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ABSTRACT 

Although building codes have addressed the subject of 
smoke management in atrium spaces since the early 1980s, 
system performance was not described in terms of a design 
objective thal related the development of hazardous condi­
tions to specific fire scenarios and smoke production. Until the 
publication of NFPA 92B (NFPA 1991), designers were likely 
to use a mass flow-based calculation method to predict the 
position of a smoke layer interface in a large-volume space. 
NFPA 92B added a predictive correlation that generated a 
smoke layer interface position at any given time. The 1993 
Building Officials and Code Administrators International 
(BOCA) Building Code codified the NFPA 92B approach but 
incorporated both predictive methods. This paper compares 
the two methods for a range of atrium areas and aspect ratios. 
The results illustrate that the two methods are not equivalent 
and will not produce comparable results. Further analysis 
was then conducted to reconcile the two methods and develop 
an approach that will permit designers to produce compara­
ble hazard analyses regardless of the method used. Use of a 
plume centerline temperature correlation to adjust the maxi­
mum expected layer temperature is suggested as a reconcilia­
tion technique. A result of the analysis is the recommendation 
to reevaluate the fundamental correlation used as the bas is for 
the regular ceiling calculation method, in order to bring it into 
agreement with the mass flow/entrainment used in the irregu­
lar ceiling calculation method. A suggested series of adjust­
ments is provided to align the regular ceiling and irregular 
ceiling calculation method results over a broad range of inter­
face heights. 

INTRODUCTION 

Atrium smoke management systems have been mandated 
by building codes since the early 1980s (BOCA 1981; NFPA 
1981). Early requirements were based on the air change rate 

method, whereby the total volume of the enclosed space was 
used to determine airflow rates (BOCA 198 l, Section 631.0). 
Fire size and the risks posed by the position of a smoke layer 
interface may have been considered in the development of the 
requirements, but these considerations are not documented in 
these earlier editions. 

Prior to 1980, ongoing research and development activities 
were under way to develop a more perfonnance-oriented 
approach that would be based on the hazards and geometry of the 
particular space. A summary of these activities has been 
presented by Klote (1994a). 

Concurrently with the ASHRAE work, the National Fire 
Protection Association (NFPA) established the Technical 
Committee on Smoke Management Systems in 1985. Its first 
committee project became NFPA 92A, Recommended Practice 
for Smoke Control Systems, which was published in 1988. 

The second project was the development ofNFPA 928, 
Guide for Smoke Management Systems in Malls, Atria, and 
Large Areas, first published in 1991. Whereas NFPA 92A is 
~oted for its pressurization approach for preventing the migra­
tion of smoke from one space to another, NFP A 92B became the 
first consensus document to contain smoke management system 
design guidance based on the principle that a conical smoke 
plume from a fire will ( 1) rise to the ceiling of an enclosure, (2) 
form a layer at the ceiling, and (3) fill the enclosure in a predict­
~ble manner. Life safety or property conservation design objec­
tives could be based on the predictable nature of the smoke layer 
interface. Figure l depicts the development of the fire plume, the 
formation of the smoke layer interface, and the filling of the 
enclosure as a result of a heat source located in a position where 
the fire plume does not meet the wall of the enclosure. 

The Building Officials and Code Administrators Interna­
tional, Inc., adopted this concept and codified the approach 
within Section 921, "Smoke Control Systems," of the 1993 
BOCA National Building Code (BOCA I 993a). Two calculation 
methods are presented to predict the location of the smoke layer 
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interface, one based on a regular, flat ceiling and one based on an 
irregular ceiling shape (BOCA 1993). Fig~ 2 illustrates severaL 
typical ceiling configurations. Note the design height of the crit~­

ical smoke interface (BOC·\1993) in each case. In three cases,­
spaces with flat ceilings are deemed "irregular'.' due to the chang­
ing horizontal cross-sectio.i;ial . area aboye the critical smoke. 
interface. The text of the Code and the accompanying commen­
tary (BOCA I 993b) lead the reader to believe that the two calcu­
lation .methods will produce eq4iy<tlent re?,ults,;GI'his is further 
reinforced by Figure 921.2.1. ~'i indicating that the regular ceiling -
method can be utilized in the case where the building depicted .. ; 
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has 'a:"roof writh sloping sides (producing a varying cross.f 
sectional area). ,+· ·· .. 

Both rii~iflods were1~ontinued int~1 t:i ~ l 996 edition of the 
BO~A B'uildin9 Code, ith the exdeption that a change was 
ma<le to t:he··1t9;Mncient5'1·or the irre&u1ar ceilin~ (Section 
9~·.2'. 1.2) 1 ~1Wo'k~1 vol11meeq11ation . . :.r: . ~ ·· · 
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; , T)l.e purpose ,Qfthis P._aper is to .y,o,rnpare,.~he two calcula~~fh 

methods commonly used tp. predict the §'Wl~ ev11nt-tpe hei@t 1 

of a smoke layer interface at a particular time. 
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• 1: . :'.'lTht: regular and irregulat'ceiHng ~quafl'on'S'presented in 
,, ) '"'Sectiolf922' of the 1996 BOCA Nat'iona/Bui/ding Co!:ie'will 
·: .' ' 1 1proc:iucd:·com'parabk.smoke layednterface height predictiCin's 
;m w.hen (I) a~rium Al H1 tispect ratios' areii:icfr.veenfo.9--and11A.;(2) 

fire sizes are limited to 2000 Btu/s (2110 kW)'and·4400 Btuls_r 
(4640 kW), (3) the ceiling of the space is flat, and (4) the space 
ilas a consiam ilonzonial.cros5•sectionai area. 
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The conditions described above represent·the point of conve.r~. · 
gence of the two design methods and, therefore, represent the 
condit1io~ 1where the nwthoqs can be directly compare?u . 1 

. If the methods are:-C(!JDparable, designers .will have m9re 
ti'exibilit)i'in choosing a calculation approach, !{ the rliethods are 

not comparable, there may be foreseeable con~i~ioRs where t~:e', : 
choice of calculation method may govern the need for a smoke 
management system: and fu'ay not accurately·reflect the h~ard 
(of'1~ck orhaiard) in a particular case. ',); i 

· .. ' 'l!. :(~ . 

METHODOLOGY 

In order to test the hypothesis that the rw~d:ifbtlietldri:. 
methods will produce equivalent n;sults over a range of condi­
tions, two different bu'i!ding areas were selected .. F6~ each area 

selected, both. c11Jcula~\o.p .111ethods ~~re ust'.,d t9 ·predict the 
positjpn ofthe\~mokejayer intj:lrface•as a function of time for 
tw:o ;different.atrium aspect ratios, rThese areas~.along with the 
corresponding heights .·for the. different aspect ratios, are 
presented in Table 1. · '1 " 

TABLE 1 ,, 
Ceiling Heights for Selected 

FIC?.~r. Areas and Aspect Ratios 

' A/H2 I 
J 

Area 0.9 
-

100,000 ft2 
' 333 ft 

(9290 m2) (101 m) 

10,000 ft2 109 ft 
(929 m2) (33 m) 

·- .. - -

; •, i'. 

14 

84 ft 
(26m) 

27 ftl 
(8 m)' -- ... . 

;,/ :··:h~~;~ ·' _,\, ,.--::~:·~ 

The range ~f areas frem 100,000 fi2.(9,29Q m~}.io fo~ooo ft2 
(929 m2) represents the author's detetrnination as to where the 
design method will be most widely utilized. It is felt that build­
ings ofless than 10,000 ft2 (929 m2) will require smoke manage­
ment systems-·in every case when the test.for system installation 
is based on the position of the smoke layer ·inteFface after 20 
minutes. 

Two sets of data have been generated. The data sets test each 
m·~thodagaiilstb-Ot'h:of·the design fire sizes ;pecified i11the 1996 
BOCA National Euilding·Code. 

BOCA CALCULATION METHODS 

T-he-1996-.BOCA National Building-Code, presents ~o 
calculation methods for determining the position of the.smoke 
layer interface. They will ~e referred to as the "r~gular" ceiling 
method, indicating the method to be utilized for flat-ceilinged 
spaces, and the .'.'irregular" ceiling method, .indkating_ithe 
method to be ut{lize'Cffoi s~aces with varying FMriiorita1i'cr6ss­
sectio.i;iaL are~,. B9th meth(!ds,, <;iµl. be !f~ced tp1 in(orw~ 

providedin the . l.991 edit;pn,ofNFPA 92)3: .. ,, ·' ' · 
Figure 3 illustrates a qpss~s~tion<J,l view,.of an atrium, indi­

cating some of the terminplogy th_at will be utiliz.e<;I in tpe ~is_<;:u~­

sign of the calculation me¢o4s' ·T.h~ terms used aretlefineq:as 
follows: · ,r, ·.·-: .: -, _., ' 

BN,97-5.-4· 

H · 1 '"' highestpoint!ofsmolce accumulation; 

Z ~:·. . .~ height ofsmoke ifayer interface, 

za:· , = critical (design) heigh't of smoke layer interface/ 

zr limiting efovation (defined as the height of the 
luminous flame), and "< '•'" 

A >: horizontal ctoss-sectional area of atrium. 

Regular Ceiling Method ... ) 

The position oftbe smoke layer interface, Z, is predicted at 
any time using the following,equation: 

where 

z 

H 

Q 
A 

[
tQ113 H213] 

Z = 0.67.H~ 0.28Hln A 

=. height from the floor to the smoke interface (ft), 
' = ~ time for the interface to extend to Z (s), 

= height from floor to flat ceiling (ft), 

steady-state heat release rate (Bt4,ls ), and 

(1) 

= horizontal cross-sectional area of the space being 
filled (fi2). 

.. <>'•~·- > '· 

The equatio9 is derived p-om,Equation 9 in NFPA 928: 
' - ,1 : • 'i: ,I . ~ 

,/~1! = 0.67 ~0.28ln[t~
1

~;;
4

.:
3

] (2) 

" representing the positi~n of the smoke layer interface based on 
the volume of smoke produced by a fire with a steady heat 
release rate. Equation 2 is a correlation representing a "curve 
fit" of a limited number of fire tests (NFP A 1995). 

By hlspection, some of the characteristics ofEquation I are 
evident For example, the predicted smoke layer interface height 
will equat oo (infinity) whe~~ 0. This is due to the presence of 
the natur~l log func \Q.Q ~IJ.i}?li. prg,qµcc;.s, a.n~tural log of - oo as 

t app~oache_s 0. ~ik~~~~~~.~s,t ap~rp~~he~ inf\Ili~~a~-~~nitel.y 
negative height 1s predicted. Thus, ltt1tne 1s plotted on the'x-ax1s 
and interface height is plotted on the y-axis, the curve will be 
asymptot\c..with cespect..to.th~::axis.yet always intersect the x­
axis. This; characteristic ·curve will appear each time the results 
of this coffe!atien are graphically dispJayed.oFigure 4 iJlustraces 
the charac/teriscic shape of the-curve prnducJd by Equation I. 

Setti~?. ~ =;2, ,r!F~esen~ing.th~ filliW.~!~..,hich the layer inter­
face reacljes ttie floor,2\na tran~posing the; tenns, Equacion I 
becomes ; \ - ·- / ! 

l ' .. ~ ( t 
'[ Q1 13H213

1 o.67 H = o.28.lil;l'i ' · . 
· ~ · · A . 
' ' 

(3) 

' ' 
2. The BOC1,.~Cfti01;ial BZfildJn$, Code ,Co,mmentmy p993), 

Section 92Y.2~L1 (eXi!m~le'·l); and ,NJFPA ll2B' {l 991-}: appendix 
E (example 3), permit the designer to uti)ize Equation I in .~J:iis 
manner.'\The same eX:ample' hi NFP A' 92B ( 1995) irit1iidt!s a 
cautionary. note that ''smoke layer heights'. less than 0.2 H are not 
reliably estimated .... " (author's italics added). 

3 
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Figure 3 Terminology: H -Highest point of smoke accumulation, Z - Height of smoke layer interface, Zcr-Ctitical(design)'f• 
height ofsni~Mltffeer inJe,rface, Z2 - Limiting elevation (h~f¥_ht of.lz~l(!inous,flawe). 

Dividing by·9,.:sff yields: 

.. ' . •: . 113 213 
·- • ··· · [tQ H J 2.39 = In A . 

This is equivalent to 

Solving fort, 

tQ113H2i3 
10.94 .,., -=---­

A 

. ..,., • _, --1-·''r'" -,,~ .. '-_1• .,,,,.,, .... ~ ~ ~···· 

(4) 

(5) 

•I 

(6) 

Note the fd.ho~.Jhg:d{a;~cteristi~s\vlih'.re~p~ct 'to Equation 6: 

I. The "time to fill" varies directly with area. As the atrium 
area (and volume) increases, the time to fill will also 
inc,i;ea?e. 

2. The "tiTne to'fill" varies·inverselywith the heat.release rate 
c;f the fire. As the fire size· increases, . the time to fill 
decreases, '- ' · i'· 

4 

--(· ('. '(; 

3. The "time to fill" varies inversely with the height of the 
atrium. As the atrium height (and volume) ,·filcreases, the 
time to fill decreases . 

.... ':: .. ; l.1 

Observations I and 2 are intuitive m nature, but observation 3 
is not. If area and' fire siz~ tematn constant~' Eqiiation 6 can be 
rewritten as ~ 

USltlg a value of H = I, 

·. "(8) 

IntJu§~ca~e;,t~:C·.,:.1·'·· ,, ::J . ;~ .)·;.· n(_· ,J'j:·.;1.-·; 

. ! ; J.Jsmg,ii vwue.vf;H ~2~1(1<presentiug a 9.oubling of.th¢ height,'. 
(aljl9·Y.<lll;lffie)of1h!:!·~triilllJ;·;· :: '~::· ,-.. ~: .-~>: i, ."·:·. ::'· 

- _)) ·• ; of'•: ·, 
_...(9) 

In ·this case;+'= 10'.-63C. therefore; if 'an' atrium a'.rea and)frre · 

sizf 'are held_.const¢h;· tne,predl~te1,P,H~g;tirile'Will~ d~~f~:~~e 
as the heigh~.ofthe,ci.triu~).9creasrs: In othenword~-o:,dJ>ubling 
the height of a space. will caµse itJo.- fill 1.59 time:;_. as Jastw ;• 

BN-!F--5-'\li. : 



In the opinion of the author, this mayr~pJ"esent_a fundamen- ... ~ 
tal flaw in the formulation of Equation 1, and one that makes.ifs 
application questionable beyond the few series ofrepor.ted tests 
in buildings ofless than:86 ft (26.3 m) referenced by NF'.e.A .92B. 
For shorter buildings, this characteristic is masked by the rela-

--"· Rquation JO is_derived from NFBA 92B'smassflow equa-_ _ 
.tiOQ_(NFPA 1995, Section 3-7.I.2(b)): . .. 

(11) 

tively small differences in predicted times. For taller buildings, where 
the differences become more apparent.- . rri- = .... mass flow rate in plume at height z (Ibis). 

The expected condition is one ~her~,·at ~y giv€R p@int . · 
above the fire, the slope of the curv;e representing the smoke fill-..':· ~1'::_ass flow _1~ converted to ~olume flow using the relationship 

ingofaspacewillnotchangedueto"theffeightQ.ftbe.sp~tet>~ing .".·· ·~ v = 6om/p (12) 
considered-keeping fire size anlt"ar'ea constant. 1'f the slope· .. 
were to vary, the expected variance would be toward slower fill-. .' w,,here .' 
ing of the taller spaces-the prim~ cause due to greaterheat ··. p . '."' · density of smoke (lb/ft3) 
losses from the smoke layer as a result of the additional surface 
area of the enclosure. 1- ·an~. ~tthiing the density of smoke to be O.D75 lb/W (1.2 kg!m3

) 

The regular ceiling method d~es not readily lend its~'ir to a.·... oorr~nding to 70°F (21°C). By making this assumption, the 
hand-calculated solution fort at multiple values of z. It is f6t this -~9~BOCA Code is not factoring in the decreasing smoke density 
reason th~t it_would most often _be used in·a "pass-fail" man~r •. · "~~e~ ".~~-1-~fd the smoke) resulting from temperature 
to detennme 1fthe smoke.layer interface has reached the critical :~- m~~es rn tfir smo~e.}ayer. 
height (deslgn objective level) in a given period. (The 1996 . ... . ;;.•'If one argued that i:he mass flow equation from NFPA 92B 
BOCA National Building Code define~ this period as 1,2® .3 : W,<iriation 11), converted to volume flow, is a reliable predictor of 
seconds and mandates that a smoke control system3 prevent tb~ ..$1\oke volume, then Equation I 0 would represent the "slowest" fil!­
smoke layer interface from reachihg this design objective lev~--:::-:4.tg time for an atrium (no increase in layertemperature above ambi­
in less than 1,200 seconds.) ' -' ~ent). Arl:Y increase in layer temperature will result in faster filling 

The usefulness of this method is presented as a single-point rates th~ .:Y.Ould be predicted by Equation I 0. Wbat these actual 

"test" to determine if the smoke layer interface has reached a 450:0 

given point (Z) in a defmed time. period. However, w.ith so.me 
manipulation, the use of the method can be expanded to graph­
ically plot the position of the layer at any given time. 

Irregular Ceiling Method . ' .I 

The volume of smoke producedat any height z is predicted' 
by the following equation (BOCA 1996, Section 922.2.1.2): 

1; J: ;,, •i 

1 i:v "''"17.6Q~.0z513'.+ 3.36Qc II~ (IO) 
.. ·.' I G 

where 
, '!~l : ·_, .-.:u 't_ ; ~ · ;· ri1 -;~- :: '· "'t. J •• 

V = voL!!ineipc,r~i~)<?f:smo.k~,.pro~uction (ff ls\ ,,. 
Qc convective portion of the heat release rate (Btu/s ), ,, 

where 
' I 

I ,, 

QC= 0.7Q. • 'I L, 

For a particular height, V .defines a volume of smoke 
produced per unit of time (in this case, per minute). Smoke is 
assumed to be deposited on the ceiling in uniform thicknesses· ' 
across the erttire suffal:le!cNo.transit'time from the· fire to'the teil­
ing, or radially from the center ofplurrte•contadtothe•perimete'r• 
walls, is incorporated into the equation. 

3.Jihe J~.(JC4.. J:l(]lif(.'!a~ BZfilqing~ Cpde (19%) uses the t\!Fl!I;, 
--~rn~k~ c~p_irol syste~ :·, in 59nj unc1jon w_ith .a_If;~UTfl spaces. NFP:\ . 
Q9~8) res_e~ves h.~s?~lfo 1 11on ~r sys em~ using pressurization 10 . 

'-achreve'dts1gn·o0Jcct:tves. NFPA u ks the term "smo~e manae.e-
ment"· to include sysiemf t.isirig "pressurization-or exhaust. r! ~ . 

BN-97-5-4 ; 
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rates would be over the range of commonlyaiesigfted amum'..J 
volumes is unknown due to the lack of published observations. 

This method, intended for use in s~aces wifere·tlie rroriZ6'fii-8 
ta! cross-sectional area v.aries with height, is to b~ used nfm itei-· ·. 
ative manner,.!15 opposed to thcr ~µigle-po~~ test de~cribed fo~the 
use of the regular ceiling method. :::· 

• . ,yse of Equation 10 is JU,nited to values qf Z,that are above . 
the limiting elevation. NFPA 92B and the BOCA Code are_ 
consistent in their. iigproach here as welL, The reason.:ifqr:~his 
change in calculation;ffiethod atthis point js beyond th.e ~copitrqfi 1• 
this paper. .,,;,, "'. ". 

Below the )~ippge~~vi),tion height, Eqijati_o~t I_Q is repJaced,.by 

_:j; '-' 

' + ) (13) 
I •• I :•lj 

Although the limiting elevatiqn is not defined in _tqe 1996 
BOCA Co.de, other referen~e;~aeri?e it-~ 1 t~e luhii??uS~f'i~~e 
height (NFPA 1995, Section 3-7.1.2(a)). The height is com-

put,y~ ;a:s , . 

• Jl I 

,,,. .· (i4j 

whete 

z, 
r ' : J ")I 

" ; 'H' • ~ . ... 

limiting elevation qpminou~ fla~e,.!;ir,@1t). ,, <. 
· . Without itbe limitmg elevation c<;>rrection;: Equati~A 10 

wouid aiso predict negative vaiues for me smoke ir;t,Yer interface 
heigJ:i~ because of the domir).ance of the S(icond term.-0fthe equa­
tion at 19~.~r heights" _With the !iiniting elevation. correctio!1,. .the 
cm:ye becomes asymptotic with respect to the,f)porpfthe space 
(x--~is). This characteristic is evident in graphical presentation 
of the calculation results. 0 ;; :" 

Equation 13 is also based on a smoke density corresponding 
to a temperature of 70~-F (21 °C). Figure 5 i I lustrates the charac-· 
teristic curve produced by the combination of P}uations 10 and 
13. Note that the curve is asymptotic with respect t-O(the x-axis 
and always.intersects the y-axis atH, the·highestpoint-ofsmoke. 
accumulation. Inspection ofEquationsr LO andrl 3 reveals that-the: . 
volume i()f gnok~, ]i)liqc:IJ.Iced ~ill be tjoruinated by ~i;l~Jlrst term 
for high.spaces but,,wi.Jl~e,more influ(;!pcedrb.y tj1e se<;()np;tellJl.J 
as the SIDOke layer interfaCe)lpP,rC),llChe~ tJul'.f}9Qr ~ > , _; '. . . ~I 

'1 : ... ,, " '' ~ l';'J ~,, >1:· ·:{'f11' 0 '"''.I')!:" 

D~vel~p,P~r:it· of 1te~ati"e ,$0,1"'.i.ng A~p'rqa(fp-;,: -:- r:r; '. : ,,, 
Regular Ceiling Method . , ;1·;,;: r:o.-' .1-, :·,, .c.d·:·• 

< Iworder to coinparethe-predicted r.esults pt()duced by the 
two! t;qaations,, a .method1 had toJbercleveloped ito( di~layi the:· 1 

resulrt>: irra consistentwfly!Spreadshee!sr fontthcinselves t6 this ·' 
task,-pe'ftni:rting rapiditeratiY.e ca)cullitionS:" '.J. '· -', 'Jf~ti! I;_; !fTif. 

A'toti:Jl cn·fivei ct)JUitln5'·im!t spt~adsheeP.~e~·use-d;fbr tlie. · 
data. !The fa:st coli.grin w:asJilledwith units of time from: ;t:'Second 
to..- l ,500' 'seconds, in'. ·l 0-second: increments. :(By; using · l ,500:-. 1 

seconds, thd:alculations included.the.full ·J,200..isebotrd evalu•L· 
ationperiod:definedby the 1996 BOCA: Code.) A 0-setorid p!)int:' · 
could hot be: calculatedtlue to the presence oftHe natural log 
function. The next four columns were headed by the selected 
areas, each subdivided into separate heights for the' two aspect ·! 

6 

ratios evaluated. Two sets of calculations were performed~ne 
set for each of the mandated design fire sizes. 

Equation 1 is entered for all of tb~ .times in each of the 
columns, and the 'ie'sults are a series' df predicted interface 
heights at IO-second intervals. · :iE.· 

Development of Iterative Solving Approach­
Irregular Ceiling Method 

A similar appr9_a_ch_is us~_d to set up the spreadsheetJ for the 
irregular ceiling method calc_ulations. Again, the first column is 
used for the time intervals from 1 second to 1,500 seconds, in 10-
second increments. 

1

The top celis of the next four columns 
contain the same height and area information as was used in the 
regular ceiling method calculations. 

Calculating the layer position is not as straightforward ~ 
was the case for the regular ceiling method. For the irregular ceiJ~ 
ing method, individual smoke volumes must be caleulated arid 
deposited in uniform layers-at the ceiling/fpe layer'.~hickness is 
dependent on the interval of time chosen. As.eachJlayer is added, 
a new Z is developed . 

Starting with Equation 10, divide ... by 60 to convert the 
smoke production rate to units per second: 

·' ... 
0

- " 1/3 5/3 
vsec = 0.29Qc z + 0.056Qc" 

250.0 

200.0 I 

150.0 

•' 

'(:AXIS 
0

INTERCEPT - H '' 
X AXIS INTERCEPT - NONE 

. , ' : .• ~JF; . "' 

• •· · · ·235 FT (72 M) '. 

- - - 71 FT (22 M) 

--60FT(1BM) 

(15) 

1, .~ I 

·.c '1brl.6 r •: r~\~..._ 

\ . 

• .. ; r" ~ 

\\ l ( 

·--~~."' 
50.0 

; ···--J l ; ;_; o:k .. ,·, 

, •) . JJ .JI, ,'., '• :. . . J. 

• - .J l 'J <! , .. u :.· ·> ...... :t. :! ~ · l t 2.~ .:; -. '::~ .. .. ~~. 

1•· 1.r ...... 1. ;" · , l ··.ti !~~ 1 . ~ ! i."' " · . 1 • ,f • • :" • • .. ';.,.~ • 
0 .0 &iEl!~ j ffiiff l !Eil fil[I!! l " -ltjJ:t41YiliL.;!'*:J ~ .. 11r411Bst~IJ1 r•1::il't IV fjfi!!l li l 1 )1Y.d:!Jii1:lx1~1A "I ·.':i;; i, i. ]V 

- g ! ~ ~ ~ ~ ~ ~ ~ ~ g ~ ~ ~ ~ ; 
'Jr!~ .:!:'i • .. ~. /,''--T~·~e·(s'EC)•lii.!i'- ~ ~ .. --~ ..... , j.-1 ..... :::·},-r 

.·:.t ·.l.'-;1~: ... :r .... .. 11G • I . i ~..''1T1,! 1"1•1' ' r ; t n ·I :i-.H' _:; • .- ~T~_illf'l.d 

Fig11ter5; Characteristic- .cw:-ves, ,irregular1 ceiling , _ 
, t . , caloulatiorJ m£:tf!od. Area ~-50.;0.00 JM (4,'645 

mt); height =,;:35 ft(7),m); n ft (22.;m) •. !60ft1 
(18 m);fire size= 4,400 Btuls (4,6,1r0 kw). , :',:"' 
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Figure 6 Predicted smoke layer interface height using 
Equation 1. 

The first iteration uses Has the value for Z. 
I ·-!i 

.. 

The incremental layer thickness dZ can be determined by 
dividing the right side of Equation 15 by the area of the space. 

··(16) 

For the second calculation, Zbecomes H - dZ. In this~iter­
ation, the time interval is no longer one second, but nine seconds. 
In this case, 

(17) 

The cells cannot be filled automatically, fif was the case with 
the regular ceiling method. A logicaffunction that detects the 
time that it t<ike,~. ~ layer height to reach the limiting eleva­
tion must l:)e 'built into the calculation method, and the smoke 
volume must·be recakulatedaecordingly. " 

;· ·:· ~ .· .. . } ~· , ... '. : 

Once .the ne~ vol~~e,gic ... flo~ r~te (at and below the 
limiting elevation) is incorporated into the spreadsheet, the 
calculation continues to 1,500 seconds, us·ing the' defined t·irriie 
intervals. The results from the irregular' eeii'ing method can 
now be' compared direetly with those produced by the regular 
ceiling method. ·' 1 " · 

Bl:-HF-5-'!I 

'.~ I 

BQ,~ANatiOf:ljll Builqi:ng Code 
Com~e11ta.!Y Exampl~ 

· iJn order to check the evaluation method, the examples 
presented in the 1993 BOCA National Building Code Commen­
tary were entered into the spreadshe'ets. Each example used a 
2,000-Btu/s (2, 110-kW) heat release rate. 

· · Example 1Example1 illustrates ther~gular-ctiilingmethod 
applied to a 2,500-ft2 (232-m2) atrium, 50 ff1(15 m) high (A!H2 

= l ). In this case, the regular ceiling method equation was used 
to dett!rrri.ine the need for a smoke maiiagemeht'System. Figure 
6 displays the results of the calculations and graphically shows 
the :....2g ft (-8.5 m) predicted smoke layer interface height 
using Equation l . 

. · .:~ot't!°~~e foll~,Wihg ~h~tac,te.ri:stics that are di~l~yed ,in 
F1gur~ 6 and' are repeated mall .cases: . 

1,: • • -

The characteristic shapes of the curves remain the saine, 
.regardless of the area or aspect ratio of the space. The 
irregular ceiling method curve is asymptotic with 
respect to the floor (x-axis) of the space, while the re~u­
lar ceiling method curve will always intersect the x-axis. 

·f-...,1 __ : . ! ,_\ .·:. 

The two ci.lfves cross. The reason for this 1s that the reg-
ular ceiling method equation pre.diets an infinite height 
as time approaches :Zero. • ,,,...... ,,. .. . 

At the point· at which the curves cross, both methods· . 
return the same tiihe for the same height. Howevei\ as"' 
the curv'es db'ciend, the difference in.time between tlie 

·regular ceiling method and the irregular ceiling method 
becomes more pronounced. j r, 

In .this particular. example using the 20-minute criteri<j., both ,, 
methods would require. a smoke·manageinentjsystem. ·1.' ' • • 

Example 2 Figure 7 represents a comparison of'the results 
produced by .. th~ two tnethods in a 100,000-ft2 (9;290-m2) 

atriutn,<I 00 fi{30 m) in height (A!H2 = IQ). ,, · '.r.i ··• · .: 

The Oon'n'rientary uses this example, again calculated using 
Equation 1 ;to show the need :for l:i.' smoke :managernerffsystem 
when the critical•height is assumedat-40 ftl(12 m). ··· "' 

Figure 7. supports this conclJ,Js ion. psing the regular ceiling . 
method and 111usrra es""the ca 1'€u'fated"\ia1u~1 df 3S'. 9"ft' Io~ rfi (' 
presented in the Commentary. ~lnd •JF ::J• l i:~ ..,,;·i •11· 1.11. · 1 ~1 

•:' Howe.v.er',J1tbe results .differ:.m,ai;kedly :whenr the.· .irregular 
ceilingi m~th.od is used: ;Note 1hat,rtat ,the 40~ ft ( 12~m) d1eight,. i) 
using the. :iri'eg.ular. ceiling methcid;: the :bmoke :layer interfuce . • 
arrival time is between .1,700·arid l,.800 secoo(ils1vs1:th.e1900- tb ~' 

l ,OOO~s~c.011ci:tim,e,predkted, by tbe•regukt.r-ceHing method.' 
, Examples''suoh as~these'1illuisttate: the· sigriificant .differ.~< 

ences in times predictedibythe two meth0dsi Table:2 displays_.: 
the• predi.Qted·tim<es when the smoke la;yer:.interface. passes,. 
through;l:O•ft (3-m) height',jritervals 'and,corripares the,regµlru; , 
ceiling,methodand irregular•ceiling method predictions";Ndte .·; 
the time difference of 760 seconds at the selected design 
heightof40ft:(l2.l m). :i ., 

7 
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Figure 7 Comparison of resultsRroduced by two methods 
in 100, 000 Jt2 (9, 2 90 m2

) atrium. 

TABLE 2 
Differ~nces jn oRr:e.dicted, Times Using 
Regular vs. lrregular·cemng Methods 

Ji . 
Tim~ (s> 

Height t(regulai::) t (irregular) 

90 ft (27 m) 
-.. " 163 150 

80 ft (24 m) 
. ·, . , .• , - 230 . -

335 
7 

330· ' -· 70 ft (21 m) 560 

60 ft (18 m) . "'470·'· 
., 

840 .. ? ' 

50 ft n"!i'1M .. ,.,6'7~' a!.1 -- 12}~; .. --
~{ 40 ft (12 m) 970 ... :.1 30 . - -· ~ 

30 ft (9 m) 1389 
_,,.. ,:/ .2SOO .. ~~ · 

20 ft (6.mL- .--· _::::.:~;; 915' -- 3810 

I. 

!J.t 

(13) 

105 

I 230 .. : 

'370 

540 
., 

760 

1120 

}835· 

=-·- ~ 
Analysis ot Selected Atrium -4'") 
AreaS'·and As ect R t~ ~ -f. ~_.,,,.,,..: . 

... _ _ • ·" - "' l' ...... ' _:;...__ • J • • ~ 0 
~- . : : ~:. .~ . :, \:~ ·.f.... .>:.. .. ; -~:. ..~.: .. .. ~, '.:~ . ~ ~ 

<':haracteflstic - Smoke Layer . Interface Descent 
Curves-Regular Ceiling Calculation Method Figure 4 illus-

~ '') 1 •• ) t . 
trates the family of characteristic curves produced by Equation 
I for a 50,000-ft2 ( 4,645-m2) atrium with aspect ratios of0.9, 10, 
and 14. The fire size of 4,400 Btu/s (4,645 kW) is constant NOie 

8 (' 

= 

the shift of.the iurves toward the y~axis as the.height of the space 
in~~easeso This reflects the infhience' ~f placing the H tenn in the 
denominaton ofEquatltm 6. Note the two lower heights, 71: ft (22 
m) and 60 ft (18 m):.At these heights,thi: differences in filling 
times are not as appare11t, and the curv~~. could be seen as being 
con;iparable. The cr~_sing point of the two: low~ curves :occurs 
at approximately 1,opo seconds, whe_r,e them slopes iare near!)\ .. :. 
identical and wbere the conti,nuations of the. two curv~.Si:iar~ 
nearly indistinguishable. c:;ontrast thii; with the crossing powJ.i;lf 
the,4q5-ftf72~m).s:lln'.e; wh_ere the s'lopes w~ noticeably diffeJ- :_, 
ent. 1(he pitfering slop(;ls_.at the §ame~he_ight mean_that·Equation ._, 
1 is Pf.eQicting- (titlerent rates .~f smoke pi;~cU!illil Jo..r:i the e.am,e • 
height, with,larg~r .@tes of §moke prodµction:in taller buildings. 
Thesec<;uINe~·pr~seqt a 1~ounterjntµitive sifµation, .whete)aller 
spaces ar~-predicted t9 fill faster thaJJ1sborter q_ne-s1. ;J< ;' 

Usmg:ffig1.ire 4;.~onsider.the following hypothetical atrium: 
H 235 ft (72 m) 1.1·: · '" i11. __ 

A 50,000 :ft2 (14,M5 ~- m • ~;1 • •, 

Q 4,zioo .1:3t&s ({64o kw) 1 
,., •·• •

0 

• • 
1 '"I. Jr·· 

::.::),.. ... ..J ,.'-:lt;...1,· , .:1 .. · ~. ,· .. ~..... ·.,_,[; :: :·· · ~l~it :::: :J~ _, 

.r..cR , - . ';;-\" v·~d· mJ. :1 :i,11 ·: . :-- i ,;,: : 

A smoke m.anagemenrsystem is required if tr~e smoke layet:­
interracerea'ches the critical heigfit.fo Iess'illan'l;200 seltori~si.:; ' 

Que"stion' J--·i-Ho-W- iong does it take the s:i\twk~ layer ilitef..i -~ 
face 'f o reach th'e critical height'? .-, : ' · · ; ; ; · -

Answer-Seven huridied seconds'(fi'oiri spreadsheet dataF 
Therefore, a smoke management system is required'. · '··· 1 ::~i, 

ilnstead of a smoke managemertV'.system) the designer 
decides to install a horizontal shutter at-the 71 lft (22-m) ievel and: 
close the' ·shutter when .th-e smo!Qe layer iriterface reache's this 
height. ' '·'··· ··,:1 · ,, .·~. 1!· . .,.. ··-

'. 'Question 2-H©w long do~s ittake;the smoke laye'f-Jlniet­
face to reach the- ci'itical height,ifthe shutter is cldsed when the 
inteifate'reathes the'7'1-fi'(22um) level? ·,-r, c .:.. :'-

Answer-The time required to reach the 71-ft (22-m) level 
is 300,seconds (from spreadsheet1·data• for•ther 235-ft [72-;m] 
curve). Once the shutter is closed,.;the SJ!>ace becomes aJ7 I -:•ft (22-
m )atrium, and the 71-ft (22-m) cuf\ie is usedtoptedict the-time 
of descent to the critical height. This time is 91-'5 seeonds, (from, 
spreadsheet data). Therefore, the combined time with the shutter 
in place is 1,215 seconds. No smoke itia:mlgeriidbtJ$:Y3tbih'Jiil:::1 
required, and the shutter hfilf.li~Iayeitlthe lirrTvaJ o'.f.tl:m:,Sibokb·-r 

int1~~~'~- ~Y:.m·~~~ tho/l,so9.,s~f.?~?1~ ' Jf. ('.. :. • 1 _. J'l"i 
1it§Ji<?~14.qe nqtedfu<!_t he1eXi1Q1Pl~ u_smg t y sputt~red arr1UJ]l _ 

use~ E:~~atloii ' ,, ar1
6r at>Ove . th~ p'oiit'f 1~nere ilfi ,,,; '02· ro"r'bofh 

helgihs ~d 'stch~· ap~~bach would be w'itl1in the' paralnete~--cif' ~~ 
NF PA! 92ih I '9~)'.' ln · iht~-~Iit~~t ~f ttiis,papet

1\r ls' llireHded' to r. : 

il.Ius?'1te an inherent limi~~·o. ,i,n,~na~r._?f_Jrquation IJ~1 ~P.~f~.si<::: 
srgmficantly taller than those reterenced m f.lf PA 92B (1995) yet 
withm the specified aspect ratios,, This: example illustrares1the 
potent!11l1 logicaF Jlawiin ·Equation t Hdwever, this ·charac.:teristio ., 
is not evidentto the user siiice design occurs onebuildingatatime •. 

·~ Char.a~teristic Snioke Layer· , Interface 1 l)es(fent 1. 

Curves-'-lrregular Ceililig":Cakulat'ion· Method' cfigute·i ii 01' 

illustrates the family of characteristic curves produced by ;the ·"' 

BN·97-5-4 . 



combination of Equations; 10 and 13 for a 50,0QO,ft2 ( 4;645-m7) 
atrium with aspect ratios ofQ,9dO;and 14: The fire siie of 4,400 '·' 
Bruis (i4,645 kW) is constant...Note the shift of the curYesiaway Ji 
from the y-axis as the height.of the space ·increases. . , 

. Now considerlthe same hypothetical pt-0blem posed earlier. 
ln:.the 235-ft (72-n'i)' spate it would be necessary to extend the 
cur\fe to 2, n 5 seconds before the smoke interface layer reached 
th~ critical height. Of this time, ~the' first 545 :Seconds (vs, 300 
seconds in the regular ceiling calculation) Would be required to 
des&rid to 71' ft (22 rn). The 71-ft (22lm)ctirVe predkts1a·tlnie·· 
of 1,570 sbconds to reach the dtitieal height of 15 ff~4:5!m). 
Thus, the'cdmbined time using thertwo curves is'2) 15 secoil'cls, 
identical to the time ptedict'ed by the 23j-ft (72-h1~ctl!'Ve. There' 
is no1perceived,benefii to closing oflf1part ofthe;atriuril.···as the:·; 
smoke layer interface descends.:Equation 1 C1Will have the same 
slope'( rate of snM>ke produced) at'ai given height regardless of the 
height of the enclosure. 

Note the diverging trend bet).V~en the predicted :Qlling times 
in Figures 4 and 5, which will te,nd to P,roduce

5 
grtater predicted 

differences for taller spaces. As noted previou,sly, ~e tests refer­
enced by NFPA 92B in the development of Equation 2 did not 
include filling times for spaces greater than 8;6 ft (2h.3 m) in 
height. Yet,N~PA 92B (.1995, Appendix E) and the 1993 BOGA 
Crn:gmera~ll.l)' ( e~wnple 2) utiliz~ the1 :metho,Ql for heights that 
exceed those in the documented tests. T]lis is no.t the case for fire. 
sizes, and atril!m aspect,ratios, where t-11e "where used" .tends to 
agree with the ','.)¥here tested." ;;· 

L Assessment,of Data!for Aspect Ratios of0.9 and 14 The 
spaces defined in. Table } , were evaluated using the ~gular ceil­
ing ·and .irregular ceiling calculation .m;iethods. In ·.each:case, 
results are graphically produced forthe 2,000-Btu/s (2,110-kW) , 
and 4,400-.6tu/s ( 4,640-rk.W) design fn;es described in the 1996 
BOCA God~,;'.fhe smokeJayer !nterf!ic~ position predicted by) .. ' 
Equation 1 and (combined) Equations 10 and 1 G can~b,e directly- . 
compared. : , 

, . lti all cases; the two m~hods produce curves thahrross·a.t a ' 
single point, then divergeJ!>yincreasing amounts aS the ;smoke 
layer. interface descends. Table 2 illustrates this behavior; based -
onthe:l993:1BOCA Code1Corilmentaryexample. ; . <:· ' '' 

/l·r' \ ' 

RECONCILIATION OF THE ·.;, ·; 
TWO 0ALCULATl0NfMET:HO.DS .:')'1:i::.· 

There is a need to reconcile
1 
tfie h:;{ di~~r;~ri't rbaYtul~t[J~ ... 

meij/~a~ .'. , l/•w ! ~ ~of~ t~s~~9~ · ~ta:J~e;f -~~Ya~~bco?1f~~~n~~I~ LI 

de,sign,1~ro_f~ssion?ls ·n_e~~ t~ be c?rifi~~-nfih.a~ q1e)'.,F!1~ ·~Rprci~~~ · 
th is' cal~ulati.bn. an~ kfi'6w .r~·e1 B6unctaries of'tne. meiltdaQi_q'g);:, . • 

"· • _: .. :1·~j f: t ., . l ;•J" ::' ~ T· .. · .. ; <. "!' 4 ! • \ .,:_ _ ,1, .. ~ . 

Se6siti:Vi&j.nat ~{s~E o~tioh lo"-... i:• . ''" ·" ·''·:' .i 

·c·.··F,if"' ... 1:·.~ ... Y... . l!~.-~-1!1':'"- ··1_,;·. i.!·.~;1:.:·~~~-..).:_J'-~ -. r •. :~:_i · :j·~_,, 
·. , In .-Order to ~nderstand the <differenees between the 1:Wo. 1 

predictive methods, a sensitivity analysiswiUbedoneusihgthe .. ' 
volumed1o}V:;etjuation (Equation .. 1 O); The sensitivity analysis 
wilhn~pt to. define the fastest aud.·the slo\Nesttsm@<dayer 
interface descentJim.es'.~pnedi~tt!d by this method for the-cases.' 
selected. . ,;:• .. ;, . i:; :· 

BN-97-5-4' 

Slowest R~~e. of ~~oke, Layer Interface Descent. The 
slowest smoke layer.iilrterface descent will occur when the 
smoke layertemperatute approxinWites the ambient temperature; 
that is, there is sufficient buoyancy to get the smoke to the ceil­
ing, but no density correction is necessary. As each incremental 
quantity of smoke is added, it also approximates ambient 
temperature. It is assumed that this condition exists until the 
space is filled~ 

Equations 10 and 13 inherently produce the slowest filling 
since the density :correction inherent to the coefficients on the 
right side of the equations is for air at 70°F (21°C). The results 
of the calculations for this slowest-filling calculation are the 
"irregular" curves in .Figures 8, 9, I 0, and 11. 

Fastest Rate of Smoke Layer Interface Descent The fast­
est rate can also be predicted using Equations 10 and 13. If the 
slowest rate is the result of the atrium filled with smoke at ambb 
ent temperature, the fastest rate will ottur when the smoke layer 
temperature stabilizes at the temp.eratt1re of the plume measured 
at the critical height. To illustrate this concept, tum Figure le 
upsid~ Qown·~and Jhjaj< of thii as water filling a bucket. The 
temperature at the. tap is important, but the distance .the water 
falls, the temperature of the surrounding air, and the dispersion 
of the flow (spray, solid stream, etc.) will change the temperature 
of the water along its path to the bucket. The temperature of the 
water in the bucket can never be hotter than the temperature of 
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Figure,?. 

the water as ic enters the accumulated layer. Jii' the case <?ia'fire • 
in an atrium,.the fir~ repre~nts the liquid .(s it le~v~s the Ji£.\. 'and' 

I i • • •. 1 • '· 1... , Jf . ., , 
thr smoke layer lil~erf'~ce / epresents the stirf~se .of tlie >rare: in 
the buc~et. TI~ere~ore t.~1e mcistcon~~rvativ~ 1h'e~hfld (0J;,~~~!na1~- ­
in!Hll:. a.~~i;age t~ll_'.P;:a~r~ of ilie s~ok~ lay~r 1~1 to ~ss~1i;n~ ~~~ ._, , 
the entiie layer has reached the tempyr~tu.re of tile. Sll)oke pl~e· 
ceilte°flAfe femperahii[ measured at the critical he1gfit. · • · ·1 

' ; - ·"' • ' -: ~ . ~ · G t'. ' ·• l -; ··:,:j •"'; 
'The comparison' fill be. ?09.~ ~sin( the B~C.4. 'P~~Qqtf!'.. 

BuJ!ding Cod~ Commentary.. example p~ev1ously C>t~,d ~d 1Qus­
trated by Fignrl'7. The criticai1height wtil be' 40 ft (12 m).' To 
perfo'rrihhiS ca\culatior it is neCCSSaty tQ b'egin''w1i1i 'ttfe iil·ass' I 

tlow·equatiorr-from NFPA 9-ZB: -· - ~-~-z-.- c. .~ 
1 

m = 0.022Q~13Z~/3 + 0.0042Qc. -- e;:; 1_ (1 i:) 
.... ~ .. .; 

This must be done because Equation 10 has .a't) ilMedd~d deij-
sitY correction based on 70°F (21°C).. , :: ·· · / · ~- ' '' ~ 

· -,_. · _... r-· t (. , . 
: Next, the centerline plume tem~ei:ature·is approxim~!efl)':Y 

thelfollowing-correlatioris'(Klote l 994b ): t- ' · ~ 
! ~ 

ambient te~perature (;F), 

plume centerline temperature (°F), 
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TIME(SEC) ·. 

Figure 10 

Z0 .
1
, __ ·,,· = elevation ~f".'irtu~l origin ab9v~ th~ lop o_f tJ1.e fuel 

(ft), . f"" .~ . ,; " ·. ;; . 

and 
-·" ; u 

215 
Z0 = 0.278Q - 1.02D1 (19) 

·' 
=diameter of fire (ft). 

For this example, a heat releas~ rate. of 2,000nBtl.l.!s (¥) IO : 
kW) is assumed. To create_ rpe ~t~ady-state):>wning, it wW be 
further assumed that the fuel . is a bllining liquid ill a pan of suffi­
cient depth to sustaifrcontiimous butnmg. The'liqui'cF's·heafrelease; 
rate will be assumed to be 290 (Btu/s)/ft2 (3,300 kW/m2). This is 
eqJivalent to a surface'area of apprcix~atdy 7'fi2 (0.65 m2). 

Converting from are.a to diap1eter, 
'l \. ·:.~i: •i!C '.. , I~ '..- lf 

D1 = 3ft (0.9 m), . 
, .t ( \ .! 

and substituting into ¥JIP:f~i~~ .. ;\~1 , . ·; , . 
'( - ",) : _ , • ' . ; : 1 

Z0 = 2.75 ft (0.84 m). 
·:. t ' 

The plume centerline temperature at the critical height is cal-
cufated as· ·:;;1-".:." · "~-" : 1 ;~:.-, >u . -·:··~·::. !. :! c: :-r 
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Figure 11 

(If, as a~siirhed, th~ entire layer i's ~t' thi~ uniform temperature, 
sprinkler operation could be expected if standard l 65°F 
[74°C] sprinklers are installed.) 

Using the following to calculate the density of smoke at 
l 70°F (77°C), 

0.081 p = ~------
0. 002 Tc p + o.~35 

(20) 

and substituting l 70°F (77°C) fol' Tep' ,r ·:; . 

"' . ·'
11'= o:0635'lb/ft3 o.b19kg1n\3f ·· ;1;-l)_,,: -f:.-:n .::.1r·."l'; •.'.J·.:~r1 ! ~::J..' 7";.;i1L~.;;'JC:?J 

A_gain,_,bc;g~1,1pigg ';yjth;th~ ,mljS~,.tlo!w eqµ,fiti,o~, 

--if :: · < 1) ·. i~3 · 
5
1{ J fi· .:,c- ;j':'' ., , 

·' , ~ = -0.022Q<. ::Z.-r .t O.OQ42Qc·" ·.·; , .; .,.-; {11) 

1 :·:-: ,I' . , ." ,,::}'. , . '} ;.; : :·v ! 

Convert to volume flow using the relationship 
:, . j ) ' \,: 

V = 60mlp. (12) 

The rate of smoke production (ctm') -~iii 'he ··' ,,; c. 

' I /3 5/3 ' 
V = 20.8Qc Z + 3.97Qt .. (21) 

f d-~:; · ... 1< ~ ! ; 'I ·_. ( ; l,; 
This will represent a uniform layer temperature equal, tg the I 
temperature of the plume centerline at the critical height. Note 
that this is similar to the equation in the 1993 BOCA National 

Building Code. Figure 7 illustrates this filling rate with the 
"Irregular Ceiling Method-170°F (77°C)" curve. 

The two "irre~ular',' mwod.curves will represent the slow­
est and fastest filling.times for this paFticular space. Note thatthe 
"regular" method curve predi~_ts much faster filling times. (Also 
note that its shape is sirililaii'o tbe lil0°F [77°C] curve, and if it 
were moved vertically it would overlay the l 70°F [77°C] curve 
at points belO\~ 2.YH ap~ro~imating 0.7.) · 

:;All of the other areas and aspect ratios were reevaluated 
using a ~,n,sit); correction based on 165°F (74°C) smoke layer 
temperatures. This temperature was selected due to its approxi­
mation ''()f automatic sprinkler activation temperatures. These 
resultsige gepicted.in Figures 8, 9, 10, and 11 as the. "ADJ FOR 
J 65°F (74 °C) LA YER TEMP 'curves. Not~ that the new smoke 
density.hf shifted tbe.curves and .. re~ttJtcif\11 faster fiIJing times. 
However, these adjiist7_~;~ueV"es'SilJi do not approach the filliqg 
timeS:f!~d by E'quation 1. 

Since the 165°F (74°C) layer temperature correctio9 did not 
shift the curves nearly enough to coincide with the Equation 1 
curves, some additional time was spent reviewing the limited test 
infonnatiOJM:tmta'i'tlai:inNFPA 92B (1995), Table A-3.6.2.2 
(Figure I2)h . 

Six sets oftest data are summarized as forming the basis for 
the development of the regular calculation method. Of these six 
sets of data, two new sets were added for NFPA 92B ( 1995). In 
the author's opinion, only two of the tests were conducted in 
rooms large enough to be considered atria with heat release rates 
comparable to expected design fires. One of these tests was 
conduct.ed in a 7,750-ft2 (720-m2) room, 86 ft (26.3 m) high, and 
the'o~her Was in a 19,500-ft2 (1 ,815-m2) fOOJP, 41 ft (12.5 m) : 
high~ Ttre fJfi~ size Ui_the 86-ft (26.3··.m) rqon:i '.'!"as 1,230 Btu/s 
(l,'30Q k\\Q. th.e f~~ size in the 41 -ft (p.$'..m)' roorn .. was 7,58Q'' 
B~s1 ~8(0P01 k~. N<?ne of the remainir!g r~ferencea ,test Ctat.a 
apP.~fu:'s to be ' large:sc~le experimental progr~rris in afl ceiling 
sp·~~Js• a5'desb9bed by NFP'.J:1

92B. To t~is aufuor, t~e re1~lfn-~ 
' • °'' (' "'•" "I ".•I •\) .-.,.. r• I ·:_,1- ' 

ing tests ~ppear to be scale models of ati~i.tri! "~pad:s ,_ and fJII/ 
prediited1 results Should be i iewed as SUCh. •: G 

1 
• "t· . 

,_ p J)r . : 1>?1 . n· . ... . !i d•_• • • 

, , The s~al~g ~ :os provi~~d~~n N~ff 92B .Sec~pn 3~ l .2.2:,-: 
provide a,.way to convert t)le"NFPA 92B referenced tes"ts to. a 

•' i': lf O I ' o !~" I ' • ' ~. l j' ! 

o o., 02 o.:i • 0._4 o.s o.& o.7 o.a o.9 
.1~~,~·')(_A;tf')(kv("s.1n~·') . ,_ 

• BAI • NROC CJ Ccm~'~datl ) . 

- NFPA 928 • • E"1 (A-25) 

Figure 12 Distribution of NFPA 92~ test da_ta. ©19CJ6 
NFPA. 
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•, ; , • 0:. TABLE 3 
Test Firies Convertectto Atrium Size Enclosures 

... 
Referencec!, T~st ' Model Height 

. j • M~delFire Building Height ~1;1ilding Fire 

BRI (50) . - -- ,86 ft (26.3 m) 
' 

1232 Btu/s (1300 kW) 120 ft (37 m) :- 2146 Btu/s (22q4 kW) 

NRCC (51) 41 ft (12.5 m) 75R2 Rtu/s (8000 kW) 120 ft (37 m) ' . ; 45400 Bfti/s (47.9 MW) 
J 

Sandia, Test 7 (!9.) 20 ft (6.1_ m~ 489 Btu/s (516 kW) 120 ft (37 m) ... 9780·.Btu/s ('J0.3 MW) 

, MallhoU~d (53) 7.9 ft (2.4'I1J}( t :J lj Btu/s (16.2 kW) 120 ft (37 m) -
, . ~· 

1363 sill.ts (1472 kW) 

.Z4;- 95, 21:3 Btu/s k 2181 ; 863-6; 19Ji:i3 Btu/s 
Cooper(54) 7.9 ft (2.4 m) 120 ft (37 m) 

- . .. (2~, 100, 225 kW) -- (2.3, 9.1, 20.5 MW) 

Hagg_lund (55) 20 ft (6.15~) ; . 265 Btu/s_(280 kW) 120 ft (37 m) 5300 Btu/s (5600 kW) 

single' baseline height. The~e may be surnr\}ajized as fqllows, 
where each of the referenced tests is converted to an equivalent 
"a~iu~" of a com~~~ hei~t,)~ , tryis, c~e .. FO ~, (37 m). This 
height 1s s~l~cted hecfluse 1t ha5 b~ei\tised' m the NFPA 92B 
examples. ' '"· ' ' -

NfPA 92D (NPPA -1991, -Sectioi1- 3-1.2) provides -the 
following scaling ratros forneight~ and fire ~izes : 

where 

Q,;, 
Qb 

Hm 
Hb 

.-. 

heat<re•ea5e rate (model), 

heat release r~te (buii~hng), 
height (model), and 

,- ~:1 

height (building). 
; ' :·. r j :..A 

I -' (22) 

Table 3 converts the NFPA" 928 referenced test information 
into buildings ofj.den~i.cal heights. 

•1 ! '1. , •. 

(decreasing smoke density) conditions. ·lt is the author's opinion 
that the curve ptohahly-tepresenlc; itn 11iic:orr~c.terl c:urve If this 
curve were corrected for the changing smok~_ deilsity, it may 
tr~rk thP tpc;;:t fi~t~ in ~ f"nnc;;:lc:tP.nt \lf~Hf ~11 thP ut~'lf"'rtnurn tn thP ~rl -- _ _, __ ---- __ ,,, ___ ................ - _ ............. .., .. - ........ ..... J ~~ .......... •• ,.J -v ..... ""' .......... """:.~-

of the data collection, with each preClicJ.ed'Clata point a consiste'nt 
number of s_i;;cunds to tli~ -Ml oftht: IT;~asured data refle~ting the 
layer fonrn1tinn tiTl'li" -A'-1.;n nntp thP rli"trihntinn nf-. th~ "x" 
symbo1s, oiised on data from the NRCC test co~arable to a 
45,400-8tu/s (47.9-W) fire in the 120-ft (37-m-)':atrlum. These 
data Jm~k •. the,. NFP A--9J,13;..co.rrela~ion - favQrabjy \.\!ith little 
perceptibl¢ fayer formation tinle, as would be exp~cted-.for such 
a large fire in the 120-ft (37-m) space. It is not possible to distin­
guish committee data as represented by each of the"" symbols, 
but by reviewing the "building" fire sizes above, it would b_e the 
author's opinion that their.posit.ions could be predicted by their 
heat release relationship to the 8Rl and NRCC data. NFP-{\ .928 
provides no way to_c,9p.f ~ tqi~- .. , _- _ ,, _ . , _ - _ __ _, 

To test this assumption, a 10,000-ft2 (929-m2), 32,;,ft (10-m) 
room and a IOO,OOO-ft2 {9,290-m2), 100-ft (30-m) room (aspect 
ratio= IO) were recalculated using the 2,000 8tu/s (2,110-kW) 
fire: In this case, the plume centerline temperature calculation 
was perf9rrned fpr a ctitical~eight of20 .ftJq .W,), repres_egting a 
ZIH of0.625 for the 10,000-ft2 (929-m2) room and a ZIH of0.2 
for Jhtr 1 OO,OOO-ft2 (9,290-m~) room . 

. i . . ... 

Note the fire sizes in the last colwnn ofTable 3. Of these fire 
sizes, only 8Rl, Mullholland, Cooper:(2+.I~tu/s), and Hagglund 
represent design conditions comparable to those providep in the 
BOCA National Building Code. All of the other tests represent 
much larger fires when inserted into the 120-ft (37-m) spa~e, This 
suggested that layer temperatures higher than l 65°F (7 4 ri(:) 'inay 
have be~n inhereot in the development of the correlation_and that 
the correlation is compensating for layer temperatures farhighe~ 
than will be 'present in common atrium design scenario'~1• :~ 

The,Jikely difference between the two calculatiqn methods, 
became apparent. Equation 1 is predicting smoke layer interface. 
descent based on a much highertemperature tha.11165°F (74°C):' 
The higher temperature would have to b(j,...in th~ hundred,s of 
degrees as would be expected with _.a. 7,5S0-8tu/s (8,00'0-kW) 

~t : ~' T 0+ 33'8' rL Q~;J ] ' '['., (l~), 0 ' 
~ a 3 · 

"< '' • . "•; ' _I• f"Y· •: z· )51. - c i I'_ -. -_ '· " ,__ , .. -: \Utfl'- ·o _,_ ~ 

_,, /. 

fire in a 41-ft (12.5-m) ~52Q . This would also be the CfiSe for 
some oft!~J,9.W-€F· ceflinged rooms, albeit with smaller f'ires. 

Figure 12 sho-.ys~the distribution of the raw tes data refer­
enced.by NFPA 928. Note the distribl!Lion 0f1: e "+ symbols, 
basea:on.data.fWm: the:B Rtiet°ene"'g-f'Wh-lcb reflects appropri­
ace sca1irig for the .. 120-ft (37-m) atrium. Note that these data 
begin to the right of the mass-based flow curve (dashed line), 
probably due to the tinle required for the layer to form. Then note 
its correlation with the mass-based curve. It is not known if 
NFP A 928 corrected this curve for increased layer teniperatlir~ 

12 : 

J . 

T
0 

" ,•!t.:<= · 70°F1 {2l°C},'~ · _. ... : :. r!J ,._ ! · ~· • ' . . ~. , .-

Q/)'f:.! ~~ (~oo8¥,s.(l',47Jk~)), ''' "'D'~'•c.- '·
1
' 

1 

· I ·;.:_ ) . : • • , J J .J l,. .' t • , .._ • : "''·~ 1. ~ , / , 1 •·' I d '";( : ,~- .... .')I_ ; • ' ! J• 

ZcR 20ft(6m),and --. '\). •:r '/ .n :;.-~ 

Z0 2.75 ft (0.84 m), 
~ ~c·; 'S~},:. ~~~ .. --j~ : ··,: ~';t~.1 ~.,f·1~;:'<:.irr:·r: 

the plume centerline temperature is _ 
• !._ • • 'J):: 1 1 ·.~~ ·>r. 1.::- :· . ...' .: i ' '") J- ~ ~ · :, ~: 1.•:: . iiL~!.: . ·.:-;t.'.'~ 

and1the smoke density becomes:-..·· "· , . , · : " ,~ ·· , . iiLr ·_;' 

•• j ~ •• ~ '.; ' : .. ,, ' ·• \ • - :· ·, ) 

·j. p = 0.045 lb/ft•~' (0.722 kg!tn\. .:·; 1. i:: 

BN-97-5-4' ' ; 



'J ~up of data from much smaller enclosures, a correlation was 
-n•;; ,,~:;?. 11 creamd,thrui'ls now;h'ei~applied to some very li:irge spaces . 
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I· 

This creates a new mass flow equation 'abbve the flame height 
of 

v = 29.3Q~. 13z5 13 :+.'·s.6Q;· ·" (23) ' 
1•H ir .· 1 .,,-·~ S.'JCt, .' ., :'•'' .d 'i l. I 

and a Ti~w mass fldW equation below 1the 'flame height of' ,. i . 
' ' ' ; -: I' I • '1 ~ : . : '4 ·, ' - . 

v = 21.1Q~15Z.; (24r · 
Using these equations in place of~quation.s I 0 ,and B, a new set 
of data was generated for this n;1usb higher layer temperature. 

Figure 13 shows the remarkable correlation between the 
regular and irregular ceiling methods when the increased layer 
temperature is factored into the irregular. c~iljng calculation 
method. This appears to be the , reason, for the ,wjde vwiance , 

,1. . .' ' ' . - • I· I~ . • • • • • 

between the methods and seems to be supported by the test data 
referenced in NFPA 928. · ''' ; ' · '\: 

' I ! ' 

Sensitivity Analysis-Equation 1 
"! ' ' : ; .. - .·: ~ ~:·.. : : ,I' I~ ~ :_ '1 ( 

This paper summarized some of the characteristics associ-
ated with the use of Equation l! in ,previous discussions. One 
important characteristic of Equation I is that it is derived from a 
correlation, or a best fit ofa limited data S<tt. Only'two sets-of data . 
were from rooms large enough to be considered atria (author's 
opinion). From these,two sets of large room data and a second 

BN,-97c5-4 · 

• ; 1 ;~ Jfpquation I is ari--;~ccurate predict?r of smoke filling an 
· ~TI.closure, then our reliance on the existing plume entrainment 
· ahd mass flow c_mrelations is misplaced. If, on the other hand, 

-

.. -

, TABLE4 
Adjusted Initial Term Values -

2000_ Btu/i;_'(211 o kW) Heat Release Rate 
I 

, A/Hz 

- Area 0.9 14 

100,000 fiL (9290 m1 ) · 0.84 0.81 

10,000 ~ .. (929 m2) i 0.84 0.78 
. ·· 1· . .'1 

' ., • . .. , T~BLE 5- _ .,,,, ,. . : . 
AdjuSfte~ l,r,'litiar Tenn Va,Jues -

4400 Btu/s (4645 kW) Heat Release Rate 

., AiH2 -' 
' Area - 0.9 14 

100,000 fi2 (9290 m1
) 0.84 0.81 

10,000 ft2 (929 m2) 0.84 0.75 

,~ 

Equation I has inherent flaws th,at make its u~e _le~s. desirable in 
tall spaces, then it needs to be rewo~ked. 
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Figure 15 

i Frorrhhe previous analysis, Equation l 'appears to have 
limited use in taller spa:ceS''dtie to its seemihgly high•'inherent 
layer terripierature assumption. Perhaps it .would be mote<usefuJ'; .::-: 
ifthe mandated design fires were much larger; 

IfEquation 1 is to be continued in use, it will have to be rfi~di­
fied to' reflect' the lower Ia9er. te~'perarures in curre~f 'atrium1<l 
design: By oijser'vation, the Equation.' \ cur\ie's are relativel ~Wn i­
lar in shape to the curves produced byth'e'masidlow equatiort1'.'sy 
adjusting the initial term ofEqGatioh I (0.67)~th~'ctu"'\ies 'can.b~)f 
brought in o close alignment with the 70°F (2 I11:q irrcgufar &il­
ing method curves. Tables 4 and 5 are some suggested modif)ilng 
factors, and1 Figures 14, 15, '16; and t'.'7 Hh.lstrate the ~justei:fEqua~· ' 
tion 1 curves. Note the increase in the faitlal 'teirn as thiheighf of 
the.space incFeases. •; . '. -.· · i-Y·: . '1·'-'· - ' :0!"1 ?! 

I. ·Th~ regl!lf!I" c~iling,ca\cµI~timn;nethod and th~'jrregutar ceff~·' 
; _ing;c~lc4l£!tion: m~t\19d ll:J };he 19~1?; B§JGjj;f.ational BZ1.ifd.(ng 
Code do not produce equivalent results when 4!.iJi.zed ·w.ithin 
p-ie. lipiita~ions d~~crybeq._ The,i( use ~nould npt be .prpsente~ &SJ , .. 

14 

being eqµjyalent. , . ; ;; ,. . . ,, .~:! . , · .7 

a.- "Differences in predicted -times ·can' be nearly t 100% ini, 
.. ·'certain.iarea/aspect ratiO' combinations. These differences 

occur in foreseeable design situations ' 1 .•1 
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Figure 16 
' :~ _)" .· ~ ./ .. 

· b: There ate tOresKeable conditions Where tlie\1se of1he"tegu­
. lar ceilfug methdli will require a ;moke . marlai~ment 
' 'iSySt~m andill~(use of the' irregular ceiling'niefuOd will not. 

The exampt&1ili the BdCA Code' tom.niefitit)- illustrates 
· · .th.is'p0int/this t!nfieliCi to inconsistent application of tl\e 

Code; con1Us1bn1-0n :the part of tlesign profossitlna:ls, and 
significfil'ltfcost;consequences. n._~ !f;,'.J,. / •: 

-c.. Since nearly everylatrium has some variation-in horizontal 
I'. :: CroSS-Sectiona) area OT\-'il:UleW buildings; some amotihtcan 
r:-r: be designed iilir; designers ha.vethe·ability:tb create var.ying 
' :'. .borizontah.cooss-sectionatr·are'aS •in .order 1·to' utiliie:, th'e 
~dtslow~Jiapprbach. •'" · :rr.n . .. · .: ...... :1,~. 

1 d.1;·Since' nearly every-·'iFreguiar< 1atiirun car{be sifuufate&'by 
some sort of regular "flat" shape, building officials;:ftre·offi­

r . J ¢ials, and other.authorities havmgJurisdictiori hruve the'abil­
. .1,i it)": to·iJtsist1on t:qemse·ofthe.t'faster'' approach'; ,_·1 

2. :;Tl'iti irregl'llar·ceiling;tttetlidd 15 I ikely4o predictl ~r·sfo'Wef than 
obsewcfd smoke.ifayer intetfaGe 'descent, \,\ihile 'the"regular 
ceiling mttbod isl likely ·to.-predic:t a1 faster thart 'observed 
descent. The reUS<>nS-{0r this cblkltisiori are as follows:· 

'~?The regulck ceilingfoethod 'hits ;im: inheren~ s~6kt:f density 
'· 1 ·correC:tlBn based 6li tayer tern eratures oBsef\',ed'\~ith large 

. fires inl-'elati~ely'short rocim~:Tuesi! conditions arenbt likely 
• to exist in most design situation!:lbeaauscs~l) .in·sh9rtet:rooms, 

'" :,generally less than 40 ft(l2 m) tall,' I65°P{74°C) S"prlnklers 
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ASPECT RATIO= 10 

.A~~:::'1iici:oo6'sQ FT 19290 sQ M) 
. : , ,HELGH~ 100 fT po M) 

iR:EA = :10,bOO SQ FT (929 SQ Mj 

"~.EIG~:r = 32 FT (10 M) 
.. ,. 

FIRE SIZE= 2000 BTU/SEC (2110 KW) 

' ; ' ' . c. J' 

- - IRREGULAR CEILING METHOD • 70 F (2-:' C) 

-IRREGULAR CEILING METHOD· 4p F (225 C) 

- • • - REGULAR CEILING METHOD 

I , ,, 
J 

are likely to operate due to the anticipated plwne centerline 
;. . te_n;ip<rratures ~he!J 1the design fire i.s 2,0QO Bti¥.s (2, 110 kW) 

. orNgher, and (2) in taller roomsi,~ritical.heights will~ such 
. . · that tqe !lmqke lay\er temperatl!re will p.ot reach the te,mpera-
• ·), • J. 1., I • ,,. .. • - ) .. 1 .. I ... .... · 

-~·, . ~~s ~ sf;;;m to~~ inhere~t i(l ~s meth9q .. rn. , 

b; , The irregular ceiljngmethodwill tend to pr~dicta slower.than 
:r ob;;erved smoke layer interfa,ce descent because thereis no 

layer temperature correction in tpevolwne flow equation. 

3. Jn orden to .conti.nile to · use either· oalculation method, a correc­
tion factor will need: to be included that will permit the designer 
to compensate for.: the·anticipated smoke layer temperatures that 
will , be enccmntered ··in :atriwn smoke management system 
design situations. This paper suggests a methodology for mak­

ing ~~mec;tions •tq;tJ:1e '.;reg1,1l~' . or ;tljle ''.i!J~gul~' ~ calcµlation 

rn~th,ods . . ,_.•-. ... , •. ..- ''"'' · .. -··· : < .·;: 1~ 
:a. 0 "Regular'.':. ciakulation metho~F or: the• ''regutar.'~.:calcula­

tion method, it".is necessary to develop!a:number of tables 
oor:respoppjng to various atriJ.lllil. ~pect ·ratios,. ·l:i~at release 

,Ji rate~, and;eriticaLheig)lts.TabJ.<;s ~and 5! ilh,1stnite the,adjust­
-. r:nent of the j9itial t;en:n v<!lues ~ align ,the "r~gul.;u-" GalGuJa­
tion, method r~sults with th~ "in:egul&(: calc;ulation me.thod 

, . , ·" ~esults lor 1<1!_1 .. ,~S4ffie_d )ayer tewpera~e of_ 79~f q. I 0 C),, 
.• ,_ :corr~spo1,ldiJ:)g t<;> ~ r~Ia5iyel:y hi,gl:i c?tic,~1)1eight., f.or, lower 

. ·.,. :,critic<". ,ht;igh,~, ,d_i,~~~e~tin}pal tei;m, valµe~. we nep~~s~. 

,9, ' .. For the "irregulaf!JcalciJl!ltionJnethod,Equations 10 and 13 
must be adjµsted to reflect layer temperatures higher than 

BN-97-5-4· ~; 

70°F (21 °C). To do this, it is suggested that an anticipated 
maximwn layer temperature be cnlculatcd based on the 
plwne centerline t~perature ~grrelation . 
Use of this suggested methodology will result in .direct 
comparison of''i~e tWo Eai2Qaijon methods for ~ZIH < 
(approximately) 0.8. This will permit designers to use the 
"pass-fail" approach with a.,de'gree of confidence, I<powing 
the limits of the method. This method will predict the fastest 
possible fiHing and should allow for a "factor of safety" since 
all filling will be calculated based on the minimwn antici­
pated smoke""density at the critical height. 

4. Use of a plwne centerline temperature correlation for the 
design fires in atriwn smoke management systems provides 
additional information to the designer. This can be important in 
sprinkler design applications when the calculated plume center­
line temperature is in excess of the sprinkler activation temper­
ature. 
a. When it is importantto maintain egress routes, sprinkler acti­

vation temperatures can be adjusted~o avoid sprinkler oper­
ation due to direct contact with the center of the fire plwne. 

b. When the pll.l!!}e .centetline temperature at the critic~ height 
js equaho 'tile sprinkler activation temperature, · ·~prinkler 
operati~_!.1 may occur due to the increasing.temperature layer, 
rattre): than b -qirect contact wi!lj the fi re plume>:'By adjuSting 
5prlnk1e~ "remperature ratings, egfeis routes can be main­
tained and smoke management system design objectives 
met. 
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