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ABSTRACT
This study performed a three-dimensional numerical prediction for the induced airflow 
patterns and mean age of air (MAGE) around and inside a naturally ventilated school 
building, while accounting for the wind profile effect. Various fenestrations, hallways, 
and shading devices on the windward side of building were analyzed to determine how 
they affected wind velocity, the incident angle of airflow, and MAGE distribution 
inside classrooms. The numerical scheme is based on a commercial computational fluid 
dynamics (CFD) code, PHOENICS. The incline of incoming wind was observed on 
higher floors that decreased the air exchange rate in the simulated room. The inclined 
airflow could be effectively deflected downward through the breathing zone by hallways, 
1.2-m shades as overhangs, and 0.6-m louvers. Based on this research, an appropriate 
combination of external attachments on the windward side of building façade can be 
utilized to enhance ventilation in school buildings. (See Appendix 1 for nomenclature.)

KEYWORDS
cross ventilation, wind profile effect, shading devices, mean air age,  
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1. INTRODUCTION
Elementary and high school buildings in Taiwan, unlike college or university buildings, rely 
heavily on natural ventilation to remove heat and contaminants. In addition, the ample open 
space, greenery, and large trees contribute to cooling the outdoor air and increasing wind 
velocity. Passive cooling by natural wind becomes an attractive means in days with the ever-
increasing consumption of energy, especially in the hot and humid climate in Taiwan. Effec-
tive ventilation efficiency corresponds to positive effects on indoor air movement, thereby, 
providing an appropriate airflow velocity for maintaining thermal comfort. 

2. LITERATURE REVIEW

2.1 Cross-Ventilation
Natural ventilation is induced by temperature and pressure differences between the inlet and 
outlet openings of a building, resulting in stack-ventilation and cross-ventilation, respectively. 
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Cross-ventilation can be more favorable for providing larger air flow rates and is, hence, more 
suitable for large heat gains [1, 2]. It is characterized by the presence of two or more openings 
on opposite sides of a building. Positive pressure is created on the side of the building that 
faces the wind (windward side); whereas suction regions are formed on the other sides, par-
ticularly the opposite side (leeward side). 

The external wind field effect and internal airflow structure both determine the geomet-
rical and physical parameters that govern the accuracy of macroscopic airflow when predicting 
cross-ventilation in buildings. Wind field parameters include wind direction, wind velocity, 
and turbulence fluctuation. Influential factors of internal airflow structure include building 
façade configurations such as structural attachments, façade porosity of fenestration, and inte-
rior divisions. 

2.2 Interaction of External and Internal Wind Fields
Some previous studies have considered internal airflow conditions and external wind field 
effect separately. However, the interaction between buildings and the external environment was 
revealed to affect human comfort inside buildings [3]. Kato et al. [4] indicated that the airflow 
rate of cross-ventilation depends on both drag characteristics of internal flow and the total 
pressure difference between the windward and leeward openings of a building. A primary force 
produced in internal airflow for a naturally ventilated structure is the external wind pressure. 
Many previous studies have claimed that indoor and outdoor airflow must be jointly discussed. 
Straaten [5], Vickery and Karakatsanis [6], Graca et al. [7], and Seifert et al. [8] have found 
that the internal flow rates were predicted with inexact external pressure distribution values 
derived using a solid model. The suggested compact integration method proposed by Zhai et 
al. [9] showed directional velocity vectors entering and exiting windows, thus describing the 
real situation more accurately. The directionality of the velocity vectors also created additional 
vortices and recirculation zones inside a room. Hence, developing scenarios for integrating 
internal and external wind environment is sufficient for evaluating indoor airflow velocity.

2.3 Wind Profile
The external wind field effect around buildings causes the driving force for cross-ventilation. 
It is a complex problem involving severe pressure gradients, streamline curvature, swirl, as well 
as separation and reattachment combined with turbulence effect [10]. External wind field was 
generally set as average velocity from the previous published papers. However, Straaten’s [5] 
experiment showed that the atmospheric boundary layer effect appeared when the mean wind 
velocity increased with height as a consequence of friction between the layer of moving air and 
the ground. The roughness of the terrain apparently influenced the gustiness of the wind and 
variability of its direction. Accordingly, assuming the wind profile inlet is necessary in design-
ing the studied domain.

2.4 Building Façade Design
Building façade configurations determine the wind airflow direction that enters a building, 
and profoundly affects the microclimate of a building [10, 11]. Ayad [10] studied the ventila-
tion properties of a room with various fenestrations. The results showed that the placement 
of openings in relation to one another may enhance the mean velocity inside a room. Prianto 
and Depecker [12] focused on the applicability of some architectural design elements, such 
as window location, balcony configuration, and interior division, using numerical simulation. 
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The analysis showed that building façade configuration played a significant role in improv-
ing the indoor thermal environment. Chiang et al. [13] and Argiriou et al. [14] discussed the 
effects of façade design on natural-ventilation and concluded that shading position is the main 
factor determining airflow velocity in a room.

2.5 CFD Application
Computational fluid dynamics (CFD) has progressed rapidly during the past years in evaluat-
ing the interaction between wind and building structures. The applications are extended to 
examine indoor air quality, as well as natural and stratified ventilation [15]. Studies on the 
wind field effect using CFD can be mainly divided into several categories, including wind 
climate predictions of city blocks [16–18] and around buildings [19, 20], mesoclimatic pre-
dictions of a room [21, 22], microclimatic predictions around human bodies [23, 24], and 
predictions integrating all aforementioned categories. Numerous previous studies have proved 
that predicting airflow patterns and surface pressure distributions using CFD simulations 
agree favorably with experimental data derived from wind tunnels [25, 26].

3. RESEARCH OBJECTIVES AND PROCEDURE

3.1 Research Objectives
Appropriate ventilation facilitates human comfort in indoor environments. To enhance the 
efficiency of natural ventilation, wind must be properly channelled through the building. The 
ventilation rate for a room depends not only on wind field characteristics but also on building 
façade design. This study developed a full-scale numerical simulation of the wind profile effect 
to investigate the airflow pattern, velocity, and mean age of air in a room that is influenced by 
fenestrations of and attachments on the building façade.

3.2 Research Procedure
Cross-ventilation mechanisms have always been implemented in elementary school buildings in 
Taiwan. This study referred to the sizes of the openings and prototypical classroom plans surveyed 
by Architecture and Building Research Institute for elementary school classrooms in Taiwan [26]. 
Fig.1 (a) displays a prototypical classroom. Horizontal sliding windows are commonly used in 
Taiwan. The dimensions of an individual operable window set are 1.8 m × 1.2 m. The opening 
areas of the inlet and outlet are designed to be the same and fully opened, which is approximately 
12.5% of the façade area. This generally provides the maximal cross-ventilation rate. 

Because of large variability, the simulations were conducted with a sequence of settings, 
as shown in Fig. 2. The examined factors included opening position and larger scale compo-
nents near the openings such as hallways and shading devices on the windward side. 

The first set of simulations was performed to determine optimal fenestration using a 
simplified four-story building model with a prototypical classroom (Fig. 1 (b)). Fig. 3 shows 
the four designed layouts for the inlet and outlet opening in our study. There were totally 
16 fenestration arrangement combinations. The second set of simulations was performed by 
extending the simplified model to a complete model by locating five aligned classrooms on 
each floor, thus representing a typical school building in Taiwan. 

The third set of simulations involved using a complete model (Fig. 1 (c)) to determine the 
effect of adding a 3-m wide hallway on the windward side as shown in Fig. 4 (a). The hallway was 
expected to reduce the difference in airflow pattern and ventilation efficiency among the floors. 
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FIGURE 1. (a)–(c) Simulated models.

(a) The drawings with dimension for a prototype classroom (unit: m)

(b) The simplified model with only one classroom on each floor
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FIGURE 1. (a)–(c) (continued)

FIGURE 2. The flow chart of research procedure.
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FIGURE 3. (a)–(d) The layouts of opening used for simulation set 1.

FIGURE 4. (a)–(e) Dimension of structural attachments on building façade (unit:m).
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The selected shading devices in this study were focused on horizontal shadings, either 
in single shade or in multiple shades as a louver. The fourth set of simulations emphasized 
the single horizontal shadings. The difference between horizontal shading and overhangs 
depended on its position. The former was near the top of the window, whereas the latter 
was extended from the ceiling or roof, normally much higher than the top of the window. 
Therefore, various positions of the shades heights regarding the openings were examined. The 
shades were either placed on the top of the window, overhang as an extension of the floor, or 
between the two positions. The precise dimensions and locations of shading devices in each 
situation are displayed in Fig. 4. However, the external pressures could be equalized using a 
slot on the horizontal shadings that weakened the upward airflow [28]. Hence, 0.15-m and 
0.3-m depth slots on the horizontal shades were also tested as additional research variables in 
this simulation set. 

In the fifth set of simulations, 0.3-m and 0.6-m multiple shades as louver were attached 
to the façade of the complete model building. Louver devices of 0.9-m and 1.2-m are not 
discussed because of the inefficiency of indoor lighting. Because the opening area adequately 
large to achieve satisfactory air quality by measuring air change rate per hour (ACH), this 
research emphasized airflow velocity distributions and MAGE in the student’s breathing zone 
(1.05 m) in the examined room at the center of complete building.

3.3 Air Quality Index

3.3.1 Air Exchange Rate
The air exchange rate is a general index for evaluating building ventilation and has units of 1/
time. When the time unit is hours, the air exchange rate is called air changes per hour (ACH) 
and can be obtained using Eq. (1) [29]: 

	 n = ​ 
Q

 __ 
V

 ​	 (1)

n (1/hr): air changes per hour
Q (m3/hr): volumetric flow rate of air into space
V (m3): interior volume of space 

Normally, air exchange rates ranging from 4 to 12 ACH are considered sufficient to 
remove indoor containments from school buildings [30]. Air exchange rates with much 
greater values can extract accumulated heat and improve thermal comfort.

3.3.2 Mean Age of Air (MAGE)
The air exchange rate describes the outside air ventilation rate entering a building or zone. 
However, it does not describe recirculation or the distribution of the ventilation air to each 
space within a building or zone [31]. Mean age of air, which is defined as the average time for 
air to travel from the opening to any location inside a ventilated room, can be use to evalu-
ate ventilation efficiency [32]. The concept of MAGE is assumed as zero at the inlet opening 
(100% fresh) [33]. The “youngest” air is at the point near the window where air enters the 
room by forced or natural ventilation. The “oldest” air is at a certain location inside the room 
or in the exhausted air. In “dead” zones (the recirculation areas), the time since entry tend to 
a large value as the air trapped there [34]. The mean internal age of air () involve units of time 
that are usually in seconds, and can be obtained using the following transport equation:[35]
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	 ui ​ 
∂τ __ 
∂x

 ​  = ​ 
∂
 __ 

∂xi

 ​ ​[ ​( ​ υt __ 
στ

 ​ + ​ 
υ

 __ 
σ

 ​ )​ ​ ∂τ __ 
∂xi

 ​ ]​ + 1	 (2)

Where ui is the velocity component; υ and υt are the laminar and turbulent kinematic 
viscosities, respectively. σ is the laminar Schmidt number of air and στ is the turbulent 
Schmidt number for the age of the air. The further formulations may refer to references [34, 
36]. In this study, the values were calculated directly from the CFD code PHONEICS.

3.4 CFD Modeling
3.4.1 Computational Domain Size
To examine the effect of wind profile on different height, the simplified model was set as a four-
story building, as shown in Fig. 1 (b). The terrain condition for computational domain was 
assumed as the urban region. The factors of the external surroundings on the flow and disper-
sion within the computational domain were accounted for with the prescription of the behav-
ior of the flow variables at the boundaries. The airflow entered from the boundaries through 
the computational domain with complete information on all flow variables was necessary. The 
COST Action 732 [37] was the guideline for superior model validation of simulations. For 
a single building model, the top of the computational domain should be at least 5 H above 
the roof of the building, where H is the building height. The requirement of lateral extension 
required a distance of 2.3 H between the building’s sidewalls and the lateral boundary. At least 
5 H between the inflow boundary and the building façade was optimal for the wind profile to 
be well defined. The extended region behind a single building should be positioned at least 15 
H for flow re-development occurring behind the wake region. Based on this assumption, the 
computational domain dimension in this study was set as 111.44 m in x-axis, 296 m in y-axis, 
and 86.4 m in z-axis. The wind field greatly influenced the airflow on the building’s windward 
side, forming upstream turbulence that considerably affected the external flow reattachment 
and surface pressure coefficients. This, in turn, affected airflow through the building openings; 
and ultimately, the MAGE distribution in the room. The simulations showed that the penetra-
tion flow entered the inlet opening with steep inclined angles caused by the front eddy; and 
the flow exited from the outlet moving upward because of the outside re-circulating eddy. The 
entire simulated model of the computational domain is displayed in Fig. 5 (a).

3.4.2 Numerical Scheme
The standard k-ε turbulence model has been widely used in numerous previous studies. 
However, Chen [38, 39] studied various indoor airflows using eight turbulence models and 
concluded that the RNG k-ε model demonstrated superior feasibility to predict the indoor 
airflow velocity. The simulations by Evola and Popov [19] and Posner et al. [20] showed favor-
able agreement with experiment data, especially when using RNG k-ε model. The three-
dimensional CFD model with the RNG k-ε turbulence developed by Kim and Baik [16] also 
showed the same result for ambient airflow in urban area. Accordingly, the RNG k-ε model is 
intended to be a useful tool for studying wind-driven natural ventilation, while predicting the 
assessment of the ventilation rate and air distribution inside a room. 

This study used a commercial CFD code, PHOENICS, to solve pressure, velocity, tur-
bulence and MAGE in steady state condition. For the RNG k-ε turbulence equation, the 
empirical turbulence coefficients were set as: σϰ = 0.7179, σε = 0.7179, σε2 = 1.68, and Cμ = 
0.085 [44]. For the MAGE equation, the initial value at the air inlet was zero. Thermal effect 
was ignored because wind force used in this study was strong than buoyancy effect. 
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FIGURE 5. (a)–(c) Computational domain and grid settings.

(c) The finer grid

(a) Computational domain

(b) The chosen grid
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To obtain more highly detailed information around and inside the simulated room, the 
grid used for this study was not uniform in size, and its density was more crowded as more 
close to the room with the growth rate as 1.2. The non-uniform cell sizes were approximately 
0.15 m to 0.8 m for internal zone, including the building and shading devices on the building 
façade, and 0.8 m to 6 m for external zone (Table 1). The total mesh number is 4,116,000. 
The iteration of calculation was employed by 25000 to converge achieving the predetermined 
criteria of 10–5. This study employed CFD to solve the equations by discretizing them using 
finite volume techniques that convert the flow-governing equations to a set of numerically 
solvable algebraic equations. 

3.4.3 Wind Profile Function
The wind velocity near ground is highly variable and irregular. Such random behavior is 
designated by the term “turbulence” [40]. In the low atmospheric layers, turbulence is gener-
ated by any ground obstacles as well as by thermal airflow instabilities. Turbulence decreases 
with increasing height. In this study, the inlet boundary conditions associated with a wind 
velocity profile (considering the atmospheric boundary layer) can be defined using a wind 
profile function built in the software program PHOENICS. Either a logarithmic or power-
law velocity profile can be specified, as follows [41,42]: 

Logarithmic profile:

	​ 
U

 ___ 
U*

 ​  =  ​ 
ln

 __ 
κ

 ​ ​( ​ Z __ 
Zo

 ​ )​	 (3)

Power-low profile:

	​ 
U

 ___ 
Ur

 ​  =  ​( ​ Z __ 
Zr

 ​ )​α	 (4)

where U is the total velocity at the height Z from the ground, κ is von Karman’s constant 
(=0.41), and Zo is the effective roughness height of the ground terrain, Ur is the reference 
velocity at the reference height Zr, and α is the power-law exponent. 

The wind profile as inlet profile is usually obtained from logarithmic profile [37, 43, 44]. 
For logarithmic profile formulation of boundary condition, the same coefficients that were 
used in the turbulence model including the turbulence kinetic energy, k, and its dissipation 
rate , ε, were used as following :[43–45]

	 k = ​ U*2
 ____ 

​√ 
___

 Cμ​
 ​	 (5)

	 ε = ​ U*3
 ____ κz ​	 (6)

TABLE 1. Summary of cell size used. (Unit: m)

Area Cell size of chosen grid Cell size of finer grid

Internal zone* 0.15~1.5 0.0375~0.375

Distance from building in 2 H 0.8~3.0 0.2~1.5

Distance from building over 2 H 3.0~6.0 1.5~3.0
*Areas included the building and attached components of building facade.
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The total friction velocity, U*, is given as : 

	 U* = Ur ​ 
κ

 __ 
ln

 ​ ​( ​ Zr __ 
Zo

 ​ )​	 (7)

The reference height Zr is usually adopted as 10 m, because this is the height where mean 
meteorological wind speed data are generally provided. In this study, the velocity at reference 
height was set as 2 m/s according to the climate statistics over last ten years in Taiwan. The 
effective roughness height of the ground terrain was 1 m to represent terrain type of urban.

4. RESULT AND DISCUSSION

4.1 Grid-Sensitivity Analysis
To reduce numerical errors, not only iterative convergence but also grid setting should be 
assessed. In this study, a grid-sensitivity analysis was performed for the simplified model by 
comparing the chosen grid to a grid with 4 times finer mesh density (Fig.5 (b)–(c)). The 
exact mesh sizes were listed in table 1. Indoor air velocity as a function of height at the inlet 
of building centre was evaluated. The chosen grid was considered satisfactory because the 
maximum discrepancy between the two grids was 10% (Fig.6).

4.2 CFD Validation
To ensure the validity of numerical procedure and boundary condition for this study, an 
additional set of simulations was conducted that replicated the experiments by Givoni [40, 
46–52]. A room with two windows on opposite walls was used where the inlet directly faced 
the external wind. Average indoor air velocity, expressed as the percentage of external wind 

FIGURE 6. Wind velocity as a 
function of height at the inlet of 
building centre comparing the 
chosen grid to the finer grid.
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speed, was measured with window width ranging from 1/3 to 3/3 of the wall width. As listed 
in table2, the discrepancies between the simulations and the published experimental data were 
less than 9.6%, indicating that the present numerical procedure is adequate and reliable.

4.3 Effect of Fenestration
Table 3 shows MAGE results of Simulation Set 1. As expected, the ventilation rate was mainly 
affected by inlet layout as opposed to outlet layout. Inlet Layout A produced the smallest 
values among all four layouts on all floors. Nevertheless, there are interactions among the 
effects of wind profile and fenestration. The variation of MAGE value caused by the change of 
inlet layout varied with each floor. On each floor, the largest MAGE value caused by changes 
in fenestration combinations was approximately 30% more than the smallest one. The incre-
ment of MAGE caused by changes in both floor and fenestration combinations can be as large 
as 96% compared with the smallest one. (Fig. 7)

Based on floor-averaged values of MAGE shown in Table 3, the A-B combination was 
the smallest among all 16 combinations. The A-B combination was, therefore, adopted for all 
of the following simulation sets to examine the effect of attachments on building façade.

TABLE 2. Average indoor air velocity as the percentage of external wind speed comparing 
simulated data with published experimental data. (unit: %)

Inlet Width Outlet Width Givoni’s Experiment This Study Discrepancy

1/3 1/3 35 	 38.3 	 +9.6

2/3 39 	 38.2 	 –2.0

3/3 44 	 42.9 	 –2.6

2/3 1/3 34 	 31.3 	 –8.1

2/3 37 	 34.2 	 –7.6

3/3 35 	 37.5 	 +7.1

3/3 1/3 32 	 29.0 	 –9.3

2/3 36 	 36.1 	 +0.4

3/3 47 	 51.0 	 +8.4

TABLE 3. MAGE of the breathing zone comparing the 16 combinations of fenestration 
arrangement. (Unit: s)

Floor

1F 4F Average

Inlet layout Inlet layout Inlet layout

A B C D A B C D A B C D Average

Outlet 
layout

A 30.9 37.6 35.1 30.4 40.9 47.6 51.3 40.7 31.8 38.0 38.0 34.2 35.5

B 27.5 35.3 33.3 33.6 39.9 45.9 50.1 45.8 30.8 37.3 37.4 37.1 35.6

C 27.6 34.5 33.7 30.8 39.9 44.2 48.3 39.6 31.0 36.6 37.6 32.8 34.5

D 27.0 35.5 34.7 33.7 41.7 51.4 51.8 44.2 31.7 39.1 38.8 35.8 36.3

Average 28.3 35.7 34.2 32.1 40.6 47.3 50.4 42.6 31.3 37.7 37.9 35.0
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In contrast to the results for MAGE 
in Simulation Set 1, the air exchange rate 
was not significantly influenced by air recir-
culation, as listed in Table 4. Air exchange 
rate was slightly greater on higher floors, 
while MAGE increased. Standberg [52] also 
observed this phenomenon in his experi-
ment. It can be attributed to the difference 
in deflective angle of incoming wind on each 
floor. The average value of air exchange rate 
approximately 22 ACH was much greater 
than the value suggested by ASHRAE [30] 
for removing indoor containments from 
school buildings. Thus, the following analy-
sis emphasized airflow velocity distributions 
and the MAGE in the student’s breathing 
zone in the analyzed room to examine ven-
tilation efficiency.

4.4 Complete Model
Simulation Set 2 involved applying the complete model using the A-B combination on each 
floor. The average value of airflow velocity (Table 5) was stronger on the higher floors which 
corresponded to a smaller overall average MAGE in the entire room because of the wind 
profile effect (Fig. 8). The values in the breathing zone, as indicative of air quality for seated 
students, behaved differently because of an obvious deflection that led airflows away from the 
breathing zone. MAGE for 4F was approximately 57% more than the value for 1F. 

Fig. 9 displays how wind impinged on the windward building façade and flowed into a 
particular room. The airflow had apparent directionality, governing non-uniform distributions 
of airflow in the room and was more obvious on higher floors. Hence, hallway and shading 
devices were used to improve uniformity of air exchange in the following simulation sets.

4.5 Effect of Hallway
Fig. 10 (a) displays the MAGE contour of Simulation Set 3 with hallways and solid handrails 
on the windward side. Compared with Simulation Set 2, the airflows on 3F and 4F were 
intercepted by the hallway ceiling and then induced into the rooms. Air flowed across the 
breathing zone effectively. Fig. 10 (b) shows that higher air velocity on 1F to 4F resulted in 
36% to 53% younger MAGE than the model without hallways. Furthermore, the differences 
in both air velocity and MAGE among floors became relatively small. Hallways on the wind-
ward side were effective in directing airflow into the breathing zone, which contributed to 
increasing the air exchange efficiency.

TABLE 4. Average air exchange rate on each floor. (Unit: 1/hr)

Floor 1F 2F 3F 4F

ACH 21 21 22 24

FIGURE 7. Maximum and minimum MAGE 
due to fenestration combination as a function 
of floor in the breathing zone.
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4.6 Effect of Shade Position and Depth
Simulation Set 4 indicated that adding a single shade over an upper window could also effec-
tively decrease MAGE on higher floors, though not as effectively as the much deeper hallways 
(Figs. 11 and 12). However, the effect on the MAGE varied with difference in shade depth 
and position among floors. Except for the 0.3-m-deep shade, a deeper shade and higher shade 

position yielded greater improvements in 
MAGE. Shades as overhangs more substan-
tially reduced the percentage of MAGE on 
the higher floors, resulting in greater unifor-
mity among floors. The model with 0.3-m-
deep and 0.3-m-upper shades was the only 
one that resulted in greater (older) MAGE 
values than that of the model without 
shades. When 0.6-m and 0.9-m shades were 
adopted, shades over windows and shades 
0.3-m upper than windows yielded a better 
air exchange rate on the lower floors. 

Generally, deeper overhangs were more 
effective in directing the inclined wind for 
higher floors. For lower floors, because of 
flat incoming wind, narrower shades over 
window were adequate in inducing airflow 
into the room. The youngest MAGE values 
obtained when applying horizontal shades for 
individual floors were not much older than 
those obtained from the model with hallways.

TABLE 5. Average velocity in the central room of complete model.
(Unit: m/s)

Distance from inlet opening (m) 1F 2F 3F 4F

	 0 	 1.07 	 1.09 	 1.14 	 1.29

	 0.1 	 0.58 	 0.59 	 0.59 	 0.61

	 0.6 	 0.48 	 0.48 	 0.49 	 0.49

	 1.6 	 0.41 	 0.41 	 0.44 	 0.41

	 2.6 	 0.38 	 0.39 	 0.43 	 0.41

	 3.6 	 0.36 	 0.37 	 0.41 	 0.39

	 4.6 	 0.33 	 0.34 	 0.39 	 0.38

	 5.6 	 0.33 	 0.33 	 0.38 	 0.38

	 6.6 	 0.37 	 0.37 	 0.41 	 0.42

	 7.4 	 0.43 	 0.43 	 0.45 	 0.48

	 7.8 	 0.64 	 0.64 	 0.62 	 0.64

Avg. 	 0.49 	 0.49 	 0.52 	 0.54 

FIGURE 8. MAGE in the central room of 
the complete model comparing the overall 
values to the average values at the breathing 
zone and the values on the central axis of the 
breathing zone.
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FIGURE 9. MAGE contour 
of complete model without 
attachment.

FIGURE 10. (a)–(b) MAGE of complete model with hallway.
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FIGURE 11. (a)–(c) MAGE of complete model with single shade.

FIGURE 12. (a)–(c) MAGE contour of complete model with single shade.
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FIGURE 13. (a)–(c) Complete model with 1.2-m shade over window.

4.7 Effect of Slots for Shades over Windows
Fig. 13 indicates that shades with slots weakened the upward wind and resulted in desir-
able airflow pattern. This result favorably agrees with those from Olgyay’s experiment [38]. 
However, results reveal that superior airflow patterns did not always accompany the lower 
MAGE in the room. Fig. 13 (a) shows the average MAGE values in different shade lengths 
and slot depths. Generally the differences on various floors were slight. 
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4.8 Effect of Louvers
Fig. 14 shows the wind path that passed through the rooms straightly on lower floors. 
However, narrower louvers (0.3 m) weakened the velocity on 1F, thus correspondingly result-
ing in a high MAGE as shown in Fig. 19. On higher floors, deeper louvers significantly con-
tributed to channelling incoming wind through the breathing zone. Using 0.3-m and 0.6-m 
louvers, MAGE on 4F decreased by approximately 35% and 54%, respectively (Fig. 14 (a)). 
The results also reveal that incoming wind on 3F, where wind profile effect became stronger, 
was not adequately deflective to impinge shades and entered the room directly as shown in 

FIGURE 14. (a)–(d) Complete model with louver.
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Fig. 15. The incoming wind on 3F caused a 
higher MAGE than on 4F, despite applying 
deeper louvers. Therefore, multiple shades 
used as louver were appropriate for direct-
ing airflow on each floor and using deeper 
shades improved the air exchange rate more 
effectively.

5. CONCLUSION
According to the computational simulation 
of a typical school building with perpendicu-
lar incoming wind from domain inlet that set 
as 2 m/s at reference height, physical factors 
such as fenestrations, hallways, and shading 
devices affect both indoor airflow distribu-
tions and MAGE in the breathing zone. The 
following conclusions can thus be drawn:

a.	 The wind profile effect causes higher 
inlet airflow velocities on higher 
floors, resulting in an inclined angle 
of incoming wind at inlet toward the ceiling. Deflective incoming wind with a  
larger velocity on higher floors does not contribute to decreasing MAGE in the 
breathing zone.

b.	 Indoor airflow patterns are influenced considerably more by the inlet fenestration 
layout than by the outlet layout. The optimal fenestration combination in this study 
resulted in a 30% smaller MAGE than the least favorable combination on the same 
floor. Differences caused by changes in both floor and fenestration combinations can 
be as large as 96%.

c.	 Hallways with 3-m extension of floor can influence the airflow pattern obviously. 
Incoming wind is directed to centralize toward the breathing zone, thereby improv-
ing the ventilation efficiently by reducing MAGE by approximately 53%, which was 
approximately 23 s in this study. The differences among floors thus become consider-
ably smaller.

d.	Deeper single horizontal shades upper than windows are more useful in diverting the 
inclined airflow toward the breathing zone on higher floors. Using 1.2-m overhangs 
reduced MAGE by 45% on 4F, only slightly less than the result obtained by introducing 
hallways. Therefore, depth and position of shades are less critical on the lower floors.

e.	 Using shades with slot improve airflow patterns. However, this effect barely influ-
ences MAGE values.

f.	 Multiple shades used as louvers can significantly direct incoming wind, and deeper 
shades apparently decrease MAGE in the breathing zone more effectively. However, 
the improvement is not as effective on 3F, where the angle of the incoming wind is 
slight.0.6-m louvers decrease MAGE by 52% on 4F.

FIGURE 15. Airflow path of complete model 
with 1.2m louver on 3F and 4F.
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APPENDIX 1: NOMENCLATURE
Cμ	 Turbulent model constant
H	 building height
k	 turbulence kinetic energy
L 	 building length
MAGE	 mean age of air
n	 air change rate per hour
Q 	 volumetric airflow rate 
U	 total velocity at Z height from ground
Ur	 velocity at reference height
U*	 total friction velocity
ui	 velocity components in x, y, z direction
V 	 interior volume of a space
W 	 building width
Zo	 effective roughness height of the ground terrain
Zr	 reference height

Greek Symbols
α	 power-low exponent
ε	 dissipation rate of turbulence kinetic energy
εα	 air exchange efficiency
κ	 von Karman’s constant
σ	 laminar Schmidt number of air
σκ	 turbulence model constant
σε	 turbulence model constant
σε2	 turbulence model constant
στ	 turbulent Schmidt number for the age of air
τ	 internal mean age of air
υ	 laminar kinematic viscosity
υt	 turbulent kinematic viscosity
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