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Review on Using the "Time Constant" 
for Studying the Atrium 
Smoke-Filling Processes 

Wan K. Chow, Ph.D. 
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ABSTRACT 

A time constant has been proposed to characterize the 
time it takes to fill an atrium space with smoke for design pur­
poses. This was defined through the use of the empirical equa­
tion expressing the mass entrainment rate to the 312 power of 
the clear height. However, the equation holds only when the 
flame tip touches the smoke layer, and the flame temperature 
was taken to be 1100 K (827°C 1521°F). Another time con­
stant using the plume equation proposed by Zukoski is used 
and the concept is further evaluated in this paper using zone 
models developed at NIST and another model developed at the 
Building Research Institute, Ministry of Construction, Japan. 
A design fire of thermal power and area related to the volume 
of the atrium space is proposed in order to evaluate the time 
constant. Results of the zone modeling simulation supported 
the fact that the time required to fill 80% of the atrium space 
with smoke is related to its time constant. Full-scale experi­
mental results on smoke-filling processes in atria available in 
the literature are compared. This quantity is recommended to 
specify the smoke-filling time for an atrium space for design 
purposes, and its use for smoke control design is also dis­
cussed. 

INTRODUCTION 

In Hong Kong, whether a smoke extraction system must be 
installed in an atrium space is determined by the volume of the 
atrium space (FSD 1988, 1994; Chow 1989). The critical 
volumes are 7,000 m3 (0.25 million ft3) for a basement, 7,000 m3 

(0.25 million ft3) for an atrium with high fire load density, and 
28,000 m3 (1 million ft3) for a normal atrium space. It appears 
that this specification is not good enough, as the geometry of the 
atrium space is not considered. Usually, the volume of atrium 
spaces in Hong Kong is very large, and most of them are of 
"open" design. More than 10,000 people might be passing 
through a shopping mall atrium on public holidays. A survey 

(Chow and Wong 1993a, 1993b) showed that atrium buildings 
can be classified into three types: cubic, flat, and high. Simula­
tions of the smoke-filling processes in those three types of atria 
using zone models (Mitler and Rockett 1987) have been reported 
and the smoke-filling times in different types of atria with the 
same volume would be very different. A time constant (Chow 
1993, 1994a, 1994b, l 994c) was proposed to specify the smoke­
filling time in the atrium space. Correlation of the time constant 
with the time required to fill 80% of an atrium with smoke was 
found for an atrium space with and without installing a smoke 
extraction system. Comparison with experimental data on full­
size atria available in the literature was made and fairly good 
correlation was obtained (Chow 1993, 1994a). It is common in 
local design (FSD 1994) to assume the time of escape to be 2.5 
minutes (150 seconds), and the time required to fill 80% of the 
atrium with smoke is suggested to be longer than this value. 

However, in determining the time constant, the air entrain­
ment rate (Morgan and Gardner 1990), m (in kg/s), is assumed 
to be related to the 3/2 power of the clear height, y(in m ), through 
the perimeter of the fire, p (in m): 

m = o.issp/12
. (1) 

This equation holds only when the flame tip touches the 
smoke layer, as proposed recently by Thomas (1992). Also, 
the empirical value of 0.188 was deduced by assuming the 
flame temperature to be 1100 K (827°C 1521°F) (Butcher and 
Parnell 1992). Another time constant using the plume equa­
tions by Zukoski et al. (1980/1981) was proposed (Chow 
1994b ). There, the expressions for vertical upward speed v (in 
m/s),plume radius r (in m), and central temperature rise DT

0 

(in °C) at height z (in m) above a fire for thermal plumes in 
free spaces are given by 

( 
g )1/3 . 1/3 -1/3 

v= Cv C -T Q (z-zo) 
pP~ ~ 

(2) 

Wan K. Chow is a professor in the Department ofBuilding Services Engineering at The Hong Kong Polytechnic University, Kowloon, Hong Kong. 

THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY, FOR INCLUSION IN ASH RAE TRANSACTIONS 1997, V. 103, Pt. 2. Not to be reprinted in whole or in 
part without written permission of the American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 1791 Tu lie Circle, NE, Atlanta, GA 30329. 
Opinions, findings, conclusions, or recommendations expressed in this paper are those of the author(s) and do not necessarily r fleet the views of ASH RAE. Written 
questions and comments regarding this paper should be received at ASH RAE no later than July 18, 1997. 



I (3) 

where Q is the heat release rate in kW, Cv is 3.4, C,. i' 0.12, ' 
Cr is, 9 .l, g is .9 .8 m/s2 (32-2 ft/sh ri., is taken te ·be J.21 l 08 
kg!m3 (0 07569. lb/tP), Cpjs 1 015 J/(kg-K) (0 . .7,4 Btu/(·lb·0 E}), 
T.., is 290 K (17°C 6.3i'W) for Sl units .(following ~.lot e [1994] 
the value of Cv is 0 .0172, C,. i 0.0 66, and Cr is 0.0067 for 
British units; DT0 is in °R, r .. ;is in lb/frl, and 0. is in Btu/s), 

an? zR_is ca/~~.l~te~ . frpm 
11 

1 ' • i
0 

= - I.02D+ d.'oS3(Q~uP..' · 
I , ' ' • ~ ' I , 

1." 1 

'l'he ·~parntnete lD•(in ni) is the e"ffective diameter of1 the fire 
sot 16e and is dltlulatedlty eq11ating the fire area te (p1.J2)/4. 

The concept ofusing a time constant derived from the nbove 
plume equations is further evaluated in this paper using three 
other zone models-CFAST (Peacock et al. 1993) and 
CGFM:VENT,~ (Cooper and F~rne)'. l99m develope_d in}he 
U.S. an B 12 Tanaka and Nakamura 1989) deyelopt,:d in 
Japan. /\II three models have been v.alidnted. Exp,erimental 
..(esu!f;; on fuH-scale~atci.um smoke-filling..pfP.c~e~~ 

1
vailabJe in 

the literature (Yamana and Tanaka 1985; H~gglund. et at. 1985; 
0 I ;., f I ' f • 

:Ben~stpn and Hagg/und J 98·1) are al.so used to asses~ the derived 
correlation relations with the time required to fill 80% of an 
atrium 1~ith smoke. Fina Uy , the effects of a me~hanical ventila-

• J. # I 

tion systttm are discussed. 
~ I ~ l I 

• 11.~is understood that there are rpservatioJJs i11 aprilr ing a zone 
mi:>dpl (or simulati.ng an atrium tire (etg. Milke and Mowrer! 
, ~P;~), ,~nd a tp ~dification knOW\\as .~1e FMD algori~~m has been

1 

made. However, the model .can .~.e. f1ppli7d, ,if the coo~\'18,~ffect of, 
the upper layer is included (e.g. Law 1990), and a comparison 
of simulating smoke filling an atrium with different zone models: . 
is reported by Chow ( l 994c ). Further experimental _v,eri·ijcation ' 
must be made to justify tho e arguments on using a zobe' model. 
'A new) ull-scale bun1i11g hall," or atriii~~fire studi!ls wiis b,uil t• 
(Chow. el al. 1993) to vei:ify·the results on atrium fires. 

'f;he geometric asgect (actor~ .x, of the atrium space i~ gi".~11 by 

I !1 '11 u~2 , ,. •ill 

I " 1"J" JO l,/ l • 1 I .l • f 1.:i = ~ . ll 

' Ar' I • 

,) 

f, 1 1 (7) 

Note that there are two parts in th~ expression for the time 
constant. The first part is related to the properties of a tire and 
the ~econd part to the gep,n1~try q( t~e. atrium space. However, 
the definition of this time consfaht comes from Equation I , 
which has to be reviewed carefully as proposed by Thomas 
( 1992). •: ' '• '' I • '1 ,:• 1 J 

Another time constant, t2,' is then defined by calculating the 
air entrainment rate using the plume expression:~: (Equations :2 ' 
through 5) to give a form si111ilar

1
to th~t 9f 1~qu1~t,i?n I (Chow 

1994b): ' . ,. " ' . ' ' / ' 

i l- ' .. • •!I 

•1 • • ·' ' ! ·~ f 

I, 

wher · 

and 

I; 

.. .. \' 

•·I 

f I Ci,'.) t1/1 

•1 

I• 

K - ~n:p a.' K '"" 2 - 5 "" p l"'t• 

, I 

I Ki = CV 1 (t . ( 
g I )! /3 r.,1 /3 

· .. Cµp.,,.T_ ,1 

I 1 , 

' t :. ' 

r . 

(8) 

, ., ,. 

(9) 1 

'L- ·' (10) 
~I ! I ( 

~ , I ' J 

Tbe_ entrainment coefficien,t ap, of fl!e plUlpJ lie~ b~~Jeu 
0.0980 and 0,.1878. Putting in expr1~~ions K1 and /~ with t ~. 
llU \11erical figures of r00 ( 1.21 l l kg(m~ [0.0757 lb/ft3 ! g(9.8 I,, 
m/s2 [32 ft/s2

]), Cp (1,015 J/[kg·~. J. 1or 0.24 Btu/[!l:i·6F'], ~' 
(290 K [20°C 63°F]), T0 (1500 l)J1.f~7°C 2241°F]), an~ Cv 

(3.4).\w1ould give .. 
1
._ •• 

6.245 ( Ar ) 6.2Js v 
"'C2- a.PQ113 J1l.13 r CJ.PQll3Jl/3. 

(11) 

ii '. 
Again there are two parts in the expression for t2, as seen 

TIME CONST ANIS1 

from Equations, 8 a_nd J l . . The fo,st parf1 is relate
1
4 !o ~ the fire 

1 

itself, gi en by the plume entrainment coefficii;nt (ap)land the 
-1, , ,- heat release rate ( Q.:). The second part d~pends on he·geome-

' \ ' h"~ I 1 ~ ~ )'\, -=-. 1 • !. try of the atrimn··sp,ace. 1 n tnis stud}', - nc en trainmen coefti-
A survey of the:ge.or;ne(ri 'snap.es of atriuin spl:ic ' wi:is. :_ ''. _cient,1 aP'· is raRen' to be•0.15, ·whieh i~ arb'i_~pr ily defined for 

inade'and three maitHypes!ofattium spa~edassified (Chow and · calculating tq~ timel o.onstant t2i 1 ; 111 :,, 

W,~ng. 199~~· 1_993!1"~: Th typ~ ~ or P\bic") at,iu!n is ~vu6;c in .. ,,. . , . ,, ~·:; 1- "1.· 01 
hape, thetype 2(orflat)atriumhasalargetrans erse dimensi 11 DESIGN FIRE 1 1 

coJnpareli with the heikht.' an . ·typ_e 3' (o'r higb) has aJielgilt-t?- , • The desigd fire in a 'building dbp~d~ \int ouly~6n tl\'.e'!flr I 

iwidth (or length): ra 'o of m:dre than two. A time' constant, 1, ' load bu~alsoion U16 statistical record of building foes·. fop ev0i-
d~s,y°{ij>ing .h9Y>' fast tbe1 atT~U!p<_~i 11 be ·q11ed wfih.si,noke ha~ ,be~I\ .. r: '!!. us .. simul_at · 0n.s (Chow fl~d V'( ong , 199 a_ 1,\99! .~ )_!,,~ poi,~ Jfre ! 
.de_fin7d by Cho~ ( t 99~, 199~~) u~it~& .. the air .entrain~ent rafe \ 

1 
me~sufi,111g 3 .. m (1~ .84..ft) i,n dj~"!}eter r'af :ius d; >~1~1wev~r_; ~s 

equaUon (Equa!Jcin l)Joran atniib spa_ce of v.ol m . ~ fl.Q.or areii1 ex.plained in the above references, om doc· ngmeers woJ.Jo I 
Ar,1 height H mid s1J1teke d~nsi.~ f: " i '· I ',. '\ ' : "'.'J.ike-to ·s'e·e 1Hle e"ffed.ts bn •the\hiifding With a ar.ger tire;~ fil'e 

r ·.-, I· - i«- I . ,) ~: I :· ' . ~- ;1,g f '" ~ ,, .-: '· .. ~ .. : 3 in (9, 8~ ft) in pi n,ete~.might "fue_ ~00 ~malj for: a ir,·ge.a•rjum 

?.. 
i:_ 

ot 1 
2P V: ... · == ( .. :1£_J(JV\. - · - --- is) - :and too b1g' for a small atriunl:Th~refory, a: square ~~~i~n fir~ o{ 

O. l88pH"2 O. I 8&p) () thermal power 0.5 MW11-2· (0. 587 ¥ l 08 B'fu/[li:ft2]) ~itf1 "<i 
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fixed1j;erinieter'of 12 m (39'.37'ft) was proposed'( Chow 1994a} 
for an atrium with a volume of ks~ than 15,000 m3 (530,035 ft3); 

the perimeter (p) will be increlased linearly with the atrium 
volume ifthe volume is greater than 15,000 m3: 

" ; . II'_, 

"· .. : (J2),, 

r. ' i t !',~) j1' IP ;; ' ' :r" i>~ ' [, :tr! ,,· 

This is only a proposal for satisfying the needs of us,ing a • 
larger de:Sign fire in,a large atJ;\u01. T~ physjcal basis1mµst be 
v~rified throug4Jield ~u.ryeys ,(Cho'Y 1994b). 

s1MuLATloi\I w1tH:loc,({AfR1A 
To illustrate the idea, atrium spaces of the three types with 

volumes varying from 2,500 to 35,000 m3 (88,286 to 1,236,006 
ft3) were considered. The typ~ 2 atrium was further subdivided 
into 2A, 2B, and 2C with dimensions (length¥ width¥ height) 
of2H ¥ H ¥ H, 3H ¥ H¥ H, and 4H ¥ H¥H; type 3 was subdi­
vided into 3A, 3B, and 3C as H/2 ¥ H/2 ¥ H, H/3 ¥ H/3 ¥ H, and 
H/4 ¥ H/4 ¥ H. The dim~nsions of:tlie type 1 atrium are, there­
fore, H ¥ H ¥ H. The time constants calculated from this design 
fire for those atria are listed in Table 1. Simulations with the 
zone models CF AST, CCFM.VENTS, and BRI2 were 
performed on these thre~cypes o(fitril! with volumes varying up 
to 35,000 m3 (1,236,006 'ft3), as snown in Table 1. The design 
fire descf ibed by Equation. 12 was located at the center of the 
atrjun1;.floor. A smoke chlta1n is assumed to be operated so that 
afh\i'gli~r l~vel spaces opei1ed to the atrium are covered except 

• I I .. 

for four oP,e'nings n1easurir&·3 m (9.84 ft) high at the bottom. 
The time, t,, required fp fill'tne atrium with a smoke layer equal 
to 80% of the atrium'heighf(NFPA 1995; Klote and Milke 
1992) is taken as a reference. Results on tr predicted by CF AST, 
CCFM.VENTS, and BRI2 for the three types (or seven sets) of 

J 

atrium spaces are shown in Figur~~ 1 through 3, respectively. 
For type 2 atria with small volumes; smoke might not be able to 
fill up 80% of the atrium. When using the CCFM.VENTS 
rvodel, the heat loss parameter (ly).specifying the heat lost to the 
bou'ndary rooms was set at 0 .5. · · 

DISCUSSION ., ,.- . . i! ' 1J _, 

Kcnide irlotlel with.ma~s.transfer.only has been pr6~osed 
b)<Cho'W (1'994b)to'relate.the-time, tT> i-equiiied'tb·fill 809/o'of an 
afriuhl; space :With smoke to •the second' time· eon'Stant, t2: ' ' 

. (} \ ' . '' ,,--'; : ~· . -:~· ' i ' 'i : . 

~· t" tr"'.' 1,.;9~4't2. ,, , , :d AP): 
1 i · . , ' ' t ,·_;; . i! •:'I ,.' J · .. , ;_, ! P.~ 

It can be seen that it takes longer to fill the atrium building 
with smoke for an atriu,11,1 of tpe ~ii,me time constant ti if the 
thermal effect is neglected ~ithout considerinkthermal expan­
sion of hq_1 gasi;;s ..• A correlation of .trrwith thq tim~ c9nstants 
predicted usi,ng aiwther zone qi.pd~! (Mitler and Roc)rntt ·19;87) 
wasfound,(Ch:o;w1994b): " ,,.,· . ,., ·:J 

'.I' '..i 

Those t~ curve~ are plotted and ~ho\vn in Figures l tlu:ough' 
3 as weti', and fai rly igood ~gree'ment with tH~ resi.1i6i siin~ 1a· ed 
by the three zone 1n'Sdels .was o_bserved. · 

Exper'fmental d~ta op tlrn smoke-filling process avail~ble: 
in the ltterature we'.re used to evaluate the time con~tant. Tile 
full-scale ~xperiment on sinoke filling an'htrium foport'ed by 
Yamana and Tanaka [1985] was considered. The1'atrium· is' 
located at a Jap~nese research institute and measutetl 30 rri 
(98.4 ft) long by 24 m (78.74 ft) wide by 26.3 m (86.29'ft)hrgh. 
The siZe of the fire was 1.8 m (5.9 ft)¥ 1.8 m (5.9'ft); ~nd it 
burned with methanof to g ive a heat release rate' of 1.3.MW 
(~ .43 ¥ 106 }itu/h). Tfrn time constantt2 was 5.13 minutes, Artd 
the ex~er'flrl~rital valuk'df t/was 5.40 minutes.' 

1 • "~· • . ~-. 

i 11.-TABLE'1 ' .. -, I 1 

Atrium Spaces Simulate,d' 
' I ., ; ··:,I 1

'J 

L 

. ~ ... I f". o 

' ! 1 tlf}'pe 1 Atrium: T.YPe 2N Afriunt TyPe 2B Atrium 'Ilype 2C Atrlufn Type 3A Atfltlm Type •3B Atrium Type 3C A'tti'Um 
Volu~ ,) X=l ' '.•x=0.'107i1' 1; :'X1;"'0~5'774 - X=0.5 ' X=2 ., ~ I •, 'I ·1 x=3 x=41 

(m3) 
tz!s t1/s tz/S t1/s tz/S t1/s 

2500 54.08 ' u78.a4 76l48 . 1115,85 93.pfr 145.11 1,08.16 17Q.2?.· 27.04 36A9,, .J§:03 23.25: 13.52 16.89 

5000 76.48 106.25 108.16 1'57:64- '.:132.45) 1197.47 152.96 231\69 :22.991' 38.24 ! 4.9.65 25;49'!• dl.64 19.12· 

10,000 108.16 144.47 152.96 214.52 187,32· 268,71 2.16.31 3l5.2'8 '3'.1~18 
'--~+,~ . .. ~--1-~_.__,.-+-.,.._,.,-.--+----'-~-+-~,,,---+-"'--,--!.-.1,---,--1 

.1?-..0.QO . ~3&.46 } 74.?,7. )1~7)~, )56.88 z2~,41 321.78 264.93, 37(,,5~ ,.~7-4~ 

54:08 ' 67:57 
I 

··~13 :06 1 j7:b4 3 .05 
-, J " 3ii_~ 66;23 8Q,91 -"44.1s, ,.~,L56 

20;000" ll4.72 1i17814& ( 16:2.24 . . 265:22, 198.6& ·332.:43 I .229.43 . I 389;80<' 5J-.G6 83:5~, " ' 13&:24 ! ! .SH4 l ' <Q&.68 38;67 . 

~~;ooo 
' 

~93.91 4P4J1~ 48.4;8,, 
,, I 

!?.6. 72 .. . R3.f. ~.5 .. 27 ,24,.24 .40.15 < 

1;87.33 407.77 46.83 87.39 31.22•• i ·55:69 ! 2:3.42 40.46 ' 

'35,060 'lftl.12 •; i89'.81 12i.64 282.24'. 150:19 35·3.54' '. i 73.44 414.81 43.36 8,8.90 28.91 ,5_6,.65 21.68 41.15 
,. 

' --·1 ) 

,, 
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The full-scale experiments on a cubic hall reported by 
Hagglund et al. (1985) in Sweden were also studied. The hall 
measured 5.62 m (18.44 ft) long by 5.62 m (18.44 ft) wide by 
6.15 m (20.18 ft) long. The fire sizes were varied f~om 0.25 m ¥ 
0.25 m (0.82 ft¥ 0.82 ft) to 0.75 m ¥ 0.75 m (2.46 ft¥ 2.46 ft). 
The height of the fire above the floor levttl was cha~ged from 0.1 
m (0.66 ft) to 4.5 m (14.76 ft), and in.'this way values of the 
geometric aspect ratio and the time cori~t;mt W~(e varied and the· 
smoke-filling time (tr) was changed. Ab~.o. eiperimental data pn 
an assembly hal I with floor area of 400·m2 ( 4i306 f\2) and height 
of 10 m (32.8 ft) reported by Bengsto~· atid fl~gglund (1981) 
were also studied. The fire size was 16nl(l 72 ft2)i and the time 
constant was 2.41 minutes. All the dat~ ·on the smoke-filling 
time, tP at different time constants were plotted and are shown in 
Figures 1 through 3. ., 1. 

It can be seen thatEquation 13 ( exceptt2 > 100 s ), with mass · 
transfer, and Equation 14, with both heat and mass transfer, are 
good for assessing the "smoke" hazard of atrium buildings. 
Whether a smoke extraction system has to be installed can~e 
determined by checking whether the atrium with a certain time 
constant (t) will give a time (tr) required to fill 80% of the atrium 
with smoke that is less than 2.5 minutes (150 s) using Equation 
(14). ; 

To illustrate the use of the concept,' a 'field survey of 40 
atrium buildings was carried out. Their georrlet.ric configurations 
and the calculated time constants t1 and t2 alilil shown in Table 2. 
Most values of the time constants t2 in this latnple are less than 
188 seconds, giving an 80% smoke-filling time ofless than 150 
seconds. It is suggested that smoke extraction systems be 
installed. However, according to current :fi(ie ~egulations (FSD 
1988, 1994), some of the atria having space\iolumes ofless than 
28,000 m3 (1 million ft3) do not require smoke extraction 
systems. This point must be considered carefully. 

SMOKE EXTRACTION WITHOUT 
THERMAL EFFECTS 

For the smoke-filling process in an atrium building ofheight 
H, floor area Afo volume V, and time constant t with an extraction 
fan operating at the start of a fire at an extraction rate of a air 
changes per hour (ACH) and neglecting thermal effect, the 
decrease in clear height, y, is such that 

• I ' 

_.£_[ A1H- )] = apV -K. ~t:i: 
dt p j\ y 3600 ! 2J", i 

.,, . •. 

(15) 

This can be expressed in terms of the tfme c~nstaht, t2, defined 
by Equation 8 as ' · , · ,, : . .· 

I , "· : 

2 a 5/.3 · ·:513 " · 
---'t2H -y I 

~ = 3 3600 . " ' 

dt 2-.2rf/3 
(16) 

where 

fy . dy ll -

' H//3~a5 

• I• 

(17) 

(17a) 

A closed-form expression has been reported by Tanaka and 
: Yamana (1985)as. 

., ~ 

·where 

and 

• 'i(~i,~n} ~;Jn[~~\~] 
+Pi 1n[C2(H)J + P, 1n[C3(H)J 

2 ., C2(y) 2 C3 (y) 
.I 

-I -I 
+ P3 {tan [ C4(H)] - tan [ C4(y)]} 

.. -I -I 
+P4Uim ,[C5(H)]-tan [C5(y)]} 

! 113 
q(x)=x -a 

213 113 27t 2 
C2(x) = x• -2ax cos-+ a 

' 5 

·~ 213 . 113 47t 2 
C3 (x) = x -2ax cos-+ a 

' 5 

11 3 21t 

Ii 

x - acos-
C4(x) = 5 

a Ji - cos
22t 

Pj = 
. ( . 21t) . 3+2cos5 

10 '
2

( 21t' 47t) 

-0.3236 
2 a . a cos-:'-- cos-

' 5.: 5 

(18) 

(18a) 

(18b) 

(18c) 

(18d) 

(18e) 

(18f) 

(18g) 

3 ' 1' •, I 

The time required, t, to fill the atrium with smoke down to a.·. 
clear height, y, is such that 

(18h) 

5 



TABLE 2 
Survey on Atrium Buildings In Hong Kong 

Atrium Number Length/m . Width/m Height/m Volume/m3 Time Gonst~11:t t 1/s . Time Constant t 2/s 

I' 28 • 15 12 5040 131.
0

13 ) i; 202.07 

2 29 20 24 13920 128.05 175. 79 

3 ' 2'() : 14 I 24 6720 61.82, 
0 

84.86 

4 is ' I' '. 20 24 ·I ' i ' 13440 .. 123-.63 
1 

169.73 
1--~~~~~--t~~----,-~~-+-~---+---,,-+-~~. ~~~+-~~~~~+-~~--~~~'+-~~~~~----1 

5 27 14 30 11340 74.M 98.73 

6 '+7 25 24 16200 137.98 194.35 
-

7 25 14 15 5250 97.74 145.12 

8 36 23 16 13248 223.88 I 328.84 

9 38 32 5.2 6323 i • 576'.74 --. 1021.65 
-· 

10 '18 10 12 2160 56.2 86.60 

11 25 20 15 '/500 139.63 207.31 

12 30 6.5 15 2925 . . 54.46 - 80.85 
-

13 '36 17 45 27540 ·53.74 ' 81.36 

14 40 30 26 31200 122.37 211.61 
I 

15 12 12 24 ~ 3456 31.79 "". ~3 .64 
i6 ii ii 75 9075: ·i5.i i • r ii!,;16 " . i 

- 17 t5 15 40- 9000- J&.48 4~;51' I 

18 :1 32 25 24 19200 137.98 

19 60 ,. 14 14 11760 '242.81 --- . 364.67 

'''.w II 
'J 

30 11- ! 25 16 12000 202.79 ~97.86 

21 14 14 16 3136 53 '77.84 

22 40 25 12 12000 312.22 481.12 

23 32 25 24 19200 137.98 205.67 

24 14 14 40 7840 33.52 '42.26 

25 10.5 9.5 13 29.92 4'.!.SO 

26 20 20 20 8000 96.74 136.90 

27 21 7.8 3440 170.78 282.76 

28 48~ 48 17 39168 231.49 463.44 , , 

29 30 20 15 9000 • 167:56 248.77 
l 

30 20 20 15 6000 llL? 165.85 

31 40 35 20 28000 3,16.06r· I 

32 20 10 20 ' 4000 48.37 68.45 
1--~~~~~--1~~~~~-t---~~~~-+-~~~~-+~~~~~-+-~~~~~~-t---~~~~...,--.-

r--~~-33~~~-o-~~2_8~~--~~25~~--~~2_0~-~.,.___.~-1-4_00_0_' · _ _ -" __ ~--· ~69.29 ·-'____,.-r-~-->'-'f3~9~;5~~8_'' ~--' ~-· 
32. "' 18 '· 16 9216 155.75 228.76, "! 

28 
,-, i I ~ ' J 

14 12 47M I. 122.3'9 • '188.6' 35 .. 
I 21 

., I 

12 4788 ' ,124.~8 
I J If• 

191.9?. . '' 36 19 
' "28' 12 01.81 , .. 37 

38 20 10 .•. 20 4000 48.37 168'.45 . 

39 17 '' 14 20 4760 57.56 81.46 

40 ~ f6: - 12 10 1920 - - ·(}s .61 1· t 104.31 
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r 
? 

. '· 

. "~ 

( 3 + 2cos~) 
I ·--5 · · 0.3236 

'q(= - . ---
, IOa(,-. 27t ·-- 47t) ·a 

., , ~cos5 -c~~6 

I ; • 

,, 
(3 + 2cos 4

5
7t) 

. -0.4472 ------- ---
l Oa( . . 27t 47t) cos--cos-

: 5 '5 
a 

(-~8i) -1 

+I : 

•! (l.Sj) 
• . .. j -

(18k) 

(181) 

,, I I 

.This expression. is defined only in the range of b > 1 and b < 
· 0.5848, giving ~at2) > 5,4001ancl (at2) < 369.3, respectively. A 
·pfot of b agaiiisf tr at d'ifferent rates of tr Is shown i11 Figure 7, 
and the curves can be- used te determine the smoke extraction 

.. ra!e, a, . 
.. A simplified, picture can be obtained by approximating the 

~~ir entra!nment .e"§uaiion: One ·c~n iewrite the time, ti' required 
- -t~fill 80%of-th~ ;atrium-with smoke-as - i · · . 

· 0.2H • 
; 

tr= cf .. .F{J-)dy I 
H ,,. 

(21) 

where 

F(y) = _1_ .. _ 
I' B 513 -y i 

- ~ 

(22a) 

with -i-
2 a Jl l3" 

- B = 3 (3600) 'tz (22b) 

·This f9~~ is ve~ycomplicated and perhaps
1

~ numerical and 
solution 'of Equation '16 is better'. The timerequir~°d to fill 80% 
of the atrium space with smoke can be obtained by setting y = 
O.i H. In-thl,s way, tr is given by ·- - . . . -

2 't l p 03236't [ 1' 061;,li p2 
] t =-2trf ·- - ].:.. ·- 21n -~ · o.+ ' 

r 5 2-- :l0.5848 - Ii ' 2 : : . + 2 
~ - - . Ii -. -· .. Ii- 0.342 - 0.361413. Ii 

( ,-- 2 Jn . 2 •' 
•• 

1

:0.3236't2 [ • l + -1 : ~1813. + 13.2 . J .. :: 
Ii 0.-342-+ 0:946213. + Ii 

1 .~ l, (19) 

+ 0.4702t3{tan -1(~ - (fJ09@·)··~ t~_.:l (0.'5848...: 0.30913.)} 
· 13.2 ·•· ·- i0;95Illi ~ ; - · -\ · ·0.951113. · 

.. .- c ~ ~ 

2.752~~-2{ t -1(1 + O.S09li)- t - 1(0.5848 + 0.80913.) } 
2 · an 0.587813. , an · ' 0.587&\3. J · 

~ . .• c) i. , , ,. 

where '· ·' ·I 

' ~ ' , . -- (2 ·CX. - - )1/5 
Ii = 3 (3600)'12 - - ,, . {19a) 

Results of tr for air Ghange -rate~ of 6, 8, and 1 d. ~t different 
tjr11e_ constants are plb_!:t_ed in Fifil!!~S 4 t~rough 6·: Not~ thatifor 
11trium spa~e:s with small time constants, the till).e ~equired to 
mrs-o~ of the atrium with' 'sriiol~e is 'undetermine'd, tiidicating 
that t11e-'aif change rake is too'gre~t and th~ atriu~ '~pace cannot 
pe)ilJed\ ! , __ _ _ .1 • 

[n v,iew of the analytical .eX<p!ession o'f lr with wass transfer 
pnly a ~?•nparison· {>f the-re1ativ_e magn_itude of nre· different 
~erms in Equati-011 I 9 indicated that the.first term pre~ominates. 
Theref<fre, ~ttl_e _ ti~e_ required to fil_I 80% o_f the ~'3t!_i~m wit~ 
smoke, tri_qan be written as , '.-" 

4080 

.• .L 
I 

(20) 

? • 

: 2't J-f- 13 
C = _ 2 __ 

3 

? ! 

I 

{-22cj 

The function F(y), which depends dn the air entrainment 
equ~tion, is approximated between two extreme functions, Fi (y) 
and Fi'(y), defined to approximate y13 byL f1 (y) and f2(y)·: · · 

giving 

and 
- I 

• I 

giving 

f (y) - H213y 
I ... 

r- --

•• _' _F(y)_= ff2(Y) = 1'. 2 

.B- _x_ , 
- · · HI / 3 , 

i< ' 

(23) 

I • 

(24) 
;;.· 

(25) 

(26) 

; I 

,usi~g the first approximatio~, .. il~(y) th~ time t~ req~ire<l to 
.(ill 80% of the atrium w)th smoke· is - ,_.- · · 

:Where 

( , 
. -··-- - - - -

- 12't2 [il-ZJ 
tr1 -:c T in ·0:2- z 

I --
. ' 2a.1J 
z = 3 x 3600 ' 

i', 

~ - -- (27) 

(·' 

(28) 
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Figure 7 Parameter 13 against time constants to get 
different smoke..c....J, filling time. ~- ·. 1 

Similarly, with the second approximation, F2(y), the time t12 
required to fill 80% of the atrium with smoke is 

where 

t 2 = -~ 't~/2 ln[(0.2 - (x't) l/2J(l + (x't) l/2J] (29) 
r 9 Xl/2 0.2 + (X't) l/2 1-(X't)l/2 • 

X= ~-a-. 
3(3600) 

(30) 

The first approximate expression for tr implies that a smoke 
layer will be developed if I 

Z<0.2 

or 

the lower and upper limits for the smoke-filling time. Results 
predicted by the zone model FIRST are shown as well. For 
so~e atriuµi spaces such as type 2 atria, the clear height is 
much higher than 80% of the ceiling height, so tr is undeter­
mined . 

' A comparison of~sing Fi (y) and fz(y) with y513 in the natural 
smoking-filling process cap be derived. Using f1(y), the time 
( t~;r) required to fill 80% of atrium with smoke is 

_· \ I . 
; N~t _ 
tr2 ~ l.073't2. (33) 

Using fz(y), the'time ( C1
) required to fill 80% of the atrium 

with smoke is 

(34) 
' i • 

Thes~ two expressions are also treated as the lower and upper 
.. L \ I 

limits .. of the tjme required to fill 80% of the atrium with 
smok'e'. The t\i:rci-· curves are plotted against the atrium time 
constants from Figures 1 through 3 as well. The curve fitted 
by using mass transfer only (i.e., given by Equation 13) fell 
withi"ii the_s_e two limits. 'Again, the simulation results using the 

zone model are lower than the results given by these three 
expressions, as heat transfer is included in the zone models, 
giving a faster rate of smoke filling. 

1 

DISCUSSION 

Note that the time constant does not include other variables 
such as fuel".package arrangement, nature of fuel, variation in 
plume radius and temperature with height, air movement in 
surroundings, etc. However:,-this is a much better parameter than 
the atrium space volume (FSD 1994) for determining whether a 
smoke extraction system has to be installed, and it should be 
considered in the specification of the fire protection systems 

a't2 < 1080 (31) 't~quired in an atrium. 
. . An import.ant .note is that the ratio of the area to the square 

and the second approximation would 'give tile following
1
con- · . .. , oft~~ hb\ght i~ rl1.e atrium, A/l-12, would be important for the 

dition for developing a stable smoke layer: plu1me equations' to· hold (Klote and Milke 1992). The range of 

or 

m 2 < 5400. (32) 

validity is 
(\lj ~· 

0.9 -~Ari H2 ~ 14 (35) 
' I 

when expressed in te~pis ofx or Jil I Ar : 

tci54 ~ ~ ~ 0.261. (36) 

This implies th~t the argument for using a time constant might 
not be goo'd. for typ~ 3 (o~ high) atria. However, the plume 

This means that for an atrium building of time constant 300 s 
(5 min), a smoke layer will be developed ifthe extraction rate 
is less than 3 .6 ACH for a slower rat~ of ,sll1o~e production, 
given by f1 (y), and is Jess than 18 A<I:H if .a quicker rate of expressions ,are only used as a vehicle for defining the time 

smo~e prod~ction, ~iven by fz~\is_ u~~~/'i~t the smoke ,P.ro- . ~ons~ant, and this yalue wil! :be corre l ate~ with the smoke-fill-
ductlon rate 1s descnbed by ; 1 , whic~ hes ~.etween1 Fi (y) and\ 1; i. mg time. T herefore, the d~ived expressions can be used and 
fz(y), the smoke extraction rate would lie ~tween 3 .6 and 18 perhaps a correlatip~ factor determined experimentally is 
ACH for this particular atrium. Therefore, once the iirife con~ .. · ·regµired for ~~ rgh atri~ with x greater than 1.054. 
stant of the atrium is specified, the smoke extraction rate can, . , :, · 

1 

be estimated. The values of tn given by Equations 27 and 29 · \ CONCLUSIONS 
for smoke extraction rates of 6, 8\ a'nd 10 A<I:Hrare also plot-· . ; .. USll of the.time conlltan:t't2 (defined by Equation 8) to corre-
ted in Figures 4 through 6. These two curves can be treated as late:With 1the;tlm~ required to fill 80% of an atrium with smoke 

408(} 



was evaluated. A correlation relation given by Equation 14;was 
derived usingtl;ie zony model FIRST .. The re.suits simulated by 
~hr:ee other zone m\)dels-;-C~ASJ, CC-fM.VENTS, and ~R-12-
support this concept~ N qte ,thatthe apprqach is tp qefine a param­
eter that can be derived from plume theo1x·:~With it,, the .~moke­
filling time for atria 

1 
of differnnt shl!pes is fitted yvith fire .zone 

~ode ls, It was proposed to get a sin;1ple,fo~~.for,~~J>ign p~rpose~; 
therefore, it was 9ot surprising.to s.e~ th~t Y,illuty~ of,~1 ~d·!i are 
different because different plume equations are bejp.g,assessed. 
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= floor area of atrium 

= parameters in plume equation 

= acceleration due to gravity 

= height of atrium 

= air entrainment rate to the plume 

= perimeter of fire 

= heat release rate 

= plume radius 

= time required to fill 80% of atrium with smoke 

= natural smoke-filling time 

= central temperature rise of plume 

= volume of atrium 

= vertical upward speed of air in the plume 

= clear height of smoke layer 

= height above the plume 

= smoke extraction rate, ACH 

= entrainment coefficient of plume 

= constant fur dett:nuiuiug smuk.e exlial:liuu rate 

= geometric aspect ratio of atrium 
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