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Control of Smoke Movement in Buildings

Smoke migration as a resultiof fire in a: building is
potential hazard to life, pafticularly for occupants
in a tall building where evacuation is difficulr.
Computer studies of smoke movement!'2:3 have indi-
cated that, with a fire in a lower story and with out-
side temperatures lower than inside, smoke can, by
the mechanism of stack action, quickly fill the ele-
vator and stairwell shafts and upper stories. Com-
puter and field studies* were conducted on the ap-
plication of top and bottom venting to vertical
shafts such as elevators, stairwells and service
shafts to prevent this occurrence.

This paper deals with the performance of ‘*smoke
shafts’’ that are Sometime’s propésed as a means of -
reducing both the level of smoke concehtration on:
the fire-floor and smoke transfer to other stories.

The smoke shaft as defined in this paper is a verti-
cal shaft of noncombustible construction extending
from the bottom to the top of the building wich open-
ings at the top to outside and with openings in the
walls of the shaft at each story. These openings
are assumed to be sealed with dampers. In the event
of fire, only the dampers on the fire-floor and the
top outside damper are opened to exhaust smoke
trom the fire-floor to outside. The movement of air
and smoke through the shaft depends solely on
stack action. The “*smoke tower’’ is a special
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application of the smoke shaft for the purpose of
maintaining interior stairwells smoke-free and is
required by some building codes.’

MATHEMATICAL MODEL

The mathematical model for this study is essentially
the same as the one described in Ref 1. The basic
components are illustrated in Fig. 1 for a 3-story
building. Major separations are exterior walls, walls
of vertical shafts, and floors. Leakage areas in the
major separations/story are lumped and represented
by orifice areas A,, A, and A, The value of A
represents the leakage areas of the various service
shafts in the building. A 2nd shaft was included to
represent a smoke shaft, with vent openings in the
wall of the shaft at each story and at the top of the
shaft to outside, normally closed with dampers al-
lowing no leakage. In most of the calculations the
openings to each story and at the top were assumed
of equal size for reasons of convenience.

The value of outside absolute pressure P, (Fig.
1) is taken as normal atmospheric pressure. Outside
air pressures at other levels depend on the density
of outside air assuming no wind. Inside pressures
in the various stories, P, are interrelated by the
welght of the column of inside air between levels
and the pressure drop across the intervening floors.
Inside pressures at various levels in the shaft, P,
and P, are interrelated only by the weight of the
column of shaft air, assuming no friction pressure
drop in the vertical shaft and in the smoke shaft.
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Fig. 1 Mathematical Model,

The problem entails detérmining the values of
inside pressures with which 2 mass flow balance
can be obtained for each story and for the vertical
shafts. A computer program was formulated using
an iterative techmque to solve for all unknown in-
side pressures. [t was desxgned to permit variation
inthe number of stories, in the size of various"
equivalent orifice areas, and in the values of out-
side and inside air densities.: B

In the study of smoke movemenc in call bu1ld-
ings,! a 20- -story model bulldmg (plan dlmensmn i
120 fe sq) was used to 1nvest1gate the relauve in-
fluence of a number of factors | governing smoke L
movement in buildings. The equivalent orifice leak-
age areas for the 20-story model bulld:ng were based
on air leakage measurements in 4 tall office build-

“ings.! For this study, similar values of equivalent
orifice Ieakage areas Were assumed and are as.
follows:

A, A A= 25503755qft‘ :
These Ieakage areas are for each story and, for

. most of the, calculatlons are assumed to be the

same for all stories.

STACK ACTION

Fig..2'shows the pressure difference pattern across
the major separations .of a 20-story model buildirg
caused by stack action with an outside temperatire

I
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Fig. 2 Pressure Pattern‘Caused by Stack Action.

of O F. All dampers in the smoke:shaft are closed.
Because the changes in absolute pressure with
height, both-inside and outside the building, are
much greater than the resultant pressure differences
across major separations, it is difficult to indicate
the values of these differences on an absolute pres-
sure plot. Fig. 2 was copstructed, therefore, with
the outside pressure lifié drawn to an arbitrary, but
convenient, slope. The inside pressure lines were
then referenced to it, using the computed pressure
differences with the pressure diffegence scale
shown on the figure. . E -

Fig. 3 shows the resultant air flow ‘pattern
caused by stack actien- as I‘n&icated by the pressure
difference pattern given in Fig.2: Air flows into
the building throughthe outside walﬂSeIow the
level of the neutral pressuge; plane up through'!
floors and vertical shafts; and out through the ex-
terior wall above the level of the neutral pressure
plane. The total infiltration rate.into.the building is
19,730 cfm with 19, 070 cfm mtonthe vertical shafts
and: w1th the remamder——through openings-in the
floots. Because of the series flow reswtance rep-
resented by floor gopenings, the air flow rate up
through floors is smal and most of it 6&Curs in the
vertical shafts. If smoke is assumed to follow the
air flow pattern shown in Fig. 3, smoke migrates
from any fire-floor below the neutral plane into
stories above through the vertical shafts.
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OPERATION OF SMOKE SHAFT

Under the conditions illustrated in Fig. 2, the pres-
sure in the building is higher than that outside at
the top. With a smoke shaft in the building, having
an openmg to outside at'the top and openings to the
various stories sealed, the pressure in the shaft at
the top is equalized with outside; at all lower
levels in the shaft, which/is at building temperature,
pressures are less than m the adjacent spaces. If,
in the event of fire the shaft is opened to the fire-
floor, air flow occurs from it into the smoke shaft,
and the pressure on the fire-floor is reduced. If the
pressure on the fire-floor were reduced below that
in the other vertical shafts at the same level and

in the story above, air would flow from these
regions to the fire-floor and smoke transfer to other
parts of the building would not occur.

Fig. 4'illustrates the pressure pattern for this
condition for the 20-story model building with a fire
in the 2nd story. The air temperature in the smoke
shaft and the fire-floor were assumed to be at 75 F.
With the smoke shaft in operation, the floor and ver-
tical shaft pressures are decreased at all levels. In
the 2nd story, the pressure is approximately equal
to the vertical shaft pressure indicating negligible
air flow into the fire-floor from the verrical shafts.
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The size of opening required o. achleve this condi-
tion is 7.50 sq ft based on openings of equal size
in the smoke shaft at the:2rd story and top. The
pressure in the fire-floor is lower than in the stories
above and below, mdlcarmg that the direction of
air flow 15 into the fu'e floor from chese stones

in operauon is 111ustrated in Flg' 5 Td'is seen that
the direction of air flow across the flre f[oor en-
closure 15 mto the fire- floor and out through che ‘
smoke shafl:, rhus in the event of' fu'e smoke mlgra-
tion into upper stories is'prevented.’

With' openings of equal size in thé ‘smoke shaft
at the 2nd story and at the top, the total pressure
difference available for ventmg smoke is distri-
buted equally across the 2 openings. For the ex-
ample in Fig. 4 the sum of theése is 0.27 in. of water
and the calculated rate of air flow into the smoke
shaft 1s 6660 cfm. This is the rate of air exhaust
from the 2nd story required to prevent air flow from
it into vertical shafts and:into adjacent stories; a
similar air flow pattern would be obtained with an
exhaust fan of this capacity.




Smoke Shaft in Operation,
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If the opening at the top is larger than that in
the fire-floor, the smoke shaft pressure is de-
creased. Conversely, with the top vent smaller than
the vent in the fire-floor, the smoke shaft pressure
is increased. In the extreme, the smoke shaft pres-

" sure ¢ould exceed that in upper stories, causing

¢ sthoke flow from the shaft into the ad}acent_-sp.aces
‘through leakage openings around the dampers and

in the wall of the smoke shaft.
The vent size needed to prevent smoke transfer

"from the fire-floor to Other stories.decreases as the

height of the fire-floor above ground increases.
Stories at or near ground level therefore establish
minimum vent size requirements, Neglecting friction

“"" pressure loss in the shaft, the minimum vent sizes
‘were found to ‘be independent of building height,

and dependent on the leakage areas of the major
separations. With vent openings jn the smoke shaft
of equal size at the top and at the fire-floor and with

~ ratios of equwalent 1eakage areas equal to those of

th'e 20-story building (A, : A, : A¢=1.0:2.0:1.5) the

“required vent size is approxlmarely 3 times the
‘leakage area/story of the outside wall. As building

height increases there is a corresponding increase
in thé amount of air exhausted through the smoke

‘shaft from a fire- floor near ground level. In the cal-

culation of vent srzes pressure drop in the smoke

shaft due to friction was neglected. In practice, it
would be necessary to account for this iri determin-
ing the cross-sectional area:of the shaft or the mini-
mum required vent.sizes, or both.

The required vent size is independeént of inside-
outside temperature différence. The smoke shaft
ceases to. function when dutside temperature is

. equal to or greater than msrde temperature but

under these conditions'there'is less tendency for
smoke transfer from story to story
It is sometimes suggested that an existing shaft,

.. such as an elevator or.stairwell, might be, used as

a smoke shaft. The performance of a 1-car elevator
shaft as a smoke shaft was determined for the 20-
story model building. A leakageé area/story of 1.0
sq ft (0.5 for elevator'door and 0.5 for wall) was
assumed for'this shaft. Fig. 6 illustrates the pres-
sure distributions with a vent opening of 7.50 sq ft
at the:top of the shaft and at the 2nd story. This
ventisize is inadequate’because of the large leak-
age area of the shaft'in each story. The 2ncf story
pressure:is higher than the pressure in the other
vertical shafts and allws flow of smoke into them.
Smoke shaft'pressure is also higher than in adjacent
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spaces from the 15th to 20th stories, allowing trans-

. fer of smoke from the smoke shaft into them. A

larger vent size would be required for an ‘elevator
shaft to perform adequately as‘a smoke shaft. The
minimum size of top vent'required for the model

‘buildli‘n_g was computed to be 13,0 sq ft, with an

opening of the same size to the 2nd story.
~ In the examples illustrated in Figs. 4 and 6, it
Was assumed that air tightness of the exterior walls

‘was unaltered during the fire. It is not unusual for

breakage of x}vindows to occur on the fire-floor,
eithe‘r as a r,e{sult of exposure to the fire or fire-
fighting t%’iétics. With a large opening in the exterior
wall of a fire-floor, air pressure in the fire-floor
tends to equalize with that of the outside a¢ the
same level. If this happens at lower levels, the
pressure in the fire-floor rises and the potential for
air flow from the fire-floor to other parts of the
building increases.! Assuming an opening of 20 sq
ft in che outside wall of the 2nd story (fire-floor) of
the 20-story model building, a smoke shaft with vent
area of 7.50 sq ft has little influence on the fire-
floor pressures and is inadequate to-prevent air flow

_from it into vertical shafts and into stories above

and below. The; rate of flow into.the smoke shaft
increases from 6660 to 8450 cfm. The rate of air
flow into the vertical shafts at cHe 2nd stE)ry, how-
ever, is only slightly lesg than it is without the
smoke shaft.inaperation. With a large op'élning in
the joutside wall of a f_:irﬁ-floor, a smoke shaft is not
effective.in, preventing thie spread of smoke from the
fire-floor to upper stories. Smoke shafts may, there-
fore, have serious limitations in controlling the ver-
tical spr'ééd of smoke from interior spaces that have
windows or similar openings to outside. ; ;

- The effect on smoke shaft operation ofiopehing
stairwell doors was also investigated. The’outside
walls on the fire-floor were assumed to be intact.

. With all other stairwell doors closed, including that

to outside, opening 3 door on the fire-floor has’little
effect on the operatign of the smoke shaft;?ﬁlth"ough
some smoke contamihation of the srairwellishaft
can be expected dué to air intercharige across the
open door arising from the ele,:v’atefdf/tempé??ture in
the fire-floor. Opening a stairwell door at"an upper
level results in a lowering, of the stairwell pressure,
which induces a flow of air into the stairwell shaft
from a fire-floor on a lower level. If avstairyvell door

on the fire-floor were also open, the rate-of air or
smoke flow into the stairwel] would be greatly

increased.
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Fig. 7 Floor Plan of Test Building.

FIELD MEASUREMENTS

To check the performance of smoke shafts as indi-
cated by computer studies, pressure measurements
were made on a 17-story building using one of the

2 stairwells as a smoke shaft. The floor plan of the
building is shown in Fig. 7. The stairwells are pro-
vided with 2 doors at each story and with a roof
hatch at the top. The east stairwell was arranged to
operate as a smoke shaft for fire on the 3rd story by
opening the roof hatch (11.4 sq ft) and the 3rd story
stairwell door (20.0 sq ft). Pr'esspre difference read-
ings were taken between the 2nd and 3rd stories,

: SUL L e :
between the 4thand 31d stor_ies and across the ele-

vatdr and west stairwell doc:)r§ on the 3rd story both
béfoté and during the smoke shaft simulation, Mea-
surements were“also taken with 5 small exterior

casement windows (total ‘area of 12.8 sq ft) open on

* the"3rd :sc"o'i'y. Ottside te}ﬁperaﬁgure‘ was 17 F. The

resdlts®of pressire’ measurements are given in
Table 1. - o e s
With all outside windows closed, the normal air
flow*pattérn across the 3rd story enclosure caused
by stack‘action was from the 2nd to the 3rd story
and from the 3td'to the 4¢h story through the floor
construction; and" from the 3rd story into the ele-

PR 1 A T . .
¢ vator and stairwell shafts. With the east stairwell

acting as a $moke'shaft, ‘the direction of flow
through the'floor construction between Sfd'a‘ngl 4th
stories and across the west stairwell and elevator
doors on the 3rd stéry was reversed. The direction
ofair flow was therefore into the 3rd story from ad-

jacent spaces and out through the smoke shaft.

With the east stairwell door and the roof hatch

- closed, opening the'windows caused an increase in




TABLE 1

PRESSURE DIFFERENCE MEASUREMENTS ON 3RD
FLOOR OF A 17-STORY BUILDING WITH EAST ~

STAIRWELL AS SMOKE SHAFT'

. WITHOUT SMOKE SHAFT | WITH SMOKE;SHAFT
LOCATION" - . E
OF WINDOWS WINDOWS WIN'DOWS‘ WINDOWS |

MEASUREMENTS| CLOSED OPEN-- ‘CLOSED GPEN
between 2nd ' ' - '
and 3rd floor *0.001 -0.090 < +0.017 —0.040
between 4th ' '
and 31d floot —0.009 -0.115 0.011 - 0 060
west stairwell ‘ i
door on 3id floor '~ 0.013 -0.125 " 0.004 -0.070
west elevator e <
doot on 3rd floor -0.009 -0.130 0.005 - 0.075
Notes: Pressure difference in in. of water

Readings refetrenced to 3rd floor
readmg :flow into 3rd floor
- reading : flow from 3td floor

Outside temperature :17 F

LI ¢ ) . o .
the 3rd story pressure resulting in a downward flow
of air from the 3rd to the 2nd stories and an increase
in the flow rates from the 3cd to the 4th storiesand
from the 3rd story into the elevator and stairwell
shafts. These effects have already been noted.!
With the east stairwell arranged as a smoke shaft,
the flow pattern across the 3rd story enclosure was
unaltered, although.a reduction in pressyre differ-
ence . and hence flow.rates occurred. This con-
fu'ms that qhe smoke shaft is notseffective in“pre-
venting the spread of smoke in:a building when
there are.large openings-to outsidé on the fire-floor.
) vy _i TE : ]

SMOKE PROOF TOWER

| L b {

A sm.oke, proof tower is speclfled in.some bulldmg
cq_deq to prevept smoke’ contaminationiof stairwells.
[t consists of asvestibule between each story and
the stairwell witlt-an' opetiing to outside in oné"of
the walls of the vestibule. Where it is dlfflcult to
vent the vestibile to outsidé s in'the case of a
stairwell located in the core of a building, the
vestibule is vented to a vertical shaft extending
from grade to top of the building. This vertical shaft

is essentially a smoke shaft as described previously.

The performance of a smoke tower for the protec-
tion of interior stairwells was investigated with the
computer model of the 20-story building. The com-
puter model was modified to simulate a combination
of stairwell, vestibule and smoke shaft as shown in
Fig. 8. Assuming a fire in a 2nd story and a vent

area in-the smoke shaft at 2nd story and at the top
of 7.50 sq ft as béfore, several ‘cases were mvesn-
gated The outside” temperature was assumed to be
W:th all vestibule and stairwell doors closed the
direction of air flow is from the 2nd story and stalr-
well into the vestibule and thence to the smoke
shaft, thus prevenung spread of Smoke into the
stairwell. Duting the course of a fire, it might be .-
expected that sorie of the doors would be open for
fire fighting and evacuarion. With the vestibule door
open to' the fire<floor the operauon of a smoke rower
1s essentially the same a$ that of a smoke shaft as
described’ prevxously, and similar llmxtauons there-
fore apply, thdt is, with a Iarge openmg in the ex-
termi' wall on the fxre ﬂoor or w1th open stalrwell

OUTSI DE WALL

]

VESTIBULE
DOOR
VENT STAIRWELL
OPENING/ { DOOR
z 14 t;
SMOKE_ Y

SHAFT VESTIBULE ZSTI\IRWELL

Fig. 8 Smoke Tower.
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and vestibule doors on upper floors, smoke entry
into the stairwell can be expected. The amount of-
smoke entry into the stairwell is increased if the
2nd story stairwell door is also open. '
With the stairwell door at the 2nd'stor'y level. -
open and the other doors closed, the effect of-the
open smoke shaft vent is to lower the pressure in

the stairwell below that in upper stories and thus to

induce air flow from them. ifto the stairwell through-
the various vestibules. If these upper stories were
fouled with smoke as a result of flow in vertical
shafts some contamination of the stairwell would
result. To minimize smoke contamination of the
stairwell it is necessary to minimize opening of
vestibule and stairwell doors of the smoke tower.

SUMMARY

The performance of smoke shafts was investigated
for a building under the influence of stack action,
with outside temperatures lower than inside. By
reducing the pressure in the fire-floor relative to
adjacent spaces the smoke shaft can induce air
flow from these spaces into the fire-floor and out
through the smoke shaft. In this way, the spread

of smoke into vertical shafts and upper stories is
prevented. Neglecting friction pressure loss in the
shaft, the required vent size is independent, of..
building height and is approximately 3 times,the
leakage'‘area/story of the outside wall. Where the
exterior wall'can be expected to remajn intact, 35
in the case of a windowless building, a smoke shaft
can be ‘effective in limiting smoke transfer to upper
stories. If windows on a fire-flqgr are broken, how-
ever, the pressure in the fire-floor approaches that
of the outside and the smoke shaft is no longgr ef-
fective in preventing the spread of smoke. [f.a stair-
well door on an upper story is open, the stairwell
pressure is reduced below that of the fire-floor and
if a stairwell door on the _fjrr;e,-’flop';;;;_sﬂ_:gl,s“_g';?gpen,
smoke contamination of the stair shaft can be i
expected.
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The smoke-proof tower for interior stairwells can
be effective in preventing contamination of a stair
shaft in the event of fire provided that the vesti-
bule and the stairwell doors on the fire-floor and
upper:stories are closed.
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DISCUSSION

J. B. SEMPLE, (Air Balance Inc., West Conshohocken,
Pa.): Have you had any opportunity to do any work
under summer conditions on the operation of these
shafts?

MR. TAMURA: The operation of a smoke shaft during
the winter was discussed in the paper. During the
summer, with little or no building stack action, ther-
mal expansion as a result of temperature rise in the
fire-floor is an important mechanism by which smoke
spreads from the fire-floor to the various parts of the
building. The rate of smoke flow out of the fire-floor
enclosure by thermal expansion depends on the rate
of temperature rise and on the leakage openings of
the fire-floor enclosure. The rate of flow can be re-

-

duced by venting the fire-floor to outside with a
smoke shaft. It can also be reduced by venting the
fire-floor with a large opening in the exterior wall.
With the model building described in the paper,
the effectiveness of smoke shaft in venting the fire-
floor was investigated. It was assumed that a mean
temperature in the fire-floor of 1000 F was reached
in 30 min during which time two floor volumes of gas
left the fire-floor. A mean temperature of 250 F in-
side the smoke shaft was also assumed. Under this
condition, with the smoke shaft in operation, the
direction of flow across the fire-floor enclosure is
reversed, with air flow into the fire-floor enclosure

from the adjacent areas and into the smoke shaft to
outside.
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