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Basis for the Design of Smoke Shafts

G. T. TAMURA and C. Y. SHAW
Division of Building Research
National Research Council of Canada

How do youn determine the required size of smoke shafts, and what
is a proper application of them? These are questions examined by
the authors.

MOKE shaft is defined in this paper as a vertical shaft of noncom-
bustible construction that extends from the bottom to the top of a
building and has openings at the top to the outside and openings to floor
spaces at each story. These openings are sealed with dampers. In the event
of a fire, only the damper on the fire floor and the top outside damper are
opened to exhaust smoke from the fire floor to outside. The smoke shaft is
intended primarily to assist in preventing smoke from spreading. This is
achieved by the venting action of the smoke shaft, which creates suction
pressures in the fire compartment and which, in turn, induce flow of air
from adjacent areas into the fire compartment.

Smoke spread from the fire compartment to the various parts of a
building can occur under the mechanism of local stack action caused by
high temperature in the fire compartment, thermal expansion, and stack
action caused by building heating during cold weather. These mech-
anisms can result in pressures in the fire compartment that are higher
than those in adjacent areas with a consequent flow of smoke into them.
Of the three mechanisms, studies indicate that building stack action during
cold weather creates the greatest potential for smoke spread from floor to
floor in the event of fire.! It is suggested, therefore, that smoke shafts be
designed to inhibit the spread of smoke under this condition.

OPERATION OF SMOKE SHAFTS

To illustrate the operation of a smoke shaft, a 6-story building with
vertical shafts is considered. Figure 1 shows the pressure and fiow patterns
of such a building caused by building stack action during cold weather
with no smoke shaft being present. It is assumed that the leakage openings
in the exterior and interior walls of a building are uniformly distributed,
so that the neutral pressure plane of a building is located at midheight.
It is seen that for any story below midheight, the pressures of the floor
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Figure 1. Pressure and flow patterns caused by stack action.

spaces are higher than those in the vertical service shafts at the same level.
The reverse is the case for stories above midheight. If a fire occurs in a
story below midheight, smoke can spread from the fire floor to upper floors
through the vertical service shafts. If a fire occurs in a story above mid-
height, the pressure pattern caused by building stack action would tend to
inhibit such movement. By venting the fire floor located below midheight
with a smoke shaft, pressures in the fire floor can be reduced, so that these
pressures are lower than those in the vertical service shafts at the same
level as well as in the floors above and below; thus the smoke is confined
within the fire floor enclosure (Figure 2). The size of smoke shaft required
is that necessary to provide sufficient venting of the fire floor to achieve
this condition.

If there is a large opening, e.g., broken windows, in the exterior walls of
a fire floor located at low level, the pressures in the fire floor will approach
those of outside and are likely to exceed those of the vertical service shafts,
such as elevator and stair shafts, at the same level. Under this condition, a
smoke shaft would be ineffective in preventing smoke spread into the ver-
tical shafts and upper floors. A smoke shaft is, therefore, more effective
in windowless buildings.

The required suction pressures in the floor spaces depend on the pres-
sure differences across the walls of the vertical service shafts. In Figure 1
the pressure differences are represented by the horizontal distance between
the lines that denote the shaft and floor space pressures. The greatest ad-
verse pressure difference occurs at the bottom level of the building, and
hence the greatest venting action is required by the smoke shaft at that
level. Stories at or near ground level therefore establish minimum size
requirements of smoke shafts.

In Figure 2, the smoke shaft pressure, assuming no pressure losses inside
the shaft, is indicated by a dotted line. As the smoke shaft is open to out-
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Figure 2. Pressure and flow patterns with smoke shaft operation.

side at the top, pressure at the top level of the smoke shaft is equal to that
of outside. Assuming an air temperature inside a smoke shaft equal to that
of the building (assumption of a low temperature fire), the slope of the line
representing the smoke shaft pressure is the same as that of the floor space
pressure. The total pressure, APy, acting across the vent opening at the
bottom is represented by the horizontal distance between the lines that
denote floor space and smoke shaft pressures.

The theoretical value of AP, for an idealized situation is, in fact, one-
half of the pressure difference due to stack action and is given by

11
APy = 38 H - = 1
s (2 - 1) W

where AP, = total pressure acting across the vent opening with no pres-
sure losses inside smoke shaft, inch of water; H = building height, ft;
T, = outside temperature, degree Rankine; and T'; = inside temperature,
degree Rankine,

The values of APy were calculated using Equation 1 and are plotted
against building height for various outside temperatures in Figure 3, based
on an inside temperature of 75° F'. The exhaust of gases through the smoke
shaft causes a decrease in building pressures which results in the shifting
of the floor space pressure characteristic to the left of the pressure diagram
of Figure 2. This results in a lower effective value of APr and hence, in the
calculation of smoke shaft sizes, 80 percent of the values in Figure 3 are
recommended.

Thus far it has been assumed that no pressure losses occurred inside the
smoke shaft. Friction, momentum, and dynamic pressure losses can occur
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inside the smoke shaft as a result of gas flow through the open vent of the
fire floor as well as through leakage openings in the walls of the smoke
shaft. The smoke shaft pressure characteristic, including pressure losses, is
also illustrated in Figure 2. The actual pressure difference across the open
smoke vent AP, is less than APjy; the difference between the two values
represents the pressure losses inside the smoke shaft.

The flow requirement to achieve the desired venting action depends on
the pressure differences across the walls of the vertical shafts (see Figure 1),
which in turn depends on the total stack effect and the airtightness of the
various interior and exterior separations of a building. The required flow
rate through the smoke shaft was determined for a 20-story model building
with assumed leakage areas in the various separations consistent with air-
tightness measurements on several multistory buildings.! A plan dimension
of 120 ft by 120 ft was assumed for the model. The air flow characteristics
of the 20-story building were simulated with the aid of a digital computer.?
With outside temperature of 0° F, the required flow rate to equalize pres-
sures across the walls of the vertical shafts at the first floor level was 6600
cfm. This value was extrapolated for buildings of various heights, floor
areas, and outside temperatures using the following relationship:

Q.aFA )
Q.a(H)* (3)

T, — T.\?
Qua (T) (4)
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where @, = required flow rate through floor vent of smoke shaft, and FA4 =
floor area of a typical floor.

Using these relationships, flow requirements of a building with a
typical floor area of 20,000 ft* for various outside temperatures and build-
ing heights were calculated. These are given in Figure 4.

EQUATIONS FOR THE CALCULATION
OF SMOKE SHAFT SIZES

The size requirement of a smoke shaft depends on the total pressure
available and the required venting capacity. The total pressure is the sum
of the various pressure losses and it can be expressed as follows: Total
pressure (AP;) = pressure loss across floor vent (AP,) + friction pressure
loss inside shaft (AP;) + momentum pressure loss inside shaft caused by
leakage flow through shaft walls (AP,) + exit pressure loss (AP.).

(a) AP, = entrance loss plus bend loss minus static pressure regain from

vent to shaft = K pVi2 _ eV _ eV )
2g 2g 2g

where p = air density, Vi = velocity through floor vent, V. = velocity
inside shaft at floor vent level, and K! = combined loss coefficient (a
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Figure 4. Reguired venting capacity of smoke shaft.
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value of 2.8 was assumed; 1.5 for entrance loss and 1.3 for bend loss).

(b) AP, = f _l!;_ pl(Ve + V3)/2p

s 28

where f = friction factor, L = height of shaft, D, = equivalent diameter
of shaft, and V; = velocity at top of shaft below exit.

© aP, =2 (VS _ VS
m 2g 2g

(d) ap, = L (2VE_eVe
Ca2 2g 2g

where V., = Exit velocity at top of the shaft and C; = Discharge co-
efficient at exit opening.

Summing up all the losses, we have,

APy = K1 OV (pw pw) b L plVs + V2P

2g 2g 2g D, 2g
oV  pV2? 4 1 | pVE  pVg ®
T2 \ee T ) TCel e 2 :l
The right hand side of equation (5) can be arranged as follows:
() Let K 22 = ga Vi [V oV
2g 2g 28 2g
where K is a factor to be determined
- —
V, pVi?
=| Kt -1 e
+ (Vl) 2g
i AN ] ove
=K -1 e pV1
+ (A s) 28
therefore, - -
K-k —1+ (4 &
= 1 ) a)

where A, = Area of shaft vent opening and A, = Cross-sectional area of
smoke shaft.

(b) Let XV, = average velocity through smoke shaft vhere X is a factor
" to be determined.
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XV, = Vo + Vs _ Ve + (Vo + @/A))

2 2
Q:
X=14+%[-—"
80 + (A3V2
but AsV2 = v
therefore X =14 % %—l (5b)

where @, = total leakage flow through walls of smoke shaft and @, = flow
through shaft vent opening

sz

(c) Let M = momentum pressure losses, where M is a factor to be

determlned

MoV, _ 9 pV Ve 2, (V. + @i/Ay) _ Vi
2g 2g 28 2g 2g
therefore
M = [4— +2(Q’)} (5¢)

= exit pressure loss, where N! is a factor to be determined
N pVa? _ pV4 _ pV§?
2g C,z 2g 28

= PV (since A,V; = A,V)
Cd 2g

(@) Let Nt V% PV?

- (i‘)a
- AS L Qv + Ql 2
Cz 2g

where A, = Avrea of opening at exit

(&) -

_ Ae P Qv Ql ?

CE E[E(l +§Z)}
(%) -

= 4. "V22(1 +&)2

oF 2g Q.
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therefore
2
(%) -
¢ Qz 2
N =3 7 11 il
Cd2 ( + Qu)
RGN
A,
where
1 Q:\°
N=_—f1+2x 5d
Cd2 ( + Qv) ( )

(e) Finally from flow continuity

_ e} T4,
- (2) (%) .

Substituting Equations 5a, 5b, 5¢, 5d, and 5e into Equation 5 yields:
L AL\? AL\
APy, = | K = X 2 M 2
i [ +st (As) + (As) +
NIAY 1 (A 2 (9:F
A, A, 2g {4,
- L
ool (2)
L[4 A\ A\ A\ |
X2 v M 9 N & - 1 v
D, (As " (As) ’ [(Ae) ] As) 6)

APy

rearranging,

K+f

To determine the value of A ,, value of @ is required for the calculation of

X, M, and N. It can be expressed as follows:
Q = All:(APv+APT— AP ) /2]‘

Q. A, AP,

For simplicity AP ., when it applies, can be neglected; this will result in a
conservative value of 4,

_ A [y )
V2 A, AP,
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A
and Ai = ne
where A, = total leakage area of shaft walls, including leakage area

around closed dampers; n = number of floors; ¢ = leakage parameter ()
expressed as a ratio of leakage areas of shaft per floor to an open vent
area; and (AP, + APr)/2 = the approximate mean pressure drop across
leakage openings.

Now
AP, = K 2V2
v 2g
- K Q)
2 \A,
Then
Qv \/2 PK Qv

APy and @, are given in Figures 3 and 4. K, A,/A,, A,/A,, A,/A,, [,
and L depend on the construction of the smoke shaft and are input to
the equations. The solution of A , requires the use of Equations 5a, 5b, 5c¢,
5d, 6 and 7, and involves a trial and error calculation. Initially a value of
A, is assumed and using Equation 7 a value of @,;/Q, is obtained. This
value is used to calculate values of K, X, M and N from equations 5a, 5b,
5¢ and 5d, which are inserted into Equation 6 to solve for A.,. If the assumed
and the calculated values of A, do not agree, then the average of the two
values is used for the next trial. The iterative calculation is repeated until
the correct value of A, is obtained. This procedure is facilitated with the
use of a digital computer. The solution can also be obtained using a
graphical method. If A, and A; are known as for an existing shaft, then
the procedure for calculation is to assume a value for A, and calculate
A /A, and A,/A,. Using these values @;/@., can be calculated from
Equation 7. A, is then calculated from Equation 6. This procedure is
repeated until an agreement is obtained between the assumed and calcu-
lated values.

The values of APy and AQ, for the calculation of smoke shaft sizes
were based on the pressure differences caused by building stack action.
Where a mechanical exhaust is used, the value of @, is that necessary to
create adequate suction pressure on the fire floor under the condition of
little stack action and is limited by the maximum permissible pressure
difference (0.04 in. of water) across the stair doors of the fire floor. A
value of six to eight air changes per hour is suggested. The value of APr
for this case is the static pressure drop across the induced draft fan.
The required shaft size can then be calculated as before. The required
fan capacity is the sum of @, and @;. The selection of shaft and fan sizes
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are based on the assumption that all building air handling systems are
shut down during a fire emergency.

CALCULATION OF SMOKE SHAFT SIZES

Using Equations 6 and 7, smoke shaft sizes were calculated for various
building heights, floor areas and outside air temperatures. The floor vent
area and the cross-sectional area of the shaft were assumed to be the same
(A.,/JA, = 1) as this will give the minimum cross-sectional area of the
shaft and hence the most economical size in terms of construction and use of
rentable space. Also the opening at the top and the cross-sectional area
of the shaft are assumed to be the same [A,/A. = 1]. The interior surface
of the smoke shaft was assumed to be relatively smooth (relative rough-
ness of 0.001) with a friction factor of 0.0253. Vent sizes were also calculated
with variation in the ratio of leakage area of walls per story to floor vent
open area (¢) from 0 to 0.05. The calculated vent sizes are given in Table 1.
Table 1 indicates that the vent sizes are approximately proportional to
the floor areas. Calculation of vent sizes for various outside temperatures
indicated that they are independent of outside temperature where it is
below building temperature.

Figure 5 illustrates the vertical distribution of pressure losses for a
smoke shaft 240 ft high with leakage parameter ¢ of 3 percent. Outside
temperature was assumed to be at 0° F. The variation of pressure losses
caused by friction and momentum change are shown in this graph. It is
seen that, for this case, pressure losses due to momentum change are
greater than those caused by friction. It is expected that pressure losses
due to momentum change become more significant as the value of ¢ in-
creases. It is also shown that the flow of the smoke shaft at the top is
almost twice as great as that through the floor vent at the bottom as a
result of the leakage flow through the walls of the smoke shaft.

Figure 6 illustrates the effect of leakage parameter ¢ of the shaft walls
on the required vent sizes. With shaft walls of airtight construction, a
vent and shaft size of 15 ft? is adequate for a building up to 1,000 ft in
height. With an increase in the leakage parameters ¢, there is a significant
increase in the required smoke shaft sizes. For example, with a ¢ of 5 per-
cent there is a large Increase in the smoke shaft sizes with building height;
from the graph it would appear that the practical smoke shaft size is
limited to a building of 300 ft in height.

The foregoing indicates that the size of smoke shaft depends greatly on
the shaft wall leakage and, therefore, the necessity of ensuring a relatively
airtight shaft wall construction. ILeakage openings can occur between
closed damper and frame and between frame and wall as well as in the wall
itself. For masonry wall construction the leakage area in terms of equiva-
lent orifice area is approximately 0.025 ft? per 100 ft? of wall area using
data for a 13—in. plain brick wall at 0.30 in. of water pressure difference
obtained from laboratory measurements.! For a smoke shaft and vent
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Figure 5. Pressure losses and flow distributions in a smoke shaft for a 20-story building.

size of 15.0 ft,2 the value of ¢ using this leakage area would be approxi-
mately 0.3 percent neglecting damper leakage. Depending on the type of
masonry construction and workmanship under field conditions, the value
of ¢ can be as high as 1.5 percent based on unpublished field measurements.
If the surface of the masonry walls is parged then the value of ¢ would be
expected to be less than 1 percent. A metal liner inside the smoke shaft
with sealed joints or smoke shaft of monolithic concrete construction would
also greatly reduce the possibility of significant leakage flow.

Cracks formed between closed damper and frame and between frame
and shaft wall are another potential source of leakage. Using recommended
clearances for a single blade fire damper construction of 3/8-in. vertical
clearance and 1/32-in. horizontal clearance,’ the leakage opening for a
3-ft by 5-ft damper represents a value of ¢ of 1.5 percent. A leakage open-
ing between frame and shaft wall of 1/16 in. gives a total leakage para-
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TaBLE 1. Minimum Sizes of Floor Vent Opening and Cross-Sectional Area of

Smoke Shaft (ft?)
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TABLE 1. — continued
Floor
Area Building Height (ft)
Sq. (Ft*) 60 120 240 360 480 600 720 840 960

Leakage Parameter = 5%

2,000 1.1 1.6 3.7 35.0
5,000 2.6 3.7 7.7 52.8
10,000 5.1 6.9 139 79.0
20,000 99 13.3 256 126.2
30,000 14.6 19.5 36.8 170.5
40,000 19.3 25,6 47.8 213.2
50,000 24.0 31.7 58.7 254.8
60,000 28.7 37.7 69.5 2953
| | | ] | | | | | I I
960 [— -/ ./ _
0%/ ]%/ LEAKAGE PARAMETER, § = 2%
- — ]

FT.

[ ]
720 |— .
/ / / 3%
/ e}
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e e
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Figure 6. Effect of leakage parameter on size of smoke shaft.

meter due to a fire damper of 2 percent. With a gasketed damper, however,
the leakage parameter can be expected to be less than 1 percent.

From these considerations, it is seen that the value of ¢ can range from
less than 1 percent for tight wall and damper construction to approxi-
mately 5 percent for loose wall and damper construction. For tall build-
ings, according to Table 1 there is a significant economy in smoke shaft
sizes with tight wall and damper construction. The above is based on
A, /A, =1. If A,/A,is greater than 1 then the values of ¢ would be higher.

Flow through a given smoke shaft with a high temperature gas at the
inlet can also be calculated by using equations developed in this paper.
For this case, the value of APr due to building stack action should be in-
creased by an amount corresponding to the stack action resulting from
the difference between mean smoke shaft temperature and the value of
75° F assumed in this paper. Because of cooling of gases caused by heat
losses through the shaft wall and dilution caused by leakage flow, the deter-
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mination of mean gas temperature for a given inlet temperature requires
trial and error calculations.

SUMMARY

Equations for the sizing of smoke shafts to prevent smoke migration
under the condition of building stack action have been developed. A low
temperature fire was assumed with smoke shaft temperature at inside
ambient temperature. Under this condition, the operation of the smoke
shaft depends only on building stack action. The venting action is, there-
fore, greater during cold weather than mild weather. When inside and
outside temperatures are equal, there will be no stack action and hence no
venting action. The assumption of a low temperature fire was considered
to be the critical one, as a high temperature fire would result in the passage
of hot gases through the smoke shaft, which can result in greater venting
actior. The rate of flow of hot gases for a given smoke shaft can be cal-
culated from equations given in this paper. These equations can also be
used to calculate shaft and fan sizes if the fire floor is to be vented with an
exhaust fan. With window breakage on the fire floor at a low level during
cold weather, venting of a fire floor with a smoke shaft, either with or
without an exhaust fan, will no longer prevent the spread of smoke into
upper floors.

Smoke shaft sizes are presented for various floor areas, building heights
and shaft wall leakage areas. These values indicate that the leakage para-
meter is an important factor in sizing a smoke shaft. This factor becomes
more significant as the building height increases. The use of smoke shafts
for tall buildings, therefore, necessitates a shaft wall of relatively airtight
construction.
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