  B tu / s e c -ft2  ( 7 5  kW/ m 2

to  1 0 0   kW/ m 2 )  fo r  post-fashover  c o n d i ti o n s .

I n  m aki n g  th i s  e s ti m a te ,  i t i s  n e c e s s ar y to  as s u m e  th a t a l l
s u r fac e s  th a t c an  “ s e e ”  an  e x p o s i n g  fame  ( o r  s u p e rh e ate d  g as ,

i n  th e  post-fashover  c o n d i ti o n )  ar e  b u r n i n g  a n d  r e l e a s i n g
e n e r g y an d  m as s  at th e  te s te d  r a te .  I f suffcient ai r  i s  p r e s e n t,

th e  r a te  o f h e at r e l e a s e  e s ti m a te  i s  th e n  c al c u l a te d  as  th e  p r o d ‐
u c t o f th e  e x p o s e d  ar e a an d  th e  r ate  o f h e a t r e l e a s e  p e r  u n i t
a r e a a s  d e te r m i n e d  i n  th e  te s t c al o r i m e te r.  Wh e r e  th e r e  ar e  te s t

d ata take n  at th e  i n c i d e n t fux  o f th e  e x p o s i n g  fame,  th e  te s te d
r ate  o f h e at r e l e as e  s h o u l d  b e  u s e d .  Wh e r e  th e  te s t d ata ar e  fo r

a  d i ffe r e n t i n c i d e n t fux,  th e  b u r n i n g  r ate  s h o u l d  b e  e s ti m ate d
u s i n g  th e  h e at o f gasifcation  a s  e x p r e s s e d  i n  E q u a ti o n  B . 6 . 4 a  to
c a l c u l ate  th e  m as s  b u r n i n g  r a te  p e r  u n i t ar e a:

ɺ
ɺ

′′
′′

m
q

h

i

c

=

T h e  r e s u l ti n g m a s s  l o s s  r ate  i s  th e n  m u l ti p l i e d  b y th e  d e r i ve d
e ffe c ti ve  h e a t o f c o m b u s ti o n  an d  th e  b u r n i n g ar e a e x p o s e d  to

th e  i n c i d e n t fux  to  p r o d u c e  th e  e s ti m a te d  r a te  o f h e at r e l e a s e
a s  fo l l o ws :

ɺ ɺ′′ ′′Q m h Ai c=

 
[ B . 6 . 4 a]

 
[ B . 6 . 4 b ]

Tab l e   B . 5 . 3 ( c )  C h arac te ri s ti c s  o f Typ i c al  Fu r n i s h i n gs  as  I gn i ti o n  S o urc e s  ( B ab rau s k as  an d  Kras n y
[ 5 4 ] )

Fu r n i s h i n gs
To tal  M as s

( kg)

To tal  H e at
C o n te n t

( m J )

M ax i m um
Rate  o f H e at

Re l e as e
( kW)

M ax i m u m  T h e r m al
Rad i ati o n  to  C e n te r

o f Fl o o r*

( k W/ m 2 )

Was te p ap e r  b a s ke ts 0 . 7 3 –1 . 0 4 0 . 7 –7 . 3 4 –1 8 0 . 1
C u r tai n s ,  ve l ve t,  c o tto n 1 . 9 2 4 1 6 0 –2 4 0 1 . 3 –3 . 4
C u r tai n s ,  a c r yl i c / c o tto n 1 . 4 1 5 –1 6 1 3 0 –1 5 0 0 . 9 –1 . 2
T V s e ts 2 7 –3 3 1 4 5 –1 5 0 1 2 0 –2 9 0 0 . 3 –2 . 6
C h ai r  m o c ku p 1 . 3 6 2 1 –2 2 6 3 –6 6 0 . 4 –0 . 5
S o fa m o c ku p 2 . 8 4 2 1 3 0 0 . 9
Ar m  c h ai r 2 6 1 8 1 6 0 1 . 2
C h r i s tm as  tr e e s ,  d r y 6 . 5 –7 . 4 1 1 –4 1 5 0 0 –6 5 0 3 . 4 –1 4

F o r  U S  u n i ts ,  1   l b  =  0 . 4 5 3 6   kg  =  4 5 3 . 6   g ;  1   B tu  =  1 . 0 5 5  ×  1 0 -3  m J ;  1  B tu / s e c  =  1 . 0 5 5  kW;  1   B tu / ft2  ·  s e c  =
1 1 . 3 5   kW/ m 2 .
* M e a s u r e d  a t ap p r o x i m a te l y 2   m  ( 6 . 6   ft)  a wa y fr o m  th e  b u r n i n g  o b j e c t.
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Tab l e   B . 5 . 3 ( d )  H e at Re l e as e  Rate s  o f C h ai rs  ( B ab rau s k as  an d  Kras n y [ 5 4 ] )

S p e c i m e n kg

M as s
C o m b u s ti b l e

( kg) S tyl e Fram e P ad d i n g Fab ri c I n te rl i n e r
P e ak m

( g/ s e c )
P e ak q

( kW)

C 1 2 1 7 . 9 1 7 . 0 Tr a d i ti o n a l  e a s y c h a i r Wo o d C o tto n N yl o n — 1 9 . 0 2 9 0 a

F 2 2 3 1 . 9 — Tr a d i ti o n a l  e a s y c h a i r Wo o d C o tto n  ( F R) C o tto n — 2 5 . 0 3 7 0
F 2 3 3 1 . 2 — Tr a d i ti o n a l  e a s y c h a i r Wo o d C o tto n  ( F R) Olefn — 4 2 . 0 7 0 0
F 2 7 2 9 . 0 — Tr a d i ti o n a l  e a s y c h a i r Wo o d M i x e d C o tto n — 5 8 . 0 9 2 0
F 2 8 2 9 . 2 — Tr a d i ti o n a l  e a s y c h a i r Wo o d M i x e d C o tto n — 4 2 . 0 7 3 0

C O 2 1 3 . 1 1 2 . 2 Tr a d i ti o n a l  e a s y c h a i r Wo o d C o tto n ,  P U Olefn — 1 3 . 2 8 0 0 b

C O 3 1 3 . 6 1 2 . 7 Tr a d i ti o n a l  e a s y c h a i r Wo o d C o tto n ,  P U C o tto n — 1 7 . 5 4 6 0 a

C O 1 1 2 . 6 1 1 . 7 Tr a d i ti o n a l  e a s y c h a i r Wo o d C o tto n ,  P U C o tto n — 1 7 . 5 2 6 0 a

C O 4 1 2 . 2 1 1 . 3 Tr a d i ti o n a l  e a s y c h a i r Wo o d P U N yl o n — 7 5 . 7 1 3 5 0 b

C 1 6 1 9 . 1 1 8 . 2 Tr a d i ti o n a l  e a s y c h a i r Wo o d P U N yl o n N e o p r e n e N A 1 8 0
F 2 5 2 7 . 8 — Tr a d i ti o n a l  e a s y c h a i r Wo o d P U Olefn — 8 0 . 0 1 9 9 0

T 6 6 2 3 . 0 — Tr a d i ti o n a l  e a s y c h a i r Wo o d P U ,  
p o l ye s te r

C o tto n — 2 7 . 7 6 4 0

F 2 1 2 8 . 3 — Tr a d i ti o n a l  e a s y c h a i r Wo o d P U  ( F R) Olefn — 8 3 . 0 1 9 7 0
F 2 4 2 8 . 3 — Tr a d i ti o n a l  e a s y c h a i r Wo o d P U  ( F R) C o tto n — 4 6 . 0 7 0 0

C 1 3 1 9 . 1 1 8 . 2 Tr a d i ti o n a l  e a s y c h a i r Wo o d P U N yl o n N e o p r e n e 1 5 . 0 2 3 0 a

C 1 4 2 1 . 8 2 0 . 9 Tr a d i ti o n a l  e a s y c h a i r Wo o d P U Olefn N e o p r e n e 1 3 . 7 2 2 0 a

C 1 5 2 1 . 8 2 0 . 9 Tr a d i ti o n a l  e a s y c h a i r Wo o d P U Olefn N e o p r e n e 1 3 . 1 2 1 0 b

T 4 9 1 5 . 7 — E a s y c h a i r Wo o d P U C o tto n — 1 4 . 3 2 1 0
F 2 6 1 9 . 2 — T h i n n e r  e a s y c h a i r Wo o d P U  ( F R) Olefn — 6 1 . 0 8 1 0
F 3 3 3 9 . 2 — Tr a d i ti o n a l  l o ve s e a t Wo o d M i x e d C o tto n — 7 5 . 0 9 4 0
F 3 1 4 0 . 0 — Tr a d i ti o n a l  l o ve s e a t Wo o d P U  ( F R) Olefn — 1 3 0 . 0 2 8 9 0
F 3 2 5 1 . 5 — Tr a d i ti o n a l  s o fa Wo o d P U  ( F R) Olefn — 1 4 5 . 0 3 1 2 0

T 5 7 5 4 . 6 — L o ve s e a t Wo o d P U ,  c o tto n P VC — 6 1 . 9 1 1 0 0
T 5 6 1 1 . 2 — Offce  c h a i r Wo o d L a te x P VC — 3 . 1 8 0

C O 9 / T 6 4 1 6 . 6 1 6 . 2 F o a m  b l o c k c h a i r Wo o d  
( p a r t)

P U ,  
p o l ye s te r

P U — 1 9 . 9 4 6 0

C O 7 / T 4 8 1 1 . 4 1 1 . 2 M o d e r n  e a s y c h a i r P S  fo am P U P U — 3 8 . 0 9 6 0
C 1 0 1 2 . 1 8 . 6 P e d e s tal  c h a i r Ri g i d  P U  

fo am
P U P U — 1 5 . 2 2 4 0 a

C 1 1 1 4 . 3 1 4 . 3 F o a m  b l o c k c h a i r — P U N yl o n — N A 8 1 0 b

F 2 9 1 4 . 0 — Tr a d i ti o n a l  e a s y c h a i r P P  fo a m P U Olefn — 7 2 . 0 1 9 5 0
F 3 0 2 5 . 2 — Tr a d i ti o n a l  e a s y c h a i r Ri g i d  P U  

fo a m
P U Olefn — 4 1 . 0 1 0 6 0

C O 8 1 6 . 3 1 5 . 4 P e d e s ta l  s wi ve l  c h a i r M o l d e d  
P E

P U P VC — 1 1 2 . 0 8 3 0 b

C O 5 7 . 3 7 . 3 B e a n  b a g  c h a i r — P o l ys tyr e n e P VC — 2 2 . 2 3 7 0 a

C O 6 2 0 . 4 2 0 . 4 F r a m e l e s s  fo a m  b a c k 
c h a i r

— P U Ac r yl i c — 1 5 1 . 0 2 4 8 0 b

T 5 0 1 6 . 5 — Wa i ti n g  r o o m  c h a i r M e ta l C o tto n P VC — N A < 1 0
T 5 3 1 5 . 5 1 . 9 Wa i ti n g  r o o m  c h a i r M e ta l P U P VC — 1 3 . 1 2 7 0
T 5 4 2 7 . 3 5 . 8 M e ta l  fr am e  l o ve s e a t M e ta l P U P VC — 1 9 . 9 3 7 0

T 7 5 / F 2 0 7 . 5 ( × 4 ) 2 . 6 S tac ki n g  c h a i r s  ( 4 ) M e ta l P U P VC — 7 . 2 1 6 0

F o r  U S  u n i ts ,  1  l b / s e c  =  0 . 4 5 3 6  kg / s e c  =  4 5 3 . 6  g / s e c ;  1  l b  =  0 . 4 5 3 6  kg ;  1  B tu / s e c  =  1 . 0 5 5  k W.
aE s ti m a te d  fr o m  m a s s  l o s s  r e c o r d s  a n d  a s s u m e d  Whc.

b E s ti m a te d  fr o m  d o o r wa y g a s  c o n c e n tr a ti o n s .
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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 .

Δ Tab l e   B . 5 . 3 ( e )  E ffe c t o f Fab ri c  Typ e  o n  H e at Re l e as e  Rate  i n  Tab l e  B . 5 . 3 ( d )  ( Wi th i n  E ac h  G ro u p
Al l  O th e r C o n s tr u c ti o n  Fe atu re s  Ke p t C o n s tan t)  ( B ab rau s kas  an d  Kras n y [ 5 4 ] )

S p e c i m e n
Fu l l - S c al e  P e ak q

( kW) P ad d i n g Fab ri c

Gr o u p  1
F 2 4 7 0 0 C o tto n  ( 7 5 0   g / m 2 ) F R P U  fo a m

F 2 1 1 9 7 0 Polyolefn  ( 5 6 0   g / m 2 ) F R P U  fo am

G r o u p  2
F 2 2 3 7 0 C o tto n  ( 7 5 0   g / m 2 ) C o tto n  b a tti n g

F 2 3 7 0 0 Polyolefn  ( 5 6 0   g / m 2 ) C o tto n  b atti n g

G r o u p  3
2 8 7 6 0 N o n e F R P U  fo am
1 7 5 3 0 C o tto n  ( 6 5 0   g / m 2 ) F R P U  fo a m

2 1 9 0 0 C o tto n  ( 1 1 0   g / m 2 ) F R P U  fo a m
1 4 1 0 2 0 Polyolefn  ( 6 5 0   g / m 2 ) F R P U  fo am

7 ,  1 9 1 3 4 0 Polyolefn  ( 3 6 0   g / m 2 ) F R P U  fo am

F o r  U S  u n i ts ,  1   l b / ft2  =  4 8 . 8 3   g / m 2 ;  1   o z / ft2  =  3 0 5   g / m 2 ;  1  B tu / s e c  =  1 . 0 5 5  kW.

Tab l e   B . 5 . 3 ( f)  E ffe c t o f P ad d i n g Typ e  o n  M ax i m u m  H e at Re l e as e  Rate  i n  Tab l e  B . 5 . 3 ( d )  ( Wi th i n
E ac h  G ro u p  Al l  O th e r C o n s tr u c ti o n  Fe ature s  Ke p t C o n s tan t)  ( B ab rau s kas  an d  Kras n y [ 5 4 ] )

S p e c i m e n
Fu l l - S c al e  P e ak q

( k W) P ad d i n g Fab ri c

G r o u p  1
F 2 1 1 9 7 0 F R P U  fo a m Polyolefn  ( 5 6 0   g / m 2 )

F 2 3 1 9 9 0 N F R P U  fo a m Polyolefn  ( 5 6 0   g / m 2 )

Gr o u p  2
F 2 1 1 9 7 0 F R P U  fo a m Polyolefn  ( 5 6 0   g / m 2 )
F 2 3 7 0 0 C o tto n  b a tti n g Polyolefn  ( 5 6 0   g / m 2 )

Gr o u p  3
F 2 4 7 0 0 F R P U  fo a m C o tto n  ( 7 5 0   g / m 2 )

F 2 2 3 7 0 C o tto n  b a tti n g C o tto n  ( 7 5 0   g / m 2 )

G r o u p  4
1 2 ,  2 7 1 4 6 0 N F R P U  fo am Polyolefn  ( 3 6 0   g / m 2 )

7 ,  1 9 1 3 4 0 F R P U  fo a m Polyolefn  ( 3 6 0   g / m 2 )
1 5 1 2 0 N e o p r e n e  fo a m Polyolefn  ( 3 6 0   g / m 2 )

Gr o u p  5
2 0 4 3 0 N F R P U  fo a m C o tto n  ( 6 5 0   g / m 2 )

1 7 5 3 0 F R P U  fo a m C o tto n  ( 6 5 0   g / m 2 )
2 2 0 N e o p r e n e  fo a m C o tto n  ( 6 5 0   g / m 2 )

F o r  U S  u n i ts ,  1   l b / ft2  =  4 8 . 8 3   g / m 2 ;  1   o z / ft2  =  3 0 5   g / m 2 ;  1  B tu / s e c  =  1 . 0 5 5  kW.

Tab l e   B . 5 . 3 ( g)  E ffe c t o f Fram e  M ate ri al  fo r S p e c i m e n s  wi th  N FR P U  P ad d i n g an d  Polyolefn
Fab ri c s  ( B ab rau s k as  an d  Kras n y [ 5 4 ] )

S p e c i m e n
M as s

( kg)
P e ak q

( k W) Fram e

F 2 5 2 7 . 8 1 9 9 0 Wo o d
F 3 0 2 5 . 2 1 0 6 0 P o l yu r e th an e
F 2 9 1 4 . 0 1 9 5 0 P o l yp r o p yl e n e

F o r  U S  u n i ts ,  1  l b  =  0 . 4 5 3 6  kg ;  1  B tu / s e c  =  1 . 0 5 5  k W.
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B . 6 . 5  Fl am e  S p re ad .    I f i t i s  d e s i r e d  to  p r e d i c t th e  gr o wth  o f
fre  a s  i t p r o p ag ate s  o ve r  c o m b u s ti b l e  s u r fac e s ,  i t i s  n e c e s s ar y to

e s ti m a te  fame  s p r e ad .  T h e  c o m p u ta ti o n  o f fame  s p r e ad  r ate s
i s  a n  e m e r g i n g  te c h n o l o gy s ti l l  i n  a n  e m b r yo n i c  s tag e .  P r e d i c ‐

ti o n s  s h o u l d  b e  c o n s i d e r e d  a s  o r d e r-o f-m ag n i tu d e  e s ti m ate s .

F l am e  s p r e a d  i s  th e  m o ve m e n t o f th e  fame  fr o n t ac r o s s  th e
s u r fac e  o f a  m ate r i a l  th at i s  b u r n i n g ( o r  e x p o s e d  to  an  i gn i ti o n
fame)  wh e r e  th e  e x p o s e d  s u r fac e  i s  n o t ye t fu l l y i n vo l ve d .

P h ys i c a l l y,  fame  s p r e ad  c a n  b e  tr e a te d  a s  a s u c c e s s i o n  o f
i gn i ti o n s  r e s u l ti n g  fr o m  th e  h e at e n e r g y p r o d u c e d  b y th e  b u r n ‐

Δ Tab l e   B . 5 . 3 ( h )  C o n s i d e rati o n s  fo r S e l e c ti n g H e at Re l e as e
Rate s  fo r D e s i gn

C o n s tan t H e at Re l e as e
Rate  Fi re s H e at Re l e as e  Rate

T h e o b al d  ( i n d u s tr i a l ) 2 6 0   kW/ m 2  ( ap p r o x .  2 6   B tu / s e c -ft2 )
L a w [ 2 2 ]  (offces) 2 9 0   kW/ m 2  ( ap p r o x .  2 9   B tu / s e c -ft2 )
H a n s e l l  &  M o r g an  [ 7 ]  

( h o te l  r o o m s )
2 4 9   kW/ m 2  ( ap p r o x .  2 5   B tu / s e c -ft2 )

Vari ab l e  H e at Re l e as e  
Rate  Fi re s

N B S I R 8 8 -3 6 9 5  [ 9 3 ] Fi re  G ro wth  Rate
F u e l  Confguration
C o m p u te r  wo r ks tati o n
 F r e e  b u r n S l o w to  fa s t
 C o m p ar tm e n t Ve r y s l o w
S h e l f s to r a ge
 F r e e  b u r n M e d i u m  u p  to  2 0 0   s e c ,  fas t afte r  

2 0 0   s e c
Offce  m o d u l e Ve r y s l o w to  m e d i u m
N I S T I R 4 8 3  [ 9 4 ] P e ak H e at
F u e l  c o m m o d i ty: Re l e as e  Rate  ( k W)
C o m p u te r  wo r ks tati o n 1 0 0 0 –1 3 0 0
N B S  M o n o g r ap h  1 7 3  

[ 9 5 ]
F u e l  c o m m o d i ty:
C h ai r s 8 0 –2 4 8 0  ( < 1 0 ,  m e tal  fr a m e )
L o ve s e a ts 9 4 0 –2 8 9 0  ( 3 7 0 ,  m e tal  fr am e )
S o fa 3 1 2 0

F o r  U S  u n i ts ,  1  B tu / s e c  =  1 . 0 5 5  kW.

Tab l e   B . 6 . 2 ( a)  Re l ati o n  o f C al o ri m e te r- M e as u re d  P ro p e r ti e s  to
Fi re  An al ys i s

P ro p e r ty I gn i ti o n
Fl am e

S p re ad
Fi re  S i z e

( E n e rgy)

Ra te  o f h e a t r e l e as e * X X
M as s  l o s s * X
T i m e  to  i g n i ti o n * X X
E ffe c ti ve  th e r m al  

p r o p e r ti e s †
X X

H e a t o f c o m b u s ti o n † X X
H e a t o f gasifcation† X
C r i ti c a l  i g n i ti o n  fux† X X
I g n i ti o n  te m p . † X X

* P r o p e r ty i s  a  fu n c ti o n  o f th e  e x te r n al l y a p p l i e d  i n c i d e n t fux.
† D e r i ve d  p r o p e r ti e s  fr o m  c a l o r i m e te r  m e a s u r e m e n ts .

i n g  p o r ti o n  o f a m ate r i a l ,  i ts  fame,  an d  an y o th e r  i n c i d e n t h e at
e n e r g y i m p o s e d  u p o n  th e  u n b u r n e d  s u r fa c e .  O th e r  s o u r c e s  o f
i n c i d e n t e n e r g y i n c l u d e  an o th e r  b u r n i n g  o b j e c t,  h i g h  te m p e r a‐
tu r e  g as e s  th a t c an  a c c u m u l a te  i n  th e  u p p e r  p o r ti o n  o f a n
e n c l o s e d  s p a c e ,  an d  th e  r ad i an t h e a t s o u r c e s  u s e d  i n  a te s t
ap p ar atu s  s u c h  as  th e  c o n e  c al o r i m e te r  o r  th e  L I F T  m e c h a‐
n i s m .  F o r  a n al ys i s  p u r p o s e s ,  fame  s p r e a d  c a n  b e  d i vi d e d  i n to
two  c ate go r i e s :  th a t wh i c h  m o ve s  i n  th e  s am e  d i r e c ti o n  as  th e
fame  ( c o n c u r r e n t o r  wi n d -a i d e d  fame  s p r e a d )  a n d  th at wh i c h
m o ve s  i n  an y o th e r  d i r e c ti o n  ( l ate r al  o r  o p p o s e d  fame
s p r e ad ) .  C o n c u r r e n t fame  s p r e ad  i s  a s s i s te d  b y th e  i n c i d e n t
h e a t fux  fr o m  th e  fame  to  u n i gn i te d  p o r ti o n s  o f th e  b u r n i n g
m a te r i al .  L a te r a l  fame  s p r e a d  i s  n o t s o  as s i s te d  a n d  te n d s  to  b e
m u c h  s l o we r  i n  p r o gr e s s i o n  u n l e s s  an  e x te r n al  s o u r c e  o f h e a t
fux  i s  p r e s e n t.  C o n c u r r e n t fame  s p r e a d  c an  b e  e x p r e s s e d  a s
fo l l o ws :

V
q L

k c T T

i

ig s

=
ρ −

ɺ ′′

( )
2

T h e  val u e s  fo r  kρc an d  i g n i ti o n  te m p e r atu r e  ar e  c al c u l ate d
fr o m  th e  c o n e  c al o r i m e te r  a s  p r e vi o u s l y d i s c u s s e d .  F o r  th i s

e q u ati o n ,  th e  fame  l e n g th  (L)  i s  m e as u r e d  fr o m  th e  l e ad i n g
e d ge  o f th e  b u r n i n g  r e gi o n .

B . 7  t-S q u are d  Fi re s .

B . 7 . 1    O ve r  th e  p a s t d e c ad e ,  p e r s o n s  i n te r e s te d  i n  d e ve l o p i n g
g e n e r i c  d e s c r i p ti o n s  o f th e  r a te  o f h e at r e l e a s e  o f a c c i d e n tal
o p e n  faming  fres  h ave  u s e d  a “t-s q u ar e d ”  a p p r o x i m ati o n  fo r

th i s  p u r p o s e .  A t-s q u a r e d  fre  i s  o n e  i n  wh i c h  th e  b u r n i n g  r ate
vari e s  p r o p o r ti o n al l y to  th e  s q u a r e  o f ti m e .  F r e q u e n tl y,
t-s q u ar e d  fres  ar e  c l as s e d  b y s p e e d  o f gr o wth ,  l ab e l e d  fas t,

m e d i u m ,  a n d  s l o w ( a n d  o c c as i o n al l y u l tr a -fa s t) .  Wh e r e  th e s e
c l as s e s  ar e  u s e d ,  th e y ar e  defned  o n  th e  b a s i s  o f th e  ti m e
r e q u i r e d  fo r  th e  fre  to  g r o w to  a  r a te  o f h e at r e l e as e  o f

1 0 0 0  B tu / s e c  ( 1 0 5 5  kW) .  T h e  ti m e s  r e l a te d  to  e a c h  o f th e s e
c l as s e s  a r e  a s  s h o wn  i n  Tab l e  B . 7 . 1 .

T h e  g e n e r al  e q u a ti o n  i s  a s  fo l l o ws :

q at=
2

wh e r e :
q = r ate  o f h e a t r e l e as e  ( n o r m al l y i n  B tu / s e c  o r  kW)
a = c o n s tan t g o ve r n i n g th e  s p e e d  o f g r o wth
t = ti m e  ( n o r m al l y i n  s e c )

B . 7 . 2  Re l e van c e  o f t-S q u are d  Ap p ro x i m ati o n  to  Re al  Fi re s .    A
t-s q u a r e d  fre  c an  b e  vi e we d  as  o n e  i n  wh i c h  th e  r ate  o f h e a t
re l e as e  p e r  u n i t a r e a i s  c o n s tan t o ve r  th e  e n ti r e  i gn i te d  s u r fa c e
an d  th e  fre  i s  s p r e a d i n g  a s  a c i r c l e  wi th  a  s te ad i l y i n c r e a s i n g
r ad i u s .  I n  s u c h  c a s e s ,  th e  b u r n i n g a r e a i n c r e a s e s  a s  th e  s q u a r e
o f th e  s te ad i l y i n c r e as i n g  fre  r ad i u s .  O f c o u r s e ,  o th e r  fres  th a t
d o  n o t h ave  s u c h  a  c o n ve n i e n tl y r e g u l ar  fu e l  ar r a y a n d  c o n s i s ‐
te n t b u r n i n g  r ate  m i g h t o r  m i g h t n o t a c tu al l y p r o d u c e  a
t-s q u ar e d  c u r ve .  T h e  ta c i t as s u m p ti o n  i s  th at th e  t-s q u ar e d
ap p r o x i m a ti o n  i s  c l o s e  e n o u g h  fo r  r e as o n ab l e  d e s i gn  d e c i s i o n s .

F i g u r e  B . 7 . 2 ( a )  i s  e x tr ac te d  fr o m  N F PA 2 0 4 .  I t i s  p r e s e n te d
to  d e m o n s tr a te  th at m o s t fres  h a ve  a n  i n c u b ati o n  p e r i o d  i n
wh i c h  th e  fre  d o e s  n o t c o n fo r m  to  a t-s q u a r e d  ap p r o x i m a ti o n .

 
[ B . 6 . 5 ]

 
[ B . 7 . 1 ]



S M O KE  C O N T RO L  S YS T E M S9 2 - 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 .

I n  s o m e  c a s e s  th i s  i n c u b ati o n  p e r i o d  c an  b e  a  s e r i o u s  d e tr i m e n t
to  th e  u s e  o f th e  t-s q u ar e d  ap p r o x i m ati o n .  I n  m o s t i n s tan c e s ,
th i s  i s  n o t a s e r i o u s  c o n c e r n  i n  atr i a  an d  o th e r  l ar g e  s p ac e s
c o ve r e d  b y th i s  s tan d a r d .  I t i s  e x p e c te d  th at th e  r ate  o f h e a t
r e l e as e  d u r i n g  th e  i n c u b a ti o n  p e r i o d  u s u a l l y wo u l d  n o t b e  suff‐
cient to  c au s e  ac ti va ti o n  o f th e  s m o ke  d e te c ti o n  s ys te m .  I n  a n y
c a s e ,  wh e r e  s u c h  ac ti vati o n  h ap p e n s  o r  h u m a n  o b s e r va ti o n
r e s u l ts  i n  e ar l i e r  a c ti vati o n  o f th e  s m o ke  m a n ag e m e n t s ys te m ,  a
fo r tu i to u s  s afe gu ar d  wo u l d  r e s u l t.

F i g u r e  B . 7 . 2 ( b ) ,  e x tr ac te d  fr o m  N e l s o n  [ 6 0 ] ,  c o m p ar e s  r a te
o f h e at r e l e a s e  c u r ve s  d e ve l o p e d  b y th e  a fo r e m e n ti o n e d  c l as s e s
o f t-s q u ar e d  fres  an d  two  te s t fres  c o m m o n l y u s e d  fo r  te s t
p u r p o s e s .  T h e  te s t fres  a r e  s h o wn  as  d a s h e d  l i n e s  l a b e l e d

2 0 0 0

1 8 0 0

1 6 0 0

1 4 0 0

1 2 0 0

1 0 0 0

8 0 0

6 0 0

4 0 0

2 0 0
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2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0

Ti m e  ( s e c )

0  kW /m 2 2 5  kW /m 2 5 0  kW /m 2

Fo r U . S .  U n i t s ,  1  B t u /s e c  =  1 . 0 5 5  kW,  1  B t u /s e c - f t 2  =  1 1 . 3 5  kW /m 2

Δ FI G U RE  B . 6 . 2   Typ i c al  G rap h i c  O u tp ut o f C o n e  C al o ri m e te r
Te s t.

Tab l e   B . 7 . 1  T i m e  fo r th e  Fi re  G ro wth  Rate  to  Re ac h
1 0 0 0   B tu / s e c

C l as s T i m e  ( s e c )

U l tr a- fas t 7 5
F as t 1 5 0
M e d i u m 3 0 0
S l o w 6 0 0

“ F u r n i tu r e ”  a n d  “ 6  ft s to r ag e . ”  T h e  d as h e d  c u r ve s  far th e r  fr o m
th e  o r i gi n  s h o w th e  ac tu a l  r ate s  o f h e at r e l e as e  o f th e  te s t fres

u s e d  i n  th e  d e ve l o p m e n t o f th e  r e s i d e n ti al  s p r i n kl e r  a n d  a
s tan d ar d  6  ft ( 1 . 8 3  m )  h i g h  a r r ay o f te s t c a r to n s  c o n tai n i n g

fo am  p l as ti c  p ai l s  al s o  fr e q u e n tl y u s e d  a s  a  s tan d ar d  te s t fre.

T h e  o th e r  s e t o f d as h e d  l i n e s  i n  F i g u r e  B . 7 . 2 ( b )  s h o ws  th e s e
s a m e  fre  c u r ve s  r e l o c ate d  to  th e  o r i g i n  o f th e  gr a p h .  T h i s  i s  a

m o r e  ap p r o p r i ate  c o m p ar i s o n  wi th  th e  g e n e r i c  c u r ve s .  As  c an
b e  s e e n ,  th e  r ate  o f g r o wth  i n  th e s e  fres  i s  ac tu al l y fas te r  th an

th a t p r e s c r i b e d  fo r  a n  u l tr a-fas t fre.  S u c h  i s  a p p r o p r i a te  fo r  a
te s t fre  d e s i gn e d  to  c h a l l e n ge  th e  fre  s u p p r e s s i o n  s ys te m
b e i n g te s te d .

F i g u r e  B . 7 . 2 ( c )  r e l a te s  th e  c l as s e s  o f t-s q u ar e d  fre  g r o wth
c u r ve s  to  a s e l e c ti o n  o f ac tu al  fu e l  ar r ays  fr o m  N F PA  2 0 4 .  T h e
i n d i vi d u a l  ar r a ys  ar e  a l s o  d e s c r i b e d  i n  An n e x   B .

1 0 0 0

2 0 0 0

3 0 0 0
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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)

Δ FI G U RE  B . 7 . 2 ( a)   C o n c e p tu al  I l l u s trati o n  o f C o n ti n u o us
G ro wth  Fi re .  [ 2 0 4 : Fi gure  8 . 3 . 1 ]

Tab l e   B . 6 . 2 ( b )  Ave rage  M ax i m u m  H e at Re l e as e  Rate s  ( k W/ m 2 )

M ate ri al O ri e n tati o n

2 . 2   B tu / s e c / ft2

( 2 5   k W/ m 2 )
E x p o s i n g Fl ux

4 . 4   B tu/ s e c / ft2

( 5 0   kW/ m 2 )
E x p o s i n g Fl ux

6 . 6   B tu / s e c / ft2

( 7 5   k W/ m 2 )
E x p o s i n g Fl ux

P M M A H o r i z o n tal 5 7 7 9 1 1 4
Ve r ti c a l 4 9 6 3 1 1 4

P i n e H o r i z o n tal 1 2 2 1 2 3
Ve r ti c a l 1 1 1 5 5 6

S a m p l e  A H o r i z o n tal 1 1 1 8 2 2
Ve r ti c a l 8 1 1 1 9

S a m p l e  B H o r i z o n tal 1 2 1 5 2 1
Ve r ti c a l 5 . 3 1 8 2 9

S a m p l e  C H o r i z o n tal — 1 9 2 2
Ve r ti c a l — 1 5 1 5

S a m p l e  D H o r i z o n tal 6 . 2 1 3 1 3
Ve r ti c a l — 1 1 1 1
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An n e x   C       C o m p u te r- B as e d  M o d e l s  fo r Atri a an d  M al l s

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

C . 1  Z o n e  Fi re  M o d e l s .

Δ C . 1 . 1  O ve r vi e w.    S m o ke  p r o d u c e d  fr o m  a  fre  i n  a l ar g e ,  o p e n
s p ac e  i s  a s s u m e d  to  b e  b u o yan t,  r i s i n g  i n  a p l u m e  a b o ve  th e  fre
an d  s tr i ki n g  th e  c e i l i n g o r  s tr ati fyi n g d u e  to  te m p e r atu r e  i n ve r ‐

s i o n .  Afte r  th e  s m o ke  e i th e r  s tr i ke s  th e  c e i l i n g o r  stratifes,  th e
s p ac e  c an  b e  e x p e c te d  to  b e g i n  to  fll  wi th  s m o ke ,  wi th  th e
s m o ke  l aye r  i n te r fa c e  d e s c e n d i n g .  T h e  d e s c e n t r ate  o f th e

s m o ke  l a ye r  i n te r fac e  d e p e n d s  o n  th e  r ate  a t wh i c h  s m o ke  i s
s u p p l i e d  to  th e  s m o ke  l a ye r  fr o m  th e  p l u m e .  S u c h  s m o ke  flling
i s  r e p r e s e n te d  wi th  a two -z o n e  m o d e l  i n  wh i c h  th e r e  i s  a m b i e n t
ai r.  F o r  e n gi n e e r i n g  p u r p o s e s ,  th e  s m o ke  s u p p l y r ate  fr o m  th e

p l u m e  c an  b e  e s ti m ate d  to  b e  th e  ai r  e n tr ai n m e n t r a te  i n to  th e
p l u m e  b e l o w th e  s m o ke  l aye r  i n te r fac e .

S p r i n kl e r s  c an  r e d u c e  th e  h e at r e l e as e  r ate  a n d  th e  ai r
e n tr a i n m e n t r a te  i n to  th e  p l u m e .

As  a r e s u l t o f th e  z o n e  m o d e l  a p p r o a c h ,  th e  m o d e l  as s u m e s
u n i fo r m  p r o p e r ti e s  ( s m o ke  c o n c e n tr ati o n  a n d  te m p e r atu r e )
fr o m  th e  p o i n t o f i n te r fa c e  th r o u g h  th e  c e i l i n g  an d  h o r i z o n ‐

ta l l y th r o u gh o u t th e  e n ti r e  s m o ke  l a ye r.

F o r  ge n e r a l  i n fo r m ati o n  a b o u t fre  p l u m e s  an d  c e i l i n g j e ts ,
s e e  B e yl e r  [ 2 ] .

SFPE Engineering Guidelines for Substantiating a Fire Model for a
Given Application p r o vi d e s  a fr a m e wo r k fo r  d e te r m i n i n g  an d
d o c u m e n ti n g th e  s u i ta b i l i ty o f a  p a r ti c u l a r  fre  m o d e l  fo r  u s e  i n

a  specifc  fre  p r o te c ti o n  ap p l i c a ti o n .

U l t ra - fa s t
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Q
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6  f t  s t o ra g e
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F u r n i t u r e

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0

Ti m e  f r o m  i g n i t i o n  ( s e c )

M e d i u m

FI G U RE  B . 7 . 2 ( b )   Rate s  o f E n e rgy Re l e as e  i n  a t-S q u are d  Fi re .  ( S o u rc e :  N e l s o n  [ 6 0 ] )
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0

Q
 (

B
tu

/s
e

c
)

U l t ra - fa s t Fa s t

T h i n  p l y w o o d  wa r d ro b e

Fa s t e s t  b u r n i n g
u p h o l s t e re d  f u r n i t u r e

C a r t o n s  1 5  f t  h i g h ,  va r i o u s  c o n t e n t s ,
fa s t e s t  i f  e m p t y  o r c o n t a i n i n g
p l a s t i c  fo a m

W o o d  p a l l e t s
5  f t  h i g h

F u l l  m a i l  b a g s ,  3  f t  h i g h
p a l l e t  s t a c k

C o t t o n /p o l ye s t e r
i n n e r s p r i n g
m a t t re s s M e d i u m

S l o w

N o t e :  F o r  S I  u n i t s ,  1  f t  =  0 . 3 0 4 8  m ;  1  B t u /s e c  =  1 . 0 5 5  kW.

Δ FI G U RE  B . 7 . 2 ( c )   Re l ati o n  o f t-S q u are d  Fi re  to  S o m e  Fi re  Te s ts .
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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 . 1 . 2  Simplifcations  o f Z o n e  Fi re  M o d e l s .    Z o n e  m o d e l s  ar e
s i m p l e  m o d e l s  a n d  c an  u s u al l y b e  r u n  o n  p e r s o n a l  c o m p u te r s .
Z o n e  m o d e l s  d i vi d e  th e  s p a c e  i n to  two  z o n e s ,  a n  u p p e r  z o n e ,
wh i c h  c o n tai n s  th e  s m o ke  a n d  h o t ga s e s  p r o d u c e d  b y th e  fre,
an d  a l o we r  z o n e ,  wh i c h  i s  th e  s o u r c e  o f e n tr a i n m e n t ai r.  T h e
s i z e s  o f th e  two  z o n e s  var y d u r i n g  th e  c o u r s e  o f a fre,  d e p e n d ‐
i n g o n  th e  r ate  o f fow fr o m  th e  l o we r  to  th e  u p p e r  z o n e ,  th e
r ate  o f e x h a u s t o f th e  u p p e r  z o n e ,  an d  th e  te m p e r a tu r e  o f th e
s m o ke  an d  ga s e s  i n  th e  u p p e r  z o n e .  B e c a u s e  o f th e  s m a l l
n u m b e r  o f z o n e s ,  z o n e  m o d e l s  u s e  e n g i n e e r i n g  e q u a ti o n s  fo r
h e at a n d  m as s  tr a n s fe r  to  e val u a te  th e  tr a n s fe r  o f m as s  an d
e n e r gy fr o m  th e  l o we r  z o n e  to  th e  u p p e r  z o n e ,  th e  h e at an d
m a s s  l o s s e s  fr o m  th e  u p p e r  z o n e ,  a n d  o th e r  fe atu r e s .  Ge n e r a l l y,
th e  e q u ati o n s  a s s u m e  th at c o n d i ti o n s  ar e  u n i fo r m  i n  e a c h
z o n e .

I n  z o n e  m o d e l s ,  th e  s o u r c e  o f th e  fow i n to  th e  u p p e r  z o n e  i s
th e  fre  p l u m e .  Al l  z o n e  m o d e l s  h ave  a p l u m e  e q u ati o n .  A fe w
m o d e l s  a l l o w th e  u s e r  to  s e l e c t a m o n g  s e ve r a l  p l u m e  e q u ati o n s .

M o s t c u r r e n t z o n e  m o d e l s  ar e  b as e d  o n  a n  a x i s ym m e tr i c
p l u m e .

B e c au s e  z o n e  m o d e l s  as s u m e  th at th e r e  i s  n o  p r e -e x i s ti n g
te m p e r a tu r e  var i a ti o n  i n  th e  s p ac e ,  th e y c an n o t d i r e c tl y h a n d l e
stratifcation.  Z o n e  m o d e l s  al s o  as s u m e  th at th e  c e i l i n g  s m o ke
l aye r  fo r m s  i n s ta n tl y a n d  e ve n l y fr o m  wa l l  to  wal l ,  wh i c h  fa i l s  to
ac c o u n t fo r  th e  i n i ti al  l a te r a l  fow o f s m o ke  ac r o s s  th e  c e i l i n g .
T h e  r e s u l ti n g  e r r o r  c an  b e  signifcant i n  s p ac e s  h avi n g  l ar g e
c e i l i n g ar e as .  Z o n e  m o d e l s  c an ,  h o we ve r,  c al c u l a te  m an y i m p o r ‐
tan t fa c to r s  i n  th e  c o u r s e  o f e ve n ts  ( e . g. ,  s m o ke  l e ve l ,  te m p e r a‐
tu r e ,  c o m p o s i ti o n ,  an d  r ate  o f d e s c e n t)  fr o m  a n y fre  th a t th e
u s e r  c an  d e s c r i b e .  M o s t z o n e  m o d e l s  wi l l  c a l c u l ate  th e  e x te n t o f
h e a t l o s s  to  th e  s p ac e  b o u n d ar i e s .  S e ve r al  m o d e l s  c a l c u l ate  th e
i m p a c t o f ve n ts  o r  m e c h an i c a l  e x h a u s t,  a n d  s o m e  p r e d i c t th e
r e s p o n s e  o f h e a t-  o r  s m o ke -a c tu a te d  d e te c ti o n  s ys te m s .

C o m m o n  simplifcations  o f z o n e  m o d e l s  a r e  l i s te d  as  fo l l o ws :

( 1 ) F u e l

( a) H e a t r e l e as e  r a te  i s  n o t ac c e l e r a te d  b y h e at fe e d ‐
b a c k fr o m  s m o ke  l aye r.

( b ) Post-fashover  h e at r e l e as e  r ate  i s  we a kl y u n d e r ‐
s to o d ,  an d  i ts  u n i q u e  s i m u l a ti o n  i s  a tte m p te d  b y

o n l y a  fe w m o d e l s .
( c ) C O  p r o d u c ti o n  i s  s i m u l ate d ,  b u t i ts  m e c h an i s m  i s

n o t fu l l y u n d e r s to o d  th r o u gh  th e  fashover  tr an s i ‐
ti o n .

( d ) S o m e  m o d e l s  d o  n o t c o n s i d e r  b u r n i n g  o f e x c e s s
p yr o l yz ate  o n  e x i t fr o m  a ve n t.

( 2 ) P l u m e s

( a) P l u m e  m as s  e n tr a i n m e n t i s  ± 2 0  p e r c e n t an d  n o t
we l l  verifed  i n  ta l l  c o m p ar tm e n ts .

( b ) T h e r e  i s  n o  tr a n s p o r t ti m e  fr o m  th e  fre  e l e va ti o n  to
th e  p o s i ti o n  o f i n te r e s t i n  th e  p l u m e  an d  c e i l i n g  j e t.

( c ) S p i l l  p l u m e  m o d e l s  a r e  n o t we l l  d e ve l o p e d .
( d ) N o t al l  p l u m e  m o d e l s  c o n s i d e r  th e  fu e l  ar e a  g e o m e ‐

tr y.
( e ) E n tr ai n m e n t al o n g  s tai r we l l s  i s  n o t s i m u l ate d .
( f) E n tr ai n m e n t fr o m  h o r i z o n ta l  ve n ts  i s  n o t s i m u l ate d

b y al l  m o d e l s .
( 3 ) L aye r s

( a) H o t s ta gn a ti o n  l a ye r s  a t th e  c e i l i n g ar e  n o t s i m u l a‐
te d .

( b ) T h e r e  i s  u n i fo r m i ty i n  te m p e r a tu r e .

( 4 ) H e at tr a n s fe r

( a) S o m e  m o d e l s  d o  n o t d i s ti n g u i s h  b e twe e n  th e r m al l y
th i n  a n d  th e r m a l l y th i c k wa l l s .

( b ) T h e r e  i s  n o  h e at tr a n s fe r  vi a b a r r i e r s  fr o m  r o o m  to
r o o m .

( c ) M o m e n tu m  e ffe c ts  a r e  n e gl e c te d .
( 5 ) Ve n ti l a ti o n :  M i x i n g  a t ve n ts  i s  c o r r e l ati o n a l l y d e te r m i n e d .

C . 1 . 3  N o n un i fo r m  S p ac e s .

C . 1 . 3 . 1  S e n s i ti vi ty An al ys i s .    I n  th e  a b s e n c e  o f a n  an a l ys i s
u s i n g  s c a l e  m o d e l s ,  feld  m o d e l s ,  o r  z o n e  m o d e l  ad ap ta ti o n ,  a

s e n s i ti vi ty an al ys i s  s h o u l d  b e  c o n s i d e r e d .  A s e n s i ti vi ty an al ys i s
c a n  p r o vi d e  i m p o r ta n t i n fo r m ati o n  to  a s s i s t i n  e n gi n e e r i n g
j u d g m e n ts  r e g ar d i n g  th e  u s e  o f E q u ati o n  5 . 4 . 2 . 1 a  o r  5 . 4 . 2 . 1 b

a n d  5 . 4 . 2 . 2 a o r  5 . 4 . 2 . 2 b  fo r  c o m p l e x  a n d  n o n u n i fo r m  g e o m e ‐
tr i e s .  An  e x am p l e  o f a s e n s i ti vi ty a n al ys i s  fo r  a l a r ge  s p a c e
h avi n g  a  nonfat c e i l i n g g e o m e tr y fo l l o ws .

T h e  frst s te p  o f th e  an a l ys i s  wo u l d  b e  to  c o n ve r t a n o n u n i ‐
fo r m  g e o m e tr y to  a  s i m i l ar  o r  vo l u m e -e q u i val e n t u n i fo r m

ge o m e tr y.

I n  th e  c as e  o f th e  g e o m e tr y s h o wn  i n  F i g u r e  C . 1 . 3 . 1 ( a) ,  th i s
wo u l d  b e  d o n e  as  fo l l o ws :

( 1 ) C o n ve r t th e  a c tu al  n o n r e c tan g u l a r  ve r ti c a l  c r o s s -s e c ti o n al
ar e a to  a  r e c tan g u l ar  ve r ti c a l  c r o s s  s e c ti o n  o f e q u al  a r e a.

( 2 ) T h e  h e i gh t d i m e n s i o n  c o r r e s p o n d i n g  to  th e  e q u i va l e n t
r e c tan g u l ar  c r o s s  s e c ti o n  wo u l d  th e n  b e  u s e d  as  a s u b s ti ‐

tu te  h e i g h t fac to r  Hsub i n  E q u ati o n  5 . 4 . 2 . 2 a o r  5 . 4 . 2 . 2 b .

Re s u l ts  o f E q u ati o n  5 . 4 . 2 . 2 a  o r  5 . 4 . 2 . 2 b  s h o u l d  b e  c o m p ar e d
wi th  o th e r  m i n i m u m  a n d  m ax i m u m  c o n d i ti o n s  as  i n d i c ate d  b y

F i g u r e  C . 1 . 3 . 1 ( b ) .

An  ap p r o p r i ate  m e th o d  o f c o m p ar i s o n  c o u l d  b e  a g r ap h  o f
E q u a ti o n  5 . 4 . 2 . 2 a o r  5 . 4 . 2 . 2 b  a s  s h o wn  i n  F i g u r e  C . 1 . 3 . 1 ( c ) .
As s u m e  th a t th e  b u i l d i n g  i n  q u e s ti o n  c an  b e  e va c u ate d  i n

3  m i n u te s  a n d  th a t th e  d e s i gn  c r i te r i a  r e q u i r e  th e  s m o ke  l aye r
to  r e m ai n  avai l ab l e  1 0  ft ( 3 . 0 5  m )  a b o ve  th e  foor  at th i s  ti m e .
A r e vi e w o f th e  c u r ve s  wo u l d  i n d i c a te  th at th e  s m o ke  l a ye r

h e i g h ts  a s  c al c u l ate d  fo r  th e  s u b s ti tu te  c as e  a r e  ap p r o p r i ate .
T h i s  c o n c l u s i o n  c an  b e  d r a wn  b y n o ti n g  th at n e i th e r  th e
e x tr e m e  m i n i m u m  h e i gh t c as e  [H =  3 0  ft ( 9 . 1 4  m ) ,  W =  6 0  ft

( 1 8 . 2 9  m ) ]  n o r  th e  m a x i m u m  h e i gh t c as e  [H =  6 0   ft ( 1 8 . 2 9   m ) ]
o ffe r s  a n  e x p e c te d  an s we r,  b u t th e  r e s u l ts  fo r  two  c as e s  [H =

4 1 . 6  ft ( 1 2 . 6 8  m ) ,  W =  6 0  ft ( 1 8 . 2 9  m ) ;  a n d  H =  3 0  ft ( 9 . 1 4  m ) ,
W =  8 3 . 3  ft ( 2 5 . 4  m ) ]  c an  b e  j u d ge d  to  r e as o n ab l y ap p r o x i m a te

th e  b e h avi o r  o f th e  n o n u n i fo r m  s p a c e .  I t m i gh t o th e r wi s e  b e
u n r e as o n ab l e  to  e x p e c t th e  b e h avi o r  i n d i c ate d  b y th e  m ax i ‐
m u m  o r  m i n i m u m  c as e s .

C . 1 . 3 . 2  Z o n e  M o d e l  Ad ap tati o n .    A z o n e  m o d e l  p r e d i c a te d  o n
s m o ke  flling  a  u n i fo r m  c r o s s -s e c ti o n al  g e o m e tr y i s  modifed  to

r e c o g n i z e  th e  c h an g i n g  c ro s s -s e c ti o n al  ar e a s  o f a s p a c e .  T h e
e n tr ai n m e n t s o u r c e  c a n  b e  modifed  to  a c c o u n t fo r  e x p e c te d
i n c r e as e s  o r  d e c r e as e s  i n  e n tr ai n m e n t d u e  to  g e o m e tr i c  c o n s i d ‐

e r ati o n s ,  s u c h  as  p r o j e c ti o n s .

C . 1 . 3 . 3  B o u n d i n g An al ys i s .    An  i r r e gu l ar  s p a c e  i s  e val u ate d
u s i n g  m ax i m u m  h e i gh t a n d  m i n i m u m  h e i g h t identifable  fr o m

th e  ge o m e tr y o f th e  s p a c e  u s i n g e q u i val e n t h e i g h t o r  vo l u m e
c o n s i d e r ati o n s .



AN N E X  C 9 2 - 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

1 0  f t 1 0  f t 2 0  f t2 0  f t

1 0 0  f t

7 0 0  f t 2

1 8 0 0  f t 2

    A  =  W ×  H

 7 0 0  =  6 0  ×  H

    H =  1 1 . 6 6
Hsub =  3 0  +  1 1 . 6 6  =  4 1 . 7

R e s u l t i n g  s u b s t i t u t e
c ro s s - s e c t i o n

6 0 . 0  f t4
1

.7
 f

t

1 0  f t

1 0  f t

1 0  f t

3 0  f t

N o t e :  Fo r  S I  u n i t s ,  1  f t  =  0 . 3 0 4 8  m ;  1  f t²  =  0 . 0 9 2 9  m².

FI G U RE  C . 1 . 3 . 1 ( a)   L arge  S p ac e  wi th  Nonfat C e i l i n g.

8 3 . 3  f t

3 0  f t

6 0  f t

4 1 . 7  f t

4 1 . 7  f t

6 0  f t

6 0  f t  =  W

3 0  f t  =  H

1 0 0  f t

1 0 0  f t

1 0 0  f t

1 0 0  f t

1 0 0  f t

6 0  f t

6 0  f t

N o t e :  F o r  S I  u n i t s ,  1  f t  =  0 . 3 0 4 8  m .

FI G U RE  C . 1 . 3 . 1 ( b )   O th e r N o n u n i fo r m  G e o m e tr y
C o n s i d e rati o n s .

C . 1 . 4  Z o n e  Fi re  M o d e l  U s i n g Al ge b rai c  E q uati o n s .    A
c o m p u te r  m o d e l  ( wr i tte n  i n  a  p r o g r am m i n g  l an g u a ge  o r  u s i n g

a  s p r e a d s h e e t)  c an  b e  c o n s tr u c te d  u s i n g th e  al g e b r ai c  e q u a‐
ti o n s  c o n ta i n e d  i n  C h a p te r  5  to  c al c u l ate  th e  p o s i ti o n  o f a
s m o ke  l aye r  i n te r fa c e  o ve r  ti m e ,  wi th  a n d  wi th o u t s m o ke

e x h au s t.  T h i s  a p p r o a c h  i n vo l ve s  th e  c a l c u l ati o n  o f th e  m a s s
fow r a te  o f s m o ke  e n te r i n g  th e  s m o ke  l aye r,  th e  te m p e r a tu r e
o f th e  s m o ke  e n te r i n g  th e  l aye r,  an d  th e  m as s  fow r ate  o f

s m o ke  r e m o ve d  fr o m  th e  s m o ke  l aye r  b y m e c h an i c al  o r  g r avi ty
ve n ti n g .  T h e  s te p s  to  c al c u l a te  th e  p o s i ti o n  o f th e  s m o ke  l aye r
i n te r fa c e  a r e  as  fo l l o ws :

( 1 ) S e l e c t th e  ti m e  i n te r val  fo r  th e  c al c u l a ti o n ,  Δt.  (See Table
C. 1 . 4. )

( 2 ) D e te r m i n e  th e  d e s i gn  fre  ( e . g . ,  s te a d y fre,  gr o wi n g fre,
g r o wi n g  fre  wi th  s te ad y m a x i m u m ,  o r  o th e r  d e s c r i p ti o n

o f h e at r e l e as e  r ate  a s  a  fu n c ti o n  o f ti m e ) .  (See Section 5. 2
for a discussion of design fres.)

( 3 ) F o r  a n  u n s te a d y fre,  c al c u l a te  o r  s p e c i fy th e  h e a t r e l e a s e
r a te ,  Q,  o f th e  d e s i gn  fre  at th e  m i d p o i n t o f th e  c u r r e n t
ti m e  i n te r va l .  C a l c u l ate  th e  c o n ve c ti ve  p o r ti o n  o f th e

h e at r e l e as e  r a te ,  Qc,  at th e  m i d p o i n t o f th e  c u r r e n t ti m e
i n te r val .

( 4 ) C al c u l a te  th e  m as s  fow r ate  o f s m o ke  e n te r i n g  th e
s m o ke  l a ye r  d u r i n g th e  c u r r e n t ti m e  i n te r val .  F o r  a n
ax i s ym m e tr i c  p l u m e ,  th e  p l u m e  m a s s  fow r ate  s h o u l d  b e

c a l c u l ate d  u s i n g  e i th e r  E q u a ti o n  5 . 5 . 1 . 1 b  o r  5 . 5 . 1 . 1 c ,
d e p e n d i n g  o n  th e  p o s i ti o n  o f th e  s m o ke  l a ye r  a t th e  e n d

o f th e  p r e vi o u s  ti m e  i n te r val  r e l a ti ve  to  th e  fame  h e i g h t
o f th e  d e s i g n  fre.  Fo r  a b a l c o n y s p i l l  p l u m e ,  th e  p l u m e

m a s s  fow r ate  s h o u l d  b e  c a l c u l ate d  u s i n g  E q u a ti o n
5 . 5 . 2 . 1 a  o r  5 . 5 . 2 . 1 b .  F o r  a  wi n d o w p l u m e ,  th e  p l u m e

m a s s  fow r a te  s h o u l d  b e  c a l c u l ate d  u s i n g  E q u a ti o n
5 . 5 . 3 . 2 a  o r  5 . 5 . 3 . 2 b .

( 5 ) C al c u l a te  th e  te m p e r atu r e  o f th e  s m o ke  e n te r i n g  th e
s m o ke  l aye r  u s i n g  E q u a ti o n  5 . 5 . 5 .

( 6 ) C al c u l a te  th e  m a s s  o f s m o ke  i n  th e  s m o ke  l a ye r  at th e
e n d  o f th i s  ti m e  i n te r va l  as  fo l l o ws :

M M m m tp e2 1
= + − ∆( )

wh e r e :
M2 = m as s  o f s m o ke  i n  th e  s m o ke  l a ye r  a t th e  e n d  o f

c u r r e n t ti m e  i n te r va l  ( kg)
M1 = m as s  o f s m o ke  i n  th e  s m o ke  l a ye r  a t th e  s tar t o f

c u r r e n t ti m e  i n te r va l  ( kg)
mp = m as s  fow r ate  o f p l u m e  ( kg/ s e c )

me = m as s  fow r ate  o f e x h au s t ( kg / s e c )
Δt = ti m e  i n te r val  ( s e c )

Wh e n  th e r e  i s  m o r e  th an  o n e  e x h au s t p o i n t fr o m  th e
s m o ke  l a ye r,  th e  m as s  fow r a te  o f e x h a u s t,  me,  i s  th e  to tal
o f th e  fows  fr o m  a l l  th e  e x h a u s t p o i n ts .

 
[ C . 1 . 4 a]

( 7 ) C al c u l a te  th e  e n e r g y o f th e  s m o ke  l a ye r  as  fo l l o ws :

E E C m T mT m T T tp p p e s p p o2 1 1
= + − − η − ∆

, ( )



        

wh e r e :
E2 = e n e r gy o f th e  s m o ke  l aye r  a t th e  e n d  o f th e  ti m e

i n te r val  ( kJ )

 
[ C . 1 . 4 b ]



S M O KE  C O N T RO L  S YS T E M S9 2 - 6 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 .

E1 = e n e r gy o f th e  s m o ke  l aye r  a t th e  b e g i n n i n g o f th e
ti m e  i n te r va l  ( kJ )

Cp = specifc  h e at o f th e  s m o ke  ( kJ / kg -K)
Tp = ab s o l u te  te m p e r atu r e  o f p l u m e  ( K)
Ts,1 = ab s o l u te  te m p e r atu r e  o f th e  s m o ke  l aye r  a t th e

s ta r t o f c u r r e n t ti m e  i n te r va l  ( K)
η = h e at l o s s  fac to r  ( d i m e n s i o n l e s s )
To = ab s o l u te  am b i e n t te m p e r a tu r e  ( K)

T h e  h e at l o s s  fac to r  i s  th e  fr ac ti o n  o f th e  c o n ve c ti ve  h e a t
r e l e as e  r a te  th a t i s  tr an s fe r r e d  fr o m  th e  s m o ke  l aye r  to

th e  c e i l i n g an d  wal l s ,  a n d  i t h a s  a  m a x i m u m  val u e  o f 1 . 0 .
T h e  m ax i m u m  te m p e r a tu r e  r i s e  o c c u r s  wh e r e  th e  h e at

l o s s  fac to r  i s  z e r o .
( 8 ) C al c u l a te  th e  n e w te m p e r a tu r e  o f th e  s m o ke  l aye r  a s

fo l l o ws :

T
E

C M
s

p

,2

2

2

=

wh e r e :
Ts,2 = th e  a b s o l u te  te m p e r atu r e  o f th e  s m o ke  l aye r  at th e

e n d  o f c u r r e n t ti m e  i n te r val  ( K)

 
[ C . 1 . 4 c ]

( 9 ) C al c u l a te  th e  d e n s i ty o f th e  s m o ke  l aye r :

ρ =
s

o

s

P

RT
,2

 
[ C . 1 . 4 d ]

wh e r e :
ρs = d e n s i ty o f th e  s m o ke  l aye r  at th e  e n d  o f th e  ti m e

i n te r val  ( kg / m 3 )
Po = am b i e n t p r e s s u r e  ( P a )
R = ga s  c o n s ta n t o f s m o ke  l a ye r  ( 2 8 7   J / kg -K)

( 1 0 ) C al c u l a te  th e  vo l u m e  o f th e  s m o ke  l a ye r  as  fo l l o ws :

V
M

s

2

2
=

ρ

wh e r e :
V2 = th e  vo l u m e  o f th e  s m o ke  l aye r  at th e  e n d  o f th e

ti m e  i n te r val  ( m 3 )

 
[ C . 1 . 4 e ]

( 1 1 ) D e te r m i n e  th e  n e w s m o ke  l aye r  i n te r fa c e  p o s i ti o n  a s  a
fu n c ti o n  o f th e  u p p e r  l aye r  vo l u m e  an d  th e  ge o m e tr y o f
th e  s m o ke  r e s e r vo i r.  Fo r  c o n s ta n t c r o s s -s e c ti o n a l  ar e a s ,

th e  s m o ke  l a ye r  p o s i ti o n  i s  c al c u l a te d  a s  fo l l o ws :

z H
V

A
ceiling

reservoir

2

2
= −

wh e r e :
z2 = s m o ke  l aye r  i n te r fac e  h e i g h t a b o ve  foor  at th e

e n d  o f th e  ti m e  i n te r va l  ( m )
Hceiling = c e i l i n g h e i gh t ab o ve  foor  ( m )
Areservoir = ar e a  o f r e s e r vo i r  ( m 2 )

 
[ C . 1 . 4 f]
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N o t e :  F o r S I  u n i t s ,  1  f t  =  0 . 3 0 4 8  m .

FI G U RE  C . 1 . 3 . 1 ( c )   C o m p ari s o n  D ata fo r G ui d an c e  o n  N o n re c tan gu l ar G e o m e tri e s  — G ro wi n g
Fi re .



AN N E X  C 9 2 - 6 3
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( 1 2 ) S to p  c a l c u l ati o n s  i f th e  m ax i m u m  n u m b e r  o f ti m e  i n te r ‐
val s  h a s  b e e n  r e ac h e d  o r  i f th e  s m o ke  l aye r  i n te r fac e  i s  a t

o r  b e l o w th e  to p  o f th e  fu e l .
( 1 3 ) Re tu r n  to  i n te r val  ( 3 )  a n d  u s e  th e  n e wl y c al c u l a te d

va l u e s  fo r  th e  c a l c u l ati o n s  o f th e  n e x t ti m e  i n te r val .

T h e  F o r tr an  c o m p u te r  p r o g r am  AZ O N E ,  p r o vi d e d  wi th  th e
s m o ke  m an a ge m e n t b o o k b y Kl o te  a n d  M i l ke  [ 2 1 ] ,  i s  an  e x am ‐

p l e  o f th e  p r e c e d i n g r o u ti n e .  H o we ve r,  AZ O N E  h a s  a  n u m b e r
o f fe a tu r e s  n o t i n c l u d e d  i n  th e  r o u ti n e .  AZ O N E  i s  c a p ab l e  o f

d e al i n g  wi th  l a r ge  s p ac e s  o f va r i ab l e  c r o s s -s e c ti o n al  a r e a.  I t c an
al s o  s i m u l ate  th e  e ffe c t o f p l u gh o l i n g o n  th e  e x h au s t fow r a te .

C . 2  C o m p u tati o n al  Fl u i d  D yn am i c  ( C FD )  M o d e l s .

C . 2 . 1  O ve r vi e w.    C F D  m o d e l s ,  al s o  r e fe r r e d  to  as  feld  m o d e l s ,
u s u al l y r e q u i r e  l ar g e -c ap ac i ty c o m p u te r  wo r ks tati o n s  o r  m a i n ‐

fr a m e  c o m p u te r s  an d  ad van c e d  e x p e r ti s e  to  o p e r ate  a n d  i n te r ‐
p r e t.

C F D  m o d e l s ,  h o we ve r,  c an  p o te n ti al l y o ve r c o m e  th e  l i m i ta‐
ti o n s  o f z o n e  m o d e l s  a n d  c o m p l e m e n t o r  s u p p l a n t s c al e

m o d e l s .  As  wi th  z o n e  m o d e l s ,  C F D  m o d e l s  s o l ve  th e  fu n d a m e n ‐
ta l  c o n s e r va ti o n  e q u a ti o n s .  I n  C F D  m o d e l s ,  th e  s p ac e  i s  d i vi d e d

i n to  m a n y c e l l s ,  an d  th e  g o ve r n i n g e q u ati o n s  ar e  u s e d  to  s o l ve
th e  m o ve m e n t o f h e a t a n d  m as s  b e twe e n  th e  c e l l s .  T h e  g o ve r n ‐
i n g  e q u a ti o n s  i n c l u d e  th e  e q u ati o n s  o f c o n s e r va ti o n  o f m as s ,

m o m e n tu m ,  an d  e n e r g y.  T h e s e  p a r ti al  d i ffe r e n ti a l  e q u a ti o n s
c a n  b e  s o l ve d  n u m e r i c al l y b y al go r i th m s  specifcally d e ve l o p e d
fo r  th a t p u r p o s e .  F o r  s m o ke  m an ag e m e n t a p p l i c a ti o n s ,  th e

n u m b e r  o f c e l l s  i s  ge n e r a l l y i n  th e  r a n ge  o f te n s  o f th o u s a n d s  to
m i l l i o n s .

B e c a u s e  o f th e  ve r y l ar g e  n u m b e r  o f c e l l s ,  C F D  m o d e l s  avo i d
th e  m o r e  g e n e r al i z e d  e n gi n e e r i n g  e q u ati o n s  u s e d  i n  z o n e

Tab l e   C . 1 . 4  T h e  E ffe c t o f T i m e  I n te r val  o n  th e  Ac c u rac y o f S m o k e  Fi l l i n g S i m u l ati o n s

Atri u m  H e i gh t,  H   C ro s s - S e c ti o n al  Are a,  A

T i m e  I n te r val ,  Δt
( s )

S te ad y Fi re a   Fas t t- S q u are d  Fi re b

ft m   ft2 m 2
S i m u l ati o n  T i m e

( s e c )
E r ro rc

( % )  
S i m ul ati o n

T i m e  ( s e c )
E r ro rc

( % )

S m al l  Atri u m
3 0 9 . 1 4 1 , 0 0 0 9 3 0 . 0 0 5 3 0 0 . 0 9 0 0 . 0

0 . 0 1 3 0 0 . 0 9 0 0 . 0
0 . 0 5 3 0 0 . 2 9 0 0 . 1
0 . 2 0 3 0 1 . 2 9 0 0 . 2
0 . 5 0 3 0 3 . 7 9 0 0 . 6

1 . 0 0 3 0 7 . 7 9 0 1 . 2
5 . 0 0 3 0 6 5 . 0 9 0 6 . 1

S m al l  S p re ad - O ut Atri um
3 0 9 . 1 4 1 2 , 0 0 0 1 , 1 1 0 0 . 0 1 2 4 0 0 . 0 3 0 0 0 . 0

0 . 0 5 2 4 0 0 . 0 3 0 0 0 . 0
0 . 2 0 2 4 0 0 . 1 3 0 0 0 . 1
0 . 5 0 2 4 0 0 . 1 3 0 0 0 . 1
1 . 0 0 2 4 0 0 . 3 3 0 0 0 . 3
5 . 0 0 2 4 0 1 . 5 3 0 0 1 . 5

2 0 . 0 0 2 4 0 6 . 3 3 0 0 6 . 4

L arge  Atri u m
1 5 0 4 5 . 7 2 5 , 0 0 0 2 , 3 2 0 0 . 0 1 4 8 0 0 . 0 3 0 0 0 . 0

0 . 0 5 4 8 0 0 . 0 3 0 0 0 . 0
0 . 2 0 4 8 0 0 . 0 3 0 0 0 . 1
0 . 5 0 4 8 0 0 . 1 3 0 0 0 . 1
1 . 0 0 4 8 0 0 . 3 3 0 0 0 . 3
5 . 0 0 4 8 0 1 . 4 3 0 0 1 . 4

2 0 . 0 0 4 8 0 6 . 0 3 0 0 5 . 8

L arge  S p re ad - O u t Atri um
1 5 0 4 4 . 7 3 0 0 , 0 0 0 2 7 , 9 0 0 0 . 0 1 1 2 0 0 0 . 0 6 0 0 0 . 0

0 . 0 5 1 2 0 0 0 . 0 6 0 0 0 . 0
0 . 2 0 1 2 0 0 0 . 0 6 0 0 0 . 0
0 . 5 0 1 2 0 0 0 . 0 6 0 0 0 . 0
1 . 0 0 1 2 0 0 0 . 0 6 0 0 0 . 0
5 . 0 0 1 2 0 0 0 . 1 6 0 0 0 . 2

2 0 . 0 0 1 2 0 0 0 . 2 6 0 0 0 . 7

N o te :  C a l c u l ati o n s  we r e  d o n e  wi th  AZ O N E  wi th  th e  fo l l o wi n g  c o n d i ti o n s :  ( 1 )  a m b i e n t te m p e r a tu r e  o f 7 0 ° F  ( 2 1 ° C ) ;  ( 2 )  c o n s ta n t c r o s s - s e c ti o n a l  ar e a ;
( 3 )  n o  s m o ke  e x h a u s t;  ( 4 )  to p  o f fu e l  a t foor  l e ve l ;  ( 5 )  wa l l  h e a t tr a n s fe r  fr a c ti o n  o f 0 . 3 .

aT h e  s te a d y fre  wa s  5 0 0 0   B tu / s e c  ( 5 2 7 5   kW) .
b F o r  th e  t-s q u a r e d  fre,  th e  g r o wth  ti m e  wa s  1 5 0   s e c .
c T h e  e r r o r,  δ,  i s  th e  e r r o r  o f th e  s m o ke  l a ye r  h e i g h t,  z,  u s i n g  th e  e q u a ti o n  δ  =  1 0 0 (zm -  z) /z,  wh e r e  zm i s  th e  va l u e  o f z a t th e  s m al l e s t ti m e  i n te r va l  l i s te d

i n  th e  ta b l e  fo r  th a t a tr i u m  s i z e .
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m o d e l s .  T h r o u g h  th e  u s e  o f s m al l  c e l l s ,  C F D  m o d e l s  c an  e x a m ‐
i n e  th e  s i tu a ti o n  i n  m u c h  gr e a te r  d e ta i l  a n d  ac c o u n t fo r  th e
i m p ac t o f i r r e g u l ar  s h a p e s  a n d  u n u s u al  ai r  m o ve m e n ts  th a t
c a n n o t b e  ad d r e s s e d  b y e i th e r  z o n e  m o d e l s  o r  al g e b r ai c  e q u a‐
ti o n s .  T h e  l e ve l  o f refnement e x c e e d s  th at wh i c h  c an  u s u al l y
b e  o b s e r ve d  o r  d e r i ve d  fr o m  s c al e  m o d e l s .

T h e  c o n s e r vati o n  e q u ati o n s  ar e  ge n e r a l l y e x p r e s s e d  i n  e i th e r
ve c to r  n o ta ti o n  o r  te n s o r  n o ta ti o n .  F o r  i n fo r m a ti o n  a b o u t
th e s e  m ath e m ati c al  fo r m s  o f n o tati o n ,  s e e  B o r i s e n ko  an d  Tar a‐
p o v [ 6 1 ]  a n d  H ay [ 6 2 ] .  I n fo r m a ti o n  ab o u t th e  go ve r n i n g  e q u a‐
ti o n s  i s  p r o vi d e d  i n  m an y fuid  d yn am i c s  te x ts  ( We l ty,  Wi c ks ,
an d  Wi l s o n  [ 6 3 ] ;  S c h e tz  [ 6 4 ] ;  S c h l i c h ti n g  [ 6 5 ] ;  S h e r m an  [ 6 6 ] ) .
F o r  a  d e ta i l e d  d e r i va ti o n  o f th e  go ve r n i n g  e q u a ti o n s ,  s e e  Ar i s
[ 6 7 ] .  F o r  a  ge n e r a l  o ve r vi e w o f C F D  m o d e l i n g,  s e e  Kl o te  [ 2 1 ] .
F o r  m o r e  d e ta i l e d  i n fo r m a ti o n  ab o u t C F D  m o d e l i n g,  s e e
An d e r s o n ,  Tan n e h i l l ,  an d  P l e tc h e r  [ 6 8 ] ;  Ab b o tt an d  B as c o
[ 6 9 ] ;  H o ffm an n  [ 7 0 ] ;  M ar kato s  [ 7 1 ] ;  H i r s c h  [ 5 6 ,  7 2 ] ;  an d
Ku m ar  [ 7 3 ] .

C . 2 . 2  G e n e ral  an d  Specifc  Ap p l i c ati o n  M o d e l s .    M a n y
c o m p u te r  C F D  p r o gr a m s  h ave  b e e n  d e ve l o p e d  th at ar e  c a p ab l e
o f s i m u l a ti o n  o f fre-induced  fows.  F r i e d m an  [ 7 6 ]  d i s c u s s e s  1 0
s u c h  c o d e s .  S e ve r al  o f th e s e  a r e  g e n e r al  p u r p o s e  c o d e s  th at ar e
c o m m e r c i al l y avai l ab l e .  S o m e  c o m m e r c i al l y avai l a b l e  c o d e s
r e q u i r e  th at th e  u s e r  d o  c o m p u te r  p r o gr a m m i n g i n  o r d e r  to
s i m u l a te  fre-induced  s m o ke  tr an s p o r t.

T h e  F i r e  D yn am i c s  S i m u l ato r  ( F D S )  m o d e l  ( M c G r atta n ,  e t
al .  [ 7 4 ] ;  M c G r atta n  an d  F o r n e y [ 7 5 ] )  wa s  d e ve l o p e d  specif‐
cally fo r  fre  ap p l i c ati o n s .  F D S  c an  b e  c o n s i d e r e d  th e  p r o d u c t
o f d e c ad e s  o f b a s i c  r e s e a r c h  i n  C F D  m o d e l i n g  o f fre  an d
s m o ke  tr an s p o r t c o n d u c te d  at th e  N a ti o n al  I n s ti tu te  o f S tan d ‐
ar d s  a n d  Te c h n o l o gy ( N I S T )  i n  Ga i th e r s b u r g,  M a r yl a n d .  F D S  i s
i n  th e  p u b l i c  d o m ai n ,  a n d  i t c an  b e  o b ta i n e d  fr o m  N I S T  at n o
c o s t.

C . 2 . 3  Simplifcations  o f C FD  M o d e l s .    T h e  i te m s  th e  m o d e l e r
m u s t a c c u r ate l y c h ar ac te r i z e  ar e  th e  fu e l ,  th e  c o m p a r tm e n t,
an d  th e  a m b i e n t c o n d i ti o n s ,  as  fo l l o ws :

( 1 ) B u r n i n g  fu e l  d e s c r i p ti o n :

( a) H e at r e l e a s e  r a te  as  i t c h an g e s  wi th  ti m e
( b ) F i r e  e l e vati o n
( c ) Ra d i a ti o n  fr ac ti o n
( d ) S p e c i e s  p r o d u c ti o n  r ate
( e ) Ar e a  o f fre  ( l i n e ,  p o o l ,  o r  ga s e o u s )

( 2 ) C o m p ar tm e n t d e s c r i p ti o n :

( a) H e i g h t o f c e i l i n g
( b ) S i z e ,  l o c ati o n ,  a n d  d yn a m i c  s ta tu s  ( o p e n  o r  c l o s e d )

o f th e  ve n t ( i n c l u d i n g  l e akag e  ar e a)
( c ) T h e r m o p h ys i c al  p r o p e r ti e s  o f wa l l ,  c e i l i n g,  an d

foor  m a te r i al
( d ) L o c ati o n ,  c a p a c i ty,  a n d  s ta tu s  o f m e c h an i c a l  ve n ti l a‐

ti o n
( e ) P r e s e n c e  o f b e a m s  o r  tr u s s e s
( f) S m o ke  tr an s p o r t ti m e  i n  th e  p l u m e  o r  c e i l i n g  j e t
( g) S tr u c tu r al  fa i l u r e

( h ) I n i ti al  te m p e r a tu r e
( 3 ) Am b i e n t c o n d i ti o n s  d e s c r i p ti o n :

( a) E l e va ti o n
( b ) Am b i e n t p r e s s u r e
( c ) Am b i e n t te m p e r atu r e
( d ) Wi n d  s p e e d  an d  d i r e c ti o n
( e ) Re l ati ve  h u m i d i ty
( f) O u ts i d e  te m p e r a tu r e

T h e  fu e l  h e at r e l e as e  r ate  i s  an  i m p o r ta n t fe atu r e  to
d e s c r i b e .  M a n y o th e r  d e tai l s  o f th e  fu e l  a l s o  affe c t fre  g r o wth ,

s u c h  as  s p e c i e s  p r o d u c ti o n ,  r a d i a ti ve  h e at l o s s  fr a c ti o n ,  fu e l -to -
ai r  c o m b u s ti o n  r a ti o ,  a n d  h e a t o f c o m b u s ti o n .  H o we ve r,  th e

d e s i r e d  a c c u r ac y o f th e s e  c al c u l ati o n  r e s u l ts  d i c ta te  wh i c h
s h o u l d  b e  i n c l u d e d  a n d  wh i c h  c an  b e  i g n o r e d .

C o m p ar tm e n t ve n t d e s c r i p ti o n s  a l s o  m u s t b e  p r o p e r l y e va l u ‐
ate d .  O fte n ,  l e akag e  ar e as  c an  ac c o u n t fo r  s u b s tan ti al ,  u n an ti c i ‐

p ate d  ga s  fows,  e s p e c i al l y i n  i n s tan c e s  o f e x tr e m e  we a th e r
c o n d i ti o n s  wi th  r e g ar d  to  te m p e r atu r e  o r  wi n d .

Tr a n s l ati n g  ac tu al  c h a r ac te r i s ti c s  i n to  a  fo r m at r e c o g n i z ab l e
a s  m o d e l  i n p u t i s  th e  s e c o n d  m aj o r  ar e a  o f fre  m o d e l i n g .  S o m e
i te m s  s i m p l y d o  n o t m e r i t atte n ti o n  b e c a u s e  o f th e i r  l o we r-
o r d e r  e ffe c ts .  O th e r  i te m s  m u s t b e  r e p r e s e n te d  i n  wa ys  th a t ar e

al te r e d  s o m e wh at.  An  e x am p l e  o f th e  frst c as e  i s  e x c l u d i n g a
m e c h an i c al  ve n ti l a ti o n  d u c t wh e n  a l ar g e  d o o r  to  a r o o m
r e m a i n s  o p e n .  An  e x a m p l e  o f th e  s e c o n d  c as e  i s  a  5  ft ( 1 . 5 2  m )

ve r ti c al  s e c ti o n  o f wal l .  T h e  h e i g h t o f th e  fre  i s  b e s t d e s c r i b e d
a s  th e  foor  l e ve l ,  th e  l o we s t p o i n t wh e r e  fames  c an  e n tr ai n  a i r.

T h e  l as t ar e a  o f u n d e r s tan d i n g  i s  p e rh ap s  th e  m o s t diffcult
fo r  th e  n o vi c e  to  m as te r :  u n d e r s tan d i n g  h o w th e  m o d e l

c o n ve r ts  i n p u t to  o u tp u t.  I t i s  n o t p r ac ti c al  fo r  th e  n e w u s e r  to
g r as p  e ve r y d e tai l  o f th i s  tr a n s fo r m ati o n  p r o c e s s ,  b u t i t i s  p o s s i ‐
b l e  fo r  th e  n o vi c e  to  a n ti c i p a te  m a n y r e s u l ts  wi th  a b as i c

c o m p r e h e n s i o n  o f fre  d yn a m i c s  ( H u r l e y [ 7 7 ] ;  D r ys d a l e  [ 7 8 ] )
a n d  wo r ki n g  kn o wl e d ge  o f th e  c o n s e r va ti o n  e q u ati o n s .  T h e
c o n s e r vati o n  l aws  c a n  b e  e x p r e s s e d  wi th  d i ffe r e n ti al  e q u a ti o n s

to  r e p r o d u c e  th e  s m o o th ,  c o n ti n u o u s  c h a n ge s  e x h i b i te d  b y
p r o p e r ti e s  b e h a vi n g i n  r e a l  fres.  To  th e  d e g r e e  th a t th e  m a th e ‐
m a ti c s  d e vi a te s  fr o m  th e  d i ffe r e n ti a l  r e p r e s e n tati o n  o f th e

c o n s e r vati o n  l a ws ,  th e  m o r e  u n c e r tai n  th e  m o d e l  a c c u r ac y
b e c o m e s  o u ts i d e  th e  r an g e  o f verifcation.  T h e  p o te n ti al  fo r
m o d e l  i n ac c u r a c y i s  a ffe c te d  b y th e  r e l ati ve  infuence  o f th e

p ar ti c u l ar  te r m  i n  th e  e q u ati o n .  Te r m s  h avi n g  th e  gr e a te s t
infuence  c o n tai n  va r i ab l e s  th at ar e  r a i s e d  to  e x p o n e n ti al
p o we r s  g r e ate r  th a n  1 .

Al ge b r a i c  c o r r e l ati o n s ,  o th e r  fre  m o d e l s ,  s c al e  m o d e l s ,  an d
c o m m o n  s e n s e  c an  b e  u s e d  to  ve r i fy m o d e l  a c c u r ac y.  T h e  al ge ‐

b r a i c  e q u a ti o n s  a r e  o n l y verifed  g i ve n  th e  e x p e r i m e n tal  c o n d i ‐
ti o n s  fr o m  wh i c h  th e y we r e  c o r r e l a te d .  P r o j e c ti o n s  b e yo n d
th e s e  e x p e r i m e n ta l  d o m ai n s  c an  b e  b as e d  o n  tr e n d s  a t th e

e x p e r i m e n ta l  e n d p o i n ts .  U s i n g  o n e  m o d e l  to  ve r i fy an o th e r
m o d e l  e n s u r e s  p r e c i s i o n  b u t n o t n e c e s s ar i l y ac c u r ac y,  u n l e s s
th e  s e c o n d  m o d e l  h as  b e e n  i n d e p e n d e n tl y verifed.
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An n e x   D       Ad d i ti o n al  D e s i gn  O b j e c ti ve s

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

D . 1  G e n e ral .    I n  ad d i ti o n  to  th e  d e s i g n  o b j e c ti ve s  l i s te d  i n
S e c ti o n  1 . 2 ,  s m o ke  m a n ag e m e n t s ys te m s  c an  b e  u s e d  fo r  th e
fo l l o wi n g  o b j e c ti ve s :

( 1 ) Al l o wi n g fre  d e p ar tm e n t p e r s o n n e l  suffcient vi s i b i l i ty to
ap p r o ac h ,  l o c a te ,  an d  e x ti n g u i s h  a  fre

( 2 ) L i m i ti n g th e  r i s e  o f th e  s m o ke  l aye r  te m p e r a tu r e  an d
to x i c  gas  c o n c e n tr ati o n  an d  l i m i ti n g  th e  r e d u c ti o n  o f vi s i ‐
b i l i ty

D . 1 . 1  E gre s s  An al ys i s .    T i m e d  e g r e s s  an a l ys i s  i s  o u ts i d e  th e
s c o p e  o f th i s  d o c u m e n t.  H o we ve r,  o th e r  r e fe r e n c e s  a r e  avai l a‐

b l e  th a t p r e s e n t a n al yti c al  m e th o d s  fo r  u s e  i n  e gr e s s  an a l ys i s
( Kl o te  a n d  M i l ke  [ 2 1 ] ;  Gwyn n e  a n d  Ro s e n b a u m  [ 7 9 ] ) .

D . 1 . 2  Te n ab i l i ty.    F ac to r s  th at s h o u l d  b e  c o n s i d e r e d  i n  a
te n a b i l i ty an al ys i s  i n c l u d e  th e  fo l l o wi n g :

( 1 ) H e a t e x p o s u r e
( 2 ) S m o ke  to x i c i ty
( 3 ) Vi s i b i l i ty

O th e r  r e fe r e n c e s  a r e  a va i l a b l e  th at p r e s e n t a n al yti c al  m e th ‐
o d s  fo r  te n ab i l i ty a n al ys e s  ( P u r s e r  [ 4 1 ] ) .

D . 1 . 3    E q u ati o n s  to  c al c u l a te  th e  s m o ke  l aye r  d e p th ,  ave r ag e
te m p e r a tu r e  r i s e ,  o p ti c al  d e n s i ty,  a n d  s p e c i e s  c o n c e n tr a ti o n s

d u r i n g th e  smoke-flling  s ta ge  a n d  th e  q u a s i -s te ad y ve n te d  s ta ge
ar e  p r o vi d e d  i n  Tab l e  D . 1 . 3 .  T h e s e  e q u ati o n s  ap p l y to  fres  wi th

c o n s ta n t h e at r e l e a s e  r ate s  an d  t-s q u a r e d  fres.  T h e s e  e q u a ti o n s

c a n  a l s o  b e  u s e d  to  c al c u l ate  th e  c o n d i ti o n s  wi th i n  th e  s m o ke
l aye r  o n c e  th e  ve n te d  c o n d i ti o n s  e x i s t.

F o r  d e s i g n  p u r p o s e s ,  th e  to p i c  o f al g e b r ai c  e q u a ti o n s  fo r  ga s
c o n c e n tr a ti o n s  an d  o b s c u r ati o n  o f vi s i b i l i ty c a n  b e  a d d r e s s e d

fo r  two  l i m i t c a s e s :

( 1 ) T h e  smoke-flling  s c e n ar i o ,  wh e r e  a l l  p r o d u c ts  o f c o m b u s ‐
ti o n  a r e  as s u m e d  to  ac c u m u l ate  i n  th e  d e s c e n d i n g s m o ke
l aye r.

( 2 ) T h e  q u as i -s te ad y ve n te d  s c e n ar i o ,  wh e r e  a  q u as i -s te a d y
b a l a n c e  e x i s ts  b e twe e n  th e  r ate s  o f infow i n to  an d
outfow fr o m  th e  s m o ke  l a ye r.  N o r m a l l y,  th e  q u as i - s te ad y
ve n te d  s c e n a r i o  i s  o f i n te r e s t fo r  d e s i gn  p u r p o s e s  b e c au s e

th i s  s c e n ar i o  r e p r e s e n ts  th e  q u a s i -s te a d y c o n d i ti o n s  th at
d e ve l o p  wi th  a s m o ke  e x tr a c ti o n  s ys te m  o p e r ati n g .  T h e
smoke-flling  s c e n ar i o  m i g h t b e  o f i n te r e s t to  an al yz e  th e
c o n d i ti o n s  th at c a n  d e ve l o p  b e fo r e  th e  s m o ke  e x tr a c ti o n

s ys te m  i s  ac tu ate d .  A tr a n s i e n t p e r i o d  e x i s ts  b e twe e n  th e s e
two  l i m i t c a s e s .  D u r i n g  th i s  tr an s i e n t i n te r m e d i ate  p e r i o d ,
th e  s m o ke  l a ye r  i s  b o th  flling  an d  b e i n g  e x h a u s te d .

An a l ys i s  o f th i s  tr a n s i e n t p e r i o d  g e n e r al l y r e q u i r e s  n u m e r i c al
c o m p u te r-b as e d  ap p r o ac h e s .  F r o m  a d e s i g n  s tan d p o i n t,  th i s

p e r i o d  s h o u l d  b e  o f l i ttl e  c o n s e q u e n c e  s i n c e  i t i s  n o t a  l i m i t
c a s e ,  s o  i t i s  n o t ad d r e s s e d  fu r th e r.

M e th o d s  to  an a l yz e  th e  g as  c o m p o s i ti o n  a n d  o p ti c a l  c h ar a c ‐
te r i s ti c s  fo r  th e  two  l i m i t c a s e s  c an  b e  ad d r e s s e d  i n  te r m s  o f a
n u m b e r  o f al ge b r a i c  e q u a ti o n s .  T h e s e  al ge b r a i c  e q u a ti o n s  ar e

e x a c t,  b u t th e  d ata u s e d  i n  th e s e  e q u ati o n s  a r e  u n c e r tai n
( M i l ke  an d  M o wr e r  [ 8 0 ] ) .  T h e  u s e r  s h o u l d  b e  m ad e  awa r e  o f
th e s e  u n c e r ta i n ti e s  to  th e  e x te n t th e y ar e  kn o wn .

Tab l e   D . 1 . 3  E q u ati o n s  fo r C al c u l ati n g P ro p e r ti e s  o f S m o k e  L aye r

  U n ve n te d  Fi re s  

P aram e te rs S te ad y Fi re s t- S q u are d  Fi re s Ve n te d  Fi re s

ΔT To{ [ e x p ( Qn/ Qo) ]  −  1 } To{ [ e x p ( Qn/ Qo) ]  −  1 } [ 6 0 ( 1  −  χl ) Qc] / (ρo cpV)
D ( DmQt) / [χa ΔHcA( H −  z) ] ( Dmαt3 ) /  [ 3χa ΔHcA( H −  z) ] ( 6 0 DmQ/ (χa ΔHcV)

Yi ( fiQt) / [ρoχa ΔHcA( H −  z) ] ( fiαt3 ) / [ 3ρoχa ΔHcA( H −  z) ] ( 6 0  fiQ) / (ρoχa ΔHcV)

wh e r e :
A =  h o r i z o n ta l  c r o s s - s e c ti o n al  a r e a o f s p a c e  ( ft2 )
cp =  specifc  h e at o f am b i e n t a i r  ( B tu / l b  ·  ° F )

D =  L-1  l o g ( Io/ I) ,  o p ti c al  d e n s i ty
Dm =  m a s s  o p ti c a l  d e n s i ty ( ft2 / l b )  m e a s u r e d  i n  a  te s t s tr e a m  c o n ta i n i n g  a l l  th e  s m o ke  fr o m  a  m ate r i a l  te s t s a m p l e
fi =  yi e l d  fa c to r  o f s p e c i e s  i ( l b  s p e c i e s  i/ l b  fu e l )

H =  c e i l i n g  h e i g h t ( ft)
ΔHc =  h e at o f c o m p l e te  c o m b u s ti o n  ( B tu / l b )
Q =  h e a t r e l e a s e  r a te  o f fre  ( B tu / s e c )
Qc =  c o n ve c ti ve  p o r ti o n  o f h e a t r e l e as e  r ate  ( B tu / s e c )
Qn =  ζ  ( 1  - χl )  Qdt;  fo r  s te a d y fres,  Qn =  ( 1  - χl )  Qt ( B tu ) ;  fo r  t-s q u a r e d  fres,  Qn =  ( 1  -  χl )  αt3 / 3  ( B tu )

Qo =  ρocpToA ( H -  z)  ( B tu )
t =  ti m e  fro m  i g n i ti o n  ( s e c )
To =  ab s o l u te  am b i e n t te m p e r a tu r e  ( R)
ΔT =  te m p e r a tu r e  r i s e  i n  s m o ke  l a ye r  ( ° F )
V =  vo l u m e tr i c  ve n ti n g  r a te  ( ft3 / m i n )
Yi =  m a s s  fr a c ti o n  o f s p e c i e s  i ( l b  s p e c i e s  i/ l b  o f s m o ke )
z =  h e i g h t fr o m  to p  o f fu e l  to  s m o k e  l a ye r  i n te r fa c e  ( ft)
α =  t- s q u a r e d  fre  g r o wth  coeffcient ( B tu / s e c 3 )
ρo =  d e n s i ty o f am b i e n t a i r  ( l b / ft3 )
χa =  c o m b u s ti o n  effciency fa c to r,  m a x i m u m  va l u e  o f 1  ( H i r s c h  [ 5 6 ] )
χl  =  to ta l  h e a t l o s s  fa c to r  fr o m  s m o ke  l a ye r  to  a tr i u m  b o u n d a r i e s ,  m a x i m u m  va l u e  o f 1 ;  m a x i m u m  te m p e r a tu r e  r i s e  wi l l  o c c u r  i f χl  =  0
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Δ D . 2  S m o k e - Fi l l i n g S tage  — O p ti c al  P ro p e r ti e s  An al ys i s .    T h e
ave r ag e  o p ti c al  d e n s i ty (D)  o f th e  d e s c e n d i n g s m o ke  l a ye r  c a n

b e  e s ti m ate d  i f th e  m a s s  o p ti c a l  d e n s i ty o f th e  fu e l  c an  b e
r e as o n ab l y e s ti m ate d .  E q u ati o n  D . 2 a  i s  u s e d  to  e s ti m a te  th e
o p ti c al  d e n s i ty a s  a fu n c ti o n  o f th e  m a s s  o p ti c a l  d e n s i ty,  th e

m a s s  o f fu e l  c o n s u m e d ,  an d  th e  vo l u m e  o f th e  s m o ke  l aye r.

D
D m

V

D m dt

Az t

m f

u

m f

t

u

= =
ɺ

0∫
( )

wh e r e :
Dm = m a s s  o p ti c a l  d e n s i ty [ ft2 / l b  ( m 2 / kg) ]
mf = to ta l  fu e l  m as s  c o n s u m e d  [ l b  ( kg) ]

ɺmf
= b u r n i n g  r ate  o f fu e l  [ l b / s e c  ( kg/ s e c ) ]

t = ti m e
Vu = vo l u m e  o f u p p e r  l aye r  [ ft3  ( m 3 ) ]
A = h o r i z o n tal  c r o s s - s e c ti o n al  ar e a o f a tr i u m  [ ft2  ( m 2 ) ]
zu = d e p th  o f u p p e r  l a ye r  [ ft ( m ) ]

F o r  th e  c as e  o f a fat c e i l i n g,  n e gl i g i b l e  p l u m e  ar e a,  an d  a
fre  wi th  c o n s ta n t m as s  an d  h e at r e l e as e  r a te s ,  E q u ati o n  D . 2 a

e val u a te s  as  fo l l o ws :

D
D Qt

H A H

tm

a c u

=
χ ∆

− +
τ

− −

1 1
2

3

3 2
1





















τ = = =
α

V

V

AH

kQ H

AH

k t Hent v v n

n1 3 5 3 1 3
5 3( )

wh e r e :
Q = h e at r e l e as e  r ate  fr o m  fre  [ B tu / s e c  ( kW) ]
χa = c o m b u s ti o n  effciency

ΔHc = h e at o f c o m b u s ti o n  [ B tu / l b  ( kJ / kg) ]
Au = c r o s s -s e c ti o n al  a r e a o f th e  s m o ke  l aye r
H = h e i g h t o f c e i l i n g  ab o ve  foor  [ ft ( m ) ]
V = vo l u m e  o f atr i u m  [ ft3  ( m 3 ) ]

Vent = vo l u m e tr i c  r a te  o f a i r  e n tr ai n m e n t [ ft3 / s e c  ( m 3 / s e c ) ]
kv = vo l u m e tr i c  e n tr ai n m e n t c o n s tan t [ 0 . 3 2   ft4 / 3 / B tu 1 / 2 s e c 2 / 3

( 0 . 0 6 4   m 4 / 3 / kW1 / 3 s e c ) ]
α = fre  gr o wth  r ate  1 0 0 0 / (tg) 2  ( s e c )

F o r  th e  c as e  o f a fat c e i l i n g,  n e gl i g i b l e  p l u m e  ar e a,  an d  a
t-s q u ar e d  fre,  E q u ati o n  D . 2 a e va l u ate s  a s  fo l l o ws :

D
D t

H AH

k t H

A

m

a c

v=
α

− +
α

− −
3 1 3 5 3 2 3

3 2
1

3
1 1

2

5χ ∆






















wh e r e :
α = fre  gr o wth  r ate  =  1 0 0 0 / (tg) 2  ( s e c )

 
[ D . 2 a]

 
[ D . 2 b ]

 
[ D . 2 c ]

 
[ D . 2 d ]

F o r  o th e r  s c e n a r i o s ,  ap p r o p r i a te  va l u e s  m u s t b e  s u b s ti tu te d
i n to  E q u a ti o n  D . 2 a .  F o r  s o m e  s c e n ar i o s ,  n u m e r i c al  i n te gr a ti o n

m i gh t b e  n e c e s s ar y.

D . 3  S m o k e - Fi l l i n g S tage  — L aye r C o m p o s i ti o n  An al ys i s .    An a l ‐
ys i s  o f th e  c o m p o s i ti o n  o f th e  s m o ke  l a ye r  i s  an a l o g o u s  i n  m an y

r e s p e c ts  to  th e  an a l ys i s  o f th e  o p ti c a l  d e n s i ty o f th e  l aye r.  To
a n al yz e  th e  s m o ke  l aye r  c o m p o s i ti o n  as  a  fu n c ti o n  o f ti m e ,  a

yi e l d  fac to r,  fi,  m u s t frst b e  as s i g n e d  fo r  e a c h  s p e c i e s  i o f i n te r ‐
e s t,  a s  fo l l o ws :

ɺ ɺm m
i i
= ƒ

ƒ

wh e r e :
fi = yi e l d  fa c to r  ( l b )

T h e  m a s s  fr ac ti o n ,  Yi,  o f e a c h  s p e c i e s  i n  th e  s m o ke  l a ye r  i s  a s
fo l l o ws :

Y
m

m
i

i

i i

=
∑

wh e r e :
Yi = m as s  fr a c ti o n  ( l b )

T h e  te r m  i n  th e  n u m e r ato r  o f E q u a ti o n  D . 3 b  i s  c al c u l a te d ,
s i m i l a r  to  E q u a ti o n  D . 2 a,  as  fo l l o ws :

m m dt fm dt f
Q

H
dti i i

tt

f i

t

a c

= = =
χ ∆

ɺ ɺ  

00 0

∫∫ ∫

F o r  th e  c as e  o f a c o n s tan t yi e l d  fac to r  a n d  a t-s q u a r e d  fre
g r o wth  r a te ,  E q u ati o n  D . 3 c  e val u ate s  a s  fo l l o ws :

ɺm f
t

H
dt

f t

H
i i

a c

t

i

a c

=
α

χ ∆
=

α

χ ∆
  

2

0

3

3
∫

F o r  th e  c a s e  o f a c o n s tan t yi e l d  fac to r  a n d  a s te a d y fre,  E q u a‐
ti o n  D . 3 c  e val u ate s  as  fo l l o ws :

m f
Q

H
dt

fQt

H
i i

t

a c

i

a c

=
χ ∆

=
χ ∆

0

∫  

T h e  te r m  i n  th e  d e n o m i n ato r  o f E q u a ti o n  D . 3 b  r e p r e s e n ts
th e  to tal  m as s  o f th e  s m o ke  l aye r.  Typ i c al l y,  th e  m a s s  o f fu e l

r e l e as e d  i s  n e gl i g i b l e  c o m p ar e d  to  th e  m as s  o f a i r  e n tr a i n e d
i n to  th e  s m o ke  l aye r,  s o  th e  to tal  m as s  o f th e  s m o ke  l aye r  c an
b e  ap p r o x i m ate d  as  fo l l o ws :

∑
i

i u

o o u
m V

TV

T
= ρ

ρ

 
[ D . 3 a]

 
[ D . 3 b ]

 
[ D . 3 c ]

 
[ D . 3 d ]

 
[ D . 3 e ]

 
[ D . 3 f]
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F o r  th e  c a s e  wh e r e  th e  te m p e r atu r e  r i s e  o f th e  s m o ke  l aye r  i s
s m a l l  r e l ati ve  to  th e  am b i e n t a b s o l u te  te m p e r a tu r e  ( )/ 10T T ≈ ,

E q u a ti o n  D . 3 f r e d u c e s  to  th e  fo l l o wi n g:

m V
i

i

u∑ = ρο

S u b s ti tu ti n g  E q u ati o n s  D . 3 d  a n d  D . 3 g  i n to  E q u ati o n  D . 3 b
yi e l d s ,  fo r  th e  t-s q u ar e d  fre,  as  fo l l o ws :

Y
f t

V H
i

i

o u a c

=
α

ρ χ ∆

3

3

S u b s ti tu ti n g  E q u ati o n s  D . 3 e  an d  D . 3 g i n to  E q u ati o n  D . 3 b
yi e l d s ,  fo r  th e  s te ad y fre,  a s  fo l l o ws :

Y
fQt

V H
i

i

o u a c

=
ρ χ ∆

F o r  a fre  th at g r o ws  as  a t-s q u a r e d  fre  fr o m  Q =  0  a t ti m e  t =
0  to  Q =  Qqs a t ti m e  t =  tqs,  th e n  c o n ti n u e s  to  b u r n  indefnitely a t
Q =  Qqs,  E q u a ti o n s  D . 3 h  a n d  D . 3 i  c an  b e  c o m b i n e d  to  yi e l d  th e
fo l l o wi n g :

Y

f
t

Q t t

V H
i

i

qs

qs qs

o u a c

=

α

+ −

ρ χ ∆

3

3 ( )












T h e  vo l u m e  o f th e  s m o ke  l aye r,  Vu,  i n  th e s e  e q u a ti o n s  i s  e va l ‐
u ate d  b y th e  m e th o d s  p r e s e n te d  i n  S e c ti o n   5 . 5  wi th  Vu = (H - z).

D . 4  Q u as i - S te ad y Ve n ti l ate d  S tage  — O p ti c al  P ro p e r ti e s  An al y‐
s i s .    U n d e r  q u a s i -s te ad y ve n ti l ate d  c o n d i ti o n s ,  a  b a l a n c e  e x i s ts
b e twe e n  th e  r a te  o f m a s s  infow i n to  th e  s m o ke  l a ye r a n d  th e

r ate  o f m as s  outfow fr o m  th e  s m o ke  l a ye r.  T h e  ave r age  o p ti c al
d e n s i ty o f th e  s m o ke  l aye r  c an  b e  c a l c u l ate d  o n  a  r ate  b a s i s  a s

fo l l o ws :

D
D Q

V

D Q

HV

m m

a c

= =
χ ∆

E q u a ti o n  D . 4 a c an  b e  u s e d  to  d e te r m i n e  th e  ave r ag e  o p ti c al
d e n s i ty o f th e  s m o ke  l aye r  fo r  a g i ve n  e x h a u s t r a te .  Al te r n a‐

ti ve l y,  th e  r e q u i r e d  e x h a u s t r a te  n e e d e d  to  p r o d u c e  a p a r ti c u l a r
o p ti c a l  d e n s i ty,  D,  c an  b e  d e te r m i n e d  b y r e a r r an g i n g  E q u a ti o n
D . 4 a a s  fo l l o ws :

V
D Q

D H

m

a c

=
χ ∆

 
[ D . 3 g]

 
[ D . 3 h ]

 
[ D . 3 i ]

 
[ D . 3 j ]

 
[ D . 4 a]

 
[ D . 4 b ]

U s e  o f E q u a ti o n s  D . 4 a a n d  D . 4 b  r e q u i r e s  kn o wl e d ge  o f th e
m a s s  o p ti c al  d e n s i ty,  Dm,  o f th e  s m o ke .  M as s  o p ti c al  d e n s i ti e s

fo r  a var i e ty o f fu e l s  ar e  r e p o r te d  b y Kh an  [ 5 2 ]  an d  N e wm an
[ 3 7 ] .  Val u e s  r e p o r te d  b y th o s e  i n ve s ti g ato r s  ar e  b a s e d  o n  s m a l l -
s c a l e  fre  te s ts ,  ge n e r al l y c o n d u c te d  u n d e r  we l l -ve n ti l a te d

c o n d i ti o n s .  I t s h o u l d  b e  r e c o g n i z e d  th at th e  o p ti c a l  p r o p e r ti e s
o f s m o ke  c an  b e  affe c te d  b y ve n ti l ati o n ,  s o  i t i s  n o t c l e a r  h o w
we l l  th e s e  s m a l l -s c a l e  d ata c o r r e l ate  wi th  l a r ge - s c a l e  b e h avi o r,

p ar ti c u l ar l y fo r  s c e n a r i o s  wh e r e  th e  l ar g e -s c al e  c o n d i ti o n s
i n c l u d e  u n d e r ve n ti l a te d  fres.  T h i s  to p i c  r e q u i r e s  fu r th e r
r e s e a r c h .

D . 5  Q u as i - S te ad y Ve n ti l ate d  S tage  — L aye r C o m p o s i ti o n  An al ‐
ys i s .    T h e  m as s  fr ac ti o n  o f e ac h  s p e c i e s  i i n  th e  s m o ke  l aye r
u n d e r  q u as i -s te ad y fow c o n d i ti o n s  i s  gi ve n  i n  ge n e r a l  b y th e

fo l l o wi n g :

Y
m

m
i

i

i i

=
ɺ

ɺ∑

U n d e r  q u as i -s te a d y fow c o n d i ti o n s ,  th e  m a s s  fow r ate  o f
e a c h  s p e c i e s  i s  g i ve n  as  fo l l o ws :

ɺ ɺm fm f
Q

H
i i f i

a c

= =
χ ∆

T h e  to tal  m as s  fow r ate  u n d e r  q u as i - s te ad y c o n d i ti o n s  i s
g i ve n  b y th e  fo l l o wi n g :

ɺm V V V Vi

i

o ent o∑ ( )= ρ = ρ = ρ − exp

S u b s ti tu ti n g  E q u ati o n s  D . 5 b  an d  D . 5 c  i n to  E q u ati o n  D . 5 a
p e rm i ts  c a l c u l ati o n  o f th e  m a s s  fr ac ti o n  fo r  e ac h  s p e c i e s  i o f

i n te r e s t i n  te r m s  o f a  kn o wn  e x h a u s t r a te ,  as  fo l l o ws :

Y Y
fQ

H V V
i i o

i

o a c

− =
ρ χ ∆ −

,

exp( )

To  d e te r m i n e  th e  r e q u i r e d  vo l u m e tr i c  e x h a u s t r ate  n e e d e d
to  l i m i t th e  m as s  fr a c ti o n  o f s o m e  s p e c i e s  i to  a  l i m i t val u e ,  Yi,
E q u a ti o n  D . 5 e  i s  ar r an g e d  to  th e  fo l l o wi n g :

V V
fQ

H Y Y
i

o a c i i o

= +
ρ χ ∆ −

exp

,
( )

T h e  vo l u m e tr i c  e x p an s i o n  r ate ,  Vexp,  i s  c al c u l ate d  a s  fo l l o ws :

V
Q

c T

Q

c T
n

o p o

i

o p o

exp =
ρ

=
− χ

ρ

1( )

 
[ D . 5 a]

 
[ D . 5 b ]

 
[ D . 5 c ]

 
[ D . 5 d ]

 
[ D . 5 e ]

 
[ D . 5 f]



S M O KE  C O N T RO L  S YS T E M S9 2 - 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 .

An n e x   E       Stratifcation  o f S m o ke

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

E . 1  I n tro d u c ti o n .    Wh e n  th e  te m p e r atu r e  o f th e  a i r  i n  th e
u p p e r  p o r ti o n  o f th e  l a r ge  s p a c e  i s  gr e a te r  th an  th a t a t l o we r
l e ve l s ,  s m o ke  c an  s tr ati fy u n d e r  th e  h o t l a ye r  o f ai r  a n d  n o t

r e ac h  c e i l i n g-m o u n te d  s m o ke  d e te c to r s .

T h e  p o te n ti al  fo r  stratifcation  r e l ate s  to  th e  d i ffe r e n c e  i n
te m p e r a tu r e  b e twe e n  th e  s m o ke  an d  th e  s u r r o u n d i n g a i r  at a n y
e l e va ti o n ,  a s  e x p l ai n e d  b y M o r to n ,  Tayl o r,  a n d  Tu r n e r  [ 8 1 ] .

T h e  m a x i m u m  h e i gh t to  wh i c h  p l u m e  fuid  ( s m o ke )  r i s e s ,
e s p e c i al l y e ar l y a fte r  i g n i ti o n ,  d e p e n d s  o n  th e  c o n ve c ti ve  h e at

r e l e as e  r a te  an d  th e  am b i e n t te m p e r atu r e  va r i ati o n  i n  th e  o p e n
s p ac e .

O f p ar ti c u l ar  i n te r e s t ar e  th o s e  s i tu ati o n s  i n  wh i c h  th e
te m p e r a tu r e  o f th e  ai r  i n  th e  u p p e r  p o r ti o n  o f th e  l ar g e  o p e n

s p ac e  i s  gr e a te r th a n  a t l o we r  l e ve l s  b e fo r e  th e  fre.  T h i s  c an
o c c u r  a s  a  r e s u l t o f a s o l a r  l o ad  wh e r e  th e  c e i l i n g  c o n tai n s  g l a z ‐
i n g  m ate r i a l s .  C o m p u ta ti o n al  m e th o d s  ar e  avai l ab l e  to  as s e s s

th e  p o te n ti al  fo r  i n te r m e d i ate  stratifcation.

O n e  c a s e  o f i n te r e s t i s  d e p i c te d  i n  F i g u r e  E . 1 .  I n  th i s  c a s e ,
th e  te m p e r a tu re  o f th e  a m b i e n t a i r  i s  r e l a ti ve l y c o n s ta n t u p  to  a

h e i gh t ab o ve  wh i c h  th e r e  i s  a  l aye r  o f war m  ai r  at u n i fo r m
te m p e r a tu r e .  T h i s  s i tu a ti o n  c an  o c c u r  i f th e  u p p e r  p o r ti o n  o f a

m a l l ,  atr i u m ,  o r o th e r  l ar g e  s p ac e  i s  u n o c c u p i e d  s o  th a t th e  ai r
i n  th at p o r ti o n  i s  l e ft u n c o n d i ti o n e d .  I f th e  i n te r i o r  a i r  h a s  a
d i s c r e te  te m p e r atu r e  c h a n ge  at s o m e  e l e va ti o n  a b o ve  foor

l e ve l ,  th e  p o te n ti a l  fo r  stratifcation  c an  b e  as s e s s e d  b y a p p l yi n g
th e  p l u m e  c e n te r l i n e  te m p e r a tu r e  c o r r e l a ti o n .  I f th e  p l u m e
c e n te r l i n e  te m p e r a tu r e  i s  e q u al  to  th e  am b i e n t te m p e r a tu r e ,

th e  p l u m e  i s  n o  l o n g e r  b u o yan t,  l o s e s  i ts  ab i l i ty to  r i s e ,  an d
stratifes  at th at h e i gh t.  O n c e  a  s m o ke  e vac u ati o n  s ys te m  h a s
s tar te d  i n  an  atr i u m  o r  o th e r  l ar g e  s p ac e ,  th e  stratifcation

c o n d i ti o n  wi l l  b e  e l i m i n a te d  b y r e m o val  o f th e  h o t l a ye r.  T h e
p r o b l e m  fac i n g th e  d e s i g n e r  i s  h o w to  e n s u r e  th at th e  p r e s e n c e
o f s m o ke  i s  p ro m p tl y d e te c te d  th r o u g h  al l  p o te n ti al  pre-fre

te m p e r a tu r e  profles.  U n d e r  s o m e  c o n d i ti o n s ,  s u c h  as  n i gh ts
a n d  c o l d  d ays ,  i t i s  p r o b ab l e  th at a  stratifcation  c o n d i ti o n  wi l l
n o t b e  p r e s e n t a n d  an y s m o ke  p l u m e  wi l l  p r o m p tl y r i s e  to  th e

r o o f o r  c e i l i n g o f th e  vo l u m e ,  i n  wh i c h  c a s e  d e te c ti o n  a t o r
n e a r  th e  to p  o f th e  vo l u m e  wo u l d  b e  r e s p o n s i ve .  I n  o th e r  c as e s ,
s u c h  as  h o t s u m m e r  d a ys  o r  d a ys  wi th  a  h i gh  s o l ar  l o ad ,  th e

p l u m e  m i gh t n o t r e a c h  th e  to p  o f th e  vo l u m e ,  a n d  th e  s m o ke
c a n  s p r e ad  a t a l e ve l  l o we r  th an  i n te n d e d .  I n  th at c as e ,  d e te c ‐
ti o n  n e ar  th e  to p  o f th e  vo l u m e  wo u l d  n o t r e s p o n d ,  a n d  th e

s m o ke  m an ag e m e n t s ys te m  wo u l d  n o t b e  s tar te d .  T h e r e  i s  n o
s u r e  wa y o f i d e n ti fyi n g  wh at c o n d i ti o n  wi l l  e x i s t a t th e  s ta r t o f a
fre;  h o we ve r,  b e am  s m o ke  d e te c to r s  c a n  b e  u s e d  to  d e te c t

s m o ke  wi th  a n d  wi th o u t s m o ke  stratifcation.

E . 2  Te m p e rature  G rad i e n t.    An o th e r  c a s e  fo r  wh i c h  a s o l u ti o n
h as  b e e n  d e ve l o p e d  i s  d e p i c te d  i n  F i gu r e  E . 2 .

I n  th i s  c a s e ,  th e  am b i e n t i n te r i o r  a i r  wi th i n  th e  l ar g e  s p a c e
h a s  a c o n s tan t te m p e r atu r e  gr a d i e n t ( te m p e r atu r e  c h a n ge  p e r

u n i t h e i gh t)  fr o m  foor  l e ve l  to  c e i l i n g .  T h i s  c a s e  i s  l e s s  l i ke l y
th a n  te m p e r atu r e s  th a t ap p r o x i m ate  a  s te p  fu n c ti o n .  F o r  th e

l i n e a r  te m p e r atu r e  profle,  th e  m ax i m u m  h e i gh t th a t s m o ke
wi l l  r i s e  c an  b e  d e r i ve d  fr o m  th e  p i o n e e r i n g  wo r k o f M o r to n ,
Ta yl o r,  an d  Tu rn e r  [ 8 1 ] ,  a s  fo l l o ws :

 

z Q
T

dz
m c=

∆ −

14 7
1 4

3 8

.








wh e r e :
zm = m a x i m u m  h e i g h t o f s m o ke  r i s e  ab o ve  b a s e  o f fu e l  ( ft)

Qc = c o n ve c ti ve  p o r ti o n  o f th e  h e a t r e l e as e  r ate  ( B tu / s e c )
ΔT/dz = r ate  o f c h a n ge  o f a m b i e n t te m p e r atu r e  wi th  r e s p e c t

to  h e i g h t ( ° F / ft)

z Q
T

dz
m c= 







−

5 6
1 4

3 8

.
∆

wh e r e :
Zm = m a x i m u m  h e i g h t o f s m o ke  r i s e  ab o ve  b a s e  o f fu e l  ( m )

Qc = c o n ve c ti ve  p o r ti o n  o f th e  h e a t r e l e as e  r ate  ( kW)
ΔT/dz = r ate  o f c h a n ge  o f a m b i e n t te m p e r atu r e  wi th  r e s p e c t

to  h e i g h t ( ° C / m )

T h e  c o n ve c ti ve  p o r ti o n  o f th e  h e at r e l e a s e  r ate ,  Qc,  c an  b e
e s ti m ate d  a s  7 0   p e r c e n t o f th e  to ta l  h e at r e l e a s e  r a te .

T h e  m i n i m u m  Qc r e q u i r e d  to  o ve r c o m e  th e  am b i e n t te m p e r ‐
a tu r e  d i ffe r e n c e  an d  d r i ve  th e  s m o ke  to  th e  c e i l i n g  ( zm =  H)
fo l l o ws  r e a d i l y fr o m  th e  p r e c e d i n g e q u a ti o n ,  as  fo l l o ws :

Q H Tc o,min
.= × ∆

−
2 39 10

5 5 2 3 2

wh e r e :
Qc,  min = m i n i m u m  c o n ve c ti ve  h e at r e l e as e  r ate  to  o ve r c o m e

stratifcation  ( B tu / s e c )
H = c e i l i n g  h e i gh t ab o ve  fre  s u r fa c e  ( ft)

ΔTo = d i ffe r e n c e  b e twe e n  am b i e n t te m p e r atu r e  at th e  c e i l i n g
an d  am b i e n t te m p e r a tu r e  a t th e  l e ve l  o f th e  fre
s u r fa c e  ( ° F )

Q H Tc min,
.= ×

−
1 06 10

3 5 2 3 2

0
∆

[ E . 2 a]

 
[ E . 2 b ]

 
[ E . 2 c ]

 
[ E . 2 d ]

S t e p  f u n c t i o n
t e m p e ra t u r e  p r o f i l e

B u i l d i n g  w i t h  a t r i u m

FI G U RE  E . 1   P re - Fi re  Te m p e ratu re  Profle.



AN N E X  F 9 2 - 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

wh e r e :
Qc,  min = m i n i m u m  c o n ve c ti ve  h e at r e l e a s e  r a te  to  o ve r c o m e

stratifcation  ( kW)
H = c e i l i n g  h e i g h t ab o ve  fre  s u r fa c e  ( m )

ΔT0 = d i ffe r e n c e  b e twe e n  a m b i e n t te m p e r atu r e  at th e  c e i l i n g
a n d  am b i e n t te m p e r a tu r e  at th e  l e ve l  o f th e  fre
s u r fa c e  ( ° C )

Al te r n a ti ve l y,  an  e x p r e s s i o n  i s  p r o vi d e d  i n  te r m s  o f th e  am b i ‐
e n t te m p e r atu r e  i n c r e a s e  fr o m  foor  to  c e i l i n g ,  wh i c h  i s  j u s t
suffcient to  p r e ve n t a p l u m e  o f h e at r e l e as e ,  Qc,  fr o m  r e a c h i n g

a  c e i l i n g o f h e i gh t H,  a s  fo l l o ws :

∆ =T Q Hc0
1200

2 3 5 3−

wh e r e :
ΔT0 = d i ffe r e n c e  b e twe e n  am b i e n t te m p e r a tu r e  at th e  c e i l i n g

an d  a m b i e n t te m p e r atu r e  a t th e  l e ve l  o f th e  fre  s u r fa c e
( ° F )

Qc = m i n i m u m  c o n ve c ti ve  h e at r e l e as e  r ate  to  o ve r c o m e  s tr at‐
ifcation  ( B tu / s e c )

H = c e i l i n g h e i gh t ab o ve  fre  s u r fac e  ( ft)

∆T Q Hc0

2 3 5 3
95 4=

−
.

wh e r e :
ΔT0 = d i ffe r e n c e  b e twe e n  am b i e n t te m p e r a tu r e  at th e  c e i l i n g

an d  a m b i e n t te m p e r atu r e  a t th e  l e ve l  o f th e  fre  s u r fa c e
( ° C )

Qc = m i n i m u m  c o n ve c ti ve  h e at r e l e as e  r ate  to  o ve r c o m e  s tr at‐
ifcation  ( kW)

H = c e i l i n g h e i gh t ab o ve  fre  s u r fac e  ( m )

F i n al l y,  as  a th i r d  a l te r n ati ve ,  th e  m a x i m u m  c e i l i n g  c l e ar a n c e
to  wh i c h  a  p l u m e  o f s tr e n g th ,  Qc,  c a n  r i s e  fo r  a gi ve n  ΔTo

fo l l o ws  fr o m  r e wr i ti n g E q u ati o n  E . 2 c ,  a s  fo l l o ws :

H Q Tcmax
= ∆71

2 5

0

-3 5

wh e r e :
Hmax = m a x i m u m  c e i l i n g  h e i g h t a b o ve  fre  s u r fac e  ( ft)

Qc = m i n i m u m  c o n ve c ti ve  h e a t r e l e a s e  r a te  to  o ve r c o m e  s tr a t‐
ifcation  ( B tu / s e c )

ΔTo = d i ffe r e n c e  b e twe e n  a m b i e n t te m p e r atu r e  a t th e  c e i l i n g
a n d  am b i e n t te m p e r atu r e  at th e  l e ve l  o f th e  fre  s u r fac e
( ° F )

H Q Tmax c=
−

15 5
2 5

0

3 5
. ∆

wh e r e :
Hmax = m a x i m u m  c e i l i n g  h e i g h t a b o ve  fre  s u r fac e  ( m )

Qc = m i n i m u m  c o n ve c ti ve  h e a t r e l e a s e  r a te  to  o ve r c o m e  s tr a t‐
ifcation  ( kW)

ΔTo = d i ffe r e n c e  b e twe e n  a m b i e n t te m p e r atu r e  a t th e  c e i l i n g
a n d  am b i e n t te m p e r atu r e  at th e  l e ve l  o f th e  fre  s u r fac e
( ° C )

 
[ E . 2 e ]

 
[ E . 2 f]

 
[ E . 2 g]

 
[ E . 2 h ]

An n e x  F   Typ e s  o f S tai r we l l  P re s s uri z ati o n  S ys te m s

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

F. 1  N o n c o m p e n s ate d  S ys te m s .    I n  a n o n c o m p e n s ate d  s ys te m ,
s u p p l y a i r  i s  i n j e c te d  i n to  th e  s tai r we l l  b y ac tu a ti n g a s i n g l e -

s p e e d  fa n ,  th u s  p r o vi d i n g o n e  p r e s s u r e  d i ffe r e n c e  wi th  a l l
d o o r s  c l o s e d ,  an o th e r  d i ffe r e n c e  wi th  o n e  d o o r  o p e n ,  an d  s o

o n .

F. 2  C o m p e n s ate d  S ys te m s .    C o m p e n s a te d  s ys te m s  a d j u s t to
var i o u s  c o m b i n ati o n s  o f d o o r s  th a t ar e  o p e n  an d  c l o s e d ,  wh i l e

m a i n tai n i n g  p o s i ti ve  p r e s s u r e  d i ffe r e n c e s  ac r o s s  s u c h  o p e n i n gs .

S ys te m s  c o m p e n s ate  fo r  c h a n gi n g c o n d i ti o n s  e i th e r  b y
m o d u l a ti n g s u p p l y airfows  o r  b y r e l i e vi n g  e x c e s s  p r e s s u r e  fr o m
th e  s tai r we l l .  T h e  r e s p o n s e  ti m e  o f th e  c o n tr o l  s ys te m  s h o u l d

b e  c l o s e l y e val u a te d  to  e n s u r e  th a t p r e s s u r e s  d o  n o t fal l  b e l o w
th e  val u e s  g i ve n  i n  Tab l e  4 . 4 . 2 . 1 . 1 .  T h e  l o c ati o n  o f th e  e x h a u s t
i n l e t( s )  fr o m  th e  s ta i r we l l  r e l a ti ve  to  th e  s u p p l y o u tl e t( s )  i n to

th e  s ta i r we l l  s h o u l d  b e  s u c h  th at s h o r t c i r c u i ts  wi l l  n o t o c c u r.

F. 3  C o m p e n s ate d  S ys te m s  — M o d u l ati n g S u p p l y Airfow.    I n  a
m o d u l a ti n g s u p p l y airfow s ys te m ,  th e  c ap ac i ty o f th e  s u p p l y fa n
s h o u l d  b e  s i z e d  to  p r o vi d e  at l e as t th e  m i n i m u m  ai r  ve l o c i ty

wh e n  th e  d e s i gn  n u m b e r  o f d o o r s  ar e  o p e n .  F i gu r e  F. 3  i l l u s ‐
tr ate s  s u c h  a  s ys te m .  T h e  fow r ate  o f ai r  i n to  th e  s tai r we l l  i s

va r i e d  b y m o d u l a ti n g b yp as s  d a m p e r s ,  wh i c h  ar e  c o n tr o l l e d  b y
o n e  o r  m o r e  s tati c  p r e s s u r e  s e n s o r s  th at s e n s e  th e  p r e s s u r e
d i ffe r e n c e  b e twe e n  th e  s ta i r we l l  an d  th e  b u i l d i n g .  Wh e n  a l l  th e

s tai r we l l  d o o r s  ar e  c l o s e d ,  th e  p r e s s u r e  d i ffe r e n c e  i n c r e as e s  an d
th e  b yp a s s  d a m p e r  o p e n s  to  i n c r e a s e  th e  b yp as s  a i r  an d

d e c r e as e  th e  fow o f s u p p l y ai r  to  th e  s tai r we l l .  I n  th i s  m a n n e r,
e x c e s s i ve  p r e s s u r e  d i ffe r e n c e s  b e twe e n  th e  s tai r we l l  an d  th e

b u i l d i n g  a r e  p r e ve n te d .  T h e  s am e  e ffe c t c an  b e  ac h i e ve d  b y th e
u s e  o f r e l i e f d a m p e r s  o n  th e  s u p p l y d u c t wh e n  th e  fa n  i s  l o c a‐
te d  o u ts i d e  th e  b u i l d i n g.  S u p p l y airfow m o d u l ati o n  c an  al s o  b e
a c c o m p l i s h e d  b y va r yi n g  fan  s p e e d ,  i n l e t van e s ,  va r i a b l e  p i tc h

fa n  b l ad e s ,  o r  th e  n u m b e r  o f fa n s  o p e r a ti n g.  Re s p o n s e  ti m e s  o f
th e  c o n tr o l s  wi th  an y s ys te m  s h o u l d  b e  c o n s i d e r e d .

F. 4  C o m p e n s ate d  S ys te m s  — O ve rp re s s ure  Re l i e f.    C o m p e n ‐
s a te d  s ys te m  o p e r a ti o n  c a n  a l s o  b e  a c c o m p l i s h e d  b y o ve r p r e s ‐
s u r e  r e l i e f.  I n  th i s  i n s ta n c e ,  p r e s s u r e  b u i l d u p  i n  th e  s ta i r we l l  a s

d o o r s  c l o s e  i s  r e l i e ve d  d i r e c tl y fr o m  th e  s ta i r we l l  to  th e  o u ts i d e .

L i n e a r t e m p e ra t u r e
p r o f i l e

B u i l d i n g  w i t h  
a t r i u m

FI G U RE  E . 2   U n u s ual  C as e  o f L i n e ar Te m p e ratu re  Profle.
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T h e  am o u n t o f ai r  r e l i e ve d  var i e s  wi th  th e  n u m b e r  o f d o o r s
o p e n ,  th u s  atte m p ti n g to  ac h i e ve  an  e s s e n ti al l y c o n s tan t p r e s ‐
s u re  i n  th e  s ta i r we l l .  Wh e r e  e x te r i o r  r e l i e f o p e n i n gs  a r e  s u b j e c t

to  a d ve r s e  e ffe c ts  fr o m  th e  wi n d ,  wi n d b r e a ks  o r  wi n d s h i e l d s  a r e
r e c o m m e n d e d .

I f o ve r p r e s s u r e  r e l i e f i s  to  b e  d i s c h ar g e d  i n to  th e  b u i l d i n g ,
th e  e ffe c ts  o n  th e  i n te g r i ty o f th e  s ta i r we l l s  an d  th e  i n te r ac ti o n
wi th  o th e r  b u i l d i n g H VAC  s ys te m s  s h o u l d  b e  c l o s e l y s tu d i e d .

S ys te m s  u s i n g  th i s  p r i n c i p l e  s h o u l d  h ave  c o m b i n ati o n  fre/
smoke  d am p e r s  i n  th e  s tai r we l l  wa l l  p e n e tr a ti o n s .

O ve r p r e s s u r e  r e l i e f c a n  b e  ac c o m p l i s h e d  b y o n e  o f th e
fo l l o wi n g  fo u r  m e th o d s :

( 1 ) B ar o m e tr i c  d a m p e r s  wi th  a d j u s tab l e  c o u n te r we i g h ts  c a n
b e  u s e d  to  al l o w th e  d am p e r  to  o p e n  wh e n  th e  m a x i m u m

i n te r i o r  p r e s s u r e  i s  r e a c h e d .  T h i s  r e p r e s e n ts  th e  s i m p l e s t,
l e as t e x p e n s i ve  m e th o d  o f o ve r p r e s s u r e  r e l i e f b e c au s e

th e r e  i s  n o  p h ys i c al  i n te r c o n n e c ti o n  b e twe e n  th e  d am p ‐
e r s  an d  th e  fan .  T h e  l o c a ti o n  o f th e  d a m p e r s  s h o u l d  b e

c h o s e n  c ar e fu l l y b e c a u s e  d am p e r s  l o c a te d  to o  c l o s e  to  th e
s u p p l y o p e n i n gs  c a n  o p e r a te  to o  q u i c kl y an d  n o t a l l o w

th e  s ys te m  to  m e e t th e  p r e s s u r e  r e q u i r e m e n ts  th r o u g h o u t
th e  s ta i r we l l .  T h e  d a m p e r s  c a n  b e  s u b j e c t to  c h atte r i n g
d u r i n g o p e r ati o n .  F i gu r e  F. 4  i l l u s tr a te s  o ve r p r e s s u r e  r e l i e f

u s i n g  b a r o m e tr i c  d a m p e r s .
( 2 ) M o to r-o p e r ate d  d a m p e r s  wi th  p n e u m ati c  o r  e l e c tr i c

m o to r  o p e r a to r s  a r e  an o th e r  o p ti o n  fo r  o ve r p r e s s u r e
r e l i e f.  T h e s e  d am p e r s  ar e  to  b e  c o n tr o l l e d  b y d i ffe r e n ti al
p r e s s u r e  c o n tr o l s  l o c ate d  i n  th e  s ta i r we l l .  T h i s  m e th o d

N o t e s :

1 .  Fa n  b y p a s s  c o n t ro l l e d  b y  o n e  o r  m o r e  s t a t i c  p r e s s u re  s e n s o r s  
 l o c a t e d  b e t w e e n  t h e  s t a i rw e l l  a n d  t h e  b u i l d i n g  i n t e r i o r.

2 .  A g r o u n d - l e ve l  s u p p l y  fa n  i s  s h o w n ;  h o w e ve r,  fa n ( s )  c o u l d  b e   
 l o c a t e d  a t  a n y  l e ve l .

R o o f  
l e ve l

E x t e r i o r wa l l

B y p a s s  a ro u n d  fa n

O u t s i d e  a i r i n t a ke

Fa n

FI G U RE  F. 3   S tai r we l l  P re s s u ri z ati o n  wi th  B yp as s  Aro u n d
S u p p l y Fan .

p r o vi d e s  m o r e  p o s i ti ve  c o n tr o l  o ve r  th e  s ta i r we l l  p r e s s u r e s
th a n  b ar o m e tr i c  d a m p e r s .  I t r e q u i r e s  m o r e  c o n tr o l  th a n
th e  b a r o m e tr i c  d am p e r s  a n d  th e r e fo r e  i s  m o r e  c o m p l i c a‐
te d  a n d  c o s tl y.

( 3 ) An  a l te r n ati ve  m e th o d  o f ve n ti n g  a s ta i r we l l  i s  th r o u gh  a n
a u to m a ti c -o p e n i n g  s ta i r we l l  d o o r  o r  ve n t to  th e  o u ts i d e  a t
g r o u n d  l e ve l .  U n d e r  n o r m a l  c o n d i ti o n s ,  th i s  d o o r  wo u l d

b e  c l o s e d  an d ,  i n  m o s t c as e s ,  l o c ke d  fo r  s e c u r i ty r e as o n s .
P r o vi s i o n s  s h o u l d  b e  m ad e  to  e n s u r e  th a t th i s  l o c k d o e s

n o t confict wi th  th e  au to m ati c  o p e r ati o n  o f th e  s ys te m .
P o s s i b l e  ad ve r s e  wi n d  e ffe c ts  ar e  al s o  a  c o n c e r n  wi th  a

s ys te m  th at u s e s  a n  o p e n i n g  to  th e  e x te r i o r  a t g r o u n d
l e ve l  as  a ve n t.  O c c as i o n a l l y,  h i gh  l o c a l  wi n d  ve l o c i ti e s
d e ve l o p  n e a r  th e  e x te r i o r  s tai r we l l  d o o r.  S u c h  l o c al  wi n d s

a r e  diffcult to  e s ti m ate  i n  th e  vi c i n i ty o f n e w b u i l d i n g s
wi th o u t e x p e n s i ve  m o d e l i n g .  Ad j ac e n t o b j e c ts  c a n  ac t a s

wi n d b r e a ks  o r  wi n d s h i e l d s .  S ys te m s  u ti l i z i n g ve n ts  to  th e
o u ts i d e  at g r o u n d  l e ve l  a r e  m o r e  e ffe c ti ve  u n d e r  c o l d

c o n d i ti o n s ,  wi th  th e  s tac k e ffe c t as s i s ti n g  th e  s ta i r  p r e s s u r ‐
i z a ti o n  s ys te m  fo r  s ta i r we l l s  p r i m ar i l y ab o ve  g r ad e .

( 4 ) An  e x h au s t fan  c an  b e  u s e d  to  p r e ve n t e x c e s s i ve  p r e s s u r e
wh e n  al l  s tai r we l l  d o o r s  ar e  c l o s e d .  T h e  fa n  s h o u l d  b e
c o n tr o l l e d  b y a  d i ffe r e n ti al  p r e s s u r e  s e n s o r  confgured  s o
th a t th e  fan  wi l l  n o t o p e r ate  wh e n  th e  p r e s s u r e  d i ffe r e n c e

b e twe e n  th e  s tai r we l l  a n d  th e  b u i l d i n g  fa l l s  b e l o w a  s p e c i ‐
fed  l e ve l .  T h i s  s h o u l d  p r e ve n t th e  fa n  fr o m  p u l l i n g

s m o ke  i n to  th e  s tai r we l l  wh e n  a n u m b e r  o f o p e n  d o o r s
h ave  r e d u c e d  s tai r we l l  p r e s s u r i z ati o n .  S u c h  an  e x h a u s t

fan  s h o u l d  b e  specifcally s i z e d  s o  th at th e  p r e s s u r i z a ti o n
s ys te m  wi l l  p e r fo r m  wi th i n  d e s i g n  l i m i ts .  To  ac h i e ve  th e

d e s i r e d  p e r fo r m an c e ,  i t i s  b e l i e ve d  th a t th e  e x h au s t fa n
c o n tr o l  s h o u l d  b e  o f a m o d u l ati n g  typ e  as  o p p o s e d  to  a n
o n –o ff typ e .  I f th e  e x h a u s t fa n  wi l l  b e  ad ve r s e l y a ffe c te d

b y th e  wi n d ,  a wi n d s h i e l d  i s  r e c o m m e n d e d .

R o o f  
l e ve l

Ve n t  t o  o u t s i d e

E x t e r i o r wa l l

N o t e :   S u p p l y  fa n  c o u l d  b e  l o c a t e d  a t  a n y  l e ve l .

O u t s i d e  a i r  
i n t a ke

FI G U RE  F. 4   S tai r we l l  P re s s u ri z ati o n  wi th  Ve n t to  th e
O u ts i d e .
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An n e x  G    H VAC  Ai r- H an d l i n g S ys te m  Typ e s

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

G . 1  H VAC  Ai r- H an d l i n g S ys te m  Typ e s .    Var i o u s  typ e s  an d
ar r an g e m e n ts  o f a i r-h an d l i n g  s ys te m s  a r e  c o m m o n l y u s e d  i n
d i ffe r e n t typ e s  o f b u i l d i n gs .  S o m e  typ e s  a r e  m o r e  r e ad i l y a d ap t‐

a b l e  fo r  s m o ke -c o n tr o l  ap p l i c ati o n s  th an  o th e r s .  E x am p l e s  o f
typ i c a l  ai r- h an d l i n g  s ys te m s  ar e  d e s c r i b e d  b e l o w.

G . 2  I n d i vi d ual  Fl o o r S ys te m s .    T h e  u s e  o f i n d i vi d u a l  ai r-
h an d l i n g  u n i ts  s e r vi n g  o n e  foor  o r  p ar t o f a foor  i s  a c o m m o n
d e s i g n  ap p r o ac h .  T h e s e  H VAC  u n i ts  m i g h t o r  m i gh t n o t h ave

s e p ar ate  re tu r n / e x h au s t fan s .  Wh e r e  th e s e  fa n s  a r e  n o t s e p a‐
r ate ,  a m e a n s  fo r  p r o vi d i n g  r e l i e f o f th e  fre  foor  p r e s s u r e s ,
e i th e r  th ro u g h  r e l i e f d a m p e r s  o n  th e  d u c t s ys te m  o r  b y o th e r

m e a n s ,  s h o u l d  b e  i n ve s ti ga te d .  O u td o o r  ai r  c an  b e  s u p p l i e d  to
e ac h  ai r-h a n d l i n g u n i t b y o n e  o f th e  fo l l o wi n g  m e an s :

( 1 ) E x te r i o r  l o u ve r s  a n d  d a m p e r s
( 2 ) A c o m m o n  d u c t s ys te m  s i z e d  to  h an d l e  th e  r e q u i r e d

q u an ti ti e s  o f ai r
( 3 ) A c o m m o n  d u c t s ys te m  h a vi n g a var i ab l e -s p e e d  s u p p l y fa n
( 4 ) I n d i vi d u al  var i ab l e - s p e e d  s u p p l y fa n s

Ai r-h a n d l i n g  u n i ts  c an  b e  u s e d  fo r  s m o ke  c o n tr o l  i f suffcient
o u ts i d e  ai r  a n d  e x h au s t ai r  c ap ab i l i ty a r e  a va i l ab l e .

G . 3  C e n tral i z e d  Multifoor S ys te m s .    S o m e  b u i l d i n gs  u ti l i z e
c e n tr al i z e d  H VAC  e q u i p m e n t i n  m ai n  m e c h a n i c al  a r e as  th at

s e r ve  m u l ti p l e  foors  wi th i n  th e  b u i l d i n g.  H VAC  s ys te m s  o f th i s
typ e  m i g h t r e q u i r e  fre  an d  s m o ke  s h a ft d am p e r i n g to  p r o vi d e

e x h a u s t o f th e  fre  foor  a n d  p r e s s u r i z ati o n  o f th e  a d j ac e n t
foors  wi th  o u ts i d e  ai r.  B e c a u s e  th e s e  c e n tr al  fa n s  c an  b e  o f
l ar g e  c ap ac i ty,  c a r e  m u s t b e  ta ke n  i n  d e s i g n i n g  a  s ys te m  to

i n c l u d e  a m e an s  o f avo i d i n g e x c e s s i ve  p r e s s u r e s  wi th i n  th e  d u c t
s ys te m  to  p r e ve n t r u p tu r e ,  c o l l a p s e ,  o r  o th e r  d am ag e .  M e a n s
s h o u l d  b e  p r o vi d e d  to  c o n tr o l  p r e s s u r e s  wi th i n  e x i ts  a n d  c o r r i ‐

d o r s  th at c o u l d  i n h i b i t d o o r s  fr o m  b e i n g o p e n e d  o r  c l o s e d .

G . 4  Fan / C o i l  U n i ts  an d  Wate r S o u rc e  H e at P u m p  U n i ts .
F an / c o i l  a n d  wate r  s o u r c e  h e at p u m p  typ e s  o f ai r-h a n d l i n g
u n i ts  ar e  o fte n  l o c ate d  ar o u n d  th e  p e r i m e te r  o f a  b u i l d i n g
foor  to  c o n d i ti o n  th e  p e r i m e te r  z o n e s .  T h e y c a n  al s o  b e  l o c a‐

te d  th r o u gh o u t th e  e n ti r e  foor  a r e a to  p r o vi d e  ai r  c o n d i ti o n ‐
i n g fo r  th e  e n ti r e  s p a c e .  B e c au s e  th e  fa n / c o i l  an d  wa te r  s o u r c e

h e at p u m p  u n i ts  ar e  c o m p ar ati ve l y s m al l  i n  o u ts i d e  a i r  c ap ac i ty
a n d  ar e  typ i c al l y diffcult to  reconfgure  fo r  s m o ke -c o n tr o l
p u r p o s e s ,  th e y ge n e r a l l y a r e  n o t s u i tab l e  fo r  p e r fo r m i n g

s m o ke -c o n tr o l  fu n c ti o n s .  I f th e s e  u n i ts  h ave  o u ts i d e  ai r- i n take
p r o vi s i o n s ,  s u c h  u n i ts  wi th i n  th e  s m o ke  z o n e  s h o u l d  b e  s h u t
d o wn  wh e n  th e  z o n e  i s  to  b e  n e g ati ve l y p r e s s u r i z e d .  T h e  fan /

c o i l  a n d  wa te r  s o u r c e  h e a t p u m p  u n i ts  ar e  typ i c a l l y u s e d  i n
c o m b i n ati o n  wi th  l a r ge r  c e n tr al  H VAC  e q u i p m e n t o r  i n d i vi d u al
i n te r i o r  z o n e  a i r-h an d l i n g u n i ts .  T h e  z o n e  s m o ke  c o n tr o l  fu n c ‐
ti o n a l i ty s h o u l d  b e  p r o vi d e d  b y th e  l ar g e r  c e n tr a l  o r  i n te r i o r

z o n e  ai r-h a n d l i n g  u n i ts .

G . 5  I n d uc ti o n  S ys te m s .    I n d u c ti o n -typ e  ai r- h an d l i n g  u n i ts
l o c ate d  aro u n d  th e  p e r i m e te r  o f a b u i l d i n g  ar e  p r i m ar i l y u s e d

to  c o n d i ti o n  th e  p e r i m e te r  z o n e  o f o l d e r  m u l ti s to r y s tr u c tu r e s .
A c e n tr a l  H VAC  s ys te m  s u p p l i e s  h i g h -p r e s s u r e  h e ate d  o r  c o o l e d

ai r  to  e a c h  p e r i m e te r  i n d u c ti o n  u n i t.  Ro o m  ai r  i s  th e n  i n d u c e d
i n to  th e  i n d u c ti o n  u n i t,  m i x e d  wi th  th e  p r i m ar y ai r  fr o m  th e
c e n tr al  H VAC  s ys te m ,  a n d  d i s c h a r ge d  i n to  th e  r o o m .  I n d u c ti o n

u n i ts  wi th i n  th e  s m o ke  z o n e  s h o u l d  b e  s h u t d o wn  o r  s h o u l d

h a ve  th e  p r i m a r y a i r  c l o s e d  o ff o n  i n i ti a ti o n  o f s m o ke  c o n tr o l
i n  s m o ke  z o n e s .

G . 6  D u al  D u c t an d  M ul ti z o n e  S ys te m s .    H VAC  u n i ts  u s e d  i n
d u a l  d u c t a n d  m u l ti z o n e  s ys te m s  c o n ta i n  c o o l i n g  an d  h e a ti n g

c o i l s ,  e a c h  i n  a s e p ar a te  c o m p ar tm e n t o r  d e c k wi th i n  th e  u n i t.

D u a l -d u c t s ys te m s  h ave  s e p ar a te  h o t an d  c o l d  d u c ts  c o n n e c ‐
te d  b e twe e n  th e  d e c ks  an d  th e  m i x i n g b o x e s  th at m i x  th e  ai r

s u p p l i e d  to  th e  s p ac e  s e r ve d .  F o r  h i g h -p r e s s u r e  s ys te m s ,  th e
m i x i n g b o x e s  al s o  r e d u c e  th e  s ys te m  p r e s s u r e .  M u l ti z o n e

s ys te m s  m i x  h e a te d  an d  c o o l e d  a i r  at th e  u n i t a n d  s u p p l y th e
m i x tu r e  th r o u gh  l o w-p r e s s u r e  d u c ts  to  e ac h  s p a c e .  S m o ke
c o n tr o l  c a n  b e  a c h i e ve d  b y s u p p l yi n g  m a x i m u m  a i r  to  ar e a s

a d j ac e n t to  th e  s m o ke  z o n e .  T h i s  s h o u l d  b e  a c c o m p l i s h e d
u s i n g  th e  c o l d  d e c k b e c a u s e  i t i s  u s u al l y s i z e d  to  h an d l e  l ar g e r
ai r  q u an ti ti e s .  F o r  th e  s m o ke  z o n e ,  s u p p l y fan s  s h o u l d  b e  s h u t

o ff.

G . 7  Vari ab l e  Ai r Vo l u m e  ( VAV)  S ys te m s .    Var i ab l e  a i r  vo l u m e
( VAV)  s ys te m s  ar e  e i th e r  i n d i vi d u al  foor  s ys te m s  o r  c e n tr a l i z e d
multifoor  s ys te m s  th a t ar e  p r o vi d e d  wi th  te r m i n al  d e vi c e s  th at
typ i c a l l y s u p p l y c o o l i n g  o n l y.  I n d i vi d u al  ar e a s  s e r ve d  b y th e

s ys te m  u s u al l y h ave  o th e r  s o u r c e s  o f h e ati n g  ( e . g. ,  b as e b o ar d  o r
c a b i n e t h e ate r s ) .  VAV s ys te m s  var y th e  q u an ti ty o f c o l d  ai r
s u p p l i e d  to  th e  o c c u p i e d  s p a c e  b as e d  o n  a c tu a l  s p ac e  d e m a n d s .

S o m e  VAV s ys te m s  b yp as s  s u p p l y ai r  to  th e  r e tu r n  ai r  i n l e t o f
th e  fan ,  r e d u c i n g  s u p p l y ai r  vo l u m e s  an d  r e s u l ta n t p r e s s u r e  to
avo i d  fa n  o r  d u c two r k d a m a ge .  I n  th e  s m o ke  c o n tr o l  m o d e ,

s u c h  b yp as s e s  m u s t b e  c l o s e d .  F o r  s m o ke  c o n tr o l ,  th e  s p e e d  o f
th e  VAV s ys te m  s u p p l y fan ( s )  s h o u l d  b e  i n c r e as e d ,  a n d  VAV
te r m i n a l  u n i t c o n tr o l s  s h o u l d  b e  confgured  to  o p e n  th e  te r m i ‐

n a l s  i n  th e  n o n s m o ke  z o n e  to  s u p p l y m a x i m u m  vo l u m e  o f
o u ts i d e  ai r  to  p r e s s u r i z e  s p ac e s  i f suffcient ai r  i s  avai l a b l e .
B yp as s  d am p e r s  o n  s ys te m s  u s i n g  th i s  m e th o d  m u s t b e  c l o s e d .

I t i s  p o s s i b l e  to  ac h i e ve  s m o ke  c o n tr o l  wi th  th e  VAV s ys te m
s u p p l yi n g  m i n i m al  ai r,  b u t c ar e  m u s t b e  take n  to  e n s u r e  th at
ad e q u ate  p r e s s u r e  i s  d e ve l o p e d  i n  th e  s p a c e .

G . 8  Fan - P o we re d  Te r m i n al  S ys te m s .    A fa n -p o we r e d  te r m i n al
u n i t r e c e i ve s  var i ab l e  ai r  vo l u m e s  o f p r i m a r y c o o l e d  ai r  an d

r e tu r n  a i r  th a t b l e n d  i n  th e  te r m i n al  u n i t to  p r o vi d e  a  c o n s ta n t
vo l u m e  o f va r i a b l e  te m p e r a tu r e  s u p p l y ai r  to  th e  o c c u p i e d

s p ac e s .  T h e  te r m i n a l  u n i t c o n s i s ts  o f a c o n s ta n t a i r  vo l u m e  fa n
fo r  s u p p l yi n g th e  b l e n d e d  ai r  to  th e  o c c u p i e d  s p a c e ,  a d am p e r-
c o n tr o l l e d  p r i m ar y a i r  c o n n e c ti o n ,  an d  a  r e tu r n  a i r  o p e n i n g.

Te r m i n al  u n i ts  s e r vi n g  p e r i m e te r  z o n e s  c a n  h ave  a h e ati n g
c o i l  to  p r o vi d e  a d d i ti o n al  h e at fo r  th e  p e r i m e te r  z o n e .  I n  th e

s m o ke - c o n tr o l  m o d e ,  te r m i n a l  u n i t fan s  l o c ate d  i n  th e  s m o ke
z o n e  s h o u l d  b e  s h u t o ff an d  th e  p r i m a r y a i r  d a m p e r  c l o s e d .
Te r m i n al  u n i ts  s e r vi n g z o n e s  a d j ac e n t to  th e  s m o ke  z o n e  c a n

c o n ti n u e  to  o p e r ate .

G . 9  M i x e d  S ys te m s .    Wh e n  c o m b i n ati o n s  o f th e  e x am p l e s
d e s c r i b e d  i n  th i s  an n e x  a r e  u s e d ,  c ar e  m u s t b e  e x e r c i s e d  i n  th e

ap p l i c a ti o n  o f d i ffe r e n t typ e s  o f var i a b l e -vo l u m e  te r m i n a l  u n i ts
to  d e te r m i n e  th e i r  e ffe c t o n  z o n e d  s m o ke  c o n tr o l .  D e s i g n s

m u s t b e  b a s e d  o n  th e  c a p ab i l i ty o f s ys te m  confgurations  to
ac h i e ve  p o s i ti ve  o r  n e ga ti ve  p r e s s u r e s  a s  n e e d e d  fo r  s m o ke
c o n tr o l .

G . 1 0  Ve n ti l ati o n  S ys te m s  wi th  N o  O u ts i d e  Ai r.    I n  c e r tai n
i n s ta n c e s ,  s p e c i al i z e d  s ys te m s  wi th  n o  o u ts i d e  ai r  ar e  u s e d  fo r

p r i m ar y c o o l i n g an d  h e a ti n g.  T h e s e  s ys te m s  i n c l u d e  s e l f-
c o n tai n e d  ai r  c o n d i ti o n e r s ,  r a d i an t p an e l  s ys te m s ,  an d
c o m p u te r  r o o m  u n i ts .  B e c a u s e  th e s e  s ys te m s  p r o vi d e  n o


