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Abstract
This study analyzes the ventilation efficiency of a

bedroom with a wall-mounted center-pivoting window.

Numerical simulations and experiments were per-

formed to investigate the airflow and the pollutant

distribution in the bedroom. The air exchange rate and

the carbon dioxide concentration profiles were investi-

gated for various window opening angles and inlet

wind velocities. The computational fluid dynamics

analysis and experimental results presented provide a

comprehensive understanding of the typical natural

ventilation characteristics of a wall-mounted center-

pivoting window in a bedroom of a typical home in

Taiwan.

Introduction

Due to increasing traffic and industrial emissions,

outdoor air quality has emerged as a major concern in

recent decades. Monitoring of outdoor air pollution levels

has become increasingly systematic in Western countries

and is typically carried out in order to check that national

and international standards for contaminant emissions are

being applied, or to ensure that the quality of the outdoor

air complies with these standards. It has been reported

that city dwellers are spending an increasing amount of

time indoors [1,2]. Therefore, designing healthy indoor

environments is of paramount importance. Although

many of today’s buildings are equipped with advanced

ventilation systems, a poorly designed heating, ventilation

and air conditioning (HVAC) system not only generates

contaminant emissions, but may also induce sick building

syndrome (SBS) symptoms in the building’s occupants [3].

Furthermore, the need to conserve finite energy reserves

has stimulated interest in the use of renewable energy

sources for ventilation purposes. Accordingly, the use of
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natural ventilation is now increasingly common in both

new and existing buildings [4–11]. Developing a detailed

understanding of natural ventilation efficiency and airflow

patterns is therefore of considerable importance when

designing ventilation systems to maintain an acceptable

indoor air quality in an energy-efficient manner. The small

pressure differentials available to drive natural ventilation

systems in buildings require the system to have an

inherently low airflow resistance if adequate ventilation

rates are to be achieved [12]. Gratia et al. [13] optimized

the size, shape, and location of the openings to reach

sufficient ventilation rates. Although a low airflow resist-

ance can be realized by opening up large areas of the

building’s façade, this is clearly impractical in urban areas

characterized by extremely high levels of ambient noise [7].

Many approaches have been developed for analyzing

the ventilation efficiency and indoor air quality of build-

ings [14–19]. Haghighat et al. [14] developed a numerical

model of intra- and inter-zone heat and mass transfer in

three-dimensional turbulent flow under forced convection

conditions. Meanwhile, Xu et al. [15] developed a two-

layer turbulence model which combined a one-equation

model for the near-wall flow with the standard k-" model

for the outer-wall flow. This model was then used to

simulate mixed convection flow in a room. Sørensen

et al. [16] investigated some of the major sources of uncer-

tainties in indoor environment simulations using a compu-

tational fluid dynamics (CFD) approach. However, the

failure to properly specify the governing equations resulted

in errors in the predicted velocity, temperature, and

contaminant concentration distributions. The computa-

tion level of the CFD simulations has been identified as

an important factor when studying the energy consump-

tion, thermal comfort, and air quality of indoor environ-

ments [17]. It is recommended that numerical schemes with

a second or third order of accuracy should be used when-

ever possible in order to improve the accuracy of the

numerical solutions. Schälin and Nielsen [18] proposed a

k-" model based on one transport equation for the

turbulent kinetic energy and a second transport equation

for the dissipation of the turbulent kinetic energy. In their

study, a high Reynolds number k-" model and a high

Reynolds number Reynolds stress model (RSM) were used

to predict the high growth rate of the velocity distributions

parallel to the surface of a three-dimensional wall jet. For

analyzing natural ventilation efficiency, Kaye and Hunt

[19] developed a theoretical model to estimate the effici-

ency as a function of the room and heat source geometries.

In natural ventilation systems, fresh air is often

provided through opening of windows. There is a wide

range of possibilities with regard to selection of window

type, size, and location. In the systems, window openings

can be regarded as supply air devices and the air flow from

the window is often the dominating flow element in the

room determining the level of thermal comfort. Heiselberg

et al. [20] experimentally compared bottom and side hung

windows and concluded for a single-sided ventilation

strategy that a bottom hung window is the best choice in

seasons with high temperature difference between indoor

and outdoor environments because the air is supplied

outside the occupied zone and can be controlled by

changing the opening angle. Chung and Hsu [21] investi-

gated the ventilation efficiency of different natural ven-

tilation patterns arranged by two inlets and two outlet

diffusers at different locations with a full-scale test

chamber. The results indicate that the locations of

window openings severely influence the natural ventilation

efficiency in rooms. Li et al. [22–26] investigated the

characteristics of natural ventilation in building with

multiple openings utilizing analytical solutions and CFD

simulations and found a reasonable agreement between

their results. Recently, the vertical position of the opening

was found to have the greatest impact on the discharge

coefficient and the discharge coefficient is also influenced

by the opening width and wall thickness [27].

Of the total time spent by an individual in his or her

home, a large proportion of this time is spent in the

bedroom. Therefore, the objective of the present study was

to develop a model method with which to predict the

airflow and pollutant distributions in a typical bedroom

in Taiwan. In this study, the room was experimentally

fitted with a wall-mounted center-pivoting window which

permitted the infiltration of outdoor air. The airflow

distribution, the carbon dioxide concentration, and the air

change rate were investigated for various window opening

angles and inlet air velocities. The simulated and experi-

mental results reveal the typical ventilation characteristics

of a center-pivoting window and will allow designers to

specify appropriate window opening angles for different

outdoor airflow velocities.

Methods

Model Bedroom

The dimensions and parameters of the full-scale

bedroom modeled in the present study were based on

data provided by a government survey of typical bed-

rooms in Taiwan [28]. The current model is depicted

schematically in Figure 1 and the corresponding geometric
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data are tabulated in Table 1. As shown, the bedroom

measures 300� 240� 300 cm3 (length (L)�width (W)�

height (H)) and contains a single bed of dimensions 190�

90� 45 cm3. A center-pivoting window, which rotates

about its horizontal axis, was installed at a height of

90 cm above the floor. The model assigns a 60W �m�2 heat

source to a location corresponding to the presumed head

position of an individual lying on the bed [29].

Center-pivoting Window

Figure 2 presents a section view of the center-pivoting

window. In the present model, this window is assumed to

have dimensions of 90 cm� 120 cm (W�H). In accor-

dance with the results published by Chou et al. [30] for

airflow velocities in Taiwan, this study specified inlet

airflow velocities of 0, 0.3, 0.5, 1.0, and 2.0m � s�1,

respectively. The effective openings of a center-pivoting

window are defined in the Chartered Institute of Building

Services Engineers (CIBSE) Application Manual [12].

The openings for the current window are presented in

Table 2 and are taken as input geometric conditions in the

present numerical simulations.

Numerical Method

The numerical simulations of the current physical

problem were performed using a finite volume method

to solve the governing equations associated with the

boundary conditions. Specifically, this study applied the

SIMPLEST (semi-implicit method for pressure linked

equations) algorithm to solve the pressure-linked equa-

tions using a hybrid scheme in order to calculate the

convection and diffusion terms [31]. The turbulence of the

airflow was described by a low Reynolds number k-"

model, in which k denotes the turbulent kinetic energy and

" the dissipation rate [32]. Figure 3(a) shows the body-

fitted co-ordinate grid of the model bedroom with a 62�

41� 115 cm3 grid system. The heat source of the human

head (HEAD) and the carbon dioxide concentration

source (IN) at the center of the bed were estimated to be

60W �m�2 and 20,000 ppm, respectively. Furthermore, the

inlet airflow velocity was assumed to be normal and

uniform across the window, no-slip boundary conditions

were applied on the walls, and Neumann boundary

Interior door

A

A
Opening

Central
horizontal

pivot window

Heat isolation
partition wall

Wood bed

Head
heat source

Fig. 1. Schematic illustration of typical bedroom layout with wall-
mounted center-pivoting window.
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Fig. 2. Sectional view of center-pivoting window.

Table 1. Geometric data for bedroom

Facilities Dimensions (Unit: cm)

Model bedroom 300 (L)� 240 (W)� 300 (H)
Opening 90 (W)� 120 (H)
Central horizontal pivot window 90 (W)� 120 (H)
Window elevation 90
Interior door 90 (W)� 210 (H)
Wood bed 190 (L)� 90 (W)� 45 (H)

L: length; W: width; H: height.

Table 2. Effective opening angles of center-pivoting window [12]

Effective
opening

Formula �

308 458 608 908 1208 1358 1508

t

t ¼ Rð1� cos �Þ

¼ 2R sin
�

2

� cos
ð180� �Þ

2

8.04 17.57 30 60 30 17.57 8.04
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conditions were applied for the velocity and temperature

boundary conditions on the outdoor side of the room.

Iterative calculations were performed until residual values

of 10�3 were obtained for all of the field variables. The

boundary conditions specified in the current study are

illustrated schematically in Figure 3(b) and tabulated in

Table 3.

Results and Discussion

Numerical simulations were conducted to investigate

the influence of different inlet airflow velocities (V ) and

opening angles (�) on the airflow pattern, carbon dioxide

distribution, and air change rate in the bedroom. The

simulations were performed using commercial CFX com-

putational fluid dynamics software. Experiments were also

performed to correspond with the simulated ventilation

efficiency for different opening angles (�) of the window.

Airflow Distribution

Table 4 shows the indoor airflow distribution results

obtained at section A–A of the model (Figure 1) for dif-

ferent inlet airflow velocities (V ) and opening angles (�). In

this study, the airflow distribution and air exchange rate

were investigated for opening angles ranging from 308 to

1508 and inlet airflow velocities between 0.0 and 1.0m � s�1.

The air change rate (ACH) was calculated for each case.

Figure 4 plots the variation of the ACH value with

the opening angle for different inlet airflow velocities.

It can be seen that the ACH curve is approximately

symmetric about the axis of cos �¼ 0 at airflow velo-

cities of 0–0.5m � s�1. Furthermore, it is observed that the

ACH value increases with increasing airflow velocity.

Significantly, the ACH value increases more in the range

�15cos �50 than in the range 05cos �51. When the

opening angle lies between 90o and 180o, cooler outdoor

air flows into the room through the lower opening of the

window and flows out of the room through the upper

opening. This provides an improved path for gravity

ventilation and accounts for the higher value of ACH

obtained in the opening angle range of �15cos �50.

Figure 5 shows the experimental and simulated ACH

values for zero inlet airflow velocity. The experiments were

executed in a full scale chamber on a basement floor as a

closed system at the National Cheng-Kung University. It

was found that the deviation percentage was low when the

opening angle of the pivoting window was more than 60o

and the average deviation percentage is 5.8%. The

simulated and experimental results had high

correspondence.

Figure 6 illustrates the relationship between the value of

the air exchange efficiency (AEE) and the opening angle

(a)

(b)

Mesh size

Nodes = 278984

Quads = 30582

Hexas= 265251

PRESS
Pressure 
boundary

Initial value 0 pa
WIN

PARTI
Non-heat 
transfer

WAL
Non-heat 
transfer

DOOR

FILT

FLOR BED HEAD, heat flux 60 W.m−2

IN, According to the
AIVC definition

OutdoorIndoor

IN2
Laminar
flow with
0 0.3

0.5 1.0
2.0m.s−1

X

Cut plane
X=1.2m  

 

NOSE, heat flux 60 W.m−2XXX

Z 

Y 

Fig. 3. (a) Body-fitted coordinate grid system and (b) Schematic of
boundary conditions.

Table 3. Boundary conditions

Category Symbol Characteristics

Outdoor air IN2, INLET u¼ 0, v¼ 0, w¼ vinlet
Walls of outdoor zone PRESS Pressure boundary, non-slide on X-plane
Outlet FILT, DOOR @u/@y¼ 0, @v/@y¼ 0, @w/@z¼ 0
Wall boundary WIN, WAL, BED, FLOR, PARTI, DOORC u¼ 0, v¼ 0, w¼ 0
Heat source HEAD, NOSE Human heat generation
CO2 generation source IN CO2 generation
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Table 4. Airflow distributions for different opening angles and inlet airflow velocities

0.0 m.s−1 0.3 m.s−1 0.5 m.s−1 1.0 m.s−1

30°

45°

60°

90°

120°

135°

150°
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for different inlet airflow velocities. It has been suggested

that indoor air quality (IAQ) can be evaluated in terms of

five separate indices, namely the air change volume, the air

change per hour (ACH), the local mean age-of-air, the

room average age-of-air, and the air exchange efficiency

(AEE). To simplify the IAQ evaluation process, the

current study chooses simply the ACH and AEE indices.

The AEE index represents the ratio of the local mean

age-of-Air to the room average age-of-air, and therefore

provides an indirect indication of the air quality [33].

For 05�5908, the AEE values were low due to the

conflict between the inlet air path and the gravity venti-

lation path. At low airflow velocities (0.3–0.5m � s�1), the

AEE values were actually lower than when the airflow was

stationary (0m � s�1). However, when the airflow velocity

exceeded 0.5m � s�1, the AEE value increased as a result of

forced convection. At opening angles ranging from 90o to

180o, the airflow and gravity ventilation paths were super-

imposed, and hence the air exchange efficiency was

enhanced at both low and high airflow velocities.

Carbon Dioxide Distribution

Table 5 shows the carbon dioxide distribution at section

A–A of the bedroom for various inlet airflow velocities

and opening angles. In this study, the average carbon

dioxide concentration results were related to the ACH

values obtained for the opening angles and inlet airflow

velocities considered in Airflow Distribution section above.

Figure 7 illustrates the variation of the average carbon

dioxide concentration with the opening angle for various

inlet airflow velocities. It is observed that, irrespective of

the inlet airflow velocity, the carbon dioxide concentra-

tions associated with opening angles in the range

05�5908 are always higher than those obtained for

openings in the range 9085�51808. The variation in the

carbon dioxide concentration with the opening angle

is particularly apparent at low inlet airflow velocities,

0
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Fig. 4. Air change rates for different airflow velocities and opening
angles.
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Fig. 5. Experimental and simulated ACH values for different
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Table 5. Carbon dioxide distributions for different opening angles and inlet velocities

0.0 m.s−1 0.3 m.s−1 0.5 m.s−1 1.0 m.s−1

3

0
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i.e. 0.3 and 0.5m � s�1. For window openings between

908 and 1808, the inlet airflow, which has a low carbon

dioxide concentration, is directed toward the floor and

hence the lower layer of air in the room is mixed more

thoroughly with the fresh inlet air before being exhausted

through the upper opening of the window.

Figure 8 plots the variation of the average carbon

dioxide concentration with the ACH value. It can be seen

that the carbon dioxide concentration decreases with an

increasing ACH value. Consequently, installing a center-

pivoting window improves the indoor air quality by

reducing the level of carbon dioxide while simultaneously

enhancing the air change rate.

Conclusion

This study has conducted numerical and experimental

investigations into the ventilation efficiency of a center-

pivoting window installed in a typical bedroom in Taiwan.

The airflow and carbon dioxide distributions have been

investigated at various window opening angles and inlet

airflow velocities. It has been shown that the ACH increa-

ses as the inlet airflow velocity increases. The AEE at a low

inlet airflow velocity is less than that obtained at a zero

inlet airflow velocity when the opening angle is 5908.
At opening angles between 908 and 1808, the ACH and

AEE values increase with increasing airflow velocity

because the airflow and gravity ventilation paths are

superimposed. These conditions also lead to a reduction in

the average carbon dioxide concentration in the bedroom.

In conclusion, the present results have shown that the

installation of a wall-mounted center-pivoting window in

a bedroom significantly improves the indoor air quality.

Therefore, this type of window represents a crucial element

in the design of sustainable buildings.
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