BN-97-5-3

# 105 30

Prediction of Smoke Movement in Atria:
Part Il—Application to Smoke Management

John H. Klote, D.Sc., P.E.
Fellow ASHRAE

ABSTRACT

In recent years, approaches to smoke management in
atria have been introduced into many codes and engineering
guides. This paper presents information that can be used for
design analysis of atrium smoke management systems. Vari-
ous approaches to manage smoke in atria are discussed. Often
a hot layer of air forms under the ceiling of an atrium, and this
hot layer can prevent smoke from reaching the ceiling. A
method is discussed for dealing with smoke detection when
such a hot air layer prevents smoke from reaching the ceiling.
Commissioning is needed to ensure that smoke control sys-
tems will function as intended during fire situations. Commis-
sioning efforts should start before design and extend until
maintenance system modifications after construction are fin-
ished. Research is needed concerning (1) the use of airflow for
smoke control between the atrium and communicating spaces
and (2) the depth of the smoke layer required to prevent
atrium exhaust from pulling air from the lower layer.

INTRODUCTION

In recent years, approaches to smoke management in atria
have been introduced into codes and engineering guides (BOCA
1993; UBC 1993; NFPA 1991; Klote and Milke 1992; Hansell
and Morgan 1994). While these basic approaches differ in many
respects, they all have the zone fire model concept as acommon
foundation and consist of a collection of algebraic equations
intended for design calculation. For simplicity, discussion of the
basic approaches is limited to those of NFPA 92B (1991).
However, much of this applies to the other approaches as well.

This paper is the second of a two-part series about smoke
movement in atria. The first part (Klote 1997) explained the
physical concepts of the steady fire, unsteady fire, zone fire
model, and the fire plume that are the basis of atrium smoke
management. Part II presents information that can be used for
analysis of smoke movement for design of atrium smoke

management systems. A computer program, entitled Atria
Smoke Management Engineering Tools (ASMET), was written
consisting of a set of equations that may be of help for conven-
tional atrium designs (Klote 1994). This program is available at
no cost from the author.

The basic calculation methods of this paper are not appli-
cable when the design exceeds the range of applicability of the
equations presented or when obstructions in an atrium do not
allow flow. For these situations, there may be benefit to compu-
tational fluid dynamic (CFD) modeling or physical modeling.
CFD modeling and physical modeling provide greater informa-
tion than usual design methods but require specialized and
advanced engineering training. Introductory information about
these topics is provided by Klote (1994).

As with part I, the term “atrium” is used in this paper in a
generic sense to mean a large space such as an atrium, an
enclosed shopping mall, a sports arena, or an exhibition hall.
NFPA 92B (NFPA 1991) and the smoke control design book by
Klote and Milke (1992) define smoke as the airborne solid and
liquid particulates and gases evolved when a material undergoes
pyrolysis or combustion, together with the quantity of air that is
entrained or otherwise mixed into the mass.

APPROACHES FOR SMOKE MANAGEMENT

Most atria smoke management systems are designed with
the goal of avoiding occupant exposure to smoke during evacu-
ation.’ The following are approaches that can be used to manage
smoke in atria.

1. Filling with a Steady Fire: This approach consists of
allowing smoke to fill the atrium space while occupants

1. An alternative goal could be to avoid subjecting occupants to
untenable conditions. Possibly the reason that this approach is not
commonly accepted is the reluctance of engineers to design
systems that expose occupants to any smoke. even if that exposure
is not lethal.
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.evacuate the atrium. This approach applies only to large-
volume spaces where the smoke-filling time is sufficient
for both decision making and evacuation. For information
about people movement during evacuation, the reader is
referred to Nelson and MacLennan (1988) and Pauls
(1988). The smoke-filling calculations are based on a
steady design fire, and these calculations can be done by
the computer zone fire models discussed above or by appli-
cation of the steady filling equation presented:in the next
section.

2. Filling*with an' Unsteady Fire: The comments for
approach 1 apply except that the fire:is unsteady. The
unsteady filling equation presented later is applicable to a
fire whose heat release is proportional to the'square of the
time from ignition. Such a fire is called a t-squared fire and
is described in part I. As with approach 1, the smoke-filling
caloulations ean also be done by computer zone fire mod-
els. The computer approach allows simulation of filling by
otherthan t-squared fires. :

_ Steadv Clear Héight with Upper Laver Exhaust: This
‘approach consists of exhausting smoke from the top of the
“atrium in otder to aclieve a steady clear heiahf for 4 steady
fire (Flouré . A calculatlon method based of the plume

&quations’ ‘above ’ 'is” presented later. Computer zone ﬁre
models can also be used for these chlcilations.

(V3]

4. Unsteady Clear Height with Upper Layer Exhaust:
This approach consists of exhausting smoke from the
atrium top at a rate such that occupants will have suffi-
cient time for decision making and evacuation. The most
convenient method of analysis for thlS design approach is
by a computer zone fire model, and it'is not discussed fur-
ther in this paper. = - ©

Filling by a Steady Fire " Ty

The followihg experifiental correlation of the accumulation:

of'smoke in a space dué to a steady fire is the steady filling' equa-
tioh from NFPA 92B ('l 991)::
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z = height of the first mtimatmn of smoke above the, fire
m (ft); e N €
H  =ceiling height above (3% )
t = time, s; LR L s dgend A
O = heat release rate f‘rom steady m e, KW' (DI‘UIS) r
A - cross-secnonal area of the atnum m (ﬁz) ¥
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This equation is consérvative in that it estimates the height
of the first indication of smoke above the fire rather than the
smoke interface, as illustrdted in Figure 2. In the idealized zone
model, the smoke interface is considered to be a height where
there is smoke above and none below. In actual fires there is a
gradual transition zoné*betwegen the.Jpwar.cenl layer.and, the
upper hot layer. The first indication of smoke can be thought of
as the bottom of the transition zone. Equation 1 is based on a
plume that has no contact with the walls. Because wall contact
reduces entrainment of air, this condition is conservative,

Equation 1 is for a constant cross-sectional area with respect
to height. For other atrium shapes, physical modeling or CFD
can be used. Alternatively, a sensitivity analysis can be made
using the above equation to set bounds on the filling time for an
atrium of complex shape. The equation is appropriate for AlH
from 0.9 to 14 and for values of z greater than or equal to 20%
of A. A value of z/H greater than one means that ttie sitike layer
under the ceiling has not yet begun to descend:These conditions
can be expressed as _— i _ o,

A = constant with respct to A,

B
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0954 <14,
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When Equation | is solved for z/H, the-usef will find that z/H
is oftefi outside the acceptable rarige. The steady ﬁllm° equa- )
tion can be solved for time” -

[gzs(c.o-f,ﬂ- @

Filling by an Unsteady Fire

For a t-squared fire, the location of the smoke layer inter-
face can be estimated by the unsteady filling equation from
NFPA 92B (1991):

BN-97-5-3
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where ' B
z : —helahtofﬂ'refu'stmdlcatlonefsmokeabovetheﬁre m(ﬁ)
H, = cexlmo heiaht above the fire, ft (m); - ‘ )
(] timees
tg' 1= growtlt time; s; QN ‘
A = cross-sectional area of the atrium, m? (ft%):
C;, =0.91(0.23). 11

This equation is also based on experimental data and is con-
servative in that it estimates the height of the first indication of
smoke and is for a plume that has no wall contact.

Equation 3 is also for a constant cross-sectional area with °

respect to height, and the comments about atria of other shapes
in the section above also apply @ this section. The equation is
appropriate for A/H? from 1.0 to 23 and for values of = greater
than or equal.to 20% of H. A value of z/H greater, than,pne also
means.that the smoke layer under the ceiling has not yet begun
to descend. These conditions can be expressed as ;

A = qonstam with respectto H,

5 JM_M_'.....L

02<l< l 0
H
a = cheagtardt o o v,
and
4 [ A
e Ly, S
H” ! i v
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The growth time, ¢, has been discussed in part I, and values
of it for various characteristic fire growths are listed in Table 2
of part I. As with the steady filling equation, the unsteady filling
equation can be solved for time:

3/57 ,\~0.69
7/5H4/5(A) (;) ~
H* M : %
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where C, is 0:937 (0.363). : 0

Steady Clear Height with Upper Layer Exhaust ‘

. The method of analysis presented in this section is based on
several simplifying assumptions, and before using this method
designers must verify that these assumpttons are appmprtate for
their application. ;2.

As already statedl, Figure-1 illustrates smoke exhaust from
an atrium to maintain a steady-clear height. A consequence:ofithe
steady clear height cansideration is that the design fire rfaust be
of constant heat release rate. Consider that the only flow into the
smoke layer is from the plume, and the only,ﬂ,@yv from the;smoke
layer is the smoke exhaust From the prmcrple,gf conservation of
mass fora steady, process, the exhaust flaw. must ,elqual the flow
from the plume. The simple plume equatlon (pan Ig.pan be used
to qalculate the exhaust flow rate, and this equation is listed

below with varlable_s_irede\ftned for this application: .

1/3 5/3

co s 62 +Co0, 5)
where
m = mass flow exhaust of exhdust air, kb/s (Ib/s);
0. '— convect1ve heat release rate of Ll('lre kW (Btu/s)
z = clear helbht above top of fuel, m ;. 34
C, =0.071 (0.022); and
Cyg =0.0018 (0.0042). u

The. ¢lear height is.from:the. top of the.fuel ta the interface
between: the “clear” space and the smoke layer, As already
stated, it is suggested that the top of the fuel be considered at
the floor level to compensate for the uncertainties of the sim-
ple plume equation (Figure 1).

For an upper layer w1th llttle heat transfer to the atrium walls
upper laye_r can be thought of as being adiabatic or as_b_aymg
negligible heat transfer. If there is no heat transfer from the upper
layer, .theiexhaust temperature equals the plume temperatyre

ntermt'v"fhe “upper layer. The adiabatic exhaust temperature 1s
Q.

B 3

..ﬁ; pTa mC, ___i?)
where- . ‘r ol
Ly [ adiabatic exhaust temperature ‘t@("F) R
/3 = ambient temperature °C (°F)

m v = massflow of exhaust air, kg/s (lb/s); - -+ nwewis
&, = convective heat release rate of fire, kW (Btw/s); and
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» = specific heat of plume gases, kJ/kg-°C (Btw/Ib-°F).

The density of the exhaust gases can be calculated from the
perfect gas law:

L P=E )
where .
p '—- dens1ty of exhaust gases, kc/m (Ibm/ft%);
P = absolute pressure Pa (Ibf/ft%);
R = gas constant, J/kg'K (ft-Ibf/lbm-°R): and
T = absolute temperature of exhaust gases, K (°R).
The volumetric llow of exhaust gases in plume is

V= 04@;» s sl 8)
Pp

where
m_ = mass flow of exhaust air, kg/s (Ib/s);
1% = volumetric flow of exhaust gases, m’/s (cfm);

p,  =density of exhaust gases, ke/m’ (Ib/ft’); and
Gy =88]

1
The major assumptions of the above analysis are listed below,;.

1. The simple plume mass flow equation is appropriate for
atria smoke managemient applications.

2. The heat release rate of the fire is constant

3. The clear height is greater than the mean flame height.

4. The smoke layer i 1s adiabatic. - s

5. The plume flow and the exhaust are the' 6nly 51gmtrcant

mass flows into or out of the smoke layer.

The applicability of simple’ plume equations has been
discussed in part1. Generally smokeé layers in atria are fiot adia-
batic, but the adiabatic assumption is both useful and conserva-
tive. Without this assumption, the analysis would be
complicated by ‘the mcoﬁ)dl ation of heat transfer. The assurnp* i
tion is conservative in.that incorporating heat transfer results in
lower volumetri¢ flow rates of exhaust ajr. Thus-assumption 3
may not be true, but it is consgrvative and results in a simplified
anglysis. With regard to assumption 4, the potentlal for leakage
from the outside or from other building spacestothe smoke layer
should be checked. If such flows exist, the analysis can be modl—
fied byi mcreasmﬂ the exhaust ﬂow accordmr’ly

If the smoke layer is not deep enoubh relatrv to the exhaust .
inlets, there is the possibility of pulling some air from below the
smoke layer into the exhaust, and this would reduce the effective-
ness of. the, exhaust system(.,' Such reduced ef’fecuyeness would
resultin asmoke: layer, interface. going below the design value and
could expose: oceupants to smoke. Currently, designers use engi-
neering Judgment n “the sele€tion of this height; however
ASHRAE has an onoomo research prOJect to study thls Issue

{

PRESTRATIFICATION AND DETECTION

Often a hot layer of air forms under the ceiling of an atrium,
the result of solar radiation on the atrium roof. While studies have
not been made of this prestratification layer, building designers
indicate that the temperatures of such layers are often in excess of
50°C (120°F). Temperatures below this layer are controlled by the
building’s heating and cooling system, and the temperature profile
can be considered to increase significantly over a small increase in
elevation, as shown in Figure 3aqf An analysis of smoke stratifica-
tion is given in NFPA 92B, but it is not appropriatg for the temper-
ature profile addressed of this section.

When the avérage'temperature of'the plume 1$ less than that
of the prestratification layer, the smoke will’ form a stratified
layer under it, as shown in Figure 3b.

Averageplume temperatures can be calculated from Equa-
tions 7 and 14 of part I, and they are graphed in Figure 4,It can
be observed from Figure 4 that the average plume temperature is
usually less than the expected temperatures of the hot aif [ayer.
Thus when there is a hot prestratified air layer, smoke cannot be
expected toreach the ceiling of the atrium, and smoke detectors
mounted oft' that ceiling cannot be expected to go into afarm. :

Beam smoke detectors used to detect smoke in the plume can
overcqmg, the limitations of ceiling-mounted detectors in atria.
Generally the light bcams arc oricnted horizontally. Beam-detec-
tors are eften mounted. on balconies; where-they-are generall’y
easier to reach foraintenance than are detectors that are mounted
on the ceilings of the atrium. The beams need to be below the
prestratified hot layer, and thé 'space between beams needs to be
small enough so that plumes will be detected regardless of where
the fire is located. As stated in the first paper, the plume diameter
equation (D), = z/2) describes the Visible plume diameter with an
estimated uncertamty in the range of +5% to —40%. Therefore, it
is suvoested that the spacing between beams be

H,

A =7 !
whe‘re" 9 ;
x = minimum spacing bétween light beams, m (ft);
H,  =height of beams above floor, m (ft).

The height of° beams above the: floor, f;, needs to be well
below the.prestratification tayer so that the plume will reach
the level of the beams and be-deteeted. Figure 5 is an example
arrangement of beam detectors in an atnum

4

MAKE-UP AIR -

The same mass ﬂow rate oﬁalr exhausted from the top
of'the atrium needs to enter the atrium below the smoke layer.
One approach lS to 1ntroduce thls air throuf’h openmos to the

a

2. The analysrs of smoke stratffication i NFPA 92Bis fOr a constant
témperatute ‘increase’ per unit: elevation (dT/d= ¥ constant): This
- anlysis ‘does not apply.to the prestratification layer that forms
;‘under the atriumceiling, When conditions of constant d7/dz exist
.in g large space. the NFPA 92B approach can be used to estlmate

“the maximum height of smoke rise. ‘
(npeet L
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outSIde shch as open dpors arld louvers that automatlcaﬂy
open upon system actlvatlon Where such openings are not -
practical, make-up air can be supphed by a fan powered
system. The velocity Qf makes-up air should ROt deﬂegt the
plume significantly; which-would increase entrairiment!; At
locanons ‘where” the ‘make-up alrﬂow could | dotftact the
plume thé velocity of this' alrﬂow should not e>dcee' _about
1 m/s (200 fpm). Y
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SEPARATED SPACES

Spaces away from the atrium can either be separated from
the atrium or they can be open to the atrium. Separated spaces
are isolated from the atrium by smoke barriers, and these
smoke barriers are either vertical or horizontal membranes
that are designed and constructed to resist the movement of
smoke. Walls, floors, and ceilings can be smoke barriers, and
these barriers may have a fire-resistive ratmo Smoke barriers
may have doorways or other openings that"are protected by °
automatically closing devices such as doors or dampers. Sepa-
rated spaces can rely on the integrity of the smoke barriers or
can also rely on smoke control by pressurization as addressed
in NFPA 92A (1993) and Klote and Milke (1992).

COMMUNICATING SPACES

Communicating spaces are spaces within a building that
have an open pathway to an atrium. The communicating spacés
may open directly into the amum “or they may be connected
through an open passage. B . Ky

Other Plumes
g %
Balcony spill plumes and window plumes are both

addressed in NFPA 92B(1991) and by Klote and Milke (1992)
as means of -smoke: flow into the atrium from a fire in a
communication space. The method of analysis of these plumes
is based on there being hot, buoyant smoke ﬂowm‘7 into the
atrium. If the fires in the commumcatmg spaces ‘are sprin-
klered, the resulting'smoke'is neither hot nor buoyant. Consid-
ering that the communicating spaces in most new buildings
with a;rla in the United States are sprmklered this paper does
not address spill plumes or window plumes

It may be possible to have an atrium building (possibly
retrofit) without sprinklers.in communicating spaces, and
these other-plumes should be considered in the analysis of an
atrium,systetm; it

Airflow for a.QOQiJ;nunicdtihg'Smce Fire ..,
" Airflow cdii'Be:used to prevent smoke flowing from a fire
in a communicating $pace to the atrilim. The'intefit of this
approach i§ fo protect the atrium ‘and nonfire‘éommuhicating ™
spaces. The ‘fdndam'éhtal'question‘conc'e’rhiﬂa‘{h‘ls‘ approachlis’
what level of protectidh is prowded Curtently; there is nbuf-"
ficient in formatlon to evalluate whetheﬁhese systelﬁs pro(nde

any significant level of protectlon to fife or'if their sole beneﬁt

'SPTOPe'TY PYOIGCflbn ZREINE PR Tt i - S B
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3. Based on fire e\pmmcnls (Madrzvkowskl o9 ( Louehced 19')7)' ’
“it wbuld et that sprinklered fires of bfficébuilding matérials in
"typical configurations’would not result7in kethaticondition 'in:
-ispaces away:front: the'room offirg: origin igvep fox fizgs: thatare |
shielded frpm_the, .splnkler spray, Further, ASHRAE has,.a-
research pro_]ect to.study, lpe ha\mrd 1o hfe reultme from sprl -
klered fires in a communication space
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The issue of evaluation of the potential benefit of this

approach is further.complicated by thé-¢oncern about airflow
supplying combustion air for a fire. Klote and Milke (1992)

address this issue, and they recommend that airflow“not be used"
for smoke control, except when the fire is suppressediof-in the:

rare cases when fuel can be restricted with confidence.
If it is desired to use airflow to prevent smoke originating in
the ‘communieating spate from flowing into the“atrium,-the air

needs to be exhausted from the communicating space.:The:

exhaust flow rate needs to be sufficient to result in an average air

velocity in the opening betweers the communicating space and-

the atrium to prexent smoke flow. NFPA 92B-(1991) recom-
mends the following equation by Heskestad (1989) for the limit-
ing velocity to prevent smoke backﬂow

(10) .
where i )
V- =average air veloc1ty, m/s “(ft/min);
g = acceiératlon of 0rav1ty m/s (ft/sz)
H = helaht ofopenm m (ft), .
Ty . . -+ temperature of-heated smoke, K (°R); .
Tlow : *temperatureof’amblent airy’ K(°R) andel el
c; ~064(8) =D i “';;u’ u

3
& VYT

' Détermination of* réal:snc temperatures of’ smoke from''a
spr:nklered firé is diffictlt.’ Lui'(1977) studied the evaporative
cooling of sprinkler $pray on ‘fire ases and showed that' smoke

o

temperatures were Sometimes cooled below ambient tf;mpera-"

ture. NFPA 92B (1991) indicates that 74°C (165°F) & 'consid-

ey
wl e

ered realistic for sprinklered firés. In the ahsence of goad data
applicable to the above equation, the indicated temperature was
the best advice that the NFPA committee responsible for NFPA
92B was able to give on this subject. Before sprinklers take
effect, the elevated gas temperature is restricted to a thin layer
(0.05t0 0.1 m [2 to 4 in.]) below the ceiling. Aftér sprinklers are
activated, this temperature may be conservatlvely hlah consid-
ering the findings of Lui.

Research is needed to evaluate ‘the potential bénefits of
these airflow systems. If the benefits support’ use of these
systems, research is needed to develop an approach that can be
applied ‘to spru’lklered ﬁres with more confi de’nce thaﬁ the
approach above

P L s (T

Airflow for an Atrlum Flre i oa T

Airflow can also be usedto prevent smoke [lowing from the
atriuth to the communicating space. The comments from the
previous section about the uncertainty of the Ievel of protection
provided also apply to the systems of this secnon

Air ¢an be supplied to a commumcatmo space to achieve a
specificaverage velocity atthe < opening to the atrium. This veloc-
ity should be such that smoke flow to the commumcatmg space
is prevented For opening 1ocat|ons below the smoke layer and
3 m (10 ft) above the base ofthe fire, the NFPA 92B (1991) equa-
tion for this velocity is e

X-

ty

— L
yee Q) av
where Y g £, Tlip LF ' 5
V.= averabe air Velocrry, m/s (ﬁ/rhm) i
0 2 heat refease vité of th fire, kW (Btu/s)
BN-97-5-3



= distance above the base of the fire to the bottom of the
opening, m (ft); and

=0.057 (17).

(8]

Ciy

If the velocity calculated from the above equation is greater
than 1 m/s (200 fpm), then a velocity of 1 m/s (200 fpm)
should be used. This limitation was made out of concern that
greater velocities could disrupt the phiriie flow' and 'have 'an
adverse effect on atrium smoke management. :

For openings above the smoke layer interface, Equation 10
should be used to calculate the veloc1ty The above equation was
provided for NFPA 92B (1991) by Heskestad and is based-on
unpublished theoretical considetations.” AS~Witlthe ‘secfion
above, research is needed concerning airflow and fires in the
atrium.

COMMISSIONING AND ACCEPTANCE TESTING

Commissioning is needed to ensure that smoke control
systems will function as intended during fire situations. Many
designers and builders have told the author that they believe

acceptance testing is the major problem with Siioke control

systems. They say that everything goes well up to testing, and
then the system fails to pass the tests required by the local author-
ity. However, acceptance testing is not the major problem—it is
the symptom of the real problems. A commissioning approach
can reduce the potential for dtfficulttes during the acceptance
test. The guideline for comm15510nm° (ASHRAE 1994)
mcludes t,he followma

- *“‘pre-design ph?’Se,
«  design phase

*  construction phase
* . acceptance progedures, and

. ;‘.post-accgptance..phase.

r The pre- q,es1gn phase includes 1dent1ﬁcat10n of objecttves
and initial development of a commissioning plan. The destgn
phase includes documentation of design criteria, assumptions,
description of system, description of required performanee;test
procedure, project schedule, and system certification. The basic
principle beh:nd seléction of a test procedure is that the test needs
to verify sys.t;:mr performance ‘under fire conditions. The
construction p)hase mcludes rev:ew of submittals for equlpmem
and controls, as'well z as testmg, ad;t)tstmu and balancmo of air-
movmg systems Acceptance procedures includes’ preparatton

for the test, conductmo the test and documentatlon of the test

results Post-accept nce efforts mcfuc"fe mamte,nance any

system moqtﬁcauons qnd documentatlon

5 ,-’?;' OS2t

Fire Tests

. A real fire is the most realistic method of testing a smoke
control system. It is an understatement to say that the construc-

tion community has concems about the danger of building fires -
in atria. The information in this brief section is. lntended to give ;
the reader an idea of what can be done concernjng real fire tests,

BN-97:5-3

and readers wishing to conduct such tests should start by making
an exhaustive investigation into the topic.

Real fire tests of atfia smoke management systems are
common in Australia (Atkinson 1992; Atkinson and Marchant
1992); and one such test has been conducted in the United
States (Dillon 1994). The Australian tests use ethyl alcohol
pool fires of 1,000 to 5,000 kW, and chemical smoke tracerto
make the “plume and smoke layer visible. Dillon used a
propane fire of 5,000 kW with a different chemical smoke
tracer. While the propane fire was more expensive, it had the
safety advantage that it could be shut off quickly by closing a
valve. Determination of the heat release rate is probably made
more accurate with the propane by metering the flow and
having propane of certified heating value.

Because of concern about heat damage to ceiling and struc-
tural mémbers; ‘the centerline plume temperature should be
calculated before the test. Atkinson and Marchant indicate that

~ these &stimates have been wrong on a few occasions, and they

provide an alternative mass-weighted calculation that requires
iteration. They also indicate that these real fire tests require atten-
tion to detail, and they express concern about the danger that
could result from badly applied tests.
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' Performance Tests Without a Fire

.. Performance tests without a fire: consist of measuring the
performance of the system components to ensure that these are
functioning; s intended during system design. For an atrium
exhaust system;-this would consist of measuring the exhaust
flow and-any other flows that are part of the design. For a system
that has been designed by a professional engineer upon accepted
enginegring pringiples (such as those discussed in this paper),
these flow megsurements are a sufficient,indication that the
system will perform as desired under fire conditions. 52 3
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Chemlcall Smoke T{[acer Te,sts -

Chemical sfdke from: smoké bombs or: srrvke generators
can be used to test for smukeifeedback into supply air. The
general procedure for testinig witt ‘chiémical smoke is described
here. A number of smoke bombs are placed in a metal container,
and .all bombs are simultaneously 1gntted The container is
located near an exhaust inlet in the smoke zone being tested so
that all of the chemical smoke produced by the bombs is drawn
directly into the exhaust atrstream, If ;:)hemlcal smqke is detected

in the supply air, its path should be determmed the path should

be blocked, and then tHe smoke feédback ‘test’ should be'

AT G Tl

conducted again.

For pressurization systems tlooated inspaces separated ’

from the atriumyghemical;smoke-or-other tracers.canbe useful ©
in locating the leakage paths that sometimes defeat 3 smoke -

control system. For example, if the construction ofa statrwell
is unysually, leaky, pressurization of that stairwell may;net be

possible with fans sized for eonstruction of averagg: tightness. .-

Chemical smoke . generated, within, the §tatrwellr, will flow
through the leakaq?e Jpaths and. tndtcate their lpcation sq that

they can. be cgulked or sealed. - ai v 1 Moy L
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Caution About Chemical Smoke

Caution needs to be given’concerning the use of chemical
smoke. In the absénce of aréal fire, this chernical srtioke has little
or no’buoyancy. Chemical smoke does not move like hot smoke
from a flaring fire. The unrealistic nature 'of smoke tests from
smoke bombs was illustrated hy the experiments at the Plaza
Hotel’(Klote 1990):“ .

Because: chemlcal smoke tests do not test the system witha
realistic fire plunfe the test results cannot determine System
performance agaifist real fire conditions. It is possnble that a
system that would fail a chemical smoke test could perform as
intended during a fire. Conversely, a system that passed a chem-
ical smoke test could fail to perform during a fife. A serious
concemn with smoke ‘bomb tests is that they can give bu11d1no
occupants and fire service officials a false sense of security.

SUMMARY AND CONCLUSIONS
1. The approach of atrium exhauéting presented in this paper

and in NFPA 92B (1991) is based on the fundamentals of, .

p;uluc mcviliuii\,s, aud déiigﬂén vait 'u_qvc a lcvqi‘ uﬁt,uui-l-
dence in systems designed to these principles. As with all

systems, designers need to exercise care that they are;within -

the lumtatlons of the technology, and design fires must be
large enough to realistically reflect the high probablhty of
transient fuels. ‘ .

2. Exhaust is not necessary for an atrium of sufficient filling
capacity such that occupants have time for both decision
making and evacuation before the smoke fills to where they
are located. Approaches to atrium filling can be used to
obtain a conservative estimate of filling time. These calcu-
lations can be done by computer zone fire models.

For situations where the basic methods above are not appli-
cable, physical modeling and CFD analysis can be used for
design. The basic approaches are not applicable when the
design exceeds the range of applicability of the equations or
when obstructions in an atrium do not allow plume flow.
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4. Often ahot layer of air forms under the ceiling of an atrium,
and this hot layer can prevent smoke from reaching the ceil-
ing. Therefore, ceiling-mounted smoke detectors are gener-
ally not recommended for atrium applications. Beam
smoke detectors used to detect smoke in the plume as
described in the text are recommended.

5. Commissioning is needed to ensure that smoke control
systems will function as intended during fire situations.
Commissioning efforts should start before design and
extend to maintenance system modifications after construc-
tion is finished.

6. There is concern about exhaust effectiveness for relatively
thin smoke layers. 'F'here 1s the possibility of pulling some
air from below the smoke layer into the exhaust, and this
could expose occupants to smoke. Such reduced effective-
ness would result in a smoke layer interface going below the
design value and could expose occupants to smoke.

;Research is needed concerning the depth of the smoke layer
. :required to prevent atrium exhaust from pulling aif from the
v lower layer.

7. Research is needed concerning use of airflow for smoke
control between the atrium and communicating spaces.
Information is needed to évaluate the potential benefits of
these airflow systems. If the henefits support use of these
systems, research is needed to develop new-approaches for
sprinklered fires. TP g :
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=time
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= temperature of heated smoke
= growth time

= temperature of ambient air
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= adiabatic exhaust temperature or average plume
temperature at elevation z

= average air velocity
= volumetric smoke flow at elevation
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= minimum spacing between light beams

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