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ABSTRACT

The smoke filling process in the atria of shopping malls in Hong Kong is studied. The
atrium is located adjacent to a shop which is assumed to have a fire. Atria classified into
seven different shapes with volumes varying from 2,500 to 35,000 m3 were considered. The
smoke filling time in those atria was simulated by the fire zone model CFAST Version 2.0. A
total number of 63 atria were considered with the probable fire environment simulated. A
time constant derived from the free plume expressions is proposed to specify the geometry
of the atrium hall for studying the smoke filling process. It is found that the times required
to fill 80% and 50% of the atrium space volume with smoke are related to this time constant.
Linear relations between them were derived. Lastly, the effects of the smoke control
systems are also studied: the horizontal ceiling vents of area 9 m2 and mechanical ventila-
tion system giving a smoke extraction rate of 6 air changes per hour.

INTRODUCTION

Many large multi-level shopping malls with an
atrium have been constructed in Hong Kongl
during the past fifteen years. They can be found
in districts of high land costs, such as the central
banking and commercial area, and in districts
with lower land prices, such as the residential
area of public estates.

A general feature of the shopping malls is several
levels of shops connected by an enclosed atrium.
Most of the malls are of ’open’ design so that
each level is linked directly to the atrium. In each
mall, there might be shops, large department
stores, restaurants, banks and supermarkets.
The fire aspects in the shopping mall have to
be considered carefully because there are many
occupants and the fire load in a shop can be high.
Even though there may not be much combustible
material in the atrium itself, a fire originating
in a shop could lead to smoke spreading to every
part of the mall through the atrium. Therefore,
information on the smoke filling process in the
atrium, due to a fire in a shop adjacent to it, is
important for designing appropriate fire protec-
tion systems.

There are few reports on smoke spreading from
a shop to an atrium. Reviews of the current state

of the art have been presented in the literature.2-5
As mentioned in a previous review there are
some codes on atrium smoke management in
North America.’ However, the architectural fea-
tures for local atria are quite different. Further,
Hong Kong is a dense urban area which would
give even more problems when there is afire. 8

Carrying out full-scale experimental studies9-12
to study the atrium smoke filling process would
be very expensive and there are many problems
in using scale models.l3 However, many fire zone
models&dquo; have been developed, and they are well
validated for compartment fires. If used care-
fully, they can be applied to study the fire envi-
ronment inside a shopping mall. Previous work
reported on applying zone models to simulate
atrium fires (e.g. Refs. 1, 10) with the fire located
in the atrium itself. There are only a few exam-
ples of such an atrium fire’ as the amount of
combustible contents in most of the atria is

quite low.

In this paper, the smoke filling process due to
a fire in a shop located next to the atrium is
considered. The fire zone model Consolidated
Model of Fire Growth and Smoke Transport
(CFAST) Version 2.015 developed at the Building
and Fire Research Laboratory, National Insti-
tute of Standards and Technology, U.S.A. was
used to study the smoke spreading process into
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the atrium. This model can predict the fire envi-
ronment in a multi-compartment building. 11 The
fire is specified in terms of either the mass loss
rate of the fuel or the heat release rate. In
Version 2.0, simulation of forced ventilation sys-
tems and horizontal ceiling vents are possible.
Combustible items such as furniture with pre-
determined heat release rates can be specified.
In specifying a forced ventilation system, ducts
and fans are joined by ’nodes’ at positions in dif-
ferent rooms. The fan curve can be incorporated
into the data for the program. Shopping malls,
with atria of volumes varying from 2,500 m3 to
35,000 m3, classified into the three types (and
seven groups), are used as examples for simulat-
ing the smoke filling processes and evaluation of
the performance of the smoke control system.

USE OF THE TIME CONSTANT

In Hong Kong, the Engineering Approach or
Engineering Performance-Based Fire Codes for
building fire safety is under active review.16 At
the moment, the local fire authority, 17 in addition
to fire load density and total area of windows,
sets limits on the volume of the atrium, above
which smoke control systems are required. Criti-
cal values of the volumes are 7,000 m3 in a base-
ment ; 7,000 m3 for an atrium with a high fire
load density (above 1,135 MJ m-2), and
28,000 m3 otherwise. It is not considered good
enough to specify only the volume of the atrium
hall for determining the smoke filling process.
Previous simulations for atria with a fire located
in it illustrated that spaces with the same volume
but different shapes would have different fire
environments. The geometrical shape including
the height of the atrium has to be specified.

Two time constants’8-11 were defined for studying
the smoke filling time for atrium using the
empirical plume equation for calculating the
amount of smoke produced defined by Thomas
et a1.21 and the free plume expressions given by
Zukoski et al. 22 The plume equation used in deriv-
ing the first time constants was criticized by
Thomas.23 For this equation, the flam.e tip must
touch the smoke layer. This is unlikely for an
atrium fire. The second expression for the time
constant can be derived by using the free plume
expressions by Zukoski et al. 22 The vertical
upward speed, v, plume radius, r and central

temperature rise, AT,, (i.e. To - Too) where To is
the central temperature and Too is the ambient
temperature at height z above a fire for thermal
plumes in free spaces, are given in terms of the
heat release rate Q in kW:

The values for the empirical constants are: Cv =
3.4, Cr = 0.12 and CT = 9.1. p~ is the ambient

air density taken to be 1.21 kg m-3, Cp is
1,015 Jkg-’K-1, T. is 290 K and Zo is calculated
from the effective diameter, D of the fire source
but is neglected in this study.

The air entrainment rate of the plume, Mp is
calculated by assuming that the horizontal air
velocity, u is proportional to v through an
entrainment coefficient, a with values varying
from 0.098 to 0.1878 (e.g., Beyler24), and integrat-
ing z from 0 to the clear height y:

where

Using the smoke filling equation without ther-
mal effect:

A time constant T2 can be defined by taking the
time dependent term after solving Eq. (6) for y
as a function of time t (e.g., Chow25):

Putting in the expression for K2 with numerical
values of pox (1.21 kg m-3), g (9.81 m s-Z), Cp
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(1,015 Jkg-’K-1), TW (290 K) and To (1,500 K)
would give:

There are two parts in the expression for T2 with
the first part related to the fire itself given by
the plume entrainment coefficient, « and heat
release rate, Q. The second part depends on the
geometry of the atrium space. This is also similar
to the time dependent term of the empirical equa-
tion for smoke filling time given in NFPA-92B.’
The smoke layer interface height (more specifi-
cally, the height of the first indication of smoke
above the fire pointed out by Klote5), y (in m) is
expressed in terms of the ceiling height, H (in
m) and heat release rate, Q (in kW) as:

where

Note that this smoke filling equation holds only
for 0.2 :5 (Af/H2) ~ 14 and 0.2 ~ (y/H) :5 1.0.

The time dependent term TNFPA depends on the
heat release rate of fire and the geometry of the
atrium. In fact, it is related to T2 through a con-
stant25 :

THE SHOPPING MALLS

The shopping malls used as examples consist of
two compartments. A shop of length 10 m, width
10 m and height 3 m, is located next to an open
atrium as shown in Fig. 1. The atrium is labeled
as Room 1 and the shop is labeled as Room 2. A
door of height 2 m and width 5 m connects the
shop to the atrium. There is an entrance of width
10 m and height 3 m connecting the atrium to
the outside. A fire of size 3 m by 3 m with a
burning time of 2,200 s is assumed. The heat
release rate was increased linearly from 0 to
5 MW in 100 s (i.e. a rate of 50 kW s-1), kept at
a steady-burning period for 100 s to 2,100 s, and
then decreased to zero in 2,200 s. Selection of
this heat release rate curve is not to assess the
transient behavior of the fire itself, but to study
the consequence of a fire with a constant heat
release rate of 5 MW in the shop.

Figure 1. Shopping Mall.
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According to a previous survey2° on buildings con-
taining an atrium in Hong Kong, atria can be
classified as three types:

Type 1 (Cubic): The atrium is of cubic shape and
the dimension (length X width X height) can be
approximated by H X H X H, where H is the
height as shown in Fig. 1.

Type 2 (Flat): The atrium has a large transverse
dimension relative to the height. It can be classi-
fied into three sub-types as 2A, 2B and 2C with
dimensions (length X width X height) specified
as 2H x H x H, 3H x H x H, 4H x H x H,
respectively as shown in Fig. 1.

Type 3 (High): This is the atrium with a height
to width (or length) ratio of more than two. It is
subdivided into Types 3A, 3B and 3C with dimen-
sion (length X width X height) approximated

by H/2 x H/2 x H, H/3 x H/3 x H and H/4 X
H/4 x H as shown in Fig. 1.

A total number of 63 fire simulations studying
the smoke filling in the atrium due to a fire in
an adjacent room for those three types of atria
was performed. The results of these simulations
are discussed in this paper. The effects of the
smoke control system, including natural ceiling
vents and mechanical systems, were also
studied.

NUMERICAL SIMULATIONS

Simulations for atrium volumes of up to

35,000 m3 were conducted using the zone model
CFAST. The atrium geometry and the computed
time constants, T2 (taking the entrainment coeffi-
cient of plume a to be 0.15), are shown in Table 1.

Table 1. Summary of the Geometry of the Atria
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For the Type 1 atrium with a volume of 28,000 m3
as an example, the transient development of the
smoke temperature and smoke layer interface
height are shown in Fig. 2. The smoke generated
by the fire in the shop (Room 2) spread into the
atrium. Because there was no smoke control in
the atrium, smoke rapidly filled the atrium. A
pictorial presentation of the fire environment
during the steady burning period is shown in
Fig. 2a. For the atrium without any smoke con-
trol system, the temperature in the fire room was
up to 470°C. Smoke filled up to 58% of the space
in the fire room. Because a fire occurred in the
lower level, smoke filled up 93.1% of the atrium
hall with the smoke temperature up to 51°C.

A summary of the average smoke temperature,
Tay and the smoke layer interface height, yav (in
terms of the percentage of the ceiling height, H)
during the steady burning period (taken from
500 s to 2,000 s) for the 63 simulations are shown
in Table 2. No correlations can be derived
between the average smoke temperature, Ta~ and
the average smoke layer interface height, y~v
(both at the steady burning period) with the time
constants, T2. But, for a certain type of atrium
(e.g., Type 1), the average smoke temperature
decreased as the space volume of the atrium

increased. Similarly, the average smoke layer
interface height decreased as the volume of the
atrium increased.

The literature was reviewed to determine crite-
ria to assess the time required to fill the compart-
ment with smoke. For example, a clear height of
1 m was used by Wikmanl2 for simulations of
ship fires. Unfortunately, this is not appropriate
for atrium as the clear height must be high
enough for the occupants to escape. For these
simulations, two criteria are used to assess the
smoke filling time. The first one is the time, t8o
required to fill 80% of the atrium with smoke;
and the other is the time, tso required to fill 50%
of the atrium with smoke. The value tso is selected
because smoke might not be able to fill 80% of
the spaces where there is a smoke control system
installed. Values of t8o (labeled as t8o for this fire)
are also shown in Table 2.

It is found that smoke filled up quickly in most
of the Type 3 atria simulated as demonstrated
by having t8o less than 100 s. In this way, fire
environment in the atrium under full strength
(5 MW) of the fire cannot be assessed. Therefore,
the rate of rise of thermal power of the fire was
increased to 500 kW s-1, i.e., the heat release

Figure 2. Predicted Fire Environment in the Type 1 Atrium of Volume 28,000 m3.
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Table 2. Summary of Results (No Smoke Control System)

rate became 5 MW at 10 s. This is a rapidly devel-
oped fire, applied to study the effect of a steady
5 MW fire in the shop on the atrium. A different
set of values of t80 and 150 was found and shown
in Table 2.

There is a clear correlation between the smoke

filling time and the time constants. A linear rela-
tionship can be found between the smoke filling
time t8o and the time constants T2. For the fire of
rate of increase in thermal power of 50 kW S -1,
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a linear straight line of correlation coefficient
0.9925 can be plotted as shown in Fig. 4:

But as explained before, most of the Type 3 atria
had a smoke filling time tO 80 less than 100 s for

a fire with increasing heat release rate of
50 kW s-1. A fire with an increasing heat release
rate of 500 kW s-1 was used to get another set
of t80 smoke filling times. The following linear
relationship of correlation coefficient 0.9992 was
found as shown in Fig. 5:

Figure 3. Fire Environment During the Steady Burning Period for Type 1 Atrium of Volume 28,000 m3.

Figure 4. Smoke Filling Time Against Time Constant for
the Atrium Without Smoke Control System.

Figure 5. Smoke Filling Time Against Time Constant for
the Atrium Without Smoke Control System.

For this fire with thermal power increased at a
rate of 500 kW s-1, the values of tso were also
found for all the 63 simulations on different
atria. Also, a linear relationship of correlation
coefficient 0.9811 (shown in Fig. 6) was found:

Therefore, it is quite obvious that the smoke fill-
ing time on the atrium due to a fire in a room
next to it is related to the time constant T2. This
is similar to the previous resultsl8-20 for the fire
located in the atrium.

NATURAL HORIZONTAL CEILING
VENTS

Smoke can be removed by natural vents or by
forced ventilation systems. A common design is
to have horizontal ceiling vents installed at the
top of the atrium. Fire simulations with horizon-
tal ceiling vents can be performed using CFAST
Version 2.0. Its performance in removing smoke
is now demonstrated. Suppose horizontal vents
of area 9 m2 were installed in each of the atrium
and they were opened as soon as the fire was
started. Again, taking the Type 1 atrium of vol-
ume 28,000 m3 as an example, results for the
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transient smoke layer temperature and smoke
interface height are shown in Fig. 2. A pictorial
presentation of the steady burning period is
shown in Fig. 3b. It can be seen that the average
smoke layer temperature was reduced to 45°C
and the smoke layer interface height was main-
tained at 25.4% of the ceiling height. The vents
would be efficient in keeping the smoke layer at
a higher level.

A summary of the average smoke temperature
and the smoke layer interface height during the
steady burning period for all the atria together
with the 80% smoke filling time t8o and tso are
shown in Table 3. Note that the fire with the
heat release rate increased to 500 kW s-1 was
used to determine t8o and tso. It can be seen that
the smoke temperature was lower and the smoke
layer was kept at a higher level.

The concept of time constant is also applied to
correlate the smoke filling times t8o and t50 of

Figure 6. Smoke Filling Time Against Time Constant for
the Atrium Without Smoke Control System.

Figure 7. Smoke Filling Time Against Time Constant for
the Atrium with Ceiling Vent of Area 9 m2.

Figure 8. Smoke Filling Time Against Time Constant for
the Atrium with Ceiling Vent of Area 9 m2.

the atria with a natural horizontal ceiling vent.
Values of the smoke filling time, t8o are plotted
against the time constant, T2 in Fig. 7. A linear
relationship of correlation coefficient 0.9349 was
found for the vent area of 9 m2:

In comparing to the case without vents given by
Eq. (13), the smoke filling time is extended by a
factor of (1.22/1.06) or 1.16. The time for no
smoke control given by Eq. (13) is also plotted
in Fig. 7.

Similarly, the smoke filling time, tso is also
related to the time constant, T2. A linear relation-

ship with a correlation coefficient of 0.9693 was
found and is plotted in Fig. 8:

By comparing Eqs. (14) and (16), the smoke fill-
ing time is delayed by a factor of (0.37/0.34) or
1.08. The value is very similar to the delay factor
1.16 for t80.

MECHANICAL VENTILATION
SYSTEMS

The effect of installing mechanical ventilation
systems can be studied using CFAST. A common
practice is to install a mechanical system with a
smoke extraction rate of 6 air changes per hour
(ACH) in the atrium. Using the set of atria with
volume varying from 2,500 m3 to 35,000 m3 as
listed in Table 1, the effect of a mechanical venti-
lation system, with an extraction rate of 6 air
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Table 3. Summary of Results (Horizontal Ceiling Vent 9 m2)

changes per hour, was studied. The volume flow
rates in each simulation were specified in units
of m3s-1 and an allowance of vertical height 0.5 m
above the ceiling was made to accommodate the
fan. Fan curves were keyed into the program
for each simulation. Again, taking the Type 1
atrium of volume 28,000 m3 as an example,

Figure 9. Smoke Filling Time Against Time Constant for
the Atrium with Mechanical Ventilation System of Extrac-
tion Rate 6 Air Changes per Hour.

results of the transient smoke temperature and
the descending of the smoke layer interface
height are shown in Figs. 3a and 3b, respectively.
A pictorial view of the fire environment during
the steady burning period is shown in Fig. 2c. It
can be seen that the smoke extraction system is
very effective in removing smoke.

A summary of the average smoke temperature
and smoke layer interface height during the
steady burning period, and the smoke filling
times, t8o and tso for all the atria, are shown in
Table 4. It can be seen that the smoke layers
were kept at high levels until the fire stopped.
In most cases (i.e. Type 1, 2A, 2B and 2C atria),
the smoke layer did not fill up 80% of the atrium
(i.e. clear height higher than 20% of the ceiling
height) and so t8o was not shown.

Values of t8o (if available) are plotted against the
time constant, T2 in Fig. 9, together with the fit-
ted linear curve for the cases without any smoke
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Table 4. Summary of Results (Smoke Extraction Rate of 6 ACH)

control system given by Eq. (13). It can be seen
that the smoke filling time was delayed.

A clear linear relationship between t80, for the
atria with a forced ventilation system, and T2
was not found. However, a linear straight line of
correlation coefficient 0.6494 can still be plotted
and is shown in Fig. 9:

From values of the slope of the two linear lines
given by Eqs. (13) and (17), the smoke filling time
is delayed by a factor of (2.08/1.06) or 1.96.

Values of the smoke filling time t5o are plotted
against the time constant T2 in Fig. 10. The fitted
linear line for no smoke control system given by
Eq. (14) is also shown. Again, the smoke filling
time t5o, is delayed. A linear relationship between
tso for the halls with a forced ventilation system
and its time constant, T2 of correlation coefficient
of 0.8155 can be found:

Figure 10. Smoke Filling Time Against Time Constant
for the Atrium with Mechanical Ventilation System of
Extraction Rate 6 Air Changes per Hour.

This is plotted in Fig. 10 as well. The smoke fill-
ing time is delayed by (0.66/0.34) or 1.95. This
value is comparable to the delay factor for t80-
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CONCLUSIONS

Simulations of the smoke filling process from a
shop to an atrium were performed with the zone
model CFAST Version 2.0.15 Shopping malls with
an atrium of volumes varying from 2,500 m3 to
35,000 m3 classified into the three types of
’cubic’, ’long’ and ’high’ were used as examples
for fire simulation. A fire of area 9 m2, heat
release rate of 5 MW and burning time 2,200 s
was assumed to occur in a shop adjacent to the
atrium. A total number of 63 simulations were

performed for the atria without smoke control
systems. It was found that smoke can spread
rapidly into the atrium and fill up at least 80%
of the atrium if there is no smoke control system.
Therefore, studying the smoke filling time is
important although the smoke temperature is
not too high (less than 122°C for this 5 MW fire).
The average smoke temperature during the
steady burning period decreased when the vol-
ume of the atrium increased. However, the val-
ues of the smoke layer interface height expressed
as a percentage of the ceiling height also
decreased when the volumes of the atria
increased. This indicated that the ’smoke’ volume
in the atrium was increased.

A time constant given by Eq. (8) derived from
the fire plume expressions is used to correlate
with the smoke filling time. Linear relationships
between t8o and t50 with the time constant given
by Eas. (13) and (14) were derived. These two
expressions are useful in deciding whether
smoke control systems have to be installed in the
atrium. For example, if the escape time for the
occupants is specified to be 3 min (180 s) and this
value is taken to be the smoke filling time t8o,
the time constant of the atrium has to be greater
than 169 s as calculated from Eq. (13). Smoke
control systems have to be installed if this condi-
tion is not satisfied. The approach is much better
than the current practice&dquo; in using the atrium
space volume, and so is strongly recommended
to be considered in establishing Engineering Per-
formance-Based Fire Codes. 16

Another 63 simulations were performed on the
seven groups of atria with the same fire and the
same horizontal ceiling vent with an area of 9 m2
in the atrium. The values of the average smoke

temperature during the steady burning period
were reduced. This was decreased by a value

down to 50°C for the Type 1 atrium hall of vol-
ume 2,500 m3. The smoke layer interface height
in each atrium was kept at a much higher level
as shown in Table 3. The smoke filling times t8o
and t5o were delayed by a factor of values approxi-
mately 1.16 and 1.08, respectively. Therefore,
installing a horizontal ceiling vent in the atrium
is effective in removing both the heat and smoke
as demonstrated by the simulations using the
fire zone model CFAST Version 2.0. Of course,
this has to be verified by experimental studies.

The effects of installing mechanical ventilation
systems in the atrium were also studied. Another
63 simulations were performed on those atria for
the smoke extraction rates of 6 air changes per
hour. The values of the average smoke tempera-
ture during the steady burning period were
reduced slightly. However, the smoke layer inter-
face height in each atrium was kept at a much
higher level as shown in Table 4. The smoke fill-
ing times t8o and t5o were delayed by factors of
1.96 and 1.95, respectively. They are much
higher than the delaying factors for the same
atria installed with a ceiling vent of area 9 m2.
Therefore, installing a mechanical ventilation
system in the atrium is effective in removing
smoke as simulated by the fire zone model
CFAST Version 2.0. Again, experimental studies
are required to verify this.

It is obvious that experimental verifications on
the above results are necessary. To the best of the

knowledge, no long-term systematic experiments
were performed to validate a zone model for
studying the smoke filling process in an
atrium.9-12 An atrium26 of length 30 m, width
18 m and height 30 m was just constructed in
Anhui, China for performing long-term experi-
mental studies on atrium fires. One of the objec-
tives is to validate fire models in simulating
atrium smoke filling process. Reports will be pub-
lished later.
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NOMENCLATURE

Af floor area of atrium, m2
Cv, Cr, CT coefficients in plume equation
D effective diameter of fire source, m

Ki, K2 empirical constants depend on
plume equation

H height of atrium, m
r plume radius, m
Mp air entrainment rate of plume, kg

s-1 i

Q heat release rate of fire, kW
t time, s
tso time required to fill 50% of atrium

with smoke, s

t8o time required to fill 80% of atrium
with smoke for a fire of thermal

power increased at a rate of 50 kW
s-1 i

t80 time required to fill 80% of atrium
with smoke, s

AT,, central temperature rise of plume,
°C

Too ambient temperature, 290 K
T NFPA a constant in the equation for smoke

filling process
v upward speed of plume, m s-1
y clear height of smoke layer, m
z height above a fire, m
Zo elevation of virtual origin of fire, m

Greek Letters
a entrainment coefficient

p density of smoke, kg m-1
P. ambient density of air, 1.21 kg m-1
T2 time constant derived from Zukoski’s

plume equations
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