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ABSTRACT

An investigation to understand the actual condi-
tions of smoking spaces was conducted, and it
became clear that the introduction of a highly-
efficient ventilation system is necessary, in ad-
dition to the securing of a sufficient ventilation
volume. In addition, case studies using CFD and
experiments were conducted on the effects of
introducing a highly-efficient ventilation system
to smoking rooms. As a result, a unidirectional
ventilation system with a floor to ceiling airflow,
such as a vertical tornado system, is highly ef-
fective for the improvement of the air environ-
ment in smoking rooms, when compared to or-
dinary mixing ventilation systems.

1. INTRODUCTION

In order to prevent environmental tobacco
smoke (ETS) exposure from passive smoking,
the Ministry of Health, Labour and Welfare has
formulated the Guidelines for Measures on
Smoking in the Workplace, in which certain
standards are set concerning the installation of
smoking rooms in order to promote a smoking
ban and the separation of smoking areas. On the
other hand, there is concern regarding the dete-
rioration of the air environment in smoking
spaces. In this study, an investigation was con-
ducted on existing smoking rooms in which
large ventilation volumes were secured and the
possibility of introducing highly-efficient venti-
lation systems into the smoking rooms, based on
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Fig. 2 Changes of particle concentration and number of per-
sons in the room (building A, vertical distribution)

Table 1. Target smoking rooms outline
Building A Building B
Dimensions [m] 7.5%7.5%4.5 3.2%10.7%2.2
Volume [m’] 253 75.3
Floor area [m’] 56 34.2
Design discharge air volume [m*/h] 4300 4300
Design ventilation rate [times/h] 17 57
Number of users [persons] Approx. 950 Approx. 1450
Average number of persons in the room 14.0 153
[persons]
Average occupancy density [persons/m?] 0.25 0.45
Average particle concentration [mg/m’] 0.46 0.56
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the fact that the indoor particle concentrations
substantially exceeded the standard value of
0.15 mg/m’. Upon confirming the reproducibili-
ty of the CFD concerning the indoor air conta-
minant level distribution of the smoking rooms,
a case study was conducted through the use of
CFD which simulated the smoking and length of
stay of smokers, and experiments were con-
ducted in order to study a highly-efficient venti-
lation system. The following is a report of the
results of the study.

2. INVESTIGATION OF EXISTING SMOK-
ING ROOMS

2.1 Outline of Measurements

Measurements were taken of smoking rooms of
buildings in Tokyo, with each room being
measured for 2 days. Indoor and outdoor parti-
cle concentrations were measured by 7 particle
counters, and the number of users in each room
per day (the number of people entering and
leaving the rooms being counted), smoking du-
rations, amount of time spent in the rooms, and
the average number of cigarettes smoked were
visually counted by observers stationed outside
the rooms. The floor plans of the target rooms
are shown in Fig. 1. Building A had 2 ceiling air
inlets and 2 ceiling exhaust outlets and building
B had 4 ceiling air inlets (2 external air inlets, 2
inlets from outdoor pathways), 1 ceiling exhaust
outlet, and 1 wall exhaust outlet. In building B,
chairs were only placed in the back of the room
so as to direct the smokers toward the exhaust
outlet at the end of the room. Overviews of the
smoking rooms are given in Table 1. The ex-
haust air volume was measured by means of a
tracer gas after opening hours for general users
had ended in building B to confirm that the ex-
haust air volume was approximately the same as
the design value.

2.2 Measurement Results

The time-series changes of the particle concen-
tration and the number of people in the room of
building A are shown in Fig. 2. Since building
A has a high ceiling and the air is only ex-
hausted through the ceiling, a tendency was ob-
served in which the higher the measuring point

was, the stronger the particle concentration. In
both buildings, a significant correlation was ob-
served between changes in the number of people
in the room and changes in the particle concen-
tration, and the average particle concentrations
exceeded the standard value prescribed by the
Ministry of Health, Labour and Welfare (0.15
mg/m’), as shown in Table 1. From this result, it
appears that an increase in the ventilation is not
a sufficient response in spaces where large
amounts of contaminants are generated; instead,
a highly-efficient ventilation system must be
introduced (other detailed results are described
in ref. Endo 2008)

3. STUDY OF A HIGHLY-EFFICIENT VEN-
TILATION SYSTEM

3.1 CFD outline

In general, a ceiling supply/return system is
adopted as the air conditioning system of a
smoking room. In such cases, however, indoor
air basically becomes a uniform mixture condi-
tion. On the other hand, ventilation efficiency is
expected to improve if indoor airflow is turned
into a one-way plug flow by separating the dif-
fuser and inlet. At this time, we examined the
introduction of a tornado ventilation system that
generates a swirl flow in the rooms (Fig. 3). A
vertical tornado ventilation system generates a
swirl flow which has an axis in the vertical di-
rection of the room, thus forming a flow field
running in a floor to ceiling direction. A hori-
zontal tornado ventilation system generates a
flow field that runs in a front to back direction
across the room by means of a swirl flow which
has an axis in a horizontal direction. Three cases
of these ventilation systems and a common type
ceiling supply/return system were studied by
means of CFD. The values shown in Fig. 3
based on the results of the actual measurements
were used for the dimensions of the room and
the inlet/outlet. A high Reynolds number k-¢
model was used as the turbulence model, and
the SIMPLE method was used as the calculation
algorithm. As for the difference schemes, QICK
was used for u, v, and w and MARS for k and €.
Additionally, in analyzing the indoor air flow,
heating elements simulating the human body,
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shown in Fig. 4, were used in order to reproduce
the generation of thermals and contamination
from human bodies (Ito, 2006, [2]). The number
of the first mesh around the human body model
was 2783, and a wall function was applied to
reduce the computation load. Mesh segmenta-
tion for high precision convection heat transfer
prediction was not performed. The surface tem-
perature of the model was set as 34 deg., the
convection heat transfer coefficient o, was set as
4 W/(m**K), and 0.96 m’/h per body of conta-
minated air at 32 deg. was generated from the
mouth of the human body (Hayashi, 2000).
Based on the obtained computation results, IAQ
evaluation was conducted using the air change
efficiency &' and contaminant removal effec-
tiveness (CRE) ¢° (Table 2) as indexes of the
ventilation efficiency. €* is an indicator of the
indoor air exchange capacity that does not as-
sume the existence of contaminated air, whereas
¢’ is an indicator of how low the retention of
contamination is in cases in which actual con-
tamination generation is assumed.

3.2 Results of CFD

The actual smoking rooms measured were made
into rather simple models (Fig. 5) in order to
check the consistency between the CFD results
and the actual measurement results. The number
of people in the room was set as 15, which is the
average value of the actual measurement results,
and the concentration at each point was made
non-dimensional by dividing it by the concen-
tration at the outlet of the measuring point (4),
and was compared with the actual measurement
results. It was confirmed that the contamination
distribution basically corresponded to the actual
measurements (Table 3, Fig. 6).

3.2.1 Air change efficiency

CFD was performed for the study model of Fig.
3, setting 0, 4, 8 and 12 as the number of users
in the room. The results of the study of air
change efficiency are shown in Fig. 7. In an
empty room, the horizontal tornado system
showed a value as high as €= 0.87, and the ven-
tilation condition was similar to plug-flow ven-
tilation. On the other hand, the air change
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Table 2. Indexes used for evaluation of the study model
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Table 3. Result of contaminant con-
centration made non-dimensional
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efficiency of both the vertical tornado system
and the ceiling supply/return system was ap-
proximately £* = 0.65. In the case of assuming
there are 12 people in the room, the air change
efficiency for the horizontal tornado system de-
creased significantly to £* = 0.58. This was due
to the swirl flow from front to back of the room
generated while the room was empty being dis-
rupted by thermals generated from the human
body models, as shown in Fig 8. On the other
hand, the air change efficiency of the vertical
tornado system increased to & = 0.73. This is
believed to be due to the contribution of ther-
mals to the formation of an upward plug-flow
(Fig. 9). The air change efficiency of the ceiling
supply/return system decreased, as in the case of
the horizontal tornado system.

3.2.2 Contaminant removal effectiveness (CRE)

The results of CRE calculations performed
based on the results of contamination concentra-
tion distribution are shown in Fig. 10, and the
contamination concentration of each point di-
vided by the exhaust concentration and made
non-dimensional is shown in Fig. 11. The CRE
of the horizontal tornado system was £° = 1.00,
which is the same value as that of the uniform
mixture condition. This is due to the disruption
of the swirl flow, as was confirmed when ex-
amining the room air change As for the ceiling
supply/return system, although it assumes a uni-
form mixture condition of indoor air, its CRE
showed a relatively high value of £ = 1.62, due
to the convection flow of contaminants to the
floor. Compared to these systems, the vertical
tornado system showed a higher CRE of &° =
3.25. In addition, it was confirmed that the CRE
was higher in occupied areas than it was in the
overall area in all cases. This shows that the av-
erage particle concentration in occupied areas
was lower than that of the entire room. The ver-
tical tornado system showed an especially high
value of € = 4.89, a result from which it can be
expected that there will the effect of improving
the air environment to which users of smoking
rooms are exposed.
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Fig. 11 Distributions of contamination normalized by the
exhaust air concentrations
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Fig. 12 Test room floor plan (layout for the vertical tornado
system)
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3.3 Reproduction experiment outline Table 4. Test room overview

. . o Room volume 81.2 [m’]
The highly-efficient ventilation system sug- Dimensions "9 6mx="3.6mx"235m
. . . 3
gested by the CFD was reproduced in a full- Ventilation volume Approx.2,000 [m /h]
. .. Ventilation rate Approx.25 [times/h]
scale test room to study the air change efficien- Nominal time constant 144 [s]

cy and the CRE. The experiment was conducted
using the performance testing device for Next
Generation Air-Conditioning System Laborato-
ry of the Kanto Gakuin University. The outline
of the test room is shown in Table 4 and the
overview of the test room when implementing
the vertical tornado system is shown in Fig. 12.
The ventilation rate was set as 25 times/h. The Fig. 13 Heating elements and placement of cigarettes
ceiling supply/return system was designed to ' cm' -Expemt ' L
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ceiling supply/return system as the benchmark
are also shown. When the room was empty, the
air change efficiency of the horizontal tornado
system was more than 1.25 times that of the
ceiling supply/return system, which was the
most effective result, as in the CFD. As for the
air change efficiency when the heating elements
were introduced, the effectiveness of the vertical
tornado system was 1.28 times that of the ceil-
ing supply/return system due to the effect of
thermals generated by the heating elements,
which was the most effective result, as in the
CFD.

3.4.2 Contaminant removal effectiveness (CRE)

The CRE results (using the heating elements)
are shown in Fig. 15 (the CFD results are also as
previously listed). The vertical tornado system
showed an effectiveness of £ = 3.02, approx-
imately twice that of other systems. Although
the value was lower than that of the CFD results,
it was approximately 2.5 times the efficiency of
the ceiling supply/return system, which is close
to the CFD result. An example of a contamina-
tion distribution result (vertical tornado system)
made non-dimensional by dividing the contami-
nation concentrations by exhaust concentrations
is shown in Fig. 16. As in the CFD, a relation
between the concentration and the vertical di-
rection was also observed in the experiment,
showing that the air environment became clean-
er in the lower section of the room.

4. CONCLUSIONS

An investigation to understand the actual condi-
tions of smoking spaces was conducted, and it
became clear that the introduction of a highly-
efficient ventilation system is necessary, in ad-
dition to the securing of a sufficient ventilation
volume. In addition, case studies using CFD and
experiments were conducted on the effects of
introducing a highly-efficient ventilation system
to smoking rooms. As a result, a unidirectional
ventilation system with a floor to ceiling air-
flow, such as a vertical tornado system, is high-
ly effective for the improvement of the air envi-

ronment in smoking rooms, when compared to
ordinary mixing ventilation systems.

NOTES

[1] Assuming a louver attached to the side of the door and
a wind speed that satisfies the condition requiring the
“taking of necessary measures to ensure that the velocity
of air flow from a non-smoking area to a designated
smoking area, etc., is 0.2 m/s or higher,” prescribed in the
“Guidelines for Measures on Smoking in the Workplace”
issued by the Ministry of Health, Labour and Welfare.

[2] From the computation at this time, only the convec-
tive heat transfer has been coupled without coupling radi-
ation and all sensible heat generation has become convec-
tion heat that causes thermals from the human bodies to
be overrated.
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