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Abstract

Performance of natural vents installed at height would be affected under strong wind. Smoke
might even be pulled downward or inward by wind action if the building is located near to a
tall building or on the hillside. The importance of studying aerodynamics around a building
located adjacent to a vertical wall while designing static smoke exhaust system will be
illustrated in this paper. Air flow pattern around the buildings depends on many factors
including wind speed, fire size, height of the vertical wall and distance away from the
building, theoretical study is difficult. Numerical simulations with Computational Fluid
Dynamics is appropriate to design smoke exhaust system design under these conditions. Key
equations of calculating the smoke exhaust rates and the required vent area will be reviewed.
Modified equations on smoke exhaust rates with wind effects discussed earlier will be
applied.
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1. Introduction

Smoke exhaust with natural vents, or known as static system, is getting popular [1-6] in large
and tall atria in the Far East. Natural venting system is sometimes more preferred because it
does not require spaces for housing the fan and duct in the mechanical exhaust system. The
associated cost is lower and it might even give better interior appearance. Most natural
venting systems consist of horizontal ceiling vents installed on the roof. Many systems are
put in cargo terminals where the occupant loading is not high. Therefore, it is more
acceptable to the authorities. The driving forces for natural vents [7] are: stack effect due to
the difference between temperatures indoors and outdoors, wind-induced action and
buoyancy of smoke. In areas with small difference between temperatures indoors and
outdoors, stack effect is only significant in tall lift shafts or staircases [8,9]. Wind-induced air
flow is a transient phenomenon depending on the conditions of the surroundings. Buoyancy
of the hot smoke layer is strong under a big fire. Therefore, buoyancy is the key driving force
in removing smoke for natural vents.

However, air motion in areas surrounding an atrium might be fluctuating due to wind action
or non-uniform surface thermal heating effects, which are ‘thermals’. When sufficiently
strong wind is blowing towards the atrium, positive or negative pressure might be induced on
the windward and leeward sides. The ceiling vent might become an air intake point rather
than an extract point [10,11]. The instanteous vent pressure relative to pressure distribution
indoors is a key point. Under extreme conditions, wind will give downward pressure above
the vent. This downward wind pressure might be greater than the upward pressure induced by
buoyancy. Air pressure distribution inside and outside the atrium should be estimated
carefully with reference to the literature results [12-27] in some projects. Therefore, there are
concerns on the performance of static smoke exhaust systems, particulary in crowded deep
underground subway stations or atrium buildings in high-density tall building areas [1,10,11].
Fire hazard assessment [28] should be reviewed carefully while using static smoke exhaust
systems because of the change in pressure distributions around the building due to the nearby
tall buildings. The smoke exhaust rates predicted by some empirical equations should be re-
evaluated under these conditions.



2. Mass Flow Rate Across the Ceiling Vent

Consider a smoke layer in a naturally ventilated space as in Figure 1. Hydrostatic equations
will be used to calculate the variation of pressure within the atrium [13] by taking the cross-
sectional area of the atrium is much larger than the area of all openings.

- Insert Figure 1 here -

An atrium fire inducing an axisymmetric plume as in Figure 1 is assumed to have taken place.
Take the difference in pressure across the ceiling vent as P, — P,, and that across the inlet as

P, — P,. The Bernoulli’s equation on discharging air through the ceiling vent can be written

as:
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For air entering through the inlet:
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The static pressure heads P,, and P, are:
Po = R — pa.9H 3)
PC:PA_pgg(H_Hg)_pagHg (4)

The pressure drop across the ceiling vent caused by the difference in densities of the smoke
layer and the surrounding cold air can be given as:

4P, =P, =R, (5a)
Putting in equations (3) and (4), 4P, is:

AP, = (P, —Py)+(p, —py Ja(H —H,) (5b)

This can be written as:



AP, = p,g'(H-H,)- 4P, (5¢)

where g’ represents the reduced gravity due to buoyancy, defined by:

A
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where Ap = p, — pg

AP, can then be defined as the pressure difference caused by buoyancy AP, and the pressure
drop across the inlet vent AP.. That is

AP, = AP, — AP ©)
where AP = pgg'(H — Hy)

Combining equations (5) and equations (1) and (2) gives:

Using mass continuity through the inlet and outlet gives:

CPV A = Cop VoA ©
where Cj and C, refer to the discharge coefficient of inlet and outlet respectively.
Rearranging the above equation,

C
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Substituting the expression of the inlet velocity into equation (8), the velocity through the
outlet is given by:



v - Zg(pa_pg)(H_Hg) (11)
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For incompressible fluid, the mass flow rate through the vent can be obtained by:
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Using the ideal gas law:
paTa = png (13)
The mass flow rate through the vent can be rewritten as:
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3. Wind Action
Figure 2 shows the flow through the vent under normal condition with the pressure induced

by wind of speed vw. If a similar analysis [2,3] is followed, the ambient pressure outside the
inlet vent and outlet vent PO' and POO, under wind action can be written as:

, 2
P =C, %Jr P, (15)
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Cwi represents the outside pressure coefficient at the inlet location, while Cwo denotes the
outside pressure coefficient at the vent location.

- Insert Figure 2 here -

The hydrostatic equation was applied to study the variation in pressure by assuming the
interface of the smoke layer in the atrium is stable under the windy condition. The pressure
drop across the ceiling vent APO' under wind can be deduced from the equation below:

)2l (p, - p, Ja(H - H,) (17)
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APi' refers to the pressure drop across the inlet vent under the windy condition.

Under windy conditions, it is observed that the vent flow is driven by the pressure difference
induced by the combination of buoyancy and wind.

The pressure difference AP, prompted by the wind is:

AP, =(C,, ~C )”’a—"w2 (18)
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Putting in equation (17) gives:

AP, = AP, + p,g'(H—H )~ 4P, (19)



Using Bernoulli theorem and considering the flow losses across the inlet and outlet, the
velocity v, across the outlet vent under wind is given by:

(Cwi _Cwo)pavw2 +Zg(pa _ngH - Hg)
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Combining the ideal gas law with equation (13), the mass flow rate through the vent m’, of

incompressible fluid under wind can be obtained:
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4. Effect of the Vertical Wall on the Vent Flow

As shown in Figure 2, an atrium with wind blowing from one side is taken as an example.
Fire is located at the center of the atrium. The effects of a vertical wall (located on the
leeward side) on the smoke vent flow will be discussed.

The CFD software Fire Dynamics Simulator (FDS) version 6.0 [29], developed by the
Building and Fire Research Laboratory of the US National Institute of Standards and
Technology, is used for numerical studies. The transient conservation equations of mass,
momentum, energy, and species for low-speed motion of a gas are solved numerically. The
three-dimensional space is divided into rectangular grids in which the gas variables are
assumed to be uniform, but changing with time. The Navier-Strokes equations are solved in
FDS using large eddy simulation to account for subgrid turbulence. The mixture fraction
model is used for combustion reactions. Heat transfer to solid surfaces and convection within
the fluid are taken into account. Verification works on applying this FDS to simulate fire-
induced smoke transportation and dispersion were reported [30,31]. The predicted results
agreed satisfactorily with the experiments, giving justification and confidence for application
of FDS in this study.

In order to investigate the effects of the existing vertical wall on the leeward side, the external
wind speed and the fire size on the mass vent flow rate through the ceiling vent, three
scenarios labeled as S1, S2 and S3 are considered [32]. A constant wind speed is assumed to
investigate the effects of wind speed on the top vent flow, as there are different views on
using a vertical wind speed profile.

J Scenario S1:
No vertical wall is constructed at the other side of the building. Different wind speeds
of 0 ms?, 1 ms?, 3 ms?, 5 ms?tand 10 msat the same fire size of 3 MW are tested.
Three other fire sizes of 1 MW, 5 MW and 10 MW at the same outside wind velocity of
5 ms™ are also simulated.

J Scenario S2:
A vertical wall is 20 m away from the leeward side of the building. The wall is much
higher than the building. Different external wind speeds of 0 ms?, 1 ms?, 3 ms?, 5 ms?
and 10 ms* are simulated under the same fire power of 3 MW. Different fire powers of
1 MW, 3 MW, 5 MW and 10 MW at the same outside wind velocity of 5 ms™* are
studied.



J Scenario S3:
Different distances of 5 m, 10 m, 20 m and 25 m from the vertical wall to the building
are considered, and various external wind speeds of 0 ms?, 1 ms*?, 3 ms?, 5ms? and 10
ms* are simulated under the same fire power of 3 MW.

In CFD simulations [12,13], free boundaries have to be handled properly. Therefore, the
extended computing domain enclosing the atrium is 61.3 m long, 41.3 m wide and 40.0 m
high, as shown in Figure 3. The left boundary is set as inlet boundary, and different inlet
wind velocities would be used as shown in scenarios S1 and S2. Other boundaries are set as
free boundary.

- Insert Figure 3 here -

In FDS 6.0, for simulations involving buoyant plumes, it is better to assess the quality of the
mesh in terms of the non-dimensional parameter D"/ &, rather than an absolute mesh size,
where D" is a characteristic fire diameter.

*

Q 215
D' =(—— 22
(panTa\/g) 22

For the validation study sponsored by the U.S. Nuclear Regulatory Commission, the D" / &k
values ranged from 4 to 16 [33]. For the fire size of 1 MW, 3 MW, 5 MW and 10 MW, the
relative D” are 0.96 m, 1.49 m, 1.82 m and 2.4 m. In this study, cells are of size 0.15 m x 0.15
m x 0.15 m used in zone I, as shown in Figure 3(b), and the mesh size of 0.25 m x 0.25 m x
0.25 m is used in the other zones. The ambient temperature is taken as 20 °C in all
simulations.
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5. Numerical Results

With different external wind speeds and different fire sizes for scenarios S1 and S2, the
predicted mass vent flow rates are shown in Figures 4 and 5 respectively. It is shown that
with the wind speed increasing, the mass exhaust rate will increase under these fire scenarios.
With the wind speed increasing, the pressure difference induced by wind between the outlet
vent and inlet vent increases, thus giving a higher smoke exhaust rate. When the wind speed
is low, say lower than 5 ms™, the effects of the vertical wall on the leeward side on the mass
vent flow rate can be neglected, and the mass vent flow rates are almost the same in the two
scenarios. When the wind speed increases beyond 5 ms™, the mass flow rates in scenario S2
are found to be lower than those in scenario S1. The presence of the leeward vertical wall
would reduce the smoke exhaust rate in the atrium. With the wind speed increasing, side wall
effects on the pressure distributions around the building will be significant. The pressure
difference between the top vent and inlet vent is smaller in scenario S2 compared with that in
S1, thus giving a lower smoke exhaust rate. Similar observations can also be found in Figures
6a to 6f.
- Insert Figures 4 to 6 here -

From Figure 5, it can be seen that under the same wind speed action, with the fire size
increasing, the mass vent flow will increase, but the increasing rate would be reduced. The
mass vent flow in scenario S1 is also found to be higher than that in scenario S2. The vertical
wall on the leeward side of the building would reduce the smoke exhaust rate, especially
when the fire size is small. When the fire is small, the wind pressure is the main factor for
controlling the top vent flow. When the fire size increases, buoyancy effect induced by the
hot smoke becomes stronger, both wind pressure and buoyancy contribute to give a higher
smoke vent flow. With the buoyancy effect increasing, the effect of wind pressure induced by
the side wall on the vent flow becomes less significant. It can be seen in Figure 5 that at large
fire size (10 MW), the difference induced by the wall is negligible.

From these figures, it can be found that the vertical wall will change the distribution of wind
pressure on the surface of the building. The pressure at the top of the building induced by
external wind in scenario S2 is higher than that in scenario S1, although air pressures at the
top of the vent in both cases are negative. Due to the presence of the vertical wall, the
pressures on the leeward side of the building in scenario S2 are also higher than those in
scenario S1. The differences in pressure between the inlet opening and the top vent opening
in scenario S1 are larger than those in scenario S2. This gives higher air speed across the vent,
hence a higher flow rate across the vent. This can be clearly seen from Figures 7a and 7b.
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The difference in transient air pressure APy between the predicted pressures Py and P_ at
immediately above and below the ceiling vent is given by:

APy =Py —PL (23)

Results for APy are shown in Figure 7a. Values of the transient pressure difference APy across
the ceiling vent in S1 are found to be higher than that in S2. This will give a higher vent flow
rate in S1 than that in S2.

Figure 7b shows the wind effects on mass flow rate across the ceiling vent under the fire size
of 5 MW for scenarios S1 and S2. The presence of wind can increase the mass flow rate in
scenarios without and with the presence of a vertical wall on the leeward side. Comparisons
of the mass flow rates calculated by Eq. (21) in which Tg is from the numerical results with
those predicted by FDS are shown in Figure 8. It is found that the results calculated using
empirical equation (Eq. (21)) are close to the predicted results of FDS. Eq. (21) can thus be
used to predict mass exhaust in practice to include the effects of wind and leeward side wall.

- Insert Figure 7 here -

The effect of the distance of vertical wall on the leeward side of the building on the smoke
vent flow rate can also be found in Figure 8. It can be seen that the distance of the vertical
wall away from the building has large influence on the top vent flow, especially when the
external wind speed is large. When the wall is close to the building, say no more than 10 m,
the top vent flow increases slightly with the wind speed if the wind speed is not large, but
when the wind speed is large (greater than 5 ms™), the vent flow would decrease compared
with that of no wind conditions. The effect of vertical wall on the mass vent flow can be
neglected when the wind speed is small for engineering use. When the wall is far away from
the building and the wind speed is not large, the effect of the vertical wall on the vent flow
could be ignored.

- Insert Figure 8 here -

For the fire size of 3 MW, variations of flow rate across the ceiling vent me with a nearby
wall distance ha away to the flow rate across vent me, without a vertical wall (i.e. free
boundary) with the dimensionless distance D/h, under different wind conditions are shown in
Figure 9. As shown in the figure for small D/h,, ceiling vent flow rate would decrease with
the wind speed increasing. Effect of the wind speed on the smoke exhaust rate flow rate is
large. With D/h, increasing, the effect of wind speed on vent flow rate would decrease.

12



Combining the two effects, when D/h, is greater than 2.04, little change could be found for
the vent flow rate with the wind speed increasing. Effect of the nearby vertical wall on vent
flow appears to be small under this condition for this study .

- Insert Figure 9 here -
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6. Conclusions

Buoyancy and wind effects on the smoke vent flow across the horizontal ceiling vent of an
atrium are studied by theoretical analysis and numerical simulation in this paper. The effect
of a wall or a building on the leeward side of the atrium on the performance of the static
smoke exhuast system is also disscussed.

The combined effects of wind and buoyancy are the key factors to control the smoke vent
flow across the ceiling vent. Presence of a nearby wall or other tall buildings on the leeward
side of the atrium would change the wind pressure distributions around the atrium surface.
This will largely influence the smoke vent flow when the wind effect is the main factor on the
smoke vent flow. The smoke exhaust rate woud be reduced, and the reduction rate would be
determined by the side wall distance from the atrium buildings. Effect of adjacent vertical
wall on the exhaust rate across the ceiling vent is negligible for long distance away. The
critical distance could be estimated by CFD simulations.

For the static smoke exhaust system design in an atrium, empirical equation, e.g. Eq. (21),
can be used conveniently. However, the coefficients and variables in the equation are not
always obtained easily for the calculation, like the cases in this study. Numerical method
should be used to assist the analysis.

Terrains around a building would affect the performance of the static smoke exhuast system.
This part should be evaluated carefully while designing static smoke exhaust system for large
crowded atria. In addition, meteorological information such as wind speed in different
seasons are also important data to consider the the design, for better smoke exhaust
performance.
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(e) Scenario S1 under a5 MW fire with wind speed of 10 ms™ (f) Scenario S2 under a 5 MW fire with wind speed of 10 ms™!

Figure 6: Numerical pressure distribution
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Figure 7: Predicted results under a 5 MW fire and wind speed of 5 ms in scenarios S1
and S2
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Figure 8: Variation of the vent mass flow rates with the distance of the vertical wall to
the building and external wind speed (Q = 3 MW)
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Figure 9: Variation of me / meo with dimensionless distance away from the adjacent
vertical wall
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