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Student performance in classrooms is related to the indoor environmental quality. High air change rates are necessary to secure an
acceptable level of indoor air quality and provide fresh air, which require large amounts of energy and technical installations.
Mostly, mechanically supplied air is partially mixed with the return air. In warm climates, the capacity for natural ventilation is
not fully exploited in modern buildings. During periods of acceptable outdoor temperatures, buildings need to adapt and
employ available free renewable resources, such as wind. In this context, the building form, orientation, and envelope openings
are crucial to enable an increased air change rate, user satisfaction, and energy savings. Owing to the difficulty of providing
cross-ventilation in buildings with double-loaded corridors, single-sided ventilation is the most common approach. This study
investigates the methods to improve the wind-driven air exchange of classrooms in warm climates, where naturally ventilated
corridors help increase air movement. This study examines the potential of a set of alternatives within the context of a generic
model regarding the pressure distribution, thermal sensation, air velocity, and air change rate. The study suggests that no single
opening scenario can be applied to all façades at any time. Each façade requires special treatment. Decisions on natural
ventilation need to be made during the early design stages for each façade. It was found that with the aid of low-tech
modifications, remarkable increases in air change rates, in some cases up to 14.5 times that of the typical single-sided ventilation
case, could be achieved.

1. Introduction

Natural ventilation is a practical method for reducing energy
consumption in the building sector and improves the well-
being of occupants by affecting the indoor air quality
(IAQ). Nonetheless, elevated air velocity is an effective
method for improving thermal sensation in hot humid cli-
mates under certain conditions [1–3]. Practical experience
with the development of such historical solutions to suit con-
temporary buildings has shown great potential for providing
excellent indoor thermal conditions and IAQ, with less use of
building systems and energy consumption [4–9].

Educational facilities are among the highest contributors
to the increased energy consumption of cities. In fact, univer-
sity campuses are often regarded as small cities [8]. In partic-
ular, a classroom space is a challenging entity because,
compared with an office room, a relatively large number of
occupants use the space while performing mental and physi-

cal activities. Therefore, a considerable amount of fresh air is
required to maintain an acceptable reduction in CO2 concen-
trations, among other volatile organic compounds. More-
over, increased levels of CO2 can lead to drowsiness, eye
irritation, and an inability to concentrate. Furthermore, a
study related to school attendance and educational attain-
ment in Scotland found that insufficient fresh air supply in
classrooms, which is indicated by CO2 levels beyond
1,000 ppm, may be associated with reduced school atten-
dance [10].

Classroom buildings in hot climates are commonly
cooled and ventilated using the all-air method, where large
volumes of air are circulated through the indoor environ-
ment to extract the cooling loads via convective heat transfer.
An investigation within the framework of classrooms in
Kuwait asserts that in such hot climates, typical cooling and
ventilation approaches, where fresh air is not introduced into
the classroom, result in high CO2 concentrations, reaching
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1,596 ppm, which is far beyond the maximum limit of
1,000 ppm [11]. Especially during times of acceptable out-
door air temperatures, it is sensible to consider natural or even
hybrid ventilation (mechanical and natural) supported by
radiant cooling. The latter is practical under certain conditions
because of the significantly higher thermal capacity of water
compared with air, which increases the efficiency of the heat
extraction process from the room substantially [12–15].

1.1. Impact of Natural Ventilation on Indoor Air Quality and
Energy Saving. In Europe, 40% of building energy consump-
tion is reserved for mechanical ventilation, which also causes
35% of the CO2 emissions [16].

Insufficient fresh air availability in indoor spaces leads to
the accumulation of pollutants and an increase in CO2
concentrations, which eventually leads to sick building syn-
drome [17]. Outdoor fresh air can be provided using window
ventilation, either by wind flow or buoyancy. Especially in
hot humid climates, cross-ventilation is effective because it
helps increase the air exchange in the room and, above all,
introduce fresh air into the space continuously.

Natural ventilation can be either wind-driven or
buoyancy-driven. Several studies have asserted that wind-
driven ventilation is more effective in tropical environments
because of the small temperature difference between indoor
and outdoor spaces [18–20].

A naturally ventilated room can be configured to utilize
single-side or cross-ventilation techniques. The first indicates
a roomwith a window or openings on only one side. In cross-
ventilation, outdoor air enters the building through and inlet
on the positive pressure side (e.g., window) and exits through
an outlet on the negative pressure side, which can be a win-
dow or a roof vent in most cases. Simply, with open windows
on both sides of the room, overpressure on the side of the
building facing the wind and a lower pressure on the oppo-
site, sheltered side, will create a current of air through the
room.

Several studies have demonstrated that architectural
building components significantly impact the performance
of wind-driven ventilation [21–25]. Among other features,
the location and size of the inlets and outlets, as well as the
building form, significantly affect the pressure differentials
over the building skin. The pressure difference ðΔPÞ across
each opening or at any point on the building surface is an
essential aerodynamic parameter and is usually expressed in
the form of a pressure coefficient ðCpÞ, which is a function
of ΔP and dynamic pressure (Pd):

Cp =
Pressure difference
Dynamic pressure

=
ΔP
Pd

, ð1Þ

Cp =
Ps − P0

1/2 ρU ref
2 , ð2Þ

where U ref and P0 are the free-stream wind speed and the
pressure at a reference height, respectively. Ps is the static
pressure on the building surface or window opening. The
pressure coefficient (Cp) values across the openings are
essential for determining the airflow volume per unit time.

Their distribution over the building envelope is directly
affected by the wind velocity, direction, opening geometry,
building form, and height.

1.2. Single-Sided and Cross-Ventilation Potentials and
Challenges. Allocca et al. [26] investigated and analyzed a
number of solutions within the context of single-sided venti-
lation, validated the analytical, empirical, and computational
fluid dynamics (CFD) models, and revealed and discussed
the trends. Among the various results of this study, CFD
was found to be useful and practical for the analysis process
to understand the complexities and characteristics of such
ventilation approaches.

Hybrid ventilation, where natural ventilation is sup-
ported by mechanical ventilation when needed, has proven
to improve air quality [27, 28] and thermal comfort [27, 29].
Furthermore, hybrid ventilation reduces cooling loads when
cooling indoor spaces [29, 30].

Studies such as those by Aflaki et al. [31], Arinami et al.
[32], and Wang and Chen [33] explored methods to extend
the potentials of single-sided ventilation and overcome its
limitations. Using a transom ventilation panel in high-rise
buildings transforms single-sided ventilation into cross-
ventilation. In a study by Aflaki et al. [31], the air velocity
was doubled by 2.4.

However, within the scope of natural ventilation, cross-
ventilation achieved the best performance in a study by Ma
et al. [34] that examined and compared the kinematics of
the flow in several room and ventilation configurations.
Interestingly, it was found that the leeward opening provides
a better situation for single-sided ventilation. Despite the dif-
ferences in the rotation direction of the vortices generated
inside the building, the large vortex behind the building
causes an increase in air velocity in the leeward ventilation.
The decrease in air change rate in windward conditions has
also been confirmed by Wang et al. [35]. It was found that
wind and buoyancy forces can counteract the forces in some
situations. Thus, these observations suggest the importance
of investigating rooms on different sides of a building at var-
ious indoor and outdoor temperatures.

The effectiveness of cross-ventilation in reducing CO2
concentrations was further confirmed in a study that investi-
gated several window control patterns, decreasing the con-
centrations by up to 82% during a 20-minute break [36].

Natural ventilation in conventional classrooms is com-
monly limited to single-sided window openings despite
the lower efficiency, because it is difficult to practically pro-
vide every room with double-sided window ventilation. The
other sides are often surrounded by neighboring rooms and
corridors. Furthermore, fire codes and privacy require-
ments make cross-ventilation less favored by designers
[26]. To date, several studies have investigated methods to
enhance single-sided natural ventilation in different build-
ing types [17, 37–39].

Figure 1 presents two general conditions of pressure
distribution along the surface of a rectangular building in
two wind directions. While positive pressure was exerted on
the windward side in both cases, negative pressure was gener-
ated on the other sides. Obviously, the magnitude of the
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pressure levels is not uniform and depends on many factors.
In the left image, the pressure drop between façades A and B
provides the simplest form of cross-ventilation if a room con-
nects both sides uninterruptedly.

In the case of the conventional single-sided ventilation
approach, the pressure differential along the façade has
nearly no effect on the natural ventilation condition.

Most studies in this field have only focused on the single-
sided window opening without considering the potential of
openings located in adjacent spaces that are exposed to side
façades C and D. These façades can make use of the pressure
resulting in differentials along the building envelope to sup-
port wind-induced natural ventilation.

This study demonstrates a method to transform a single-
sided ventilation condition (Figure 2(a)) into a cross-
ventilation condition using corridor openings (Figure 2(b)).
This approach requires integration with the building enve-
lope as well as the building form because of their effect on
the pressure distribution over the building surface. After sim-
ulating a set of opening configurations for two wind direc-
tions, the resulting local values of comfort, air velocity, and
air quality were analyzed, and a set of optimum criteria was
determined.

2. Method

2.1. CFD Simulation Setup, Computational Domain, and
Boundary Conditions. The 3D steady Reynolds-averaged

Navier–Stokes (RANS) equations were used to simulate the
airflow around and inside the building model. The RANS
equations can be derived by substituting the mean and
fluctuating components of the airflow variables into the
Navier–Stokes equations. The air is incompressible, which
is reasonable for the atmospheric boundary layer (ABL) flows
[40]. The flow fields were simulated using a 3D CFD analysis
based on the standard k − εmodel [41], which is widely used
in engineering applications. The continuity equation and the
fundamental equations governing the motion of steady,
incompressible, and turbulent flows are the averaged
Navier–Stokes equations, which can be expressed as follows:

Continuity equation:

∂ρ
∂t

+
∂
∂xj

ρUið Þ = 0: ð3Þ

Momentum conservation equation:

∂ρUi

∂t
+

∂
∂xj

ρUiU j

� �
= −

∂p′
∂xi

+
∂
∂xj

μeff
∂Ui

∂xj
+
∂Ui

∂xi

 !" #
+ SM ,

ð4Þ

where SM represents the sum of the body forces, μeff is the
effective viscosity that indicates the turbulence, and p′ repre-
sents the modified pressure. Therefore, the left side of
Equation (4) represents convection, and the right side is
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Figure 1: Simplified illustration of the pressure distribution over the surface of a rectangular building by different wind directions.
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Figure 2: (a) Conventional single-sided ventilation configuration. (b) Proposed cross-ventilation approach.
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related to pressure, body forces, diffusion, and the momen-
tum interaction between forces, respectively.

According to detailed experimental verification studies
by Catalina et al. [42] and Feustel and Stetiu [13], the stan-
dard k − ε model can be used for practical investigations in
relation to indoor and outdoor flows.

To explain the effect of turbulence, μeff is replaced with μt
in Equation (5), which is the turbulence viscosity and is mod-
eled in Equation (6). The values of k and ε are calculated from
the transport equations that describe the kinetic energy and
turbulence dissipation rate, Equations (7) and (8), respec-
tively. Pk in Equation (9) depicts the turbulence production
owing to the viscous forces.

μef f = μ + μt , ð5Þ

μt = Cμρ
k2

ε
, ð6Þ

∂ ρkð Þ
∂t

+
∂
∂xj

ρU jk
� �

=
∂
∂xj

μ +
μt
σk

� �
∂k
∂xj

" #
+ Pk − ρε + Pkb,

ð7Þ

∂ ρεð Þ
∂t

+
∂
∂xj

ρU jε
� �

=
∂
∂xj

μ +
μt
σε

� �
∂ε
∂xj

" #

+
ε

k
Cε1Pk − Cε2ρε + Cε1Pεbð Þ,

ð8Þ

Pk = μt
∂Ui

∂xj
+
∂Uj

∂xi

 !
∂Uj

∂xj
−
2
3
∂Uk

∂xk
3μt

∂Uk

∂xk
+ ρk

� �
,

ð9Þ
where 1.44, 1.92, 0.09, 1.0, and 1.3 are set as the constants

Cε1, Cε2, Cμ, σk, and σε, respectively.
As shown in Figure 3, a rectangular domain was created

for the CFD simulations. The parameters of the model were
created in accordance with the best practice guidelines for
the CFD simulation [43] and AIJ ([44], and [45, 46]). The
domain width, length, and height were 462m, 262m, and
100m, respectively. Moreover, the mesh was constructed

using ICEMCFD, which allowed the creation of a hexahedral
mesh around and inside the building model.

The solid walls were considered aerodynamically smooth
and assigned a no-slip boundary condition property. The
symmetric wall boundary condition l was also applied to
the lateral and top boundaries. The outlet plane was assigned
a static pressure of zero.

Considering the ABL is critical because the wind speed
increases with height [47]. Different methods were used to
model the ABL. It is common in the fields of wind engineer-
ing to use the power law that was suggested by Hellmann
[48], which is considered reliable [49]. The power law is
expressed in Equation (10) and is used according to Peterson
and Hennessey [50]. The wind velocity is represented by Uz.
In addition, UH represents the wind velocity at a 10m
height. The variable z represents the changing heights. The
reference height is 10m and is represented as H. α is related
to the surface roughness factor of the site and was set to 0.25
[51], which describes suburban conditions [52].

The velocity at the inlet and the turbulent kinetic energy
(TKE) profiles were adapted from the experimental work of
Tominaga and Blocken [53]. Both are illustrated in Figure 4
which presents the conditions of the lower part of the bound-
ary layer.

Uz

U ref
=

z

H

� �0:25
, ð10Þ

where U ref = 4:3ðm/sÞ is the reference velocity at building
height H. The TKE profile was measured and approximated
by the exponential formulation provided by [53]. The dissi-
pation rate εz of the TKE was calculated in accordance with
the guidelines of the AIJ [44].

κz
UH

2 = 0:033 exp−0:32 z/Hð Þ,

εz = Cμ

1
2
κz

UH

H
α

z

H

� �α−1
,

ð11Þ

where Cμ = 0:09 indicates the model constant and α = 0:25.
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Figure 3: (a) Applied spacings in domain modeling. (b) Example of the simulation mesh used.
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2.2. Building Model. The analysis model used in this investi-
gation consisted of a modular classroom space in a rectangu-
lar building, with the room dimensions of 7:2 × 7:2 × 4:0m
and building dimensions of 60:0 × 30:0 × 20:0m for the
length, width, and height, respectively. The classroom model
was incorporated on both sides of the building. The rooms
were located on the third floor of a four-story building.
Figure 5 illustrates the basic characteristics of the building
model as well as the different simulation cases.

The two simulated wind directions, Θ = 0° and Θ = 90°,
are shown in Figure 5. When Θ = 0°, Room 1 is windward
and Room 2 is leeward, and when Θ = 90°, both rooms are

considered leeward, and the corridor façade openings on
the shorter side of the building are windward.

The data in Table 1 explain the configuration of each sim-
ulation case, as illustrated in Figure 5. The widths of all the
windows in the outer and inner walls are equivalent to the
width of the room. In addition, the opening size of the corri-
dor façade was 100%, which means that the window had the
same width and height of the corridor. The name of each case
consists of a letter and three digits. The first digit indicates
the window fraction of the exterior façade of the room.
Therefore, if the number is 1, the height of the window is
0.25 h which is 1m. If the number is 2, the height is 0.5 h,
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Figure 5: (a) Configuration of building model. (b) Illustration of simulation cases.
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Figure 4: (a) Inlet vertical wind profile. (b) Turbulent kinetic energy.
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which is 2m. The same rules apply to the second digit, which
is related to the inner wall. The third digit is a binary 0 or 1
digit that indicates whether the corridor windows are open
or closed, with 0 meaning open and 1meaning closed.

2.3. Grid Sensitivity Analysis. To assess the sensitivity of the
grid for the simulation and to find an independent mesh
from the cell sizes, a sensitivity analysis was conducted, and
the velocity was calculated at reference points in the three
grid cases: Grid-A, 810,000 cells; Grid-B, 1,187,000 cells;
and Grid-C, 4,470,000 cells. The interval between each grid
case increases by approximately 2.3 times. Practical methods
for the grid sensitivity analysis can be reviewed in the follow-
ing literature: Catalina et al. [42] and Ramponi et al. [54]. The
reference points for the velocity values were simulated in a
cavity that represented the model room (point height: in the
room = 2:5m, in the domain = 12:5m).

From Figure 6, the standard deviation in the wind veloc-
ity between the results of the fine Grid-C andmediumGrid-B
is not remarkable at less than 0.02. Therefore, the rest of the
simulations were conducted using Grid-B to reduce the time
required for the simulations.

2.4. Comfort Models

2.4.1. Thermal Comfort. Although comfort can currently be
met with the aid of air conditioning systems, a synergy exists
with passive and active solutions, such as cross-ventilation
and radiant cooling. The latter is out of the scope of this
study, because using a radiant cooling system, for example,
a chilled ceiling, in a hot humid climate can be challenging
owing to the risk of condensation. Studies by Bayoumi [55],
Feng et al. [56], Hirayama and Batty [57], and Nutprasert
and Chaiwiwatworakul [58] present methods to overcome
this problem. Thermal comfort is affected by several objective
and subjective physical parameters. Increasing air velocity is
a key measure that, under certain conditions, can remarkably
improve human thermal comfort [1, 59–67].

Fanger’s thermal comfort model is a useful method for
calculating PMV using the following equation [68]:

PMV = 0:303e−0:036M + 0:028
� �

L, ð12Þ

where M is the metabolic rate and L is the thermal load,
which is defined as the difference between the internal heat
production and heat loss to the actual environment for a per-
son at a comfortable skin temperature and evaporative heat
loss by sweating at the actual activity level. The following is
a more detailed description of L.

M −Wð Þ − 3:96E−8 f cl tcl + 273ð Þ4 − tr + 273ð Þ4� �� 	

− f cl hc tcl + tað Þ − 3:05 5:73 − 0:007 M −Wð Þ − pa½ �
− 0:42 M −Wð Þ − 58:15½ � − 0:0173M 5:87 − pað Þ
− 0:0014M 34 − tað Þg

ð13Þ

From Equation (13), the most important coefficient for
heat transfer and the most relevant to this analysis is the heat
transfer coefficient for convection (hc), which is given by the
following relation:

hc = 12:1
ffiffiffi
v

p
W/m2:K
� �

: ð14Þ

The importance of this factor within the scope of this
study is its direct dependence on air velocity, which is
affected by the ventilation method. To eliminate the varia-
tions in this analysis, the values of the other coefficients are
fixed as follows:

Metabolic rate = 81:0 ðW/m2Þ, which represents the heat
dissipation by the occupants; clothing thermal resistance
ðRclÞ = 0:116 ðm2 K/WÞ; water vapor partial pressure ðPWaterÞ
= 2,180 ðPaÞ, calculated from the given boundary conditions
of Ta = 25°C, RH = 60%; clothing factor ð f clÞ = 4 (light sum-
mer clothing); the mean radiant temperature (tr) was calcu-
lated internally in the CFD software and varies according to
the surface temperature of the surrounding objects that vary
due to radiant cooling in some cases. The PMV index predicts
the mean response of a large group of people according to the
ASHRAE thermal sensation scale and can be seen in Table 2.

Table 1: Description of simulation cases.

Façade Corridor wall Corridor façades
Window
fraction

Window
fraction

Windows

25% 50% 25% 50% Closed Open

A.1.1.0 ■ ■ ■
B.1.0.0 ■ ■
C.2.0.0 ■ ■
D.1.1.1 ■ ■ ■
E.1.2.1 ■ ■ ■
F.2.1.1 ■ ■ ■
G.2.2.1 ■ ■ ■
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C 4470000

Figure 6: Grid independence analysis.
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2.5. Indoor Air Quality. The air change rate (ACH) and mean
age of air (MAA) are among the practical methods for evalu-
ating the IAQ. With respect to the minimum recommended
amount of fresh air supply, the air change rate can be used
to determine the sufficiency of supplied fresh air mechani-
cally or naturally. In this study, the CFD model calculates
the Cp over the building surface and at the openings accord-
ing to Equation (2). In the theoretical classroom model, the
number of occupants was 25 students. According to the rec-
ommendations made by Pettenkofer on the minimum fresh
air requirements per person [69], an amount of 30m3/h per
student should be considered. This accounts for 750m3/h
of fresh air. Considering the volume of the classroom model
of 207.36m3, the minimum ACH is determined from the
following equation:

ACH = Q
V

= 750
207:36

= 3:6 h−1, ð15Þ

where Q is the volume of supplied air per hour (m3/h)
and V is the room volume. The procedure used for calculat-
ing the supplied air via single-sided and cross-ventilation is
according to Swami and Chandra [70], where the Cps and
air velocity are the most changing variables. For the cases of
single-sided ventilation (B.1.0.0, C.2.0.0), the following equa-
tion is used:

Q = 0:05AU ref m/sð Þ, ð16Þ

where A is the aperture area of the simulated window, and
U ref is the wind velocity at the building site at the reference
height. In this case, the eave height was used as reference
eight. To calculate the flow in the cases of cross-ventilation
(A.1.1.0, D.1.1.1, E.1.2.1, F.2.1.1, and G.2.2.1) with an inlet
and an outlet, the following procedure was used:

Q = Cd AU ref
ffiffiffiffiffiffiffiffiffi
ΔCp

p
m/sð Þ, ð17Þ

where Cd is the discharge coefficient, which was set to 0.62,
according to Swami and Chandra [70], and ΔCp and A are
the pressure coefficient difference across the inlet and outlet
and the mean area of the inlet and outlet, respectively.

3. Results and Discussion

3.1. Pressure Coefficient Differential ΔCp. The difference in
pressure coefficient ΔCp across the building openings is a
decisive factor that affects the amount of air flow as well as
its velocity through the building structure. Therefore, an
analysis was carried out for each of the seven cases to assess
the ΔCp by subtracting the Cp at each opening of both
façades (F1, F2) according to Figure 5 for the two wind direc-
tions: 0° and 90°. In cases A.1.1.0, D.1.1.1, E.1.2.1, F.2.1.1, and
G.2.2.1, the inner wall adjacent to the corridor has an open-

ing to enable cross-ventilation. In each of these cases, a read-
ing point was placed in the middle of both the façade opening
and the inner wall opening. The locations of the points are
shown in yellow in Figure 5. In the cases with the wind direc-
tion Θ = 0°, Room 1 is windward, and Room 2 is leeward.
When Θ = 90°, Room 1 and Room 2 are on the leeward side.

ΔCp = Cpwindward1 − Cpleeward2

� �
: ð18Þ

The diagram in Figure 7 demonstrates a comparison of
the pressure coefficient difference across the simulated cases.
In case A.1.1.0, according to Figure 5, there are two window
openings of size 25h: one is on the outer wall or the façade,
and the other is on the inner wall that is adjacent to the cor-
ridor. No openings were considered at either end of the cor-
ridor. In both rooms when the wind direction angle Θ = 0°,
ΔCp that is calculated according to Equation (18) is almost
0, indicating that there is barely any air movement through
both façades, F1 and F2, which are associated with Room 1
and Room 2, respectively. However, a slight difference could
be noticed when Θ = 90°, where the values of ΔCp for Room
1 and Room 2 are 0.02 and −0.02, respectively. These mar-
ginal pressure differentials do not indicate the potential for
a substantial movement of air, which may lead to a high air
change rate. Therefore, it can be stated that the opening in
the inner wall under the given circumstances is not useful
for natural ventilation.

Across the five cases shown, no substantial effect on the
pressure differential can be seen in the wind direction Θ =
90°. This is because both rooms are located along the stream-
line of the wind and thus on the sides of the building.

With the wind direction Θ = 0°, in case D.1.1.1, where
both rooms have 0.25 h openings in the façade as well as
the corridor wall, the windows on both sides of the corridors
are open. In the windward Room 1, a clear increase in ΔCp
can be seen of 0.37. In Room 2, which is located in the wake
zone with a dominant negative pressure, ΔCp is approxi-
mately 0.07. Increasing the opening size in the corridor wall
for both rooms in the case E.1.2.1 to 0.5 h did not help
increase the ΔCp. In fact, a clear reduction is shown for
Rooms 1 and 2 to 0.22 and 0.06, respectively. In F.2.1.1,
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Figure 7: Comparison of pressure coefficient difference across
simulated cases.

Table 2: Thermal comfort scale according to ASHRAE.

+3 2 1 0 -1 -2 -3

Hot Warm Slightly warm Neutral Slightly cool Cool Cold
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which is similar to D.1.1.1, except for the façade opening size
that is doubled to reach 0.5 h, the ΔCp level in the windward
Room 1 is similar to D.1.1.1, at 0.37, whereas a slight reduc-
tion for Room 2 could be noticed at 0.05. This result also did
not change in the leeward Room 2 of G.2.2.1, while in the
windward Room 1, ΔCp was 0.17.

From the above comparison, it can be established that the
opening of corridor windows is essential to improve ΔCp in
the windward and leeward rooms under the given conditions.
Also, the openings sizes of 0.25 h or 0.5 h essentially affect the
ΔCp in the windward rooms. Yet, the best condition among
the five cases was demonstrated in case D.1.1.1, where all
the openings for the windward and leeward rooms were
0.25 h. Doubling the opening sizes, such as in F.2.1.1 and
G.2.2.1, did not present better conditions for either room or
wind direction.

3.2. Thermal Sensation. As the increase in air velocity helps
improve thermal sensation under certain conditions, the dia-
grams in Figure 8 outline the correlation between the result-
ing wind velocity and thermal sensation. The axis of the left
diagram indicates the PMV scale, and the axis of the right
diagram shows the related average air velocity in the room.
The data shown represent Room 1 and Room 2 under the
conditions in two wind directions: Θ = 0° and Θ = 90°. The
modeled temperature and relative humidity (28°C, 60%) rep-
resent the annual average conditions of the hot humid city of
Jeddah, Saudi Arabia. Considering the bioclimatic chart [71],
this condition generally lies at the edge of the thermal com-
fort zone with calm or not moving air around the slightly
warm PMV according to Fanger’s model. Clearly, an
increased air velocity lowers the PMV level and thus
improves the thermal sensation.

In the first two cases from Figure 8, for A.1.1.0 and
B.1.0.0, no remarkable change could be seen in the thermal

sensation, which is approximately 0.86, as the air velocity is
remarkably low in the range 0.00–0.03m/s for Θ = 0° and Θ
= 90°, respectively. Even though case C.2.0.0 represents a
typical single-sided ventilation case, the slight increase in
the velocity with the wind directionΘ = 0° to 0.12m/s helped
lower the thermal sensation by approximately 13%. This
result is primarily attributed to the doubled façade opening
size in both rooms. Additionally, in the wind direction Θ =
90°, no remarkable change could be noticed, and the wind
velocity remained at 0.03m/s.

Clear changes can be seen in the next four cases because
of two factors: openings in the corridor wall and façade open-
ings on both sides of the corridors. In D.1.1.1, for Θ = 0°, the
PMV for Room 1 and Room 2 was lowered to 0.69 and 0.63,
respectively. This also corresponds to an increase in the air
velocity up to 0.11 and 0.17, respectively. Evidently, Room
2 benefited from the negative pressure condition because it
was in the wake zone of the building. For Θ = 90°, the PMV
and velocity reached 0.75 and 0.11, respectively, for both
rooms. The thermal sensation improved for E.1.2.1 with Θ
= 0°. Compared with the previous case, the opening in the
corridor wall in this case was doubled to 0.5 h. In the wind-
ward Room 1, the PMV is approximately 0.50 owing to an
air velocity of 0.25m/s. In addition, the leeward Room 2
demonstrates a PMV of 0.58 and an air velocity of 0.20m/s.
Neither the PMV nor the air velocity presented a significant
difference when Θ = 90°.

The best PMV condition (0.02) was reached for Room 1
withΘ = 0° in case F.2.1.1, where the façade and corridor wall
openings are 0.5 h and 0.25 h, respectively. However, this
approach did not positively affect the conditions of Room
2, where the PMV was 0.76, and the air velocity was
0.11m/s. In addition, the PMV in both rooms deteriorated
when Θ = 90°, reaching 0.87, corresponding to 0.05m/s.
Another significant reduction in the PMV value could be
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Figure 8: (a) Thermal sensation assessment. (b) Corresponding air velocity to the shown thermal sensation.

8 Modelling and Simulation in Engineering



seen in G.2.2.1, where the façade and corridor wall openings
are 0.5 h. In the Θ = 0° condition, the PMV for Room 1
reached −0.26 and entered the slightly cool zone. The corre-
sponding velocity increased to 1.64m/s which is beyond the
recommended maximum of 1.2m/s to avoid blowing papers
[72]. The condition for the leeward Room 2 is similar to the
previous case and, to a great extent, to those when Θ = 90°.
Table 3 outlines the recommended conditions for each room
for each wind direction with respect to the PMV and air
velocity. Case E.1.2.1 seems to be the optimum condition
for nonwindward cases under the given conditions.

3.3. Air Change Rate. As the air change rate is among the
essential factors that indicate the level of hygienic room qual-
ity, the simulation results for the various cases are illustrated
in Figure 9. The diagram illustrates the conditions for Rooms
1 and 2 in both wind directions Θ = 0° and Θ = 90°. As men-
tioned previously, there is a need for 750m3/h of fresh air
intake to maintain a minimum of 30m3/h per person in the
classroom. This accounts for an ACH of almost 3.6 h-1.

In case A.1.1.0, where single-sided ventilation is sup-
ported by a 0.25 h inner wall opening towards the corridor,
an extremely low ACH of less than 1h-1 can be noticed for
Θ = 0°. In the condition of Θ = 90°, while an increase in the
ACH by nearly 1.0 h-1 is demonstrated, the values remain
considerably low with respect to the recommended amount.
No significant difference is seen for B.1.0.0, where the typical
single-sided ventilation of the 0.25 h façade opening is con-
sidered. For Θ = 0°, the highest ACH of 2.1 h-1 is for the
windward Room 1, followed by 1.7 h-1. Extremely calm con-
ditions are present for both rooms in the same case with Θ
= 90°. After increasing the opening area to 0.5 h in the simi-
lar case C.2.0.0, the ACH reached 4.2 in Room 1 for Θ = 0°
and Room 1 and Room 2 for Θ = 90°. The leeward Room 2
with Θ = 0° is comparably low at 2.3. However, these results
indicate the impact of the window area on the ventilation
performance in single-sided ventilation. An exception was
observed in the leeward Room 2 at Θ = 0°.

The following four cases demonstrate the results of the
cases with activated corridor openings. In D.1.1.1, where
the façade and inner wall openings are 0.25 h, a substantial
increase in ACH is notable only withΘ = 0°; Room 1 reached
18.4 h-1, and Room 2 reached 9.0 h-1. Conversely, there was
no significant increase with Θ = 90°, and the values for both
rooms remain below 3.0.

An increase in the opening area of the inner wall
improved the condition only in windward Room 1 when Θ
= 0°. The resulting ACH for Room 1 and Room 2 are
22.4 h-1 and 7.4 h-1, respectively. Further deterioration for
both rooms for Θ = 90° is seen, not only in this case but also

in cases of F.2.1.1 and G.2.2.1. This makes this option less
practical for leeward rooms with Θ = 90°. Moreover, in case
F.2.1.1, the diagram presents the highest level of ACH of
29.1 h-1 with Θ = 0° for Room 1. Despite the increase in the
opening size of the façade to 0.5 h, the ACH was reduced by
30% in the leeward Room 2 compared with D.1.1.1. Interest-
ingly, this decrease was recovered for the same room after
increasing the size of the inner wall to 0.5 h to match the
façade wall. The ACH value for the windward Room 1 is
approximately 28.2 h-1.

From the above observations, it can be concluded from
Table 4 that the proposed concept of integrated corridor
openings in association with inner wall openings is signifi-
cantly effective for the room conditions with Θ = 0°, particu-
larly with windward rooms. Large façade openings of 0.5 h or
more with single-sided ventilation are the best option for lee-
ward rooms when Θ = 90°.

3.4. Comparison of Different Opening Scenarios. As planning
and operation guidance, Table 5 outlines the ranking of the
optimum conditions with respect to the various analyzed
parameters, namely PMV, air velocity, and ACH. The table
is structured to indicate the best three conditions considering
each of the three parameters for each of the two rooms by
each of the simulated wind directions.

The only case that presents the potential for single-sided
ventilation is C.2.0.0 for leeward rooms with Θ = 90°. Apart
from the ACH, this case has no potential as a first option
for any other parameter. It reappears as a third option for

Table 3: Best cases with respect to PMV and air velocity.

Room (-) 1 2 1 2

Wind direction (-) Θ = 0° Θ = 0° Θ = 90° Θ = 90°

Case (-) F.2.1.1 E.1.2.1 E.1.2.1 E.1.2.1

PMV (-) 0.02 0.58 0.72 0.72

Velocity (m/s) 0.86 0.2 0.11 0.11
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Figure 9: Potential air change rates for the considered cases.

Table 4: Potential of openings scenarios with respect to the
recommended air change rate.

Room 1 2 1 2

Wind direction Θ = 0° Θ = 0° Θ = 90° Θ = 90°

A.1.1.0 □ □ □ □
B.1.0.0 □ □ □ □
C.2.0.0 ■ □ ■ ■
D.1.1.1 ■ ■ □ □
E.1.2.1 ■ ■ □ □
F.2.1.1 ■ ■ □ □
G.2.2.1 ■ ■ □ □
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the PMV and velocity for the leeward Room 2 for Θ = 90°.
While case G.2.2.1 presents a higher value for velocity
(1.64m/s) which helped reach a PMV of −0.26, it remains
less favorable compared with F.2.1.1 for Room 1 in the wind-
ward condition, which presents a moderate air velocity
(0.86m/s) and a neutral PMV condition. This is mainly due
to the uncomfortable impact of the increased air velocity
beyond 1.2m/s, causing a draft sensation and flying papers.

The diagrams in Figure 10 compare the age of air results
across different simulation models with respect to the two
wind directions. Conventional solutions, such as A.1.1.0,
B1.1.0, and C.2.0.0, present nearly stagnant conditions. How-
ever, C.2.0.0 suggests an improvement in Θ = 90°. It is clear
that the configurations of the cases where the age of air is
greater than 500 s should be avoided, such as A.1.1.0,
B1.1.0, and C.2.0.0 with Θ = 0° and A.1.1.0, B1.1.0, and
E.1.2.1 withΘ = 90°. In the rest of the cases, the leeward space
when Θ = 0° is in a better condition and lies in the range of
350–450 s owing to the airflow induced by the negative pres-
sure in the wake zone and the air movement along the sides
of the building. In the same cases, the windward rooms pres-
ent an age of air in the range of 60–80 s, which indicates a
high level of air quality. Moreover, for Θ = 90°, both rooms
present identical and certainly acceptable conditions in the
cases C.2.0.0, D.1.1.1, F.2.1.1, and G.2.1.1, where the age of
air is approximately 200 s.

Thus, considering Table 5 and the results shown in
Figure 10, it is useful to mention that providing openings in
the corridor wall as well as the building sides to allow using
the corridors an air channel helps improve the passive utili-
zation of local wind energy. The difference between the con-
ventional condition of B.1.0.0 and the condition of G.2.1.1
indicates that with the same wind direction, essential changes
in the natural ventilation performance can be achieved.
Owing to the complexity of the issue, it is notable that each
orientation to the wind direction with respect to building
geometry should be treated differently. Each scenario delivers
different results that affect certain comfort parameters.
Therefore, dynamic window-opening scenarios in a building
with the suggested configurations can help improve the per-
formance of the openings to improve the level of hygiene and
comfort, particularly, if they are operated and determined
dynamically with regard to the wind direction. For example,
some scenarios can be utilized for a short period of time
(e.g., breaktime) to achieve a high ACH, and then a shift
to another one is performed to improve the thermal sensa-

tion. Building management systems (BMSs) could be of
great assistance if they were attached to control the open-
ing sizes and programmed to coordinate with the local
wind conditions to achieve certain comfort levels for a
particular period.

4. Conclusion

The common approach in classroom buildings with double-
loaded corridors is single-sided ventilation because of the dif-
ficulty of providing cross-ventilation where air enters from
the windward side and exits from the leeward side. In this
regard, this study has examined the potential for improving
natural ventilation conditions in classroom buildings consid-
ering different window-opening scenarios that include the
use of room-adjacent naturally ventilated corridors to
enhance conventional single-sided ventilation and provide
cross-ventilation. Different opening sizes, wind directions,
and room locations were considered. The analysis investi-
gated the potential for improving the thermal sensation, air
velocity, and air change rate. The examined alternatives were
simulated under hot, humid weather conditions. The results
could provide decision support for building designers and
operators to decide on the opening scenarios for buildings
that present similar characteristics to the generic model used
in this study. In these models, in addition to the corridor
openings, the façade and inner wall openings could reach a
size of 0.5 of the room height.

It was found that no single opening scenario could be
applied to all façades at any time. This means that each façade
is exposed to certain wind conditions and the openings
should be designed and managed dynamically, perhaps with
the aid of a BMS, to adapt and thus achieve the best results.
With the applied low-tech modifications, remarkable
increases in ACH, in some cases up to 14.5 times that of
the typical single-sided ventilation case, could be seen. Fur-
thermore, the enhancement of the pressure coefficient distri-
bution over the external and internal façades of the building
helped elevate the air velocity between the inlet and outlet
openings. This resulted in a substantial improvement in the
thermal sensation compared with the typical model. The
design of future classroom facilities should go beyond the
reliance on active mechanical systems and consider a synergy
between low-tech and high-tech solutions to achieve user
comfort. Natural ventilation is among the many factors that
affect the physiological and psychological well-being of the

Table 5: Ranking of optimum conditions with respect to certain comfort parameters.

Room 1, Θ = 0° Room 2, Θ = 0° Room 1, Θ = 90° Room 2, Θ = 90°
PMV Velocity ACH PMV Velocity ACH PMV Velocity ACH PMV Velocity ACH

1
F.2.1.1 F.2.1.1 F.2.1.1 E.1.2.1 E.1.2.1 D.1.1.1 G.2.2.1 G.2.2.1 C.2.0.0 E.1.2.1 D.1.1.1 C.2.0.0

0.02 0.86 29.10 0.58 0.20 9.04 0.73 0.11 4.00 0.72 0.11 4.03

2
G.2.2.1 G.2.2.1 G.2.2.1 D.1.1.1 D.1.1.1 G.2.2.1 E.1.2.1 D.1.1.1 D.1.1.1 G.2.2.1 G.2.2.1 A.1.1.0

-0.26 1.64 28.20 0.17 0.17 8.98 0.75 0.11 2.95 0.73 0.11 1.48

3
E.1.2.1 E.1.2.1 E.1.2.1 C.2.0.0 C.2.0.0 E.1.2.1 D.1.1.1 E.1.2.1 A.1.1.0 D.1.1.1 E.1.2.1 D.1.1.1

0.51 0.25 22.42 0.74 0.12 7.42 0.76 0.10 1.48 0.75 0.11 1.47
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occupants and therefore should be prioritized over other fac-
tors. The involvement of wind engineers in early design
stages is imperative. In particular, there are serious risks
posed by airborne transmitted diseases that require a con-
stant exchange of indoor air. Further research could usefully

explore possible solutions for different building heights, con-
figurations, and climate conditions, including different wind
directions. Considering the sheltering effect of other struc-
tures in further studies is also an essential step in developing
better decision support for cross-ventilation.
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