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Assessment of urban ventilation in typical Egyptian
housing layouts from four eras using a
multi-directional CFD analysis
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ABSTRACT

Air pollution is globally rising, especially in low- and middle-income coun-
tries, due to rapid urbanization. In hot arid environments like Egypt, ade-
quate outdoor ventilation is required to aid in the removal of heat and
pollutants and provide healthy living environments. In this context, the
current research analyses the urban ventilation of typical Egyptian housing
layouts using a simulated multi-directional approach. It is significant because
few studies on evaluating urban ventilation of housing prototypes were
undertaken in Egypt, and the approaches used were employed in nearly
no relevant research in the region. Linear parallel, clustered, dot, and clus-
tered-shifted patterns were investigated. Eight wind directions were analyzed
to assess five parameters: 1) wind velocity, 2) age of air (aoa), 3) airflow, 4)
pressure coefficient (cp) and 5) comfort index. An automated toolkit that
enables the simultaneous simulation of several wind directions was
employed. It consists of Eddy3D, a validated Grasshopper tool that uses
OpenFOAM'’s RANS models. The results showed that best velocities were
found in the linear-parallel-unaligned and clustered layouts, directions NNE
and N. The latter exhibited favorable airflow within its courtyards. In addition,
wind directions had little influence on aoa, as did the layout pattern.
Uncomfortable wind was greater in the clustered layout and lowest in the
clustered-shifted layout. Except for ENE direction, cp was in opposition with
ventilation, since W and WNW directions witnessed the greatest cross-
ventilation potential. While linear-parallel-unaligned and clustered layouts
created optimum ventilation and allowed outdoor activities, they require
more research to increase cp and reduce uncomfortable winds.
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Introduction

Cities presently house more than 50% of the world’s population, with that
percentage expected to increase to 70% by 2050 [1]. At the same time, global
air pollution is rising, especially in low- and middle-income countries, due to
rapid urbanization and economic growth that depend on the combustion of
fossil fuels [2]. In hot arid countries like Egypt, adequate airflow is required to
remove heat and pollutants from the air, limiting the formation of urban heat
islands and improving thermal comfort and human health [3-5]. Research on
the influence of urban morphology on ventilation revealed that layout pat-
terns and orientations relative to wind direction influence wind behavior and
performance [4-12]. From the 1950s to present, Greater Cairo witnessed four
distinct eras of public housing projects, each adopting unique and drastically
varied layout patterns (discussed in detail in Areas of study). These projects
are known as Abdel Nasser’s popular housing (1950s-1960s), El Sadat’s satel-
lite cities Housing (1970s-1990s), Mubarak’s National Housing Project (1990s-
2010s) and El Sisi’s housing projects (2014s — Present). The first era featured
linear parallel layouts (aligned and unaligned, defined after Jiang, Wu [10]);
the second, clustered (courtyarded) layouts (defined after Golany [9] and
Fahmy and Sharples [13]); the third, dot or disperse layout (defined after
Golany [9] and Fahmy and Sharples [13]); and the present era features
clustered-shifted layouts (with large courtyards). The current study compares
the performance of urban ventilation in four layout patterns typical of Cairo’s
housing projects, utilizing prevailing winds to determine which performs
better in which orientation. A computational fluid dynamics (CFD) toolkit
that features a cylindrical meshing domain and allows a multi-directional
wind simulation was employed. Eight wind directions were simulated in
order to assess five ventilation parameters: 1) wind velocity, 2) age of air
(aoa), 3) airflow pattern, 4) wind pressure coefficient and 5) annual wind
comfort.

Literature review

The relationship between urban layout patterns and its impact on outdoor
ventilation performance was explored in a number of studies. Asfour [6] used
CFD to study the effect of grouping patterns on outdoor wind. The research
was conducted in Gaza, a semi-humid Mediterranean region with long hot
summers. He tested six patterns in three wind directions. The first layout had
two parallel rows of blocks. The second and third layouts were U-shaped with
center space (courtyard) with open upstream and downstream sides. The
fourth design represented a staggered pattern with a central space. The fifth
design had a square central space, divided in the sixth design into four zones.
The U-shaped central space with upstream opening side (2nd pattern) had
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the best natural ventilation potential, while the square central space divided
into four zones (6th pattern) had the lowest. In general, buildings organized
around a central area with a windward opening side facing the wind provide
improved ventilation. Recent research by Jiang, Wu [10] in Wuhan, a city
known for its high temperatures and humidity, examined the interaction
between residential building layouts and external wind and thermal environ-
ments. The ENVI-met model was used to determine air velocity and tempera-
ture at pedestrian level. The prevailing wind is from the south. The layout
patterns were classified as aligned parallel, east — west staggered, north -
south staggered, parallel with central open space, enclosed, and enclosed
with central open space layouts. The parallel layout with a center open space
performed best in ventilation followed by the aligned parallel arrangement.
The buildings didn’t obstruct airflow, and the central space allowed for
smooth wind circulation. The first layout had no central space but the side-
by-side buildings formed a ventilation corridor, enhancing east-west wind
circulation and speeds. Worst wind environment was the enclosed layout
with central open space, because the longitudinal windward buildings
obstructed airflow to the middle space. A research by Ying, Wang [5] inves-
tigated the relationship between four common office building layouts in
Hangzhou and outdoor wind environment, using CFD. The layouts (enclosed
courtyard(s) with cavities) were divided into two types: multi-yard (M) and
overall courtyard (O). On the basis of this, they classified them into parallel
opening and returning shape opening (M-p, M-r, O-p, O-r). The results
showed that the multi-yard type had better natural ventilation than the
overall courtyard type. The natural ventilation of the multi-yard with parallel
opening (lateral cavities, M-p) was best, while the overall courtyard with
returning shape opening (perpendicular cavities, O-r) was worst.

In Egypt, limited research has been done on airflow surrounding prototype
housing neighborhoods in the last decade [8]. Three urban patterns were
explored by Fahmy and Sharples [13] in Cairo utilizing thermal analysis and
CFD: high-density compact, medium-density clustered-dot and low-density dot
(disperse). Their findings show that the first layout is better thermally, but lacks
wind access, preventing heat dissipation from the streets at night and causing
poor environmental conditions. The second design provides adequate wind
and sun access for passive cooling and wellbeing. Its excessive sun radiation
exposure can be mitigated by greenery and urban trees. While the third plan
allows for easy wind movement, it is particularly exposed to direct sunlight and
requires more trees and shade components. They found the clustered-dot
pattern to have the best environmental performance. DeKay and Brown [14]
also suggested that smaller open spaces distributed uniformly throughout
a neighborhood will be more efficient at cooling than large parks, which was
further confirmed by the study of Ying, Wang [5]. Elgamal [7] used numerical
simulations (ENVI-met) to measure and model the relationship between urban
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wind speed and urban geometry in four districts in Cairo, Egypt: Garden City
(curvilinear), Downtown (radial), Nasr City (grid) and OIld Cairo (compact
organic). Except for Garden City, which was studied in detail, results were
based on one virtual receptor point per area. AbdelRahman, Moustafa [3]
addressed indoor ventilation performance in low-income housing prototypes
in Egypt using CFD. He found out that facades should be carefully designed
because they affect pressure values on the windward and leeward elevations
and consequently potential cross ventilation.

Methods
Areas of study

Linear housing pattern (Nasser’s era)

The Gamal Abdel Nasser-led revolution of 1952 changed Egyptian society and
housing architecture. The combination of rising population, public sector
employment, new rural migrant settlements, deteriorating conditions of
existing ones and a shrinking rental market resulted in a serious housing
shortage [15,16]. In response, the Egyptian government built subsidized
public housing developments for low- and middle-income Egyptians [17].
During this period, apartment buildings of five or six stories were built to
replace slum areas [17,18]. A typical block of the time consisted of 4-6 floors
apartment buildings placed in compact linear parallel rows [19]. In this study,
Zeinhom Housing in east of Cairo was observed (Figure 1). The area is
composed of rectangular blocks organized in linear-parallel-unaligned and
linear-parallel-aligned rows as follows: Group A, with parallel blocks of various
lengths, from longer (northern) to shorter (southern); Group B, with parallel
blocks but varying in length from shorter (northern) to longer (southern) and
Group C, which consists of shorter parallel blocks (slightly oblique to north).

Figure 1. Linear-parallel layouts of Nasser’s popular housing (1956-1970). Left, Zeinhom
area of study (google earth pro 7.3, coord. 30.021519569282766, 31.24426831474131);
right, streets and block types.
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Clustered housing pattern (Sadat’s era)

Reduced public housing construction has resulted in significant housing
shortages. For the conflict with Israel, the Egyptian military acquired the
majority of the country’s resources [20]. Rent controls, private sector
constraints and persistent rural migration into Cairo resulted in reduced
housing production and the construction of informal settlements on
agricultural lands on Cairo’s outskirts [21,22]. Sadat’s open-door policy
(Infitah), which welcomed private investment, increased this phenom-
enon [23]. Sadat expanded Nasser’'s plan for new satellite cities to
include at least 14 more cities in Cairo’s outskirts [15]. This era had
seen the introduction of medium-density housing, clustered around
a courtyard [13,19]. District 6 (ElI-Sades) in October City, west of Cairo,
was examined (Figure 2). It features central courtyards surrounded by
four 5-storey linear blocks, with four narrow pathways leading to them.
Buildings are oblique to North.

Dot housing pattern (Mubarak’s era)

Mubarak had a similar housing program to Sadat in the 1980s: public
housing, private investment and development of new cities. For a 5-year
period from 2005 to 2011, the government launched the ‘National Housing
Project’ and during this time period, the dot layout was adopted, featuring
walk-up, free-standing apartment buildings with no more than six stories
[19,24]. In this study, the National Housing Project’s 63 m? prototype
located in 6th of October City, west of Cairo, is examined (Figure 3). It
consists of 5-story walk-ups arranged in a dot pattern aligned with the
streets and oblique to the north, with few rows oriented to the north. The
dot pattern created a variety of street widths as well as passages between
the buildings.

Figure 2. Clustered layouts of Sadat’s satellite cities housing (1970-1981). Left, EI-El-Sades
area of study (google earth pro 7.3, coord. 946540078096923, 30.911987752655293);
right, streets and clusters.
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Figure 3. Dot layout in Mubarak’s National housing Project (1981-2011). Left, 63 m?
prototype’s area of study (google earth pro 7.3, coord. 29.910693358604988,
30.940886257338473); right, streets and buildings.

Clustered-shifted housing pattern (El Sisi’s era)

Since Mubarak’s stepping down in 2011, the government has continued to build
and deliver previously designated housing units. Simultaneously, a new genera-
tion of cities is being implemented next to Egyptian cities and older satellite ones.
For low-, middle- and upper-income families, President El Sisi (since 2014) created
four housing tracks: Social Housing, targeting low-income people; ‘Sakan Masr’ or
Shelter of Egypt, a gated community (tree fence) targeting all layers of society;
the more expensive gated communities ‘Dar Masr’ or House of Egypt (upper
middle and luxurious) and ‘Janna’ or Heaven (luxurious) [25]. Sakan Masr is
regarded as a prototypical housing project of the era. The clustered layout is
adopted, featuring 6-storey housing blocks organized around a large central
courtyard. The cluster is created by connecting two to three buildings in a shifted
pattern. The present research examines Sakan Masr located in 6th of October
City, west of Cairo (Figure 4). Every seven 6-story walk-ups are clustered around
a central courtyard opened from one side and shaped by shifted attached blocks.

Figure 4. Clustered-shifted layout in El Sisi's housing projects (2014s — present). Left,
Sakan Masr area of study (google earth pro 7.3, coord. 29.946346784682788,
30.97166395318072); right, streets and cluster types.
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The entire area is organized radially and features two basic cluster types: Type (A)
of clusters C1-3, and Type (B) of clusters C4-8. Type A contains attached blocks
on three sides of the courtyard and opens to the south. Type B has attached
blocks on each side of the courtyard and one block on the north or south. Two
side pathways lead to the courtyard.

Climatic data

According to the Koppen-Geiger classification system, Egypt has a hot desert
climate (BWh) typified by hot, dry summers from May to September, tempe-
rate winters, and little precipitation, mostly around the coasts. Summer
temperatures range from 35-38° (mean daily maximum) to 16-21° (mean
daily minimum). The prevailing wind directions all over Egypt are north, north
east and north west and winds are particularly strong near the Red Sea (8.0-
10.0 m/s) and Northern shores (6.0-6.5 m/s) [26,27]. The historic EnergyPlus
weather data file (epw format) of the city of Cairo from 2007 to 2021 was used
in the simulation and eight wind directions with the highest yearly frequen-
cies were considered (Figure 5) [28,29].

Simulation workflow for outdoor ventilation analysis

The open-source program OpenFOAM was used to conduct a constant air-
flow through a three-dimensional CFD study. The impacts of thermal-driven
ventilation were not examined because the study focuses on wind-driven
ventilation; hence, the simulations ran under isothermal circumstances.
OpenFOAM includes a wide range of capabilities for solving complicated
flows, and it has been validated using real-world observations as well as
wind tunnel tests [30]. An automated workflow that enables the carrying

3 Windrose Plot for [HECA] Cairo
IEM" Obs Between: 02 Feb 2007 01:00 AM - 30 Dec 2021 11:00 PM Africa/Cairo

Wind frequency (%) by direction in Cairo

ummary
Obs Used: 103732
‘Obs Without Wind: 244

Avg Speed: 4.0 mps.

80-9.9 mm 100-119 mm 120+

Figure 5. Wind data of Cairo based on the climate from 2007 to 2021. Left, wind rose
showing the prevailing wind directions and average speeds [28]; right, wind frequencies
per direction (adapted from the weather file data).
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out of a multi-directional CFD study and its post-processing was conducted.
(Figure 6). It consists of the following toolkit: 1) The simulation engine
OpenFOAM v.5.x; 2) BlueCFD - Core v.2017, which is a source code that
makes OpenFOAM run natively in Microsoft Windows; 3) Rhinoceros 3D
modeling software v.6, which was used for modeling as well as visualizing
airflow patterns and annual comfort results; 4) its plugin Grasshopper (GH)
v.2020, 4) Eddy3D v.0.3.8, which is the main tool that runs the whole simula-
tion and allows for post-processing of results through GH interface and 5)
Paraview software, for visualizing meshes and velocities. Building geometry
was created in Rhinoceros; and Eddy3D was used to create the simulation
domain including its mesh, specify boundary conditions, process the weather
data, run the simulation, handle the data, and link to visual results in Paraview
and Rhinoceros. Based on the annual prevailing wind, eight directions were
considered and simulated: 0°, 22.5° 45°, 67.5°, 270°, 292.5°, 315° and 337.5° (N,
NNE, NE, ENE, W, WNW, NW and NNW).

CFD Toolkit Geometry / Meshing / Numerical & Visual
Simulation Results

CFD engine
for Windows

OpenVFOAM $

Modeling, CFD running, results, visualization,
post-processing

Building Geometry Probing Plane and Points

Defining Boundary "
Wind
Conditions + Annual =

Velocities
Weather Data (EPW file)

Visualization

Aieirof fﬁ\?‘c

M ParaView

BN

Creating simulation domain

Airflow st ™
V) Eddy Paen Eddy | %%
“\{(/ e .
Rhinoceros BlockMesh/SnappyHexMesh n Y,
Comfort N
. \\'/
Il ParaView Rhinoceros |
Running Simulations Pressure 4
RANS k-epsilon / k-OmegaSST Coeff.

Figure 6. Multi-directional CFD analysis toolkit and workflow.

Boundary conditions

Setting up and conducting a simulation for each of the eight wind directions
is time consuming due to the costly nature of CFD simulations. In light of this,
Kastner and Dogan [31] presented and verified a cylindrical meshing
approach that was used in recent research utilizing the Eddy3D user interface
[32-35]. The tool automates the creation of boundary conditions, following
Tominaga, Mochida [36] best practice, and saves substantial time for multi-
directional wind analysis. According to Kastner and Dogan [31] and [33],
lateral patches are allocated to an inlet or outlet according to the studied
wind direction; the inlets are mapped to a half circle, with the outlet on the
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Table 1. Settings of the CFD simulation domain and boundary conditions.

Simulation Domain Turbulence model  Annual wind velocity kEpsilon
Annual wind pressure  kOmegaSST
Pedestrian wind NEN8100
comfort
Boundary type Cylindrical domain
Mesh type blockMesh & snappyHexMesh
Refinement levels 3
Cell size Tm
Number of 2000
Iterations
Atmospheric Boundary Conditions wdir (8) 0°, 22.5°, 45°, 67.5°, 270°, 292.5°, 315°,
(ABL) and 337.5°
Uref 10 m/s
zref 10 m/s
z0 1
zGround 0
Weather data EPW - Cairo International Airport

opposite part. For inlet boundary conditions (velocity u, turbulent kinetic
energy k, and dissipation rate €) and a roughness length z0=1 that refers
to suburban environments, the half circular inlet was defined to a uniform
profile. At the domain’s outlet, constant pressure is considered, while all
remaining variables are set to zero-gradient (see Table 1) [37].

Simulation domain

The simulation domain was constructed in accordance with best standards,
which advise that it should not exceed a 3% blocking ratio limitation and
should be six times taller than the tallest building (Figure 7) [35]. The
suggested minimum distance from the buildings to the boundaries was
set to 15 times the height [34]. The meshing tools snappyHexMesh and
blockMesh from OpenFOAM were employed (see Table 1). The background
mesh is first created by the former and is then snapped to the building
geometry by the latter. The cylindrical mesh was further enhanced using
three levels of refinement inside a refinement box that surrounds the
analyzed buildings [31,33,35]. The wind directions were set to 0°, 22.5°
45°, 67.5°, 270° 292.5° 315° and 337.5° the number of iterations was set
to 2000, and the weather data file (epw) of the city of Cairo from 2007 to
2021 was incorporated.

Mesh sensitivity analysis

To explore mesh sensitivity and set cell sizes, one area of study (Zeinhom
Linear Housing) was simulated for one wind direction (0°). All of the CFD
parameters remained the same except for the cell sizes, which were set to
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‘Wind inlets Simulation boundary Mesh

cells:325621
faces: 1119927
points:469810

Zeinhom Linear Housing

Inner rectangle: 183.5m  Outer radius:792m  Height: 102 m

cells:427643
| faces:1472604
points:617763

El-Sades Clustered Housing

Inner rectangle: 224 m  Outer radius: 872.5 Height: 102 m

cells:743221
faces:2556937
points: 1069605

Mubarak Dot Housing

Inner rectangle: 296.5m  Outer radius: 977 Height: 102 m

cells:667418
faces:2286010
points:952010

R

Sakan Masr Clustered-Shifted Housing

Inner rectangle: 336 m  Outer radius: 1172 m Height: 120 m

Figure 7. Simulation domain of the four layout patterns.

coarse, medium and fine meshes; the Eddy3D tool automatically selects the
refinement level based on the desired cell size. Table 2 shows the refinement
level for mesh sizes 4m, 3m, 2m, T m, and 0.5 m, as well as the number of
iterations at the time the simulation converged and the duration it took. The
results of the analysis in Figure 8 indicated that the profiles of wind velocities
per probing point for fine meshes 0.5 m and 1 m were similar, the 2 m mesh
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Table 2. Settings and results of the mesh sensitivity analysis.

Time till

Mesh Mesh  Refinement Convergence graph for dir. 0, convergence lterations till
type size (m) level k-epsilon, Zeinhom area (s) convergence
Coarse 4 1 B 251 835
Medium 3 2 = 1309 975
Medium 2 2 , = 1353 975
Fine 1 3 , === = 6169 1311

A i
Fine 05 4 16381 1492

A\

i

Mesh sensitivity analysis

10.0
8.0
6.0
4.0
2.0
0.0

Wind velocity m/s

Probing points

medium (2m)

coarse (4m)  ------- medium (3m)

Figure 8. Wind velocity profile per mesh size.

had a comparable profile but with significantly lower velocities, and the 3 m
and 4 m meshes diverged substantially from the results of fine and medium
meshes. Because the convergence of the 0.5 m mesh took more than 2.6
times longer than the convergence of the 1T m mesh, with no significant
difference in the number of iterations (1492 and 1311, respectively) and
velocities, the latter was selected for the analysis.
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Simulation models

Reynolds-averaged Navier Stokes (RANS) turbulence models were used to
determine wind velocities, the age of the air, and pressure coefficients since
the flow was assumed to be turbulent [30]. Two models, k-epsilon and
k-omegaSST, were used to solve these ventilation parameters.

K-epsilon model

One of the most popular turbulence models in CFD for resolving issues
with natural ventilation is the standard k-epsilon. Since it was first sug-
gested by Launder and Spalding [38], it has evolved into real-world
engineering flow computations [39]. It has been examined in multiple
studies and predicts urban mean flows under both isothermal and non-
isothermal situations, generating results that are fairly precise and reason-
able [34]. However, it may not be suitable for thermal-driven ventilation
(buoyancy) and significant heat fluctuations, which are not the focus of
this study [30,34,39]. The model uses Equations (1-3) and is based on two
transport variables: the turbulence kinetic energy (k), and its dissipation
rate (e) [39-41].

3
k=3 (Un? (M
C0‘75k1 5
e=-t . )
k2
Ve = CME (3)

| = turbulence intensity (%), U=mean flow speed (ms™'), C,=model coeffi-
cient for the turbulent viscosity equal to 0.09, L = a reference length scale [m],
vy = Turbulent viscosity (m?s™"

K-omega SST model

The two-equation ‘k-omega shear stress transport’ model enhances flow
prediction close to the wall. It is more suitable for calculating pressure
coefficients on facades because it considers the transfer of the main shear
stress in ‘adverse pressure gradient boundary layers’. Based on the trans-
port Equations (4-5), the model employs two variables: the turbulence-
specific dissipation rate (w) and the turbulence kinetic energy (k,
Equation 1) [39-41].

k045

W=——
CB.ZSL

(4)
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k
Vi = — (5)
k = turbulence kinetic energy (m?s™2) (Equation 1), C, = model coefficient for
the turbulent viscosity equal to 0.09, L =a reference length scale (m), v,=
Turbulent viscosity (m?s™ "

Ventilation parameters

The RANS CFD simulation, which works as a spatial wind velocity matrix, ran
for each wind direction automatically. After the analysis is finalized, Eddy3D
enables post-processing by allowing the review of several parameter results
through probing. A horizontal probing plane with a pedestrian height of 1.5
m was set up for post-processing data of wind velocities, age of air and
annual wind comfort, while probing points were set up on the building
facades to collect pressure coefficients.

Wind velocity

In conjunction with the weather data, the ‘simulations serve as a nearest
neighbor lookup table of wind velocities’, and the velocity of each wind
direction was calculated based on the model equations and determined for
each probing point [42].

Age of air

Aoa is the average time it takes for a particle to travel from an input location
to a measuring location; it may be used to determine the air change and
distribution efficacy in urban settings or inside the buildings [43,44].

Pressure coefficient

The difference of wind pressure coefficient with regard to the input
condition as provided in Equation (6) is known as wind pressure coeffi-
cient (cp*). The pressures ¢, and c,,; are derived from the results of the
CFD simulation, where i denotes the inlet condition. The maximum
freestream velocity at the highest point of the domain is selected as
the reference velocity (uef), which is primarily used to normalize the
nodal pressure [33].

x _ P —Patm Pi —Patm P —Pi
=G Ci="7 2. o, 12
Zp ref 2p ref 2p ref

(6)

¢p = wind pressure coefficient, irefers to the inlet condition, p = density of air
(kgm —3), U, = reference velocity (ms™")
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Table 3. NEN8100 wind comfort levels by activity [47].

Activity Ugpr (M/s)  Pmax in hours per year Description of activity

1. Sitting long 5 2.5% Good climate for sitting long

2. Sitting short 5 5% Moderate climate for sitting long
3.Walking leisurely 5 10% Moderate climate for walking leisurely
4. Walking fast 5 20% Moderate climate for walking fast

5. Uncomfortable 5 >20% Poor wind climate

6. Dangerous 15 0.05% Dangerous

Wind comfort

The most commonly used wind comfort indexes are Lawson, Davenport
and NEN8100. They all categorize places with comfortable activities
based on their linked acknowledged average wind velocities and fre-
quency of occurrence (see Mohammadi, Tien [45] and Janssen, Blocken
[46] for comprehensive comparisons). Significant advancement has been
made in recent years in terms of wind comfort and safety standards.
These advancements have been included into the Dutch Wind Nuisance
Standard NEN8100, which is the world’s first wind nuisance standard
and has shown to generate realistic and fairly reliable results. As shown
in Table 3, it defines six comfort levels with a threshold wind velocity of
5m/s [47].

Results
Ventilation parameters: wind velocity, age of air and airflow

Zeinhom linear housing

The visual and post-processed numerical results of wind velocities, airflow
patterns and aoa of the linear parallel (aligned/unaligned) layout are shown in
Table 4, and Figures 9 and 10. Wind velocities were highest in dir. 22.5°,
followed by dir. 0° and 67.5°, and lowest in dir. 315°. Differences in aoa were
relatively small, with 6 seconds separating the greatest and lowest aoa
averages; the worst aoa was for dir. 22.5°, followed by dir. 0° and 337.5°
while the best aoa was for dir. 292.5° and 315°. Wind velocities and airflow
pattern results were comparable for the directions from 0° to 67.5°° on one
hand, and 270° to 337.5°° on the other. Streets St1, Sc1-3 (B), and St2 had
higher velocities for wind directions 0° to 67.5°, despite the fact that the last
two street types were perpendicular to the wind. This is explained by St2’s
triangular shape, the arrangement of short (north) to long (south) blocks in
Group B, and the existence of a central space with cavities (in Gr. B), which
redirected airflow into the arrays (see Figure 10). Arranging them in Group
A from long to short reduced velocities in Sc1-2 (A). Airflow behavior in
Group C deep arrays exhibited a typical skimming flow effect in directions 0
°to 67.5° and improved in directions 270° to 337.5°.
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Table 4. Post-processing of wind velocities and age of air numerical results.
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It could be concluded that the unaligned linear parallel layout with
a central space and two cavities (Group B’s layout) improved air circulation
in this area of study. Regarding the ventilation parameters, dir. 0° to 67.5°
performed better for wind velocities and airflow patterns, where dir. 22.5° and
0° performed best for velocities but worst for aoa. A balance between
velocities, aoa and airflow was found in dir. 45° and 67.5°.

El-Sades clustered housing

The highest wind velocities were found in dir. 22.5°, followed by dir. 0° and
67.5°, while dir. 315° witnessed the lowest velocities. The differences between
aoa for all wind directions were very small, with only 3.3 seconds between the
highest and lowest average; the best performance was for dir. 0° and 22.5°,
while the worst was for dir. 315°, followed by 292.5° and 67.5°. Wind velocities
and airflows yielded comparable results for the four directions from 0° to
67.5°. The courtyard configuration with four cavities (P1-4) played a critical
role in improving airflow, especially for the two directions 0 and 22.5°.
Because the cavities served as inlets and outlets, they created
a recirculating vortex within the courtyards, with merely no stagnation
zones except near the buildings. This happened in all five courtyards when
they were oblique to the wind, especially in directions 0°, 22.5°, and 270°. For
the remaining directions, the recirculating vortex happened in certain clus-
ters but not in others that were parallel to the wind. To summarize, clusters
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Figure 9. Wind velocities visual results.

with all courtyards and four cavities oblique to the wind had the optimum air
circulation, and dir. 0° and 22.5° performed best for all ventilation parameters
(velocities, airflow, and aoa). The first showed better airflow and the latter had
more favorable velocities.

Mubarak dot housing
The highest average wind velocities were recorded in dir. 22.5°, 0, 67.5°, and
45°, in that order, while the lowest averages were found in dir. 315° and 270°.
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Figure 10. Airflow results.

Similar to El-Sades clustered pattern results, dir. 0 and 22.5° had the best aoa
performances, while dir. 45° to 292.5° had the poorest aoa. However, the
changes in aoa across all wind directions were minor, with 4.5 seconds
separating the highest and lowest averages. Despite the fact that the dot
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layout is known to increase wind exposure and may be used where ventila-
tion takes precedence over sun screening [9,13], this area had low wind
velocities except at the inlets (start of streets and walkways) due to
a Venturi effect [48)]. For all wind directions, insufficient air circulation was
caused by the opposite two building rows that surrounded the area, which
created a blocking wall effect for the inner areas and streets. It was observed
that air reached the facades in streets oblique to wind direction, such as S1-2
dir. 0°, but not in streets parallel to wind direction, such as S4-5 dir. 0°. The dot
layout allowed air to flow in practically any direction, with turbulent behavior
around windward blocks, penetrating upwind in-between spaces and major
streets (particularly S1 and S5) and guided by buildings, which altered wind
directions. In summary, dir. 22.5° and 0° performed best for wind velocities
and aoa, with the first having more favorable velocities; all wind directions
had comparable airflow patterns; and the dot arrangement hindered ade-
quate ventilation because the building rows were not alternately organized.

Sakan masr clustered-shifted housing

The highest wind velocities were noticed in dir. 22.5°, followed by dir.
0°, 67.5°, and 45° the lowest velocities were found in dir. 315° and
270° in that order. The differences in aoa were very small in all direc-
tions, with only 1.5seconds separating the highest and lowest values.
Dir. 67.5° performed the best in terms of aoa, followed by dir. 45°, 22,
and 0; whereas dir. 270° and 315° had the worst aoa performance.
Streets S1-3 acted as air inlets in dir. 0 to 67.5°. Street S4 witnessed
good air velocities despite being perpendicular to the wind, most likely
due to its intersection with major upwind streets and the clustered-
shifted arrangement that guided air circulation around the blocks. In
the other four wind directions, the same street, S4, served as an air
inlet. Despite featuring lateral cavities (pathways), most of the clusters
(Types A and B) had poor ventilation, with low velocities and multiple
stagnation zones. Except in clusters C7 and C8 (Type B), a recirculating
vortex inside the large courtyards did not develop as frequently as in
El-Sades clustered layout. Air penetrated successfully via the lateral
cavities in these two clusters, particularly C7, aided by the oblique
orientation, short windward block and shifting pattern (see Figure 10).
The two lateral cavities seen in C4-6 aided airflow by acting as air exits.
Because of the opening of the U-shaped courtyards and streets (S1-3)
onto the transversal street S4, wind flowed into the clusters. In sum-
mary, dir. 22.5° had better wind velocities, dir. 67.5° had better aoa, and
oblique clusters with U-shaped upwind courtyards and lateral inlets had
enhanced air circulation in the majority of wind directions.
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Annual wind comfort

As shown in Figure 11, the number of probing points with yearly dangerous
wind was fairly low, 0.5% in Zeinhom linear layout, 0.3% in El-Sades clustered
layout, 0.2% in Sakan Masr shifted-clustered layout, and 0.1% in Mubarak dot

NEN8100 Wind Comfort Levels
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Figure 11. Annual wind comfort visual and numerical results.
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layout. El-Sades had the highest percentage of uncomfortable wind, 14.6% of
its area, Mubarak and Zeinhom were nearly equal, 10.4% and 10.3%, respec-
tively, while Sakan Masr had the lowest, 7.6%. While dangerous and uncom-
fortable winds were detected in the arrays of Zeinhom'’s linear layout, in the
remaining three aeras, they primarily occur in the main streets, building
corners and wind inlets rather than the courtyards and inner areas (see
layouts in Figure 11). For other comfort levels, Zeinhom and El-Sades areas
were more suitable for walking leisurely (19-20%), while Mubarak and Sakan
Masr areas were better suited for sitting long in most parts (30%). When the
layouts in Figure 11 were examined, it was discovered that Zeinhom linear
arrays allowed for several activities and the courtyards of El-Sades layout were
ideal for sitting long, with additional spaces suitable for sitting short. The
‘walking fast’ appropriateness happened primarily outside of the layouts
analyzed.

Pressure coefficient

The pressure coefficient data, which indicate the potential for cross ventila-
tion inside buildings, are depicted in Table 5. The results of ¢, for Zeinhom
linear pattern showed variances between the average ¢, per wind direction.
Dir. 292.5° and 270° performed the best in terms of cross-ventilation poten-
tial; the number of probing points with yearly positive coefficients nearly
equaling the number of probing points with yearly negative coefficients, with
an average of —0.01 and —0.02, respectively. It was discovered that these
directions are perpendicular to the buildings’ shorter sides, implying that only
units in the corners would benefit from cross-ventilation if windows were
present in these facades. In the majority of units in this housing type,

Table 5. Post-processing of pressure coefficient results.
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however, openings are only found on the long facades. Dir. 67.5° and 315°
showed good ¢, results (—0.05). In dir. 337.5° (-0.10), 45° (-0.12), 0° (-0.14),
and 22.5° (-0.14), negative coefficients outnumbered positive coefficients,
where only windward facades would experience good cross-ventilation. In El-
Sades area, the best performance was in wind directions 67.5°, 270° and 45°
(—0.05 to —0.065); followed by 292.5°,22.5°, 315° and 337.5°, which had similar
values (between —0.08 and —0.09). The worst coefficients were for dir. 0°
(—0.1). This means that the favorable circulating vortex did not fully succeed
to reach the facades oblique to wind, inside and outside the courtyards.
Mubarak area’s ¢, showed a profile similar to El-Sades area as the best
performance was in dir. 67.5°, 270° and 292.5° (-0.3 to —0.04). The worst
coefficients were for dir. 0° and 337.5° (—0.08), and slightly better figures were
found in dir. 22.5°, 45° and 315° (-0.06 to —0.07). Similar to Zeinhom area,
Sakan Masr had the best pressures in dir. 270°, 292.5° and 67.5° (-0.04 to
-0.05). G, averages in dir. 45°, 315° and 337.5° ranged between —-0.06 and
—0.07 and the worst pressures were in dir. 0 (-0.09) and 22.5° (—0.08).

The ¢, values for all areas were found to be in contrast with the ventilation
parameter data, implying that directions with the best velocities and airflow
patterns had low ¢, and cross-ventilation potential, and vice versa. The wind
direction 67.5° demonstrated a balance between ventilation and pressure
coefficients in all studied areas. However, it is believed that with some design
alterations, the pressure coefficient results and cross-ventilation potential of
dir. 0° and 22.5°, which showed the best velocities and airflow patterns, could
be improved.

Discussion

All patterns had the same profile of wind velocities, which shows consis-
tency in the ventilation performance per wind direction (see comparative
results in Table 6). Dir. 22.5° had higher averages across all layout patterns,
followed by 0° and 67.5°, while 315° had the lowest averages. The best
performance was found in Zeinhom'’s linear and El-Sades’s clustered pat-
terns for wind direction 22.5° with the highest averages of 2.3 m/s and 2.2
m/s, respectively. Although known to boost ventilation [9,13], the dot
pattern of Mubarak Housing had the worst performance for this wind
direction (1.86 m/s). As previously stated, the two building rows enclosing
this area produced a blocking wall effect for the inner parts, which, if
organized alternately, may most likely have enhanced ventilation. Sakan
Masr’s clustered-shifted pattern came third (1.91 m/s) despite its large
courtyards. The findings of DeKay and Brown [14] and Ying, Wang [5]
suggest that layouts with small courtyards (e.g. El-Sades area) perform
better that layouts with large courtyarded layouts, which is confirmed by
the present study.
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Table 6. Comparison between ventilation parameters across all analyzed layout patterns.
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When comparing the aoa, Zeinhom and El-Sades areas showed best
performance, ranging between 53s-58s, and 60s-63s, with a yearly average
of 55.5s and 61s, respectively. Mubarak area ranged between 75s and 79.5s,
while Sakan Masr between 76s and 78s, with the latter showing the worst
results. Their yearly averages were 77.5s and 77.3s, respectively. Wind direc-
tions did not have a significant effect on the aoa results as did the layout
configuration because for each studied area, the difference between the
highest and lowest aoa was relatively small across all wind directions.

Airflow patterns (Figure 10) improved when Zeinhom linear parallel lay-
outs were unaligned (staggered) and incorporated a central space with two
cavities (see Group B). Jiang, Wu [10] investigated a similar configuration and
also discovered that it enhanced ventilation. EI-Sades courtyard configuration
with four unaligned cavities boosted airflow significantly especially when
oblique to the wind in the two directions 0° and 22.5°. This is due to the
cavities acting as inlets and outlets. DeKay and Brown [14], Ok, Yasa [49], and
Ying, Wang [5] all emphasized the role of oblique orientation and lateral
cavities in courtyards. As explained earlier, Mubarak dot arrangement did not
provide the best ventilation performance as suggested by Fahmy and
Sharples [13] and Golany [9]. Because the building rows were not organized
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in an alternating manner, they hindered airflow. Despite the low wind velo-
cities of Sakan Masr’s clustered-shifted layout, it was observed that oblique
clusters with U-shaped upwind courtyards and lateral inlets had better airflow
patterns in the majority of wind directions, which confirms the findings of
Asfour [6] and Javanroodi, Mahdavinejad [50].

In all analyzed layouts, areas with annual dangerous wind ranged from
0.1% to 0.5% when according to NE8100 index (Figure 11 and Table 6).
Uncomfortable wind varied from 7% to 14%, with Sakan Masr having the
lowest and El-Sades having the highest, particularly in large areas between
blocks or clusters and around some corners, which may be avoided in future
designs. The linear arrangement of Zeinhom created a variety of results
within its arrays, ranging from their suitability for long and short sitting to
walking leisurely and fast. The clustered pattern of El-Sades allows for lei-
surely walking around clusters, as well as sitting long and sitting short inside
the courtyards, whereas the wind blockage effect of Mubarak’s dot pattern
and Sakan Masr’s large shifted courtyards made them comfortable for sitting
long in most of their parts.

Regarding wind pressure coefficients, shown in Tables 5 and 6, the linear
pattern of Zeinhom housing had the best cross-ventilation potential for
directions 292.5° and 270°, followed by Mubarak for directions 270°, 292.5°
and 67.5°. Sakan Masr came in third place for directions 292.5° and 270°,
followed by El-Sades for directions 67.5°. However, annual averages revealed
that Mubarak and Sakan Masr had slightly higher facade pressures (-0.06)
than Zeinhom and El-Sades (—0.08), with no great difference. This is explained
by the wall blocking effects that occur in the first two areas for most wind
directions, as well as the lack of recirculating vortexes inside Sakan Masr’s
courtyards due to hindered airflow.

As previously indicated, when observing Zeinhom results of the pressure
coefficient on facades and airflow patterns in the aforementioned directions,
a great potential for cross-ventilation occurred in the short sides of buildings,
causing the majority of buildings to miss out on this benefit. Dir. 22.5°, which
had the best ventilation performance, did not have the best cross-ventilation
potential since strong wind pressures were only experienced by front raws
and the wind moved parallel to many facades in most arrays. Using staggered
linear arrays for the entire area, as in Group B, and adjusting the angles
between them, as in Group C's first row, could improve rear facade pressures
for dir. 22.5°. Furthermore, it appears that El-Sades clustered pattern, despite
showing favorable airflow with a recirculating vortex clearly reaching the
facades inside the courtyard, requires modification to have more positive
pressures.

In summary, the best wind velocities, lowest aoa and boosted airflow
patterns were seen in Zeinhom linear housing and El-Sades clustered hous-
ing. They need more investigation and modeling for wind directions 0° and
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22.5° to see if changes in urban design aspects can help improve their low ¢,
and cross-ventilation potential. Simultaneously, while they established their
suitability for a variety of activities, lowering dangerous and uncomfortable
winds on major streets and arrays should be taken into account. A full
performance analysis also necessitates a thermal assessment.

Conclusion

From the 1950s to present, Greater Cairo, Egypt, witnessed four distinct eras
of public housing projects, known as: Abdel Nasser's popular housing, El
Sadat’s satellite cities Housing, Mubarak’s National Housing Project, and El
Sisi’s housing projects. The first era featured linear parallel layouts (aligned
and unaligned); the second, clustered layouts (courtyarded); the third, dot
(disperse) layouts; and the present era features clustered-shifted layouts
(large courtyards). Using a fully automated CFD toolkit that allows a multi-
directional analysis with a cylindrical domain, the current study compared the
performance of urban ventilation in four layout patterns typical of these eras.
And based on the annual prevailing wind, eight directions were considered
and simulated: 0°, 22.5°, 45°, 67.5°, 270°, 292.5°, 315°, and 337.5°. Five ventila-
tion parameters were assessed: 1) wind velocity, 2) age of air (aoa), 3) airflow
pattern, 4) wind pressure coefficient and 5) yearly wind comfort index.

The CFD toolkit consists of the simulation engine OpenFOAM,; its source
code BlueCFD; Rhinoceros 3D modeling software; its plugin Grasshopper;
Eddy3D, which is the main tool that runs the simulation and allows for post-
processing of results through GH interface; and Paraview visualization soft-
ware. Ventilation parameters were solved based on the two RANS models,
k-epsilon and k-omegaSST and wind comfort levels were evaluated following
the Dutch Wind Nuisance Standard NEN8100. When observing the results of
each studied area and compare them in respect to the eight wind directions,
the following could be concluded:

Summary of results

¢ In the unaligned (staggered) linear parallel layout, dir. 22.5° and 0°
performed best for velocities but worst for aoa. A balance between
velocities, aoa and airflow performances was found in dir. 45° and
67.5°. The results of ¢, (pressure coefficient on facades) for Zeinhom
showed variances between the average ¢, per wind direction. Dir. 292.5°
and 270° performed the best in terms of cross ventilation potential.

¢ Within the clustered layout with courtyards, dir. 0° and 22.5° performed
best for all ventilation parameters (velocities, airflow, and aoa). ¢, best
performance was in wind directions 67.5°, 270° and 45°.
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¢ In the dot layout, dir. 22.5° and 0° performed best for wind velocities and
aoa, with the first having more favorable velocities; all wind directions
had similar airflow patterns. c, showed a profile similar to El-Sades area
with the best performance was in dir. 67.5°, 270° and 292.5°

¢ In the clustered-shifted layouts (large courtyards), dir. 22.5° had better
wind velocities, dir. 67.5° had better aoa, and, similar to Zeinhom area,
Sakan Masr had the best pressures in dir. 270°, 292.5° and 67.5°.

e The best wind velocities performance was found in Zeinhom’s linear
and El-Sades’s clustered patterns for wind direction 22.5°. Although
known to boost ventilation, the dot pattern of Mubarak Housing had
the worst performance, followed by Sakan Masr’s clustered-shifted
pattern, despite its large courtyards. When comparing the aoa,
Zeinhom and El-Sades areas showed best performance, followed by
Mubarak area, while Sakan Masr showed the worst results. Wind
directions did not have a significant effect on the aoa results as did
the patterns themselves.

e The yearly dangerous wind was fairly low in all areas. El-Sades had the
highest percentage of incidence of uncomfortable wind, Mubarak and
Zeinhom were nearly equal, while Sakan Masr had the lowest. For other
comfort levels, the linear arrangement of Zeinhom created a variety of
results within its arrays, ranging from their suitability for long and short
sitting to walking leisurely and fast. The clustered pattern of El-Sades
allows for leisurely walking around clusters, as well as sitting long and
sitting short inside the courtyards, whereas the wind blockage effect of
Mubarak’s dot pattern and Sakan Masr’s large shifted courtyards made
them comfortable for sitting long in most of their parts.

e Zeinhom had the best cross-ventilation potential for directions 292.5°
and 270°, followed by Mubarak for directions 270°, 292.5° and 67.5°.
Sakan Masr came in third place for directions 292.5° and 270°, followed
by El-Sades for direction 67.5°. ¢, values for all areas were found to be in
contrast with the ventilation parameter data. Moreover, higher ¢, results
did not necessary occur on the facades that need ventilation most.

General guidelines and future research

¢ The unaligned (staggered) linear parallel layout with a central space and
two cavities (upwind and downwind) improves airflow.

¢ The clustered layout with courtyards and four cavities (one in each side)
oblique to the wind has the optimum airflow.

e The dot layout, if not designed carefully and alternately arranged, con-
siderably blocks airflow, on the contrary of what is believed.

¢ Oblique clusters with U-shaped courtyards, lateral inlets, and short wind-
ward facades have enhanced airflow in the majority of wind directions.
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The yearly dangerous wind primarily occurs in the main streets, building
corners, and wind inlets, which may be avoided during early design stages.
The oblique direction 67.5° to wind could balance between ventilation
and pressure coefficients. However, it is believed that with some design
alterations of other orientations that witness optimum velocities and
airflow patterns, the pressure coefficient results (hence, cross-ventilation
potential) could be improved.

The shifted staggered linear and clustered courtyarded housing pat-
terns, oriented 0 ° and 22.5° to the prevailing wing, enhance wind
velocities, shorten age of air, and boost airflow. They also allow for
a variety of activities based on the wind comfort levels, ranging from
their suitability for long and short sitting to walking leisurely and fast.
More research is needed to improve their wind pressure coefficient of
facades and thus their cross-ventilation potential.

Annual wind comfort should be considered in order to reduce uncom-
fortable winds on major streets, arrays and inlets.

A simulated thermal study is required for a more comprehensive
investigation.

Further simulated research is needed to optimize the patterns of the
studied housing layouts in order to enhance the results and improve
their ventilation performance.
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