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Abstract: The gradient of height in buildings is the most common way to prepare a 
comfortable environment and to increase wind forces around the buildings. This study 
assessed various design choices that enable architectural buildings to have different heights 
using computational fluid dynamics (CFD) simulation to analyse wind conditions. Nonetheless, 
wind effects may create uncomfortable zones around high buildings and may be hazardous 
for pedestrians in open spaces. As such, this study looked into pedestrian level wind (PLW) to 
enhance the wind environment of buildings in Iraqi climate. Wind characteristics may create 
a range of disturbance levels that affect pedestrian areas. Iraqi residential buildings were 
taken as case study to quantitatively analyse the outdoor buildings at PLW, so as to generate 
some ideas and solutions between CFD simulation analysis and architectural design to yield 
an optimal model.

Keywords: Height buildings, architectural buildings, Computational fluid dynamics (CFD), 
pedestrian level wind (PLW), Iraqi residential buildings

INTRODUCTION

Various building heights offer a range of architectural design options in determining 
the best status of buildings to benefit from the wind environment. A favourable wind 
environment at the pedestrian level can improve the quality of urban living due to 
several reasons, including city ventilation (Yuan and Ng, 2012; Du, Mak and Tang, 
2018), pollutant dispersion (Cui et al., 2016; Wu, Niu and Liu, 2018), wind comfort 
(Janssen, Blocken and van Hooff, 2013; Du et al., 2017b), and thermal comfort  
(Niu et al., 2015; Liu, Niu and Xia, 2016). 

Based on Emporis Standards (2015a), high-rise buildings refer to structures 
with architectural building height ranging between 35 m and 100 m. With a 
minimum of 12 floors, a structure is automatically listed as a high-rise, regardless of 
its height. It is also categorised spontaneously as a high-rise when it has fewer than 
40 floors. Another indicator of a high-rise building is when it is more than 23 m (75 ft) 
in height, as stipulated in Section 3.3.25.6 of NFPA's Life Safety Code, 2000 Edition 
(National Fire Protection Association, 2000). Simply put, various definitions may exist 
in local authorities that include the number of floors or the height of the building as 
a criterion. Generally, a high-rise building is a structure with seven stories or more 
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(Beadle, 2001). The four categories of high-rise buildings, as prescribed by the 
national fire incident databases, are 7 to 12 stories, 13 to 24 stories, 25 to 49 stories, 
and 50 stories or more. The four categories included in high-rise construction are 
apartments, offices, hospitals, and hotels. The occupancy type is significant in 
setting the fundamental protection to the buildings, mainly because the resident 
attributes vary for each building. On the contrary, a low-rise building is defined 
as an architectural building with a height below 35 m and divided at systematic 
intervals into liveable floors (Emporis Standards, 2015b; Gabbar, 2018). This includes 
all systematic multi-stories buildings that are surrounded, but not fully underground 
and below the level of a high-rise.

The potential of wind energy in Basra, a southern Iraqi city, was assessed 
from 2004 to 2008 (Al-Hussieni, 2014). In doing so, statistical data of five-year wind 
velocity measurements of this city were analysed. The Weibull distribution manner 
was valued to estimate the wind features behind the meteorological data. The 
data revealed that the numerical values of the scale parameters for Basra were 
diversified across vast areas. Alobaydi, Mohamed and Attya (2015) probed into the 
central region of historic Karbala-Iraq. For both the new and old urban structures, 
two simulated samples were employed to test airflow velocity and behaviour, 
whereas the other two samples were utilised to value the local average age of the 
air. The analysis results of the models were compared to identify the difference in 
dynamic wind flow circulations before and after the changes in the urban buildings.

A pressing need is present in Iraq to attain a sustainable environment, in which 
wind effects are sought around Iraqi residential buildings to provide exceptional 
thermal comfort in urban spaces. Ali et al. (2019) reported that empirical information 
may serve as a relevant and useful basis to design future urban space.

Another study had focused on several potential mitigation methods to 
improve the thermal comfort for an urban area at pedestrian level (Ridha, 
Ginestet and Lorente, 2018). In an arid climate, the human thermal comfort is often 
affected, especially in urban areas that disregard pedestrians particularly during 
hot season in summer. Asymmetrical canyons, high-rise buildings, loss of shading 
feature, lack of vegetation, and huge spacing between buildings are some factors 
that cause failure in attaining the desired thermal comfort. Numerous studies have 
proposed methods to improve low wind effects on high-density cities by assessing 
lift-up design, building porosity, and building height variation. Wind tunnel tests on 
aerodynamic parameters have been performed to determine the influence of 
block height variation (Hagishima et al., 2009; Du, Mak and Tang, 2018). Another 
study that investigated the effect of varied building heights on wind velocity 
ratio reported that different building heights could improve airflow motion at the 
pedestrian level wind (PLW) (Ikegaya et al., 2017). Wind velocity ratio is defined as 
the ratio of wind velocity at the pedestrian level to that at the reference point on 
the roof (Haberle, 2015). A study revealed that the PLW with an increase in building 
height improved wind comfort for both isolated buildings and building groups  
(Du, Mak and Tang, 2018). Blocken and Carmeliet (2004) asserted that increment 
in wind velocity between two tall buildings stemmed from the interference effect 
and some modifications made to the Silvertop Tower, in the attempt to enhance 
pedestrian wind comfort. Wind velocity at pedestrian level can generate high 
speed on the windward side and near the corners of a building, especially when 
wind struck a tall building surface and got deflected towards the ground (Mittal 
et al., 2013). Wind pressure changes in taller buildings due to the combination of 
downwash and interference effects of wind. Building downwash effect occurs 
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when the wind blows against a tall building and the wind is emitted near a building 
by the airflow over and around the building (Canepa, 2004). In fact, many urban 
authorities demand studies involving pedestrian wind environment due to the 
significance of outdoor wind climate for large construction projects. 

As such, this study assessed the effect of airflow on different architectural 
building heights with PLW under hot and dry climate conditions. This study is 
motivated by the research gap identified on the outdoor wind PLW under hot 
and dry climatic conditions across Iraqi areas. Concurrently, most prior studies 
have focused on individual built cases and a single height to evaluate the wind 
effects on buildings, thus failing to accurately reflect the wind environment 
laws. Additionally, there is shortage in architectural studies stemming from lack 
of due consideration of design requirements and actual planning in residential 
building projects. These are the underlying motivation for the numerical simulation 
undertaken in this present study by determining the impact of building heights 
on wind environment in residential buildings based on κ-ε turbulence model.  
It is indeed essential to analyse the different and similar building height aspects 
of Iraqi residential buildings in a comprehensive manner to provide a systematic 
reference on wind environment and to identify the integral indicators for planning 
of high-rise buildings.

LITERATURE REVIEW 

Wind Flow 

In built-up areas at big cities, residents' activities, new organisational structures, 
information technology, environmental concerns, global competition, varied 
working practices, and flexible employment arrangements have altered the 
present buildings to suit the residents' requirements (Kincaid, 2003; Prihatmanti 
and Bahauddin, 2014). Wind flow assessments around high-rise buildings are 
fundamental for ensuring human health and pollution dispersion at the pedestrian 
level (Yuan, Ng and Norford, 2014; Zhang et al., 2015; Iqbal and Chan, 2016).  
Intensive regions are produced by the wall impact blockage from high constructions 
(Yang et al., 2015), while air quality is a huge concern in urban cities (Yang et al., 
2015). Numerous building design institutions recommend analysing outdoor wind 
flow before designing new buildings (Ng, 2009). A range of numerical techniques 
have been used to assess wind flow patterns around high-rise structures within 
pedestrian level and canopies (Blocken and Stathopoulos, 2013; Blocken, 2015). 
Based on the airflow patterns in a particular zone through the design stages,  
building parameters, such as building separation and orientations, have been 
studied due to advances in modelling methods. 

Many researchers performed outdoor investigations to identify suitable wind 
comfort surrounding buildings, particularly in light of PLW. For instance, Stathopoulos 
(2013) studied all the current requirements for outdoor environment, particularly 
air temperature, relative humidity, and wind speed, to ensure thermal comfort 
around varying structures. Within the wind engineering domain, Computational 
Fluid Dynamics (CFD) software is marked with advances in computational energy 
(Blocken, 2014). For wind flow valuation, some researchers concentrated on 
comfort criteria, such as Yang, Qian and Lau (2013) who described an approach 
to create a complete convenience index. Most prior studies focused on analysing 
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wind flow around buildings with conventional patterns. Past studies have restricted 
pollution dispersion and wind load in re-entrant bay for irregularly shaped structures 
(Zhou, Kijewski and Kareem, 2003). Wind flow was studied during a re-entrant bay 
at a building's midlevel by Chow, Lin and Liu (2002). Meanwhile, Cheng et al. (2011) 
investigated wind flow through a re-entrant bay and pollution dispersion, whereas 
other studies conducted an extensive wind tunnel study around building heights at 
PLW with impacts of building dimensions and platform (Tsang, Kwok and Hitchcock, 
2012; Mittal, Sharma and Gairola, 2017). A study explored the impact of twisted 
wind surroundings on PLW flow for distinct aspect ratio around an isolated building 
(Tse et al., 2017).

The CFD techniques have been used to study wind flow around buildings 
with the development of computing power. A CFD simulation was conducted in a 
study to assess wind speed circumstances in passages between parallel pedestrian 
and high buildings (Blocken, Carmeliet and Stathopoulos, 2007). Janssen, Blocken 
and van Hooff (2013) performed CFD PLW simulation for the Eindhoven University of 
Technology campus and compared various requirements for wind convenience, 
while Zheng, Li, and Wu (2016) examined PLW environment wind tunnels and CFD 
simulations on mega-tall building outdoor platforms. A study explored the impact 
on PLW setting of buildings form, separation, and orientation (Iqbal and Chan, 
2016), whereas Du et al. (2017a) looked into the comparable effects on various 
shapes (L and U) of structures using CFD in separate wind directions and concluded 
that the lift-up design can improve PLW comfort around the lift region.

Wind Velocity

The significance of safe and comfortable wind velocity has been linked with 
the vicinity of buildings by a substantial number of authors. Uncomfortable wind 
velocities noted in new buildings were proven harmful. With the continuous 
improvement of construction techniques and the accelerated urbanisation 
process, the outcomes of environmental issues in light of outdoor wind environment 
have become increasingly integral due to the diversity of high buildings with various 
layouts across multiple cities (Blocken and Carmeliet, 2004). For instance, high wind 
velocity would cause discomfort amongst pedestrians or even endanger them 
due to the narrow channel within the building height. Inappropriate building size 
or building layout forms a "dead air eddy zone" and contributes to inconvenient 
airflow between the buildings. Thus, it is vital to determine the formation techniques 
and development of wind environments.

The tabulated speed of wind reflects the value measured with aerodynamic 
roughness length (z0) of 0.03 m over an open terrain at pedestrian height (1.75 m) 
(Wieringa, 1992). It is significant to consider that the measurement values are 
measured within 10 minutes or an hour (steady wind). For instance, Lawson (1975), 
Murakami, Uehara and Deguchi (1980), Blocken and Carmeliet (2004), and 
Janssen, Blocken and van Hooff (2013) studied the special sensation ranges of 
the human body that vary by wind speed (as shown in Table 1). They reported 
that (1) the range of wind velocity of 0.2 m s–1 to 1.1 m s–1 is not noticeable wind,  
(2) wind velocity of 1.1 m s–1 to 2.3 m s–1 causes wind felt on face, while (3) wind 
velocity of 2.4 m s–1 to 3.8 m s–1 will cause newspaper difficult to read, clothing 
flaps, and hair disturbed. In addition, Bottema (1993) asserted the following:  
(1) wind velocity of 4 m s–1 over a period of 5 sec flaps clothes and disturbs hair,  
(2) wind velocity of 7 m s–1 over a period of 5 sec causes hair to be disarranged,  
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(3) wind velocity of 15 m s–1 over a period of 2 sec is dangerous for the elderly and 
may get people out of balance, (4) wind velocity of 20 m s–1 is more dangerous and 
(5) wind velocity of 23 m s–1 can eventually blow people over.

Table 1.  Land Beaufort's Standard Which Shows Wind Influence on Humans Bodies 

Beaufort 
Number Description

Wind Speed at 
1.75 m Height 

(m s–1)
Effect

0 Calm 0.0 to 0.1

1 Light air 0.2 to 1.0 No noticeable wind

2 Light breeze 1.1 to 2.3 Wind felt on face

3 Gentle breeze 2.4 to 3.8 Hair disturbed, clothing flaps, 
newspaper difficult to read

4 Moderate breeze 3.9 to 5.5 Raises dust and loose paper, hair 
disarranged

5 Fresh breeze 5.6 to 7.5 Force of wind felt on body, danger 
of stumbling when entering a 
windy zone

6 Strong breeze 7.6 to 9.7 Umbrellas used with difficulty, 
hair blown straight, difficult to 
walk steadily, sideways wind 
force about equal to forwards 
walking force, wind noise on ears 
unpleasant

7 Near gale 9.8 to 12.0 Inconvenience felt when walking.

8 Gale 12.1 to 14.5 Generally impedes progress, great 
difficulty with balance in gusts

9 Strong gale 14.6 to 17.1 People blown over

Sources: Lawson (1975), Murakami, Uehara and Deguchi (1980), Blocken and Carmeliet (2004) and 
Janssen, Blocken and van Hooff (2013)

Pedestrian Level Wind (PLW)

The PLW has a significant effect on the quality of urban occupant's daily life in 
urban regions. It has an integral role in the dispersal of traffic-related winds, thermal 
comfort of pedestrians, efficiency of natural ventilation, and pollutants around 
buildings. The urban regional wind environment may be altered by the existence 
of buildings. Numerous aspects can affect wind flow patterns around buildings, 
such as size, morphology, orientation, and configuration of buildings. Occasionally, 
the alteration of local-wind cases may cause inconvenience to those at PLW. The 
height of buildings may lead to harsh wind that is dangerous or unsuitable thermal 
conditions for occupants and pedestrians, while inadequate amount of wind 
velocity in intense urban regions may cause thermal discomfort in summer. As a 
result, calm zones and poor wind velocity could be harmful to the wind conditions, 
wherein urban life quality ought to be examined accurately through urban design 
stages.
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Apart from wind speed, wind comfort standards and long-term statistical wind 
data are integral in PLW studies (Shui et al., 2018). Several pedestrian wind comfort 
criteria have been suggested based on some research work (see Melbourne, 1978; 
Murakami, Iwasa and Morikawa, 1986; Soligo et al., 1998). The criteria mostly include 
wind velocity threshold and permissible acceptance of this threshold for pedestrian 
efficacy. Thus, there are different classifications for various wind environment 
standards (see Koss, 2006; Sanz-Andres and Cuerva, 2006; Janssen, Blocken and 
van Hooff, 2013). These comparisons reveal a great variation that exists between 
various criteria.

Thermal comfort and pedestrian health are vital factors for planning and 
designing of urban areas. Pollution concentration, temperature, wind velocity, 
solar radiation, and humidity are some outdoor comfort indicators that are 
aggravated by the unsuitable design of an urban area (Mirzaei and Haghighat, 
2010). Studies have attempted to improve the outdoor environment, particularly at 
the pedestrian level. The greening of spaces and the planting of trees (Lawson and 
Penwarden, 1975; Bu et al., 2009), as well as suitable urban design, shading, and 
material alteration (Blocken, Carmeliet and Stathopoulos, 2007; Yoshie et al., 2007) 
are some instances that can enhance outdoor air quality. However, it is explicit that 
the quality of outdoor environment affects indoor environment quality (Murakami, 
Iwasa and Morikawa, 1986; Wu and Kriksic, 2012). Hence, it is critical to improve 
outdoor air quality.

Turbulence Modelling 

The fluid flow is a turbulent, laminar, or perhaps a transition between these conditions. 
Laminar-flow refers to silky streamlines and extremely aligned movement. The 
intensive flows have highly disordered activity and speed fluctuations. Reynolds 
number (Re), which determines the flow status, is the ratio of inertia to viscous 
forces. The laminar stream has low Re because the inertia force is lower than the 
viscous force. Meanwhile, turbulent flows are distinguished by high Re, as the inertia 
force is more predominant than the viscous force. Diverse geometries have varying 
Re values and forces that alter from laminar flow to turbulent flow (Cengel, 2006).

Many turbulence models have been formulated based on CFD simulation, 
k-ω model, renormalisation group (RNG) k-ε model (or standard k-ε model), large-
eddy simulation (LES) and Reynolds averaged Navier–Stokes equation (RANS). It is 
essential to choose a suitable turbulence model to retrieve dependable outcomes. 
The most common turbulence in CFD refers to the standard k–ε model in turbulence 
models. The eddy viscosity concept is the main pillar of this model. The typical k-ε 
model includes a two-equation sample that depends on the turbulence eddy 
dissipation (ε) equations and the solution of turbulent kinetic energy (k) (Olsen, 
2000; Shaheed, Mohammadian and Gildeh, 2019). The k-ε model is commonly used 
in the turbulence models (Awbi, 2002; Blazek, 2015) as it demands lower computer 
hardware requirement (Awbi, 2002; Chow and Li, 2007). Inaccurate connection 
between turbulent stresses and turbulent energy production is a problem for 
two-equation turbulence models, as it is only applicable for high Re flow (Kaiser, 
Zamora and Viedma, 2009). The typical k-ε model has developed in terms of the 
simulation of vortex flow to become RNG k-ε model (Liu, Lin and Chou, 2009).  
The RANS turbulence model demands turbulent heat flow and modelling of 
Reynolds compressions (Blazek, 2015), whereas the fluid flow is divided into small 
and massive vortexes in the LES turbulence model (Evola and Popov, 2006). 
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RESEARCH METHODOLOGY

This quantitative study looked into the present practice of determining air flow in 
buildings located at Iraq based on the case study research method using CFD 
simulation. In order to refute or support different knowledge claims, the information 
can be subjected and quantified to statistical treatment via quantitative approach 
(Leedy and Ormrod, 2001; Williams, 2007). The quantitative method is the most 
widespread method used in studies (Shaffee and Shukor, 2018). Furthermore, 
(Williams, 2007; Creswel, 2009; Apuke, 2017) by yielding statistical data, experiments, 
and surveys as data collection methods using predetermined instruments. 

Hariri (2012) carried out a quantitative study for the computational experiment 
of several climatic factors using the ENVI-met model. This study described the 
traditional public courtyard pattern of the Yazd city (Hariri, 2012). Statistical data 
of wind velocity measurements of these cities were also utilised in some studies to 
reveal the potential of wind energy (see Al-Hussieni, 2014; Alobaydi, Mohamed 
and Attya, 2015). These past studies have extended wind tunnel modelling to 
CFD simulation as an additional tool (Kim, Kim and Leigh, 2015). In addition, wind 
tunnel experiment has been performed to study outdoor wind climate. In practical 
implementation, wind tunnel experiment has some drawbacks. For example, they 
are difficult and expensive to design with errors composite. Thus, CFD simulation 
can avert several of the stated problems and may serve as an effective option. 

The CFD simulation technologies play a key role to optimise building designs. 
This study determined cases concerning air flow improvement with CFD simulations 
to provide some concepts for application of a suitable thermal environment. 
Overall, these ideas may assist designers and architects to modify and enhance 
buildings, aside from re-shaping their work styles to be environment-friendly.  
The CFD strategies were used to study air flow around buildings. For example, 
Janssen, Blocken, and van Hooff (2013) performed a CFD simulation of PLW for 
the campus of Eindhoven University of Technology and conducted a comparison 
of various wind comfort standards. One study examined the impact of building 
orientation, shape, and separation on PLW effects (Iqbal and Chan, 2016), while 
another study used wind tunnel and CFD simulation of PLW environment on out 
space platforms of huge and tall buildings (Zheng, Li and Wu, 2016).

This present study used the Autodesk©2018 CFD simulation software (Autodesk, 
Inc., California, USA) to define the effect of building heights and orientation on air 
flow around the buildings.

Study Area

Najaf city of Iraq, particularly the Al Salam Residential Complex, was selected as 
the case study due to its prevailing dry and hot climate. Najaf city is about 160 km 
in the south of Baghdad city (Akram, Ismail and Franco, 2016) (as shown in Figure 1). 
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Figure 1.  The Regional Boundaries of Najaf City, Iraq
Source: Al-Anbari et al. (2016)

The Al Salam Residential Complex is situated in the northern part of the Najaf city. 
It is bordered from the east by Al-Salam residential neighbourhood and from the 
west by the northern Najaf garage. Its distance from the Najaf Sea is about 5.75 km 
(as shown in Figure 2). 

Figure 2.  Al-Salaam Residential Building Which is Located in Najaf in Iraq 
(Retrieved from Zoom Earth, https://zoom.earth/#view=32.033058,44.331837,18z)
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Data Collection 

Data were obtained from the Meteorological Organisation of Najaf that contained 
weather records. The data were analysed to determine the design and to yield 
optimal findings. The data were analysed using computer applications, such as 
AutoCAD to draw the figures and CFD simulation for data evaluation.

Analysis scope for building heights based on CFD simulation

Despite the different building heights, the fundamental force that allowed wind 
pressure ventilation was caused by the pressure difference on the surfaces of 
the buildings. Wind pressure value on the surfaces of buildings was obtained via 
CFD simulation to determine the possibility of wind pressure ventilation. The CFD 
simulation was carried out to optimise and assess the wind flow path, in order to 
efficiently enhance air flow and ventilation for different building heights, openings, 
and outdoor spaces. For spaces surrounding different building heights, CFD 
simulation was conducted to detect wind speed, which could be less secure and 
convincing for the occupants. Wind environment has an effect on human body 
sensation to a high degree. When human activities exist in outdoor environment, 
the physical environment of about 1.75 m above ground can affect one's sensation 
most instantly (Guo, Liu and Yuan, 2015).

Based on the Najaf Meteorological Organisation in 2019, the average 
annual rate of wind speed change during the months of the hot season in that year 
ranged from 3.2 m s–1 to 2.7 m s–1 in June, while a reduction was observed during 
the cold season with wind speed averages of 1.2, 1.4 and 1.9 m s–1 in December, 
January, and February, respectively, wherein the prevalent wind blew from the 
north-western. Consequently, the wind power and direction in Najaf with only the 
wind pressure considered. In this study, wind speed at 1.2, 2.2 and 3.2 m s–1 were set 
for the outdoor wind environment at north-western of the residential buildings (as 
shown in Table 2).

Figure 3 illustrates the analytical study for the wind movement that can affect 
high buildings. Figure 4 portrays two choices of different and similar building heights 
to obtain the simulation results of the wind environment where it will be increasing 
the building height per 5 m every step. This provides wide ranging values; each of 
these choices was examined with a ventilation path to start from the north-western 
direction to the southeast direction of the site based on the prevailing winds in Iraq 
during summer. Overall, this signified multiple possibilities of the building forms.

Analysis of wind movement 
effect on the high buildings

Different heights 
at 0° angle

Similar heights at 
0° angle

Figure 3.	 The Analytical Study of the Wind Movement Which Effect on the High 
Buildings
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Similar buildings heights

10 m 10 m 10 m 10 m

10 m

10 m

10 m

10 m

10 m10 m
5 m

20 m

Different buildings heights

Figure 4.  Two Choices of Different and Similar Buildings Heights

Computational Domain

The model was built using AutoCAD drawings and the design was produced 
without gaps and details that can be removed. Where their existence led to slow 
simulation, further conditions were found in the form by reviewing the instructions 
attached to the programmes. The CFD scenarios contain multiple variables to 
study amongst them, so as to help in decision making (as shown in Figures 5 and 6). 

Figure 5.  Autodesk CFD Simulation Settings to the Simulation Scenario
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Figure 6.  The Physical Properties of Wind in the Simulation Programme

The simulation aspects and the physical properties used employed to 
determine how the cluster interacted with its surrounding effects based on the 
surrounding conditions, such as flow rate and pressure.

Boundary Conditions

Boundary conditions (circumstance) are forces that affect the simulation process. 
Neutral atmospheric boundary layer profiles for average wind velocity, turbulent 
kinetic energy, and turbulence dissipation rate should be imposed at the inlet 
of the domain (Janssen, Blocken and van Hooff, 2013). Both the computational 
domain and modelling planning are specified in Figure 7. Wind speed was set at 
1.2 m s–1, 2.2 m s–1 and 3.2 m s–1.

Figure 7.  The Inlet and Outlet of the Domain in the Boundary Condition
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Zero static pressure was determined at the outlet of the domain (opposing 
face of the wind) (as shown in Figure 8). Symmetry boundary conditions were 
specified at all the remaining sides of the domain (i.e. zero normal velocity and 
gradients). As for walls, standard walls at all the sides and the top of the domain 
were applied to simulate the model of the residential building on a total scale.

Figure 8.	 The Boundary Conditions Used in the Simulation Process and their 
Characteristics

Simulation Mesh Generation 

The model was broken up into small pieces called "elements" prior to the analysis 
of Autodesk® CFD, while the corner of each element function as a node. Upon 
calculating out at the nodes, both the nodes and elements generated the mesh 
(Autodesk, 2015). In the mesh generation process, primary focus was designated 
to the expansion of high-resolution and high-quality grid, which is usually in triangle 
form in two-dimensional (2D) simulation, whereas tetrahedron in three-dimensional 
(3D) simulation (as shown in Figure 9). This study used a computational grid that 
had 7,450,091 cells of the domain for west and southwest directions of the wind. 
Different total cell numbers were acquired for other wind directions.

	

Figure 9.  The Process of Meshing for Calculations on Elements and Points
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Other Parameters

The CFD simulations were carried out using Autodesk® CFD. The k-ε model was set 
as the turbulence model; while the number of steps iterations was fixed at 400 steps 
(as shown in Figure 10). 

Figure 10.	 The Iterations Numbers Which Used in the Simulation Process and 
Turbulence Model

Convergence was acquired when the convergence plot displayed no 
extra change with increment in the number of iterations. Each CFD simulation was 
performed with varying iterations. Iterations refer to a numerical sweep over the 
full model. The convergence of each level of quantity is assigned on the output 
bar (Convergence Monitor) as illustrated in Figure 11. The results differed from 
one iteration to another in the initial analysis. The convergence curves and lines 
fluctuated. The horizontal convergence line points out converged analysis when 
the outcomes stop changing.

Figure 11.  The Convergence Monitor of Autodesk CFD Simulation
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RESULTS OF CFD SIMULATION AND DISCUSSION 

The wind velocity of the study area made one feel comfortable when the wind 
was within the appropriate range. Table 1 presents the special sensation ranges of 
the human body that vary by wind speed. In general, outdoor wind velocity that 
ranges from 1 m s–1 to 3.8 m s–1 is the most convincing environment for users.

In open space, wind pressure exhibited a more essential role in the wind 
environment, especially when the inlet air had high wind pressure and the pressure 
remained steady. Figures 12 to 17 illustrate the wind speed effects on building 
with two points (points 1 and 2) at 1.75 m height from the surface of the earth.  
Figure 12 displays the wind speed in open space that was lower by 0.4 m s–1 at 
point 1 and a maximum of 0.8 m s–1 at point 2 when the average of wind speed 
was 1.2 m s–1. Referring to Figure 14, when the average of wind speed was 2.2 m s–1,  
the wind velocity values were 0.4 m s–1 and 1.8 m s–1 at points 1 and 2, respectively. 
In Figure 16, wind velocity increased to 3.5 m s–1 at point 2 when the average of 
wind speed was 3.2 m s–1.

The wind velocity values of all the models were similar, especially those with 
the same height. The minimum wind speed observed in point 1 was lower than 
1 m s–1, thus creating a rather large calm zone as portrayed in Figure 18.

Wind velocity of all the models seemed to change, especially those with 
different heights. The average wind speed observed in Figure 13 had been 
0.8  m  s–1 and 1.2 m s–1 at points 1 and 2, respectively. Several areas at point 2 
displayed comfortable zone. Comfortable wind spotted at points 1 and 2 were  
1.6 m s–1 when the average of wind speed was 2.2 m s–1 in (as shown in Figures 15 
and 17), and exceeded 2.5 m s–1 to 3.2 m s–1 when the average of wind speed 
was 3.2 m s–1 in only a few areas (as shown in Figure 19). Therefore, the wind speed 
was affected by the building height, which could modify the thermal environment 
in outdoor spaces. However, significant manipulation of building heights 
minimised large calm zone and changed the wind environment to be moderately  
comfortable.

Figure 12.	 The Similar Buildings Heights When the Average of Wind Speed is 1.2 m s–1 
and Section A–A
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Figure 13.	 The Different Buildings Heights When the Average of Wind Speed is  
1.2 m s–1 and Section B–B

Figure 14.	 The Similar Buildings Heights When the Average of Wind Speed is 2.2 m s–1 
and Section C–C
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Figure 15.	 The Different Buildings Heights When the Average of Wind Speed is  
2.2 m s–1 and Section D–D

Figure 16.	 The Similar Buildings Heights When the Average of Wind Speed is 3.2 m s–1 
and Section E–E
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Figure 17.	 The Different Buildings Heights When the Average of Wind Speed is  
3.2 m s–1 and Section F–F
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Figure 18.	 The Similar Buildings Heights When the Average of Wind Speed is 1.2 m s–1, 
2.2 m s–1 and 3.2 m s–1
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Figure 19.	 The Different Buildings Heights When the Average of Wind Speed is  
1.2 m s–1, 2.2 m s–1 and 3.2 m s–1

Past studies (see Rimsha, 1992; Asimakopoulos, 2013) have considered 
different building heights around the site rather than building them at the same 
height to gain fine natural ventilation performance in and around the buildings. 
They added that making some gradient of the building height enabled the shortest 
one to be exposed to the wind first, while the highest to be exposed to the wind 
last, in order to avoid the effect of blockage, which is in agreement with Blocken 
and Carmeliet (2004) and Yuan and Ng (2012). The simulation results of the previous 
options exhibited that the average wind speed, as described above, was not the 
best option and the wind speed of all the models had been similar especially those 
with the same height (as shown in Figures 12, 14, and 16). Nevertheless, the wind 
speed noted in Figures 13, 15 and 17 reflected the most comfortable average 
velocity that corresponded with that reported by Mittal et al. (2013). It created 
the best outdoor wind environment. As asserted by Du, Mak and Tang (2018), 
wind comfort at the border region can be enhanced with expansion of the target 
building height. In the windward side of the target building, the results of wind 
velocity increased remarkably upon increment in building height. When the target 
buildings shared similar height, the streamline between the target building and the 
downstream building pointed out a downward flow in these areas. Similarly, Hang 
et al. (2012) reported that downward flows exist in front of taller buildings, while 
upward flows exist behind taller buildings. Hence, increasing the height of the target 
buildings can enhance wind comfort at the pedestrian level, besides changing the 
wind flow path between the target buildings. Accordingly, the solutions depicted 
in the case study correspond with past research work, whereby wind speed for all 
the models had been similar, especially those with the same height. Wind velocity 
in some areas of the buildings increased as the building generated a convenient 
zone, thus resulting in a good thermal environment. This is because varied gradients 
of building heights exerted more impact on buildings with similar height.
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CONCLUSION

Different building heights are associated with climate design, which can provide 
users easy direct decisions for their issues with climate, as well as the ability to 
compensate for their social needs. Manipulating varied building heights has 
garnered interest among engineers to produce a good design solution for futuristic 
architecture, equipped with good environmental performance suitable for modern 
architecture.

This study clearly illustrates that different building heights around the site can 
generate the best wind flow around the buildings, rather than building them at the 
same height. The final result indicated that the building design strategy denotes its 
ability to improve air flow and environmental performance of the external spaces at 
PLW. However, the building should be in the ratio that is appropriate with the height 
and the function of the buildings. It is better to have different building heights with 
gradient at northern facades direction for Najaf city to create the best outdoor 
wind environment, so as to minimise energy exhaustion and to satisfy the users.
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