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DESIGN OF SMOKE CONTROL SYSTEMS FOR ELEVATOR
FIRE EVACUATION INCLUDING WIND EFFECTS

by John H. Klote

Abstract

There is arising concern for the safety of people
fromfirewho cannot travelbuildingemergencyexit
routes in the same manner or as quickty as
expectedof ablePeople.Oneproposedsolutionfor
providingsafetyfor personswithmobilitylimitations
is the concept of an emergencyelevatorevacuation
system (EEES). This paper presents information
about the design of smoke control systems to
prevent smoke infiltration into an EEES.Pressure
differences produced when windows break both
with and without wind can be significant,and the
design of a smoke control system for an EEES
needs to address these pressuredifferences.me
paper identifk%that wind data specificallyfor the
d-”gn of smoke control systems is needed. The
pressure fluctuations due to opening and closing
building doors during fire situations can also be
significant, and the design of a smoke control
system for an elevator system needs to address
these pressure fluctuations. An example analysis
incorporating the pressure effects of broken
windows, wind, and open doors illustrates the
feasibilii of designing smoke control systemsfor
EEEss.

Introduction

lhere is a rising concern for the safety of people
from firewho cannot travelbuilding emergencyexit
routes in the same manner or as quickly as
-ed of *le p-ns~ ~ot~ L@n ti Gron=
(1995)discuss the feasibilityof using elevatorsfor
fire evacuation, and introduce the concept of an
emergencyelevatorevacuationsystem(EEES).An
EEES includes the elevator equipment, elevator
shaft (hoistWay),machine room, elevatorlobby, as
well as, protection from heat, flame,smoke,water,
overheatingof elevator machine room equipment,
and loss of electricalpower.

7his paperpresentsinformationabout thedesignof

smokecontrolsystemsto preventsmokeinfiltration
into an EEESwith an exampledm”gn analysk. me
ASHRAE smoke control book (KJote and Milke
1992) presentsdesign information for pressurized
elevators. However,this paper goes beyond the
smoke control book to consider broken windows
and the effects of wind on smoke control system
performance.A methodof calculatingair infiltration
due to wind was presentedby Shaw and Tamura
(19~. Aynsley (1989) developed a method of
estimatingthe wind pressuresat ventilation inlets
Snd OUtktS.~OWeVSf,thki - @CtefldSthese
concepts to include wind and broken windows
specificallyfor EEESsmoke control applications.

Pressurizationaircanbe supplieddirectly into each
elevator lobby or it can be supplied indirectly
through a hoktway connected to the lobby es
shown in figure 1.Whilethe emphasisof this paper
is on indirect pressurization, the principles
presentedin this paperarealsoapplicableto direct
pressurization.The direct system has the added
expenseof an air distribution duct and possibly a
duct shaft includinga correspondhg loss of usable
floor area.

Design Pressure Differences

It is appropriateto considerboth a minumumand
a maximumallowable pressure difference across
the lobby doom. The phrase mahtehhg
acceptable pressure dlffefences is used to mean
that the smokecontrol systemmaintainspressures
that are not less than the minimum allowable
pressure dtience and not greater than the
maximumallowablepressuredifference. Forsmoke
control of an EEES,these pressuredifferencesare
maintainedacrossthe elevatorlobby doors.

In this paper,the term lobby doors k usedto mean
the doors between the elevator lobby and the
building, and the term elevafor doors is used to
mean the doors between the hoistway and the
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elevator lobby. When the EEES smoke control
system is turned on, the lobby doom we
automaticallyclosedandtheelevatorsmokecontrol
system is activated.

Themaximumallowablepressuredifferenceshould
be a value that does not resultin excessiveopening
forces for the lobby doors. The force to open a
door can be calculated by an analysis of the
moments on a door including the pressure
d~ence across the door and the force of the
door-closing mechanism(Mote and Milks 1992).
The K SafetyOode (NFPA101 1994)statesthat
the force requiredto openanydoor that is a means
of egress shall not exceed 133 N (30 lb). For
example,a door-closingforce of 45 N (10 Ibs)on a
0.91 m (36 In) wide hinged door with a pressure
differenceof 85 Pa (0.34 in H20) resultsin a door-
opening force of 133 N (30 lb). How-, for M
automaticopeningand closingdoor, the maximum
allowable pressure difference depends on the
capabilitiesof the opening mechanhrnand not on
the human force requiredto open the door.

The mimimum allowable pressured-ence is a
value intendedto preventsmokeinfiltrationinto the
EEES.NFPA92A(1993)suggestsa minimumvatue
of 2SPa(0.10in H20) for an unsprinkleredbui~!ng
with a ceiling height of 274 m (9 ft). NFPA92A
also suggests a minimumvalueof 12 Pa (0.0Sin
H20) for sprinkleredbddings

llw minimumpressuredflerence “Wpliesto the fire
floor, because this is where the fire puts its major
stresson the smokecontrol system.Smokecontrol
systems that require no information about the
location of the fire floor must maintainet least the
minimum pressure difference across the lobby
doors on all floors.

Whd Effect

~ pressurethat wind exertson a wrface can be
expressedas

(1)

whew
Pw = wind pressureon a surface,Pa (in H20)
Cw = dimensionlesspressurecoefficient
~ = outside air density, kgl m3(lb/f?)
v = wind veIocity,m/s (mph)
K& = CO@ffiCkflt,0.!50(6.43xl@)
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Generally, the pressure coefficient, CW,is in the
range of -0.8 to 0.8, with posith@ values for
windward walls and negative values for leeward
walls.The pressurecoefficientdependson building
geometry and local wind obstructions, and the
pressure coefRcient varies locally over the wall
wrface. Values of pressure coefficient, TW
averagedover the watl areaare listed in table 1 tir
rectangular buikfings which are free of local
obstructions.

TM wind far above the earth is constant with
elevation and is referred to as the gred~entwind.
From the ground to the gradient wind, the wind
velocity increasesftom zero at the ground to the
speed of the gradient wind (figure 2). The flow in
the boundary layeris effectedby irregularitks of the
earth’ssurfaceand obstructionssuch as trees and
buiidings. Winds near buildings which have
obstructions are non-uniform with vortices and
secondaryflows in variousdirections.

However, in the absence of obstructions, the
relationbetweenvelocityand elevationis frequently
expressedby the power law

()
n

V=vo+
o

(2)

Where
v = wind velocity, rrds (fPm)
V. = v@ocityat referenceelevation,m/s (fPm)
z = elevationof velocity, V, m (ft)
: = referenceelevation,m (ft)

= wind exponent,dimensionless

mm is some variation of recommended wind
exponent and boundary Jayerthickness (AY@sYi
1989 Houghtonand Carruth~, 1976 Kolomk @
al., 1984; MacDonald, 19n Sachs, 1978), but
typica! valuesare Iiied in table 2 and illustrated in
figure 3. There is also a logarithmic relation for
velocity in the boundary laYer (Simiuand scankwl
1986)whichis morecomplicatedandpossiblymore
accurate than the POW= law. Howevwi tie pow=
law has been Usedexteftti, m k seems th~
thk simple relationship is appropriate for initial
studies and analyses of whxt effects on smoke
control systems.

Wind data is recorded by airports and the wealher
service at heights,~, of *oM 10 m (~ fO move
the ground.lherefore, a referenceelevation of 10 m
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(33 ft) will be used for the discussions and the
exampleof this paper, unlessotherwisestated.For
buildingsnearobstructionsto windflow,specialized
wind tunnel studies are needed to determine the
windpressures.Lamming(1994)provideswinddata
intendedforsmokecontroldesignanal~”s for many
locations in the UnitedStatesand Canada

System Concept

A smoke control system for an EEESehoufd be
designedto pressurizethe EEESto preventsmoke
flow into it. pressurizationair canbe suppfiedto the
hoistway, to the elevator lobbies or to both.
Becausehoistwaypressurizationsystemshavethe
advantage of 1sss complicated ductwork, the
following discussion focus on such systems.
However,the generalapproachthat followscan be
adapted to lobby pressurizationsystems.

PraeaureFluctuations due to Open Doors

Smoke Control systems must be deefgned to
maintain design pressure differences with both
opened and closed doors. During a fire, it is
expectedthat severalexteriordoorewillbe propped
open,and etairwefldoorswillbe openedandclosed
as people use the stairs.The efevatorlobby doors
will open and close as people enter the elevator
lobby. ft is envisionedthat efevatorlobbieswillhave
doors with automatic cloeere (or have automatic
doore). However,thesedoors can be inadvertently
blocked open. ft is anticipatedthat occupants will
close any such opened doors to prevent being
exposed to smoke. The example presented later
presents one way of deafing with pressure
fluctuationsdue to doors opening and closing.

Broken Windows and Wind Foroee

Often, the elevatedtemperaturesof fires result in
broken windows, As indicated by Klote, NeJeon,
Dealand Levin(199?),fully jnvolvedroomfiresthat
have resufted in multiple fatafiiies also resutt in
broken windows in the fire compartment.A smoke
control system should be capable of maintaining
acceptable pressure dtierences with a window
broken for both conditions of zero wind and a
design wind. Further, the wind orientation is
significantin that the wind maybe blowing into the
window or it may be sucking out through the
window.

Table 3 lists velocities and wind pressures at

elevations 35 m (115 lt) and 100 m (330 ft) for
velocitiesof7, 9and 11 rn/s(16,20 and 25mph)
at the referenceelevationof 10 m (33 ft). The wind
pressuresvary from 46 to 210 Pa (0.19 to 0.64 in
HzO).Ilwse pressuresaresignificantincomparison
with the design pressure dflerences discussed
earlkr, and the examplepresented later will show
that designingfor wind effectscan”be challenging.

Applicability of Indirect Pm.aaurization’

For indirect pressurizationsystems, the pressure
differencesandflowareasconnectedto an elevator
lobby are relatedas

where
4P~ = pressuredifferencefrom lobby to building

space,Pa (in H20)
@w = pressuredifferencefrom hoistway to the

lobby, Pa(in H20)

4 = flow area between the lobby and the
buildingspace,n$ (t?)

& = flow area between the hoistway and the
lobby, n+ (f?)

For elevator doors with wide gaps, which are
common in most buifdnge, Tamura and Shaw
(1976)showedthat the leakageareaof the gape is
in the range of 0.05 to 0.07 # (0.6 to 0.7 f?).
Based on general experience with buifdhg
leakages, J&J% is about 2.5 for average
constructionand 10 for tight conetructionl. From
equation(3), &# &wistherefore 6.25and 100for
average construction and tight construction,
respectively.lhk is good for systemperformance,
becaueethepressured~ence of intemet,fromthe
lobby to buikMg (4PJ, is large retative to the
pressuredifferencefrom shaft to lobby (~=). To
preventsmokeinfiltrationfrom the buiidhg into the
lobby, the pressuredifference,Nfi, from lobby to
buifdhg spaceshouldbewithinthe rangeof design
values previouslydiscussed.However, if the area
ratio, &/&, is small,direct pressurizationof the
efevatorlobby is recommended.

systems to Deal with Fhlotuatlons

Smokecontrol systemsshouldbe ableto rnakttain
adequate pressurizationunder fiketyconditions of
0~ doors, CiOSeddoors, broken WhdOWSand
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wind.KioteandMiike(1992)discussapproachesfor
elevator smoke controi to deal with pressure
fluctuations due to the opening and ciosing of
doors. me approachesare pressur~reiiefventing,
barometricdamperventing,variabiesuppiy air,and
fire floor exhaust. It is believed that these
approaches can be adapted to include windows
breaking and wind effects. ‘TMsis done with a
variable-supplyair systemin the exampleanalysis.

Pmssure4?e//ef Venting This approachusesa vent
to the outside and a ‘constant-suppi@’fan. lhe
areaof the vent is sizedfor operationof the smoke
controi system. The vent may be fitted with
automatic dampers if it is desired for it to be
normally ciosed. lhe vent must be iarge enough
that the maximum pressure difference is not
exceeded when all the doors are closed. When
paths to the outside are open (doors and broken
window),air flowsthroughthemandthe pressurein
the hoishvayand elevatoriobbydrops. lhis system
must maintain the minimum aliowabie pressure
difference when a design number of doors and
windows are open underdesignwind conditions.

Barometdc Damper Venting This approach is
simiiarto the one above,exceptthat the vent hasa
barometricdamperwhichcioseswhenthe pressure
falls below a specifi@ value. 7hii minimizes air
iossesunder the iow pressureconditions.

VariableSupply Air Variabiesuppiy air can be
achievedby using one of manyfans commercially
a=”iabie for variabie flow rate. Alternatively,a fan
bypass arrangementof ducts and damperscan be
usedto varythe flow ratesuppliedto the shaftor to
the iobby. lhe flow rate is controlled by static
pressure sensors iocated between the lobby and
the building.

Fire F/oor Exhaust Exhaustingsmokefrom the fire
floor can improvethe pressuredifferenceacrossthe
iobby doors on the fire floor. Upondetectionof fire,
the fire floor is exhausted. lhe detection system
must be configured to “klentifythe fire floor.

Analysis of Smoke Control Systems

Smoke controi systems can be analyzed by the
computer program for anafysisof amoka control
systems (ASCOS) presented by Klote and Miike
(1992),Inthis program,a buildingis representedby
a network of spaces or nodes, each at a specific
pressureandtemperature.Shaftssuchashoistways

(elevator shafts) and stairwells are modeled by a
sedesof verticalspaces,one for each floor.

in ths model, air from the outside can be
introducedby a pressurizationsystemintoany ievei
of a shaft or even into other building spaces. lhis
aiiows simulation of elevator smoke controi
systems. lhe flows and Ieai@e paths are
consideredto be at the mid-height of each level.
The net air suppliedby the HVACsystemor bythe
pressutilon system is considered constant and
independent of pressure. The outside air
temperature is considered constant. rne program
calculates the steady flows and pressures
throughoutthe network,inciudingthe drivingforces
of wind, the pressutilon system, and insideto-
outsidetemperaturedifference.

Example Application

An eievmstory building with the typical floor Pian
shown in figure 4 was selected for this exampie.
The height between floors is 3.0 m (10 ft). The
elevator iobbies are indirectly pressurizedby air
injected into the second floor of the hoistway.The
onlysmokecontroi systemin this buiklng is for the
elevator.~Is analysisconsidersthat any vent that
mayexistat the top of the hoistwayis tightly ciosed
during smokecontrol operation.

Most of the corridor doors are GOn@den?dopen,
andsothe pressurein the corridorand officespace
is nearly the samefor a floor. in the ASCOSruns of
this building, the buiiding space on each floor is
modeledas one node. The elevatorlobby on each
floor is anothernode.The minimumand maximum
aiiowabiedesignpressuredifferencesare25 and 85
Pa (0.10 and 0.34 in HzO). The design
temperatures are iisted in tsbie 4.

General flow areas for this example are listed in
table 5. m- generaiflow areaswere selected in
an effon to be representativeof those expected in
the final building. Designersshould arrive at such
generalflowareasusingengineeringjudgementand
data from varioussources(such as Kioteand Milke
19Q and ASHRAE1993).However,flow ams in
buildings vary over a wide range, and general
values selected in this way have a high ievei of
uncertainty. To account for this uncertainty, an
approach using low and high ieakagevalues(also
in table 5) is used later in the anaJysis.Untii noted
ail the flow areasarethe generalvalues.
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To minimize the effect of opening and closing
doors, the exterior building doors and elevator
doors on the ground floor are arbitrarilychosen to
be open whenever the system is operating.
Elevatorsare often recaliedto the ground floor with
open doors during fires, and tierior doom we
often open for evacuationand firefighterentry.Thus
this condition of doors seems realistic for many
applications.For buildings with other conditions of
elevatoror exteriordoors, thoseconditionsneedto
be incorporated in the anaJysisfor that building.

For this analysis,21 runs4of the ASCOSprogram
were made with the conditions of open doors,
broken windows and wind as listed in table 6. The
flow of air and resuftingpressuredifferencesfor the
runs are listed in table 7 in S1units (table 8 in
Englishunits).These runs form a progressionwith
conditions of later runs being based on what was
learned from earlier runs. 7he following sections
descnie this progr--on which ends in
determinationof the flow rate of the supply fan and
an approach for dealing with pressurefluctuations.

No Broken Windows

Runs 1 through 4 are for pressurizationwithout a
broken window and with the fire floor at the regular
building temperature of 21 “C (70 ‘F). Any floor
could be the fire floor. With all the doors closed to
the elevator lobbies and the stairwells during
summer(run 1),4.48 m3/s (9,500cfrn)of supplyair
is required to produce the maximum allowable
pressuredtience, 65 Pa(0.34in H20) acrossthe
lobby door at one floor. Duringwinter it takes 4.39
rn%s (9,300cfm) to produce similarpressutilon
(run 2).

Thepressuredifferencesintheaboveparagraphare
consideredpositivewhenthe flow is fromthe lobby
to the buikthg. Unlessotherwisenoted, pressure
differencesin alldiscussionsareacrossthe elevator
lobby doors. Runs3 and 4 are with lobby doors
open on floors23 and with doors in both stdM@s
open on floors 1, Z 3 and 4. lhe first floor stairwell
door is to the outside. lhis group of open doors is
usedin theserunsandseverallaterrunsto evafuate
theeffectof large openingsfrom the pressurization
systemto the outside.Both runsweremadeat 4.39
m3/s (9,300cfm) of pressurizationair which is the
same as run 2 As a result of the large openings,
the pressuredifferencedropped to the range of 30
to 32 1%(0.12to 0.13 in H20) in the Wmmer (mn
3) and 35 to 37 Pa (0.14 to 0.15 in H20) in the

winter (run4).

For brevity,the positionof the doors in runs 1 and
2 will be referredto as closed door condlfion, and
the position of the doors in runs 3 and 4 will be
referred to as opened door condirion. If
pressurizationair were supplied at a constant rate
of 4.39 m3/s (9,300cfm), adequate pressurization
would be maintained under condtions of cipsed
doors andopeneddoors,providedthat no windows
open. Thus, a pressurc+reiiefvent system can
maintain acceptable pressure differences when
there are no broken windows. However,later runs
will show that this systemis not capableof dealing
with the pressurevariationsdue to brokenwindows
under conditionsof wind.

Broken Windows and No Wind

Theeffectsof a brokenwindowwithoutwind on the
top floor (1Ith story) are examined in runs 5
through 8. The top of the building was chosen for
the broken window so that this would be a worst
case for later mns with wind. This is a womt case
with wind because wind velocity increases with
eievation.For these runs and all other runs with a
broken window, the temperature on the fire floor
(floor 11) is 600 “C (1110 “F) as listed in table 4.
However, the effect of fire floor temperature on
systemperformanceis addressedlater.

In order to maintain the maximum allowable
pressuredtierence for the closed door condition,
the pressurizationflow rate must be reduced by
12%during the summer(run 6) and by 33%during
the winter (run 6).Breakingthe window,resultsin a
fire floor pressurethat is almost the same as the
outside pressure. Thus the flow rate had to be
reduced to prevent excessivepressure difference
across the lobby doom on that floor.

T%@pressurelevelsof the openeddoor condition in
summer (run 7) are similar to those without a
broken window (run 3). However,the open door
condition in winter (run 8) resutts in a pressure
difference of 62 Pa (0.33 in H20) on floor 11 as
comparedto 27 Pa(0.11in H20) in Wmm@r(Wn7)0
Stack effect has a tendency to increase this
pressured-cc in winter. The main things that
runs5 through 8 showis that a brokenwindow can
result in increasedpressuredifference,or the flow
muet be decreasedto prevent excessivepressure
differences.
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Broken Windows, Wind and Closad Doors

RJns9 through 12 are for the buiidingin the closed
door configurationwith a broken window on ffoor
11, and these runsincludewind efiects. Runs9 and
10 are for the broken window on the windward
exposure, and runs 11 and 12 are for the broken
window on the leeward expowre.

For simplicity, this buiiding has been selected so
that the leakage of the north and south wails are
negiiiible. Thus,windeffectsneed to be considered
for only two exterior wails (east and west). It is
observed from table 5 that the ieakage of the east
WSJIis the same as that of the west wail provided
that neither has a broken window. The wind
coefficientsfor these runswere taken from tabie 1,
and are 0.7 W the windward exposureand -0.4 for
the ieeward expowre. The design wind speed was
8.9 mls (20 mph) at a reference eievation of 10 m
(33 ft) in suburban terrain (n = 0.28).The same
design wind veiocity, wind coefficients and wind
exponent are used for iater runs that incorporate
windeffects.It can be seenthat morepreswrizatiin
air is needed to maintain the same pressure
differencefor a windwardexpowre (runs 9 and 10)
than foraieeward expowre (nJns11 and la.

Broken Windows, Wind and Opened Doors

W in the above section, these runs (1$16) have
includedwind effectswith a brokenwindowon floor
11, but the buiidng k inthe opened door condition.
The pressuredifferencesat floor 11 are much lower
when the broken window has a windwardexpowre
(runs 13and14) thanwhen ithasaieeward
exposure (runs 15 and 16). This is because
pressureproduced by wind biowingintothe window
reduces the pressure difference across the lobby
doors. M/indwardexpowre in the wmmer (run 13)
is the worst case, rewiting in oniy 2 Pa (0.01 in
H30) across the iobby doors on floor 11 at 4.39
m Js (9,300 cfm) of pressurizationair. This is fess
than the minimum aiiowabie pressure difference,
and thii itilcates that an approach other than
pressurereik?fventing is needed for thii buiiding.

For mn 16, the pressuredifferenceson most floors
away from the fire are beiow the minimumpressure
difference. As previously irKXcated,the minimum
pressure difference oniy appfii to the fire floor
provided that the smoke control system fs capabie
of specificallycontrollingthe pressuredifferenceat
the fire floor. The variablssuppiy air system

discussed above is one system that has this
CapsMii.

Variable-Supply Air

To maintainacceptabfepressurization,the operation
of a varisbiesuppiy air system is simulated in runs
17, 18 and 19. lhe system set pciintis seiected at
25 Pa (0.10 in H20) across the eievator iobby door
on the fire floor. The flow rate into the hoiiay is
controlledfrom a sensoron the firefloorto maintain
th~ eat point. For this exampie, the system is
activated by a signai from a heat detector system
that is zoned so that the fire ftoor can be identified.
Other act~ion approaches are possibie, and the
tier isreferredto Kloteand Miikefor a discussion
of activation of smoke controi systems. For these
runs, floor 11 b CO@der&f the fire floor.

Run17is thesame asrun Z except that the
Preswrizatkm dr is reduced by about 50% to
maintain the above pressure difference. 11’k flow
rate [2.22 m3/s (4,700 cfm)] is needed for the door
ciosed conditionwithout any broken windows.

Run 18 is the same as run 6, except the flow is
again decreasedin attemptto achievethe set point.
Run 18 is for the ciosed door condition with a
broken window without wind. However, a flow rate
of 0.09 m3/s (200 cfm)s rewits in 32 Pa (0.13 in
H20) on the firefioor.Thii is a Iiie greater than the
set point,butthmpressuredifferenceis acceptable.

Run 19 is the same as run 13, except the flow rate
was increased to 5.76 m3/s (12#10 cfm) to
maintainthe set point. lM run isfor the open door
conditionwith a windward expowre for the broken
window,T% flow rate M to be increasedby about
30% to maintainan acceptable pressuredifference.

Mjuatrnant for Building Laakage

Runs20and21 erethesame asrun19, exceptthat
low @ high leakagefiowareas (table5) were uad

i-OWSnd h~h fiOW- ShOUidbe
based on &gineering judgement and pubiished
data as the iOWeStand highest VaiUS that are
considered acceptable conshuction for buitdings
being designed (or remodeled). However, some of
the fiowareas ahouldnot to bechenged forthe
runs With iOW and high feaiqe. ~ areas of
broken WindOWS,OfMrlSd doors, and M@@ of
elevator doors may be the same for aii cases. lhe
iow ieakage area buitiing (mn 20) requires about
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14% less pressurizationair than does the generat
leakage area building (run 19). The high leakage
area building (run 21) requires about 14% more
pressurizationeko

Adjustment for Building Leakage
and Safety Factor

A safety factor should be used to account for
leakage paths not considered in the analysk and
other factom that may effect system performance.
The flow rate from run 21 was 6.56 m3/s (13,900
cfm). For a safetyfactor of 15%,the pressurization
supply fan would be sized at 7.54 m3/s (16,000
cfm). AS previously stated, over-pressu~lon is
preventedby usingthe variable-supplyairapproach
with a set point of 25 Pa (0.10 in H20) across the
elevatorlobby door on the fire floor.

Effect of Fire Floor Temperature

As prm”ouslystated,the runswith brokenwindows
were made with a fire floor temperatureof 600 “C
(1110 ~. To evaluate the effect of the fire floor
temperature,allof theserunswererecalculatedwith
afire floor temperatureof 21 ●C (70 ‘F). It maybe
surprisingthat the fire floor temperaturehad almost
no effect on the pressure differences and flows
throughout the building. The reason is that the
dominating effect in these runs was the
pressurization system. The pressure difference
calculatedby ASCOSis at the mid-heightof each
floor, and a minimumdesign pressuredifferenceof
25 pa (0.10 in H20) was selected SO that
pressurizationforcesdominatethe buoyancyforces
of the fire gases

The fire floor temperaturealso has an effect on the
mass flow through the broken window. Massflow
rate in ASCOSis calculatedby a form of the orifice
equation

m= CAJ~ (4)

wham
m . mm ftOWme, @/s
c = flow coefficient,dimensionless
A = flow arm m2
p = density of gas in flow path
N = pressuredifferenceacross flow path, Pa

The units for these quantities are given only in S1
units, because all internal calculationsby ASCOS

are in S1units.Becausegas densitydecreaseswith
incr-ng temperature, it can be seen from the
above equation that the mass flow also decreases
with increasingtemperature.However,the flow also
depends on the other paths in the building, as can
be illustrated by the idea of effective flow area.
When two paths in series have the same flow
coefficients,the effectivearea of these paths is

where
Ae = effectiveflow area,m* (f?)
Te = absolute temperaturein effectivepath, K (“R)
T, = absolute temperaturein flow path 1, K (OR)
T2 = absolutetemperaturein flow path Z K (’R)

= areaof flow path 1, m2 (f?)
~ = area of flow path 2, m2(f?)

The value of the temperature, Te, in the effectiie
path is tiirary, and it can be @acted as either T,
or T2 For this example,the two paths in serks are
the broken window (path 1) and the leakagefrom
the lobby to the buildhg (path 2). Using Te = 294
K(530”~, Tl =~K(1570”m,T*=-K(~
“R),Al = 1.66 m2 (20.0 f?), A2 = 0.039 m2 (0.42
#); the effedva flow arm A, is 0.036975 d
(0.41952f?). The reasonfor Iiiing this area to so
many places is apparent when calculations are
made with the fire floor at the normal building
temperatureof T, = 294 K (530 ‘R), when Ae is
0.036991n? (0.41967f?). lhe high value of the
floor temperature amounted to only a 0.04%
decreasein the effdve flow area Becausemass
flow rate is directlyproportionalto the effectiveflow
arm the high fire floor temperature results in a
decreaseof only 0.04% in the mass flow rate. For
smoke control applications, this decrease is
insignificant.

in th~ examplethe broken window is so large that
the fire floor pressure is almost the same as the
outside pressure, regardless of the fire floor
temperature. The fire floor temperature has an
insignificanteffect on the pressured~ence and
massflow acrossthe’iobby door, providedthat the
pressurizationsystemmaintainsat least&i Pa(0.10
in 1-120)acrossthe doors of the eleva!orlobby.

Conclusions

1. Feasibili@ It is feasiile to designsmokecontrol

.. ..______ ---- ..,.----, — ....... . . ,-. _. ,”---------............—..., -----.....”.,- . .- . . . . .. -”_-.... .,,h-_.._
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systemsfor elevators.Theexamplecalculation 5. The flow rate of 0.09 m3/s (200 cfm) was
in this paper was for a specific pressurization selectedto representthe leakagethrough tight
system in a speciiic building, but many other control dampers.
systemsare possible.

2. Opening and Ciosing Doors: The pressure
fluctuationsdueto openingandclosingbuilding
doors during fire situationscan be significant,
and the design of smoke control systemsfor
elevators need to address the effects of
opening and closing doors.

3. Broken Wndows: lhe pressure differences
produced when windowsbreak both with and
without wind can be significant,and the design
of smokecontrol systemsfor elevatorsneedto
addressthese pressuredifferences.

4. Indirect Pressurization; A systemthat indirectly
suppliesair to the elevatorlobby thorough the
hoistway can be designed to control smoke
ef&thmly.

5. Fire Temperature: lhe firefloortemperaturehas
no significanteffect on the performanceof the
pressurizationsystem for elevator evacuation
system,providedthat the pressurizationsystem
maintainsat least 25 Pa (0.10 in H20) across
the doors of the elevatorlobby.

Notes

1. Table4.3 by Kloteand Milke(1992)liststypical
leakageareasof wallsandfloorsof commercial
buildings.

2 The supply rate is not actually constant, but
variesto some extentwith the pressureacross
the fan. For centrifugal fans this variation is
usuallysmall.Theterm constant-supplyis used
here to differentiatethis approach with that of
using variablesupply airflow.

3. For informationabout designtemperaturessee
Note and Milke (1992)and NFPA92A (1933).

4. In some cases,an ASCOSrun listed in table 8
is the resuftof executingthe programa number
of times to determine the flow rate that is
neededto obtain a deeiredpreesuredifference
at a specfic location.
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Table 1. Averagepressurecoefficientsfor wallsof rectangularbuildings(Adaptedtom MacDonakf[1975])

BuildingHeight BuiMiOgPlan 1% G forsllffaCC

Ratio Ratio EIevalion Plan a A B c D

●

✚

(f

-0.5
+0.7

-0.6

+Q.7

-0.6
+0.7

4.7

4.7

-0.8
4.8

+0.7
-0.5

+0.7

-0.5

+0.7

-0.6

M.7

-0.5

+0.8

-0.8

-02
-0.5

4.25

-0.s

-0.26
-0.8

-0.3

+.s

-0.25
4.8 “

G

c1a>A B

D

-0.5
42

-0.6

-0.1

-0.8
-025

4.7

43.1

4).8
-025

tl< 1

w-%

~<h< 3
2 w-z

c

c1a>A B

D

C

c1a>A 0

DD #.7
-0.5

-0.4
-0.6

-0.7
+0.8

-0.7
4.1

-.-,.--n- . . . .- . . . ... - . . ., . . . ._
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Table 2. Typical valuesof wind exponent and boundary layerheight

Boundary LayerHeight
wind 13q30nent m ft

Terrain
n

Flat (calm sea or airpoti)
0.16 275 ‘ ~

Rough(country with trees or suburb)
0.28 400 1300 ,

Very Rough(centerof large city)
0.40 520 1700

Table 3. The effectof elevationon wind velocity and wind pr-re’

I
:~ z=35m(115ft)

z=100m(330ft)
: *: :~

Pw ~ v Pw

V. ; v ~
Pa

~ In/s mph Pa in H20 \ tis mph
rrlls mph

in 1+20

0,19 ~ 13 29 81 0.33
7 16 I 10 2248

;
0.33 ; 17 38 140 0.56

9 a i 13 29 81
:

120 0.48 # 21 47 210 0.84
11 25 ~ 16 36

lMnd pressureand velocity celculatd from equations(1) and (2) usingZOof 10 m (33 ft), CWof 0.8
d n of 0.28.

Table 4. Designtemperature for analysisof examplesmokecontrol system

“c T

21 70
Buildingtemperature

Fire floor temperature
600 1110

Winteroutsidetemperature
-15 5

Summeroutside temper~ure
32 90
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Ime 5, I-IOWareas rur drkuytmi UI txmpie smoKeconxrolsystem

GeneralValues Low Leakage** High Leakage*”

Mcation m’ f+ m’ f+ m’ ft’

First floor exterior Eastwall (exterior
doors opened) 0.975 10.5 NC NC NC NC

First floor exteriorWestwall (exterior
doors opened) 0.975 10.5 NC NC NC NC

ExteriorEastwalls above Ist floor (no
broken window) 0.0204 0.220 0.0139 0.150 0.0855 0.0920

ExteriorEastwallsabove Ist floor
[with broken window) 1.86 20.0 NC NC NC NC

~erior Westwallsabove Ist floor
(no brokenwindow) 0.0204 0220 0.00929 0.100 0.0855 0.0920

ExteriorWestwalls above 1st floor
(with brokenwindow) 1.86 20.0 NC NC NC NC

Stairwellto building (stairdoor
closed) 0.0251 0.270 0.00929 0.100 0.0279 0S00

Stairwellto building (stairdoor 0.975
opened) 10.5 NC NC NC NC

Buildingfloor 0.0204 0.220 O.oow 0.0500 0.121 1.30

Buildingto lobby (lobby doors
closed) 0.0390 0.42 0.0186 0.200 0.0557 0.600

Buildingto lobby (lobby doors
opened) 2.04 22.0 NC NC NC NC

Lobbyto hoistway(elevatordoor
closed) 0.149 1.60 NC NC NC NC

bbby to hoistway(elevatordoor
l@ened) 0.743 8.00 NC NC NC NC 1

“Areasare listedto three significantfigurescalculationsand for conversionbetweenunit systems.
However,this should not be taken an indicationof accuracy,becausethess areascan only be
~~ughlyestimskd.

NC indicatesno change from the generalvalues.

——-y-.,.– .-.. -..-.._ _ _. ,.- .

--.,,.,



“

70 Elevators,Fireand Accessibilii

--L, – A .—-- —.-. –--——. -. J- —-- --4 . . ..-s --- A!.:--- *-. -..---1- ---1..-:-
tacne o. Arrangemem 01 ooors ana wma conamons rur extunfxe tuItuywa

stairwell Broken Wind
Imbby DoorS Doors window velocity Wind Building

Run Season Open on open on
m/s mph

Direction3 Leakage4
Floors’ on Floor# Floors

1 Summer None None None O 0 NA General

2 winter None None None O 0 NA General

3 Summer 23,4 1,2?3,4 None O 0 NA General

4 Whiter 2,3,4 1,2,3,4 None O 0 NA General
. . . . . . . . . . . . .. . . . . . .. . . . . . . . . . . . . . . . . . .. .
5 Summer None None 11 00 NA GeneraI

6 Winter None None 11 00 NA General

7 Summer 2!3,4 1,2,3,4 11 00 NA General

8 Winter 23,4 1,2,3,4 11 00 NA General
. . . . . . . . —.. —— —........—...”.””.””””.”””. . . . . . . . . . . . . . . . . . .

9 Summer None None 11 8.9 20 + GeneraI

o Winter None None 11 8.9 20 + GeneraI

1 Summer None None 11 8.9 20 - GeneraI

2 Winter None None 11 8.9 20 - GenersJ.. . . . . . . . . . .. ———.......—— -.".." . .."..."..-"........... ----..-.."".-"" -"-."
3 Summer 2,3,4 1,2,3,4 11 8.9 20 + General

4 Winter 23,4 1,2,3,4 11 8.9 20 + General

5 Summer &3,4 1,23,4 11 8.9 20 - General

6 Winter 2,3,4 1,Z3,4 11 8.9 20 - Gene@.. ....—.. -———. ————.—.—— - . . . . . ..”...——.. ” . . .. ————————.
7 Wvlter None None None O 0 NA General

8 Winter None None 11 00 NA General

9 Summer 2!3,4 1,23,4 11 8.9 20 + General.. . . . . —......—”...—.——.————— . . . . . . . . . . . . . . . . . . .
0 Summer Z3,4 1,%3,4 11 8.9 20 + lmw

1 Summer 2,3,4 1,%3,4 11 8.9 20 + High

‘On floors where lobby doors are open, the doors on both sidesof the lobby are open-
21,23,4 indicatesthat, for both stairwds, the first floor exteriordoor and the interiordoors on floors 2
3and4areopen.
3NA indicates not applicable + itilcates that the wind is towards (or into) the broken window, -
indicatesthe wind is awayfrom the broken window.
4FIowareasfor low, generaland high leakageare listed in tables 3, 4 end 5.



Elevators,Firesnd Accessibility 71

rsble 7. Computer-calculatedpressuredifferencesfor smoke control examplein S1units

Air- Pressuredifferencein pascalsfrom the elevator lobby to buildingon floors
flow

Run m3/s 2 3 4 5 6 7 8 9 10 11

1 4.48 85 82 62 62 82 82828282?

2 4.39 85 85 65 65 = 8585356565

3 4.39 Open Open Open 32 30 3030303030

4 4.39 Open Open Open 35 35 3535353737.- .. . . ... . ...“.—......”.. ... ....... . . . . . —. . . . .... . . . . .“...“... .... .. .. .. ...... . . .. .. . ...........“.....-.......
5 3.87 65 62 62 62 62 6262626585

6 2.93 37 37 37 37 40 40404045 85

7 4.39 Open Open Open 32 30 3030303027

8 4.390pen Open Open 323232 35354082.“....””— -.--- .-.-. -...----- _---- "...".-----.. -" ..... ..."........-.. ""-----" -----
9 4.39 82 80 80 80 60 8080806082

10 3,82 65 65 62 65 65 65656567=

11 3.02 37 35 35 32 32 3232323585

12 1.32 5 57 7 7 7 7 7 12 85.-,. - ....-_ -._-.. -._-.. --"___ -_-" -__. _.-_ ---_ --" ......-.."...----- ... ....--... -.".."-
13 4.39 Open Open Open 32 30 30302725 2

14 4.39 Open Open Open 32 32 3232353542

15 4.39 Open Open Open 27 27 2525273062

16 1.51 ooenoDenoDen22 2 5 5 10 85

17 2.22 22 22 22 25 25 25252525 25

18 0.09 2 00 2 5 5 5 7 10 32

19 5.760pen Open Open 5552 5050504525---" -------------------------------------------------
20 4.96 Open Open Open 55 52 50 50 47 47 25

—.— . —,. . .. .. ....... .“..q,,”..._.. - .,-., ~... ...... ...........”. .- ........... . ..................... ..
--—
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-—L,. - -- —----- --, -..1A-J --------- -lM#---- - -,––—.--—, -..-—— ,- ,- , “ ..-i. -

Iame 5. bompurer-carcukmsu prtzmure urrwrerlCeS for smo~e comrol example m l-r umm

Air- Preesuredtierence in inches of H20 from the elevator lobby to building on floors 1
flow

Run cfm 2 34567 ‘8 9 “lo 11

1 9,500 0.34 0.33 0.33 0.33 0“33 0“33 0“33 0.33 0“= O“*

3 9,300 Open Open Open 0.13 0.12 0.12 0.12 0.12 0.12 0.12

4 9,300 open open Orxm 0.14 0.14 0.14 0.14 0.14 0.15 0.15. ..— .... . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. .. . . . . ..........-.--..”

5 8,200 0.26 0.25 0.25 o= o= o= o.= o= o“~ OS%

6 6,200 0.15 0.15 0.15 0.15 0.16 0.16 0016 0.16 0018 0.34

7 9,300 open open open 0.13 0.12 0.12 0.12 0.12 0.12 0.11

8 9,300 open open open 0.13 0.13 0.13 0.14 0.14 0.16 0.33.—- — .— ..------ ...-. --- —--- —--. -------- ”””””-—-— ——””— ——
9 9,300 0.33 0.32 0.32 0.= 0.32 0.32 0.32 0.32 0“32 0“33

11 6,400 0.15 0.14 0.14 0.13 0.13 0.13 0.13 0.13 0.14 0.34

12 MOO 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0“03 0“05 o“~.. . —— .".............-...----.-- . . . .."-..-.--.`-. --. "-"----. "-""" ""-"--""" ---"" """-"---
13 9,300 open open open 0.13 0.12 0.12 0.12 0.11 0.10 0.01

14 9,300 open open open 0.13 0.13 0.13 0.13 0.14 0.14 0.17

15 9,300 open open open 0.11 0.11 0.10 0.10 0.11 0.12 0.25

16 3,200 open open open 0.01 0.01 0.01 0.02 0.02 0.04 O.w.———— ----"... -- . . ..---.......--....-......--..-.--------"--""--"-"---"-"-"""-"--""--
17 4,700 0.09 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.10

18 0.01 0.01 O.m 0.01 0.02 0.02 0.02 0.03 0.04 0.13

19 12,200 open open Opm 0.22 0.21 0.20 0.20 0.20 0.18 0.10
.-.". - ...."--------------------------""---------------
20 10,500 open open open 0.22 0.21 0.20 0.20 0.19 0.19 0.10

21 13,900 Open Open Open 0.23 0.22 o.~ 0021 o.~ 0.19 0.10
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