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ABSTRACT: The use of cooling systems has increased because of drastic changes introduced after the oil 
revolution in the local architecture by using modern building designs and practices that may not suit Oman's 
climate. The traditional architecture in this country is characterized by its passive cooling design features, which 
the locals fine-tuned through trial and error. These sustainable passive design practices developed over the ages 
have the ability to provide healthy and comfortable spaces for their occupants while preserving environmental and 
natural resources. These strategies are still evident in many traditional settlements and buildings in Oman. The 
present research evaluates the effect of natural ventilation in achieving thermal comfort in traditional Omani 
houses. For this purpose, a traditional house in a hot-arid climate zone with vernacular architecture typology was 
chosen as a case study. Computational Fluid Dynamics (CFD) was used to model the house and analyse the airflow 
and temperature levels in its spaces. The results show the efficiency of such a design to enhance natural ventilation 
and thermal comfort in similar geo-climatic regions. 
 

 
Keywords: CFD; Traditional Architecture; Natural Ventilation; Thermal Comfort. 
 
 

ي: بیت الخندق نموذجا محاكاة رقمیة لإمكانیات التھویة في المنزل العماني التقلید  
عالیة الھاشم قاري،نعیمة بن  الساعدي،صالح  خان،حیدر مراد   

 
 

أدت التغییرات الجذریة التي حدثت بسبب ثورة النفط إلى ازدیاد استخدام أنظمة التبرید في العمارة المحلیة عن  :الملخص
مناخ عمان. تزخر العمارة التقلیدیة العمانیة بمیزات طریق توظیف تصامیم وممارسات البناء الحدیثة، والتي ربما لا تناسب 

تصمیم التبرید السلبي التي صقلھا السكان المحلیون من خلال محاولات التجربة والخطأ، وتتمتع ھذه الممیزات السلبیة 
یئة والموارد بالقدرة على توفیر فراغات صحیة ومریحة لشاغلیھا مع الحفاظ على الب -والتي طورت خلال السنین-المستدامة 

الطبیعیة، ولا تزال ھذه الاستراتیجیات ماثلة في العدید من المستوطنات والمباني التقلیدیة في عمان. یقیم البحث الحالي تأثیر 
التھویة الطبیعیة في تحقیق الراحة الحراریة في البیوت العمانیة التقلیدیة. ولھذا الغرض، فقد تم اختیار منزل تقلیدي في منطقة 

یة حارة جافة یتمتع بخصائص العمارة التقلیدیة لدراسة حالة، كما تم توظیف النمذجة الحسابیة للموائع لعمل نموذج رقمي مناخ
للمنزل ولتحلیل مستویات تدفق الھواء ودرجة الحرارة في فراغاتھ، وقد أظھرت النتائج كفاءة مثل ھذا التصمیم في تعزیز 

 ي مناطق مناخیة وجغرافیة مماثلة.التھویة الطبیعیة والراحة الحراریة ف
 

 .الراحة الحراریة ؛التھویة الطبیعیة؛ البناء التقلیدي؛ الحسابیةالموائع  اداینمیك :الكلمات المفتاحیة
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NOMENCLATURE 
 
e  Expectancy factor  
ℎ𝑐𝑐    Heat Transfer Coefficient (Wm-2. K-1)     
Fi Shape factor  
𝑓𝑓𝑐𝑐𝑐𝑐 Garment insulation factor (clo)  
MRT Mean Radiation Temperature (K)  
Met Metabolic rate (met)  
PMV Predicted Mean Vote 
PPD Predicted Percentage Dissatisfied 
𝑃𝑃𝑣𝑣 Vapor pressure of water vapor (mb)  
T Air temperature (oC)  
Twall Wall temperature (oC)  
Tcl  Cloth temperature (oC)  
𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜 Active work (W m-2) 

 
1. INTRODUCTION 
 
Civilization in Oman goes back a thousand years, 
evident in many built settlements around the country. 
These settlements had desert architecture consisting of 
courtyard houses with thick walls and several vents, 
known locally as '''farkha' used to provide ventilation 
and thermal comfort by increasing airflow in the inner 
rooms. However, in the last fifty years, the oil sector 
has enriched the economy in Oman, leading to drastic 
population growth, hence the increased need for 
buildings. These buildings were built using modern 
designs that are not sustainable nor responsive to the 
local climate, and are dependent mainly on mechanical 
systems to provide thermal comfort. According to an 
interview conducted by (Gharibi 2014), most of the 
houses in Oman do not include thermal insulation, and 
air conditioning units work for an average of 17.5 
hours during the day. The field survey from (Abdul 
Majid et al. 2014) shows that 100% of the bedrooms in 
the houses are equipped with air-conditioning units set 
to run at a relatively lower temperature equal to 21 ℃. 
This relatively low-temperature thermostat setting, 
alongside other factors, has increased energy 
consumption in Oman by fifteen times during the thirty 
years from 1980-2010. Around 77% of this energy 
goes to the building sector, with 48-55% used in the 
housing sector, and 80% of this share is dedicated to 
running air conditioning systems (Gharibi 2014; Krarti 
and Dubey 2017; Alalouch et al. 2019; Al-Saadi and 
Al-Jabri 2020; Al-Saadi 2021). In order to bring these 
very high values to more reasonable and sustainable 
levels, there is a need to focus on reducing the use of 
air conditioning in houses to reduce energy 
consumption, especially with the prediction that energy 
consumption will increase in the coming years due to 
the lack of local building energy code, 'Oman's 
population growth and the weak consumption 
consciousness due to subsidized energy tariff. This 
extravagant energy consumption affects the 
environment, dilapidating the non-renewable energy 
resources, while constituting a heavy load on the 
national economy, where the energy subsidies are 
equal to 8.9% of the Omani Gross Domestic Product 

(GDP) (Krarti and Dubey 2017). 
Researchers are increasingly advocating for the 

study of vernacular architecture to generate a more 
sustainable built environment (Almatawa, Elmualim, 
and Essah 2012). However, in Oman, a few works have 
examined the environmental properties of vernacular 
architecture. The research of (Al-Hinai, Batty, and 
Probert 1993) is among the earliest of these studies, 
where four climatic regions were identified in Oman, 
along with a unique house typology for each region. 
These climatic regions vary from hot and humid along 
the north coast to bitterly cold on the high mountains. 
Most of the populated areas in Oman are in hot and arid 
regions, such as in Muscat and its surroundings, where 
the courtyard house is a popular housing typology for 
the hot arid climate (Egan 1975). The traditional 
building materials and technology relied on 
thick/dense walls and roofs to absorb the heat during 
the day and release it when the air temperatures drop 
during the night while losing part of the heat to the sky 
during the night through longwave radiation. These 
houses use vents on both inner and outer walls and 
along the courtyard to facilitate the convection in 
rooms. Furthermore, in the Muscat region, there are 
times when sea or land breezes will be active during 
the day and night and in these times the air temperature 
will be relatively lower than the daily average. During 
these times, the convection inside the building will be 
essential in providing thermal comfort. The vents, 
windows, and courtyard will also enhance the 
ventilation rate (Damlūji 1998; Scudo 1988). The 
present paper aims to reveal the mechanisms through 
which the architectural typology and components 
generate indoor thermal comfort. 

Thermal comfort can be defined as "the condition 
of mind that expresses stratifications with the thermal 
environment, it requires subjective evaluation" 
(Szokolay 2012). The thermal comfort can be 
calculated using the Predicted Mean Vote (PMV) 
method (Fanger 1970). The value of PMV represents 
the reaction of a building's occupants to the thermal 
environment on a scale of seven points (-3: cold, -2: 
cool, -1: slightly cool, 0: neutral, 1: slightly warm, 2: 
warm, 3: hot). The values calculated by equations 
consider various physical properties like activity level, 
clothes, temperature, humidity, etc. The values depend 
on physiological variables and show how people adapt 
to their climate with their physical properties. An 
example of the adaptation is how the people of hot arid 
areas feel comfortable even in relatively high 
temperatures (28 ℃) (Givoni 1998). This was 
confirmed by the thermal comfort survey done by 
Nicol in Baghdad (Nicol 1974), where he found out 
that some locals can feel comfortable at a relatively 
high temperature equal to 32 ℃, which can be achieved 
by increasing the convection (air movement) in the 
room. The adaption effect made Fanger update his 
method to simulate the thermal comfort in non-air-
conditioned buildings in a warm area by using the 
expectancy factor (P. Ole Fanger and Toftum 2002). 
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The present research will use the PMV method to 
judge the role of the openings in the vernacular house 
in enhancing the thermal comfort inside a traditional 
Omani house (Bait Khandaq) in the Al-Batinah region 
during a day in April with a temperature daily average 
of 29 ℃ and daily range 12 ℃. The house was built 
following a traditional typology and received several 
additions and transformations during different times in 
the last two hundred years. The Computational Fluid 
Dynamics (CFD) technique simulates the thermal 
condition and airflow in and around the house. This 
technique was used to study the natural ventilation in 
vernacular architecture in similar or close climatic 
conditions, such as in the south of Iran for instance 
(Heidari, Sahebzadeh, and Dalvand 2017). This 
technique to examine natural ventilation is preferred 
over other methods due to its flexibility (van Hooff and 
Blocken 2010). The present paper will begin by 
describing the house’s architectural properties and the 
numerical techniques used; then, it will present the 
results by focusing on the indoor thermal comfort, 
before addressing the main conclusion of the research. 
 
2. THE HOUSE 
 
The house known as Bait al-Khandaq is part of the 
traditional settlement of Hujrat Musalmat in Wadi Al 
Ma'awil, located south of Muscat. The house was 
initially built as a one-level building in the early 
nineteenth century, then it was extended and a second 
level was added. In recent years, this house was 
surveyed by researchers and students from the civil and 
architectural engineering department in Sultan Qaboos 
University (Naima Benkari 2015). They documented 

the house architecturally and photographically, 
recorded its building structure and materials, and 
measured its indoor thermal conditions (Figure 1). 

Many of the typical architectural element of 
traditional houses in the Al-Batinah region is shown in 
this house, such as the courtyard, thick walls, and air 
vents. The house has a bulky structure with walls made 
of earthen brick and plaster, with a thickness that can 
reach over 70 cm on some walls. This thickness was 
necessary to provide thermal inertia to keep the indoor 
cool enough until midday. The thickness usually 
decreases at the first level to give extra space for 
supporting the ceiling beams and lighten the weight to 
be supported by the main walls on the ground floor. 
Furthermore, the external walls are usually painted 
with a light colour. The house has a flat roof to increase 
radiant cooling (Al-Hinai, Batty, and Probert 1993; 
Damlūji 1998) and is surrounded by a parapet high 
enough to cover most of a standing person, mainly for 
privacy. The upper floors are constructed using a 
structure made of date palm trunks, cut in half or four, 
covered with palm leaves matting, supporting the 
massive layer of mud and small rocks covered with 
locally made lime-based plaster (Sarooj) (Meddah et 
al. 2020). 

The house's floor is paved with natural earthen 
materials as well. The house is rectangular, with a 
rectangular courtyard located at the centre of the house 
(Table 1). A semi-open gallery surrounds the courtyard 
and constitutes a transition area distributing the 
circulation to the rooms. The rooms, with variable 
lengths and limited width, are organized around the 
courtyard. Their width is limited to less than 3 metres 
due to the size of the palm tree poles. 

 

 

 

 
Figure 1. Bait al Khandaq Perspective (N. Benkari 2017). 
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Table 1. Building parameters. 
Building elements Value 
House area  510 m2 
Courtyard Area 25 m2 
Windows surface area 1-1.6 m2 
Vent surface area  0.006 to 0.06 m2 
Wall structure  Sarooj + mud brick + Sarooj (thermal conductivity 0.75 W/mK) 
Roof structure  Rammed earth + grass + Wood derivatives (thermal conductivity 0.3 W/mK) 
Floor  Hardstone + soil earth (thermal conductivity 1.2 W/mK) 
Room width 2.8 to 3 m 
Circular vent diameter 20 cm 
Number of rooms  8 
Number of gallery or corridor  2 (external+ internal) 

 
For the same reason, similar widths can be found in the 
houses around the Arabian gulf (Kay 1991). The rooms 
have a high ceiling to provide enough space for the hot 
air to stagnate at the top, without too much 
accommodating of the room's users before it is 
exhausted through the vents. The openings in the 
rooms are located at two different levels in the external 
walls. The lower windows and small slit vents are near 
the floor (30-50 cm above the floor). They are the 
source of airflow in the room and control the thermal 
sensation, as the local people usually sit close to the 
floor. The windows are elongated with no glass. 
Wooden shutters are used to reduce the room's solar 
irradiation. Circular vents are usually pierced higher in 
the external walls and those adjacent to the gallery. 
They are used to exhaust the hot air, stagnating at the 
top of the room, and facilitate cross ventilation. The 
walls overlooking the courtyard of the house may 
contain doors and vents only. There are small 
rectangular slit openings (30 x 10 cm) in the roof's 
parapet that provide an air jet to cool the roof surface 
during the daytime. The roof is commonly used for 
sleeping during summer nights, and these slit openings 
may increase the airflow, which improves thermal 
comfort. The daily weather in the region is 
characterized by sea and land breezes during the day 
and night, where the air temperature drops below the 
average. To take advantage of these breezes, the rooms 
in the upper level are equipped with more openings to 
provide higher airflow for the residents. The courtyard 
has several functions and properties. It enhances the 
natural ventilation and stores the cool air generated 
from longwave heat loss from the roof to the sky during 
the night. The cool air can flow from the courtyard to 
the rooms, through the vents, then leave the rooms 
through the openings in the external walls. However, 
most of the time, the house depends on sea and land 
breezes. The house does not include a wind catcher or 
basement, similar to other houses in other parts of Al-
Batinah. This may happen due to tropical storms that 
are common in this area. Furthermore, the house is 
located in a village with a building fabric that is not 
dense, and it is exposed to the sun from four directions.  
  

3. METHODOLOGY 
 
This paper aims to examine how the openings can 
affect the thermal comfort in different room parts. 
Several software and practical methods can be used to 
predict the thermal comfort in the room; however, only 
the CFD can show the spatial variations of thermal 
comfort resulting from the small vents that are 
distributed all around the room. The CFD divided the 
space into several cells (grid/mesh), from which the 
CFD solver constructs a control volume (finite 
volume). In every control volume, the software will 
solve some unsteady second-order discretized 
momentum, mass and energy conservation equations. 
These equations are closed by using turbulence 
models, Reynolds-Averaged Navier-Stokes equations 
(k-ε). This model comes in different versions. For this 
paper, realizable k-ε turbulence models by Shih et 
al.(Shih et al. 1995) were used. The turbulence in the 
boundary layer volume near walls was modelled using 
all y+ wall treatment models keeping the value of y+ 
around one in regions inside the house due to the 
relatively low air velocity. One of the natural 
ventilation features is the existence of the temperature 
differences between the air and the surfaces; however, 
they are limited. For this, the Boussinesq 
approximation was used to calculate the changes in the 
air density. This method is more efficient than others 
because it requires less computational power. 

Figure 2 shows the house modelled inside an 
atmospheric boundary layer wind tunnel with 
computational domain dimensions taken from the 
benchmark of Franke et al. (Franke et al. 2011), where 
a simulation for atmospheric boundary layer for flow 
around a courtyard flow is used in a number of papers 
like (Shao, Walker, and Woolliscroft 1993; 
Rajapaksha, Nagai, and Okumiya 2003). The boundary 
conditions (velocity, etc.) sets are according to the 
suggestions of (Richards and Hoxey 1993) to simulate 
the atmospheric boundary layer. Table 2 presents the 
initial and boundary conditions. Due to the significant 
role of solar radiation in thermal comfort, the solar 
irradiation on the building surfaces was modelled using 
a solar load model. This model calculates the solar 
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intensity according to time, date, and geographic 
location. The heat transfer by radiation between 
surfaces can be found by applying a surface-to-surface 
transfer model (S2S). Also, the grey thermal radiation 
model is used to make radiation properties independent 
from the wavelength. The inlet air conditions as 
velocity, turbulent kinetic energy, and turbulent 
dissipation rate are defined using a user-defined 
function and based on the equations from (Richards 
and Hoxey 1993). The simulation was done in well-
validated software Star CCM+ version 2021.1. The 
model was validated against the experimental works of 
other researchers for similar cases of mixed convection 
flow as shown in Figure 3 as the comparison between 
experimental and CFD for vertical temperature 
distribution in enclosed space under mixed convection 
move from inlet to outlet on different levels. The grid 

distribution is set using a polyhedral mesh (arbitrary 
polyhedral). This type of mesh (i.e., a group of cells) is 
non-uniform unstructured, and it was selected because 
of its computational efficiency and faster solution 
convergence. A prism layer is constructed next to the 
surfaces to prevent cell deformation and enhance the 
solution by making the gridline normal to the surface 
with high gradients for the velocity. Local refinement 
for the mesh was used in places in the house with a 
small dimension like an air vent. The grid sizes range 
from 3 m in the sides of the domain far from the house 
to 0.05 m in the air vents and windows. The grid 
numbers are approximately 19 million grids, with 10 
million in the house and another 9 million in the outer 
region. It takes several days to complete one simulation 
using multi-core Xenon dual-CPU equipped in a 
workstation pc. 

 
Figure 2. The Computational model. 

 

 
Figure 3. Comparison for the temperature distribution  along the vertical axis between experimental work from  (BLAY 1992) 

and CFD simulation for  
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Table 2. Assumptions related to the computational model. 
The condition  Value 
Initial conditions The temperature at room 36 oC 
Inlet condition  Velocity inlet Wind speed 5m/s, temperature 28 oC 
Sky temperature  Temperature =0.0552 (Tair) 1.5 
Outlet  Pressure outlet 
Boundary conditions  Building wall surfaces to act as no-slip wall, domain surface slip wall 
Wall and roof radiation properties Brown scratch brick (emissivity=0.8, reflectivity= 0.2, transmissivity = 0)  
Time and date Date: 01/04/2020, Time 12:00 PM  
Geographic location Lat 23.4o, long 57.8o 
Garment insulation 0.57 
Expectancy factor 0.7 

metabolic rate 1 met 

Relative humidity (RH%) 20% (set as constant) 

Time step and duration  0.1 s for 20 s 

The simulation outputs are air temperature values, 
air velocity, and mean radiant temperature of the 
building surfaces (MRT), which are necessary to 
predict thermal comfort. MRT accounts for the average 
radiation from the room surfaces to the centre of the 
room, and it can be calculated using the following 
equation,   

 
𝑇𝑇𝑅𝑅 = ∑ 𝑇𝑇𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐 𝑖𝑖𝐹𝐹𝑖𝑖4

𝑖𝑖=1                                                    (1) 
 

where 𝐹𝐹𝑖𝑖 is the shape factor and Twall is the walls 
surface temperatures; the value of TR (MRT) is used to 
find the Lt, which is the thermal load on the human 
body as: 

 
𝐿𝐿𝑡𝑡 = 𝑀𝑀𝑀𝑀𝑀𝑀 −𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜 − [3.96 ∗ 10−8 ∗ 𝑓𝑓𝑐𝑐𝑐𝑐(𝑇𝑇𝑐𝑐𝑐𝑐 +
273)4 − (𝑇𝑇𝑅𝑅 + 273)4 + 𝑓𝑓𝑐𝑐𝑐𝑐 ∗ ℎ𝑐𝑐(𝑇𝑇𝑐𝑐𝑐𝑐 − 𝑇𝑇) + 3.05 ∗
10−3(5733 − 6.99(𝑀𝑀𝑀𝑀𝑀𝑀 −𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜) − 𝑃𝑃𝑣𝑣) +
0.42(𝑀𝑀𝑀𝑀𝑀𝑀 −𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜 − 58.15) + 1.7 ∗ 10−5 ∗
𝑀𝑀𝑀𝑀𝑀𝑀 (5867 − 𝑃𝑃𝑣𝑣) + 0.0014 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀(34 − 𝑇𝑇)]         (2) 

 
where (Met) is the metabolic rate, (Work) is the active 
work, 𝑓𝑓𝑐𝑐𝑐𝑐 (clo) is the garment insulation factor, and hc 
represents the heat transfer coefficient between the 
clothes and the air. The equations and information to 
find these variables can be found from standards like 
(ISO 7730) (Standardization 2005). Tcl stands for the 
cloth temperature and it is calculated as: 

 
𝑇𝑇𝑐𝑐𝑐𝑐 = 35.7 − 0.028(𝑀𝑀𝑀𝑀𝑀𝑀 −𝑊𝑊𝑜𝑜𝑜𝑜𝑜𝑜) − 𝑙𝑙𝑐𝑐𝑐𝑐[3.96 ∗
10−8 ∗ 𝑓𝑓𝑐𝑐𝑐𝑐[(𝑇𝑇𝑐𝑐𝑐𝑐 + 273)4 − (𝑇𝑇𝑅𝑅 + 273)4] + 𝑓𝑓𝑐𝑐𝑐𝑐 ∗
ℎ𝑐𝑐(𝑇𝑇𝑐𝑐𝑐𝑐 − 𝑇𝑇)]                  (3) 

 
Both Lt  and Met are used to find the PMV with the 

following equation: 
 

𝑃𝑃𝑀𝑀𝑃𝑃 = (0.303 exp(−0.036𝑀𝑀𝑀𝑀𝑀𝑀) + 0.028)𝐿𝐿𝑡𝑡        (4) 
 
The value of PMV can indicate the thermal comfort 

according to the following index (-3: cold, -2: cool, -1: 
slightly cool, 0: neutral, 1: slightly warm, 2: warm, 3: 
hot). Fanger and Toftum updated the above equations 

to show the adaption effect for indigenous people who 
live in houses without an air conditioning system by 
using the expectancy factor (e), which works as a 
correction factor  (P. Ole Fanger and Toftum 2002). 
Therefore, equation (4) became:  

  
𝑃𝑃𝑀𝑀𝑃𝑃𝑜𝑜𝑟𝑟𝑟𝑟 = 𝑀𝑀[(0.303 exp(−0.036𝑀𝑀𝑀𝑀𝑀𝑀𝑜𝑜𝑟𝑟𝑟𝑟) +
0.028)]𝐿𝐿𝑡𝑡                                                    (5) 

 
𝑀𝑀𝑀𝑀𝑀𝑀𝑜𝑜𝑟𝑟𝑟𝑟 is the reduced value of Met and it is used to 

represent the fact that humans living in hot climates 
tend to be less active. Stavrakakis et al (Stavrakakis et 
al. 2008) used the following set of equations to find the 
value of  𝑀𝑀𝑀𝑀𝑀𝑀𝑜𝑜𝑟𝑟𝑟𝑟 , 

 
𝑀𝑀𝑀𝑀𝑀𝑀𝑜𝑜𝑟𝑟𝑟𝑟 =

�
−0.067 ∗ 𝑃𝑃𝑀𝑀𝑃𝑃 + 𝑀𝑀𝑀𝑀𝑀𝑀                 𝑓𝑓𝑓𝑓𝑓𝑓  𝑃𝑃𝑀𝑀𝑃𝑃 ∈ (0,1)
−0.067 ∗ 𝑃𝑃𝑀𝑀𝑃𝑃 + 1.004 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀  𝑓𝑓𝑓𝑓𝑓𝑓  𝑃𝑃𝑀𝑀𝑃𝑃 ∈ (1,2)
−0.067 ∗ 𝑃𝑃𝑀𝑀𝑃𝑃 + 1.013 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀  𝑓𝑓𝑓𝑓𝑓𝑓  𝑃𝑃𝑀𝑀𝑃𝑃 ∈ (2,3)

   

(6) 
The Predicted Percentage of Dissatisfied (PPD) is 

widely used with PMV to show the percentage of 
people that may be feeling discomfort. However, PPD 
was not considered in this study due to the limited 
available space and the quantitative nature of this 
equation.  
                                     
4. RESULTS  
  
During the initial survey for the house, it was noticed 
that the design of the house is different from what had 
been found in the north of the Arabian Peninsula. For 
example, the ventilation in traditional houses in 
Baghdad and Iran mainly depend on the windcatcher 
and courtyard. In these countries, the houses are closed 
from three directions by adjacent houses and overlook 
into a narrow alleyway. This is not the case in the 
chosen house in Al-Batinah region. Furthermore, the 
courtyard is covered with a wooden structure, which 
suggests that it may be covered during hot weather 
days. Accordingly, the main source for the airflow is 
openings, as shown in Figure 4. Here, the air begins 
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flowing from the front windows, looping in the rooms, 
and goes out through the vents to the gallery and the 
courtyard, and these effects are extended from the first 
level to the ground level.  

Another feature of this building is the design of the 
roof's parapet wall. In the house, many slit openings 
were used and were located just above the roof to 
increase the airflow near the upper surface of the roof. 
This is important because the roof is usually hotter than 
the rest of the building and the ambient air due to solar 
radiation. This extra flow of air can cool it back to a 
slightly higher temperature than the ambient 
temperature. Furthermore, at night, the roof will lose 
heat to the sky, making it cooler and cool the air above; 
this makes the air heavier and can sink easily through 
the courtyard to the rest of the house. The parapet's 

edge has a zigzag shape and induces air movement (i.e., 
the Bernoulli Effect), as shown in Figure 5. This effect 
is important at night when the residents use the roof to 
sleep during the summer. 

Figure 6 shows the airflow in the room (FR1), 
which is the front room on the first level, where the air 
enters from the windows between the front gallery and 
the room. The air circulates then leaves the room 
through the door and vents toward the courtyard or 
through external vents and windows to the outside. 
Figure 6 shows that the values of thermal comfort and 
air velocity changed locally and that the lowest values 
are near the windows and in the path of the air, which 
shows the importance of having as many windows as 
possible near the places of the residents’ setting.      

 
 

     
Figure 4. The airflow from the room to the house's core. 
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Figure 5. The air velocity is distributed above the roof by using a streamline. 

 

 
Figure 6. (Left) the component of air velocity in the normal direction, (Right) the value of adaptive PMV.  

 

 
Figure 7. The predicated volume average values for PMV in various rooms of the house.  

 
Figure 8. The predicated volume average values for PMV in various rooms of the house with different cases. 



Hayder M Khan, Saleh Al-Saadi, Naima Benkari, and Aliya Al-Hashim 

99 

The prediction for thermal comfort is shown in 
Figure 7 for the case of keeping all the windows and 
doors open (Allopen case), where the letter F refers to 
the first level and G refers to the ground level and the 
right side of the Figure shows the distribution of the 
rooms. The outdoor air temperature is relatively lower 
than the initial indoor air in the rooms to simulate the 
conditions during the breezes. The air flows from 
rooms R2 and R1 toward the gallery and courtyard to 
back rooms like R7, R8, and R4. The air in its path 
toward the back of the house will gain heat, and its 
temperature will rise, making the values of PMV 
higher in the back rooms. So, it is better to have a 
limited air connection between the core of the house 
(gallery and courtyard) and the surrounding spaces, 
which can explain why there are no windows between 
the rooms and the courtyard. The role of external 
windows is shown in room GR3, where no windows or 
vents on exterior walls and has only a door and vents 
on the courtyard side. This is not enough to introduce 
enough air to cool the room and enhance the values of 
PMV. Similar conditions happened in lateral rooms 
like R5 and R7, but with external windows; however, 
the air passes parallel to the outer opening without 
penetrating the rooms. The Figure also shows the 
difference between the normal and adaptive values of 
PMV. The adaptive comfort shows that indigenous 
residents feel between neutral to slightly warm toward 
the conditions in the house without using AC units. 
However, it is still needed to examine the PMV under 
more extreme conditions like in mid-summer in future 
research and the passive techniques used to adapt to 
such conditions. 

The present study compared different situations 
like keeping all the doors and windows opened 
(Allopen), opening only the windows (close (door)), 
and closing the windows and doors (close (door and 
windows)). Figure 8 shows the lowest values for PMV 
are when all the openings are open (Allopen). 
However, the rooms in the back of the house present a 
slight difference compared to rooms in the front. 
Again, this demonstrates the need to have many 
windows on the house's external walls with fewer or no 
windows on the internal walls. 
 
5. CONCLUSION 
 
This research attempted to address the question of 
thermal comfort and how it is affected in spaces of 
traditional architecture in Al-Batinah region, and how 
can these architectural solutions be employed to 
achieve more sustainable designs for contemporary 
houses. There are few papers on the numerical 
simulation of traditional houses in Oman despite its 
unique design compared to other traditional houses in 
the region. The study concluded that there is a need for 
airflow to provide indoor thermal comfort. It has been 
shown that this airflow is better generated when more 
windows exist on the external perimeters than on the 
interior ones. The thermal comfort can vary with the 

room location. 
Additionally, the thermal conditions in the house's 

core are more dependent on the rooms than the outdoor 
air. There are many other building elements in other 
houses that could be studied in future research. 
Similarly, other aspects could also be examined, such 
as the role of the airspeed, temperature, direction, and 
relative humidity. 
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