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A simulation study of ventilation and indoor gaseous pollutant
transport under different window/door opening behaviors
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Abstract
The window/door opening behavior of occupants is a very important factor in determining the
airflows and ventilation conditions in buildings, on which indoor pollutant concentration and pollutant transport,

transport are highly dependent. A two-room residence model was simulated in this study to well-mixed,

analyze the airflow characteristics and pollutant transport under different window/door opening single-sided ventilation,

behaviors. Airflows were unidirectional and the residence could not be treated as a well-mixed ~ temperature difference
zone when there were no temperature differences. If there were temperature differences, two-way
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airflow occurred at the exterior window of the room when it was open and the interior door was
closed, resulting in a much larger ventilation rate than the situation without temperature differences.
Strong two-way airflow occurred at the interior door in the case of the exterior window closed and
interior door open, as the air in the two connected rooms was well mixed after the interior door
was opened for tens of minutes. The ventilation rate of the room with double-sided ventilation . .
. o . o © Tsinghua University Press and
was much higher than that of the room with single-sided ventilation, even though the total . . .
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opening areas were the same. Opening the exterior window and closing the interior door could 2016

effectively remove pollutants from a polluted room and prevent their transport to a clean room.

Field experiments were performed and the main conclusions of the simulation were verified.

1 Introduction

Occupants spend a substantial fraction of their time indoors
(Brasche and Bischof 2005) and thus, indoor air quality
(IAQ) plays a significant role in human health. The control
of window/door openings is one of the most convenient
approaches for occupants to remove indoor pollutants and
prevent their transport to other indoor areas. Exterior and
interzonal airflows were influenced by window/door opening
behaviors, affecting indoor pollutant variation, transport
from indoor to outdoor, and movement between rooms
(Johnson et al. 2004; Canha et al. 2016). Understanding
airflow characteristics under different window/door opening
behaviors is very important for maintaining good IAQ.
Natural ventilation is a very common ventilation strategy
in buildings when outdoor environmental conditions are
favorable (Taheri et al. 2016). The driving force of natural
ventilation could be created by exterior wind and an indoor-
to-outdoor temperature difference (Tecle et al. 2013; Nabi
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and Flynn 2015; Tlili et al. 2015). Inter-room temperature
difference could also induce two-way airflow at the interior
door, causing pollutants to be transported between rooms
(Chen et al. 2011). Natural ventilation rate depends on
the meteorological conditions (Isaacs et al. 2013), building
characteristics (Dodson et al. 2007; Nantka 2005), and
occupants’ window/door opening behaviors (Howard-Reed
et al. 2002). For a determined building, the window/door
opening behavior is a factor that could be more easily
controlled by the occupant themselves. This behavior could
strongly influence the flow resistance of the building and this,
in turn, would have a strong influence on airflow, pollutant
variation, and occupant indoor exposure (Wilson et al. 1996;
Liang and Yang 2013; Chen et al. 2012a). Studies on the
airflow and pollutant variation under different window/door
opening behaviors are very important for providing
recommendations of the appropriate window/door opening
behaviors from a pollutant control and removal perspective.
Exterior airflows across the exterior envelopes of buildings
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have been extensively studied. An open exterior window
could increase the ventilation rate several fold, depending
on the width of the opening and the number of opened
windows (Howard-Reed et al. 2002). Pollutant concentration
from indoor sources decreases when exterior windows are
opened, whereas it increases when windows and doors
are closed (Liang and Yang 2013). Interior airflows across
interior doors could be unidirectional or bidirectional. Miller
and Nazaroff (2001) measured the airflow in a two-zone test
space and reported that the two-way airflow rate was over
100 m*/h when the interior door was wide open, whereas
the rate decreased to ~1 m*/h when it was closed. Ferro et
al. (2009) found that closing an interior door could effectively
prevent the transport of air pollutants. Chen et al. (2011)
claimed that the two-way airflow played an important role
in pollutant transmission when temperature differences
occurred. McGrath et al. (2014) simulated PM, s concentrations
due to interzonal airflow and found that both the time of
occurrence and duration of the interzonal airflow were
critical to the indoor concentration. However, most studies
have analyzed the influences of exterior windows and interior
doors separately, thus studies on the airflow and pollutant
variation under different window/door opening behaviors
are lacking.

The main objectives of this study were to: (1) characterize
the exterior and interzonal airflows under different window/
door opening behaviors, (2) analyze the gaseous pollutant
transport and air mixing conditions between rooms, and
(3) develop some guidelines for occupants regarding window/
door opening behavior from a pollutant control perspective.
The multi-zone software CONTAM 2.4 was used to simulate
the airflows. Indoor pollutant concentrations under some
typical cases were also analyzed. Field experiments were per-
formed in a three-room residence and the data from such
were compared with the simulation results.

2 Materials and methods

2.1 Simulation scenarios

Figure 1 shows a schematic illustration of the studied
residence model. It is a two-room residence, which represents
the simplest multi-room scenario in reality. Exterior airflows
from outdoor to indoor, interzonal airflows between rooms,
and the mixing condition of pollutants under different
window/door opening behaviors could all be studied. Other
multi-room residences could be treated as several two-room
residence units connected by interior doors. Consequently,
the two-zone model is widely used to analyze interzonal
airflows and pollutant transport in the literature (Du et al.
2015; Ott et al. 2003).
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Fig. 1 Schematic illustration of the two-room residence model

As shown in Fig. 1, the dimensions of each room of the
residence are the same, 5m x 4 m x 3 m (length x width x
height). A sliding window of dimensions 2m x 2 m is
presented in the exterior wall of each room, one of which is
facing the direction of the outdoor wind, whereas the other
is on the opposite side. Only half of the total area could be
open. An interior door with dimensions 2 m x 1 m (height x
width) connects Rooms 1# and 2#. To simplify the situation,
outdoor temperature, velocity, and indoor temperature of
the rooms were set as constant during each simulation
case. Room 1# was used as the reference room and was set to
a constant outdoor temperature of 26 °C. This outdoor tem-
perature condition is very favorable for natural ventilation,
which leads to a high possibility for an occupant to open a
window/door. The temperature of Room 2# was higher than
Room 1#, which could be determined by the temperature
difference between rooms (Af). Other parameters, such
as the outdoor wind velocity (v), effective air leakage area
coefficient (Cq for door and C., for window) of the closed
openings, opening area ratio of the exterior window (Rurea),
and opening angle of the interior door (Aung.), were varied
so their influences on airflows could be studied. The selected
values of these parameters are summarized in Table 1. The
total number of airflow simulation cases was 972. Four
different window/door opening behaviors, i.e., exterior
window open and interior door closed, exterior window
closed and interior door open, exterior window open and
interior door open, and exterior window closed and interior

Table 1 Summary of parameters in the two-room residence model

Parameters  Selected values Remarks

v (m/s) 0,2,4,6,8,10 Outdoor air velocity

Cew (cm?*/m?)  0.3,5.3,10.3 Effective air leakage area coefficient of
exterior window

Ced (cm*/m?)  2.4,12,25 Effective air leakage area coefficient of
interior door

Rarea 0.1,0.5 Opening area ratio of exterior window

Aangle 5°, 45°,90° Opening angle of interior door

At (°C) 0,1,2 Temperature difference between rooms
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door closed, were analyzed. They represent the most common
window/door opening behaviors in reality.

2.2 Theoretical models for calculating airflows

The multi-zone software CONTAM was used to analyze the
airflow and ventilation rate under different window/door
opening behaviors. This software has been widely used for
airflow and ventilation simulations in buildings (Persily et al.
2010; Shi et al. 2015; Viegas et al. 2015; Dols et al. 2016).
The accuracy of the simulation has also been validated
(Emmerich et al. 2004). The airflow models and flow resistances
in this study were determined as follows.

2.2.1 Airflow model for large openings

The widely used power law and quadratic models allow flow
in only one direction at a time. When a window or door is
open, it is a large opening and airflow through it tends to
be complex. The temperature difference between rooms
will result in an air density difference, leading to a positive
pressure difference at the top of the opening and a negative
pressure difference at the bottom (or vice versa) (Dols et al.
2013). Under this condition, two-way airflow may occur.
Equations (1) and (2) are used to describe the two-way
airflow model for the large opening (Dols et al. 2013).
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where Q;; and Qj; are the airflow rates from zone i to zone j,
and zone j to zone i, respectively; W is the width of the
opening; g is the acceleration of gravity; Ap is the air density
difference between zones; H is the overall height of the
opening; Y is the neutral height, where the air velocity is
zero; and Cyq is the discharge coefficient of the opening. In

this study, Cq4 for the opened sliding window was set to 0.78,

based on the experiments by Weber and Kearney (1980),
whereas for the opened interior door, C4 is dependent on
the opening angle (6). According to the experimental data
by Yang et al. (2010), Cq could be calculated by the following
equation (Yang et al. 2010):

C, = 0.0256 x §°7+ 3)

In Egs. (1) and (2), when |Y| < H/2, there is two-way
airflow and the ventilation rate through the opening could be
calculated. When there is no possibility of two-way airflow,
different formulae are used in the CONTAM simulation
(Dols et al. 2013).

2.2.2 Airflow model for closed openings

When the window or door is closed, the opening could be
equivalent to two horizontal and two vertical cracks. The
height of the horizontal cracks and width of the vertical
cracks are the same, which could be calculated as (Chen et
al. 2012b):

HWC,

~ 20000(H + W) @
where C. is the effective air leakage area coefficient of the
opening. In this study, the effective air leakage area coefficient
of the window (Ce.y) and door (C.s) varied among the three
different values listed in Table 1, which represent the smallest,
mean, and largest values, according to the ASHRAE Handbook
(ASHRAE 2001).

For horizontal air leakage, the height of the crack is too
small to induce two-way airflow, thus a one-way power law
model is used. The relationship between airflow rate (Q,)
and pressure difference (AP,;) could be expressed as
(ASHRAE 2001):

;|
Q = _Dyref “ "eff,h (A ref) 0.15 (APh)i )0.65 (5)
10000

where Cp, is the reference discharge coefficient, which has
a value of 1; and AP, is the reference pressure difference,
which is 4 Pa. A is the effective area, which can be
expressed as:

Aeff,h = Wh (6)

where W is the width of the opening, which is 1 m for the
interior door and 2 m for the exterior windows; and 4 is the
height of the horizontal air leakage calculated by Eq. (4).
For vertical air leakage, the two-way airflow model of Egs. (1)
and (2) was used, in which C; was set to 0.78 and the width
of the vertical crack calculated using Eq. (4). These airflow
models have been experimentally validated (Chen et al. 2011,
2012b).

2.3 Pollutant simulation

In addition to the airflow and ventilation rate, emission
source is another key factor influencing the concentration
and mixing condition of indoor pollutants. Short-term sources
from tobacco smoke or cooking and long-term sources from
building materials present different characteristics. Indoor
pollutant variation and the mixing condition between rooms
would be different due to the source differences, even under
the same window/door opening behavior. Detailed analysis
of the indoor pollutant variation and mixing level with
different kinds of emission sources is beyond the scope of
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this study. Only a short-term emission source, which resulted
in a high initial pollutant concentration in the polluted room,
was simulated. The clean room with low initial concentration
was the receptor room. Previous studies have indicated that
the short emission period of source and the rapid intra-room
mixing could assure a reasonably well-mixed condition
within a room (Ferro et al. 2009; Baughman et al. 1994), which
perfectly meets the assumption of the multi-zone model. We
focused on room-to-room pollutant variability and mixing
rather than on within-room mixing, thus a multi-zone model
was used. Normalized pollutant concentrations of 5 units for
the polluted room and 1 unit for outdoor and the receptor
room were used. The pollutant was removed only by airflows
and not by deposition or reaction; a sink effect was not
considered. Two scenarios with high initial concentration
in Room 1# or Room 2# were analyzed. By inputting the
multi-zone airflow and ventilation simulation results of
CONTAM, indoor pollutant concentrations were simulated
based on the mass balance equations.

2.4 Experimental setup

To validate the room-to-room pollutant variation patterns
under different window/door opening behaviors, field experi-
ments were performed in a three-room residence in Beijing.
CO; was used as the tracer gas to represent the gaseous
pollutant. The layout of the residence, with dimensions
9m x 5m X 3 m (length x width x height), is illustrated in
Fig. 2. Room 1# and Room 2#, Room 2# and Room 3# could
be treated as a two-room residence similar to the simulation
model described in Section 2.1. The windows of the residence
are sliding windows and only half of the total area could be
opened.

At the beginning of the experiment, all the windows and
doors were kept closed, and a pressurized cylinder containing
CO, was used as the short-term emission source. The emission
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Fig. 2 Layout of the three-room experimental residence (E3:
positions of the CO; and temperature measurement instruments)

rate was not controlled, but the total emission time was within
10 min, resulting in ~2000 ppm initial CO, concentration in
the source room. After the indoor CO, concentration changed
very slowly and became relatively steady, the window/door
of the residence switched from the closed positions to the
desired positions. Then, the tester went outdoors immediately,
thus the CO, emissions from them could be neglected after
adjusting the window/door. A Telaire 7001 measured the
CO; concentrations at an interval of 20 s. The instruments
were placed in the centers of Room 2# and Room 3#, 1.5 m
above the floor. The other two were placed in different
locations of Room 1# to verify the mixing condition within
the room. The measurement range and error of the instru-
ment are 0-2500 ppm and 50 ppm, respectively. Outdoor
CO, concentration was around 490 ppm, as recorded by
the instrument. Indoor and outdoor temperatures varied
naturally and were measured continuously at an interval of
10 min by an automatic data logger (WWZY-1 sensor,
Beijing, China). The instrument measurement range and
error were —20 to 80 °C and 0.3 °C, respectively. Detailed
positions of the instruments are presented in Fig. 2. The
outdoor wind direction and speed were measured by a local
weather station (BJ7R-DYYZII-RTF), 2 m above the roof of
the residence. The measurement ranges of wind direction
and wind speed were 0-360° and 0-60 m/s, respectively.

Two different scenarios were measured on two different
days in the winter season, with each of them lasting about
1 h. In the first experimental scenario, Room 2# was the
polluted room and Rooms 1# and 3# were the receptor
rooms. The interior door (D;, 1) connecting Rooms 1# and
2# was opened, whereas the others were closed. Pollutant
variations in Room 2# and Room 1# could be used to
investigate pollutant transport using the exterior window
closed and interior door open behavior, whereas that in
Room 2# and Room 3# could be used to examine pollutant
transport using the exterior window closed and interior
door closed behavior. In the second experimental scenario,
Rooms 2# and 3# were the polluted rooms and Room 1#
was the receptor room. Wy 1, Dine 1, Wey 2, and Wy 3 were
opened and the others were closed. Pollutant variations
in Room 2# and Room 1# could be used to investigate
pollutant transport using the exterior window open and
interior door open behavior. Pollutant variations in Room 2#
and Room 3# could be used to examine pollutant transport
using the exterior window open and interior door closed
behavior. The opening area ratio for an exterior window
(Rarea) was 0.1 and the opening angle for an interior door was
90°. Airflows of the experimental scenarios were analyzed
by CONTAM using the measured boundary conditions,
and indoor CO, concentrations were also simulated and
compared with the measurement data.
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3 Results and discussion

3.1 Simulation results of the two-room residence

3.1.1 Exterior window open and interior door closed

When At = 0°C, there was no temperature difference
between rooms, and indoor temperatures were also identical
to those outdoors. Airflows at all the openings were
unidirectional. The airflow direction was from the windward
to the leeward, meaning from outdoor to Room 1# and then
from Room 1# to Room 2#. The air change rates per hour
(ACHs) for outdoor to Room 1#, Room 1# to Room 2# and
Room 2# to outdoor were identical and are shown in
Fig. 3(a). ACHs of the rooms were linear to outdoor wind
velocity and the values were lower than 1h™'. Increasing
the opening area ratio of the exterior windows could barely
increase ACH, whereas it increases as the effective air
leakage coefficient of interior door (C.s) increases. This is
because the flow resistance of a closed door is much larger
than that of open windows, thus the overall flow resistance
of the residence was mainly dependent on the door.

When an indoor temperature difference occurred
between Room 1# and Room 2#, the temperature in Room
1# and the temperature difference between Room 1# and
outdoor remained unchanged. The airflow pattern at the
exterior window and interior door of Room 1# remained the
same as the conditions lacking a temperature difference. The
ACHs from outdoor to Room 1# and Room 1# to Room 2#
were almost the same as Fig. 3(a) shows. The airflow and
ventilation rate in the room with a temperature difference
(Room 2#) were significantly different from the room
without a temperature difference (Room 1#). Two-way airflow
occurred at the exterior window of Room 24, resulting in a
larger ventilation rate than in Room 1#. The ACH from
outdoor to Room 2+# is given in Fig. 3(b). It decreased slightly
as the outdoor wind velocity increased. A temperature
difference greatly affects ACH, which increased about 40%
when At increased from 1 °C to 2 °C. Different from Room
1#, the ACH of Room 2# was more sensitive to the changes
of an opening area ratio of the exterior window than to the
changes in the air tightness of the interior door.

Based on the airflow results at At = 0 °C, the airflow
directions were the same and the main differences among
these cases were in the value of ACH. Thus, pollutant
concentration may differ case-by-case, but the variation
and transport might share the same patterns. The pollutant
concentration at Ryre, = 0.1, Ceq = 25 cm?/m?, and v = 4 m/s
with an ACH about 0.28 h™' was simulated and used as a
representative case and is shown in Fig. 3(c). The pollutant
was transported in the same direction as the airflows due to
the unidirectional characteristics. The pollutant in Room 1#
was transported to Room 2# and increased in concentration
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Fig.3 ACH and indoor pollutant simulation results of the
two-room model using the exterior window open and interior
door closed behavior. (a) ACHs from outdoor to Room 1#, Room
1# to Room 2#, and Room 2# to outdoor with At = 0 °C; (b) ACH
from outdoor to Room 2#; (c) indoor pollutant variations of the
rooms with At = 0 °C; (d) indoor pollutant variations of the
rooms with At =2 °C
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when the polluted room (Room 1#) was in the upstream
position, whereas the pollutant in Room 2# could not be
transported to Room 1# when the polluted room (Room 2#)
was in the downstream position. The pollutant concentration
in Room 1# remained unchanged, whereas pollutant varia-
tion in Room 2# was the same as that in Room 1# in the
upstream polluted room scenario. The reason for this could
be that when there is no source in Room 1# and the initial
pollutant concentration is the same as outdoors, the fresh
air would not be polluted after flowing through Room 1#.
Due to these variation characteristics, when At = 0 °C, indoor
pollutant concentrations for the downstream polluted room
scenario were not further simulated and discussed for
other window/opening behaviors. Concentration differences
between rooms are significant no matter which polluted room
is in the upstream or downstream position. The two-room
residence could not be treated as a well-mixed zone.

When a temperature difference occurred between rooms,
the airflow and ACH of the rooms changed and thus the
pollutant might vary differently. The pollutant concentration
at Ryrea = 0.1, Coa = 25 cm?/m?, and v=4 m/s with At =2°C
was simulated and is shown in Fig. 3(d). The ACHs from
outdoor to Room 1# and outdoor to Room 2# were 0.28 h™
and 2.11 h™!, respectively. The pollutant concentration in
Room 1# was the same as in Fig. 3(c) because airflow
directions and the ACH of Room 1# did not change. The
two-way airflow induces more fresh air to be exchanged
at the exterior window of Room 2# and the concentration
in Room 2# decreased rapidly and was lower than the
situation lacking a temperature difference (black dash line in
Fig. 3(c) vs. Fig. 3(d)). The closed interior door effectively
prohibited pollutant transport between rooms (dash line in
Fig. 3(d)). The concentration difference between rooms was
obvious and the residence could not be treated as well mixed.

As temperature difference between indoor and outdoor
is a common phenomenon in reality, two-way airflow at
an opened exterior window could happen. When emission
sources are in the room, it is highly recommended to open
the exterior window of the polluted room to increase the ven-
tilation rate and eliminate the indoor pollutants, whereas an
interior door connecting the polluted room to others should
be closed to prevent transport of the pollutant to those rooms.

3.1.2  Exterior window closed and interior door open

At the condition with At = 0 °C, the ACHs from outdoor to
Room 1#, Room 1# to Room 2#, and Room 2# to outdoor
were identical and are shown in Fig. 4(a). The air tightness
of an exterior window (C.) greatly affects ACH, whereas
the effect of the opening angle of the interior door could be
neglected. The ACHs of the rooms are smaller than 1 h™,
close to the exterior window open and interior door closed
scenarios.
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Fig.4 ACH and indoor pollutant simulation results of the two-
room model using the exterior window closed and interior door
open behavior. (a) ACHs from outdoor to Room 1#, Room 1# to
Room 2#, and Room 2# to outdoor with At = 0 °C; (b) ACH from
Room 2# to Room 1# with At = 1 °C; (¢) indoor pollutant
variations of the rooms with At =1 °C and Aangle = 45°

When the temperature differed between rooms, the
airflows at the exterior windows of Rooms 1# and Room 2#
were unidirectional. Ventilation rates from outdoor to Room
1# and Room 2# to outdoor were almost the same as those
when no temperature difference was present. However,
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two-way airflow occurred at the interior door. The ACH
from Room 2# to Room 1# with At = 1 °C is illustrated in
Fig. 4(b). It shares the same variation pattern and increased
about 40% when At increased from 1 °C to 2 °C. The two-way
airflow rate at the interior door was much larger than the
values at the exterior windows. The opening angle of the
interior door is an important factor to the two-way airflow
rate. The leakage area of the exterior window (Cey) and the
outdoor wind velocity have negative effects on the two-way
airflow rate, but these effects are not significant.

When At = 0 °C, the airflow directions were the same
and the ACHs of the rooms were close to the exterior window
open and interior door closed scenarios. Indoor pollutant
concentrations were supposed to share the same features as
discussed in Section 3.1.1 and are shown in Fig. 3(c). Thus,
indoor pollutant concentrations with At = 0°C were not
repeated here. When there was a temperature difference, two-
way airflow occurred at the opened interior door. Pollutant
concentrations at C., = 5.3 cm*/m? Auge = 45° and v =
4 m/s with At = 1 °C were simulated and are shown in
Fig. 4(c). No matter if the polluted room is in the upstream
or downstream position, the indoor pollutant is transported
from the polluted room to the receptor room, driven by the
two-way airflow. Thus, concentrations in the polluted room
decreased, whereas those in the receptor room increased.
The concentration difference between Room 1# and Room
2# decreased with time, as the concentrations were close to
each other after the interior door had been opened for over
20 min. Consequently, the two-room residence could be
treated as a well-mixed zone. Under conditions with larger
temperature differences or opening angles, the two-way
airflow rate would be larger and the air would be well mixed
in a shorter time. From a pollutant control perspective, this
window/door opening behavior is not recommended because
the pollutant in the polluted room could not be eliminated
effectively and was transported to the receptor room in a
short time.

3.1.3 Exterior window open and interior door open

When the exterior windows and interior door were open
and no temperature difference was present, airflows through
all the openings were unidirectional and the directions were
the same as discussed in Section 3.1.1. The ACHs from
outdoor to Room 1#, Room 1# to Room 2#, and Room 2# to
outdoor were identical and are shown in Fig. 5(a). The ACH
for this situation was the largest among all the window/door
opening behaviors, and was larger than 10 h™ in most cases.
Increasing the opening area ratio of an exterior window
and the opening angle of an interior door could increase the
ACH. By comparing the ACHs of Fig. 3(a) and Fig. 4(a) with
Fig. 5(a), one sees that the ACH of the room with double-
sided ventilation was much larger than it was for a room

with single-sided ventilation. Moreover, as the ACH of the
room barely increased with the increase of opening area ratio
of the window and opening angle of the door at single-sided
ventilation situation, it should be more effective for increasing
ACH to increase the number of the opened openings than
to increase the opening area.
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Fig.5 ACH and indoor pollutant simulation results of the
two-room model using the exterior window open and interior
door open behavior. (a) ACHs from outdoor to Room 1#, Room
1# to Room 2#, and Room 2# to outdoor with At =0 °C; (b) ACH
from Room 2# to Room 1# with Rarea = 0.1; (c) indoor pollutant
variations of the rooms with At = 0 °C at Aangle = 5°
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When there was a temperature difference, the airflow and
ventilation rate from outdoor to Room 1# were almost the
same as those without a temperature difference (Fig. 5(a)).
Two-way airflows only occurred at the interior door and
exterior window of Room 2# under low wind velocities (v <
6 m/s). The ACHs from Room 2# to Room 1# at Ry, = 0.1
are illustrated in Fig. 5(b). The larger the opening angle and
temperature difference are, the larger the two-way airflow rate
is. The ACH from Room 2# to Room 1# decreased rapidly
with the increases in outdoor wind velocity and opening
area ratio of the exterior window. The two-way airflow only
occurred at v = 0 m/s when the opening area ratio of the
exterior window (Rar.) increased to 0.5. By comparing the
ACH from Room 2# to Room 1# with the ACH from
outdoor to Room 1# (Fig. 5(b) vs. Fig. 5(a)), one can conclude
that the ventilation rate of the room was mainly dominated
by the air exchange with the outdoors in most cases, especially
for situations with high outdoor wind velocity.

When At = 0 °C, only the scenario with a polluted
Room 1# was simulated. Pollutant concentrations at Rurea =
0.1, Asnge = 5°, and v = 4 m/s are shown in Fig. 5(c). The
ACH was 16.7 h™! for this case. The indoor pollutant con-
centration of Room 1# decreased very quickly, within several
minutes, to the same level it was outdoors. The pollutant
was transported from Room 1# to Room 2# increased in
concentration in the first few minutes, and then decreased.
The concentration differences between rooms were obvious
initially, but the concentrations decreased to the same level
as outdoors in tens of minutes, after which the difference was
negligible. When there is a temperature difference, the two-
way airflow rate was much lower than the mainstream airflow
in most cases, thus indoor pollutant variations were similar.

From a pollutant removal perspective, double-sided
ventilation was more effective than single-sided ventilation.
Due to the large ACH and rapid decline characteristics of
the pollutant concentration under the exterior windows and
interior door open scenario, the opening area or angle of the
window/door need not be kept large, and the ventilation
time could be reduced to several to tens of minutes from
indoor pollutant removal and energy saving perspectives.

3.1.4 Exterior window closed and interior door closed

The ACHs from outdoor to Room 1#, Room 1# to Room
2#, and Room 2# to outdoor with At = 0 °C are shown in
Fig. 6(a). The ACH for this situation was the smallest among
all the window/door opening behaviors. Both the air
tightness of the interior door and exterior window affected
the ventilation rate.

When there were temperature differences, two-way airflow
only occurred at the interior door under low wind velocity
when C.,, was small and C.q was large (e.g., Cew = 0.3 cm?/m?,
C.a = 12 cm?/m?), or at the exterior window of Room 2# when
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Fig.6 ACH and indoor pollutant simulation results of the

two-room model using the exterior window closed and interior

door closed behavior. (a) ACHs from outdoor to Room 1#, Room

1# to Room 2#, and Room 2# to outdoor with At = 0 °C; (b)

indoor pollutant variations of the rooms with At =0 °C

Cew was large and Ceq was small (e.g., Cew = 10.3 cm*/m?, Ceq =
2.4 cm*/m?). The two-way airflow rates were smaller than
1 m*/h, which was in the same magnitude as that reported
by Miller and Nazaroff (2001). The ACHs from outdoor to
Room 1#, Room1# to Room 2#, and Room 2# to outdoor were
almost the same as those when no temperature difference
was present.

As mentioned above, the airflow and ACH of the rooms
were the same in most cases between the occasions with or
without temperature differences under this window/door
opening behavior. Thus, only the pollutant concentrations
without temperature differences were analyzed. Indoor
pollutant variations at Cey = 5.3 cm?*/m?, Ce = 25 cm?*/m?,
and v = 4m/s with ACH = 0.12 h™! were simulated and are
illustrated in Fig. 6(b). The indoor pollutant concentration
of Room 1# decreased and that of Room 2# increased. The
change tendencies were the slowest and the concentration
differences were the largest among all the window/door
opening behaviors. The two-room residence could not be
treated as a well-mixed zone. The pollutant could not be
eliminated effectively.
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3.2 Experimental and simulation results of the three-
room residence

3.2.1 Boundary conditions and airflow results

To simulate indoor CO, variation and validate the airflow
characteristics for different experimental scenarios, the airflow
of the three-room experimental residence was first simulated
by CONTAM. Outdoor wind direction and speed, and
outdoor and indoor temperatures are the required boundary
conditions. During the experiment, outdoor wind and tem-
perature varied from time to time. Indoor temperature was
relatively stable when the windows and doors were closed
but varied when the windows were opened. Given that the
measurement durations were relatively short (~1h), the
prevailing outdoor wind direction and corresponding wind
speed and average indoor and outdoor temperatures were
used in the CONTAM airflow analysis. This simplification
may cause some discrepancies between the simulation and
measurement results, but the general variation trend could
be presented well. In the first experimental scenario, the
prevailing outdoor wind direction was from the east and
the corresponding average wind speed was 0.48 m/s. The
average outdoor temperature was 4.5 °C and the average
temperatures in Rooms 1#, 2# and 3# were 9.9 °C, 12.8 °C,
and 11.1 °C, respectively. Wind direction and speed in the
second experimental scenario were different from the first
one. The prevailing wind was from the north and the average
wind speed was 8 m/s. The average outdoor temperature was
0 °C and the average indoor temperatures in Rooms 1 #, 2#,
and 3# were 2.9 °C, 8.1 °C, and 9.8 °C, respectively. The
airflow models in Section 2.2 were used in this three-room
residence analysis.

Airflow simulation results for the first experimental
scenario showed that the main stream of air was from
outdoor to Room 1#, Room 2# to Room 3# and Room 3# to
outdoor. Strong two-way airflow occurred at the interior
door of Room 1# (Diy 1) due to the temperature difference
and the large opening angle. The airflow rates from Room
1# to Room 2# and Room 2# to Room 1# were 321 m*/h and
256 m’/h, respectively. The airflow rates from Room 2# and
Room 3# to outdoor were 50 m*/h and 17 m*/h, respectively,
much larger than those vice versa (< 1 m*/h), suggesting
that the two-way airflow barely occurred at the closed
openings. The airflow rates in the second experimental
scenario were higher than those in the first one because
of the opened windows and reduced flow resistance. The
airflow rates from outdoor to Room 1#, Room 1# to Room
2# and Room 2# to Room 3# were 890 m*/h, 933 m*/h, and
40 m’/h, respectively. The airflow rate from Room 2# to
Room 1# was 41 m*/h, much less than the flow rate in the

reverse direction (933 m’/h). The two-way airflow was
inhibited during the exterior window and interior door open
scenario, even the temperature difference between Room 1#
and Room 2# was 5.2 °C. Two-way airflow occurred at the
opened exterior window of Room 3#. The airflow rates
from Room 3# to outdoor and outdoor to Room 3# were
65 m*/h and 25 m*/h, respectively.

3.2.2 Indoor CO, measurement and simulation results

The indoor CO, concentrations of the experimental
scenarios were simulated and are presented in Fig. 7 with
the measurement results. In the first experimental scenario
(Fig. 7(a)), concentration differences between Room 1-1#
and Room 1-2# are not significant, suggesting that the
well-mixed assumption was reasonable within a room.
When Dy, 1 was opened, the indoor CO, concentration in
Room 1# increased and that in Room 2# decreased. CO, was
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Fig. 7 Indoor CO. measurement and simulation results of the
rooms under different window/door opening behaviors. (a) The
first experimental scenario; (b) the second experimental scenario
(the solid and dash lines are the measurement and simulation
results, respectively)
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transported from Room 2# to Room 1# and the air was well
mixed within 0.2 h, according to the measurement data.
The variation patterns were similar to the simulation results
presented in Fig. 4(c) as well. The simulation results of
CO; in Room 2# decreased faster at the beginning of the
measurement and then more slowly than the measurement
data. This discrepancy may have been induced by the sim-
plification of the variable outdoor wind and temperature
conditions for the airflow analysis. Concentration variations
in Rooms 2# and 3# could be used to analyze the pollutant
transport under the exterior window closed and interior
door closed behavior, which shared the same patterns as
the simulation results in Fig. 6(b). The simulation results
for Room 3# agreed well with the measurement data. These
good agreements between the measurement and simulation
results indicate the accuracy of the simulation results.

According to the measurement data of the second
experimental scenario (Fig. 7(b)), when We 1, Dy 1 and
Wex 2 were opened, Rooms 1# and 2# are under the exterior
window open and interior door open behavior. Compared to
the first experimental scenario, indoor CO, concentration
in Room 2# decreased much faster, indicating a larger ACH.
Moreover, the CO, concentration in Room 1# remained
at almost the same level before and after switching the
window/door positions, and only a limited amount of CO,
was transported from Room 2# to Room 1#. The simula-
tion results for Room 1# and Room 2# agreed well with
the measurement data. The concentration in Room 3#
decreased more slowly than that in Room 2#, indicating a
smaller ventilation rate in the room. Thus, the conclusion
that the room with single-sided ventilation has a lower
ventilation rate than the double-sided ventilation was verified.
Moreover, after opening the window for tens of minutes
(t>0.4 h), the CO, concentration in Room 2# decreased to
the same level as outdoors, whereas the CO, concentration
in Room 3# was still high, but was not transported to Room
2#. Field experimental results for Rooms 2# and 3# also
confirm that opening the exterior window of the polluted
room and closing the interior door could effectively remove
the pollutant and prevent its transport between rooms. The
simulation results for Room 3# decreased faster than the
measurements did, which indicates the airflow rate of Room
3# was overestimated. However, the overall variation trend
and pollutant transport by the airflow were well represented
by the simulation results.

4 Conclusions
In this study, exterior and interior airflows and indoor

pollutant variations under different window/door opening
behaviors were analyzed. Field experiments were also

performed and the main conclusions were validated by

measurement data. The conclusions drawn are as follows.

(1) The ventilation rate of the room was the largest when the
exterior windows and interior door were open and the
smallest when the exterior window and interior door were
closed. The ACH was smaller than 1 h™' and increasing
the opening area/angle of the window/door had little
effect when the room had single-sided ventilation and
lack of a temperature difference.

(2) If there was no temperature difference, the airflows
through all the openings were unidirectional under
different window/door opening behaviors. If there was
a temperature difference, two-way airflows could barely
occur when all the windows and doors of the residence
were closed or open. There was a concentration difference
between rooms and the two-room residence could not
be simplified to a well-mixed zone.

(3) A temperature difference could induce two-way airflows
at the exterior window (interior door) when the exterior
window was open (closed) and the interior door was
closed (open). The two-way airflow rate increased about
40% when the temperature difference increased from
1 °C to 2 °C. The strong two-way airflow drove pollutant
transport between rooms and the air in the two connected
rooms was well mixed after the interior door was opened
for tens of minutes.

(4) From an indoor pollutant control perspective, increasing
the number of openings is more effective than increasing
the opening area when the room has single-sided ventila-
tion. Opening the exterior window of the polluted room
and closing the interior door could remove pollutants and
prevent pollutant transport to clean rooms simultaneously
when a temperature difference is present.
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