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SUMMARY

The smoke extraction performance of gravity roof ventilators in the presence of wind is
considered. A solution procedure which permits the determination of the hot layer depth
for different interior and roof pressures is proposed. Negative roof pressure is shown to
enhance extraction rate, while positive pressure tends to deepen the layer. Ventilators with
low loss coefficient are found to perform better than an open pipe under windy conditions.

INTRODUCTION
Roof ventilators are widely used in industrial
buildings to remove heat, smoke, odors and con-
taminants from the interiors of the buildings so
as to improve working conditions. They may be
of the gravity or powered typesl. The former
relies on natural draft effect, and its extraction
rate is enhanced by the suction effect of wind
passing by the opening; the latter employs a
motor driven fan to obtain larger extraction
rate. In principle, these devices may also be har-
nessed for smoke venting during a fire. The per-
formance of the gravity type as a smoke extrac-
tor is considered theoretically in this paper.

THEORY

Figure 1 shows a ventilator installed on the roof
of a bay in an industrial building of height H. A
fire occurs on the floor and entrains large
amount of air into the fire plume. At steady
state, a smoke layer of depth d is formed when
the total mass rate of entrained air and the small
contribution from the burning fuel MP is bal-
anced by the extraction rate of the ventilator. A
prevailing wind at speed of Uøo is also considered.

Rate of production of hot gases
The SFPE Handbook of Fire Protection
Engineering2 presents several expressions for
calculating Mp. For small fires, defined as those
having a mean diameter less than (H-d)12, the
U.K Fire Research Station recommends

where

and

The NFPA 204M defines small fires as those
where the continuous flaming region does not
extend into the hot layer and suggests

Figure 1. Schematic of roof ventilator installed on building.
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For large fires, the U.K Fire Research Station
recommends

while NFPA 204M suggests

Hot layer depth
Consider the motion of the hot gases between
the layer and the ventilator as shown in Figure
1. Applying Bernoulli equation between points 1
and 2,

The last two terms represent the friction and
entry losses in the ventilator pipe respectively.

Applying the hydrostatic law between points 1
and 2,

Combining Equations 7 and 8,

where the pressure coefficients Cp, cpor and Cpi
are defined below

The velocity of extraction ul is related to the
plume entrainment rate by the conservation of
mass so that

Pressure coefficients
Elger and MeLam3 showed that the perfor-
mance of a gravity roof ventilator may be
described by the ventilator pressure coefficient
Cp in the following relationship

Five types of ventilators were tested, including
an open pipe. 

’

A procedure to evaluate the outside roof pressure
coefficient CP,, and internal pressure coefficient
Cpi may be found in the paper by Kandola4.
Input information includes the the leakage ratio
of the building and the wind direction.

SOLUTION PROCEDURE
The five variables to be solved are Mp, p~, d, u j
and Cp. A possible scheme is based on the
Gauss-Seidel method; the solution is initiated
by guessing the values of p, and ul so that Cp,
d, and Mp may be calculated. Next, p, may be
updated using Equation 2 and ul updated using
Equation 13. The above iterative process is
repeated until convergence is satisfied.

However, this procedure was found to produce
oscillations or divergence in most cases .

Alternatively, a plume entrainment equation
given by Equations I to 6 may be rearranged to
express d in terms of the other variables; U in
Equation 9 and Mp in Equation 13 may also be
expressed explicitly. This alternative set of five
equations is solved by guessing p, and u1 first
and proceeds via the calculations Mp, pl, Cp, d
and ul. The iterative solution process again
failed to converge for most cases.

It is possible to derive an expression which con-
tains Mp as the only unknown. Substituting p
from Equation 2 and ul from Equation 13 into
Equation 9, we get

When the above equation for d is substituted
into a plume entrainment equation, an implicit
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relationship for .4fp is obtained which may be
solved by a suitable root finding algorithm such
as the Bisection or the Secant method. By back-
substitutions, p1, ul and d may be obtained.
This approach is easily accomplished on a per-
sonal computer and produces stable solutions.

ILLUSTRATION
The following input conditions are selected to
illustrate the calculation results:

The values of Cpi and Cpor may be obtained
from the graphical plots in Reference 4. Hence,
Cpi = 0.2 and Cpor = - U.fi.

With the above as input, results obtained using
Equation I for lVlp are shown plotted in Figure 2
in terms of the hot layer depth for different
wind speeds. 1Bvo types of ventilators and an
open pipe design are compared; the latter corre-
sponds approximately to open vents of the same
diameter. All three devices show that the hot

Figure 2. Layer depth versus wind speed under negative
wind induced roof pressure.

layer depth is decreased due to the aspiration
effects of wind, the wind directional ventilator3
(K=0.45) being the most effective. The intersec-
tion point of the open pipe curve with the y-axis
gives a layer depth of 2.9 m for zero wind condi-
tion as assumed in conventional roof vent

design.

The wind induced roof pressure distribution
could be affected by the presence of neighboring
buildings4. Using cpor = +0.75 and assuming
Cpi remains unchanged, the hot layer depths
versus wind speed for the previous three venti-
lators are plotted in Figure 3. Increasing depths
are found for all three ventilators, the open pipe
being most sensitive to wind speed. Hence, the
effect of positive roof pressure tends to retard
the vent flow and causes the hot layer to deepen
accordingly, but the flow is unidirectional and
outwards. Kandola, in assuming an arbitrary
constant hot layer depth, concluded that flow
reversal should occur at a roof vent when the
roof pressure was positive.

CONCLUSIONS
The smoke extraction capability of the gravity
roof ventilators has been examined in this paper
using formulas which are already established in
the literature. Trial-and-error methods of solu-
tion are found to be unsatisfactory; a root find-
ing procedure in which the plume entrainment
rate is solved first and the other parameters are
obtained by back substitution is found to pro-
duce stable solutions.

Figure 3. Layer depth versus wind speed under wind
induced roof pressure.
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The results show that wind effects help in the
smoke extraction when the roof pressure is neg-
ative ; with positive roof pressure, the layer
deepens. A ventilator with low K-value per-
forms better than an open pipe by keeping the
hot layer higher under windy conditions.

NOMENCLATURE
Ai area of fire (m2)

Cf Fanning friction factor (dimensionless)

Cp ventilator pressure coefficient (dimension-
less)

Cpi internal pressure coefficient (dimension-
less)

Cpor outside roof pressure coefficient (dimen-
sionless) por

d hot layer depth (m)
D diameter of ventilator pipe (m)
g gravitational acceleration (9.81 nVS2)
~I height of building (m)
K loss coefficient of ventilator (dimension-

less)
L length of ventilator pipe (m)

Mp plume entrainment rate (kg/s)
n number of ventilators (dimensionless)
P perimeter of the base of the fire (m)

Pi pressure at ventilator pipe exit, point 1
(Pa)

Pl, pressure outside the ventilator (Pa)

Pløo ambient pressure at same elevation as
point 1 (Pa)

P2 pressure inside building at layer interface,
point 2 (Pa)

P2~ ambient pressure at same elevation as
point 2 (Pa)

Z convective heat release rate of fire (W)

RL leakage ratio of building (dimensionless)
S specific heat of air (J/kg-K)
T~ ambient temperature (K)

u1 velocity at ventilator pipe exit (m/s)
u_ wind velocity (m/s)
yo virtual origin of fire (m)
a wind angle (°)
p ~ density of hot layer gases (kg/m3)
p, density of hot gases at ventilator pipe exit

(kg/m3)
p~ ambient density (kg/m3)
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