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ABSTRACT 
This paper addresses atria smoke management systems 

where it is intended that occupants will be in contact with 

smoke. While this approach is unusual, it is recognized by 

several authoritative publications on atrium smoke manage

ment. A tenability analysis for an atrium smoke management 

system needs to account for the effects of ( 1) exposure to toxic 

gases, (2) exposure to elevated temperatures, and (3) smoke 

obscuration. Much of this paper consists of adapting and 

presenting well-established tenability methods for application 

to smoke management. However, this paper is unique in that 

new material is presented concerning ( 1) a method to evaluate 

the relative aspects of tenability of smoke in the absence of a 

smoke transport analysis, (2) a generic fuel approach to atrium 

tenability analysis, and ( 3) a method of comparing the tena

bility of smoke from different fuels on the same system design. 

lt is shown that for an appropriate generic fuel, the tenability 

analysis can be significantly simplified. 

INTRODUCTION 
In recent years, atria have become commonplace in hotels 

and commercial buildings. 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, in this paper, the term 
"atrium" is used in a generic sense to mean any of these large 
spaces. 

The subject of this paper is atria smoke management 
systems where it is intended that occupants will be in contact 
with smoke. While this approach is unusual, it is recognized 
by NFPA 92B (NFPA 1995), Klote and Milke (1992), and 

CIBSE (1997). It is essential that exposing occupants to 
smoke does not result in injury to the occupants or impair 
building evacuation, and a tenability analysis is needed to 
provide such assurance. A tenability analysis for an atrium 
smoke management system needs to account for the effects of 
exposure to toxic gases, exposure to elevated temperatures, 
and smoke obscuration. 

While many publications address tenability (i.e., Clarke 
1997; Purser 1995; Babrauskas et al. 1991; Levin et al. 1995), 
this paper treats the subject from the perspective of smoke 
management design. Much of this paper consists of adapting 
and presenting well-established tenability methods for appli
cation to smoke management. However, this paper is unique 
in that new material is presented concerning (1) a method to 
evaluate the relative aspects of tenability of smoke in the 
absence of a smoke transport analysis, (2) a generic fuel 
approach to atrium tenability analysis, and (3) a method of 
comparing the tenability of smoke from different fuels on the 
same system design. 

There are many definitions of the term "smoke" used in 
fire protection engineering, and caution needs to be exercised 
to prevent misunderstandings. For this paper, the tenn 
"smoke" is used in accordance with the NFPA 92B (NFPA 
1995) definition, which states that smoke is the airborne solid 
and liquid particulates and gases evolved when a material 
undergoes pyrolysis or combustion, together with the quantity 
of air that is entrained or otherwise mixed into the mass. This 
definition is consistent with NFPA 92A (NFPA 1996), the 
1995 ASHRAE Handbook-HVAC Applications (ASHRAE 
1995), and the joint ASHRAE/SFPE publication Design of 

Smoke Management Systems (Klote and Milke 1992). 
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SMOKE MANAGEMENT CONCEPTS 

Traditional Approaches' J' 

The traditional approaches to atrium smoke management 
are all based on keeping smoke away from the occupants. In 
North America, the most common approach to keeping smoke 
�way from people is by the use of mechanical fans to exhaust 
s'moke from the top of the atrium. in i:he United Kingdom, it 
is common to use natural vents to remove smoke from the 
atrium. Analysis of these systems primarily consists of smoke 
transport calculations. 

Smoke filling is still another approach that can be appli
cable to some atria that are sufficiently large so that the time 
to evacuate the people is less than the ti�e' to fill the atrium 
with smoke. In addition to smoke: trarisport' 'calculations, 
srnuk.t: filling l;yslems •requite an e�m;ualiun ,ianalysis that 
accounts for both the time to make decisions and the time for 
occupants to leave th� builping. For informat�9n about ev�c, 
ualion analysis, sec Pauls (1995) and Nelson and MacLcrul.an 
(1995). 

f1. 
For information about traditional atria smoke manage-

ment systems including smoke transport 'a'rtaiysis see NFPA 
92B (NFPA 1995), Klote and Milke (1991.)', Klote (1994), 
Hansell and Morgan (1994), and Morgan and Gardner (1990). 

,·r· ,· , I_::!, • <J: 
Tenability Approaches 

Systems; where occupants W-e intended to be exposed to 
smoke are referred to as tenability systems, and such systems 
can rely on smoke filling;. smoke ".enting, or smoke exhaust to 
maintain tenable conditions, Because tenability systems are 

I relatively new, system concepts and design methods are not 
well established. In the experience of the author, professionals 
familiar with tenaBility b�ncepts ge�erally agree that design of 
tenability systems teguire� §_moke transport analysis, evacua
tion analysis, and tenability analysis. It is shown later in this 
paper that for an appropriate generic fuel. the tc;:!lability anal
ysis can be significantly simplified. The generic 'fuel approach 
to atrium smoke m�agement desig!J. _is discussed later in this 
paper. , F-

EXPOSURE TO GAS 
Carbon monoxide poi'Sbnirlg accounts' for ·roughly one� 

half of total fire fatalities{8erl 'and,Halpin-·1980; Harland and 
Woolley 1979). While,]51qtl( and Milke 0992) list toxicity 
data for 21 gases, a few of the gases commonly considered"in 
a tenability analysis a¥e#cafbori �bno�iae :(co'j, hyd�og n 

cyanide (HCN), carbon dioxide (CO�, and!o'Y!Ygeri1{b,)'. The 
toxic effects of CO and HcN are #ell ki\dwn. Hyperv�ntila
tioh au'ettb eo� exposure will-il:idrease'·ilie'tf:!le of"lh�a.ke:bf 
other Mi'Xic gases·. Oxygen depri vanon i�1a'specia1 case:·ru1d tne 
reduction ifi the am©imt of�' available for tisstle'r6spiration 
is referred to as h)1Xiima. Becaii� of the 'int�ractidri 'o!frtfiese 
gasbsr exposure effects 'discussed i below·· eoiisidef11 tlie 
combined effects of th�e gases. Tlie· effect c>f exposute'tB 

1 .;�; � I �d-.pfj.� 
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toxic gases on a specific individual depends on the physiolog
ical characteristics of the individual. 

f j ,, �:;!'; ' ·'-

Exposure and Time .. . ,, 

Haber (1924) proposed thatthe effecl of exposure lo a gas 
i$,related to the product of the gas' concentration and time dura
tion of the .exposure. Haber's iulc is expressed as, 

E = C't ( 1 )  

where 
,E =effect of exposure (ppm-min), 
c 
't 

= concentration (ppm), , 
=duration of exposure (min). J, 

'This elementary·· equation assumes· it constant in-gestion 
H . : 

rate. of .the toxin. The-effects of some -gases do not follow 
Haber's rule, and concen�ations of toxic gase_s <lJie t6 building 
fires tend to change with time. Thus, Haber's rule has limited 
use for tenability calculations. 

In the past few decades, tenability limits have been 
expressed in terms of time�ihtegrated values. Time-integrated 
values account for the effect of exposure to a particular gas 
nupr � IV"rinrl nf tin1P r�thPr th�n �n i nc;zta-uh:iinpn11c Pvnn�llt'P - · - - -· r----- -- ----,.- ------ --� -- -�-... ·--· --- ... -... -·-r"'""--· 

The E parameter in I;Iaber' s rule can be considered a time:..inte-
grated value with. a constant gas concentration. If the concen
tration is a variable in time, then an integration must be 
conducted to obtain the area under the concentration time 
curve in order to determine a time-integrated value. 

FED from Animal Test Data 
; 

Several test methods have been developed to evaluate the 
toxic effects of gases on animals (Babrauskas et al. 1991; 
Purser 1995). Most animal tests are .conduct�d. on rats or mice. 
These tests determine the concentration of airborne combus
tion products that is lethal to 50% of the ·t�st' ani�<!is exposed 
for a specified tirtle, and t&itletlial concentration is referred to 
as• the LC50 (g!m\ The specified time ·for animal tests is 
usually 30 minutes{aiid the mimb'er bffatal!ities consists of 
animals that die during the test and -during a post1exposure 
time, usually 14: days after the test.· , 

Using t:xlrapulated animal test data, the fractiomtl effec-
tiVe dose can-be approximatetl>as��i .. l ' ·  

� '1 L ,,..• ·� 1 :ro 'I .,..i•: 
:t .. ,,_ . . . .·1 . - J Cd't ·' 

. I "".-: ·. FED 1_0 __ (2) = 
LC't50 -.:j :....i. IF l . ,_ ,, � t. ti:. . 

, ( ' -;L�Jr.1 ,.-
,) _, -' ' _}Jl'. .. ' 

�h��e �t:;: • 1� t' . � . .:<.:./: ,---� �).. ·; r.,i ... J ;f J f 

.: 
"J ' 

� ·;- frac):iopateff�ctiv�,c\ose (dimen.sionlesa). :, ,, 

C =concentration (g/m�3),' ' "' ,;i:c' �; ''' 11 
't = exposure time (min) , 

. . . , ., 

LCtso =lethal exposure ���'fron'.i1��i�ti6(g1m-3.ii:fu)��r ' '· 

: · · ',rj{ FED greater tllan'ctr equal'tb dne mdicates f�tiii't�. The 
c'cmcelitration· &"iiP"nras . of ilie' .ffi'&tetia'I' huriied1 p'bf' unit 
\iolnm�?Th�e leihii exp6sure·dose, DC��o �l1he'prodil'ct Sf thk 
l�1 11w;r;�· � .� l .,,. �· . . 1,11 J t : ' ··t.. . . ... 1 ·" l'JvV�. 
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TABLE: 1 -i: ,." 
Approximate Lethal Exposure Dose for Common 
Materials [g m·3 min; adapted from PUrser(1995)]·:: 

I. 

M�terial J;J, 
' -

Cellulosics 
C, H, 0 plas tics 
PVC 
Wool/Nylon (low N2) 
Flexible Polyurethane 

. . ., .. "·)" Rig�d'Poly'urethane ' "  

M�dacc;iic/P . .j\N 1. 

1 PAN is polyacrylonitrile. 

.< 

' 

Nopflaming 

' 

Fire 

730 
500 
5QQ 
500 .'i l  

1is<F 
63 

' 

160Jc);," 

Tr1" 
Early Post-

Flaming Flasho��t 
I Fire Fire 

. . 

3120 750 
1200 530 
.'.;300 200 

i'"920 70 
1390 • 200 

I 
100 54 
140 45 

LC50 and the exposure time. Table 1 lists some values of LOt50 
for.a number of commmtmaterials: • :• · 

The above equationcis the time-integrated form of. the 
FED equation. For mbstiapplications,'the time functional rela
tionship of concentration is not known,• and the following 
expression can be1used fm: discrete pairs of concentration and 
time intervals. · ''· 

;i t •• 
" 

L C1.1't; 
FED = i= 1,;. 

.... ··: 

LC'tso Jb t ••••••• 

'.JT Jf' • 

i \-;(3) 

where , ,,r '1 ,,, ··•. 
C1 ;- , ' = concentration for tinie interval' i (g/ih-3), 

- \ �..... ... � A't1 = 'tilne interval i (min), · . . .. , . .,., ,, ( I 
f" ::r ·.,.= 'immbff,<?,f discretr,P01:1��tra)i<;>Ii tiffie_pait�'F ,: ,, 

rvJ:�ny refere.0,ces use th.e Jenn "cmi.c�ntra�ionJime prod
uct,'.' Ot, tp,meru:i the.in��al term t>f: Equation 2, andt.this 
meap.ing, of C'C wil1 b� 11.ilseQ, for tht¥ rres� of,tbis paper. ' . ' , ., ,i; 

The question arises, should ineapacitatim1 or fatality be 
us�d a�:the.design.�riterionfor gaSt�1tposmre?:A:perso™who is 
incapacitated due to exposure to .toxic gasesiwillcontinue to be 
exposed to those gases. Unless the person is rescued or the gas 
concentrations improve draµiatically, such exposure will 
n:sult in fatality. Thus, it seems that, incapacitation is the 
conservative criterion for smoke management design analysis. 
While a FED of one indicates fatality, Bukowski et al. (1989) 
state that a FED of 0.5 can be considered an approximate value 
of the incapacitating dose. Tue, next sectfon· ;i(tldtesses irica
pacitation due to exposure to toxic .gases •. ·- ;· ;,, ,_, 

' �i 'rf"f J ·-'•' I,- .-i� .·' • � 
Fracti .o�al lncapl\_citati ,n _� posF .. '.. · . ·

. 
,, ·:· . ; . . - �,.�;;!. � �, .•.. ,, !•_;,j ,1..:�.i· . .  ' ._  .<J ,1 . , .,..J - . ' 

. �: r 1:l",�rP:tiS �;i.s,e� ,911��8 inq:ifla,�jt�t�'iW:fllJri.�ly by effF.cts on 
�� - cp.!1�Qj P.�rv.o�Hl?;�;�cm,,ffild. th� 1�Wf'P.pvµsc_u\�;�Jtcw, 
»,-!l�n�rP� rtata �9?l ,�� te:c;f� •. Pif41'F.� .(lp9�) �ve!qp�d. � 
model [0 calculate fractional incapacitating dose. The notation 

. '3 .�[.. 
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in this section has been modified from that of Purser for 
consistency and to facilitate computeriprogramming. 

"· 
II ,, . . ,. , . ,,. 

L [(Fico,;+ F1cN, ;) V co2,; + Frn,.1].1't; , 1 

/" i"' I 
FIN.·�, or (4) 

where 

fIN 

" . . . l_ (F1c02, ;).1't;; whichever is greater, 
i =I 

. ·: 

= fyactional incapacitating dose of all narcotic gases 
(cprnensionlpss), 1�i 

= fraction of an incapacitating dose of CO per unit tinie 
· (min-1), t.·:· · . . l ' 

FitN,i = fraction o(ah incapacitating dose ofHCN ph unit 
tinYe'(min-1 ), 

V C02 1 = factor for C02-induced hyperventilation (min-1), • ' t � ,' ' 

FIO,i ,,'= frac�;W!"rof an incapacitating p!Jse oflow-oxygen : , 
· hypoxia per unit tinie (min-1),1 , . :, ' ,.J.. ' 1 � ' . ' 

A-r1 i . = tinie jntyrval i (min), , r. .c ·, r •. ·; 

F1c02,1 = fraction of an incapacitating dose ofC02 per unit 
tinie (min-1). ·?!''''.';'.; )'1'.lO;l ,. � .,,,:. 

The teljtils in the above equation ar(f.CaloulatecLfrom ·�,. 

;l)"\; ... " 1s.2925'x io-4f��a ·� - ·« r.' 
r: •.. . Fico, i ="'. 3�,' .i , J :1 

'! .L. 

F 1 . ·-

":.�!'' 
· ·r�k;. 1 � e"�f.;r;396 � o.�23tH� , 

,, .;. v : i:.J exp(0.1903£;'co2 + i.1000M 
coi,;-. (5) 

Jj" • (\;, .. f; 7.1, 
. ::·· u: "F , ·�i.d1 .. .:: ,.. 1 ·1 

; : ,,3�;r�� eJSPJ8.131..,.p54(70.9- C02)] ;,, 
' .' J . ,, • 1 ,. 
. Fi�oz, 1 = ex�(6.1623 - 0.5189Cc02) 

... f �l I • 

:r 

where . ,  
't .," 

C�o .. A�.-·�qncen�ation_,of SO (Wm), v . ,  • , '" 

CncN ;,<;= cortcentrati.� cifiHCN �pm?r''. ··1 ' · 

O[;Jf '' ,b-. cdncentratio�'of C02 (percent), ·c · .'; '[c:.': 
,.; r . .-. r f .. 1 ·-1·:

·
...; ,'�Jl·. jr) ... ; .r',! i ,!,,' j,. ,_, -�,ff''../ ;;1; 

(:02• .. , ;; con��ntra�on.�f.�tcfV,er�enp. .,, . 

..,, f Inc�pacjtaJi9,1U� _e,st�ated, qy; �q�tion 4 for, .eith�r 
el71y��eP. �.02 or..$t;o95¥�1>}ri�d;#fe�� pfJ�_(}>, HC�, C02, and 
q2.,�9r�nvir.Q�enfs pr�d!A�.eq by builging �· ipca:�acita
ti,c?P .�lleJ9, to�ally�lc;yat,((,d <;;92 expf?§UJ;y i� highly .utW,k;ely .. 

. •i1i:;TPkfractjgi:ia1}nca]j>aciiat\ng.dose,,Jj'1N, is µseful when the 
9�p<il�tio� gf��:fu.l{l is knQwn �e th*the-,composition of the 
S�P1h:l!W�ll gases PE111 be calculated. While such inforn;iation 
may,lb�,availablt;,for, firec recons�ion,. it is generally. not 
possible for design . 
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Other Toxicity Models . ' 
Considerable work has been done at the National Institute 

of Standards and Technology (NIST) using test data from rat 
experiments to Felate toxic exposures to fatality. A computer 
model developed at NIST estimates the FED based on expo
sures to CO, C02, 02, and HCN1(Bukowski et al. 71989). 
B3:1?.rauskas et al. (1991.);and Levin �t al. (1994) describe the 
toxicity experiments and the N-Gas model based on these 
experiments, which not only addresses the gases considered 
by Bukowski et al. but also includes hydrogen chloride (HCl), 
hydrogen bromide (HBr), and nitrogen dioxide (N02). 

EXPOSURE TO HEAT 

Exposure to elevated temperature atmospheres can lead 
to skin burns and heat stroke (pyperthermia). The effect of 
e�posure to elevated temperatures depends, on the humidity of 
tlie ail- and the type and extent of clothing 'worn. . 

To determipe the time to incapacitation, Purser (1995) 
recomnwnds the following eqq;ition based on averaging the 
time to. incapacitation for exposures to humid air and dry air: 

;; , ·:R •r 

where 

T 

T.1h = exp(S.1849-0.0273-D 

= time to1irib�pacitation (min), ,. ,, 

= temperature of air (0C). 

(6) 

if 

SMOKE OBSCURATION 
When people cannot see beca�se of smoke from a build

ing fire, they walk slowly, which ,can significantly lengthen 
evacuation time, and thf{y can bece>m!! disorientated and lost, 
thus prolonging thejir exposure to.toxic gases. In atriµm fire 
situations, there is the added concern that a disorientated 
·person could fall from a balcony. Because a �erson f3.l.1ing 5 m 
(16 ft) has about a 50% chance of faf[uily, falls are a·sei�ous 
concern for buildings with balconies. ' 

' The relation between visibility and smoke obscuration for 
a light-emitting sign is 

8 s"' 'K' 

and for a light-reflecting sign, 

where 
'S = visibility (m), 

3 s = --, K 

K = extinction coefficient (m-1). 

'1 

I'' 

) " ' 
where ·''"i' 

••• J 

, -·•'.· 'l 

x � path length ·of ?istill6e of li.@it travel (m), 

(''!) 

(8) 

-· . 

(9) 

= transmittaJ1�e (dimensionl,�§S). ,; .. 

The transmittance is the ratio of the Jight ipteµsity remain
if1� at the end of the pathlength to that at th�. beginning of: the 
piifulerigth. A smoke meter is an experi��ntal device used to 
me�ure tran.�.Qlittance, which often has a laser as the light 
source. Readers are cautioned that smoke obscuration temri
nology is not uniform. Other names (such a" attenuation coef-
ficient) are sometimes used for extinction coefficient, and 
many different mathematical expr7ssions are used to describe 
smoke obscuration. Readers desiring further information 
about smoke obscuration are referred to Clark (1988), Collins 

For short-duration, high-temperature exposures, the above 
equation is conservative. For example, the time to incapaCita
tion for exposure to 150°C is estimated fromEquation·6 at about 
three minutes and from experimental data at about five minutes 
(Pu�ser 19?5). Alte�ati��.

�y, co��iderin� .. �!1 7xpo&.ure to
.
@ 

envrronment at 93°C, the time to incapacitation is calculated 
as 14 minutes, a result that is in better agreement with Purser's 
observations. For smoke control applications;•incapadtation '·· 

due to thermal exposure is not a concern for fomper-atures less :� 
than normal body temperature (37°C). Incapacitation times 
calculated from Equation 6 are listed in Table 2. 

TABLE 2 
et al. (1992), Mulholland (1995), and Klote and Milke (1992). 

._: �. .- -The visibility is the obscm:�ti_.on threshold that is the 
-- :: distance at which an object can just be se�n. Visibility under 

- the sam(!_�cmditions varies with different pdople based on their 

4 

Average Time to Incapacitation Due,�. 
to Exposure to Elevated Temper�tu,r&S- · 

� -
Temperature Tim� to Incap��itatioil 

oc OF (min) 
40 104 60 
50 122 46 
60 - _ l4.0. _ .. -· 3.5�-'- ·--

70 158. 26 :1 I 

80 176 I; �i " I(�,;:�;;; I 

90 194 15 YI· ;;_ •' . 

eyesightypquations 7 and 8 were devefuped by Jin (1974, 
1975, 1985) based on extensive tests where signs in a smoke
filled cli�ber were observed frQm outs'ige through a glass 
window:_; Jin indicates that the visibility: fur reflecting signs 
may be applicable for the visibility of other objects such as 
walls, floors, doors, and stairs. Visibilities calculated from 
these equations are average values, and they may vary with the 

... obser.ver..by-as.much as. 35%. --·--

_., u The'.above information about\risibility does not take into 
.: 2' p.ccouµ0 �e ,i.�tapng ef!'ects of ��o�� on the eye�. Jin (1985) 

. ond ctetl ests Cbrrelatrng the v1s1b1hty and walking speed of 
, "''subjects exposed to.irritating smoke with•tlie'.extinction·t�f-

,CH�99�8-4 
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ficient. There are shortcomings �ith �orreiadng physlological 
effects with an optical property'b'f smoke, since the effects 
would seem to be primarily caused by chemical components 
of'smoke. However, the•effects of eye:irritation are so signif-
icant that Jin's work on the topic is discussed below. ·' i' 

l r � I :::· l 1 ' -� 
Uri.;produceq �.irritating white smoke by burning woqd 

cri�s· and a less hiitatin_g smoke by burning kerosene. The visi
bility relationships of Equations 7 an_d 8 are not approprif:lte 
when subjects are expq�ed to irritating smoke. In, thick irritat
ing smoke, subjects could not keep their eyes open long 
enough to read the sign. Figure 1 shows the relation between 
the extinction coefficient and walking speed of people walk
ing down a corridor in irritating and non-irritating smoke. 
Both eye irritation and smoke density affect walking speed. 
Walking speed decreases with extinction coefficient for both 
�okes, but it is much worse for irritating smoke. For extinc
tion coefficients greater than 0.5 m-1 ,  the walking speed 
decreased to about 1 ft/sec (0.3 mis), the speed of a blindfoldt::d 
person. The drop in walking speed was because subjects could 
not keep their eyes open, and they walked in a zigzag or went 
step by step as they held the side wall. 

For an extinction coefficient of 0.35 m-1 ,  the walking 
speed through irritating smoke was nearly the same as that 
through non-irritating smoke. Using Equations 7 and 8, this 
extinction coefficient corresponds to visibility of about 23 m 
(75 ft) for light-e�itting sign& and aboqt 9 m (30 ft) for light
reflecting signs. It can be expected that a person. with average 
eyesight would be able to' see'°walls, floors, dooi� , and balcony 
railings about 9 m away. At th'is smoke density, even an irri
tating smoke wo.� d have ��nimal impact on walking sppe�. 
For these reasons, a maximum extinction coefficient of 0.35 
'm-1 was dhosen as the smoke obscuration criterion foi0fuis 

1 ••  • '\ r•�} !,; :_, , I �· 1 " {" papet., 

! • 

, . 

·:· 
,,; . I 

' . 

,• 

'' 
..-.... • •  ;,. •• !.. • en 
E'' 

I , '• :;-
' 

1 '.'0 1 

CD ,, , ) 
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.:r I� •r �:· • ,} ? 

, t � , _r J • , r: .J � , 
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�· • . ,.i 

-�,c,. •· • I 
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\ . . :::_,nl(hf 

; • :: •. 1J,"� 

) ;•-:;;,: 

�!. � '-·-�� 
The design of a tenability system for smoke management 

needs to incorporate safety factors. For simplicity, safety 
Jactors are not incJµded in, this paper until near the end,of the 
paper where the� are part of the generic fuel design approa,ch. 

Kand Particulate Production ' . ... _ 

) ;)  

The airborne particulates produced by a fire corisisl 
primarily of soot, and the 'production of particulates can be 
estimated as ' · J 

where 

MP = mass of particulates produced (g), 
M1 = mass of fuel consumed (g), 
Yp = particulates yield (dimensionless). 

(10) 

Values of Yp ar� listed in Table 3 from small-scale ��.p�r
iments of turbulent flaming combustion for a number of mate
rials. While it is expected that particulate production will vary 
with the size of the fire and the orientation of the fuel; the data 
in Table 3 are recommended in the absence of data ftom the 
kind of large fires for which atrium smoke management 
systems are designed. For additional information about partic
ulate production, see Mulholland (1995) and Tewarson 
(1995). 

The extinction coefficient and particulate concentration 
can be expressed as · ' ·"- .. . : ' { : ·; . . 

vvhe,�1;;�.i , 
K ... ·. � !i::- :extinction coefficient (m-1), 
Km '1": = specifihbxtinctioh coefficient (m2/g), ··' · 
:�P,,, ·:ii�' inali�,

·��n�e��atlon of.particulate (g/m3). · 

0 lrrd,!ati/lg Smoke .,,.· .. 11 . •  

(i) · Non�lriitating Smoke,�·· 

>Sqfi .� 

··� 

. .. 

. , 
'l. ; 

(11) 

;, 

., .. 

O._���...._�.__.__��·�··�··�··��-�����.__������������� 
o .. ;;.� 02· . . .. 1: ... 0:4,.i o.6 o.s--: ·1.0 1.2 

.:"'�;·_,/·'� "�',,,', :� ; ' 
--

: �L. ::�·�·�ff�st.ipP,'.'�9effi·�ie�i. i< (m�1) _ 

, llitft,q"�· l i 1 W�l.kiug.tspeed in, irritating, and non-irritating: smoke _(.!in 198� ). · 
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TABLE 3 
Particulate Yield and Heat of Combustion for Well-Ventilated Fires of Spli� Fuel!; 1 

� " . Material 

Natural Materials 
Wood (Red Oak) 
Wood (Douglas IjiJ)� ':I ,. 
Wood (Hemlock) " 

Fiberboard3 j' .. , , 
' 

Wool 100% . 
Synthetic Materials 
Aery lonitrilc-llutlldicnc-Styrcne (AUS) 
Polymethyl Methacrylate (PMMA; Plexiglas™) 
Polypropylene 
Polystyrene ' '  

Silicone 
,,_ • ___ --�--4 

.1 UlJ'-'o3l.'-'l 

Nylon ·\, 

Silico�e Rubber " 

Polyurethane Foam (Flexible)4 
Polyurethane Foam (Rigid)4 
Polystyrene Foam4 
Polyethylene Foam4 
Phenolic Foam 

.i� L : P,o,Iyf'.thylene (PE) 
· -

PE with 25.% Chl9rine 
PE with 36% Chlorine 
PE with 48% Chlorine . 
Polyvinylchloride (PVC) 
�VC!:1t(L_?.� .": .. o_.5Q)� "rr;;.: ' 

" 
.1 • c' 

' 
\ 

:!':·. .. ;\11 
. .. 

� 

. t•t,' •: 

- ·�.1 

� ' . 
. . 

I j•jj • · . . . . ,, . 

. . 

!Yl 

PVC 2 (LOI = 0.50)c "l'.Ji' . ., ! , ·_.--
.. 

1 PVC°(Lof!o:io)"' : ; .. \ .. � .. . " . . , . . 
' 

- . . . " ' 
PVC,�OI ==,0175);.-1 · •I II' • 

PVC (L'01'= 0.30) ' . . . :. I 

PVC (t8t � (135f ' 1.I I .t ' . .).f'! . .. •T 
" ·'- ' " ' 

Ethylenetetraflu.orqetllxle.!1� ,(ETFE; :r.�fzel™) i.";:· •·, . 

Perfluoroalkoxy (PFA; Teno·n™f' ,, :, • J: t! •)' J i '. ��: " 
,. ····i', · 1· ':: ,, • .  r.·· ' , J :)'"· -:. -, ... · • .. , 
Fluorinated_ Polye�)rlene:Polypropylene (FEP; Tefl.o'nTM) · 

.. . . ..,, , . � " 
Tetrafluoroethylene (TFE; 'fetJon™)_ . . , .. .. . , .. 

''1 • Data from Tewarson (lcJ95), cxcepl as 0U1crwisc noted: ·'.l 'ri T 
-·�'The particulate yield per heal relcnscd is 1f = 106 y/Anch'. .L 

3 Particulate yield data from Mulhollnnd ( 1!195). 

Particulate Yield 

' 

, 

: I , 

I 

" 

... 

" 
:;Tf 

; .. 

r. 

- . 
': 

' 

J• . 
I 

o!� - • '  

·r:. 

" 
\' 

-; 

- -

. .. ,.,f . • l 

Yp 
\ 

U.015 
O.Q18 .. 

" o.oi5 : , 

0.008 
0.008 

0.105 
0.022 
0.059 
0.164 
0.065 

. . I\ IVU\ V.V'7V 

0.075 
0.078· 

-'" 
0.188 
0.118 
0.194 
0.076 
0.()()2; 
0.060 
0.115 
0.139 
0.134 
0,172 ,·:. 

0.098 
0.076 
0.099 
0.078 
0.098 
0.088 
0.042 
0.002 
0.'003 I•� l 
.-4;f :1 .. 
0.QP�-

4 Values listed are average of a number of different materials under this general name. 

' 
Particulate Yield per Chemical Heat of 

HcatReleased2 '· Combustion 
, . 

YD (g -tMW1) Mich (k.J/kg) i 

, .. h2 12.�uo 
.. 1.4 : ! � i3,000 ' 

-
,._ 1.1 , :• 13,300 ·-

0.6 14,000 
0.4 "� .. : 19"1500 ... . . . 

- · 

}_ 3.5 }0,000 
0.9 24{200 

- ' 
.. 1.5 38,600 

6.1 27,000 
6.1 10,600 
' �  ,...n_,�M 

" .... _, �U,.l\N 

' 2,8_:) 27,100 I 
, : ':'· 7.1 ' 10,900 :.l 

� '" ··:. · 
10.7 17,600 

... 7.0 .l !1' 16,900 
7.6 ! .. 25,500 

. � .')2.2 34,200 

'10.2 .,. lP,,000 . •(• -
... .. 38;400. .. 1.6 : ,, 

5.1 22,600 
13.1 10,600 

" 18.6, 7,200 
30.2 J 5,700 ' 

j 12.7 ' J?,; '7,700 : 

9.2,, 8,300 
8.8 \' 11,300 
8.0 9,800 
,9.5. • )0,300 

811 . I l 10,�oo . 
�- l 7J! '' .. \ ; �J .. 5)400 ; .. _ ___.. ___ ._ - . 

0.4 .. •;'J,;:1 ·:.or 4,700 
r , 0.7• .. :. I• .; 4;LOO 

· - r ... , . .. , �:200 , 0.7 -· 
� ., .. . . 

'!: •\,. ,. If .• t� ... 

·- TM The use of trade names neither implies recommendation or endorsement of any product by John H. Klote, Inc., or ASHRAE. 
6 
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Seader and Einhorn (1976) obtained values for Km of 4.4 
m2/g for smoke from pyrolysis of wood and plastics and 7 .6 
m2/g for smoke from'flaming cbmbu'stion of these same mate· 
rials. . Because atrium -. smoke- management systems are 

design�h\.t� _withstand flaming fires, Km = 7 .6 m2/g is recom-; 
inendeci. r f •f ' 

--
, .. 

-- Table 3 lists patticulate -prod{icti�n, YP' in terms of heat 
release. This value can .he useful in, calculating mp w_ith a 
smoke traiiSJ>ort analysis. To the author's knowledge, all such 
smoke transport analyses used for smoke management neglect 
smoke particle aging (agglomeration and deposition) in the 
belief that such aging has an insignifo;!lllt impai;_t on calculated 
visibility. 

SIMPLE ATRIUM FILLING 
: - Computer models can calculate mp and concentrations of 
gases for a_' wide range, of smoke management applications 
including atria with unsteady fires, mechanical smoke 

The concentration of fuel in the smoke volume is 
) 

. �� . 

M 
j . . c·.� �'· .1 ·1 (14) 

This can be substituted into the , �quation for the FED to 
produce 

(15) 

This equation is conservative in that it is bas�g on the concen
tration at the end of atrium filling, which is the highesJ level 

-of concentration during the atrium filling process. --
Neglecting heat transfer from the smoke to the atriuni 

walls and ceiling, the smoke temperature is 

T = T + _Q__ s < u ,  M C  ·'· <  s p --- . · ·i. 
(16) 

exhaust, natrir.al smoke venting, and atrium filling. However;, .- where 
this section presents a simple analysis of atrium filling with a: �  � 
c.onstant fiie_ that.is used to illustrate tenability calculations. As Ta is common• practice, this analysis neglects aging of smok�_1 , 
particles, µeposition of snioke particles, and deposition of-- Q 

1 

• = absolute temperature of smoke (K), 
= absolute temperature of ambient (K), 
= li�at_rl!leased (J), 

combusti��� gases. In most cases, deposition of gases is not ) Ms = mass of smoke (kg), 
significant The most notable ex�epticm is HCl, and the zone , CP -+-·;::; specific heat of smoke (lOOo·j kg-1 K1). 
fire model CFAST (Peacock et al. 1993) is capable of sim1,1� - ·  - Using iiie ideal gas equation� the mass of the smoke is 

' lating HCl deposition. However, neglecting· gaseous depost: · - - ·  ,... 
· ,,._. 

1 tion results in- increased calculations of gas toxicity, .which i's M v . PV.s ' � 1  '- ·· ·.'.'._ .,. (1-7.) s =-· Ps s � RT-,  conservative for smoke management analysis. �. . :>' ' 

where In atriuni filling, all the gases and particulates fro�1 
combustion are collected in a single volunie 'that can be calcuc · 
lated from· simple equations or computer smoke transport p = absolute pressure (Pa), 

= g� constant (287 J kg-1 Kc1). models, as' lllready rnfo'!ntioned. In this volume, the avt:i�se 
value ofthe· mass concentration of the particulates is ' •: 

- �-mp - V ' 
- s ·- -

� - . ,. - -· (12) 
(.- _ : n 

where Vs is the-volume occupied by the smoke (m3). L "  1 ; 
Because the heat release rat� of the fire iLconstant, then 

mass of fuel consumed by a fire can be expressed as •·:·, . , , : 

R 

Atmosphenc pressure -is approximately 105 fa_, but _ �t 
varies with ·elevation and weather conditions, Substifut..tl.g 
Equation 17 into Equ�ji011 16 an,d rearranging yields 

' 

Ta T = ---s 1 - QR _  
VSPCP . ,, 

• ·  . 
- (18) " . - - --.., 

The smoke. temperature and contarniJJanb;ol_iCentra6.on are 
conservative because they are ba ed op .;conditions_ �n the 

(1_3) - - - - -

' '" ' atrium ai't:he end of atr:i.um filling. To explaiR�tJtiS, 8: �.is(:\]ss�on 

where 
· I  

-
= mass of fuel consumed (g),,__ 
� total heat re,leaseJate_ili:W), 

ofthe'atrium smoke filling process is needed;A smoko p urine 
rises.above the fire .and.forms a layer ofl19J�IJiok6 uh_c!eithe 
ceiling of the atrium. As time passes, . the• sm0ke· •layer 
descends.The end time or such consiaerat!?� Pffl l;l� dl?ter-

. _ Mell -' phe�caJ !i�'!Lo_f co�bt:i�tion (kJ/�gL 
= "time from ignition (s). ! · 

-·mined by·aa-evacuation analysis, -and Vs is the SmOktHO)ome 
. - -- . - at the end. rune. The plume �nii.aitis ai'r1 ffu'!l1 the atriu'IJ! as it 

. -- -, ·- " · - --- - - -- - . . . - -- --- . Values of Aflch for some matetj_als are listed in Table.3Jn 
- --fires, combustion.is-iievercompJ�tif,-Combustipn effi:cleqtY, �

, - · the· ratio of the· chemical heat of e6mbHstion to the net-he-atldf 
combustion. Using Mich eliminates the need to consider 
combustion efficiency. 

CH-99-8-4 
j e· � :  

; :  . ,t '  .... • 1 • 

rises �o that the plume mass flov.irincre<.\,S� wjth h�Jght an9- the 
Pill.me temnerature and contaminant conceiihatrons decretise · -rrl\ r . , • ·.:.'l:."\ ·�1· " 1 '�·:l/f,J 11� � 
witlrlreight. Further, the smoke'layer temperature and contam-

_inant concentrations incr�ase: �il:Q smoke ijlling time· lfor a 

steady fire. Thus, the concentrations and smoke temperature 
are the highest at the end of the smoke filling for a steady ,fire. 

· .J,1, 't: IV • .. ·. " U 1  
. 1 : 7 

:-1 



Part 2: FED. Use the lethal exposure dose data for a flam-In addition, the smoke temperature estimated from Equa"'. 
tion 1 8  is conservative because heat transfer w�s neglected. 
Further, the exposure time is when the Sllloke layer reaches. the 
occupan,t, untiJ. th�t occupant leaves the smoke layer. The total 
filling time is greater than any possible exposure time. An 
upper bound of tenability can be calculat�d. using theJemper
ature and concentration at the �n·d of 'fiJhng and an expOSllfC 
time equaling the entire atrium filling time. 

;-!'ing fire from Table 1 for cellulosic materials. A person would 
probably not be exposed to smoke for the entire 20-minute 
duration of the fire, but we will use the 20 minutes to calculate 

. Example 1 below uses these conservative equations to 
calculate the upper bound of tenability for smoke filling. If a 
more accurate evaluation of tenability is needed, additional 
details from a smoke transport will be needed. 

Example 1 
A 2 MW fire is burning in an atrium without any venting. 

lfthe fuel burning is all cellulosic, what is-the uppe� limit o{-· 

tenability for this application ? A sriioke transport analys'is was 
made including calculations of plume flow and smoke layer 
interface height. This analysi.Y showed that at 20 minutes after 
ignition, the volume of the smoke layer under the atrium ceil-
ing was 80,000 m3; ' '  ' · · ' ' · ' ' .  

Caution: Cellulosic fuel is used here only for example' 
purpuses1 iviusL clt::sign f1ft::t> wuuicl inc1uclt:: mht::r maLt:riais iliaL 
can change the results '8'ignificantly, as discussed later. 

·The : particulate yield '. ru1d heat of c&rnbustion are not 
specifically listed in Table 3 for cellulosk fuel', but the wbbds 
are all cellulosic materials, so values for Wi:1od (hem lock) will 
be used. " i1 -, : ; : · . : ,  w 

Part ' I: ' Smoke Obscuration. From Equation 1 �; th:e 
mass of fuel consumed in 20 minutes is : · J 1 , ·: 

.' �; l ' .  . ' ;' :. � . i 

M = " IOOOQt = '1000(2000 kW)( l200 s) ·� l��-
OOO , ff l f t..Hch . IJ.3,300'KJ/kg . , , ·' g o  ue . 

( j ;_ ' I f' ' _i 
-

: ' ' : � ' . 

, From Equation 10, the mass ofparticrilate producedin20 
minutes is ! ,· · 

• . J • } ;-_ ( J . ., . � -l-, 

f'Jp = Y�1= 0.015(189,090 g) = 27QO g Qf particul��e., .  , , 
_, _J' •• ;. � I  ' .  . . _. � 

The volume of the smoke is Vs = 80,000 m3. From Equa
tion 1 2, the mass concentration of particulate is 

2700 g - 0 034 I 3 
3

-' . g m  . 
80, 000 m " · 

Using Km = 7 .6 m2/g for a flaming fire, from Equation 1 1  
the extinction coefficient is ' 

K = Kmmp = 7 .6 m2/g (0.034 g/m3) = 0.26 m-1• 

From Equation 8, the visibility of a light-r�flecting sign 
and many other obje�ts is - - . . � c:,.; • 

3 3 s = K. =:= · o.t6 =r 12 m ., 

Naw,that the above value of K is·within:the'visibilitY,criteriil' 
of this paper (maximum K of 0.35 m"� ). · . · '· , 

8 

an upper limit to the FED. .·: 1 

·!' � . . -1.. . From Equation.JS, 

FED = _ _  fl!J:_ = 180, 000 g (20 mh1) = O.Ol4 . . VsLC't50 80,000 m3(3120 g m-3min) 

As previously stated, a FED of !_indicates fatality_imd a FED 
ofo:s roughly indicates incapacity. The above value is very 
small and indicates that the effeds of toxic gases are not a 
concem_for the conditions of this example. 

Part 3: Heat. The heat released during 20 'ffiinutes of the 
fire is 

Q = Q t = 2000 kW (1200 s) (1000 J/k.J) = 2.4 x 106 kJ = 2.4 x 109 J. 

For an ambient temperature, Ta = 23°C (23 + 273 = 296 
K), and a pressure of 105 Pa, the temperature of the smoke is 
calculated from Equation l8. . ,. , \ j : -·. \ 

T = Ta _ 296 s 
1 - � - I _ 2:4 x IO<;l kJ (287 J kg-1 K-1 ) Vsf,CP;i 80, 0DOm3 (1051Pa)( l00d kJ kg-l K-1 )  = 324'K on 31°e•.' 

From Table 2, the time for incapacitation due to exposure 
to this temperature is about 45 minutes. For most applications; 
this would be more than enough time for evacuation;-. ') 
DISCUSSION 'OF TENABILITY 

· -' '  

' ' ·  In 'th · above example, the FED was · io small that it indi
cated. that gas toxicity' wot1ld not' be a\;oncdm f�r that apP,Li.
cation'. The au.thot and' other de'si�eP; nave encounte�ed 
similar situations with calculations fdr other smoke manage
ment applications. For many situations when the airborne 
products of combustion are diluted to meet a visibilify crite
rion like !hat of !his paper, !he toxicity of the combustion gast:s 
is not of concern. Furthenri.ore, §Uch dilution often results in 
acceptable smoke temperatures. This section examines these 
issues. 

Diyid�p.$ Equation 10 by Vs and substituting Equatious 
1 1 ,  1 2, and 14 results in ,) i 

K C = -- . �m�p 
(19) 

SuBstituting' Equation• 19 into the FED eqli'ati.6ri prdtluces 
( ·  

(20) 
i' ! '. .  

Combining Equations 14, 1 8, 19: �a"Q ;;, Mfalch• yields 



1 ... · '-- ·· TABLE 4 ' · ' 'J;  :, 

Values Used for Tenability Discussiohs . 
1 

Material 

Wood (hemlock) 
PMMA 

PVC 

Wool,, , . .  
Nylon · •  

• I  
· • .i 

. , , ..., 
PU Foam (flexible)' . 
PU Foam (tjgid) 

r 

: r : . 
1 :  

. ' 1 ,  

. .  

II 

Flaming 
LC'tso 

(g m·3 �) 

3120 

1200 

300 

920 ·' · 

920 
: j,, I � 

139.0 

lQO 

(21)  

Equations 20 and 21 are inctepe�dent of the lieat release. 
rate and the duration of the fire. These equations for FED and' 
I's are expressed as functions of K. Table 4 lists some materials 
for which the lethal exposure dose is available from Table 1 
and the particulate yieldis a�ailab.le from Table 3 .  .o. ·: "· ' 

If the sm(;'\ce}'foro.�the�-� mat�ri�l;s is diluted so that K is 
0.35 m · 1, visibility meets the criterion for this paper. · J:or this 
visibility, the FED for flaming fires and post-flashover fires is 
spov,vn in FigUfes ? and �. Flaming. fires have !Unrestricted 
access to air, as can be expected of a fire in1an open atriumj 
provided that �e smoke layer is ab0;\'.e tj:J._e flames. While there . 
are many definitions of the post-flashover fire, it can generally 
be said that the entire fire room is involved in fire. .. " \ 1 .  

In  North Ameri'ca mo.st atria smoke managemen. tjesigns 
f f ' - •• • J • ) J. . ..  • -:'  ... are based on pro.�c;,t�ng, a;Fst a. _%�)9f.���:� . in ,th�,�!T�P�·,; 

Th�� is based on the id�� 1t!Jatfires. r1P./O.om Of,.O.fu:er paces th.�t. 
are .�pen to the a�um" c1�e protci;f�d1 by spzi�.�Ti ., For,thes� ... 

' 
, ! · I  

Note: This figure i s  fo� materials·: : •  r: 
burning in .an open atrium SPi\IJ).e � , , , -:: 
with unrestficted'access to air: , . 

·· ' 1  

30 60 90 

. •  ·1., :.' 

. , . 

H o f• ,J 

PU Fo:"'!! lex be , • 

1 20 

1 
Exposure !im.�. (mi�) T . 

Figure 2 FED produced by s;ndke of K = 0.35 m·1 from 
. fire$ iri an atrium. 

:� : v . � · . \ J . .:r, ,r  -.:. � .... ;: : : ' 
·.i • •  : n q : :; ... .l; 1  ••• i _: 1 . - ' ! � .. ; 

Post-Flashover 

" . LC'tso 
(gm"3 min) 

• I . <'.!hmncal Heat of 
Pariiculate.Yield · 

' • i :· Combustion • '  
Yp , , Mich (kJ/kg) ' , . , 

750 O.Oi5 13,300 
., 

530 0.022 24,200 

200 . 10.098 . 7,700 . 

; r  70 , ; ;: 0.008; I 19,500 

70 0.075 27,100 

200 0.188 17;600 '· 

. 54 0. 1 18 16,900 
I 'J' 

desiw.�. the FED .data for. fues with unrestricted a<lcess to air 
(f,igure 2} are appropriate . . .  

Generally, atria are el{pected to be -evacuated in less than 
20 m\nt*s, with even lt;�s exposure .time inside the atrium, 
From Figure 2, it can be seen that the FED values are less than 
O.Z fo; -�l the m��etjals evaluated :with aJJ.!e�posure time'.of 30 
nµnut«�· As alre11�Y stated, F'igure '). �as sufficient dilution to 
provide accept�ble visibility anq a;EEO Malue of0.5 indicates 
i!];<r�pacit��pn., ;lb.'1$. for anyiof tl.l,e�� rp.ateri.als burning in an 
atriU,�. if the3;)lloke i� sufficiently dilnted tomeet;the visibility 
cnteria of, thi� , pppeF• �oxicity is. nqt a cop.cell)...for ellposure 
times less than 30 minutes. Figure 2 can be examined to see 
th.at for all ��se, m,aterials, tq� �!lp.ve statement ·includes a 
significant factor of safety. ..,, · .. . .  ; u . . ; . ,  

In some locations (such as the United Kingdom) designs 
are based on protecting ,against fires in i:;q©ms or shops that 
open -Onto tht atrium. For these de8igns, a post-flashover fire 
might occur and the FED data of Figure 3 could be appropri
ate . .P,ost-flashover,fires :Produce higher levels of CO, so frwas 
expected that the FED values forpost-flashover fires would be 
higher than those of .fire with unrestricted access to air 
(FigUtes 2; ,iirid 3)'. Wifu the excepti�n of wo�l, it cfili. be seen 

0 
UJ 
!:!:. 0.8 
cu Ul 0 

0 0:.6 • . � tl [j 0.4 
(ii c: 0 0.2 � � LL 

0 

N�te:1 ·;rhis 'figure is for 
materials burning in a 
post flashover fire. 

30 60 

Nylon 

PU Foam (rigid) 

Wood (hem1oi::ilo) . • : '  
PMMA 

PVC 

90 120 
Exposure Tim�{l]lin) 

1[,igur� 3,; f,fi[}1pmduced hY ' smoke of K = 0.35 m"1:jr@m 
post-jlashover fires. " , ·r  

9 



.1 

TABLE S 
Heat Exposures Produced.by Smoke of K = 0.35 m·1 

Adiabatic Smoke . 
Temperature, T8 1 Incapacitation Time ; Material 

oc . OF 't1h (min) 
Wnntl (J..:rpm]n,..Jr) 62 144 . . .  , ,, 33 . .  "' "' - , ... ........ _� .. ....,., ...... ......... ,/ 

PMMA 73 " 163 25 
I 

. · N/A2 PVC . ;  26 79 

Wool • ' "" 1 60 . 320 2 �{ , . . 
Nylon ,, - 38 100 64 

PU Foam (Flexible) 27 81  NI� 

PU Foam (Rigid) 29 84 NIA 

1 The adiabatic: smoke temperature does not inblul'le heat transfer to the atriuri. 
w,al,ls, or ceiling1, il1ld the amblenL ntrimn_ !"mpcrnturc ,is 23°C {73°1'). j . ·, 
2 'NIA indicates that the 1cmpcrn1uro is insufficicm 10 cause inaapncitation. " , " 
3 Values used for hen! exposure calculations · listed in Tobie 4. 1 

' H ' ', , ) 

. ,. 

(Figure 3) that the values, of FED for post-�l)-�hover fires are 
less than 0.3 for all the materials evaluated with an exposure 
time 'of 30 minutes. Thus'� 

'.for a�y of these materials except 
wool in a post-flashover fire, if the smoke is sufficiently 
diluted to meet the visibility criteria of this paper, toxicity is 
not a concern for exposure times less than 30 minutes. 

, ; ;)'J For a K of 0.35 m-1 ,  adiabatic smoke temperatures and 
incapacitatioII ,times due to heat exposure.are listed in Table 5. 
As ·previously-stated, the adiabatic smo).ce temperature does 
not include heat transfer and is the upger limit on the smoke 
temperature; For all of these materials e�cept wool, it can be 
seen that the incapacitation time is 25 irtfo.utes or more. Thus, 
for any of these materials except wool, if the smoke is suffi
ciently diluted to mbet the visibility ctiteri� �ftliis papet, inca
pacitationldue to heat exposure will! n9t occur for\�x:pos'irres 
less than 25 minutes. 

· · 'F 

::Wool is an interesting case'; its a'ppatent pbor 'sh6Wlng in 
the above analysis is due to a low partidilate'yield as mti'l:\11" �s 
to a-relatively" high toxicity. It will be'sf1oWniiliat �P{>;Opri�fe 
sel'ection of a generic fuel can result tn a ·!}Ystem 'clesigr(for 
which ii wool fire will  not i'esult in toxiicit\y 't:oncern�. 1 r." 

n · "'p" • :t 

GENERIC FUEL AND:DESIGN FIRE 
· , :J"; . ,, 

For a smoke , ,management design, the; system must be 
designed for a fire o� unkno,�n materials. IP, some applica
tions, there is limited information abou materials that could 
be in�olved in a fire: For co��rcjal and �e,sldenti.al build
ilihs,i.· the materials' i�ide th�_· �µ.itdip�, �Ml .be )expected to 
chang� sig�1ific�,�ly .ovc;-r t..lie li�e of �h�'bu�lP,,jng. �urtber, mo�t 
buildings are subjected to. short-term fuel_ loads, especially 

•J\ I •• f .J... ' • auring delivery of materials .. and building moder�Z3:,QOn. For 
fuese reaso�'s, there' is a need for generic fueis for dcsfgIJ anal
ysis . 

A generic fuel should be part of the'. design 'lire. Fot·tradi
tiqp� sll)-oke man1;tgement �pplicatioll,&,·the design fire only 
c9,�sists of the heat release rate (H�). The,HRR�c&n bt; steady 
�{unsteady, as discussed ,iipnany puhlications ��out .smoke 
management. A generic fueUs one that consists of �.number 
of specific materials that are common to buildings, and differ
ent generic fuels may be needed for different applications. The 
lethal exposure dose, particulate yield, and heat of combustion 
of the generic fuel are the weighted averages of those of its 
components. This can be expresse� as 

; · t I · � , I • j 

· :  

:t• 

where · 

n 

LC'tsu, c; = L f;LC'tsu, ; 
i =  I 

:1 ; 1 · n t  : 

Yp, G ""  L f;Yp,.; 
i = 1 

i l . \ , I  1 •  

(22) 
" 

.'.G · · • '" . = subscript referring to properties of the ·generic fuel, 
' '  

/; = .fr.a�tion.?,f c.;o.mp�nent i,qfthe.generic fuel, 

n:· : _=; 1  number of component materials: in th<! generic fuel; 
) . '-'. : ' l '  : ' � '  ,1 ' '. ; 

. Tabfe '6 is an exaniplf c>f' a generic fuel m!l,d� of five 
coh-iponen¥s: The g�n'eric fi1el approach sonsiders that all . of 
i , I, ,: ' �� . . .  •. ' I , . • • , , ' � : '. ·' ' - ' 

TABLE 6 ' .. , · · ,. 

I •  

I '· 
C!flJulosics 

. .  

'Material u • 

t r '+'  

• Desct'if3tion' of a Generic Fuel · ; r" :, .. 

' ·  1 Fractlbd. i • 
• "t.. ,/ : I 

J) o 
0.5 , . . 

Flaming 
• LC'tso . ,  .. .  · 1  

(g·m·3 min) ·' · 

. 31,20 . . • " "" " 

Particulate Yield 
Yp .Y -_ 

0.015 _,, \ J  

PVC O. L - . •:.  300 � ·  l .  ' '· "0.0!>8 \ ' ' "· 

Nylon ' · - .I 

PU Foam (Flexible) 

PU Foam (Rigid) 

Generic Fuel 1 

! • 

. 0,1-:, , 
\._J - r< j -, / L ; · > ' .1 , . .  :,, O.i ., 

' ' 0. ! ·l 
r. : - .: :.� ... 

· ' ' .. ' ' ,  . , � �- _,·: . •  , · ; . · ·  nr _ .  J 
·r Lct5�, Yp• and !J.Hch of the generic fuel were calculated from Equation 22. 

1 0 

' . . . . :. I 
920 0.075 

1 390 0. 188 

100 0 . 1 18  
r , - • ,1 iu ·1970 0.074 

' ' � .. 

,.f , . ,,  . ... 

Chemical Irea • 6f--· 
·�· fombu.<>tion 

/VJ.ch (kJlkg) 
13,300 

7,700 
. ; 1-.;, �' 

' ,, ..  I 
_, .27, 1 00 . 

17,600 

16,900 

. 15;300 



) 

the components bum uniformlf With time over the durationbf 
the fire. In real fires, soll1:e materials bum before others, 
depending on their properties, orienta6o'n, .and location. . . 

� • 1 . , i  , 
An alternative approach would be to analyze the fire as a 

series of differ'ent fuel packages burhiD"'g .in a time sequence 
deternUnecf'l:>y' ignition 'of on'e fuel package by the ��dia!=!on 
received' from pu kage' �lieady burlung'. this fuel pack�ge 
approadi has bet!rl 'md�tl y' u'sed for fire 'reconstruction' in volv-. • t • • . ,,, 
ing litigation: Because of the level of'detail needed f9,r 'the fq�l 
packag� apptoach it seems t):iat it i not justified f6r design 
at'ralys1s. · 

' ' ', � 1' 

Compari�on with Other Fuels · , ; 

It cati�be useful to compare'the effe'crs'of two fuels, orle 'or 
beth of 'whiCh being ge'Iier1c. For smoke manageth�nt systems 
with ;·the same mass · flows, HRRs; I and convective fractio'us, 
the fo�lowing relationships apply: 

· 

j lJ � ·' 

(23) 

· :  tY 
Ta :::! ----'-----2..;.9_6 _______ _ Ts = ---.�-H-ch_K_R_ l - -- - 1  - 1 - 1  1 _ 1 5,300 kJ/kg( .35 m ) (287 J kg K ) 

" 
CpKmypP' -1 -I 2 5 

1000 kJ kg · K (7.6 m , /g)(0.074) ( 1 ,0 Pa) 

= 304 K. 
We can see from the low' value of the FED .that when the 

smoke f.iiom this generic fuel is diluted to the visibility crite
-rion, gas toxicity is not a concern. The smoke temperature is 
.J04 I( 1(3eC [88°F]). Thus, incapacitation-due to thermal 
exposure is also not a concern when t):J.e smoke from this 

- generic fuel is diluted to the visibility criterio�: 

Example 3 
F Jr a design using the generic fuel of Example .. 2 (Table 

6), how does a 100% wpol fire with the same HRR compare ? 
(Note that it is probably impossible to make a self-sustaining 
100% wool fire, but it 4 used here to provide insight into the 
earlier poor showing of wool.) 

Data for wool are listed iri Table 4. 
Using Equation 23 with s�i:l�'cript 1 for tqe gene& t\iel ' . ' '  . d ·  . ' 

and subscript 2 for wool, 
, ! ' r; ::· l . .:r. 

I ' . .  
. . T,, 2 = T8, b;=1��K . . . " 1  

fl th, 2 = t Ith, r {the smoke temgs:ratµre is so low this.. is noo a concern) 
where the subscript 1 refers to the fuel for which design infor- · · 'f · . · · • · , 

• " 
K _JKI, , �i6.Hc1i. 1 _ 

O 
35 -1 0.008 1\300"'_· 

0
' 

0.,,· ..'.1 mation is known and subscript 2 is the fuel for which such "'· 2 - 1 . ,  • fl'H - . 1\1 0 074
•
19. 500 - · ""' m ,  . c . . d . d B th k tur Yp, I ch, 2 • ' . - ' in1ormatlon is esrre . ecause e smo e tempera es are 

:i .  ' . I  JS.ff LC<t .... ' .' the same for the two cases, incapacitation due to thermal 
, . ·' FED2 = FED1 �----1&,! ='i0.006 J 5,300 1970 = O.Oib 

exposure would be the same fbr both. while the value of the •r 1,�{f clr,_2LCtso. 2 19,5.00 �'.29 .i; 
convective fraction depends 'on the material burning and the . . i.'" . . · , , 1 ,J , . , . .. . . ?'. ' i;  , , . : , " 
size of the fire, a convective fraction of 0.7 is used for most • . . · .  TJ:iis shpw�. �a� a�esign that provides tenaP,�Jii.ty.,f,or the 
smoke transport analyses. For applications where consider- g���rip,:6.i�� wcmld,alsO l)fOtect against a wool firf1· 1bis s,},10uld 
atiqn of sp�cific convec;tive frac�ons .of different materials is not be surprising, as the particulate yiel�.ofthe generic fuel is 
desired, Equation 23 needs to be modified. . . .. _ m�HR·,ITT�':l�f.. �an *-��of wo�l. In g�nerlJl, it is antici?ated �at 

Equaffon 23 cari alsb be u'��d'. to adjust &·� \esults of a &�ll:<if!� n.!�ls ��l�9te:?Jor designs would have a relanveJ.y high 
design !lllalysis @ased on a smoke transport 'simulation from pJ9portioQ of po��me� and high particulate yi�lds. For the 
the original design fuel to anothe(. For �xample, j� the poten- ab'q�� .'generic uefs, �ith a high p�culate yield, the above 
tial fuetdbmpositio� in: an exi��N�.' f afili� i ';°�ie :.it�, si��ifi- examples show.lh��.¥,,alysis of the effects ofexposure to toxic 
cantly change, Equation 23 could be used to adjust the ongmal gases can be greatly simplified. 
design calculations to determine whether the existing design _, .:: , i 
provides adequate smoke protection with the �wfuti:c.ir. .. r ;i k: Germfi�,_Fuel Design Approach 

Ex�r)iple 2 , Design of tenaqility systems ·ror atrium smOke manage-)ni.i.' , ·, · 
. tr•• •-i ,.· l ment r�g�iJ:es design criteria and safety, fact0rs, but tenability 

; P'or the 8.f'}ericfue/ listed in Table 6, calculqt�J.;, ![/fl;>,, design is so new that no consensus exists concerning criteria 
and tfor smii4froLn:llJefuelthaUs:diluted:to meetothe visi'" · '!ifill 'safety · factors. 'As a cmiverifence to the readers� sQfue 

i bility criterion of K =;= 0.35 m-1• !!s�. q'};_e_xpp�it!..'!. tirrJ.i!!f 't = _ .suggested criteria and safety factors are listed in.'.fable'7�.- l'h.e 
. 20 minuf�S and an ambient tem,p�rfltUre of 23°C (73°f), following is � ?�tl.if!.e_�f !�e g(!n(!riC_fuej de§ign approach'.·� 

-The ambient temperature is Ta·= 23'+ 273 :::: 296 K - - - - . l ;- · .-: th � te ·a:i dth fr · f .  h th  f ak .Eroili.Equations2o and 21 _ _ . . . . _ _ . ��pun� .. . e ma n s ap. ---� _ actl()ps o eac a m e 
- · 'i' lr' • 

. /. 1 1 ----- - ·--- ��·_:'. _ _ _  .. · -· �p�e genenc fu�_l.:_For ex��le, see Table�. 
- • - • _ ... 

1 . CJ 1 2. Calculate LC't50,0 Yp,G and Mlch,G from Equation 2
.
2. _ FED __ __ · .i it·�·1K't' _:-

. . , , �'.�d (20-mio)" - � :-, ,�-0.
-
006 3. Using values from Step 2, calculate the FED and Ts .from_ = ' ' 1( LCt '2 � · · - __ . Yp · m -so --{}.074(7.6 m /g)t1970-g minim T -- ... 'Equations 20and 21 where the value of Kis such that when 
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TABLE 7 

S�ggested'T�mability Criteria for Atrium Smoke Management Design 
. . . . . .  

Toxic Gas Exposure 1 li'ED·SFflEn less than Q.5 for an exposure time from an evacuatiop analysis . -
Thennal Exposure 'tlh·SFih equals_t;].pOsl!!e 5!11!� from an evacuation analysis I I '  � • .' i 

Visibility 
. 1 .... � K·SFK less than 0.35 m-1 /, 

Safely Facior2, SFmn 
. .  

2 to� '" .·-

Safety Factor2;-SFn, 1 .5 to 3 I I  

Safety F��tor2� SF� ' 
1 .5 to 3 . . 

' 

" t 

. .  

I ;  

f',l, • 1 1\,' 
. ,  

- . 

. " 

1.· 

. 

1 f'or application� where the gas production of the design fire is_ �own, an alternate criterion for gas exposurejs·Frn·SFFIN less tljlll\ 1.0. ; . . : ,- • , 
2 The safety factor �cpendf on both the \eve! of confidence of the smoke trarisport analysis and the extent to which the smoke transport anillysis predicts con.servative values 
uf �n.> 0�ri'al.>lu uf i"ii:J�sl. • ' - . , · ' · · - ' ·  - ' i  -

4. 

5. 

.. ,. .  

multiplied by safety factor, SFK, it equals the design crite-
rion for vii;ibility. · �j 

If the FED multiplied by a saJ'.�ty factor, SFi:tj>. is less than 
Q.5" then toxicity is not a concern for this generic fuel, 
pro�idt!-(,1 that the visibility criterion is met lzy the final 
deSigfl. . " . 

J I o . 4  ; 

Calculate 't Ih from Equation 6 using tbe smok� temperature 
' frnrn �fµn ".l. •. . - • ,.. ... ..... ......... ..... _l" � -

6.! , . If 'tih multiplied'bf'a �itfety fuctbr, SFih, is greater then the 
evacuation lime (deci ion Li.me plu people movem�ut 
time); then smokd tel-nperatiil-e�· is not i �once� for-tHis 
generic"fu�l p�vided that the visibilltY '&it�on is met by 
·the flna I de��gn. _ � '. ' (< � ·, ' 

' · · 
' .. 1 "\  ..... , • ( 

7. Design calculations are made, in�µQpig a,�m�ke trans1wrt 
analysis evalu�g visibility. , : , � . · ,  

8. Calculations of gas toxicily and incapaCiJan"'on'dueto thermal 
expdsme may be elin:tiriifCd if indic'ated by �Steps 4 fill.d 6. 

; I :  �· ' , Ji i  fJ '  / , ( J'  � . . ;\( 

-' "' ) t_ .-. � :,' ·  • ") :. ! r)f'' ( j  
1 .  An atrium sysiem when; OC:C4J>Wl-�,, ar� intenp.e9::1to be 

exposed to smoke requires that the spioke !J,� such. J:!iat w11a
ble conditions are maintained during evacuatio,i;i ,of the 
occ.11g�ts. A tenability analysis (or. *e smo�t? maJla�ement 
system of such an atrium needs to account for the effects of 

• , r exposure to toxic gases, exp,o&ure t,q 1el11ya�� temperftures, 
_ &nd. smokt!. obscuration.� , ;>- m , ,�, , 

2.'· 'The' following time-integrated approaches usM td'·iiecount 
for the effects of exposure to combustion'rgases were 
afscussed in detail:' (1) fue 'fhktional effect'iv� d6se {FED) 
based on direct extrap9la'tiofrof animal test ·e1a:ta and'(2) the 

• frac' onii.I incapacitanng· dose !tp!N) due ltd- ekposlire to 
specific gases. 11' l ' ' �- · ; • • 'l •) 

3. ��� �� ex.peri�e1,lt;;(d1aia "fo� v isib1�ty: idc1udn'i( the , ; , • • ·� •·U , , : , ,.. ... -

1 2  

effects o f  eye_ i!ritation, ap e:&tipstio�! poe#)cieni .�f 0.35 
m-1 was. used as the visibility 1criterion (<?]( this pap�r.;This 
criterion should mjnimize the- effects of ��e }.rrj.

�tj�n ind 
let ,ll person with . averagc:; eyesight ��e ;waii , floors, 
doors, and balcony railing about 9 m (30 ft) away. 

4. 

5.  

6. 

7. 

8. 

9. 

. : , Ci :; : � 

The relationships between visibility and th_e , particulate 
production of a ijre are de�cribed in detail. A si�ple method 
of �nability analysis for atrium filling was developed aiid 
used to demonstrate tenability calculations. 
Equations are developed to evaluate the FED· and sm6ke 
temperature for smoke from a fuel that has been diluted to 
meet a visibility criterion. Several common ni�teri3ls found 
in buildings were evaluated. 
It was shown that dilution of the smoke from such materials 
to meet the vi�ibility criterion "often-results in such low 
concentrations of combustion products that exposure to 
toxic ga8es is not a concern 'dtiring expected evacuation 
times. FurU1er, such dilution uflen results in sud1 luw 
temperatures that thermal exposureis not a problem. 
The concept of a1 generic fuel consisting of a number of 
component fuels was developed1Before a design analysis is 
made, the generic fuel can be evaluated fo�, toxicity and 
thennal exposure. Ry appropriate selectipp, of a generic 
fuel, dilution of its combustion products to meet a: visibility .. , r 
criterionpan ensUJ_"e that smok� toxicity and thermal expc;i-
surc nrc not a concern. This nitans that for such n fuel, a 

design analysis including smoke "transp6it calculations 
showing that the visibility criterion is met is, sufficient to 
show that all gas toxicity and thermal expos.we criteria are 
also met. 
A method of comparir)g the tenability of snw)_(e from differ
ent fuels.9µ.the ��-pesign, '¥5lS deyeloped. This method 
can be us�. �o, �q.i,npare P.1�Js i� the absence of a specific 
design, or it can be used see how a specific design wowd 
perfonn with a fire of materials" tB.at differ from those of the 
design. -- 'L; , ·r:J�''" 

The idea (oheiilibility:.·systefus f0t -sm0ke management 'is 
new, and there are many:aspects of tenability design that 
need further. development,;includill_g.fgIImJlating generic 
fµe�!l fo:i; pmnII}OJ:l �pplic_atiqn-s aµd ipip�2'i?g the rec;o;n
mendations for qesign .cri-tS<ria an� S<}fet;y �actors. 

, � ' ,J. ·" , •  I 4 .: .'J ' '·• ,'.)\) -'' ' '  • I \ ) •· ··· 

NOMENC1.ATUR£1• ; ') " '  : -. : ! •  ' ' , . : '-' · ·  

c = concenff'i�oll"<Pprtf or�'m-5)" : · !! 
: ' J .  ·. 11 : 1 

. 
ci' " · = ' int�ir�ted donc�htratio'n'tim�produfa (g m-3 min) 



) 

Ceo = concentration of CO (ppm) 
Cc02 = concentration ofC.02 (percent) 
CncN -- = concentration ofHCN (ppm) 
Ci = concentration for time inte±vlil i (g m-3) 
C02 __ _ = conc�)ltration of02 (percent) - -

CP = _sptx:ific heat of smoke (1000 J kg-1 K1) 
E = effect of exposure (ppm-min) 
FED 
f; 

= fractional effective dose (dimensionless) 
= fraction of component i of the generic fuel 

(dimensionless) - - · -· - -
= fraction of an incapacitating dose of HCN perunit 

tfuie (iriin-1) · · ' !  . .  : 

F1co, ; = fraction of an incapacitating dose of CO per unit time 
j_': ' (nlinc}) ,· • .  , I •  , i:. , C' i i  

Ff�OZ,i = fra�tion of an incapaeitating cfose of C02 pet unit 
. tin;,e (nlli:'i.-1) • .  ' i 

CJ 
= fraction of an incapacitating dose of all narcotic 

gases (dimensionless) · 

F1�,i · � 'fy�ction of an incapacitating dose of low-oxygen 
" .  hypoxia per unit time (min-1) · 

K = extinction coefficient (m-1) 
= specific.,extin�tion coef,ficie�i: (for a flaming fire, 

. 2 ; -- / .- 0 \  ' Km = 7.6 m /g) . .  . , , _ · ,  . ' . I 
Ll?t50 -::= lethaj. �xpos��j(lose from � test.q�ta (g m-3 

. .. . miaj ' ; :: · 1 1  i i , � 
M1 · · =  miµ;s of fuel consumed. (g) !J . 

mp n = mass concentration of particulate (g/m3) 
MP = mass of particulates produced (g) 
Ms :; r� · inru.s of smoke (kg) , ; : " 
·;{ . •. 1'= nuh1ber ofcomponentsofageneric fuel or of discrete 
, ; II . . . , • concentratton llme pairs · 

P- . . = absotute pres�ure (��u�ly ab�ut i. 05 Pa) -: 
1 • /J ' 1 :J • t ,,. , .. J •  Q . · ·: . = hea !el��sed (J) 

,_ . : ·  ; . i : :  · : · . 
: Q . = total heat i;elease rate (kW) . .rL 
R 
s 

= gas constant'(287 J kg-1 K�) , .  

= visibility (m) 
SFFEd = safety factor-for the FED· · ' 

SF :r; = safuty ftl6'tor for the thehrl'iiffaposilie: 
· : i  & ? , "'" °I ' ' '  • I • ' '  fH ' l'--. . �f;g. ' = s�ety factor fpr. e�nc�mi �?��ci��t, ' , 

. ,fC : , . ,.:, = time P;� im}itipn (s) . , 1, , , , _  , " 

:; r 

T = temperature of air (0C) . a� ·, 

� ·  T.a; J ,  : = absqlµttt temper�� of apbjen�,(19 
: · Tr -. ', 'J_= .transmittance ( dirnensipnless) · , 

rsn· ' : ·:: : absoluteteinperature.o£�oke:(K)'.;·: ii '.) ,:. 

V2JL' = factor:foi- eOi-iliducedliyperverltilation {mirr1) 
vs = �-o1uirit6cci'.ipied 1sy die' sln'6ke (in'3)'; · · · --· · '  

x = path length or distance ofligE.t:f(�y�l. �tr:; :'·!Uv1 
Yp 
l;'p ' · 

= particula�s yJeld (�enSionl��) . . _ . .  

. , = pipicw&��,� ,yJ�W P.�� ��t ��1t.:�f1�a'.s� ,(g_'s-1 �:1) 
CH.99-8-4 .... ) · h:- 1· r  

== time interval i (min) 
== chemical h��·qf combust�9!1 (kJ/kg) 

- =  exposure �e (min) - -· ·-

:�- time to inc.apacita�on (min) 
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