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ABSTRACT: The influence of multiple parameters on smoke exhaust efficiency in an
atrium is the subject of this article. Detailed information is obtained through a series
of four numerical simulations, all but one case involving a mechanical exhaust system.
Quantitative smoke exhaust efficiencies in various cases are evaluated and compared.
The investigated parameters include the activation time of the smoke exhaust system,
the mechanical fan capacity, the elevation of make-up air inlets and the horizontal
location or distributed arrangement of the inlet distribution. It is revealed that all
these parameters have impacts on smoke exhaust efficiency to different degrees and
hence on the performance of the smoke exhaust system. Improper design and
operation may lead to a significant reduction in efficiency. The mechanism that causes
the reduction of efficiency is discussed. Velocity and temperature fields are analyzed
to reveal the interactions between the fire plume and the inlet jet flows.

KEY WORDS: entrainment, fire plume, smoke interface, large eddy simulation,
exhaust efficiency.

INTRODUCTION

A
TRIA ARE POPULAR features in modern buildings. The atria in modern
buildings are usually connected to other building structures or

compartments that may have various functional uses, such as commercial
floors, offices, exhibition halls, and entertainment places. The complex
building structures create complicated air/smoke flow channels, which make
the design of smoke control systems for fire safety a highly challenging task.
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When a fire breaks out, smoke may easily fill the space and spread to the
connected floors if there is no or an inadequate smoke control system. The
connecting floors to an atrium may serve as a smoke spread destination or
as air supply inlets to the atrium, depending on the elevation or their relative
location to the neutral plane [1–3].

The formation of a smoke layer in an atrium is a result of the buoyant hot
smoke rising above a fire. When the plume reaches the ceiling, it will divert
into a jet spreading over the ceiling area. Once the ceiling jet has covered the
ceiling, the depth of the smoke layer increases and a stable smoke layer
forms. The smoke layer will descend until either the atrium is filled with
smoke or the rate of smoke entry into the layer is balanced by the rate of
exhaust [4]. In the prescriptive design approach, the design criterion for
smoke exhaust systems is often specified in terms of air change rate [5] and
the performance of the systems is not necessarily evaluated. However, the
smoke exhaust process is a dynamic process. Many design factors, such as
the fire size, exhaust activation control, exhaust capacity, exhaust outlet,
and air supply inlet locations affect the performance of the system.

The efficiency of a smoke control system is of interest particularly in
performance-based fire safety engineering designs. Only when the afore-
mentioned factors are designed properly can the best efficiency of smoke
exhaust be achieved. How these factors affect the smoke descending process
is not a completely resolved issue. Early experimental studies used scaled
models and salt-water models [6,7], which have limited capacity in
investigating complex systems. Many investigations of mechanical smoke
exhaust efficiency have been carried out [8–13]. Milke [8] stated that with
a smoke exhaust rate of 200 kg � s�1 in an atrium, the hazard associated with
the smoke layer temperature and CO concentration is modest for a wide
range of fuels. Shi [10] discussed the applicability of plume correlations in
the case of a compartment fire with mechanical exhaust. The orthogonal
array method of experiment design was employed in [12] to study the effects
of parameters on the smoke layer interface. Experiments have proved that
the location and area of air-supplement openings have an effect on the
smoke exhaust and fire [13].

Natural smoke venting is an alternative means of smoke management
[2,14]. However, the concern in the design of natural smoke venting in large
spaces is that the buoyancy force may not be strong enough to achieve
adequate venting [2] for small fires. Previous studies have shown that the
temperature rise in the smoke layer in large spaces for moderate fire heat
release rates is not high [15]. Nonetheless, a further experimental study
conducted by Zhang et al. [16] showed that a properly designed natural
smoke vent can achieve 6 air changes/h (ACH) as required by the relevant
standard [5] under given conditions. Numerous reports on numerical
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studies of atrium smoke movement and control can be found in the
literature [9,17–22] with a focus on comparison with experiments and
comparisons of different design options. For example, Qin [20] investigated
the spread of smoke in different natural and mechanical smoke exhaust
systems. Kerber [21] studied the possible effects of various make-up air
supply arrangements and velocities in an atrium smoke management system.
However, studies of the quantification and analysis of smoke exhaust
efficiency are still scarce.

For systems that have been demonstrated to satisfy the design objective
and the performance requirement, i.e., systems that have sufficient efficacy,
the question may be asked as to whether the systems have achieved their full
potential, or whether the system is efficient. In this article, a computational
fluid dynamics model together with a well established plume correlation are
used to carry out a parametric study of smoke exhaust system efficiencies
in an atrium under various design conditions. Special attention is given to
the influence of exhaust fan activation time, location and number of air
inlets, and mechanical exhaust flow rate on smoke exhaust efficiency.
Furthermore, the quantitative smoke exhaust efficiencies of mechanical
venting systems are compared with that of a natural venting system.

EVALUATION OF SMOKE EXHAUST SYSTEM EFFICIENCY

The performance of a system can be evaluated against one or multiple
criteria. In the engineering literature, the terms effectiveness, efficacy, and
efficiency are often used interchangeably to describe the ability of a system
to produce a result. For the purposes of fire engineering design and risk
assessment, these concepts need to be differentiated [23]. When it is intended
to measure the degree to which a smoke control system achieves a design
objective, given that it operates, the appropriate term will be, according to
Thomas [24], efficacy. The design objective of smoke control systems is to
maintain conditions in building enclosures tenable after breakout of a fire.
This may translate into maintaining the smoke layer at or above a designed
height by removing the smoke generated by fires [25]. Efficiency, on the
other hand, is a measure of whether a system is utilizing its full potential
when a design objective is achieved.

In the current study, the smoke exhaust efficiency concept introduced by
You [11] is employed to evaluate the performance of smoke exhaust systems.
Since the rate of smoke generation is determined by the rate of entrainment
flow into the fire plume before it merges with the smoke layer, the smoke
exhaust efficiency, � [11], is defined as the ratio of the ideal mass flow rate of
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smoke from the fire plume into the smoke layer, _mp, to the mass flow rate of
the exhaust fan, _me:

� ¼
_mp

_me
� 100% ð1Þ

Since the plume flow rate (or entrainment rate) is proportional to the
smoke layer interface height for a given heat release rate of a fire [26], the
efficiency as defined by Equation (1) is actually a measure of smoke layer
height that can be maintained by the smoke exhaust system with a given
exhaust rate.

The concept of smoke exhaust efficiency draws on the ratio of the useful
removal of the smoke produced by a fire (output) to the exhaust fan capacity
(input). It is a close analogy to the definition of energy system efficiency.
A sketch of a mechanical exhaust in compartment fire is shown in Figure 1
to further illustrate the concept of smoke exhaust efficiency as defined in
Equation (1).
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Figure 1. Sketch of mechanical exhaust in compartment fire. (The color version of this figure
is available online.)
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In an ideal situation, smoke is carried into the smoke layer by the fire plume
only and the smoke generation rate is the entrainment rate, _mp, for a specified
design interface height. However, additional air entrainment or mixing, _mi,
may occur due to inlet air interactions with the smoke layer and/or improper
location of inlet. This additional amount of in-flow to the smoke layer will
cause an increase in the exhaust flow rate, _me, that is required to maintain
the smoke layer at a given height, thus reducing system efficiency, �.
Alternatively, for a given _me, the additional flow _mi will cause a decrease in
the smoke layer interface height and a decrease in _mp, hence a decrease in �.

In the current study, Fire Dynamics Simulator version 5 (FDS5) [27] is
used to simulate smoke layer formation in various fire scenarios. Given the
dynamic nature of smoke movement and smoke layer formation, FDS
calculation of entrainment airflow will include all interactions for the fire
plume, _mp, and the surrounding air movement, _mi. Therefore, Heskestad’s
correlation [28,29], which is a validated and widely used model [30], is
chosen as an independent method for the estimation of the ideal fire plume
entrainment rate. The FDS output of smoke layer interface height is used in
conjunction with Heskestad’s correlation to evaluate _mp as in the following:

_mp ¼
0:071 _Q1=3

c ðz� z0Þ
5=3
þ 0:00192 _Qc, for z � zL

0:0056 _Qc
z
zL
, for z5zL

(
ð2Þ

zL ¼ �1:02Dþ 0:235 _Q2=5 ð3Þ

z0 ¼ �1:02Dþ 0:083 _Q2=5 ð4Þ

where _Q is the total heat release rate of the fire, _Qc represents the convective
fraction of the total heat release rate and is usually considered as 0:7 _Q [1], zL
is the average flame height, z0 is the virtual origin height [26], and D is the
equivalent diameter of the fire source.

The exhaust flow rate, _me, is obtained from FDS’ integral output of mass
flow quantities. Finally, the efficiency of the smoke exhaust system is
evaluated according to Equation (1).

DESIGN OF NUMERICAL SIMULATION

Atrium Description

The building considered for this study is the Large Space Fire
Experimental Hall in University of Science and Technology of China. A
schematic description of the hall is shown in Figure 2. The building is 22.4m
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long, 12m wide and 27m high. Eight mechanical exhaust outlets are located
at the ceiling of the atrium and are denoted as Fi (i¼ 1, 2, . . . , 8). Each outlet
is 1.2m long and 1.2m wide. The atrium enclosure has windows in three of
the four walls at various levels. Each window has the dimension of 1.4m in
width and 1.1m in height. These windows are used as air inlets. Figure 2
depicts the windows at the second level, 6m above the floor.

Model Verification and Grid Dependence Study

FDS [27], based on large eddy simulation (LES) is used to investigate the
smoke filling process in the atrium. Chow [22] has proved that the model can
give relatively accurate predictions of atrium smoke movement if used
properly. A t2 design fire is located at the floor level in the center of the hall.
It takes 80 s to reach the maximum heat release rate of 1.38MW after ignition.
The fire then maintains a steady state after the maximum is reached. The
fire fuel is diesel with a heat of combustion of 42MJ �kg�1, the burning
surface area is 1m2 and the temperature of the ambient environment

z
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Figure 2. Geometrical configuration of the experimental atrium. (The color version of this
figure is available online.)
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is specified as 158C. The walls, ceiling and floor are assumed to have the
properties of concrete. The boundary condition at the solid surfaces is
supposed to be partial slip and the default value of 0.5 is used for the velocity
boundary condition parameter SLIP_FACTOR in the model [27].

In the LES modeling equations, turbulent viscosity is proportional to the
square of the sub-grid scale model coefficient, Cs, and thermal conductivity is
related to turbulent viscosity and the sub-grid scale turbulent Prandtl number,
Prt [27]. Both Cs and Prt are empirical constants. Cs is flow dependent and
takes a value between 0.1 and 0.25. Prt is normally determined by empirical
correlation and is within the range of 0.2–0.9 [31–33]. According to the
previous numerical verification tests of Qin et al. [20,34] and Murakami [35],
the optimal values of Cs¼ 0.2 and Prt¼ 0.5 are adopted.

The output parameters for the evaluation of the exhaust system
performance comprise smoke layer interface height, temperature, and
velocity. The smoke layer interface height is determined by FDS, which
applies the integral ratio method put forward by He et al. [36] to the vertical
temperature distribution at the x–y coordinate of 4m� 4m for this study.
The output parameter readings are recorded at a time step of 1s.

A refined grid system can improve the accuracy of LES. For fire
applications, grid sensitivity studies have shown that the accuracy of the
model depends on the characteristic fire diameter D*, which is defined
as [27]:

D� ¼
_Q

�1CpT1
ffiffiffi
g
p

 !2=5

ð5Þ

In a study sponsored by USA Nuclear Regulatory Commission [37], the
ratio of characteristic fire diameter to computational cell size, D*/�x, was
varied from 4 to 16 to study grid sensitivity. It was reported that refining the
mesh further did not make a noticeable difference in the results, even though
the fidelity of the simulation continues to improve. Petterson [38] suggested
that the cell size near the fire should be 0.05–0.1D* and further away from
the fire location, the largest cell size in the computational domain should not
exceed 0.5D*. In the current study, four grid systems were tested on a single
2.66GHz Pentium processor. A summary of simulation conditions of grid
sensitivity study is given in Table 1. The simulated fire duration is 345 s.
The grid system of Test A is uniform. The cell size near the fire source was
reduced in the other three grid systems by polynomial transformations.

After smoothing by a 10-point averaging method, the predicted smoke
layer interface heights and smoke layer average temperatures are compared
in Figures 3 and 4. It can be seen that the results of Test C and Test D are
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noticeably steadier and better than those of Test A and Test B. Since the
difference between Test C and Test D is not discernable, the grid system of
108� 90� 135 is employed in order to save computation time.

Numerical Simulation Strategy

The design parameters that influence the performance of a smoke exhaust
system include the location of air supply inlets, exhaust fan activation time
and exhaust capacity. In order to study how these parameters affect the
mechanical smoke exhaust efficiency, four series of numerical tests are
carried out. Only one of the parameters is varied in each series (except for
Series 4) whilst others remain constant. In Series 4, however, both the inlet
vent horizontal locations and the total inlet area are varied. Table 2
summarizes the conditions for all numerical tests. It takes 5 s for the fans to
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Figure 3. Predicted smoke layer interface height for different grid sizes. (The color version of
this figure is available online.)

Table 1. Summary of simulation conditions of grid sensitivity study.

Q (kW) D* (m) Test ID Grid system �x (m) �x/D* CPU time (h)

1380 1.1 Test A 75� 40� 90 (uniform) 0.3 0.27 2.96
Test B 90�60� 108 0.17–0.51 0.15–0.46 15.37
Test C 108� 90� 135 0.11–0.29 0.1–0.26 44.77
Test D 125�100�150 0.1–0.26 0.09–0.24 65.69
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Figure 4. Predicted smoke layer temperature for different grid sizes. (The color version of
this figure is available online.)

Table 2. Summary of simulation conditions.

Series
no.

Test
no.

Fan/Vent
activation
time (s)

Exhaust
fan/vent
location

Area of
exhaust
outlets

(m2)

Height
of air
inlets
(m)

Air
inlets

opened

Area
of air
inlets
(m2)

Exhaust
fan

flow rate
(m3
� s�1)

1 T11 30 F4, F5 2.88 6.0 All 15.4 28.8
T12 90 F4, F5 2.88 6.0 All 15.4 28.8
T13 180 F4, F5 2.88 6.0 All 15.4 28.8
T14 300 F4, F5 2.88 6.0 All 15.4 28.8

2 T21 0 F2, F4, F5, F7 5.76 6.0 All 15.4 Natural
venting

T22 90 F4, F5 2.88 6.0 All 15.4 28.8
T23 90 F2, F4, F5, F7 5.76 6.0 All 15.4 57.6

3 T31 90 F4, F5 2.88 16.5 All 15.4 28.8
T32 90 F4, F5 2.88 6.0 All 15.4 28.8
T33 90 F4, F5 2.88 1.0 All 15.4 28.8

4 T41 90 F4, F5 2.88 6.0 Southern
windows

4.62 28.8

T42 90 F4, F5 2.88 6.0 Eastern
windows

6.16 28.8

T43 90 F4, F5 2.88 6.0 All 15.4 28.8

Numerical Simulation Study of Smoke Exhaust Efficiency in an Atrium 125

 at Society of Fire Protection Engineering on October 18, 2016jfe.sagepub.comDownloaded from 

http://jfe.sagepub.com/


reach capacity after the activation. The simulated fire duration of each test is
not less than 600 s. For convenience of reference, each test is labeled as Tij,
where the indices mean that this is the j-th test in the i-th series. Among
the four series of numerical tests, T12, T22, T32, and T43 are the same
reference test.

The aim of Series 1 tests is to investigate the effect of the exhaust fan
activation time on the smoke filling process and the exhaust system efficiency.
The aim of Series 2 tests is to study the effect of exhaust flow rate on smoke
exhaust efficiency. Test T21 in this series is a special case where no exhaust fan
is present and smoke is vented naturally. The activation time in this case is the
time at which the natural vent is opened. In Series 3 tests, the effects of
different air inlet heights are compared, and finally, the horizontal location
and number of air inlets are varied in Series 4 tests. It should be noted that in
all cases where mechanical exhaust flow rates are specified, the buoyancy
effect on the exhaust fan capacity is not considered. In other words, the
addition of the buoyancy force to the exhaust fan capacity is neglected.

RESULTS AND DISCUSSION

Simulation Results

Series 1
Influence of Exhaust Fan Activation Time. In this series of four tests,

the fans are activated at the time of 30, 90, 180, and 300 s after the ignition.
The smoke layer interface height and smoke layer average temperature are
compared in Figures 5 and 6.

In mechanical smoke exhaust systems, a steady smoke layer interface
height will be established at a certain exhaust rate. Results indicate that the
smoke layer interface heights of T11, T12, and T13 are maintained roughly
at the same height after 250 s. At this time, the smoke layer average
temperatures of the three tests are 288C, 298C, and 328C, respectively. The
smoke layer height of T14 is lower and it does not reach the quasi-steady
height until around 360 s, with a smoke layer average temperature of 408C.
Figure 6 illustrates that the smoke layer average temperatures of the four
tests change gradually and finally reach about 348C. Figures 5 and 6
together indicate that the variation in the average smoke layer temperature
has no discernable effect on the interface location after the attainment of a
quasi-steady state which is attained at approximately 600 s. Therefore, the
simulation duration is set at 600 s for the remaining simulation series.

Data analyses show that the steady smoke layer interface heights of T11,
T12, T13, and T14 are 9.1, 8.9, 9.1, and 8.9m, respectively. Based on the
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smoke layer interface height and the calculated plume entrainment rate, the
smoke exhaust efficiencies of T11, T12, T13, and T14 are estimated as 83%,
80%, 83%, and 80%, respectively.

Compared with other tests, the lower smoke layer interface height in T14

before 360 s is due to the late start of the exhaust fans. The smoke layer in
T14 has descended below the height of air inlets before the exhaust fan
operation. When exhaust fans are activated at 300 s, then fresh air is drawn
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Figure 5. Descending processes of smoke layer in Series 1. (The color version of this figure
is available online.)
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Figure 6. Smoke layer average temperatures in Series 1. (The color version of this figure is
available online.)
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into the smoke layer. This phenomenon can be observed from the velocity
field and smoke visual effect as shown and compared in Figures 7 and 8. It is
seen from Figures 5 and 8 that the delayed activation of the mechanical
exhaust fans will result in an exacerbated smoke condition before the stable
smoke layer interface finally is established.

Series 2
Influence of the Exhaust Flow Rate. In this series, the mechanical exhaust

rate through the outlets on the ceiling is varied (Table 2). In test T21 the
exhaust fans, F2, F4, F5, and F7 have zero capacity but the ceiling vents are
still open. Thus, this test represents a natural smoke venting scenario. The
mechanical exhaust flow rate of 28.8 m3

� s�1 in T22 is equivalent to 14.3
ACH. The mechanical exhaust flow rate of T23 reaches 57.6 m3

� s�1,
equivalent to 28.6 ACH.

The descending processes of smoke layer and smoke layer average
temperatures are presented in Figures 9 and 10. The stable smoke layers of
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Figure 7. Velocity vector field of T12 at 330s. (The color version of this figure is
available online.)
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Figure 8. Velocity vector field of T14 at 330s. (The color version of this figure is
available online.)
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the three tests form after 250s. The smoke layer interface of T23 is not as
stable as T21 and T22, because of the greater mechanical exhaust flow rate
involved in this test. The steady state smoke layer interface heights of T21,
T22, and T23 are estimated to be 8.3, 8.9, and 9.6m. The corresponding
smoke layer temperatures of the three tests are 308C, 298C, and 248C. The
estimated smoke exhaust efficiencies of T21, T22, and T23 are respectively,
96%, 80%, and 46%. Thus, greater exhaust fan capacity results in lower
efficiency.

The calculated results indicate that for the given fire in this atrium, both
the natural and mechanical smoke exhaust methods are efficacious. This is
consistent with Zhang’s [16] conclusion drawn from the results of an
experimental study. Figures 11 and 12 show that, in comparison with T22,
the increased mechanical exhaust flow rate helps in lifting the smoke layer
interface height and also reducing smoke layer temperature. But on the
other hand, the mechanical smoke exhaust efficiency of T23 falls to 46%.
This is because more air is mixed with the smoke layer. Furthermore, the
high exhaust rate tends to cause instability to the smoke layer interface. This
may also be attributed to the strong movement of air.

The temperature distribution in the smoke layer and velocity differences
between natural smoke venting and mechanical smoke exhaust can be seen
from Figures 11 and 12. The results also indicate that the temperature in T22
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Figure 10. Smoke layer average temperatures in Series 2. (The color version of this figure is
available online.)
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recovers or regains relatively high readings further up along the plume,
under the condition of mechanical smoke exhaust.

Series 3
Influence of the Height of Air Inlets. In this series, the heights of air inlets

are changed three times along the vertical direction, in three tests as
shown in Table 2. The calculated average flame height zL is 2.5m from
Equation (3). The height of air inlets in T31 and T32 are 16.5 and 6.0m,
which are above zL. The height of air inlets in T33 is 1m and is below zL.
Figures 13 and 14 demonstrate the smoke layer interface height and smoke
layer average temperatures. The smoke layer interface heights of T32 and T33

become more or less stabilized at 8.9 and 8.3m, respectively. The attainment
of a quasi-steady state corresponding to these smoke layer heights is at 250
and 350 s, the corresponding smoke layer temperatures are 298C and 328C
and the estimated smoke exhaust efficiencies are 80% and 74%.

Note Figure 13 shows that the smoke layer interface height in T31 lifts
rapidly after 440 s. But from Figure 15, it is found that, on the contrary, the
smoke layer keeps descending until there is no visible interface between
upper layer and lower layer. The presupposition of zone stratification is
inapplicable in this special case. The ascending of smoke layer interface
height at the later stage of the T31 simulation estimated by the integral ratio
method in FDS is no longer meaningful. The lowest reading of smoke layer
interface height in Figure 13 is used to estimate the ideal entrainment flow
rate. The calculated smoke exhaust efficiency of T31 is under 23%. Note that
because the smoke layer interface height is not clearly defined, the evaluated
exhaust efficiency value is only indicative. Nonetheless, the low value is
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this figure is available online.)
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consistent with the visual observation of poor performance of the exhaust
system as shown in Figure 15.

The temperature slices at y¼ 6m and t¼ 600 s are presented in Figure 16.
It can be seen that there is no steady smoke layer interface in test T31. The
inlet air is directly drawn into the smoke layer at the height of 16.5m and
a velocity of about 2.1m � s�1. The mixing of the smoke with fresh inlet air
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Figure 12. Velocity vector field slices at y¼ 6 m and t¼ 450s in Series 2. (The color version
of this figure is available online.)
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leads to a reduced mechanical smoke exhaust efficiency of below 23%.
In test T32, the inlet air is introduced below the smoke layer at the height of
6m. Little disturbance to the smoke layer is observed and the exhaust
efficiency is as high as 80%. In T33, the 1.0m high inlet jets carry their
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Figure 13. Descending processes of smoke layer in Series 3. (The color version of this
figure is available online.)
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Figure 14. Smoke layer average temperatures in Series 3. (The color version of this figure is
available online.)
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momentum towards the fire base. The result is a disturbed fire plume at the
center of the atrium. This is evident in Figure 16(c) where the black arrow
indicates the ‘‘broken’’ fire plume. The exhaust efficiency in this case is 74%.

Series 4
Influence of the Horizontal Location of Air Inlets. The influence of

horizontal location and number of air inlets on smoke exhaust efficiency are
investigated in this series. In T41, three windows having a total area of
4.62m2 at the southern wall are opened. Four windows having a total area
of 6.16m2 at the eastern wall are opened in T42. In T43, 10 windows with a
total area of 15.4m2 at the three side walls are all opened. The windows

Frame: 200
Time: 200.0 200s

Frame: 400
Time: 400.0 400s

Frame: 600
Time: 600.0 600s

Figure 15. States of smoke layer of T31 in Series 3. (The color version of this figure is
available online.)
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Figure 16. Temperature (8C) slices at y¼6 m and t¼ 600s in Series 3. (The color version of
this figure is available online.)
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at the eastern wall are approximately symmetrical with those at the
western wall.

The predicted smoke layer interface heights and upper average
temperatures are shown in Figures 17 and 18. The stable smoke layer
interfaces of T41, T42, and T43 are respectively 4.0, 5.5, and 8.9m.
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Figure 17. Descending processes of smoke layer in Series 4. (The color version of this
figure is available online.)
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Figure 18. Smoke layer average temperatures in Series 4. (The color version of this figure is
available online.)
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The corresponding smoke average temperatures of the three tests are 278C,
278C, and 298C. The estimated smoke exhaust efficiencies of T41, T42, and
T43 are 23%, 37%, and 80%, respectively.

The smoke visual effect and the iso-temperature surfaces of 308C at 400s
are separately shown in Figures 19 and 20. It appears that the performance
of the mechanical smoke exhaust in T41 is the worst. The plume in T41 is
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Figure 19. Velocity vector field slices at y¼ 6 m and t¼ 400s in Series 4. (The color version
of this figure is available online.)
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tilted towards the right because of the inlet jets from the left side. Under the
condition of one-side asymmetrical air supply and the reduced inlet area,
the inlet jets strongly interact with the fire plume and smoke layer. The
momentum flux from the inlet jets in this case is 52.56 kg � s�2m�1. The
atrium is almost filled with smoke because of the strong blend of smoke and
the inlet air jets. The mixing phenomenon in T42 is not as serious as
that in T41 because the area of air inlets is bigger. The corresponding inlet jet
momentum flux is 30.86 kg � s�2m�1. In the case of T43 not only is the inlet
jet strength further reduced, but also the orientation of the jets are arranged
approximately symmetrically so that the inlet jet flows have a canceling
effect. Thus, better mechanical smoke exhaust efficiency is achieved. The
inlet jet momentum flux in T43 is 4.87 kg � s�2m�1. Considering the
calculated mechanical smoke exhaust efficiencies in this series, 23%, 37%,
and 80%, a conclusion can be drawn that the distributed air supplies with a
bigger vent area can minimize the disturbance to the centrally located fire
plume and hence are beneficial to smoke control, whereas an asymmetrical
location of air inlets may result in lower smoke exhaust efficiency.

DISCUSSION

The results of the four series of numerical tests above are summarized in
Table 3. In Series 1, the differences among mechanical smoke exhaust
efficiencies are not obvious. But the time of steady state in T14 is attained at
360 s because exhaust fans are activated after the smoke layer has descended
to the height of air inlets. Thus, operating the exhaust fans too late is
disadvantageous for smoke control, although the smoke layer finally reaches
a steady state. Series 2 indicates that both the natural smoke venting in T21
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T41
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Time: 400.0 T42

Frame: 400
Time: 400.0 T43

Figure 20. Iso-temperature surfaces of 308C at 400 s in Series 4. (The color version of this
figure is available online.)
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and mechanical smoke exhaust in T22 achieve high efficiencies. The smoke
exhaust efficiency decreases with increasing exhaust flow rate. This might be
because the fresh air proportion among the mixture exhausted by fans is
increased under the condition of large flow rate. Series 3 shows that setting
the height of inlets too high or too low leads to lower mechanical smoke
exhaust efficiencies, less than 23% in T31 and 74% in T33. Series 4
demonstrates that the one-side asymmetrical air supply method in T41

produces a mechanical smoke exhaust efficiency of 23%. The mechanical
smoke exhaust efficiency improves with the increasing area of inlets and a
better symmetrically distributed air supply.

CONCLUSION AND RECOMMENDATION

Four series of numerical tests are conducted for analysis of smoke venting
efficiency in an atrium. The effects of multiple parameters, including fan
activation time, smoke exhaust flow rate, height of air inlet and horizontal
distribution of air inlets on smoke venting are studied. The smoke exhaust
efficiencies of various designs are quantified and compared. Under the given
conditions studied here, the following conclusions can be derived:

1. The exhaust fan activation time has little effect on the efficiency of the
system during the steady state of smoke control. Nonetheless, delayed

Table 3. Summary of the simulation results.

Series
no.

Test
no.

Attainment
time of

stable smoke
layer

height (s)

Smoke
layer

interface
height

(m)

Smoke
layer

average
temperature

(8C)

_mp

(kg � s�1)

_me

(kg � s�1) � (%)

1 T11 250 9.1 28 29.7 35.8 83
T12 250 8.9 29 28.6 35.8 80
T13 250 9.1 32 29.6 35.6 83
T14 360 8.9 40 28.6 35.2 80

2 T21 250 8.3 30 25.6 26.7 96
T22 250 8.9 29 28.6 35.8 80
T23 250 9.6 24 32.5 70.6 46

3 T31 4300 54.0 28 8.2 35.6 523
T32 250 8.9 29 28.6 35.8 80
T33 350 8.3 32 26.5 35.8 74

4 T41 250 4.0 27 8.3 35.9 23
T42 250 5.5 27 13.3 35.9 37
T43 250 8.9 29 28.6 35.8 80
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activation results in a further descending of the smoke layer and possibly
temporary untenable conditions in the atrium.

2. Both natural venting and mechanical smoke exhaust can be an effective
means of smoke control in an atrium. Increasing the mechanical exhaust
flow rate is desirable for smoke control but at the same time, the
mechanical smoke exhaust efficiency falls because the proportion of air in
the smoke mixture is also increased.

3. The smoke exhaust efficiency is affected by the elevation of the inlets.
Setting the height of inlets far above the average flame height will result
in lower efficiencies, due to the interaction between the inlet jet flow and
the fire plume. In design practice, proximity of inlet location to potential
fire sources should be avoided.

4. The one-side asymmetrical air supply method leads to a less efficient
mechanical smoke exhaust system. Generally, efficiency improves with
increasing area of inlets and a more symmetrically distributed air supply.

Furthermore, the air inlet location and distribution have been identified
as the predominant factors affecting smoke exhaust efficiency. Smoke and
air movement inside the atrium with a mechanical exhaust system is
governed by both mechanical and buoyancy forces. The interactions
between the vertical fire plume movement and horizontal inlet jet flow
have been shown to cause a change in plume orientation and instability in
the smoke layer interface. The detailed mechanism of the interactions
deserves further investigation so as to aid the design for more efficient
control systems.

The evaluation of exhaust efficiency in the current study depends on the
evaluation of smoke layer interface height. The latter is not clearly defined
when there is strong flow mixing, thus causing uncertainty in the evaluated
exhaust efficiency. Results should be used with caution when an instability
in smoke layer interface height occurs.

The current study is limited to the investigation of the impacts of system
activation, exhaust flow rate, the locations of inlets on smoke exhaust
efficiency. It is recommended that the impact of other factors, such as heat
release rate and fire location, be investigated in future studies. More
comparisons with experimental results are required to confirm the validity of
the smoke exhaust efficiency predicted by FDS.

NOMENCLATURE

_mp ¼Mass flow rate of plume (kg � s�1)
_me ¼Mass flow rate of exhaust fan (kg � s�1)
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_mi ¼Mass flow rate of surrounding air (kg � s�1)
D* ¼Characteristic fire diameter (m)
D ¼Equivalent diameter of the fire (m)
Z ¼Plume height above the floor (m)

T1 ¼Ambient temperature (K, 8C)
Cp ¼ Specific heat at constant pressure (kJ � (kg�1K�1))
g ¼Acceleration due to gravity (m � s�2)
_Q ¼Total heat release rate (kW)

_Qc ¼Convective heat release rate (kW)
Z0 ¼Virtual origin (m)
ZL ¼Average flame height (m)
t ¼Time (s)
x ¼ x-Coordinate (m)
y ¼ y-Coordinate (m)
z ¼ z-Coordinate (m) Greek
�x ¼Cell size (m)
� ¼ Smoke exhaust efficacy
� ¼Density (kg �m�3)
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