BN-97-5-4

H 105 3|

Comparison of “Regular” and
“Irregular” Methods of Calculating
Smoke Layer Interface Heights

in 1996 BOCA National Building Code

William N. Brooks, P.E.
Member ASHRAE

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 that 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 methads 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 basis 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-
Jace 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 1981, Section 631.0).
Fire size and the risks posed by the pesition 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 performance-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
Jfor Smoke Control Systems, which was published in 1988.

The second project was the development of NFPA 92B,
Guide for Smoke Management Systems in Malls, Atria, and
Large Areas, first published in 1991. Whereas NFPA 92A is
noted for its pressurization approach for preventing the migra-
tion of smoke from one space to another, NFPA 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-
able manner. Life safety or property conservation design objec-
tives could be based on the predictable nature of the smoke layer
interface. Figure 1 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 Intemna-
tional, Inc., adopted this concept and codified the approach
within Section 921, “Smoke Control Systems,” of the 1993
BOCA National Building Code (BOCA 1993a). 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). Figure 2 illustrates several:
typical ceiling configurations. Note the design height of the crit~
ical smoke interface (BOCA_1993) in each: case. In three cases, -

spaces with flat ceilings are deemed “irregular” due to the chang-

ing horizontal cross-sectiopal area above the critical smoke

interface. The text of the Code and the accompanying comien-
tary (BOCA 1993b) lead the reader to believe that thetwo calcu-
lation methods will produce eqyivalent regults,;This is further

reinforced by Figure 921.2.1.1; indicating that the regular ceiling -

method can be utilized in the case where the building depicted
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F tgure I Smoke fi Ilmg of a(rtum space, ( a) plume rzses,
to ceiling; (b) smoke layer forms; (c): smo;ke
layer descends. Lo VT

has aroof with sloping sides (producing a varying cross{
sectional area). .. . i

Both miethlods were' continued into theé 1996 edition of the
BOCA Building Code, with the exception that a change was
made to thé ‘Coefficients"of the irregular c:ellm‘l-'J (Secnon
9?2 2.1.2) <mo‘ke vnlume equanon e ;
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T}le purpose of. thls paper is to. gompare -the two calculaf,}gp,
methods commonly used to.predict the same event—the height,
of a smoke layer interface at a particular time.
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T’hls paper w1ll test the fol]owmv hypotheSIS

. £ “IThé regular and irregulat’ceitihg equations ‘presented in

i *TSection'922 of the 1996 BOCA Naﬁ(\)nal’Bilildihg Code will

"+ iproducé conrparable.smoke layet:interface height predictions

97+ when (1) atrium 4/H® aspect ratios areBefiveen §.9-and 1 4:(2)
fire sizes are limited to 2000 Btw/s (2110 kW) and-4400 Btu/s;

(4640 kW), (3) the ceiling of the space is flat, and (4) the space

has a constant horizontak.crossesectionai area.
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The conditions described above represent-the point of conver-

gence of the two design methods and, therefore, represent the
condition where the methods can be directly compared.

If the methods are-comparable, designers will have more
flexibility i in choosing a calculation approach. If the methods are

not comparable, there may be foreseeable conditiops where the,l

L
choice of calculation method may gover the need for a smoke
riianagement systém-and Tniay not dccurately reflect the hazard

(orlack of hakérd) in a particular cdse. Bt

kY Vo, ; L7 IR ST

METHODOLOGY

In order to test the hypothesis that the ﬁ»&%j‘ir?&iéﬁ&ﬁ
methods will produce equivalentregsults over a range of condi-
tions, two different burldmo areas were selected. Fot each area
selected, both.calculation methods were used to. predict the
position of the.smoke layer intgrface.as a function of time for
twodifferent afrium aspect ratios, ‘These areas,.along with the
corrésponding -heighits ~for the. different aspect ratios, are
presented in-Table 1. E

U eBLEr.
Ceiling Heights for Selected
Floor Areas and Aspect Ratios

4 AH?

Area 0.9 14
100,000 ft2 333t 84 ft
(9290 m?) (101 m) (26 m)
10.000 fi? 109 ft 27 fy

(929 m2) (33 m) (8 mj

b '1\‘1(

The range of areas from 100,000 f2(9,290 mz)-to m 000 ft?
(929 m?) represents the author’s determination as to where the
design method will be most widely utilized. It is feit that build-

ings of less than 10,000 2 (929 m?) will require smoke manage-
ment systems-in every case when the test for system installation
is based on the position ef the smoke layer interface after 20
minutes.

i _Twosets of datahave been generated. The datasets testeach
method against bothof the design fire sizes specrf 1ed uuhe 1996
BOCA Nattonat -Building-Code. ¥ A -

; I
BoqA CALCULATION METHODS

The-1996- BOCA National Building-Code, presents two
calculation methods for determining the position of the smoke
layer interface. They will be referred to as the “regular” ceiling
method, indicating the method to be utilized for flat-ceilinged
spaces, and the “iegular’ ceiling method, indicating sthe
method to be utilized fét spaces with varying BoriZental cross-
sectional .areas, . Both methods. ¢an. be traced to 1nfon(1anon
provided.i in the. 1991 editionof NEPA 92B..

Froure 3 illustrates a cross-sectional view, of an atrium, indi-
cating some of the terminology that will be utilized in the discus-
sign of the calculation methods: The terms useq are defined ,as
follows: ie 1% Wl : . o3 2 ey

BN-97-5-4:

H = highestpointiof smoke accumulation,” - -

Ze .= height of'smoke layer interface, .

Zcg- »= critical (désign) height of smoke layer mterface i

z = limiting elévation (defmed as the height of the :
luminous flame), and R

4 o=

honzontal cross-sectlonal area of atrium.

Regular Ceiling Method o

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

Pt 5
1/3 273

Z = 0.67H= 0.28H1n[—Q—AILJ )

where

, 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 (Btl}/s), and

20T TN
|

horizontal cross-sectional area of the space being

filled (ft%).
The equation is derived from Equation 9 in NFPA 92B:
i P B .

1/3 4/3
Z/H = 061~ 028ln|:L/i—J @)
: A/H*

representing the positipn 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 (NFPA 1995).

By inspection, some of the characteristics of Equation 1 are
evident. For example, the predicted smoke layer interface height
will equal 00 (1nﬁn1ty) when{ 0. This is due to the presence of
tapproaches O leew,lse as, t ppr aches mﬁnrty,, an mﬁmtely
negative height is predrcted Thus time is plottedon théx-axis
and interface height is plotted on the y-axis, the curve will be
asymptot'rewith respect.to the y- .axis yet always intersect the x-
of thls con’elation are :raphxcally displayed.:Figure 4 illustrates
the charagteristic shape of the curve produced by Equation 1.

Semia Z=0, rePresentmglhe point at which the layer inter-
face reaches the floor, 2*and tran:;posmg the terms, Equation 1
becomes T

- { 3 2;1
0.67H = o.izwm[ﬁQA—H-! 3)

i l!f'-n ' <

L 5
2. The BOC'A Natlonal Bulldlng Code Commentaly (1993),
Section 92F.2.1.1 (eXanipler1)! and NFPA $2B ¢1991):; appendix
E (example 3). permit the desrgner to utilize Equation 1 in this
manner.“The same’ éxample' in: NFPA'92B (1995) intlidds a
cautionary. note that “smoke layer heights léss than 0.2 H are not

reliably estimated. . . .” (author’s italics added).
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height of'smoke ldyer interface, Z, - Limiting elevation (hqlzght of luminous flame).

Dividing by 0.28H yields:

T2 - 2 2H), @
This is equivalent to I
10.94 = %ﬁ. &)
Solving for ¢, "
s @

Note the fqil‘o{’v.ihb ‘acteristics With respect to Equation 6:
1. The “time to fill” varies directly with area. As the atrium
area (and volume) increases, the time to fill will also
increase. . - . L LA NC" T
2. The “timé to fill” varies' mversely w1th the heat release rate
of the fire. As the fire size"increases,: the time to fill

decreases. * * i 3 !

s e b b

3. The “time to fill” varies inversely with the height of the
atrium. As the atrium height (and: volume) increases, the
time to fill decreases.

5
Observations 1 and 2 are intuitive in nature, but observation 3
is not. If area and fire size temain constant Equa’tlon 6 can be
rewritten as 4 P {

3 A0 W e

t= C/H. i
Ustitk a value of H=1, J
: [« "l':'i SR N _' 3 ¢ r (8)
Ry Tl _ra
In this:case; t = S P B g M

- Using a va]uc pf H 2— lrcpresentmg a doublmu of the height..
(amgi ~yolume) of the atrium;,- !« -« St il g

DU Y Ry s, e,

o 9

In-this case; 7 = ©%3C. Therefore; If an atrlum area and'fire
size ‘are held constan‘t the predlcted filhno tlme w1ll decrease
as the helbht of the atrium increases. In other\words, dpubimo
the height of a space-will cause it:to.fill 1.59 times.as fast; «

BN-97-5-4,.::



In the opinion of the author, this may represent a fundamen- ... .. Equation 10 is derived from NFPA 92B’s mass flow equa-
tal flaw in the formulation of Equation 1, and one that makes.ifs . tion (NFPA 1995, Section 3-7.1.2(b)):
application questionable beyond the few series of reportedtests = = 7

in buildings of less than:86 ft (26.3 m)referencedby NFRA92B. . -+ m = 0.0220)°7” + 0.00420, (1)
For shorter buildings, this characteristic is masked by the rela- - )

tively small differences in predicted times. For taller buxldmos where

the differences become more apparent e . m™ =" mass flow rate in plume at height Z (Ib/s).

The expected condition is one- where -at any given pomt

above the fire, the slope of the curve representmb g the smoke fill-.. J\fla 55 flow Is converted to yolume flow using the relationship

ing of a space will not change due to'the hieight of the spacebeing ™ ™ 5 V = 60m/p (12)
considered—keeping fire size antt4iea constant. Tf the slepe- - - = !

were to vary, the expected variance would be toward slower fill-, . Where .

ing of the taller spaces—the primary cause due to greaterheat ~p =  density of smoke (Ib/ft°)

losses from the smoke layer asa result of the additional surface

area of the enclosure. o . and assummo the density of smoke to be 0.075 Ib/ft® (1.2 kg/m°)
The regular ceiling method does not readily lend ltsélf toa ™ correspéndmo to 70°F (21°C). By making this assumption, the
hand-calculated solution for ¢at multiple values of Z. Itis forthis 200 BOCA Code is not factoring in the decreasing smoke density
reason that it would most often be used in‘a “pass-fail” manner. - Ai-émcreased volume , of  the smoke) resulting from temperature
to determine if the smoke layer interface has reached the critical = mei*eases in the Smek& layer

height (design objective level) in a given period. (The 1996 . = 1f one argued that the mass flow equation from NFPA 92B
BOCA National Building Code defines this period as ]‘jﬁb ke (gqﬂatlon 11), converted to volume flow, is a reliable predictor of

seconds and mandates that a smoke control system® prevent the= . -Smioke volume, then Equation 10 would represent the “slowest” fill-

smoke layer interface from reachm° this design objective level ~=-P&HIME foranatrium (no increase in layer temperature above ambi-
in less than 1,200 seconds.) - Tént). Any increase in layer temperature w;l] result in faster filling

The usefulness of this method is presented as a single-point
“test” to determine if the smoke layer interface has reached a 4500 ¢
given point (Z) in a defined time period. However, with some 2
manipulation, the use of the method can be expanded to graph-

. o . v 400.0
ically plot the position of the layer at any given time.

Irregular Ceiling Method L s e - 3500
P T , Y AXIS INTERGEPT - NONE
The volume of smoke produced at any height Z is predicted X AXIS INTERCEPT - t=10.94A/QA(1/3)*HA(2/3)
by the following equatlon (BOCA 1996, Sectlon 922. 2 1.2); 300.0 %
j S, <ee- 235 FT (72 M)
4 2 ol
PV 6Q“325/3+336Q i:(10) 2500 & Ce— 2w
G 6 ——6OFT (18M)
where iy 1
T Weane oy B 0 i . ity £ 20001}
v = volumetric rate of smoke production (ft°/s), -~ | e )
. wh% o g w1 T atabel B o © - il J 4 ! I
Q. = convective portion of the heat release rate (Btu/s),
150.0 +
where s

h

Q. = 070. o, £108): e

. For a particular height, V' defines a volume of smoke w5 3
produced per unit of time (in this case, per minute). Smoke is
assumed to be deposited on the ceiling in uniform thicknesses’ '
across the enitire sufface :No transittime from the fire to'the céil- s s
ing, or radially from the center of plumecontactto theé'perimeter: | S

Q
A
@,

walls, is incorporated into the equation. oowsopl LM MEsEe) - i
: tlie U L b om0 O misBibGE S BDbes TIE axb
3 The BOCA Natzonal Bulldmg Code (1996) uses the term . Flgure4 Characteristic ~ curves, regular '~éeﬂ'inﬁg'
smoke cgnlmi system” in conjuncllon with a!,rl‘um spaces. NFPA - - o .. «-calculation method. Area = 50, 000fr2;ﬂ4, 643
(1988) reserves this definition for systems using pressurization {o o imP); height =233t (72'm), 71 ft (22 in), 60 ft

sachieve désign objectives. NFPA u$ks the term “smoke manage- - ' i Ly
ment™to include systems usirig pressurization or exhaust. 1 « - (18 m); fire size = 4,400 Btu/s (4,640:kw). .-

BN-97-5-4 - 5



rates would be over the range of commonly &esigrled atriuns}
volumes is unknown due to the lack of published observations.
This method, intended for use in spaces whete the Horizén't*
tal cross-sectional area varies with heiht, is to bé used i afi itér-
ative manner,.as opposed to the single-point test described for the
use of the reoular ceiling method. g - o
.- Use of Equation 10 is Jimited to values of Z, that are above
the hm1t1n0 elevation. NFPA 92B and the BOCA Code are -
consistent in their approach here as well,, The reason,far:this
change in calculationmethod af this point is beyond the scopg) ,qf,f
this paper.
Below the limiting elevatlon helvht, Equatlon‘ 10is repJaced by

g l « 2 I
= 16. §4Q3/ 52

ifa e o

(13)

Although the limiting elevation is not [glefmed in the 1990
BOCA Code, other references deﬁne it as the lummous ﬂame
height (NFPA 1995, Section 3-7.1. 2(a)). The helbht 1s com-

puted as - T m YL NE
it : o i 25" o Lo
7 = U330, Pos 4)
whete i B
L ’ = llmltmo elevatlon (lummous flame helaht)

. Without the limiting elevation correctlon Equatltm 10
would also predict negative values for the smoke layer interface
height because of the dominance of the sgcond term of the equa-
tion at lower heights, With the limiting elevation correction, the
curye becomes asymptotic with respect to the:floor.of the space
(x~axis). This characteristic is evident in graphical presentation
of the calculation results. o

Equation 13 is also based on a smoke density corresponding
to a temperature of 70°F (21°C). Figure 5 illustrates the charac-
teristic curve praduced by the combination of Equations 10 and -
13. Note that the curve is asymptotic with respect tadhe x-axis
and always.intersects the y-axis at#, the-highestpoint-of smoke .
accumulation. Inspection of Equations; 10 and13 reveals thatthe:
volumeiof.smoke, produced will be dominated by the-first term
for high spaces but will e more influenced by the second:term
as the smoke layer mterface approaches the.floory.. ... a

N ¢ hePTA TN
Deyelopment of Iteratlve Solvmg Approach—;
Regular Celllng Method

»\[

TSI (o I < B W plla
:o, In-order to.compare:the: predlcned results prc)dm:ed by the
two! equations,’ a .method:had :to.berdevéloped itotdisplay:the:.
results irra consistent:-way.Spreadsheetsilont themselves to this
task,-permitting rapid iterative:caloulations: “=. .. 9rmit bs

Atotal of fiver columns ina spréadsheet were used:for the-
data. The first column was:filled with units of time from: 1 secend
to-},500:'séconds, in. 10-second; increments. ((By, using 1,500 :
seconds, the ¢alculations included the full 1,200-second evalu-f.:
ation'period:-defined by the 1996 BOCACode.) A 0-secorid point:"*
could not be calculated:due to the.presence of*thle natural log
function. The next four columns wéte headed by the selected
areas, each subdivided into separate heights for the two aspect

'IT r

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

Equation 1 is entered for all of the times in each of the
columns, and the résults are a series of predicted interface

Pren

heights at 10-second intervals. T

Development of Iterative Solving Approach—
Irregular Ceiling Method

A similar approach is used to set up the spreadsheets\' for the
irregular ceiling method calculations. Again, the first column is
used for the time intervals from 1 second to 1,500 seconds, in 10-
second increments. The top cells 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 as
was the case for the regular ceiling method. For the 1rregular ceil-
ing method, individual smoke volumes must be caleulated and
deposited in uniferm layers-at the ceiling:The layer-thickness is
dependent on the interval of time chosen. As each layer is added,
anew Z is developed.

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

I73:573

—0°9Q Z77 +0.056Q,. (15)

250.0 ¢

.
2000+ 1
\

* Y'AXIS INTERCEPT - H "
X AXIS INTERCEPT - NONE
LIt e

Soan I R o E ey 235 FT (72M)
150.0 ——= TFT(22M)
60 FT (18 M)

HEIGHT (FT)

E \14060 4 i r'-,‘ ; “Wy "

TRl i W

~ ¥ M N - 2 & & K~ ]
- o™ ¥ 0 mwo—gﬂ:
AL

* TIME(SEC)

Shoessl Sge < P (s LRSI Y L O et
Figu'r_erS Characteristic  curves, irregular, ceiling .

‘i s caloulation method. Area =-50,000 12 (4645

> m,w), height =235 ft (72.m); 71 ft (22:m),.60 fts-

(18 m); fire size = 4,400 Btu/s (4,640 kw). :+ 1} =,
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Figure 6 Predicted smoke layer interface height using
Equation 1.

The first 1teratlon uses H as the value for Z.

The mcrementa] layer thlckness dZ can be determined by
dividing the right side of Equation 15 by the area of the space.

dZ = V. /A. -(16)

For the second calculation, Z becomes H — dZ. In thistiter-
ation, the time interval is no longer one second, but nine seconds.
In this case,

dZ = 9V, /A. (17)

The cells cannot be filled automatically, as' was the case with
the regular ceiling method. A legical function that detects the
time that it takes the layer heloht to reach the limiting eleva-
tion must be built into the calculation method and the smoke
volume must be recaleulated aecordmOly

Once the new volumetnc ﬂow rate (at and below the
limiting elevation) is incorporated into the spreadsheet, the
calculation continues to 1,500 seconds, using the defined time
intetvals. The results from the irregular ceiling method can
now be'compared direetly w1th those produced by the regular
ceiling method. gL

BN-97-5-4

DATA ANALYSIS
BOCA National Bunldmg Code
Commentary Examples .

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

Example 1 Example 1 illustrates the régular ceiling method
appliéd to a 2,500-ft> (232-m?) atrium, 50 f'(15 m) high (4/H?
= 1). In this case, the regular ceiling method equation was used
to detérmine the need for a smoke mariagemehi™system. Figure
6 displays the results of the calculations and graphically shows
the: —28 ft (—8.5 m) predicted smoke layer interface height
usmo Equation 1.

Noté"the fol[owmg charactenstlcs that are d1splayed in
Flouré 6 and‘ are repeated in all cases

*  The characteristic shapes of the curves remain the same;
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 regu-
lar ce111n° method curve will always intersect the x-axis.

*  The two'clirtves cross. The réason for this is that the reg-

" ular ceiling method equation predlcts an infinite heloht
as time approaches Zero. e aRwe s ow 5

* At the point at which the curves cross, both methods
réturn tlie same tithe for the same height. However, as'
the curves destend, the difference in‘time betwéen the
‘regular ceiling method and the irregular ceiling method
becomes more pronounced 3 ;

In ;this particular example using the 20-minute criteria, both

methods would require a smoke managementisystem. «
Examiple 2 Figure 7 represents a comparison of the results

produced by.the two methods in a 100, OOO-ft2 9 290-m2)

atriutn,:100 ft{30 m) in height (A/H? =10). » R
The Commeéntary uses this example, abam calculated using

Equation 1;to shiow:the need for a'smoke managemerit'system

when the critical: height is assumed at-40 fi*(12 m). '
Figure 7 supports this conclusion using the regular ceiling

method and iHustrates™the caléiifatdd’ value 'aE 330 (lO*rh) i

aovgt ';}?'-‘ B tM
presented in the Commentary.

:However}the results differ.marskedly when:the: irregular
ceiling; method is used. MNote ‘that,vat. the 40-ft (12=m)cheight,;
using the irregular ceiling methad;;the :smoke:layer intérface
arrival time is between },700-and 1,800 secends:vszthe:900- to.;;
1,000-second time.predicted by the:regular.ceiting method.”

.-.Examples*such: as:these:illustrate: the significant differ~:
ences in times predictedby the two metheédsi Table 2 displays .
the predioted-timeés when the smoke layer:interface. passes..
through-10-ft (3-m) heightintervals and.compares theregular :
ceiling.method and irregular.ceiling method predictions.Note : ;
the time difference of 760 seconds at the selected design -
height of 40 ft:(12.1 m). wen wdp o - ;
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Figure 7 Comparison of results produced by two methods
in 100 000 ft2 (9 290 m ) atrium.
TABLE 2
Differences in-Predicted:Times Using
Regular vs. liregular Ceiling Methods
i Time (s)
Height t (regular) t (irregular) Ar
90f(27m) | 163 150 (13)
80 ft (24 m) “ 230 335 105 |
70 ft (21 m) " 330 560 ¢ 230: f
60 ft (18 m) 4707 840 7| 370
50 ft (15 m) Yers YT 1215, 540 |
40 ft (12 m) 970 _#¥30 760
30 ft (9 m) 1380 - |~ 2500 1120
207 (6 m)_, {1975 3810 1835
7
Analy5|s of Selected Atrium e
Areas ‘and Aspe ct___gtl_qs, o u--w-'“" _
Gharacterlstlc Smoke Layer Interface Descent

Curves—Regular Ceiling Calculation Method Figure 4 1llus-
trates the family of characteristic curves produced by Equatlon
1 fora 50,000- 2 (4,645-m?) atrium with aspect ratios of 0.9, 10,
and 14. The fire size 0f 4,400 Btw/s (4,645 kW) is constant. Nofe

the shift of the eurves toward the y-axis as the height of the space
inere¢hsesoThis reflects the influerice ¢f placing the A term in the
denominator of Equativn 6. Note the two lower heights, 71t (22
m) and 60 ft (18 m): At these heights: the differences in filling
times are not as apparent, and the curves could be.seen as being
comparable. The crossing point of the twa:lower curves occurs
at approximately 1,000 seconds, where their slopes jare nearly,..
identical and where the continuations of the two curves-are:
nearly.indistinguishable. Contrast this with the cressing point of
the.235-ft (72-m) curve; where the slopes are noticeably differ- -,
ent. The differing slopes.at the same height mean that:Equation -
1 is predicting ditferent rates @t smoke productign tor,the same *
height, with: larger rates of smoke production in taller buildings.
These curves present a counterintuitive situation, where taller
spaces arg predicted tp fill faster than,shorter gnes;.. T
Using kigure 4; considenthe following hypothetloal atrium:

H = 235ft(72 m) ERE B
A = 50,000 ft (@ 54'5@24) SRS S R ol

0 = 4:100 Btu/s (4 640 kW) = i ?fv-‘«,;' Y 4l

_ - HER N W £ Wt o 3% b
(-CR f— I ‘l ll \4 7 lll) T . . Fd) i

A smoké managerhent:-system' is required if the sthoke layet’
intérface reaches the critical heighit in less than'1;200 se€ondsy:

Quéstion' I—How long dogs it take the sﬁmké laye‘r mtéi'-’
facefo reach the critical height? :

Answer—Seven huridred seconds (ffom spreadsheet data)
Therefore, a smoke management system is required. ST

iInstead of a smoke managemerti:systern) the designer
decides to install a horizontal shiutter atthe 71:ft (22-m) level and .
close the!shutter when.the smoke layer interface reaches this
heloht i W T e S TR el B = ok,

* Question 2—How long does it take-the smoke layef’mier—
face to reach the ctitical height if the shutter is cldsed whEn the
interface'reaches the' 71-ft (224r) level? - o :

Answer—The time required to reach the 71-ft (22-m) level °
is 300-seconds (from spreadsheet data’ for 'ther 235-ft [72-m]
curve). Once the shutter is closed, the space becomes a7 1-ft (22- :
m) atrium, and the 71-ft (22-m) curve is used to:predict the time
of descent to the critical height. This time is 91:5 seconds (from .
spreadsheet data). Therefore, the combined time with the shutter
in place is 1,215 seconds. No snidke mandgement sy steriiig~
required, and the shutter hasldaldyedsthe drfival of thie sinakd™
interface by more than 500 seconds )

h should be noted that the example usm° the shuttered atrmm
uses Equatlon 1 at or above. the point where ZIH = 0. 2 for both
hel___,hts and such an appmach would be within the parameters of
NFPA 92B ( 1995} In the context of this paper, it is intended'to
illustrate an inherent limi ltatloq in the use ofeEquatlon 1 for [9Pages,..
significantly taller than those referenced in NFPA 92B (199 9957 vet
within the specified aspect ratios: This:example illustrates: the
potentialtlogical flawiin Equation 1. However, this characteristic .:
is not evident to theuser since design occurs onebuildingatatime: -

- Characteristic Smioke Layer . Interface © Déscent /.
Curves—Irregular Ceilinig Calculation: Method -Figurei 5
illustrates the family of characteristic curves produced by the -

BN-97-5-4



combination of Equations:10-and 13 for a 50,000-ft> (4,645-m?)
atrium with aspect ratios of 0.9;:10; and 14. The fire side of 4,400+
Btivs (4,645 kW) is constant..Note the shift of the curyesiaway
from the y-axis as the height of the space increases. Py

. Now considérithe same hypothetical ptoblem posed earlier.
In-the 235-ft (72-m) spacé it would be nécéssary to extend the
curve to 2,115 seconds before the smoke intérface layer reached
the critical height. Of this time, 'the’ first 545 seconds (vs: 300
setonds in the regular ceiling calculation) would be required to
descénd to 71 ft (22 m). The 71-ft (22im)-curve predictdia time:
of 1,570 seconds to reach the dtitical height of 15 ft' (4.9'm).
Thus, the ¢ombined titie using the two curves is 2;115 seconds,
identical to the time predicted by the 235-ft (72-1a) &ilrve. Thére'
is noperceived: benefit to closing off‘part of the atrium-as the'
smoke layer interface desé¢ends.'Equation 10 will have the same
slope(rate of smoke produced) at agiven height regardless of the
height of the enclosure. :

Note the diverging trend between the predicted filling times
in Figures 4 and 5, which will tend to produce greater predicted

differences for taller spaces. As noted prev1ously, the tests refer-

enced by NFPA 92B in the development of Equatlon 2 did not
include filling times for spaces greater than 86 ft (26.3 m) in
height. Yet,NFPA 92B (1995, Appendix E) and the 1993 BOCA
Commentary (example 2) utilize the, method for heights that
exceed those in the documented tests. This is not the case for fire
sizes-and atrium aspect ratios, where the “where used” tends to
agree with the “where tested.” o =

1. Assessment:of Data:for Aspect Ratios of 0.9 and 14 The
spaces defined in Table 1.were evaluated using the negular ceil-
ing -and irregular ceiling calcylation methods. In -each,case,
results are graphically produced for the 2,000-Btw/s (2,110-kW)
and 4,400-Btw/s (4,640-kW) design fires described in the 1996

BOCA Code;The smoke.layer interface position predicted by;.

Equation 1 and (combined) Equatrons 10 and 13 candbe directly: .
compared T ] . o i

<. I all cases, the two memhods produce curves that crossat a -
smOIe point, then diverge by increasing amounts as the smoke
layer interface descends. Table 2 illustrates this behavior, based -

on thei1993BOCA CoderCommentaryexample e Pl ¢
FAI R N L i1 PR O B & e e

RECONCILIATION-OF THE » i ¢ D0 0 <o

TWO CALCULATION:-METHODS  av1:i- G e

There isa need to reconc:le the two dwerﬂent ca!culatlon
methods Untl] more research and test da%a become avarlable
design professmnals need to bc confident’ thal they can approach
this ca[culauon and know zhe boundanes of the methodolocy
Sehsmwa (AnalyéiS—Equétroh ‘io L "

-:/in-order to understand the dlfferences between the two. -
predlctw,e metheds, a sensitivity analysis:will be done using the. -

volumeflow..equation (Equation. 10): The sensitivity analysis: . :

will-attemipt to, define the fastest and.the slowestismake flayer
interface descent times.predicted by this method for the. cases:
selected. i g ey & E

BN-97-5-4"~

Slowest Rate.of Smoke Layer Interface Descent. The
slowest smoke layer+interface descent will occur when the
smoke layer temperature approxinfates 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 caiculation are the

“irregular” curves in Figures 8, 9, 10, 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 ambix
ent temperature, the fastest rate will océur when the smoke layer
temperature stabilizes at the temperature of the plume measured
at the critical height. To illustrate this concept, turn Figure Ic
upside downand _think of thls 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
ofthe 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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the water as it enters the accumulated layer. In the case 'cff'éi’ﬁfe
in an atrium, the fire represents the liquid as it Ieaves the tan and
the smoke Iayer interface represents the surface of the water in
the bucket. Therefore, the most conservative mel;h;)d for esmnat—
ing the average temperature of the smoke layer i is to assume thai
the enure iayer has reached the temperature of the smoke plume
centerlme temperature measured at the crmcal helght ) ;

“The comparison will be done usmg the BOCA N,ano;yal
Bwldmg Code Commemary example prevxously cited and |flus-
trated "? Figare 7. The critical height will be 40 ft (12 m). To

perfol this calculanon itis necessary to begm with the mass '
flow-equation from NFPA 92B: — -~ '-—;_j—- )
m = 00220'°7* +000420,. - 3 (11)
ThlS must be done because Equation 10 has dn un@edded den-
51ty correction based on 70°F (21°C). - . ey
- Next, the centerline plume temperature-is approx1m4ted by
the'followmo coneldnons (Klote 1994b): L. i
i —‘. e “éé/:; L
T =T, F¥ 338 (18)
(ZCR <25y ok
where ? . .
T, = ambient temperature (°F),
T, = plume centerline temperature (°F),

10
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s gl
Z - elevation of virtual origin above the top of the fuel
i 1% 3 vy, @ i§ e s W R :
SE- s
and
' 2/
Z, = 02780 - 1.02D, (19)
where e
Dy = diameter of fire (ft).

For this example, a heat release rate, of 2,000Btws- (2,110 -
kW) is assumed. T'o create. the steady-state bummb, it will be
further assumed that the fuel is a burning lquId inapan of suffi-
cient depth to sustaifi continuous butning. Theliquid'shiéatreléase’
rate will be assumed to be 290 (Bl'u/s)/ﬂ2 (3,300 kW/m?). This is
eduivalent to a surface'aréd of approxunately 712 (0.65 m?).

Converting from area to dlameter

A TENITES

oLt ho T et |

Df=3f;(0.9m),l

it

and substituting into Eq}xatiqn,:l 9, .
e B SR G R R

34 O e U VI

Zy = 2756 (0.84m) .

The plume centerlme temperature at the crltlcal heloht is cal-
culated as - TR AT e ) AT o Lt s de @ gD
LR ¢ S S DL -

Ay Tg™= 170°F (71°C)u bt b Eadandd

BN-97-5-4¢
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(If, as assiimed, thié entire layer is at this uniform temperature,
sprinkler operation could be expected if standard 165°F
[74°C] sprinklers are installed.) i

Using the following to calculate the den51ty of smoke at
170°F (77°C),

0.081

0.0027,, +0.935 (20)

p:

and substitiiting 170°F (77°C) for T, cp, Tl

p= 00638 lb/ﬁ3(1019kc/m’) “jf R

Again,, begmnm Wlth the mass, flow equatlon

a b

4

47

A

o in 3 s
. m = oozzg‘/325/3+00042,Q

Bty e SRl menenyg ay
Convert to volume flow usmg the relationship

5oy, e

V = 60m/p. (12)

The rate of smoke production (cfm) will'be ™ =7
V = 20. 8Ql/325/3 397Q @n

: B “J o E s = 0B,

This will represent a umform layer temperature equall to thel
temperature of the plume centerline at the critical height. Note
that this is similar to the equation in the 1993 BOCA National

BN-97:5-4 -

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

The two “irregular’ method curves will represent the slow-

est and fastest ﬁllmgmmes for this pagticular space. Note that the

“regular” method curve predlcts much faster filling times. (Also

note that its shape is similar to the £70°F [77°C] curve, and if it

were moved vertically it would overlay the 170°F [77°C] curve
at points below Z/H approx1mat1n° 0.7)

All of the other areas and aspect ratios were reevaluated
temperatures "This temperature was selected due to its approxi-
mation ‘of automatic sprinkler activation temperatures. These
results.are depicted in Figures 8,9, 10, and 11 as the “ADJ FOR
165°F (74°C) LAYER TEMP” curves. Note that the new smoke
density has shifted the curves and resulteél in faster filling times.
However, these adjusted « cufves still do not approach the filling
times-predictéd by Equation 1.

Since the 165°F (74°C) Jayer temperature correction did not
shift the curves nearly enough to coincide with the Equation 1
curves, some additional time was spent reviewing the limited test
informatiorrvontah®®d i NFPA 92B (1995), Table A-3.6.2.2
(Figure 12):-

Six sets of test 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
conducted ina7,750-ft? (720-m2) room, 86 ft (26.3 m) high, and
the other was in a 19,500-ft* (1,815~ mz) room, 41 ft (12.5m)’
high. The fire size in the 86-ft (26.3-m) room was 1,230 Baws
(1,300 kW). The fire size in the 41-ft (12.5-m) room was 7,580
Bt‘ufs (8 000 kW) None of the remaining referenced test data
appears to be “large- scale experimental programs i tall celllnu
spaces” as descrlbed by NFPA 92B. To t'hls author, the remam—
ing tests appear to be scale models of atrlum spaces, and anyf
predlcteel results should be viewed as such.

The s‘calmg ranos provrded in NFPA 92B, Secn,on 3122,
provtde a.way to convert the NFPA 92B referenced tests to a

T I I I | | I |
0 0.1 02 03 0.4 05 0.6 07 o8 0.9

(0SB AW Ir0 T

* BAI = NROC (] Commmese'sdata .
NFPA S2B -~ = Egn (A-25)

Figure 12 Distribution of NFPA 92B test data.©1996
NFPA. : ' :
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TFABLE 3

At T Test Fires Converted to Atrium Size Enclosures

Referenced Test :| Modél Height | Model Fire Building Height Building Fire
BRI(0) 86ft(263m) | 1232Bu/s(1300kW) |120ft(37m) . | 2146 Btu/s (2264 kW)
NRCC (51) 41ft(12.5m) | 7582 Bnw/s (8000 kW) | 120 ft (37 m) - 45400 Btw's (47.9 MW)
Sandia, Test7(10) |20ft(6.1m)  [489Buw/s(516kW)  [120f(37m) .o |9780:Buws (0.3 MW) j
| Mulihollagd (53) | 7.9/ (2.4:m). ;.1 | 15 Btws (16.2 kW) 120ft(37m)" | 1363 Biws (1472 kW) :
Cooper (54) 79R@4m) | 22,9156; ?2?13/,\:/) 20RGTm) f;g};ﬁ‘?fg_;gigfn‘/s
Hagglund (55) 20ft(6.15m) " |265Bu/s (280kW) | 120 ft (37 m) 5300 Btw's (5600 kW)

singlebaseline height. These may be summarized as follows,
where each of the referenced tests is converted to an equivalent
“atrium” of a common heibht m thlS case 120 ft (37 m). This
height is selected bedduse it has heen iised’in the NFPA 92BR
examples. ~ P
NFPA 92B (NFPA 1991, Section 3-1.2) provides the
following scaling ratjos for heights and fire sizes:

On/Qp.= (H,,,/H,,)S/' (22)
where
Qn = heatrelease rate (n‘lodei),
O, = heatrelease rate (building), g
H, = height (model), and
H, = height (burldmo)

N
Table 3 converts the NFPA 92B referenced test information
into buildings of .identical heights.

Note the fire size3 in the last column of Table 3. Of these ﬁre
sizes, only BRI, Mullholland, Ceoper:(24:Btw/s), and Hagglund
represent design conditions comparable to those prov1dedm the
BOCA National Building Code. All of the other tests represent
much larger fires when inserted into the 120-t (37-m) space. This
suggested that layer temperatures higher than 165°F (74"C) may
have been inherent in the development of the correlation and that:
the correlation is compensating for layer temperatures far hlgher
than wilt be present in common atrium design scenarios ?

The likely difference between the two calculation methods.
became apparent. Equation 1 is predicting smoke layer interface

descent based on a much higher temperature thap.’-‘i 65°F (74°C)*

The higher temperature would have to be.in the hundreds. of
degrees, as would be expected with a 7,580-Btu/s (8,000-kW)
fire in a 41-ft (12.5-m) room- This would also be the case for
some of tii‘e__[ower ceilinged rooms, albeit with smaller fires.
Figure 12 shows.the distribution of the raw test data refer-
enced by NFPA 92B. Note the distrrbuuon oflie “+” symbols,
based on data from the BRI'est; one of Which reﬂccts appropri-
ate scaling 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 time required for the layer to form. Then note
its correlation with the mass-based curve. It is not known. if
NFPA 92B corrected this curve for increased layer temperature

12 »

g 2 3.8

(decreasino smoke density) conditions It is the author’s opinion

curve were corrected for the chanomo smoke densny, it may
track the test data in a concistent v way allthe urmrﬂnum tothe MI‘I
of the data collection, with each predicteddata pointa consistént
number of seconds to thie lefl of the measured data reflecting the
laver formation time “Alen note the distribution of the “x”
symbofs, based on data from the NRCC test, comparable to a
45,400-Btw/s (47.9-W) fire in the 120-ft (37-my; atrium. These
data fgack, the, NFPA-92B. correlation favorably, with little
perceptible Iayer formation time, as would be expectedfor 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 be the
author’s opinion that their positions could be predicted by their
heat release relationship to the BRI and NRCC data. NFPA 92B
provides no way to conﬁrm this e

To test this assumption, a 10 000-f2 (929- m?), ot (10-m)
room and a 100,000-ft* (9, 290-m2) 100-ft (30-m) room (aspect
ratio = 10) were recalculated using the 2,000 Btu/s (2,110-kW)
fire. In this case, the plime centerline temperature calculation
was performed for a critical height of 20 ft(6 m), representing a
Z/H of 0.625 for the 10,000-ft? (929-m 2) room and a Z/H of 0.2
for the 100,000-ft* (9,290-m?) room.

T, =0 +338[——Q } B a8
e 1 (ZCR_ZO) b el 2
Usmgfi.i" "_r.v,-':t v J " w2l ;:.;;_,-j 3 = AR » 3
Ta' ATk 70°F’(21°C)"' N B e
Qc = 14OOBtu/sQ 475 kW) ‘ e .
Zex = 20ft(6m),and g AT D
Zy = 275&(084m)
ool Bide Tes 2 i s B vivtan sy
the plume centerlme temperature s
(A HIER U P WD veatiT allLlE TEENE @
PR 437°F(225 C)F T wo st i L
A s \ ’5 Vel Wi Y e BT L )
angithe smoke density becomes;~:: .+« 27 vt mt figiae
& E o EIELEN 1 B Co My o
S5 p o= 0.045 /At (0.722 kg/m ). T e
BN-97-5-4'71
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; R )
This creates a new mass flow equation ‘above the flame height
Oy Tpaed X505 ke K o -

; vt

= 29. 3Q1/3Z +5 6Q

:()(, LA

5/3
[ (A AN

and 4'iéw mass flow equation belqu ‘the ﬂame"ﬁéight of
V=2110"°2!

Using these equations in place of Equations 10 and 13, a new set
of data was generated for this much 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 ceiling. calculation

method. This appears to be the reason. for the wide variance,
between the methods and seems to be supported by ‘the test data

by o 'r

referenced in NFPA 92B. RS

[

Sensitivity Analysus—Equatlon 1 _
Lol (& 1Y h

This paper summarized some of the charactenstxcs associ-
ated with the use of Equation 1! in-previous discussions. One
important characteristic of Equation 1 is that it is derived from a

correlation, or a best fit of a limited data set. Onlytwo 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-97-5-4.

" ifgroup of data from much smaller enclosures, a correlation was

creatad-thatis now'heirgrapplied to some very large spaces.

4., Jf Fquation 1 is an accurate predictor of smoke filling an
.enclosure then our reliance on the existing plume entrainment
“and mass flow correlations is misplaced. If, on the other hand,

e TABLE 4
’ Adjusted Initial Term Values -
2000 Btu/s (2110 kW) Heat Release Rate

i A/H?
: Area 0.9 14
100,000 ft? (9290 m?) 0.84 0.81
10,000 2. (929 m?) . 0.84 0.78
ey . “
. TABLE 5 N
‘ Adju%ted Imtlal Term Values -
" 4400 Btuls (4645 kW) Heat Release Rate
A/H?
Area 09 14
100,000 ft* (9290 m?) 0.84 0.81
10,000 fi? (929 m?) 0.84 0.75

Equation 1 has inherent flaws that make its use less desirable in
tall spaces, then it needs to be reworked.

7 . o !
ASPECT RATIO = 0.9

800.0 +
AREA = 100,000 SQ FT (9290 SQ M)
sy t- HEIGHT = 333 FT (101 M)

700.0 AREA = 10,000 SQ FT (929 SQ M) 1=

- i © HEIGHT = 109 FT (33 M) o
Thara it i FIRE SIZE = 2000 BTU/SEC (2110 KW)
TR a; :
Vs00.0°

iz

e=——==2000 REG - .84

'

INTERFACE HEIGHT (FT)

TIME (SEC) .. ¢ CE<. %)

Figure 14
e

13




., 8000+
' *A§PEdf’hA110'“’lo"9
‘ 7000 4" " AREA 1oo,ooo SQFT (9290 sQm)
' ‘lltf:‘lGH'r 333 FT (ft‘n M)
- AREA 1oooosol-'r 4
600.0 HEIGHT = 109 FT (33 M)
‘i FIRE SIZE = 4400 BTU/SEC (4640 KW) -z
s0004 - %
P ; ' 4400 REG,+ pl‘.

3
= faaanas 4400 IRREGULAR
£ 400.0 4 T ;
g o a
¥ I—'-nv.ﬂpﬁ REG- 67,0
w
E ] e o, e
e 3000
e 300
i
Z

2000 1

100.0

4 1007 s

L trEzaas
-100.0 +
TIME (SEC)
Figure 15 o=

! Froni'the previous analysis, Equation 1 appears to have
limited use in taller spaces diie to its seéminigly high fnherent
layer temperature assumption. Perhaps it would be moresuseﬁ.ll =
if the mandated design fires were much larger:.-

If Equation 1 is to be continued in use, it will have tobe mod;- 5
fied to' reflect the lower layer temperarures in current atrmm
design. By observation, the Equation 1 curves are relatwely.%Ml-
lar in shape to the curves produced by the'massflow equat10n§ By _
adjusting the initial term of Equation 1 (0. 67); the Curves ‘can be®
brought irito close alignmént with the 70°F (21°C) irregular ¢kil-
ing method curves. Tables 4 and 5 are some suggested modlfglmg
factors, and Figures 14; 15,16, and 17 iflustrate the adjusteti Equa- -
tion 1 curves. Note the increase in the ‘mmal term as the heigh of
the:space inereases. =« & nolraw o cohed T e i)

SEL AT A AR L

CONCLUSIONS o . =itiie:

ﬂ‘!'\u

1. The regular cgiling, calculation-method and the: meoular ceil ¢
.ing calcylation method in. Ihe 1996 BOCA. Natzonal Bulldgng

the limitations described. Their use should not be,prgsenteg asj

I : 5 sy Say e
PRV E s Pigg ; [

bemo equjvalent.
a.:Differences in predlcted times-can' be nearly1 100% i
- ‘certain ‘drea/aspect ratio combinations. These differences

A

occur in foreseeable design situations e

14
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b There are i’bfeseeable conditions Where the‘use ofthe tegu-

lar ceiling methda will require’ a smoke" maridgement
“Fystbry and the'Use of the irregular ceiling mefhod \;Vlll not.
The examplé'ifr the BOCA Code' Commentdty illustrates
=« this'point This ¢an'lead to inconsistent application: of the
Code; corfusionion the part of design professronals and
significanticost.consequences. " . MY o

-c. Sinee nearly every'atrium has some variation.in horizontal
15

- cross-sectional area oryinmew buildings; some amouht can
1¢: be designed im, designers hawve the ability:tb create varying
. = horizontal:cross- sectionakrna're'as ‘in _order vto’ utilize. .the
ir. fislowerliiapproach. - CLETET N Sl D
'd.)sSince ‘nearly &very ikrevulaﬁ‘atnum can’be simulated-by
some sortofregular “flat” shape, building officials; firé 6ffi-

: .¢ials, and other authorities havingjurisdiction have the abil-
~lqity-to-insistion the:use of thefaster” approach: i

. “Thie irregular¢eilingstriethiod 1 likelyto predict a8lewer than
observad ‘siifoké-layer interface ‘destient, while ‘the tegular
ceiling méthod is!likely to predict @ faster thatt ‘6bserved
deseent. The reasonsfor this conclisior are as follows:

-2 The reigulér ceiling'method hias ‘an ‘inhierent smoke density
" 'correction based dn layer temperatures observed with large
firesrin relatively'short rooms. These conditions are not likely

"’ to exist irf most design situationt becauss (1) inishorterroomis,

~ oenerally less than 40 ft(12 m) tall; 165°F (74°C) $prinklers

BN-97:5-4'<



70°F (21°C). To do this, it is suggested that an anticipated

=T R RS maximum layer temperature be calculated bascd on the
BN o0d S0 T (6290 SQ M plume centerline temperature correlation.
o LELG'HT 100 FT (go ™) ) Use of this suggested methodolooy will result in direct
20004 Lo _ comparison of the two. calcuIahon methods for:Z/H <
AREA = 10,000 50 FT (929 SQ M) (approximately) 0.8. This will permit designers to use the
+HEIGHT =32 FT (10 M)
: . “pass-fail” approach with a degree of confidence, knowing
FIRE SIZE = 2000 BTU/SEC (2110 KW) the limits of the method. This method will predict the fastest
T e £ possible filling and stiould allow for a “factor of safety” since
150.0 -+ . o .. . e
% — - IRREGULAR CEILING METHOD - 70 F (24 C) all filling will be calculated based on the minimum antici-
£ B e IRREGULAR CEILING METHOD - 437 F (225 C) pated smoke density at the critical height.
= % _ 4. Use of a plume centerline temperature correlation for the
O - \ — - - = REGULAR CEILING METHOD
g design fires in atrium smoke management systems provndes
§j : additional information to the designer. This can be i lmponant in
3 sprinkler desigri applications when the calculated plume center-
§ line temperature is in excess of the sprinkler activation temper-
ature.

a. When it is important to maintain egress routes, sprinkler acti-
vation temperatures can be adjusted fo avoid sprinklér oper-
ation due to direct contact with the center of the fire plume

b. Whenthe plume centerline temperature at the critical height
js equat“o the sprinkler activation temperature, 4prinkler

B operation may occur due to the increasing temperature layer,
=T rather than by direct contact with the fire plume: By adjusting
s sprinkler temperature ratings, egress routes can be main-
S0 tained and smoke management system design objectives
TIME (BEC) .
met.
Figure 17 s
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