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ABSTRACT 

In recent years, the atrium building has become common
place. This paper explains the physical concepts of the steady 
fire, unsteady fire, zone fire model, and the fire plume that are 
the basis of atrium smoke management. The approach to 
smoke control design calculation in codes is based on the zone 
fire model concept. In the zone model, smoke forms an 
upward-jlowingfire plume that reaches the ceiling and is con
sidered to form a perfectly mixed layer under the ceiling of the 
room of fire origin. This paper shows that the commonly used 
virtual origin correction to the plume equations is not needed 
for atria smoke management. For the purposes of smoke man
agement, the deviations of fire plume mass flow due to omit
ting the virtual origin correction can be neglected. 

INTRODUCTION 

In recent years, the atrium building has become common
place. Other large open spaces include enclosed shopping malls, 
arcades, sports arenas, exhibition halls, and airplane hangars. 
The methods of this paper also apply to these spaces. For 
simplicity, the term "atrium" is used in this paper in a generic 
sense to mean any of these large spaces. The traditional approach 
to fire protection by compartmentation is not applicable to these 
large-volume spaces. 

The ability of sprinklers to suppress fires in spaces with ceil
ings higher than 11 to 15 m (35 to 50 ft) is limited (Degenkolb 
1975, 1983). Because the temperature of smoke decreases as it 
rises (due to entrainment of ambient air), smoke may not be hot 
enough to activate sprinklers mounted under the ceiling of an 
atrium. Even if such sprinklers activate, the delay can allow fire 
growth to an extent beyond the suppression ability of ordinary 
sprinklers. Some studies have been done concerning prediction 
of smoke movement and temperature in tall spaces (Notarianni 
and Davis 1993; Walton and Notarianni 1993). Considering the 
limitations of compartmentation and sprinklers for atria, it is not 

surprising that the fire protection community is concerned about 
atrium smoke management. 

This paper explains the physical concepts of the steady fire, 
unsteady fire, zone fire model, and the fire plume that are the 
basis of atrium smoke management. A second paper presents 
information intended for atrium smoke management system 
design applications (Klote 1997). NFPA 92B ( 1991) and Klote 
and Milke ( 1992) define smoke as the airborne solid and liquid 
particulates and gases evolved when a material undergoes pyrol
ysis or combustion, together with the quantity of air that is 
entrained or otherwise mixed into the mass. 

DESIGN FIRES 

The design fire has a major impact on the atrium smoke 
management system. The fire size is expressed in tenns of the 
rate of heat release. Fire growth is the rate of change of the heat 
release rate and is sometimes expressed as a growth constant that 
identifies the time required for the fire to attain a particular rate 
of heat release. Designs may be based on either steady or 
unsteady fires . 

Steady Fires 

It is the nature of fires to be unsteady, but the steady fire is 
a useful idealization. Steady fires have a constant heat release 
rate. In many applications, use of a steady design fire leads to 
straightforward and conservative design. 

Morgan ( 1979) suggests a typical rate of heat release per 
unit floor area for mercantile occupancies of 500 kW/m2 (44 
Btu/s·ft2). Fang and Breese (1980) determined about the same 
rate of heat release for residential occupancies. Morgan and 
Hansell (1987) and Law ( 1982) suggest a heat release rate per 
unit floor area for office buildings of225 kW/m2 (20 Btu/s·ft2). 

In many atria, the fuel loading is severely restricted with the 
intent of restricting fire' size. Such atria are characterized by inte
rior finishes of metal, brick, stone, or gypsum board and are 
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furnished with objects made of similar materials plus plants. 
Even for such a.fuel-restricted atrium, there are many combus
tible objects that are in the atrium for short periods. Packing · 
m<iterials, Christmas decorations, displays, L:u11slruc.:Lion materi
als, and furniture being moved into another part of the building 
are a few examples of transient fuels . For this paper, a heat 
release rate per floor area of225 kW/m2 (20 Btu/s·fi2) will be 
used for a fuel-restricted atria, and 500 kW/m2 ( 44 Btu/s·fi2) will 
be used for atria with furniture, wood, or other combustible 
materials. 

Transient fuels must not be overlooked when selecting a 
design fire. The approach suggested by Klote and Milk~ (1992) 
to incorporate transient fuels in a design fire is to consider the fire · 
occurring over 9 .3 m~ ( 100 fi2) of floor space. This would result 
in a design fire of2, 100 kW (2,000 B!Ufs) for restricted fuel atria. 
!fa fire occurred over 9.3 m2 (100 fi2) ofan atria with combus
tibles, a design fire of 4,600 kW (4,400 Btu/s) would result. 
However, the area involved in the fire may be much greater, and 
determination of it involves flame spread considerations (NFP A 
1991; Klote and Milke 1992). A large atrium fire of25,000 kW 
would involve an area of50 m2 (540 fi2) at 500 kW/m2 (44 Btu/ 
s·ft2). For this paper? .~.i~£1l~~ion of steady dc$ign fires ~ill be 
focused on 2,000 kW, 5,000 kW, and 25,000 kW (1,900 Btu/s, 
4,700 Btu/s, and 24,000 Bruis) as listed in Table 1. 

TABLE 1 
Steady Design Fire Sizes for Atria 

' kW (Btu/s) 

Minimum fire for fuel-restricted 
2.000 (1,900) 

atrium 
. .. 

Minimum fire for atrium with 
5,000· .. , (4,700) . -" . 

combustibles ·_ 

Large fire 25.000 (24.000) 

Unsteady Fires 

Fires frequently proceed through an incubation period of 
slow and uneven growth followed by a period of established 
growth, as illustrated in Figure I a. Figure I b shows the estab
lished growth as often represented by an idealized parabolic 
eqir~tion (Heskest~d 1984): ': · · .. · 

' . . 
1 n - n( r , , -

.:c:.. ..... ,. ·0 1 .. 
where ,., •• + ·: 

Q -= heat release rate of fire; kW (Btu/s); -

· = fire growtli coe'.fficient; l<Wis2 (Btuis3); ·. ·'i 
' ' )' o! , ,I , ~· •. - • ·. , I i . J :. I ' I t' 
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It is 'gehecillyrec()gnized that consid~~ation of the iricu~~tiori" i. 

period is not necessary for desigri of'a~rifon smok~ con'tr°oi'sys-
tems, ~~d J::qt1ation 1 can be· expr~ssecl as : ,. , , ,. 

' ~ .. Q. = ar2 ''. (2) -

2 

where t is the time after effective ignition, and fires following 
Equation 2 are called !-squared fires. NFPA 928 ( 1991) makes 
~xtensive use of the growth time concept, where the growth 
time, lg> is the Lime after effective ignition for the fire to grow 
to 1,055 kW (1,000 Btu/s). Table 2 lists values of a and tg for 
some general fire types, and the corresponding fire growths 
are shown in Figure le.; 

TABLE 2 
Typical Fire Growth Constants 

Growth Constant 
Growth 

Time 

T-Squared Fires a (kW/s2
) a (Btu/s3) tu (s) 

Slow+ .. . -· o.0029Jr•· 0.002778 600 

Mediumt 0.01127 0.01111 300 

Fast+ 0.04689 0.04444 150 

Ultra Fast::: 0.1878 0.1778 75 

t Constants for these fire groWth types based on data from NFPA.204 
(1991) and NFPA 928 (1991). 

:;: Constants for the ultra fast fire based on data from Nd sun ( 1987). 

Fire growth may be approximated by the t-squared cur\re for 
some time. Because of the action of a suppression system, limi
tations of fuel, or limitations of combustion air, t-squared fire 
growth eventually must stop. Generally the action of a suppres
sion system results in a decrease in the heat release rate 
(Madrzykowski 1991 ). However, limitations of fuel and of 
combustion air can result in a nearly constant rate of heat release 
following at-squared fire growth. Because atria are large spaces, 
the growth of fires in atria is usually not restricted by lack of 
combustion air. Figure · 1 d Illustrates t-squii:red fire growth 
.f,....JJ,..., .. , o.A 1.-.,,,... ,.. ,..... .... ,...,.,..._...,. i.. .... .... .,. - ..... 1 ...... ,.. ......... ......... .... 
....................... ~ '"'J ... """'"'""'"'""'4.1..l\.. .............. J."'"'.l""UJ"" """""""· 

ZONE FIRE MODEL CONCEPT 

The approach to smoke control design cakulation in codes 
is based on the zone fire model concept. Also, this concept has 
been applied .to sev~ral computer ,models:, These computer 
modeis include the Harvard Code (l\:1itler and,Emmons 1981), 
ASET (Cooper 1985), the BRI Model (Tanaka 1983), CCFM 
frnnnP.r <1nrl i:'n'"'"'" ·10 Sl7\ <:>n1t' r l=' /;. C::T (p,,,, ,..,,,..(; .it .,f l 00'.l\ A , ---r-.. _ .. ,._'" .... .. .. .. _J • ..,,. ..,._, j '} ....... ,..,... .._.. ........ ._.. & \ .I. ........... ..,..., .l'l.VI. W.l o I // ../ }• l ~ 

U.S. university hasimade modificatibl:ls to CCFM, specifically 
for atrium sm,ql<e management design (Milke and Mower 1994) . 
CF AST has ,an .appr<?ac.h. ~o account foli m115s being added to the 
upper ,l~yerwhenth~_plu~e temi:ierature is lowerrhan that pf the 
smo~e ll:lyer. While each of ~ese .!llp,dels ha~ unique featm:es, 
they all share the same basic two-f~ne model concep,t. 

; : · ~ .· · ~ .. : : ~ t .. ~ . : · ~ ·'. . • • ·: J 

This section is an overview of zone fire modeling, b.ut for 
mor~. mfqrmation ab~ut '~o~e, model~, readers are referred to 
Bukowski (1 991 ), Jones (1983), .Mitler ~d Rockett ( 19.86), 
Mitler {'l<Jg4), and .Quinticrc· (1989). Zone ~odels have p~pven 
utility for'lnany fire prbtectfon applications'.· !~?luding, na~d 
analysis (Peacock et al. 19'91'; Buko-Wski etal. 1991). The ASET-
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B model (Walton I 985) is a'sihipfomcidel that is a good starting 
, < . , > , '.~'. I I ' 

pdiht for people' to learn about ,zone models.' 

Because ~n~ models were originally devi:Ioped for room 
fir~s, this discussion will start w.ith room fires . In.a room fire, hot 
gases rise above the fire, fonning a pilumi;;: As the plume rises, it 
entrains 1a1r from the room so thatthe diaineter<andmass'flow rate 
of tne plume increashvit!i efovation. Acco'rdingly, tbe· phim~ .· .. 
temperature 'decreafes witli' 1~·1evatibn. Th{ fire gas'es ' frQ~ t~e 

, · ; t • 0
)' • ~ - -· ": - : ... 1l .. ,: t " " 

plume flow up to the cei I ing"ana form a hot stratified layer un9er 
the cei!.ing .. The hot gases fan flow'throt:igh openings' in'wafis to 

oth·er spaces, and ;such fiow is-'ief~rred t~1 
a5 a · ~1do6_rj et." ·l;h~ "' 

doo9et .~s similar cb_ a plu~1 irithJ!t ~~ i~. ~ntt:~ne'd and 91e ,~~.s ... 
flo"'.' _i:ate an~'. crp~~-se<;~f~r,<i-l are~ of ~e j.et !rw;r_ease 'f i~h ~leva
tion.:and the jet temperatu,redecre~es with elevati,t]>p . T,pe,cjiffer~ . .. . 
BN~97-5-4 , 

" ~- (_ 

·i 

• • ,•-, 1··1 ' ' .: 

ence is thatthe doorjet flows through ·an operi4ig iri.a wall. F,}g%~ 
2a is a sketch of a room fire. · · ·· · 

The concept of zone modeling is an idealization of the 
room fire conditions as illustrated in Figure 2b. For this ideal
ization, the temperature of the hot upper layer of the room is 
unifonn, and the tem,pl':rature of the;· lower fayer ofthis·room 
is also uniform. Th~ .. ?eight 0f¢e, di~c9ntinujty bet\.veen these 
layers is the same everywhere. The d~n.arrii.c. effec~~J>n pres
sure are cons.idered negligible,_ so th~t tlle'p~~~s·ur~s, a[e t.~eated 
as hydrostattc. Other properues ·aFe cO'ns1l:l~red uniform for 
eac~ Ia~er. Alg~br~if,,~H~~tiorrn are .~s119 tq'.c".1-k,ulat~.~h~.mas~ 
flo~s. dtie. ~o plum~sa~8 dpq~j~f~· ., ; c . ·:" .,. ;r .. , , , : , · ·. :.' 

Many zone computer models allow eXhaust from the \.Jpp'er 
layer, and this capability is essential for simulation of atrium 
smoke eXhaust systems. Many of the computer zone models esti-
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(a) Sketch of a room fire (b) Zone model idealization of a room fire 

Figure 2 Room fire (a) sketch and (b) zone model ideali::.ation. 

mate heat transfer by methods ranging from a simple allowance 
as a fraction of the heat released by the fire to complicated simu
lation including the effects of conduction, convection, and radi
ation. Zone model application to an atrium fire is illustrated in 
Figures 3a and 3b. 

FIRE PLUMES 

The plumes above fires that are of interest in this paper 
pulsate and are fonned of many eddies. Morton et al.. ( 1956) 
developed. a classic analysis of the time-averaged flow of 
plumes. They considered the plume to be Goming from a point 
source.(or a line source). for a height above the plume source, 
they considered the air entrained at the plume edge to be propor
tional to some characteristic velocity of the plume at that height. 
The variations of density in the plume were considered small 
compared to ambient density. The profiles of mean vertical 
.. , ,,..1 ,...,.... ;...,, , ...... - ,J ........ .............. 1- . ....... . .... ___ , ,e __ __ ~-- .._I_ - '- • 1 

• ..., • ...., ..., ... ) u.U '-' 11.a...,c,..r...\l VU V JU.UVJ l.VlVV 1.11 UlL HVl1£.UlJ\.Ql :'.:)!i;\..,:UUU::. 

were considered to be of similar form at all heie;hts Figure 4a is 
an illustration of a plume, and Figure 4b is a velocity diagram of 
an idealized plume model.' 

·, 
,) 

·~·· ,,-----
( Plume 

'i (" ,, ... ~ •, 

(a) Sketch of an atrium fire 

·~ · ·1 

The plume ofFigure 4 is called an axisymmetric plume, and 
researchers have extended the work of Morton et al. to develop 
models of the turbulent plumes due to fires in building spaces 
(for example McCaffrey 1983; Cetegan et al. 1984; Heskestad 
1984). Because Heskestad' s plume equation and his related 
work were the has is of NFPA 928 (199 I), these 'equations are 
used in this paper. These equations are for steady plumes, and 
some considerati~ns of steady plumes are discussed by Klote 
(1994, Appendix H). 

Mass Flow with Virtual Origin Correction 

Heskestad' s (1984) equation for the mass flow of an 
axisymmetric plume is 

. - r Ql i 3( )5/ 3(1 r Q'.!i3 ( )-5 / 3] m - <q c_., z - z0 + - 2 c Z - Z0 

where 

rh = mass flow in olume at height z, kg/s (Ibis) : 

QC 

.:.0 

=convective heat release rate of fire, kW (Btu/s); 

=height above top of fuel, m (ft); 

=virtual origin of the plume, m (ft); 

Plume 

Fire 

+Exhaust 
~-~ ... .,_ 

(b) Zone model idealization of an atrium fire 

• I ~ r , f J 

(3) 

Figure 3 Atrium fire (a) sketch and (b) zone model idealization. ... _ .. 
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C1 

C2 

= 0.071 (0.022); and 

= 0.026 (0.19). 
·~ ..... 

~ 

Because smoke was defined to include the air that is entrained 
with the products of combustion, all of the mass flow i.p the 
plume is defined as being smoke. It follows that Equation 3 
can be thought of as an equation for the production of sqioke 
from a fire. A simplified plume mass equation will be ·pre
sented later, and the same comments also apply to it. 

Virtual Origin ..... 

Heskestc\d"'s (1983) relationship for the virtual origin. ~~· 

2/ 5 
Z

0 
= C3Q - 1.02Df (4) 

where 
" . 

g =heat r~lease of the fire, kW (Btu/s); 

D1 = diaineter of fire, m (ft); and 

C3 OL),.. d 'b.083 (0.278). 
- ' · I . 

In fi~,ures _4a and 4b the virtual origin is sho\\1n;abov~ the 
top oft~~ fuel, b.ut it can also be below th~. fueL l'l}e sigp-conven
tion is: (or the vir,tual origin above the top 9~~e-fuel z0 is posi
tive, and for the virtual origin below the top of, the fuel z0 is 
negative. The convective portion of the heat ~elease ~ate, Qc, can 
be expressed as 

QC= ~Q (5) 

wheres is the convective fraction of heat release. The convec
tive fraction depends on the heat conduction through the fuel 
and the radiative heat transfer of the flames, but a value of~.7 
is often used for S· 

Fire 
Source , 

., -·~ ~ 

-
: 

i z, 
I 

1:====::j··.··-1 ~- ·~~~· ==Zo r-:.~~7 ,_. 

Av~rage Plume Temperature 

The.average temperature of the plume can be obtained from 
a first law ofthennodynamics analysis of the plume. Consider 
the plume as a steady flow process with the control volume of 
Figure 4c. Neglecting the small amount of mass added to the 
plume flow due to combustion, the first law for the plume is 

Qg+Q1 = m(h,-.h;+f:i.KE+f:i.PE)+W ·, (6) 

where 

Qg 

Qi' 
=heat generated within the cop?"ol.volume, kW (Btu/s); 

= heat fnmsferred from surrotiridirigs irifo''the control 
. \ . . .. ,. 

volume, kW (Btu/s); · · · ' 

m = mass flow rate, kg/s (Ibis); 

h; =enthalpy of flow entering the control volume, kW/kg 
(Btu/s· lb); 

h, =enthalpy of flow leaving the control volume, kW/kg 
(Btu/s·lb); · 

D.KE =change in kinetic energy, kW/kg (Btu/s·lb); 

D.PE =change in potential energy, kW/kg (Btu/s·lb); 

W =work done by system on its surroundings, kW (Btu/s). 

For the steady plume the work is zero, and the changes in 
kinetic and potential energy are negli~ible. The heat generated 
is the heat release·ofthe fire (Qg = Q). Heat is transferred from 
the piume by conduction and radiation to the surroundings, so 
that Qc = Qg + Q1• Specific heat can be ronsidered constant (h 
= CP1). The· first law leadSJo an equatien for the plume tem
perature: 

\ . 

.,, 

:-----
----

Entrained 

QC 
T =.Ta + mC 

p p 

•1\, 

.,: .. ,_. 

". 

\ t.: r, I 
,---- - , 
\ I 

" 
:\ 

·· ..:<-.. • .; ~ \ ··-·- · • · . I Entrained 

) 

r"lfi Air 
-Air 

' ,, T 
Control \ I ~.d:O, a 

---- • :"· Volume " \ • · / 

Surface ~ ~·'"1 \ I "~· ~ ·-··-.-... A l '· '! ... ,.. 
......... ( ' <bl~al · 

- · ~.· :; Heat y~r:ated 
-·-·\· .t T I eel e.-, ... , .: rans err ,11 · ·~ "':'. . -Q ~ \ , • ~· ~··· 
-·-· :......s , . \ I ~•-.-· 

Virtual Origifi.. .... " .. - -~··- ..... . .•. •· .,. ·-·~~'If-~" ··" -~~·· 
i _ "i . r :·:: . ~..: ~ ~ 

(7) 

(a) Sketch of plume (b) Velocity diagram of idealized plume ( c) Control Volume diagram of idealized plume 

Figure 4 Axisymmetric fire plume with point source. . -~ l ! 
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where 

TP 

Ta 

cp 

=average plume temperature at elevation·z, °C (0 f); 

= ambient temperature, °C (°F); 
: ·: ·! 

=specific heat of plume gases, kJ/kg·°C (Btu/lb·°F). 

Fire plumes consist priillarily ofair mixed with the products 
ofcbmbustion, and the specific heat ofplume gases is generally 
taken to be the same as air (Cp = 1.00 kJ~g·°C [0.24 Btu/lb:°F]). 
The plume mass flow equation (Equation 3)was developed for 
strongly buoyant J?lumes. For small terriperature differences 
between the plume and ambient, errors due to low buoyancy 
could be significant. This topic needs study, and, ii1 the absence 
of better data, it is recommended that the plume ~qu~tions not be 
used wheri' this temperattire differenee is small (less than 2°C 
[4°F]):: . 

Volumetric Flow 

The vohiihetric flow of a plume .i~ 
l·1· 

where 

V =Cm 4-
Pp 

.... (8) 

m =mass flow in plume at height t, kg/s (lb/s); " · 

v 
Pp 
C4 

=volumetric sfooke flow 'at'elevatiori t;'m3/s (cfinf, 

.'.°'density ofpli.!me gases 'at ~l~vation'i, kglm3 (lb/W); · 
'· . '. I 

= 1 (60). 

Plu~e Ce~terli.ne Temper~tur~ ., ·_ 
• L ~ I !.' . . " 
The temper..atur~ rrom Equation 7 is-·.a mass·,flow average,' 

and tbe tempei:ature varies over the :plume cross section. The 
plume,temperature is greatest at the centerline of the plume, and 
the centerline temperature is of interest when atria are·tested by 
real fires as discussed in the cnmpanion papen The centerline 
tell)perature;equation· (Heske$tad 1986) is . ·. · ,. · 

~ I lJ /3 Q1;3 T · · c 
T = T +Cs.( ; 2 . .. /'13 

.. cP. , .. a · gC 'p , (z - l
0 . I? ~ ' ; t ~. 

·; 
(9) 

where · · -' L. : : · ; : '··' ·: ' .1 

Tep .·· ·= _abs~~ui~.c~n.ierl. ~ep11um.' ~ ~emperarurearel~vation ~, K 
(OR); ' ! t I • • 

T~ " ~ absolute ~bient terripera~i~. K(~R); 
•. ·f ·-· • • "4 , . .... ' 

1· 

Pa ,. ::"' dei;isityio~cim.bient:air. kglrp" (lb/fr'); , , .. 
g ;: = at>cel'eratiori of gr.avify', m/sf ~fi/92); an'd :J 1 . : : ' 

Cs = 9.1 (0.0067). 
G:J'. .. ; . ~ : • _· J.11W>"· ~J ~1fl. "<i.~: ~;11,:~_,::. 

F~~ ~he fo~l9wing,~o~~r!ons_of29~ K (52~0,R),f!a of.1 .2 .~9f'pi3 
(0.0"75 'lb/f'P),'g <5f 9.8 'rti/s2'(32:2.° ftls12), and' cP· tjf r:O'O kJ/kg·°C 
(O.i4'Btu/fb·°F), the ·ceriMrHne telnper~illeeqJJrion 5~eor~~s .. 

I • : .. ·;' l,1 • ; • _ 

.. '. Q2/_ 
.. f c .. 

·'"" T = T0 t" ·96 s/ · . 
., .-. ' r p . , (z-,o), : 

fl: , I 11! 

J l (: 10) 

6 

where 

TP · = centetli.tJe plumetemperature at elevation z, °C (°F); 

Ta = ambient temperature, °C (°F); and 

c6 . = 25 (338). 

. r, 

Air and Plume Gas Density 

The density of air and plume gases is calculated from the 
perfect gas law: 

P = L 
RT 

·.;"I 

(11) 

wpere 

P · =density of air or plume gases, kg!m3·(lbrn!ft3); ' · 

p 

R 

= absofote 'pr~ssure;'ra (lbf/fi2); 

=gas constant, J/kg·K (ft·lbf/lbm·0 R); and 
1·, 

T "' absolute temperatur.e;· K (0 R). , 
.. . .. . ... ; ~: r ...... t 

The absolute pressure is often taken to be standard atmo
spheric pressure of 101,325 Pa (2, 116 lbf/fi2), and the gas con
stant is generally taken to be that of air, which is 287 J/kg·K 
(53 .3 ft lbf/lbm·0 R). 

Plume Diameter 

The diameter of a plume is approximately' 

1-'' "' 

D = ~ 
p 2 

where .· .. ... · . 
DP ;,,, dliameterbfvisible plume, m(ft); 

=height above top of fuel, m (ft). 

l"."' 

.: (l.2) 

. :-i • 

This equation is within 5% of a more complicated one that is 
in terms of the plume centerline temperature (NFP A 1991 ; · 
lt' Into. ".llnrl l\.Jf ~1l;ra. 1 00'1\ t:' n11n+;,...,,,... 1 "") ;,.. ....,, .. ,...,i.,,., l-.1 ... • ,...+ ,..n++.,...~ ........ + 
&~lV&.W U.IJ.U J.'t'..1.IU'\,.""' J..J.J.._}• .L..A'f.UU:U~ll J..L,. ~ • .,;) tJ;l\.tl:(f:'U .l)' Vi ~UJ.J.l'-'1\..IH, 

accuracy for design applications, consid~r\r)g, that pl.umes are ': 
in constant motion and measurement o(dia111elt::1 cau uuly bt:: 
approximate. Further,>tht'. ,yisibility_ of sm~ frorrm;!iffe.rent ·1 
fuels varies considerably, and Equation 12 may be thought of 
as an indication of ah upper value bl.f"likely plume 'diameter. 
COn:;idcril1g'1p"lum:e :dffu11etefs :· caJi vary sig~ificarii(y- fr~ih the 

I " f • ' " • '. ~ c ' 
estimates; plume diameter estimates need to be applied con-
servatively. The1author suggest~ considering plume diametef! 
estimat~s lo 'have . an 'un'ceh:ai~ty in the range of' plus' 5%''io 
minm;: 40% until better data are avail~ble . · 

Equation 12 can be used to determine if geometry of a 
specific space lends itself to the ' smoke management 
approaches of the paper. The concern is that a plume will 
contact the walls of the spac'e·;imd fill the ctoss section of the 
spare~ wi~h smoke.' Ffom· Equati-Oif 12; it ·cfor be said ttra'.t·the 
atr'iunrishiokermanagement' concepts"of this pap~fr are not •• 
apptoprlate'fofspaces• that are' taller thar'l'twiCe th'eif mini-
mum width.· ·; ,; : · ,, ·; ;~ .; · '· ··· ·~,,, ·; .. ·• :• 

BN'9l~S"2 i 



Flame Height 

Equation 3 is applicable for elevations,1z,,that are above the' 
mean flame height of the fire. The flame height degr;:nds on the 
fire geometry, the ambl~nt conditions, the he~t 9fcombustion, 
and the stoichiometric ratio. A relationship (Hesi{estad 1988) for 
flame height that can be used for many fuels is 

·,; -
2/5 

, Zt = C7Q - 1.02Df : (13) 
' = ~ 

where 

z1 =mean flame height, m (ft); 

C7 = 0.235 (0.788). 

The ceiling heights of atria are relatively high, and it is the · 
nature of atria SJlloke management that ·;the elevations, z, of 
interest are much greater than:ei~Q,er. virtua.Lori~-i,n,,-Zi,, or the 
flame height, z

1 
.. · . . - . .. 

) 

Simple Mass Flow and Flame, Height Equations 

If the virtual origin correction is negligible, Equation . 3 
,/ . .. . 

become~ ,, , . _._,, :.:L ... .. - ·- -

where 

C1 

Cg 

'· - c Ql/3 513 .::c Q 
m- lcz +s c 

= 0.071 (0.022) and 

= 0.0018 (0;0Qfl2). 

1i:.- ·· 

(14) 

7-ii' - ? 

This is the simple plume equation presented in NFPA 928 
(I 991 ). In addition to not needing to calculate z0 , the user of 
this equation does not need to know D1 In design applications 
where the fuel is unknown, these advantages are significant: A 
corresponding approxiqiate relati~nship for we~µi}lame height 
is 

215 
z1 = C9 Qc '.o. 

where ., __ ·i · 

ZJ i='rhean flame h'eight, m'(ft) ;';: i. 

c~ - ~ o:-i66 (o.s33f-, 
~· .! IJ J ::T· ;::'·, :! .:~ ': i~. 

"' 
'_, .. .: .. .. 

:··~ ,):b .'J -

l' 

°?' 

,:,_,, ! 1 i!lf: 

DISCUSSION OF •SIMPLE' EQUA TfONS -

(15) 

.-. 

... ~ '•11 . ..-i 1· ,. I• . I ,•., ·• • ·•• ,:;··1,1" 

; i;:q~~yalu~fe ih~ . e~tent_ to ';V~ich jJ\e si9Jp\e equa~_ions. from 
th~ S~ftlOn )lp~ve ar.e.:appl1cabl~ , tb~frre, ,q\a"."\~~er~p~l1~JO be 
addr~s~ed .. frW ~res that are not lj<?~l)d 1 !h(! ~ff.:c~"{~ .~iarp;,~er i~ 
defm~~ as P.r;= 2(A~7J/.'2, where1 hs, r9;,aq;~of~1~ .fire. :rh!!_heat ,. 
r~!r";S~-d.~!n.~ ity. of 3, fir_e is q -~ q'rtf--Tl1;u$J he ~ff..«f!ive .. di~n:~~~r. 
ofafrrecan'beexpress~? ~s .•. • ;_ ;.:"'; ;:--· i ,_,,~. 

: ·;,, , ·;~!:!: '·:: ... ·_~; ~~~; ~~-: -~ ', .. 0 .·,·~ _., c: _.,~;3 ··'.: :(l(i)u, 
!!' '. ; : j •:; - . ! ' J ~ ;f·~ "i"; ,; ~:... : d:; I : .: r ! ~~:_\f.J I ~ f) 

:! Tabli;)" l_ist~Jieat release pe!l§~i~s :.for1soin~ .war~house '-' 
matyria;l,s (Nf P~ 1-~91) af!d poqii;ire~;(Mesk(ls@d·;.1:9,83~-i ln th~ !;; 
ta~)e q Ja!J.ges Jn:>rn i 90 k\\'/rn:, .(& ~~itB): w J 4;0.00 . ~W/,-r:n2 
(1 ,,2,50. $,ty/s·ft2). The l~w v~l1u~-, is · fC>f-a ;pr,opJietary . si~i§on~· .. 
transformer fluid, and the upper value is for polystyrene,jars ;in •: 

B!'J:9f'.~?'.~.:~ 

compartmented cartons stacked 4.57 m (15 ft) high. These 
extreme fuel arrangements are not likely to be found in atria, and 
eliminating them results in a range of 400 kW/m2 (35 Btu/s-ft2) 
to 10,QOO kW/m2 (900,Btu/s·ft2). . 

Figure 5a shows the effect of heat release density, q, on the 
location of the virtual origin. For 409 kW /m2 (3 5 Btu/s·ft2), z0 is 
about -0.8 m (-2.~ ft),11-t Q of2,000 kW and -4.3 m (-14 ft) 
at Q of25,000 kW .. the_. negative values ofz0 ipdicated that the 
v!ftu.?I origin is below t~e f!.re .surface. ~~r 10.,000 kW/m2 (880 
Btu/s;ft2), z0 is .abou~ 1.2 m (3. 9, ft) at Q of2,000 kW ( 1,900 Btu/ 
s) and 3 m ( I 0 ft) at -Q of25,00.0 kW (23,7.00 J?~s). 

. : · Figure 5?, sho;ws the imp.act of the virtual orig\n5orrection 
on pl~pi.e mas~ppw for q = 400 kW /m~ (~? Btu/s·ft2), and Figure 
Sc shows the corresponding impact for q = l 0,000 kW/m2 (880 
Btu/s·ft\ Figure Sb show~ that Equarion 14 results in underpre
diction for the lower heat release density, and Figure 5c shows 
that Equation 14 results in overprediction for .11Ae higher heat 
release density. These over- and underpredictions are with refer
ence to Equation 3. Table~ lists deviations ofmas's flow due to 
omitting the correction. For a 20m (67 ft) atrium, these devia
tions range from -26% to 26%. For taller atria, the range 
decreases: at 40 m (130 ft) it is -15% to 13%, and at 80 m (260 
ft) it is -8% to 6%. Equation 14 predicts mass flows that are 
about in the midQ.le of the rapl};e of values from Equation 3. 

An estimate of the uncertainty of Equation 3 is not available, 
but it should be noted that the state of plume technology is such 
that the above ~g~s may be ~ithin the uncertainry of Equation 
3. Further, fire spread by radiation can result in a number of 
nearby fires with separate plumes joining together as they rise. 
Theories have yet to be developed for such multiple frre pi~mes. 
There is no question thlit both•Equations 3 and-14 reflect the 
imp()rtant trends;<>f mass· flow being a strong function of'efova:: 
tion; z, ancLa weak function· of c·onvective .peat release rate; ·Qc
However; ;tO conservatli¥ely ·apply Equation I 4, it is suggested · 
that the1Jocation of th(! fire surtil'.c-e :be conservatively selected. 
For example, iffrres may be possible~rlywhere fr.om the floot: 
level to 3 m (10 ft) above the floor, conservative selection of fire 
surface would be at the floor. · 

- ... .. ··-- -
Figure 5d compares the predicted flame heights from 

Equation 13 with the approximate relation of Equation 15 . 
Again, the approximate relation is in the middle of the range . 

of pre.dieted valu~s. . I! ,,i~ . ,aP;Pifff.IJ.t; tha~,. :Q~i;i:er b~ight, z;; · 
increases with q. Iri atria smoke management d~sign, flame 
height is primarily µsed to ensure that tl]e plu1ne mass flow 
equations are appr~~ri~t{'The fi'~fn~: h'~rgm, -1J,1 r~nges from 
2.4 m (8 ft) to 4.4 m (l'Lfft) at 2;000 l<W fl ,900 Btu'ls)"and from . 
4.3 m (14 ft) to'..112-rri~f39 , ft) at 2_5;000 kW(2~~7.00 1 Btu/s). 

c- ~~i) i . 'j ' i ,_,, . 
SUMMARY AND CONCLUSIONS . . , 

~·h • "' I' . . \t£) l ,J , .• . ':' .. · · ]!~ i r•r .. i ! !l ·1:1!· . •; tJ t, 

I. .P~jgn; ~e?-/pr aq;!~:n ·$Jno~~ _maga.1ff~.e~JJ <(flf) ' ?1e.Ji t.~a9y ,, 
or unsteaay .. Th¢ _ ~-~qµW,~d. fire g~9~vth.cuzy1 e 1·s; e.x~e.ns1veJy used"fn NFPJ..'°9m ( l'si~n 5. r•·,, ~ I '.•I. ~ . -· . . )J( ~ 

2. The approach to smoke coptrol design calculation in codes 
is· based on the zone-tire mOdel eoncept. In the zone model, 
smoke from a fire is considered to form a perfectly mixed 

7 



TABLE 3 
Heat Release Density of Some Materials · ··· 

Hcnt Release Density, q 

Material Burned kW/m2 Btu/s ff 
- --

f Wood pallets, stacked 0.46 m (1.5 ft) high (6-12% moisture): 1400 125 
-

2. Wood'paJlets. stacked 1.52 m (5 ft) high (6-12% moisture) .... 4,000 350 - -
-

3. Wood pallets, stacked 3.05 m (10 ft) high (6-12% moisture) 6,800 600 .. 
-- -

11 4. Wood pallets, stacked 4.88 m (16 ft) hil!h (6-f2% moisture) 10,000 900 

5. Mail bags, filled, stored 1.52 m (5 ft) high 400 35 
-

6. Co.rtons, compn.rtmcntcd, stacked 4.57 m {15 ft) higli 1,700 150 

7. PE letter trays, filled, stacked I.52ili'{Slt)•high on cart . . 8,500 750- ~ ~ .. 
---,-;---

2,~00 
-
175 8. PE trash barrels in cai~91~t stacked 4.57 m (15 ft) high 
-

9. PE fiberglass shower stalls in cartons, stacked 4.57 m (15 ft) high 1.400 , ,-,, 125 . 
--,---; 

6,200 
-
550 10. PE bottles packed in item 6 

,. 'J o 

-
11. PE bottles in cartons, stacked 4.57 m (15 ft) high 2,000 175 

12. PU insulation board, rig(d foam, stacked 4.57 m ( 15 ft) high 1,909 170 

13. PS jars packed in item 6 
0

14,-000 
~ 

,J,.~5Q, ..... 

475 
-:r----

5,400• .. 
----:r:-;-

J4; PS tubes-nested.Jn cartons, stacked 4.27 m (14 ft) high 

15. PS toy parts in cartons, sµic ked 4.57 m (15 ft) high 2,000 180 
-
290 

--
3,300 16. ·PS insulation board, rigTa foam, stacked 4.27 m (14 ft) high 

17. PVCbottles packed ip -itein 6 3,400 300 
---.; -

18. PP tubes packed in item 6 4,400 390 
-

19.J~P and PE film in rolls, stacked· 4.27 m (14 ft) high 6,200 550 

20. M,i;ll\~HQ! puul, 0.16 m (0.52 ft) diameter 2:000· .. 180 ---
21. Methanol pool, 1.22 m ( 4.0 ft) diameter- - 400 -· 35 .... 

-
22. Methanol pool, J)4 m (5.7 ft) diameter 400 .. ' 35 

-
23. Methanoi pool;2.44 m.(8.0 ft) diameter • '. ::' :"420 ., •., 37 ... --

66 745 -· ... ~ . ---;--;:'".{·_ . -- -· 
.L'+. 1v1cu1i:111u1 puui, v.-;t / m ~-'-L nJ square -
25. Silicone transformer fluid pool, 1.74 m (5.7 fl) Lliwut:Lt:r 90 8 -
26. Silicone transformer fluid oool, 2.44 rn (8.0_.ft) diameter · ' ,90 '' 8 

27. Hydrocarbon transformer fluid pool, 1.22 m ( 4.0 ft) diameter 940 83 
-

28. Hydrocarbon transfount:1 CTuiJ puul, 1.74 m (5.7 ft) diameter 900 80 
-

29. Heptane pool, 1.22 (4 ft) diameter 3,000 270 
-

30. Heptane pool, 1.74 (5.7 ft) diameter 3,200 280 

Notes: .. >. tJ·;;·_~ "'.: ,. l !.: .. r • · ·· ~: - ~·" j·_. - ?.~7.'.·: :~_. -?.1-'_ :: 

I. Abbreviations are: PE= polyethylene. PS = polysryrene. PVC= polyvip_yl ~t.1J orid~ PP = polypropylene, PU;= polyurethane .. 
2. 1tems l1hrouglif9fr.Qm NFPf92Bci991}. - .,,.. 1: --,_ ' 
3. Items 20 through 30 fr.om Hd kestad (1983).--· - - - - • ~ - · -
4.Items25throu'ghi8,arepr'opri'etaryproductts.'·. ,, , .,, . !'"·~-' __ _ l : .. _ .. :.= ______ _ 

1 .. . 

NOMENtLAtURE 
a ': = fire growth coeffio ient 

.. - - --- - - ·-

l::iyer under the t:-eiling of the room. offiie-origin: Smoke 
production dependsron the heat rele~~e rate- ofthe fire- ancf·
on the height of the fire.._plume.___ . ' · __ -- --· ··· - .---··- -- -

3. The commonly used :YJrtual origin correction to_the ·jiJume .. 
equations are not needed for atria smoke management. For __ 
the purposes of smoke,-rnanagement, the .de~iatioos- ~f"ftre 
plume mass tlow·due·to omitth1g the"virttial origiri correc-
tion can be neglected. 

A 

c 
:- , :;= cross-sectional area of the atrium or area of a fire 

=. constanl .: · 

c p - - . ;; i"s"peCifi¢~h.~at of plume g~es 

D1 = diameter-of fire 

DP =diameter of visible plume 

8 
• • 1-. ... - l·~ ~= 
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Rate of Heat Release. Q (Bltif s) 
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~ 

!· 

.[4 ~· ! ' ;; - ElevatiOn, z {ft) 
0 100 200 300 

5000 .--.--.~-....--..---.--.---.-.,...-..--..--.--.-,-__,..., 

-- With Virtual Origin Correction 

4000 

! o K' "'''"'I J .a ·1 

c 
:g; 

0 0 
:a; 
€ 

.5 > 

~ 
E 3000 

~ 

• • • ••• • Wilha.rt Vir1ual Origin Correction 
For q. 400 't<Nlrn2. (35 ~ 112) 

.. 
E 

6000 ~ 

u;-

5 
Ci -2 
c: 

.Q -3 
~ 
~ -4 w 

0 
§ 

·10 ii 
~ w 

-15 
.5 ........ ..._.~~~...._. ....... ~~""-' .............................. ~ 

5000 10000 15000 20000 
. Ra1eo.fHeat ReleaSe, 'O(kW) 

(a) Effect of heat release density, q, on the 
elevation of the virtual origin · 

· .!',( 

,. 
Bevatil'Jl1, z {ft). 

0 100 200 
5000 - ,. : 

- .- Wrth\lir11JSJ DrginColrecllOn 

4000 
--·····Without Virtual orgn Correction 
Forq-10,000kWim2-(880 Blulsf1~ ··-· 

. 300 

25000 

. . ~ 

10000--

8000 ~ --= 

u:: 
- ~ 

:::!: 

2000· 

1000 

u:: 
4000 ~ 

::::E 

2000 

~--~ I 0 02• :"':/•• ' I ~ 0 
100 · a ~-- - 20 - 40_ · - oo .eo 

Elevation, z {m) 
(b) Comparison of mw.flow predictions with and 

without correction for virtual ,origin fQ.f . 
q = 400 kW/m2 (35 BTIJ/s ft2) 

5000 

Rate ol HEi8r Release. Q (BlutS) 
f\·' . 

1 oOOo 15000 .20()()() 
12 ,.......,.....,.....,._,,_.,.. ....... .......,~~~-r-......... ~.,...--..----.-...., 

.'· _e-10 
·~ r~ 

s 
30 ~ 

E 
, I 

~ 
·E 3000 ·E 

6000=~ 
a: 

4000 ~ 
- :::!: 

~;_:f: 
~ -

__ .:::~·120 
·~ 
:I: 

~ 
a: 2000 

j 
1000 2000 

a: 4 
··.lij;.1 

· - · ·~-2 
.I 

~ 
fP. 

10 ~ 

0 I ,:~ I I l 0 0 0 
O· 20 40 · 60 80 100 · 5000 10000 15000 20000 25000 

Elevation, z (m) • Rate of Heat Release. Q (kW) 

( c) cOmparison of mass flo~ p~diotions with. ~d ( d) Comparison of predict'ed flame heights 
without correctio~ for virtual origin,for · " - to the:approximate -~qU/ition ( disliea lin!Y) 
q = 10,000k~/m- .(S~OB!lJ!sft'), _ __. -·-· •• · · · 

,, I'' 

Figure 5 C~mparis~n of ana_ly~is wi_t/:i. and witho_ut virtual origin corr£¢tio~'. ··• . 
. . " - ··- · ··· - - . - .. 

.. .. --~ 

' '!' 

BN-97.c5-2 
··'. '. 

.....'.:·· j ;..:!. ',. 

... , ) . ·: 
, . . 

~ · 11 I t • !'J ,,._H''• I ' 

TABLE 4 1.-• .I I ' I ,. :•." • '.· ·: 1 

Deviations of Mass Flow Due to- Omitting the Virtual o 'rigin Correction 
. ~ .. • ., ,, .-. •I . • . . '.'I. . ~ .. . ,... t• . 

Heat Release Rate, Q Heat Release Density, q Elevat\ori abo~~ '~e, fir~, * . , .. , 1' , 1 .. ,,_ 

kW 
--
2,000 

5.000 

25,000 

12,000 
--
5,000 
--
25,000 

Btu/s kW/m2 I Btu/s ft2 20 m (67 ft) :I .. 40.m (BO•ft} .I 8Chn (260it) J:: _ 
1,900 400 35 

4.740 ~id I,~- .\ )~ 'yS-W 
23;700 ., ;i']·;,400 ,,';:_ :-:: 35 

·-i;900'; " .;. :[ 10,000 .. "; 880 

4,740 lO,deo j·r· · 880 

23.160' -~ :(I 'fo;o&> ':.; · "~ 880 
."lrl "'"J. .,-1· 

»•..-·; · f '. 'f ;,.. ( ' ;: 

-7% -3% 

·~ ..'.l'il%u-.· ; : ..:.'.(io/~l(\.. ·' 
,, .. _ , ........ ., .... .. I,, .. ~ ~ " '. ~I 

-26% -15% 

. ..JO'.Yp,, ,~, In_ 1·15:°1f. · 

-2% 

..I i I 

r:.J ~ .. :.r;• ... ·:~···· ' 

l~- •.:· -· it. 

,, • ;;;--'.$% ... ,_~ ; 11 ,~1·1.! •• :,, ·:r 

b I,.;, - ~'l'.'o c'~· ii I l ;.- .·.r ,, •' · ;· 
.,. , J ·Ji.%r'.~"~ .'. .Dff! -.-.-\1% 1

: ~i ,, . ~C:-. r-4,% ·:·" , . ..ii": i l.i ;' 

~~·; ' · '26%1'' •:o1 '~1h : ·(fjo/J''·! " 1 :\(1;'. -6%· ;;, '· . · • • :• .... ,•' 
~ ... -i·, t 1 :~r: h .... -:· 1 

\ •; ..;! :• :,. i 
r .. 

l ott1! It 

9 



g 

he 

h; 

m 
p 

Q 

QC 

Qg 

Qt 

q 

R 

t 

T 

Ta 

Tep 

tg 

to 'i 

To 

TP 

v 
w 
z 

zf 

Zo 

b.KE 

ME 

~ 
p 

Pa 

Pp 

= acceleration of gravity 

= enthalpy of flow leaving the control volume 

= enthalpy of flpw entering the control volume 

= mass flow rate 

== absolute pressure 

· = heat release rate 

=convective heat release rate 

= heat generated withifl the control volume 

=heat transferred from surroundings into the control. 
volume · ., · 

=heat release density of a fire ·· 

= gas constant 

=time 

= temperature 
; · 

= ambient temperature 

= centerline plume tempe~ture 

= growth time 

. = effective ignition time 

= temperature of ambient air 

= adiabatic exhaust temperature or average plume 
temperature at elevation z 

= volumetric smoke flow at elevation 

= work done by system on its surroundings 

= clear height above top of fuel or height of the first 
indication of smoke above the fire 

= mean flame height 

=virtual origin of the plume 

= change in kinetic energy 

= change in potential energy 

=convective fraction of heat release 

=density 

= density of ambient air 

= density of plume gases at elevation z or density of 
t:xhausl gast:s 
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