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Abstract
Natural ventilation is a promising approach to reducing building energy use if designed properly.
Most of the previous design models for calculating airflow due to single-sided natural ventilation
have been based on the assumption of simple openings. Since most windows are not simple
openings, but rather can create flow obstructions when opened, the impact of window structure on
ventilation needs to be accounted for in order to accurately predict the ventilation rate in
buildings. This paper presents an experimental and numerical evaluation of the impact of three
types of windows — hopper, awning, and casement — on airflow in the case of single-sided
natural ventilation. Semi-empirical models for predicting the ventilation rate were developed for
these window types and validated by both large-eddy simulations and full-scale measurements. In
general, the predictions agreed with the measured results within an error of 25%, and the new
models can be used for the design of natural ventilation systems.
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Introduction

The energy use by the building sector is the largest in the U.S., which accounts for nearly 41% of
the total prime energy consumption [1]. To improve the energy efficiency of cooling and
ventilation systems, building designers are making use of natural ventilation [2,3,4]. However,
designers currently do not have accurate and simple tools for designing natural ventilation
systems, especially in the case of single-sided ventilation. Because of the highly turbulent effect
and bi-directional flow at window openings, computational fluid dynamics (CFD) using largeeddy simulation (LES) is the most accurate modeling approach [5]. However, such CFD
simulation requires an in-depth knowledge of fluid dynamics and numerical techniques and a
prohibitively large computing capacity [6]. Therefore, LES cannot be used for conventional
building designs. Instead, building designers prefer simple empirical models such as those
described in the ASHRAE handbook [7]. These empirical models usually neglect the effect of
fluctuating wind on ventilation rate, even though it is one of the most important factors in
determining the rate [8]. In addition, the existing models have been developed primarily for
simple openings and do not account for flow obstruction by window structure [9,10,11]. A recent
study by Caciolo et al. [12] found very significant errors in the estimation of flow through a
window by means of empirical models. The errors were due to over-simplification of the
turbulence effect and to flow interaction between the wind and windows in these models.
To account for the fluctuating wind effect in single-sided ventilation, Wang and Chen [13]
developed a model that quantifies the mean ventilation rate, fluctuating ventilation rate due to
pulsating flow, and eddy penetration for single-sided ventilation with simple openings. The flow
rates predicted by the model are in good agreement with measured rates. However, the model
applies only to simple openings. In buildings with natural ventilation capability, awning (tophinged) windows, hopper (bottom-hinged) windows, or casement (side-hung) windows are
typically used, as shown in Fig. 1. Since these window types may obstruct the flow through the
window opening, the ventilation rate could be substantially different from that through a simple
opening.

Fig. 1 Illustration of awning, hopper, and casement windows
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To account for the impact of different window types on ventilation rate, a reduced opening area,
i.e., effective opening area, has been used in previous research to replace the simple opening area
in existing models [9,10,12]. Another approach has been to modify the discharge coefficient for
different types of windows [14,15,16]. Karava et al. [17] reviewed the discharge coefficients used
by various researchers for different window configurations and wind conditions. They found that
those studies usually assumed a constant discharge coefficient for each type of window. Both of
these approaches neglect the flow pattern change caused by window structure and may not
sufficiently account for the impact of window type on flow rate when the wind direction changes
[18].
Recently, Grabe [19] and Grabe et al. [20] experimentally investigated the natural ventilation rate
due to the buoyancy effect for various types of windows and observed large variations in
ventilation rate. Their studies demonstrated the importance of considering different window types
when calculating the ventilation rate. However, the correlations they developed are suitable only
for buoyancy-driven ventilation. For more complicated wind-driven ventilation, Gao and Lee [21]
studied three types of windows, and they observed large variations in ventilation rate for different
window configurations with different wind directions. In our literature search, we did not find any
simple correlations that were able, with reasonable accuracy, to account for the impact of
different types of windows on airflow in the case of wind-driven, single-sided ventilation. This
paper describes our effort in developing simple models for airflow through hopper, awning, and
casement windows that can be used in the design of single-sided natural ventilation systems in
buildings.

2

Methodology

The objective of this paper is to quantify the impact of different types of windows on the singlesided ventilation rate by means of semi-empirical correlations. To develop semi-empirical models,
it is important to generate a large database of ventilation rates for various scenarios. There are
typically two ways to generate such a database: experimental measurements and CFD simulations
[22]. Experimental measurements can be conducted either in an actual building or in a wind
tunnel [23]. Measurements in a building are more realistic; however, because of the prevailing
wind direction in a given location, the outdoor wind conditions may not vary within a wide
enough range for establishing a database [24].
By contrast, measurements in a wind tunnel, where the flow of wind is controlled by means of an
opening, can be used to generate a sufficiently large database [11,25,26]. However, a full-scale
wind tunnel experiment is extremely expensive, and a reduced-scale building model in a wind
tunnel usually cannot achieve the desired dynamic similarity [25]. This is because the required
Reynolds numbers are large, and thus an extremely high inlet air velocity is needed for a reducedscale model [27]. Furthermore, in a reduced-scale model it may not be possible to include details
of the window geometry that could be significant for the evaluation of the wind interaction with
the window.
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CFD simulations are relatively inexpensive, and the boundary conditions can be easily controlled
[29]. However, because CFD models use many approximations [30], the accuracy of these
models needs to be validated by experimental data. According to Jiang and Chen [5], LES yields
the best prediction of single-sided ventilation among a variety of CFD models. Therefore, this
technique was selected for the present study. First, the accuracy of LES was validated with
experimental data from a full-scale test facility in an outdoor environment. Next, the validated
CFD model was used to generate a database for awning, hopper, and casement windows over a
wide range of wind conditions. Finally, the database was used to develop semi-empirical
correlations for the three types of windows.
2.1

Semi-empirical models for calculation of ventilation rate with different types of
windows
This section outlines the development of three semi-empirical models for hopper, awning, and
casement windows. The airflow rate through those windows should be a function of wind
incident angle, wind speed, window opening angle, window geometry, and building geometry,
expressed as

Q  f (w,U,,Cp ,hwindow ,wwindow )

(1)

For a simple opening, the following equation can be used to calculate the airflow rate [13]:
h  h0

C d ,rec w C p
Q


z

z 2/7  z02/7 dz
U

0

1/7

(2)

z ref
where h is the height of the opening, h0 is the elevation of the bottom of the opening above the
ground, and z0 is the distance from the neutral level to the ground. The neutral level is the level
where indoor and outdoor pressure equals each other. The detailed explanation and procedure for
calculating the neutral plane level can be found in Wang and Chen [13]. The discharge coefficient
for rectangular orifice Cd,rec is 0.62 [31]. To account for the impact of the different window types
and their interaction with the window opening angle and wind incident angle, this investigation
introduced a modifier, C ( w ,  ) . The modified airflow rate can be expressed as
h  h0

Cd w C p
Q  C ( w ,  )
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z ref

1/7

U ref

(3)

The pressure coefficient, Cp, depends on the building geometry and wind incident angle. The
correlation of the pressure coefficient at different incident angles has been determined by Swami
and Chandra [32] to be

w


2
3
1.248  0.703sin 2  1.175sin  w  0.131sin (2 w G ) 
 ln 

(4)
C p (0)
 0.769 cos  w  0.07G 2 sin 2  w  0.717 cos 2  w



2
2
2
where G is the natural logarithm of the ratio between building length and width. Once the
pressure coefficient at zero incident angle has been obtained through CFD simulation, Eq. (4) can
C p ( w )
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be used to calculate the pressure coefficient at any other wind incident angle to reduce the number
of simulations needed.
2.1.1 Hopper window
Because a hopper window opens inward, this study considers it as half of a converging nozzle at
the end of a pipe, as shown in Fig. 2. The outdoor environment can be regarded as the pipe, and
the window can be considered as the lower half of the converging nozzle. Therefore, it is
reasonable to use the discharge coefficient of a converging nozzle, Cd, converging, which is 0.92
when the flow is turbulent and Anozzle/Apipe is approximately zero [31]. The modifier C ( w ,  ) can
be written as
 Cd ,converging
C ( w ,  )  min 
 C
d , rec


sin  
,1 

2


(5)

Fig. 2 Hopper window dimensions and representation as half of a converging nozzle
Intuition suggests that a larger opening angle would allow a higher ventilation rate. When the
opening angle is sufficiently large, the hopper window will behave like a simple opening. Thus,
this study used a minimum function in Eq. (5) to ensure that the value of this modifier does not
exceed one when the opening angle is large. The term sin / 2 in Eq. (5) reflects the impact of
the opening angle on the discharge coefficient and the fact that the hopper window is treated as
half of a converging nozzle. Since hopper windows open inward, the flow obstruction will be
proportional to a simple opening for any wind incident angle. Hence, C ( w ,  ) for hopper
windows is a weak function of  w . Because the pressure coefficient changes with wind direction,
different incident angles will still yield different ventilation rates. The ventilation rate for hopper
windows can be calculated as

C
sin 
min  d ,converging
,1Cd ,rec w Cp
Cd ,rec
2 

Qhopper 
zref 1/7
5

hh0



z0

z2/7  z02/7 dz
Uref

(6)

2.1.2 Awning window
In the case of an awning window, air can flow into the room via two paths, as shown in the green
areas, A1 and A2, in Fig. 3. Eq. (3) was applied twice, one for each path. For the rectangular
opening area A1 in the front view, the equation for a simple opening (Eq. (2)) was used. It should
be noted that the height of the opening is a function of the opening angle. The ventilation rate
through this opening area is
h1  h0

Q1  C d , rec w1 C p



z 2 / 7  z 02 / 7 dz

z 0 ,1

z ref

1/ 7

(7)

U ref

where h1  h (1  cos  ) .

A3
Blocked by
the window
A2
A1 Opening
Side view

Front view
Fig. 3 Awning window dimensions and opening areas

The ventilation rate through the opening area A2 will reach a maximum when the wind is parallel
to the opening, and the minimum rate will occur when the wind is normal to the opening.
Furthermore, since the opening area on the side is triangular, this study divides the modifier by
two to account for the reduced opening area. In addition, only a portion of the outdoor air passing
through A2 will travel into the building via A3, as shown in Fig. 3, and the rest will exit through
A4. This study assumes the rate of airflow into the room is proportional to the ratio between areas
A3 and A3+A4. Therefore,
(1  cos  w ) w1
w
2
w1  2
2
The ventilation rate for this part of the opening is
C ( w ,  ) 
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(8)

h2  h0

Q2,1 

1  cos 
w

w1



w
w1  2
2

2

where w2  h sin  and h2  h cos  .

Cd ,rec w2 C p

z 2/7  z02/7 dz

z0,2

zref 1/7

U ref

(9)

In addition, the phenomenon of eddy penetration should also be considered when the wind is
parallel to opening A2, i.e., the fact that Eq. (8) is not strictly zero when the wind is parallel to the
opening. Wang and Chen [13] demonstrated that the ventilation rate due to eddy penetration for a
simple opening is

Q2,2 CAU
1
//

(10)

where U / / is the velocity component parallel to the opening. In this case, U//  cosw U because the
wind incident angle is zero when the wind is parallel to the side opening, A2. The total ventilation
rate through the side opening is the summation of Eqs. (9) and (10), which can be rewritten as:
h2  h0

Q2 

1  cos w  C2 cos w





w1

z 2/7  z02/7 dz

z

Cd ,rec w2 C p 0,2
U ref
w
zref 1/7
2
w1  2
2
When C2 = 0.5, Eq. (9) will yield the best overall results. The equation thus becomes
h2  h0

1  0.5 cos 

w1



(11)

z 2/7  z02/7 dz

(12)
U ref
1/7
w2
z
ref
w1 
2
The total ventilation rate through the awning window is the sum of Eqs. (7) and (12), expressed
as
Q  Q 1 Q2
(13)

Q2 

w

2

Cd ,rec w2 C p

z0,2

When the window is on the leeward side of the building, the wind cannot “see” the opening
directly. However, Eqs. (7)-(13) could apply because governing equation Eq. (2) was derived on
the basis of a vertical pressure difference between the indoor and outdoor environments, and it is
valid for both windward and leeward conditions. When the wind is on the leeward side, the
change in pressure coefficient with respect to wind incident angle will reflect the impact of the
change of wind direction, and therefore no additional modification to the model is needed.
Moreover, a simple consistency check was also conducted on the model for the awning window
when the opening angle is 90°. In this case the model is equivalent to Eq. (2), and the awning
window can be approximated as a simple opening.
2.1.3 Casement window
For casement windows in this study, this research considers opening angles up to a maximum of
90°, which is typically the largest opening angle used in practice. The ventilation rate can again
be approximated as two parts, the rates through areas A1 and A2. These areas are shown in the
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front and right views of a casement window in Fig. 4. For the ventilation rate through area A1, the
opening can be assumed to be a simple opening, and thus Eq. (2) can be used with the
corresponding opening area:
h  h0

Q1  C d , rec w1U C p

where w1  min1,(1 cos) w .



z 2 / 7  z 02 / 7 dz

(14)

z0

z ref

1/ 7

A2
Opening

Right view

A3
Blocked by
the window

A1
Opening

Wind incident angle
Top view
Front view
Fig. 4 Casement window dimensions, opening areas, and wind incident angles
For the wind entering through opening area A2 in the right view in Fig. 4, the ventilation rate will
reach a maximum when the wind is coming from the right and parallel to the opening. It should
be noted that the casement window is hinged at the side and thus is not symmetric about its
vertical center axis. As a result, when the wind is coming from the left, the side opening area
cannot be “seen” directly by the wind, and thus we expect the ventilation rate to be smaller than
that when the wind is coming from the right. To properly model this effect, this study first defines
the wind incident angle as zero when the wind is normal to the opening, and the angle increases
8

in the direction opposite to the opening direction of the casement window. As shown in Fig. 4, the
casement window opens clockwise about its hinge, and thus the wind incident angle increases
from 0° to 360° in the counter-clockwise direction. This study assumes that the existence of a
casement window will reduce the ventilation rate by half when the wind incident angle is larger
than 90°. In addition, a portion of the outdoor air flowing through opening A2 will exit through
area A4. This study assumes the quantity of air that enters the room is proportional to the cosine
of half of the opening angle, which is a monotonically decreasing function over the opening-angle
range of 0° to 90°. With these assumptions, the modifier is
C ( w ,  )  c sin  w cos



0   w  90

1
where c  
0.5

(15)

2

otherwise

The ventilation rate due to the side opening area is
h  h0

Q 2  c sin  w cos


2



C d , rec w2U C p

z 2 / 7  z 02 / 7 dz

z0

(16)

z ref 1/ 7

where w2  w sin  .
The total ventilation rate is the sum of Eqs. (14) and (16):
Q  Q 1 Q2

(17)

2.2 CFD simulations for verification of the building models
To verify the simple models proposed, this study used LES to develop a database of ventilation
rates for single-sided ventilation with different window types. To validate the accuracy of the
CFD simulations, this study compared the ventilation rates obtained using CFD simulations with
those from experimental measurements under various wind conditions in a test facility, as shown
in Fig. 5. Table 1 summarizes the wind conditions for the measurements, which were also used as
the inputs for the CFD simulations.
Table 1 Wind conditions and window opening conditions measured in the full-scale test facility
and used in CFD simulations
Case
number
1_1
1_2
1_3
1_4
1_5

Window
type
Hopper
Hopper
Hopper
Hopper
Awning

Opening
angle
30
30
30
30
40

Average incident
angle
13
37
96
111
31

9

Average wind speed at 8.5 m
above the ground (m/s)
3.5
3.8
5.4
4.9
1.3

1_6
1_7
1_8
1_9
1_10
1_11
1_12
1_13
1_14
1_15

Awning
Awning
Awning
Awning
Awning
Casement
Casement
Casement
Casement
Casement

40
40
40
40
40
15
15
15
15
15

36
56
114
134
219
65
102
110
143
167

Fig. 5 Dimensions and outside views of the test facility
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2.9
4.9
0.7
1.4
0.9
1.2
2.9
1.3
2.8
4.4

The validated CFD models were then used to generate a database for verifying the semi-empirical
models proposed. The database describes a simple one-room building with three types of
windows, as shown in Fig. 6. A simple building geometry was selected for two reasons. First, the
simple building is symmetric. Hence, this study simulated the wind incident angle only from 0 to
180° for awning and hopper windows. Second, the geometry of the simple building is different
from that of our full-scale test building. Therefore, this research was able to exam the validity of
the proposed model for two different building geometries. In the case of hopper and awning
windows, the typical opening angles are less than 45°; therefore, this study investigated 30° and
45° opening angles for these two types of windows. For casement windows, the typical opening
angle is less than 90°, and thus 30°, 45°, 60°, and 90° opening angles were investigated.
According to Wang and Chen [13], ventilation rate is linearly related to wind velocity. Hence,
this paper could choose a single wind inlet speed for the database in order to reduce the number
of simulations. Table 2 lists the boundary conditions for the simple building. The outdoor domain
was set to be ten times the scale of the building length in the horizontal direction and four times
the scale of the building length in the vertical direction, which allowed the wind to fully develop
before reaching the building. A structured mesh was used in the CFD model to reduce the number
of nodes, and a finer mesh was used near the walls and opening for better modeling of the nearwall viscous boundary layer. The total number of nodes for the CFD model was 1.4 million.

(a)
(b)
(c)
Fig. 6 Dimensions of the simple building used in the CFD simulations with the three window
types: (a) hopper, (b) awning, and (c) casement (rendered by Google Sketchup 8)
Table 2 Boundary conditions used in the CFD simulations for generating the database for the
simple building

2_1 to 2_10
2_11 to 2_20

Window
type
Hopper
Awning

2_21 to 2_52

Casement

Case number

Opening
angle
30, 45
30, 45
30, 45, 60,
90

Incident angle
0, 45, 90, 135, 180
0, 45, 90, 135, 180
0, 45, 90, 135, 180,
225, 270, 315
11

Average wind speed
(m/s) at a height of 10 m
3
3
3

This study used ANSYS Fluent 14.0 [33] as the CFD solver. This software program includes an
LES model. The SIMPLE algorithm was used in ANSYS Fluent 14.0 to couple the air pressure
and air velocity. The partial differential equations governing the flow were discretized by using a
central differencing scheme for spatial discretization and the bounded second-order implicit
method for temporal discretization.
A power law velocity profile was used at the inlet to simulate the atmospheric boundary layer as

 z
U ( z)  U ref 
z
 ref

0.14





(18)

where z is the vertical coordinate and zref is the height of the weather station, which in this study
was 8.5 m. Since the surroundings of the building could be regarded as flat terrain, the exponent
was 0.14 [34]. While weather stations typically measure wind velocity every 10 s, CFD modeling
with the LES method uses a time step of 0.05–0.15 s because LES always simulates flow in an
unsteady way, even if the wind is assumed to be steady. Thus, this investigation used the timeaveraged wind velocity based on instantaneous velocity measurements. The average velocities for
the three window types at the reference height (8.5 m above ground) are listed in Tables 1 and 2.
The velocities were used to calculate the mean boundary velocity profile in CFD according to Eq.
(18). To induce turbulent fluctuation at the inlet boundary, the velocity fluctuation at the inlet was
added by the spectral synthesizer method, as described in Kraichnan [35] and Smirnov et al. [36].
The turbulence kinetic energy and turbulence intensity used in this method were obtained from
the correlation developed by Richards et al. [37], who validated these parameters under a wide
range of wind conditions.
2.3 Measurements in the test facility
To validate the semi-empirical models and the CFD simulations, this research conducted
measurements of the wind-driven, single-side ventilation rate in a three-room, full-scale test
facility by using the tracer-gas decay method [33]. Dimensions and photographs of the test
facility are shown in Fig. 5. The two rooms on the first floor were used for this study. Room 1
was equipped with a hopper window and an awning window, and Room 2 with a casement
window. The mechanical room on the second floor was not used. In the simulations, this study
simplified the geometry of the stairs by replacing them with a rectangular block, as shown in the
figure.
Before each set of measurements started, the room was naturally ventilated for 30 minutes so that
the indoor temperature was the same as that outdoors, and thus the impact of buoyancy on
ventilation was negligible. After this temperature equivalency had been reached, the windows
were closed, and a certain amount of tracer gas (SF6) was released into the room. The air was
mixed by a fan in order to achieve a uniform concentration of the tracer gas (approximately 20
ppm) in the room air. Next, the window was opened be means of an actuator to ensure that the
opening angle was consistent for each set of measurements. The room air containing the tracer
gas was sampled by an INNOVA 1309 multipoint sampler every 30 s, and then the SF6
concentration in the sampled air was measured by an INNOVA 1312 photo-acoustic multi-gas
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monitor. The error in the SF6 concentration measurements was ±1%. The wind velocity and
direction were measured by a Vantage Pro2 weather station installed at a height of 8.5 m above
the ground. The sampling interval for the weather station was 10 seconds. The accuracy levels of
the wind speed and wind direction measurements were ±0.3 m/s and ±3°, respectively.
To derive the ventilation rate from the tracer-gas measurements, this study applied the mass
balance equation for SF6, namely, the mass change of SF6 in the room with respect to time equals
to the outgoing SF6 due to natural ventilation:
V room

dC SF6
dt

  Q C SF6

(19)

Previous studies using the tracer-gas decay method [10,38] have required a steady-state condition;
i.e., the ventilation rate Q must be constant. Integrating Eq. (19) leads to a linear relationship
between Ln(CSF6) and time:

Ln(CSF6 )  

Q
t  C0
Vroom

(20)

If such measurements are conducted using a wind tunnel, the flow conditions are close to steady
state, and this equation can be used. In the present study, however, the outdoor wind conditions
varied greatly with time and could not be regarded as steady state. Therefore, this method was
modified by using a Taylor expansion on the ventilation rate as follows:

Q(t )  f (U (t ))  C1  2C2t  3C3t 2  4C4t 3  5C5t 4  6C6t 5  O(t 6 )

(21)

where the ventilation rate Q is a function of time. This study found that the fifth-order expansion
of ventilation rate (the sixth-order polynomial fit for the logarithm of the tracer-gas concentration)
would be sufficiently accurate in fitting the measured tracer-gas concentration. Integrating Eq.
(19) leads to a correlation between concentration and time, expressed as
ln C SF6  

C

0

 C 1t  C 2 t 2  C 3 t 3  C 4 t 4  C 5 t 5  C 6 t 6  O ( t 7 ) 

Vroom
By means of polynomial interpolation of concentration as a function of time, C0 to C6 were
obtained to find Q(t). The average ventilation rate can be calculated as

(22)

t2

Q

 Q(t )dt
t1

t2  t1

where t1 and t2 are the starting and finishing times, respectively, of each experiment.

13

(23)

3

Results and Discussion

3.1 Measurements in the test facility
As the outdoor wind was transient, the ventilation rate was not constant. Let us take Case 1_9,
listed in Table 1, as an example. As shown in Fig. 7(a), the logarithm of the SF6 concentration
was not linearly related to time, which indicates that the ventilation rate was not constant.
Fig. 7(b) compares the measured ventilation rate with the corresponding wind speed at the
opening height. Since the instantaneous wind speed was highly turbulent, this investigation has
also included the average wind speed at intervals of 6 minutes to illustrate the trend. The results
show that the ventilation rate was not constant throughout the experiment, and it had a similar
trend to that of the wind speed. However, the fluctuations in the ventilation rate were not as
strong as the fluctuations in wind speed, for three reasons: (1) each SF6 concentration
measurement took approximately 30 seconds, a duration which would have filtered out the highfrequency changes; (2) the sixth-order polynomial interpolation could not capture all the
fluctuations in the concentration measurements; and (3) the wind direction was not constant, a
factor which was not considered in the Taylor expansion. Nonetheless, the improved unsteadystate tracer gas method yielded a better representation of the actual ventilation rate than did the
steady-state approach.
4

Ln(C)

3

2

y = 6.5263×10-21x6 - 8.3483×10-17x5 + 3.7206×10-13x4 6.7238×10-10x3 + 3.8032×10-07x2 - 3.4407×10-04x + 3.4193
R² = 0.99763
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Fig. 7 (a) Tracer-gas decay and (b) wind speed and ventilation rate for Case 1_9
This investigation applied the unsteady-state tracer-gas decay calculation to the 15 cases listed in
Table 1 in order to obtain the ventilation rates. The measured cases included all three types of
windows under both windward and leeward wind conditions. The measured data was first
compared with the CFD simulations to validate the accuracy of the LES model. Fig. 8 displays
the ventilation rate in the test facility as obtained by the measurements, the CFD simulations, and
the new semi-empirical models. Each drop-line represents a single case. The comparison
confirms that the LES model was able to predict the single-sided ventilation rate for the three
types of windows with an average error of 20%.

15

Fig. 8 Comparison of the ventilation rates for the test facility as obtained by the measurements,
the CFD simulations, and the new semi-empirical models

3.2 CFD simulations versus the new semi-empirical models for the simple building
After validating the LES model with the experimental measurements, this research conducted
additional simulations with the LES model for the simple building in order to develop the semiempirical models. Since the inlet wind condition can be controlled in CFD, this invesitgation
simulated wind incident angles at 45° increments from 0° to 180° for the awning and the hopper
windows, and from 0° to 360° for the casement window because of the asymmetry of the window.
Furthermore, for each wind condition, two typical opening angles: 30° and 45° for the hopper and
awning windows was simulated, and 30°, 45°, 60°, and 90° for the casement window.
Fig. 9 compares the ventilation rates for the simple building with the hopper window as obtained
by CFD simulations and as obtained by use of the new semi-empirical model. With 30° and 45°
opening angles, the predictions of the new model were close to those of the CFD simulations,
except at a wind incident angle of 45°. To explain this discrepancy, we should evaluate the
assumptions that were used in developing the model. The hopper window was treated as half of a
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converging nozzle. At an incident angle of 0°, the assumption represented the actual flow
conditions. Therefore, the proposed model’s predictions agreed with the CFD simulations very
well. At a 45° incident angle, the wind could directly “see” only a portion of the nozzle half,
while the assumption still treated the window as the entire half of the converging nozzle. Hence,
the assumption would have led to over-prediction at a 45° incident angle. As the wind incident
angle became larger, the discrepancies became smaller. This trend occurred because the
ventilation rate became eddy-penetration-dominant, and thus less sensitive to the direction of the
flow, and the assumption was again reasonable. To ensure simplicity and consistency for design
purposes, the same equation for all wind incident angles was used, despite the possibility of overprediction when the incident angles were between 0° and 90°.
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Fig. 9 Comparison of ventilation rates for the simple building with the hopper window as
calculated by CFD simulations (for the database) and as predicted by the model, for opening
angles of (a) 30o and (b) 45o

Fig. 10 compares the ventilation rates for the simple building with the awning window, for
opening angles of 30° and 45°. The results predicted by the new semi-empirical model generally
agreed with those predicted by the CFD simulations. However, some discrepancies were observed
when the wind was parallel to the opening or on the leeward side. At those wind directions, eddy
penetration was dominant. Since an eddy is rotational flow, it does not have a specific flow
direction. Hence, our assumption that air flows through the opening via two paths, as shown in
Fig. 3, would not accurately describe the airflow pattern when rotational flow is present.
Furthermore, Fig. 10 shows that the ventilation rate reached a maximum when the wind was
parallel to the opening. This is different from simple openings, with which the largest ventilation
rate occurs at a wind incident angle of 0°. The main reason for the difference is that the awning
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window creates flow obstructions when the wind is normal to the opening, and the obstructions
reduce the ventilation rate. By contrast, the opening area is the largest when the wind is parallel to
the opening. The results in this figure are consistent with the findings of Gao and Lee [21], who
observed that the air exchange rate reached a maximum when the wind direction was parallel to
an awning window.
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Fig. 10 Comparison of ventilation rates for the simple building with the awning window as
calculated by CFD simulations (for the database) and as predicted by the model, for opening
angles of (a) 30o and (b) 45o
Fig. 11 compares the proposed model and CFD for the casement window with the four different
window opening angles. Since the casement window is not symmetric about its vertical centerline,
this research conducted CFD simulations with wind incident angles from 0° to 360°. As was the
case with the awning window, the casement window also had a higher ventilation rate when the
wind incident angle was 90°. The main reason is that the shape of the casement window creates a
favorable airflow pattern, which induces the flow of outdoor air into the building when the wind
direction is parallel to the window.
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Fig. 11 Comparison of ventilation rates for the simple building with the casement window as
calculated by CFD simulations (for the database) and as predicted by the model for opening
angles of (a) 30o, (b) 45o, (c) 60o, and (c) 90o
However, even though the new semi-empirical model accounts for this ventilation enhancement,
we could still observe a significant under-prediction of the ventilation rate at a 90° wind incident
angle. According to the flow pattern obtained from the CFD simulation in Fig. 12 when the wind
incident angle was 90°, the casement window was located in the flow separation region due to the
building’s leading edge. In this region, there existed an adverse pressure distribution in the
direction of the airflow [39]. The adverse pressure gradient would have created a pressure
difference along the horizontal direction of the opening, which was not considered in the current
semi-empirical model. This phenomenon is more obvious for the casement window because it is
asymmetric in the horizontal direction and is more sensitive to the horizontal pressure difference
than the hopper and awning windows. This investigation did not consider the effect of flow
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separation on the casement window because it is strongly related to the location of the casement
window and the shape of the building. Modeling such a complex flow with a simple semiempirical model would be very difficult. Fortunately, the flow separation effect occurs mainly
when the wind incident angle is around 90°.

Fig. 12 Airflow pattern for the casement window with a 90° opening and 90° wind incident angle
(Case 2_36)
When the wind incident angle was below 90°, the predictions by the proposed model generally
agreed with the CFD simulations. When the wind incident angle was above 90°, the proposed
model under-predicted the ventilation rates for casement windows with 30° and 45° opening
angles, while it over-predicted the rate for a 90° opening angle. The proposed casement model
assumed that the effect of flow obstruction would be large when the opening angle was small, and
would decrease with increasing opening angle. However, this might not have been very accurate
when the wind incident angles were between 90° and 360°. At these wind directions, the opening
was located in the eddy-dominant region, where the flow direction was not obvious. The eddy
penetration was not sensitive to the flow obstruction caused by the casement window. To
demonstrate this, we compared the CFD results for different opening angles, as in Fig. 11, when
the wind incident angles were in the range of 90°-360°. The comparison revealed that ventilation
rate did not increase significantly with the opening angle. However, in our proposed model, we
assumed that the effect of flow obstruction would be dependent on the opening angles at all wind
directions. While this is true for incident angles between 0° and 90°, the dependence of the flow
obstruction on the opening angle is small when the opening is located in the eddy-dominant
region.
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Finally, for each window type we calculated the average ventilation rate for all the wind incident
angles. By comparing the three types at the same opening angle (30° or 45°), we found that the
hopper window provided the highest overall ventilation rate. This is mainly because hopper
windows open inward and create less flow obstruction than the other window types. On the other
hand, when the wind incident angles were between 0° and 90°, casement windows performed
better because of flow enhancement, as explained in the previous section. Hence, when selecting
window types, designers should pay attention to the local prevailing wind directions, and they
should consider the use of different window types on different sides of a building in order to
maximize the natural ventilation rate.
3.3 Validation of the new semi-empirical models
Fig. 13 compares the ventilation rates calculated by the semi-empirical models with those
measured at the test facility for both windward and leeward conditions. As illustrated by the
figure, the predictions of the proposed model were generally within 30% error as compared to the
measurements. The model predictions were consistent for both the windward and leeward
conditions. The new models represent a significant improvement over existing models for singlesided wind-driven ventilation, for which error levels above 60% have been reported for leeward
conditions [12]. Therefore, we can conclude that the models proposed in the present study are
able to provide sufficient accuracy for design purposes without sacrificing the models’ simplicity.
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Fig. 13 Comparison of the ventilation rates obtained by the new semi-empirical models with
those measured in the full-scale test building
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4

Conclusions

This paper presented a systematic study of the impact of different window types on ventilation
rates in the case of wind-driven, single-sided natural ventilation. The main findings of the study
can be summarized as follows:










This study proposed new semi-empirical models for hopper, awning, and casement
windows that are based on previously developed semi-analytical models and on pressure
coefficients used for simple openings.
An improved tracer-gas decay method was developed to measure unsteady-state
ventilation rates in a test facility with the three types of windows. Taylor expansion was
used to account for fluctuating wind conditions in the calculation of the unsteady-state
ventilation rate. The improved tracer-gas decay method was able to capture fluctuations
in ventilation rate during unsteady-state measurements. The measured ventilation rates
were used to validate CFD results obtained by large eddy simulation.
This study used the validated CFD model to predict the ventilation rates in a simple
building with the three window types. We evaluated the validity of the assumptions in
the semi-empirical models by examining the flow pattern around the opening obtained
from the CFD simulations.
According to the CFD simulations, the hopper window provided the highest overall
ventilation rate, as determined by averaging the rates for all wind directions, because this
window type created the least flow obstruction. However, the casement window
provided a higher ventilation rate for windward conditions.
The ventilation rates predicted by the proposed semi-empirical models were within 30%
error as compared to the measured rates.
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