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Abstract: Cross ventilation is a natural ventilation mechanism that can be utilized in the roof with the suitable placement
of openings on the windward and leeward fagades. Wind tunnel experiments were conducted to study the influence of
different opening configurations in the roof on indoor ventilation for a cross ventilated dwelling model. Wind velocity was
measured using a hot wire anemometer (HWA) placed near each of the openings. The dwelling model was set to have a
windward opening located at the middle section of the pitched roof (M1). On the roof's leeward fagade, three openings
were tested: lower section (L2), middle section (M1) and upper section (U2). The findings have shown that the M1-L2
case had the highest outlet-to-inlet velocity ratio, suggesting that such opening placement is most suitable to enhance
cross ventilation in the attic, demonstrating the feasibility of rooftop cross ventilation for real-world application.

Keywords: natural ventilation; cross ventilation; wind tunnel experiment; roof opening; wind velocity

1. INTRODUCTION

With the growing concern for urban heat island (UHI), a
phenomenon which occurs because of the higher
temperature in an urban area than that in its surrounding
area, necessity and demand for indoor space cooling are
increasing. The UHI phenomenon occurs in urban areas
worldwide, and Malaysia, a country with a hot and humid
climate all year round, is no exception [1,2]. Qaid et al.
[3] remarked that one of the major causes of UHI is
urbanization wherein urban areas are continuously
expanding with the increase of urban population and the
decrease of vegetation cover.

The rising energy consumption in the building sector in
Malaysia is largely contributed by the frequent use of the
air conditioner (AC) for indoor space cooling [4,5];
residential and commercial buildings in urban areas are
not typically designed to optimize natural ventilation.
This is primarily due to the generally low wind speed in
the urban area which is not effective for heat transport.
One major source of heat in urban areas is anthropogenic
heat which essentially refers to heat that is generated
from human activities, such as from vehicles and AC
systems [6]. During the daytime, in addition to heat from
solar radiation, the ambient air temperature can increase
because of anthropogenic heat, creating an unconducive
environment without proper ventilation [7].

In modern urban settings, most residential sectors rely
heavily on mechanical ventilation, particularly air
conditioning, for cooling. HVAC systems account for
approximately 39% of total residential energy use,
making energy management a critical priority, according
to Aridi et al. [8]. In fact, the peak consumption of AC
was normally observed in summer in temperate climate
[9]. Furthermore, the UHI effect increases urban
residents’ dependence on air conditioning, raising
electricity demand from 22% to 36% [10]. To combat
high electricity consumption, natural ventilation can be
utilized since it is energy efficient as it does not consume
electricity or mechanical systems to circulate the air
subsequently making it a cost-saving method. Natural
ventilation efficiency may be improved by installing
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features like size or position of window openings [11]
where a bigger opening size and strategic placement of
windows provide cooling demands as much as 84%.
Cross ventilation is one of the natural ventilation
mechanisms utilized to reduce dependency on
mechanical ventilation. It is based on wind-driven
principle where wind flow is driven by the pressure
difference; wind travels from an opening (windward
facade, high pressure area) to outlet (leeward fagade, low
pressure area).

The potential sustainable strategy is lowering the thermal
load of the building, which is the amount of heat energy
that needs to be removed, that can be implemented
through natural ventilation or more effectively, through a
combination of mechanical ventilation (e.g. AC and fan)
and natural ventilation. Essentially, the envelope of a
building, comprised of the outer walls and roof, is
directly exposed to solar radiation during the daytime.
The heating of these outer surfaces can increase the
indoor temperature. The roof of a house is often not
obstructed by surrounding structures to provide a
sufficient level of shade from solar heating. Therefore, it
has the highest temperature compared to other outer
surfaces of a house, causing immediate heating of
stagnant air in the attic; this can result in a higher indoor
temperature [ 12, 13]. If proper ventilation in the attic can
be designed, the thermal load of a house can be reduced;
in other words, the rise of the attic temperature can be
reduced or prevented. This will subsequently prevent the
increase of indoor temperature in living spaces of a house.
The investigation of passive cooling designs and
ventilated roofs by Kain et al. [14] suggested that the roof
element plays a significant role in creating different air
pressures around the exterior and the interior of a
building; the inflow of air into the building is increased
when the air pressure difference between the building’s
exterior and interior is large. Modifications to the
building’s roof design can affect the cross-ventilation
flow rate into the building; for instance, the building with
a gable roof has better flow intake than the building with
a flat roof [15]. This is potentially because the roof



improves indoor natural ventilation due to its exposure to
high wind speed.

Therefore, this study aims at corroborating the potential
of cross ventilation studies in the roof attic through wind
tunnel experiment using a scaled dwelling model. The
model has a rooftop that features fixed openings on the
windward facade and varying opening positions (upper,
middle, lower) on the leeward facade. In this study, the
most effective roof opening configuration for enhancing
cross ventilation using a scaled dwelling model tested in
a wind tunnel is determined and analyzed.

2. METHODOLOGY

A series of experiments were carried out in an open-loop
wind tunnel of Malaysia-Japan International Institute of
Technology (MJIT), Universiti Teknologi Malaysia

flow along the test section of the wind tunnel. The
‘models’ refer to the different roof opening
configurations tested. Additionally, wind velocity was
measured at inlet and outlet openings of the model using
a constant temperature hot-wire anemometer (HWA,
model 55P11 Dantec). The schematic of the experimental
set-up is shown in Fig. 2.
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Fig. 2. Experimental set-up
2.1 Mean velocity profile 14
The incoming mean velocity profile is represented using - = = = Power law N
the power law, as shown by Eq. (1), 12 N
7
1 ’
U, z \* ’
_mean _ ( > Eq. (1) ’
Urer  \Zrer h}g.s a=037 s
: . . . N0.6 ‘
where, Upeqn is mean wind velocity, U,.r is the )/
reference mean wind velocity (i.e., 10 m/s) at the 0.4 7~
reference height, z,.; of 400 mm above the surface, and ,,’
a is power law exponent. Based on the power law, Fig. 3 0.2 7
is obtained to show the relationship between the 0
normalized mean velocity, u/u,.; and the normalized 0 02 04 06 08 1 1.2
height, z/z,. for which o was obtained to be 0.37. UU,
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Fig. 3. Mean velocity profile based on the power law

2.2 Roof opening configuration

In this study, three different opening combinations were

tested, as shown in Fig. 4. The vertical position of the

inlet opening was at the middle of the windward facade.

For clarification, the opening configurations are

described as follows:

a) M1-U2: Middle opening on the windward slope and
upper opening (centreline height of 200 mm) in
leeward slope.



b) MI-M2: Middle opening on the windward slope and
middle opening on leeward slope (centreline height
of 185 mm).

M1-L2: Middle opening on windward slope and
lower opening on leeward slope (centreline height of
170 mm).
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Fig. 4. Three tested configurations of cross ventilation

3. RESULT ANALYSIS

In this section, the experimental data are discussed in
relation to the measured wind velocity. The purpose of
this section is to deduce the optimum configuration for
cross ventilation within the scope of this study.

3.1 Instantaneous velocity distribution

Instantaneous velocity was the measured velocity from
the hot-wires anemometer. It was taken for a duration of
10 seconds at 10 kHz frequency. Figs. 5-7 show the time-
series distribution of instantaneous velocity taken at the
outlet opening for the three cases, M1-U2, M1-M2, and
M1-L2, respectively. The mean velocity is also shown in
each figure to illustrate the fluctuation of instantaneous
velocity with respect to the mean velocity.
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Fig. 5. Instantaneous velocity distribution taken at the
outlet opening for M1-U2
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Fig. 7. Instantaneous velocity distribution taken at the
outlet opening for M1-L2

Furthermore, Table 1 shows the summary of statistical
data related to the instantaneous velocity, namely
maximum, minimum, and average (or mean). Despite the
higher maximum values obtained form M1-U2 and M1-
M2 cases, the highest mean velocity was obtained for
M1-L2. It can be deduced from these data that the
opening placement, particularly on the leeward fagade of
the roof, can have a considerable effect on the cross
ventilation in the roof.

Table 1. Statistical data of instantaneous velocity

Umax Umin Uave

€€ (m/s) _(mfs) _(m]s)
M1-U2 10.10 -0.12 3.67
M1-M2 8.89 0.14 4.27
M1-L2 8.84 1.10 4.49

3.2 Turbulence velocity

The turbulence velocity component, u’ was calculated to
indicate the turbulence intensity at the outlet opening for
each case, using Eq. (2),

U =U = Unean Eq. (2)
where, U is instantaneous velocity and Up,eq, 1s mean
wind velocity. To visualize the turbulence velocity
distribution, the frequency distributions for the three
cases are shown in Figs. 8-10. All figures show a nearly
symmetrical distribution where the skewness value (skew)



was less than 0.5. The values of maximum u’ were varied
by cases.
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Fig. 8. Frequency distribution of turbulence velocity for
MI1-U2

2500

2000

1500

Frequency

1000

500

0]0&.
SNV IAT S S
DNV N Y NN Y Yy W
N oAy o YN Y9
v~*~>~w33@QQQQQQ
AN

Turbulence velocity, u' (m/s)

Fig. 9. Frequency distribution of turbulence velocity for
MI1-M2
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Fig. 10. Frequency distribution of turbulence velocity
for M1-L2

For a clear comparison of turbulence velocity for the
three cases, Table 2 shows the list of statistical data such
as maximum, minimum, relative standard deviation, and
skewness. The table shows that M1-M2 has the most
symmetrical distribution with the lowest skewness value.
In addition, M1-L2 has the lowest relative standard
deviation, indicating that the overall data is more closely
distributed approaching the mean value.

Table 2. Statistical data of turbulence velocity
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u’max u’min
Case (m/s) (m/s) 0/Uprer Skew
M1-U2 6.42 -3.80 0.153 0.37
MI1-M2 4.62 -4.13 0.123 0.18
M1-L2 3.95 -3.39 0.095 0.21

3.3 Outlet-inlet velocity ratio

The effectiveness of cross ventilation in the rooftop was
evaluated using the ratio of the outlet mean velocity, U,
to the inlet mean velocity, U;,. The value of Uy, is the
same for all three cases as the inlet opening is at the same
centreline height (185 mm). Table 2 shows the ratio,
U,yyt/Uiy for each case. It was found that the M1-L2 case
showed the highest ratio since U,,; was the highest
compared to two other cases. Hence, this suggests that
cross ventilation effectiveness could be increased when
the outlet opening was positioned lower than the position
of the inlet opening.

Table 3. Outlet-inlet velocity ratio

Uin Uput Ratio,
Case  (m/js)  (m/s) VeV
MI1-U2 7.151 3.673 0.51
MI1-M2 7.151 4.265 0.60
MI1-L2 7.151 4.487 0.63

4. CONCLUSION

Wind tunnel experiments were conducted in this study
for three different opening configurations of the scaled
model with a rooftop where the location of opening on
windward fagade is fixed in the middle while it varies on
leeward fagade. Firstly, the wind velocity at the openings
of the dwelling model analysed indicated that M1-L2 was
more efficient as the average instantaneous velocity was
the highest.

Next, the overall statistical distribution of wind velocity
analysed showed that M1-U2 recorded the highest
frequency of instantaneous velocity, U at its outlet
opening on leeward fagade while M1-L2 was the only
configuration which had a positive kurtosis indicating
that it has the highest and sharpest peak. Lastly, for the
effectiveness of cross ventilation in the roof of the model,
case M1-L2 showed the highest value, indicating it was
more efficient.

Finally, for future studies, other areas of the dwelling
model such as the body and various location of inlet
opening on windward fagade with different combinations
of opening position on leeward facade should be tested
and the rate of cross ventilation should be determined as
this will help further prove which -configuration
ultimately has the better indoor cross ventilation.

5. REFERENCES

[1] Giama, E. (2022). Review on ventilation systems
for building applications in terms of energy
efficiency and environmental impact assessment.
Energies, 15(1), 98.

Mohamed, M. F. (2020, November). Sustainable
design approaches in Malaysia’s traditional
mosques and houses. In Proceeding International
Conference on Engineering (Vol. 1, No. 1, pp.
13-21).

Qaid, A. (2023). Air temperature Distribution of
Different Features and Urban Typology Blocks
of Putrajaya City (Malaysia). Journal of

(3]



(3]

(7]

(8]

[9]

[11]

[12]

[13]

[14]

[15]

[16]

Sustainable Cities and Built Environment, 1(01),
34-51.

Abdullah, M. A. A., Razali, M. A., Abd Rahman,
R., Ishak, M., Som, M. M., Yusop, A., ... & Hadi,
N. A. (2022). Review of Automation and Energy
Monitoring System for Air-Conditioning and
Mechanical Ventilation (ACMV) in Building
Malaysia. Journal of Advanced Mechanical
Engineering Applications, 3(1), 6-15.

Hisham, N. A., Zaki, S. A., Hagishima, A., &
Yusoff, N. M. (2019). Load and household
profiles analysis for air-conditioning and total
electricity in Malaysia. KnE Social Sciences,
773-786.

Adelia, A. S., Yuan, C., Liu, L., & Shan, R. Q.
(2019). Effects of wurban morphology on
anthropogenic heat dispersion in tropical high-
density residential areas. Energy and Buildings,
186, 368-383.

Yuan, C., Adelia, A. S., Mei, S., He, W., Li, X.
X., & Norford, L. (2020). Mitigating intensity of
urban heat island by better understanding on
urban morphology and anthropogenic heat
dispersion. Building and Environment, 176,
106876.

Aridi, R., Faraj, J., Ali, S., Gad El-Rab, M.,
Lemenand, T. and Khaled, M., 2021. Energy
recovery in air conditioning  systems:
comprehensive review, classifications, critical
analysis, and potential recommendations.
Energies, 14(18), p.5869.

Lyu, J., Hagishima, A., & Tanimoto, J. (2021).
Air-conditioning load characteristics and peak
reduction potential for demand response in a
residential community.

Randazzo, T., De Cian, E. and Mistry, M.N.,
2020. Air conditioning and electricity
expenditure: The role of climate in temperate
countries. Economic Modelling, 90, pp.273-287.
Yoon, N., Piette, M.A., Han, J. M., Wu, W. and
Malkawi, A., 2020. Optimization of window
positions for wind-driven natural ventilation
performance. Energies, 13(10), p.2464.

Tuck, N. W., Zaki, S. A., Hagishima, A., Rijal,
H. B., & Yakub, F. (2020). Affordable
retrofitting methods to achieve thermal comfort
for a terrace house in Malaysia with a hot—humid
climate. Energy and Buildings, 223, 110072.
Purev, U. U., & Hagishima, A. (2021). Field
Measurement of Indoor Thermal Environment of
a Retrofitted Ger in Ulaanbaatar, Mongolia.
Kain, G., Idam, F., Federspiel, F., Réh, R., &
Kristak, L. (2020). Suitability of wooden
shingles for ventilated roofs: An evaluation of
ventilation efficiency. Applied Sciences, 10(18),
6499.

Oleiwi, M. Q., & Mohamed, M. F. (2021). An
Investigation on Indoor Temperature of Modern
Double Storey House with Adapted Common
Passive Design Strategies of Malay Traditional
House. Pertanika Journal of Science &
Technology, 29(2).

Wijaya, M. H., Zaki, S. A., Mohammad , A. F.,
Rahmat , N. A., & Othman, N. (2024).
Investigation of Wind Flow Characteristics

970

Using Passive Devices in Boundary Layer Wind
Tunnel. Journal of Transport System
Engineering, 11(1), 70-73.



	Numerical modeling of nitrate reduction using of low cost organic carbon source
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	3. RESULTS AND DISCUSSIONS
	4. CONLUSION
	5. REFERENCES
	1. INTRODUCTION
	2. REVIEW OF RELATED WORK
	3. METHODOLOGY
	4. RESULTS AND DISCUSSION
	5. CONCLUSION AND RECOMMENDATION
	6. REFERENCES
	5. REFERENCES
	Evaluating the Research Landscape of Earth Blocks in Sustainable Construction: A Bibliometric Analysis (2000–2024) 
	1. INTRODUCTION
	2. CLASSIFICATION OF HYBRID MATERIALS
	3. SYNTHESIS METHODS
	4. APPLICATIONS
	5. TRENDS AND OUTLOOK
	6. CHALLENGES IN O/I HYBRID MATERIAL
	7. CONCLUSION
	8. REFERENCES
	A Review on Polymer/Nanodiamond Composites: Fabric
	Abstract: The advent of nanodiamond-based polymer 
	Keywords: Nanodiamond, nanocomposite, electrospinn
	1-Introduction:
	3-Fabrication methods of polymer/ND composites 

