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Abstract

Nowadays, there is an increasing demand for buildings that offer ideal ventilation and thermal conditions,

particularly in hot-arid regions. Courtyards emerge as pivotal elements facilitating enhanced airflow and utilizing

natural energy, resulting in reducing energy consumption in addition to controlling the pressure created by the

wind. In response to the motivation of optimizing building performance in the face of harsh environmental

challenges, our study aims to investigate how different courtyard orientations affect airflow patterns and

ventilation performance in an educational building model located in Cairo and Delta region. The building,

designed for the Pre-university education phase by the General Authority for Educational Buildings (GAEB), as

a free-running building. Using a Computational Fluid Dynamics (CFD) simulations through ANSYS-Fluent

software, we performed a parametric analysis testing four different orientations (0°, 15°, 30°, and 45°) in the

northwest direction to identify the optimal orientation for enhancing ventilation performance. The results

consistently indicated that the 0° scenario yielded the best results, followed notably by the 15° scenario which

outperformed others by demonstrating superior airflow patterns and pressure differences conducive to

enhanced ventilation rates. The 45° scenario was identified as the least favorable result among the four

scenarios. These findings provide valuable methodological insights for architects and policymakers seeking to

optimize natural ventilation strategies within Egypt's climates.
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Introduction

Egypt's distinctive geographical location, between

latitudes 23° to 32°, exposes it to a "Hot-Arid

desert" climate type (BWh) in the south and central

regions and a "Semi-Arid Hot" climate type (BSh)

along the coasts, according to the Köppen Climate

Classification (Saleem et al., 2016). While Köppen's

classification is useful for macroclimate analysis, it is

less effective for building design due to its general

nature. Accurate microclimate assessment is essen-

tial for selecting optimal climate-oriented strategies

during the initial phases of the design process (Mah-

moud, 2011). Over the microclimate scale, Egypt

features diverse climatic zones, from the hot deserts

of the Western Sahara and southern regions to the

colder St. Catherine Mountains in Sinai (Mahmoud,

2011). Housing and Building National Research

Center (HBRC) and the Egyptian Residential Ener-

gy Code (EREC) have categorized Egypt into eight

distinct climatic zones, as illustrated in Figure 1 (Mi-
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nistry of Housing, 2005). Each zone exhibits specific

attributes, contributing to varied environmental,

cultural, and climate conditions that significantly

impact the design process. Therefore, it is erroneous

to assume that a building in Alexandria would exhibit

the same performance as one in Cairo or Asyut (Abdin

and Mahmoud, 2017). Consequently, it becomes

imperative to study the specific climate characteristics

of each region, define the adopted design strategies,

and examine the role of each strategy and assessing

their impact on achieving comfort for occupants

(Mahmoud, 2011). Mohamed (2010) has undertaken a

classification of the main strategies applicable in

Egypt, categorizing them primarily into three funda-

mental strategies: passive solar design, evaporative

cooling, and natural ventilation. One of the most

crucial design elements utilized when dealing with the

challenges posed by this climate is the courtyard

(Givoni, 1998 , Mohamed, 2010). Courtyards have

long been used in Egyptian building design to protect

against extreme weather by providing shading and

enhancing natural ventilation (Almajidi and Hameed,

2020 , Soflaei et al., 2020). These courtyards vary in

orientation, dimensions, and proportions based on

site-specific attributes and external influences (Ibrahim

et al., 2021). These attributes are harness-sed to fulfill

various purposes that might be environ-mental,

cultural, social, and functional (Almajidi and Hameed,

2020; Ibrahim et al., 2021). Courtyard buildings’ forms

can vary based on design requirements, with a general

preference for either multi-court or single-court

configurations over linear types. Moreover, courtyard

design necessitates the integration of various

elements, including shading devices, water features,

and vegetation. These compo-nents aid in cooling

through evaporation, reducing temperatures, and

enhancing airflow dynamics. Furthermore, other

architectural elements such as Takhtaboush, roof

design, and building materials are equally pivotal and

their absence compromises the efficacy of courtyard

design (Mohamed, 2010; Taleb and Abumoeilak, 2021

, Prakash, 2023). While pre-vious research in Egypt

has primarily focused on courtyard shading and

passive solar design, less attention has been given to

optimi-zing courtyard aerodynamics for natural

ventilation (Bienvenido-Huertas et al., 2023).

Therefore, this stu-dy will focus on analyzing wind

environments in courtyard buildings and the impact

of orientation on airflow patterns and ventilation

performance. Courtyards facilitate air exchange with

urban areas and building interiors, influenced by

wind-induced forces due to pressure differences on

building sides. Higher pressure on the windward side

and lower pressure on the leeward side create airflow.

Temperature differ-rences within the building also

cause air circulation through buoyancy forces, known

as thermal buoyancy or the stack effect (Abdelhady,

2021). The design considerations for courtyard

buildings exhibit variability in terms of previously

mentioned parameters according to the climatic

characteristics of each region (Taleb et al., 2020).

Numerical simulations are commonly used to assess

wind environments around buildings. While CFD is

cost-effective and time-efficient, caution is needed

when empirical data is lacking (Mohamed and El-

Amin, 2022). Within the main scope of the research

to study airflow patterns within courtyard buildings,

particularly in Egypt's climate. An educational

building model utilizing natural ventilation through a

courtyard was selected. The General Authority for

Educational Buildings (GAEB) in Egypt uses

standard design models across the country, not

accounting for regional climatic variations, leading to

unhealthy and uncomfortable school environments

(Hamed, 2023). GAEB's code does not provide

specific guidelines for optimizing natural ventilation

through building orientation (GAEB, 2023).

Therefore, this research will primarily aim to propose

optimal orientation for courtyard buildings under

Egyptian
Figure 1. Classification of climatic zones in Egypt (Saleem et al.,
2016)
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climatic conditions using CFD simulations, a reliable

method for predicting natural ventilation performance

and wind characteristics. The study details the steps

for conducting trustworthy CFD simulations.

Materials and Methods

This research incorporates a CFD simu-lation, as

illustrated in Figure 2, to investigate how different

courtyard orientations affect air velocity and

movement within a semi-enclosed courtyard of an

educational building model. Also, it aims to predict

classroom ventilation efficiency by calculating the

average wind pressure differences between the

classrooms' main facades (Yawen et al., 2023). Based

on Bernoulli’s principle, pressure differences create

airflow, with high pressure on the windward side and

low pressure behind it (Mohamed and El-Amin,

2022). Additionally, to meet ASHRAE standards,

wind speed inside the courtyard must exceed 5 m/s

Figure 2

Detailed research 

methodology

(American Society of Heating and Air-Conditioning,

2017). The model is located in Cairo and Delta.clima

tic region. This area was chosen because it has the

highest number of schools in Egypt (CAPMAS).

The numerical investigation of four orientation

scenarios (0°, 15°, 30°, and 45° in the northwest

direction) was conducted using ANSYS-Fluent

2022. These orienta-tions were selected based on

previous literature recommending optimal

orientations for natural ventilation of courtyard

buildings in hot-arid regions, falling within the range

of 0° to 45° in the northwest direction (Wazeri, 2002

, Soflaei et al., 2020). The study considers varying

wind speeds and directions throughout the 12

months of 2023, focu-sing on wind-induced

ventilation and excluding buoyancy effects, and heat

gains/losses. Simulations were conducted on a

desktop with a 9-core Intel® Core™ i9-9900K @

3.6 GHz processor, 64 GB installed memory, and a

64-bit operating system.
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Climatic context analysis

The weather data for the selected climate region was

downloaded from the EnergyPlus website in EPW

format and analysed using Ecotect software's Weather

Tool. The comprehensive analysis of a year's weather

data for the Cairo and Delta region, classified as hot-

arid by Köppen, was conducted using data from a

weather station located 10 meters above ground at

Cairo International Airport, operated by the Egypt

Observatory (Afandi, 2014). The dataset includes

detailed records of wind speed and direction, offering

valuable insights into the region's climate. Based on

observations from the statistical data of wind included

in Figure 3, several noteworthy patterns were revea-

led. Wind direction shows distinct seasonality: in sum-

mer, winds primarily come from the north, while in

winter, south and south-westerly winds prevail.

Notably, similar wind directions (350°) were

observed during summer months. The wind speed

displayed temporal variations, reaching the highest

mean values occurring during the spring season, see

Table 1. This highlights the necessity of including data

for all months instead of relying on specific days to

study wind flow patterns and speeds, as that can result

in inaccurate findings. Using the Weather Tool and

Olgay Charts, the study highlights that natural

ventilation significantly enhances building thermal

performance, especially during summer, see Figure 2.

This analysis facilitates informed decisions on passive

techniques and strategies.

Figure 3

(a) Monthly average data of

wind speed for the Cairo and

Delta climatic region in 2023

(b) Effect of applying natural

ventilation strategy for

enhancing thermal comfort in

Cairo-Delta region, after

Weather Tool – Autodesk

Ecotect software

Assumptions and description of the model

The case study building is one of several educational

models implemented by GAEB in Egypt, exclusively

for the Pre-university education phase. It consists of

five floors (ground + 4) with 33 classrooms, relying

primarily on natural ventilation. All classrooms use a

cross-ventilation strategy and are single-loaded, as

shown in Figure 4. The dimensions of the building

(Length – L, Width – W) are 56 m, and 28.5 m

respectively, with a total height of 18.35 m.

Additionally, it includes a semi-enclosed rectan-

gular (U-shape) courtyard space of width 19.35

m, length 32.5 m, and height 18.35 m with an

aspect ratio of 0.95 and a roof inclined at 3°

towards the courtyard (GAEB, 2023). The

numerical analysis was conducted under “closed

window” conditions to simulate wind flow pat-

terns around the building. The building's geometry

was modeled using SolidWorks software and then

loaded into Ansys Design Modeler to incorporate the

surrounding atmosphere as an additional envelope.

The building model was generated using the Boolean

Figure 4. a) Dimensions of the computational domain –

(b) The location of the classrooms within the building

mass – (c) Position of sec B-B, plan A-A, Face A, and

Face B within the building, respectively from top to

bottom – (d) Mesh refinement process

y

.
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algorithm (i.e., subtracting the solid domain from the

external fluid domain (Obeidat et al., 2023)),

simplifying it to an isolated rectangular building

without any openings, external details, sunshades,

portico, and surrounding trees. Subsequently, grids

were generated on surfaces using the "mesh tool" in

Ansys. Average air velocity and airflow patterns inside

the courtyard at the level of 1.7 m “plan A-A” (based

on the height of a normal person standing (Tang et

al., 2023)) will be investigated along with section B-B

in the middle of the courtyard building, highlighted

with the red-shaded area, as shown in Figure 4.

Additionally, pressure differences on classroom

surfaces (Faces A and B) will be calculated.

CFD Simulation and turbulence governing

equations

In CFD for natural ventilation simulations, the choice

of turbulence model is crucial for accuracy. Two

prevalent approaches in CFD are commonly used:

Reynolds-averaged Navier-Stokes (RANS) equations

and Large Eddy Simulation (LES). RANS simulations

are computationally efficient and versatile, often using

2-equation turbulence models like the standard k-

epsilon (SKT), realizable k-epsilon (RLZ), renormali-

zed group k-epsilon (RNG), and SST k-omega models

(Zhang et al., 2020). Although RANS simulations are

economical and less time-consuming (Blocken, 2018),

their inability to resolve fluctuating flow variables

leads to excluding turbulent components from the

simulation (van Hooff et al., 2017). Additionally, they

exhibit limitations in capturing phenomena such as

vortex shedding and can lead to overpredictions of

turbulent kinetic energy and flow recirculation near

simulated buildings (Blocken, 2018). In contrast, LES

provides a potential solution with its explicit model-

ling of larger eddies, offering more realistic flow data

with higher computational requirements. Investiga-
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gations utilizing RANS simulations have extensively

studied the impact of building geometry, ventilation

openings, and wind conditions on natural ventilation

(van Hooff et al., 2017). Due to computer capabilities

limitations and their robustness at a low cost, RANS

equations were chosen for this research, supported by

previous studies (van Hooff et al., 2017 , Stasi et al.,

2024). The governing partial differential equations are

solved using the Pressure-Based Navier-Stokes Equa-

tions (PBNS) solver, which forms the basis of the

mathematical model. This model includes an eddy-

viscosity formula solver for continuity and momen-

tum, and a dissipation model equation, denoted as ε,

for turbulence in the simulations. Eq. [1] and Eq. [2]

represent the RANS equations, while Eq. [6] and Eq.

[7] represent the turbulence equations (Serra, 2023).

Continuity equation:

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 [1]

Momentum equation:

Initial and boundary conditions

For CFD simulations, it is crucial to define boundary

conditions on all surfaces of the computing domain,

following best practice guidelines (Tominaga et al.,

2008). A velocity-specified domain inlet is used to

indicate airflow speed and direction, with monthly

details in Table 1. At the outlet, the constant static

pressure boundary condition is applied with a relative

pressure set to 0 Pa, while the domain's operating

pressure is maintained at 1 atm (i.e., 101,325 Pa). The

simulation of the outdoor wind environment

included the inflow boundary condition with a

vertical velocity profile, reproducing an Atmospheric.
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V (m/s) 2.65 3.65 3.7 4.48 4.18 3.54 3.49 3.13 3.55 3.3 2.83 3.22

Direction 190° 210° 30 40° 30° 350° 350° 350° 10° 40° 330° 210°

Table 1. The recorded data of monthly average wind speed and direction through the year 2023, after Autodesk Ecotect software

(months with duplicated wind directions have been highlighted with *)
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Boundary Layer (ABL) velocity profile along the

building height. This profile was given by power laws

equations in Eq. [3] (Tominaga et al., 2008 , Perén et

al., 2015 , Prakash, 2023), with a ground roughness

length of 0.5 (typical urban terrain in Cairo) (Elnabawi

et al., 2017) and the atmospheric boundary layer

friction velocity defined by Eq. [4] (Prakash, 2023).

The reference wind speed was measured at the

reference height of 10 m above the ground level with

a von Kármán constant value of 0.42. This approach

enhances the representativeness of the modeling

results compared to real-life situations.

𝑣 𝑧 =
𝑣𝐴𝐵𝐿
∗

𝑘
∙ ln

𝑧 + 𝑧0
𝑧0

[3]

𝑣𝐴𝐵𝐿
∗ = 𝑘 ∙

𝑣𝑟𝑒𝑓

ln
𝐻𝑟𝑒𝑓 + 𝑧0

𝑧0

[4]

𝐼 𝑧 = 𝐼10
𝑧

10

− 𝛼
[5]

𝑘 𝑧 =
𝑣𝐴𝐵𝐿
∗ 2

𝐶𝜇
[6]

𝜀 𝑧 =
𝑣𝐴𝐵𝐿
∗ 3

𝑘 𝑧 + 𝑧0
[7]

These values were gathered within a user-defined

function file for utilization as the parameters of

gradient wind at the inlet boundary. The turbulent

intensity characterizes the flow patterns resulting from

wind separation, which is calculated using Eq. [5]

(Perén et al., 2015).

The turbulent intensity I10 measured at the reference

height is specified as 0.39, while the surface roughness

coefficient is set at 0.44 (GB50009, 2012). The

profiles of turbulence kinetic energy, defined as the

variance of fluctuations in velocity, and dissipation

rate, representing the rate at which the velocity

fluctuation dissipates with dimensions per unit time,

are defined based on Eq. (6) and Eq. (7), respectively

(Perén et al., 2015).

The ε profile constants were set to C = 0.09 (Rivas et

al., 2022). The CFD simulation assumptions involve a

three-dimensional, fully turbulent, non-isothermal,

and incompressible fluid flow to determine the avera-

ge velocities inside the courtyard. Since the flow

velocity is based on average monthly data, it is treated

as a steady-state problem. Flow velocity, based on

average monthly data, is treated as a steady-state

problem. A standard wall function is incorporated to

enhance study fidelity. Control equations are discre-

tized using the finite volume method with a segre-

gated implicit solver, employing a second-order up-

wind implicit scheme and a coupled scheme for

pressure-velocity coupling. No-slip boundary condi-

tions are applied as ‘No Slip Walls’. The ground and

building surfaces are defined as walls, while the top

and sides of the fluid domain have ‘symmetric’

boundary conditions. For the lateral, upper, and

downstream boundaries of the computational do-

main, the normal velocity component and normal

gradients of tangential velocity components are set to

zero. The building’s walls are considered adiabatic

boundaries (Mohamed and El-Amin, 2022 , Prakash,

2023). Under-relaxation strategies in FLUENT ensure

convergence of variables like velocity, pressure,

turbulent viscosity, kinetic energy, turbulent dissipa-

tion, and continuity. The default convergence crite-

rion is set to [1-5] for the continuity equation and [1-

6] for all other equations. The iteration process con-

cludes once the convergence criterion is met, typically

within 200 iterations, often satisfied before reaching

this limit.

Domain and mesh generation

The models are positioned inside a computational

domain following best-practice guidelines in CFD

literature and recommendations (Tominaga et al.,

2008). The domain dimensions were set relative to the

courtyard building height (H): 5H upstream and

laterally, 20H downstream, and 8H above, resulting in

a size of L × W × H: 540 m × 260 m × 180 m, as

illustrated in Figure 4. The blockage ratio was 1.18%,

falling well below the maximum allowable 3 %

(Calautit and Hughes, 2014). These placements

facilitate proper airflow, prevent backflow, and ensure

vortex generation. Ansys meshing tool was used to

create the mesh, generating unstructured polyhedral

cells—a common practice to enhance the

representation of complex geometries, as depicted in

Figure 4. The overall mesh comprised 5,065,560

elements with 25,060,512 nodes. Face sizing was

applied to faces with a defined element size of 0.3 m,

with a transition ratio of 0.272. The computational

domain exhibited size gradations from 0.3 m near

walls to an increase up to 5 m near boundaries, with
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.

cell growth rates starting at 1.1 near the model and

gradually reaching a rate of 1.2 near the domain’s

boundaries. Mesh inflation ensured smooth flow,

especially near building surfaces, see Figure 4. In a

numerical solution, the accuracy should remain unaf-

fected by the number of cells in the discretized do-

main. To validate numerical results, a grid indepen-

dence test was conducted for the 0° case of February.

The pressure coefficient profile was plotted across a

horizontal line in the middle of Face A, indicated by a

centreline in Figure 4. Initially, the computational

mesh for our domain consisted of approximately 2

million elements. Starting with 2 million elements,

three denser grids were tested under identical condi-

tions. As grid density increased, see Figure 5, Cp

stabilized at 3 million elements, confirming reliable re-

sults with varying mesh sizes. A finer mesh with

5,065,560 elements was chosen for accuracy and effi-

ciency.

Figure 5

Mesh independence 

test for all grids

Figure 6

(a) Wind tunnel test by

Prakash (2023),

(b) Validation of the Cp

profiles around the building

between the experimental data

and CFD simulation,

(c) Mean average error

percentage for CFD turbulence

models,

(d) Percentage error for

calculated velocity at points a,

b, and c.

Validation of the CFD Model

The analysis of airflow patterns inside the courtyard

building with CFD requires thorough validation to

ensure the credibility of the chosen turbulence model,

which significantly affects the results. Conducting an

empirical or experimental study specific to our rese-

arch would be valuable but is challenged by limited

resources and access to necessary measurement

instruments. Therefore, we have addressed this gap

by using existing literature and available data, a com-

mon approach in prior investigations (Rabeharivelo

et al., 2022 , Karimimoshaver et al., 2023).
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To validate our selected turbulence model, we first

applied it to a well-documented wind tunnel test flow

problem by Prakash (2023) (Prakash, 2023). In this

test, a courtyard building with dimensions 50 m× 50

m and a height of 25 m, with a courtyard space of

16.75 m× 16.75 m × 25 m, was analysed using k-ε

and SST turbulence models for the same flow

phenomenon. The validation procedure focused on

assessing the Cp, along a red line around the building,

see Figure 6, to correlate with experimental results,

and measuring velocity at building locations a, b, and

c. A comparison with experimental data showed that

while the SST model is commonly used and yields

superior result (Ai and Mak, 2014 , van Hooff et al.,

2017 , Blocken, 2018), the realizable k-ε model results

demonstrated a high level of agreement with

Prakash's findings, with an average percentage error

of 3.14%. For locations a, b, and c, the maximum

deviation for velocity using the realizable k-ε model

was 4.39% from wind tunnel measurements. The

slight error between the two results can be attributed

to limitations in the turbulence model and

uncertainties in experimental data, confirming that

the accuracy of the employed CFD method for

subsequent simulations is reliable for predicting

airflow behavior in different models.

Results and Discussion 

As discussed in the first section, we examine how

building orientation affects airspeed and flow

patterns within the courtyard and internal spaces.

This involves increasing ventilation rates while

minimizing turbulence, primarily by boosting air

velocity in the courtyard. Air velocity and flow

patterns at the 1.7m level were plotted for four

building orientations. The airflow speed and

distribution inside the courtyard are color-coded

using a CFD color map, deemed effective for

deriving simulation results. Additionally, significant

pressure differences on the building facades also

improve ventilation rates within the spaces. To quan-

tify this, average pressure differences were calculated

on the classroom facades.

Qualitative analysis

Velocity contours in the model, prepared along plan

A-A within the scope of the study, are analysed to

identify areas with minimal velocities, indicating

locations where the velocity gradually decreases to

around 0 m/s. Additionally, vectors representing

fluid particle paths, with vector size denoting velocity

magnitude, provide a visual representation of the air

distribution within the courtyard space. Flow patterns

of each month for different wind incidence angles

along plan A-A and section B-B are illustrated below.

Months with duplicated wind directions are excluded

from the qualitative analysis study (highlighted in

Table 1) as they exhibit the same airflow patterns, but

they will be included in the quantitative results due to

variations in wind speed values. The simulation re-

sults for January in Figure 7 reveal substantial varia-

tions in calculated velocity vectors within the cour-

tyard space across the four scenarios. In the first

scenario, where the building orientation is at 0°,

airflow patterns exhibit a favourable distribution,

with nearly symmetrical flowlines until the generation

of vortices. A small stagnant air region appears at the

left corner due to air colliding with the windward

Face A. This leads to the formation of a small vortex

inside the courtyard space in front of the wall, while

the central region experiencing minimal impact. With

the increase in angle of rotation from 0° to 45°, a

significant change in wind patterns inside the

courtyard becomes apparent. It is noticeable that the

size of the air vortex increases, diminishing airflow

velocity within the courtyard, as depicted in the

contour plot. The vector plots in section B-B reveal

that in front of the windward Face A in the 0° case, a

small stagnation point is observed at the bottom of

the building. Better airflow performance is observed

at the air inlets, with a high amount of air impacts

along the courtyard wall near the windward side,

deflecting toward the building's roof. It predo-

minantly encounters positive pressure with minor

negative pressure near its edges caused by flow

separation. The opposite Face B (leeward side)

experiences negative pressure attributable to wake

effects. As we change from 0° to 15° and then 30°,

there is an increase in stagnant flow area size,

culminating in the generation of a vortex at 45°

which deflects towards the bottom space of the

courtyard and captures more regions than before.

This stagnant zone is also visible in cases 15° and 30°

but with a relatively smaller size, contributing to

lower velocity. Hence, for January, the 0° scenario

could be a good orientation according to wind flow

pattern results. In February, the results closely

resemble those of January due to minor variations in

wind direction impact, see Figure 8. Consequently,

the results for this month tend to favor the first

scenario due to its superior performance regarding

airflow patterns (same results for December). This
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Figure 7

Simulation results

of January

(Wind Direction :

190°)

Figure 8

Simulation results 

of February 

(Wind Direction : 

210°)

preference is based on its optimal distribution of

wind velocities inside the courtyard and its lower

incidence of vortices within both the courtyard and

the main windward facades. Upon examining the

results for March, with a significant change in the

wind direction impact on the building compared to

previous months, the distinction among the four

scenarios becomes more pronounced. This is

particularly noticeable in the velocity vector plans

within the courtyard. The stagnant points for airflow

cover a larger area in the scenarios with 0°, 30°, and

45°, unlike the 15° scenario, which exhibits a more
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Figure 9 

Simulation results 

of March 

(Wind Direction : 

30°)

Figure 10

Simulation results 

of April 

(Wind Direction : 

40°)

favorable airflow distribution with higher speeds

within the courtyard, as depicted in the velocity

contour plot in Figure 9. Regarding section B-B, a

relative similarity is observed among the four cases,

with a slightly smaller vortex size in the 45° scenario

compared to the other cases. Additionally, larger

favorable airflow distribution with higher speeds

within the courtyard, as depicted in the velocity

contour plot in Figure 9. Regarding section B-B, a

relative similarity is observed among the four cases,

with a slightly smaller vortex size in the 45° scenario

compared to the other cases. Additionally, larger
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stagnant air zones are present on the leeward side of

the building. Therefore, in these scenarios, the

optimal airflow speed and distribution within the

courtyard appears to be at 15° (same results for May).

Reviewing the results for April in Figure 10, it is clear

that the 45° scenario conspicuously stands out as the

Figure 11

Simulation results 

of June

(Wind Direction 

: 350°)

least favorable case, both in terms of air velocities

and their distribution within the courtyard space. In

contrast, the 0° and 15° scenarios distinctly exhibit

superior performance (same results for October).

In June, we observed similar results across all four

scenarios for both plan A-A and section B-B, in

Figure 12 

Simulation results 

of September 

(Wind Direction: 

10°)
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terms of the distribution and velocities of air at

different wind flow angles. It's important to note that

there were slightly higher velocity regions in the 0°

and 15° cases, as depicted on the contour plot in

Figure 11 (similar results are observed for July and

August). Examining the results for September in

Figure 12, we also observe that the 0° and 15°

scenarios show superior performance in the patterns

and distribution of air velocities within the courtyard.

In all the cases, there are similarities in the area of

recirculation behind the leeward wall, the separation

of flow at the upper edge of the wind-facing wall, and

the shear layer. The performance begins to decline

with the 30° scenario and reaches its lowest point in

the 45° scenario concerning airflow distribution. As

we reach the month of November, the 0° and 15°

scenarios demonstrate the superior distribution of

airflow patterns and velocities within the courtyard.

Remarkably, the 0° scenario performs slightly better

than the 15° scenario in terms of velocity, see Figure

13.. As can be seen, the orientation becomes more

significant in this context. According to CFD results,,

the courtyard with zero orientation demonstrates the

best wind flow pattern, allowing high-velocity wind

to enter and circulate properly inside. However, even

increasing the rotation up to 15° also yields good

results compared to 30° and 45°, which significantly

decrease airflow performance

Figure 13

Simulation results 

of November

(Wind Direction: 

330°)

Quantitative analysis

Two parameters were compared among the different

cases: average air velocity of the courtyard and static

pressure differences of Faces A and B of the

building. Figure 14 presents the average air velocities

magnitude inside the courtyard for the 1.7m plan of

each scenario. In most cases, higher average velocity

values are observed for both 0° and 15° scenarios,

exhibiting a more consistent velocity magnitude than

the 30° and 45° scenarios where a drop in velocity

magnitude is demonstrated due to the formation of

recirculation zones within the courtyard area. The

highest air velocity in the model reaches 0.87 m/s in

February. According to ASHRAE standards, the

calculated average wind speed was extremely low,

ranging between 0.36 and 0.87 m/s for the best

scenario (0°). Additionally, as stated by the Beaufort

scale, these conditions would be felt by standing

users as a gentle breeze. In the latter, as shown in

Figure 14, average pressure differences between

windward and leeward sides of the classrooms in the

building model were calculated to predict airflow and

ventilation rates inside following the Bernoulli’s prin-

ciple of fluid dynamics. The results showed that in

most months, the highest-pressure differences were

found in the 0° scenario followed by the second

scenario, whereas the pressure differences were

lowest at 45°.
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Figure 14

(a)Average air velocities 

inside the courtyard at 1.7 

m level for different cases 

(b)Average pressure 

differences between two 

main facades of the 

classrooms for different 

cases

Conclusions

In conclusion, this research endeavors to address the

challenges posed by the prevalent standardization of

educational building models in Egypt, which often

neglect the diverse climatic conditions across regions.

Focusing on the crucial aspect of ventilation perfor-

mance in buildings, we employed a CFD simulations

to investigate the impact of different courtyard

orientations on airflow patterns and ventilation

efficiency within a representative educational building

model located in the hot-arid climate of Cairo and

Delta region. Our numerical study, encompassing

four building orientation scenarios (0°, 15°, 30°,

and 45°) in the northwest direction, offers valuable

insights into the potential enhancements in natural

ventilation for courtyard buildings in hot-arid

climates. Through the meticulous application of the

Reynolds-averaged Navier-Stokes (RANS) equations

and choosing an appropriate turbulence model, we

navigated the complexities of CFD simulations,

opting for computational efficiency while maintaining

the reliability of results. The results of our analysis

indicated that the 0° and 15° orientations in the

northwest direction significantly enhance airflow

within the courtyard, fostering improved ventilation

rates within the internal spaces. Furthermore, the

calculated pressure differences on the building facades

highlight the significance of wind-induced ventilation,

emphasizing the potential for improved airflow rates

in the 0° scenario. Meanwhile, 30°and 45°repre-

sent unfavorable airflow directions due to insufficient

wind amplification. The recommendations outlined in

this paper can be applied to any building utilizing

natural ventilation for thermal comfort, given they

share analogous architectural configurations as well as

comparable weather conditions.
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Nomenclature

° degree

ω              specific dissipation rate

i, j            mean velocity component in the xi-directions

μt turbulence viscosity

ε              turbulence dissipation rate

μ              dynamic viscosity

p              pressure (Pa)

ρ              air density (kg/m3)

VABL*    atmospheric boundary layer friction velocity

t               time (s)

z0             aerodynamic ground roughness length

Z              positional coordinate along with the building's height 

k               von Kármán constant 

Vref the reference wind speed 

Href the reference height

I(z)            turbulent intensity

a                surface roughness coefficient

Cp pressure coefficient

Subscripts and abbreviation

BWh Hot-Arid desert

BSh Semi-Arid Hot

HBRC       Housing and Building National Research Centre

EREC       Egyptian Residential Energy Code

BS             Dry Semiarid (Steppe)

CFD          Computational Fluid Dynamics

GAEB       General Authority for Educational Buildings

RANS        Reynolds-averaged Navier-Stokes

EPW          EnergyPlus Weather File Format

RLZ           Realizable k-epsilon model

LES            Large Eddy Simulation

SKT Standard k-epsilon model

RNG          Renormalized group k-epsilon

PBNS         Pressure-Based Navier-Stokes 

SST Shear Stress Transport

Pa               Pascal

ABL            Atmospheric Boundary Layer
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