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Abstract: Natural ventilation has been used widely in buildings to deliver a healthy and comfortable
indoor environment for occupants. It also reduces the consumption of energy in the built environ-
ment and dilutes the concentration of carbon dioxide. Various methods and techniques have been
used to evaluate and predict indoor airspeed and patterns in buildings. However, few studies have
been implemented to investigate the relevant methods and tools for the evaluation of ventilation
performance in indoor and outdoor spaces. The current study aims to review available methods,
identifying reliable ones to apply in future research. This study investigates scientific databases and
compares the advantages and drawbacks of methods including analytical models, empirical mod-
els, zonal models, and CFD models. The findings indicated the computational fluid dynamics (CFD)
model is the most relevant method because of cost-effectiveness, informative technique, and profi-
ciency to predict air velocity patterns and ratios in buildings. Finally, widely used CFD codes and
tools are compared considering previous studies. It is concluded the application of codes for re-
search is subject to the complexity and characteristics of a studied model, the area and field of study,
the desired turbulence model, and the user interface.

Keywords: wind-driven ventilation; analytical models; experimental models; zonal models;
computational fluid dynamics (CFD) models; numerical discretization methods

1. Introduction

Natural ventilation, as an efficient passive design strategy, has been considered ex-
tensively by relevant stakeholders, particularly architects and engineers, in building in-
vestments to reduce energy consumption as well as provide a healthy and comfortable
indoor environment. A study by Givoni [1] shows that natural ventilation is a widely im-
plemented technique to improve comfort levels for the human body. Increased airspeed
over the body enhances sweat evaporation and reduces discomfort due to moistened and
wet skin. State of the art on the advantages of natural ventilation application reveals that
this sophisticated method brings fresh air into the indoor environment and subsequently
dilutes the concentration of carbon dioxide (CO2) to an acceptable level. Thus, an adequate
supply of oxygen reduces the risk of “sick building syndrome” (SBS) and improves indoor
air quality (IAQ) [2].

Studies that investigated IAQ in different types of residential buildings located in
developing countries indicated lower IAQ than the standards suggest [3,4]. Additionally,
lowering energy costs for buildings significantly depends on reducing air-conditioning
usage over the year. Statistics show that air conditioning represents more than 50% of the
annual energy consumption in typical buildings with an electric energy ratio of more than
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100 kWh-2 of floor space [5]. Natural ventilation appears to be the preferred choice of
ventilation because of cost-effectiveness and better IAQ compared to mechanically venti-
lated buildings [2]. Kubota et al. [6] indicated applying natural ventilation in the built
environment improves thermal comfort in both indoor and outdoor environments, help-
ing to lower energy consumption as well as greenhouse emissions in various climates.
Shaeri et al. [7] also highlighted that applying natural ventilation can be useful not only
to provide thermally comfortable indoor environments in new constructions but also to
improve thermal quality for old buildings. In addition, occupants in naturally ventilated
buildings can control the quality of indoor air by opening apertures and windows to re-
move odours and polluted air [8].

Natural ventilation does not require additional sources of energy to replenish indoor
air with fresh outdoor air. Thus, it is more economical compared to mechanical ventilation
in buildings. However, various parameters influence the quality and quantity of natural
ventilation, resulting in a more complex control process compared to mechanical ventila-
tion [9]. Several design alternatives have been investigated and discussed in previous
studies to identify an efficient ventilation method in the built environment. In [10,11], the
dimension and configuration of air inlets and outlets throughout buildings have been in-
vestigated. The findings indicated characteristics of openings can change flow stream be-
haviour inside the building, which allows designers to control the recirculation zones. Ba-
das et al. [12] studied architectural elements influencing the direction of wind flow. This
study indicated that gable roofs in the building facade can significantly change the flow
regimes in urban canyons. As a result, pitch ranging from 0° up to 40° plays a key role in
increasing turbulence and enhancing ventilation. Surrounding buildings can also impact
natural ventilation performance. In [13], a challenging effect caused by surrounding build-
ings was approved by the wind tunnel experimental tests. Moreover, the airflow pattern
and speed inside the buildings are influenced according to wind angles. Transom venti-
lation panels (TVPs) are another architectural feature that is generally applied in compact
buildings to improve natural ventilation performance. A study on the effect of TVPs on
ventilation performance of a unit in a high-rise building in a tropical climate confirmed
that this element can increase indoor air velocity up to four times, depending on the out-
door wind speed and location of the unit within the residential block [14]. Along with
studies on architectural features and elements to enhance ventilation inside buildings, re-
search on urban features and their impact on wind speed and pattern were carried out.
Large-eddy simulations and wind tunnel experiments were established in a study to un-
derstand the effect of roof types on the mean wind flow in street canyons. The results
showed that the form of the building roof plays a significant role in the airflow and tur-
bulence statistics of the urban street canyon. Moreover, pitched and round roof geome-
tries increase in-canyon mean and turbulent velocities [15]. In a study using the computa-
tional fluid dynamics (CFD) model for the wind behaviour on a large scale, it was found
that the airspeed at the open spaces and alley entrances and exits was higher than at other
locations in a neighbourhood due to higher pressure, especially at the windward sides
near the sea [16]. A study using CFD analysis [17] confirmed that urban block height and
widths of adjunct roads can impact the removal of air pollutants by natural ventilation.

Previous studies have investigated and reviewed the state of the art in the application
of natural ventilation [18-22]. However, there is a need to study methods and techniques
for the evaluation and prediction of airflow inside and outside buildings. In another
words, quantifying the ways the above-noted parameters impact natural ventilation in
various types of buildings has rarely been considered in previous studies. For instance, a
study by Omrani et al. [23] focused on applicable methods only for multi-story buildings.
Moreover, methods using zonal and multi-zonal models, especially for evaluation of ven-
tilation performance in large-scale buildings, have not been studied. Although Chen [24]
investigated an extensive range of methods to support CFD simulation as the most appli-
cable technique, considerable effort should be made to identify accurate and reliable mod-
els. Few studies have been carried out in the recent decade to review the efficiency of
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models like building energy simulation (BES)-CFD coupling and CFD-network models
along with other techniques.

Understanding relevant methods for the evaluation of airflow helps the designer to
examine the best alternative designs for effective ventilation. The techniques for the pre-
diction of indoor and outdoor airflow patterns and speed provide additional knowledge
on the application of architectural elements, especially in the building’s facade, for venti-
lation improvement. The results of these studies can help to model a building to under-
stand the optimized passive design strategies for maximum ventilation before construc-
tion as well as the bio-climatic adaptation of buildings. Although this area of research
plays an important role in the field of ventilation strategies in the built environment, few
studies have been implemented to understand the suitable methods and techniques. This
study reviews methods and tools for the evaluation and prediction of airflow in outdoor
and indoor environments. In addition, this study compares various evaluation and pre-
diction methods to identify effective alternatives and reliable methods for future research.
In detail, this study investigates recently developed knowledge in each method to prepare
a platform for researchers in selecting proper tools for studies to focus on applying natural
ventilation in the built environment. After diagnosing the most applicable and reliable
method, the study goes further to discover the available software for further investigation
in natural ventilation.

2. Methods and Techniques

This study delivers a state-of-the-art review of the recent investigations applying
methods and techniques to evaluate ventilation performance in a built environment. The
materials have been selected through peer-reviewed journal articles, dissertations, and
analyses of published scientific literature related to the assessment of airflow patterns and
speed. Some manuscripts contain field studies and cross-sectional multi-building investi-
gations of ventilation to promote thermal comfort or indoor air quality as well as struc-
tural cooling in buildings. These studies collected data on the environmental conditions
and air change per hour inside buildings, whereas some other studies collected reliable
source information from scientific databases to achieve the goal of study.

This study applied a structural approach to determine and identify the reliable ma-
terials for this review. The peer-reviewed literature was the main source of information
and data. To achieve the goal, searches through scientific databases such as ScienceDirect,
MDPI, Springer, Google Scholar, etc., were limited to studies with methods, techniques,
and tools applied to evaluate wind speed and patterns inside and outside of a building.
Key criteria were used in the decision tree for selecting articles in the literature review.
The criteria consisted of databases that contained selected keywords, including analytical
model, empirical model, multi-zone model, and CFD model. Each keyword had sub-cat-
egories of main words for further investigation. All research studies were managed in a
reference manager program in different groups. Once abstracts had been identified as rel-
evant to the criteria and worthy of further exploration, the full article was retrieved. The
articles were skimmed, after which a further selection was made based on criteria includ-
ing the terms discussed in the literature review outline. Finally, all results were classified
for further analysis. The analysis was carried out by comparison of methods according to
the advantages and disadvantages, range of application, validity, and reliability. After the
selection of the appropriate method, an advanced search was carried out to identify and
suggest suitable software to do the CDF models based on the criteria derived from the
literature.
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2.1. Analytical Models

Fundamental equations of heat transfer and fluid dynamics are applied in analytical
models to predict ventilation and heat transfer in buildings. As the oldest methods for
ventilation performance forecast, analytical models are applied broadly due to their reli-
ability and simplicity in the physical space. Furthermore, the widespread use of these
methods is related to the minimal requirements in computing resources, regardless of
whether such models might be inaccurate when predicting complicated ventilation sce-
narios and the results obtained might be uninformative. These models are regarded as the
most dominant tools for predicting ventilation performance. This is because they produce
both qualitative and quantitative (occasionally) indications of the effect on different ge-
ometries and thermo-fluid boundary conditions imposed on ventilation performance [24].
Table 1 summarizes studies that investigated natural ventilation using an analytical
model.

Table 1. Analytical model in natural ventilation.

Combined with Other
Ref Probl
eference roblem Methods
Bassi t al.
assioutly eta Solar chimney dimensions effect on space ventilation Numerical analysis

[25]

Zhou et al. [26]

The effects of natural ventilation in both single- and gable-slope city =~ Numerical simulation

tunnels (CFD)

Dehghan et al.
[27]

Wind speed and direction effect on the ventilation capacity of one-

sided wind-catcher models Experimental model

Fan et al. [28]

Evaluation of several simple natural ventilation models of cross venti-

. . . o Experimental model
lation and single-sided ventilation P

Wang et al. [29]

Performance evaluation of real windows in the case of buoyancy- Numerical simulation

driven, single-sided ventilation (CFD)

2.2. Empirical Models

The empirical models are derived from the conservation equations, such as the mass,
energy, and chemical species equations. In theory, there is little difference between ana-
lytical and empirical models but the perception is that empirical models use more approx-
imation than analytical models [24]. Therefore, in some cases, researchers combine ana-
lytical and empirical models for the analysis of wind velocity [30]. However, comparing
their application in previous studies shows that the empirical models are efficacious, cost-
effective, and allow designers to predict the performance of ventilation in building con-
struction sectors [24].

Experimental Models; Small and Full Scale

Experimental models are usually used as the preferred method for predicting venti-
lation in buildings. In practice, the application of small-scale experimental models can be
more cost-effective than full-scale experiments. Although small-scale experimental mod-
els are efficient and economical for ventilation performance investigation in buildings,, it
is difficult to represent the airflow in the same manner as in an actual full-scale experiment
in the event heat transfer is considered in the calculation. This is due to the difficulty in
getting the same Reynolds and Grashof numbers [24]. If the objective is simulating ther-
mal buoyancy, then it is possible to use liquids like water with different densities. If this
is not the case, the small-scale model cannot accurately simulate the actual flow in the
building. Small-scale models are largely applied to validate the analytical, empirical, or
numerical models of ventilation performance. Therefore, the researcher can scale up the
validated models for further analysis and design parameters. Table 2 presents some of the
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recent studies that investigated the application of natural ventilation using experimental
models.

Table 2. Experimental models in natural ventilation.

Combined with
R P
eference roblem Other Methods
Heracleous et al. Investigation of windows opening patterns in natural ventilation
[31] for improved air quality —
. Natural ventilation effect on the thermal comfort in residential Numerical simulation
Elshafei et al. [32] o1
buildings (CFD)
. Thermal and indoor air performance investigation using Numerical simulation
Calautit et al. [33] . . . .
windcatcher integrated with heat pipes and extended surface (CFD)

Han et al. [34]

Evaluation of the characteristic of thermal buoyancy-induced natu-

ral ventilation

Calautit et al. [35]

Numerical simulation

Heat recovery and redistribution using natural ventilation (CFD)

Nejat et al. [36]

Evaluation of a two-sided windcatcher integrated with the upper =~ Numerical simulation

wing wall for thermal and indoor air performance (CFD)

Macias-Melo et al.
[37]

Evaluation of a rectangular ventilated cavity Numerical modelling

Full-scale experimental models can be categorized into two techniques as laboratory
experiments and on-site measurements. Laboratory experiments use the application of an
environmental chamber to simulate a single-story building. The chamber can then be
placed in a wind tunnel for measurement. However, this process increases the cost; there-
fore, it is considered to be an expensive research method [38]. Although the cost is higher
in this method, many researchers have applied laboratory experiments to forecast wind-
induced ventilation inside buildings up to present day [39,40].

On the contrary, full-scale measurement models are normally designed on real build-
ings based on the meteorological conditions of the site. This technique depends mostly on
the real boundary conditions of the site such as surrounding landscape, buildings, and
terrain that have a direct impact on outdoor wind direction and magnitude. On-site meas-
urement is quite familiar to researchers, and it is used to identify the real conditions of
ventilation inside and outside a building [41-43]. According to Chen [24], both laboratory
and on-site measurements for full-scale experimental models represent realistic predic-
tions of a building’s ventilation performance.

There are some limitations to the application of full-scale measurement in buildings.
The data collected from one building cannot be applied to another building even though
both buildings are similar. It should be considered that errors can happen in experimental
measurements due to uncalibrated measuring equipment [44]. For instance, in conditions
with very low air velocity, hot-wire anemometers have difficulties providing accurate val-
ues for the ratio of air velocity. Although the full-scale models are expensive and time-
consuming, they are substantially used to validate computational models like CFD. This
is because CFD models are based on prediction. As Chen [24] indicated, these methods
are widely applied to evaluate ventilation through buildings.

2.3. Multi-Zone and Zonal Models

The multi-zone model was applied in previous research to predict airflow distribu-
tion and air exchange rates in buildings with and without mechanical ventilation systems.
The model can evaluate ventilation efficiency, energy demand, and pollutant transport. It
is widely used as a design tool for computing airflow in large buildings. Multi-zone mod-
els are normally run by two well-known programs developed in two national laboratories
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in the United States called CONTAM and COMIS [45]. Few studies have used these pro-
grams to determine the air quality and the magnitude of air velocity inside buildings
[46,47]. However, the application of multi-zone models through CONTAM and COMIS is
scarce in research work due to difficulties working with the user interface and data input
[24].

The assumption in multi-zone models is that they are unable to predict stratified ven-
tilation systems; therefore, to reduce errors in predicting air temperature distribution,
zonal models are applied to allocate a space into limited cells. These cells are normally
less than one thousand for a three-dimensional space. Moreover, the air temperature is
predicted in each cell to specify a non-uniform distribution in the space. In most cases,
zonal models are integrated with other models to predict indoor air temperature, pollu-
tant concentrations, and the cooling and heating loads of HVAC systems [48].

The zonal model simulation’s accuracy declines significantly when the momentum
of the flow is strong. This is due to the model’s inability to solve the momentum equation
while it is occupied with the mass and energy balance equations to reduce computation
cost. Furthermore, the zonal models do not represent more control in reducing the com-
putational time when compared to very coarse-grid fluid dynamic simulations [24]. The
overhead time to prepare the input data in most cases is lengthier than that of a CFD
simulation. A future projection is that zonal models should be substituted with CFD mod-
els because computers are getting quicker and the CFD interface will be more user-
friendly.

2.4. Computational Fluid Dynamic (CFD) Models

The numerical simulation of CFD in predicting air velocity is commonly used in the
design of ventilation systems in the construction sector. CFD solves several partial differ-
ential equations for conservation of mass, momentum (Reynolds Average Navier-Stokes),
and energy [24]. Furthermore, the CFD models are established extensively to evaluate in-
door air temperature, pressure, air velocity and its pattern, thermal comfort, contaminant
concentrations, and turbulence quantities in specific computational domains for both indoor
and outdoor spaces of buildings. The parametric study has full control over boundary con-
ditions in CFD, which allows the evaluation of different design alternatives. Thus, the opti-
mum design can be determined to enhance maximum ventilation inside a building. Table 3
presents recent studies that implemented CFD to investigate natural ventilation.

The advantage of CFD is that it covers heat transfer from surfaces such as convection
and transient behaviour [49]. The improvements in computing capabilities and user-friend-
liness of its graphic user interface make CFD the popular method for predicting wind-in-
duced ventilation inside or outside buildings. The Reynolds Averaged Navier-Stokes equa-
tion (RANS) model and the Large Eddy Simulation (LES) are normally included in the
CFD models.

Table 3. CFD models in natural ventilation.

Combined with

Reference Problem Other Methods

Zhang et al. [9] Investigation of single-sided and cross-ventilation of a cube-shaped
& ] building at several wind directions

Porras-Amores et al. Evaluation of the thermal and natural ventilation behaviour in an un- .
. Experimental model
[50] derground construction
Rodrigues Marques Investigating natural ventilation using CFD integrated with 3D para-
Sakiyama et al. [51] metric modelling _

Performance investigation of wind exchanger configurations applied to

Castillo et al. [52] a building with a windward window

Experimental model

Cuce et al. [53] Investigating sustainable ventilation strategies for school buildings

Villagran et al. [54] Evaluating natural ventilation in three different types of greenhouses Experimental model
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Zhang et al. [9]

Investigating wind direction effect on the single-sided and cross-ventila-

tion for a cube-shaped building

Calautit et al. [35]

Heat recovery and redistribution using natural ventilation Experimental model

Hong et al. [55]

Using open-source CFD to investigate natural ventilation for agricul-

tural buildings

Heidari et al. [56]

Investigating natural ventilation in the vernacular architecture of Sistan

Mubhsin et al. [57]

Investigating the effect of voids on improving natural ventilation in

multi-story buildings

3. Arrangement of Experimental Models and CFD Models for Natural Ventilation
(NV) Evaluation and Prediction

Recent research in the field of natural ventilation in buildings argue that full-scale
measurement and computational fluid dynamic models (CFD) are two sophisticated
methods that represent precise details and information in the studying of wind-driven
ventilation in buildings [58-60]. Full-scale measurement can be employed to determine
primary thermal conditions such as the magnitude of air velocity or the value for indoor
temperature. The results of full-scale measurement can be used for CFD model validation.
Thus, the validated CFD models allow for the evaluation of further design alternatives that
are impossible to test with full-scale measurement. CFD model application for natural ven-
tilation designs has become more predominant. There is a growing need for the use of nat-
ural ventilation to reduce energy demand and enhance IAQ [61]. A comparison of CFD
models with other techniques reveals that it can predict air velocity patterns and ratios in
buildings. For instance, multi-zone models cannot overcome some complex scenarios for
natural ventilation such as its variability in speed and direction [24]. A study by [62] shows
that CFD models can simulate small-scale to large-scale buildings such as stadiums and
skyscrapers. It can also predict thermal parameters like air temperature and wind velocity
in indoor and outdoor environments. Previous studies confirm that the results of primary
techniques like a wind tunnel or experimental testing can be substituted with CFD results
because they are in good agreement [63,64]. The CFD model is more informative and cost-
effective compared to wind tunnel tests and full-scale experimental methods [65]. Further-
more, CFD models can be integrated with other building simulation tools like energy sim-
ulation to present wider ranges of precise predictions. Generally, there are two approaches
in CFD modelling: internal flow simulation and combined internal and external flow simu-
lation known as the “coupling” approach. Study [66] states that for internal flow simulation,
boundary conditions at inlets and outlets, which may be obtained from wind pressure data
for openings, are required. In the “coupling” approach of flow simulation, climate data and
wind profiles are required as the atmospheric boundary layer.

4. CFD Coupling Building Energy Simulation

Reducing the energy consumption of buildings has become a worldwide challenge.
Particularly, this becomes highlighted designing net-zero energy buildings, which require
new design strategies. Although several approaches and a variety of studies are discussed
in the literature to simulate building energy performance, building energy simulation (BES)
coupling CFD has earned more attention [67,68]. This idea was first introduced by Negrao
[69], who indicated the need for both BES and CFD to exchange appropriate boundary con-
ditions. Subsequently, Zhai et al. [70] reviewed the state of the art to classify the coupling
models according to their interaction and data exchange between the tools. The coupling
idea was expanded by Zhai et al. [71], who verified existence, uniqueness, and convergence
of the results obtained according to thermal aspects, and Wang et al. [72], who included
airflow exchange variables into the coupling model. Since then, the coupling idea has been
implemented to investigate various aspects of the indoor environment such as Wang [73] to
study airflow and contaminant spreading, or, on a larger scale, Bouyer et al. [74] developed
a CFD-thermo-radiative coupled simulation to investigate the microclimatic impact on
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building energy performance. Zhang et al. [75] developed a coupling model to investigate
convective heat transfer in various urban areas. More recently, a coupling framework
method was developed by Pandey et al. [76] between BES and CFD to model phase change
materials (PCM) integrated in a built environment in three different scenarios: the active use
of PMC and the passive use of PMC during natural and forced convection. This study also
compared the prediction of this coupling method with BES tools results such as EnergyPlus
and concluded prediction is more accurate when applying the coupling method [76].

5. CFD Fundamental Frameworks

The CFD technique combines theoretical and experimental science with the power of
modern numerical computation. In theory, CFD can solve issues like steady and unsteady
flows, turbulent and laminar flows with and without considering heat transfer, flows com-
bined with radiation, compressible and incompressible flows, and other more complex
flows. CFD solutions are defined as technical numerical estimates of fluid flow by gov-
erning equations within space and time. Generally, a CFD code works by defining interest
regions based on many cells and grids. The fluid flow is explained by the partial differen-
tial Navier-Stokes equations in CFD. These equations are substituted in each of the cells
by algebraic approximations that attribute some variables, such as air velocity and air
temperature, to the values in the adjacent cells. Once these equations are solved numeri-
cally, they create a comprehensive airflow profile for the grid resolution. According to a
study by Tu et al. [58], the CFD codes include three main elements: the pre-processor, the
solver, and the post-processor.

The general framework and interconnectivity functions of these elements in the CFD
analysis are presented in Figure 1. At the pre-processor stage, the computational domain
is created for the finalisation of the geometry of the model. A finite number of cells is
generated sophisticatedly at this stage to the solution domain. Subsequently, the bound-
ary conditions specification and fluid properties are set up. At the solver stage, the nu-
merical solver resolves the equation of each state until a satisfactory convergence is
achieved. Simultaneously, five numerical solution methods are finalised in line with the
way the flow variables are predicted in the discretisation process. The numerical simula-
tion techniques are the finite difference method, the finite element method, the finite vol-
ume method, the spectral method, and the girdles method. In principle, provided that the
grid is very fine, each method would consequently generate the same solution.

PRE-PROCESSOR
Creation of geometry

Mesh generation
Material properties
Boundary conditions

GOVERNING EQUATIONS SOLVE ON A MESH

Transport Equations
. WESS -
Physical Models VATCRTT Solver Settings
Turbulence Energy Inltl_allzatlon
ComBIStion Other transport variables So!utlpn contro_l
Radiation e 6 St Monitoring solution
Other processes quatl . Convergence criteria
Supporting physical
models

SOLVER

POST-PROCE R
X-Y graphs
Contour

Velocity vectors
Others

Figure 1. Elements in the CFD analysis and their inter-connective functions.
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The post-processing stage is defined as the last stage where the modelled results are
presented numerically and graphically. The results are visualised in different ways using
2D graphs, 3D representations of the vectors, iso-lines, and flow tractions [59]. Generally,
the CFD simulation is applied for both compressible and incompressible flow for either
external or internal flow or their combination, called the coupled flow method. The cou-
pled flow method shows a comprehensive picture of inside and outside the building. It is
particularly used for the simulation of wind-driven ventilation in buildings. Heat transfer
via conduction, convection, and radiation can influence airflow patterns and ratio. Thus,
heat transfer equations are established in CFD programs to address the above-noted ef-
fect. Figure 2 shows a schematic framework of CFD through the various heat transfer op-
tion and flow physics.

Steady or Unsteady (T ransient)

Heat Transfer Convection

Viscous Fluid

Inviscid Fluid

Computational Fluid Dynamics (CFD) and Heat Transfer

Conduction
Radiation

Compressible

(Air) Intemnal flow

External flow

Incompressible Combined Inhemal
Turbulent (Water, low & External flow
speed air)

Figure 2. Schematic framework of CFD model and heat transfer.

6. CFD Application through Physical Models

There are three major governing equations of computational fluid dynamics, namely.
the continuity, momentum, and energy equations. According to Yang [59], these equations
are the mathematical statements of three basic physical principles referred to below:

e  Conservation of mass (the continuity equation);
e Newtons’ second law (the momentum equation);
e  Conservation of energy (the first thermodynamic law).

These fundamental equations are the basis for various simulation approaches. Turbu-
lence models for statistically steady simulation are the main focus of this section as they are
required to parameterize the unresolved scales related to the flow. The forces on the fluid
control volume concerning the fluid acceleration create an expression for the conservation
of momentum, done by employing Newton’s Second Law of Motion (or Navier—Stokes
equations). The Navier-Stokes equations are stated as valid to explain the turbulent flows.
In wind engineering, the Reynolds Average Navier-Stokes (RANS) approach can be con-
sidered the preferred method for turbulent flow computation. To make a statistically steady
solution related to the flow characteristic, the equations are typically averaged in time over
all the turbulent scales in this approach [60]. According to the First Law of Thermodynamics,
energy is conserved in a fluid. Furthermore, the rate of change of the fluid particle energy is
equal to the sum of the net rate of work done on the fluid particle, the net rate of the heat
added to the fluid, and the rate of increase in the energy due to the sources [61]. Thus, de-
fining the changes in the fluid temperature is allowed within a control volume.
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6.1. Turbulence Models

Turbulent flows are generated by fluctuating velocity fields that have small-scale but
high-frequency movement. Thus, it seems impossible to model this fluctuation by availa-
ble computers. In this case, for extracting the small fluctuations, the fluid mechanics equa-
tions should be averaged by the application of a transformed group of equations that will
be solved numerically [77]. The modified equations contain added variables that need to
be resolved through a turbulence model. In this context, the turbulence models are cate-
gorized into three major groups called the direct numerical simulation (DNS), the large-
eddy simulations (LES), and the Reynolds Averaged Navier-Stokes (RANS). These
groups are briefly explained below.

Direct numerical simulation (DNS) is a computational fluid dynamics simulation
whereas the Navier—Stokes equations are resolved numerically without the use of the tur-
bulence model. This implies that the variety of temporal and spatial scales of the turbu-
lence must be resolved. Consequently, the DNS computational cost is considerably high
and the computational resources required by a DNS will exceed the capacity of the most
powerful computer, at the low Reynolds numbers.

Large eddy simulation (LES) models are approaches that are time-dependent and can
generate results with greater accuracy, taking into consideration the numerical simulation
of the wind engineering problems, as compared to the statistically steady RANS simula-
tion [78]. In a study by Evola et al. [79], it was shown that LES is based on space filtering
the turbulence structures. This is where the fluid flow is divided into small and large ed-
dies. Although the LES model has greater reliability, it is time consuming due to the re-
quirement for more complex computations. This occurs because of the extreme precision
required. As opposed to the standard RANS type models, the LES reproduces the central
turbulence properties with greater accuracy. It should however be noted that the LES ap-
plications are still experimental. Therefore, choosing realistic boundary conditions will be
problematic for such simulations [77]. Furthermore, LES methods need large computing
power an impose greater CPU times. They also have very tight mesh alongside a very
long calculation time. In practice, these methods are impractical for application in engi-
neering for the near future [60]. For this reason, the LES model is a less popular option
and is very rarely used for wind-driven ventilation studies.

Researchers have claimed that the RANS equation turbulence model is a widely used
method for wind-induced ventilation that requires much less computing time as compared to
other turbulence models such as the LES turbulence model [49,80]. The Reynolds stress com-
prises all the effects due to the turbulence fluctuation when it makes use of the eddy viscosity
hypothesis (first order closure) and the Reynolds stress model (RSM) or second moment clo-
sure (SMC) in RANS models. Zero, one, two, three, and four equation models are contained
in the eddy viscosity models. Among these models, the two-equation models, which entail k-
w and k- ¢ models, are the commonest models used for the application of natural ventilation
[81-84]. The most well-known equation models in the applications of wind-driven natural
ventilation are the standard k-e model and the RNG k-e model as the subgroup of the k-¢
model and the standard k- w model and the shear-stress transport (55T) k- w as the subgroup
of the k- w model.

6.2. Reynolds Average Navier—Stokes (RANS) Turbulence Models

Viscous transport was introduced into the Euler equations by Claude Louis Marie Henry
Navier and George Gabriel Stokes, which resulted in the Navier-Stokes equations. This is the
basis of CFD models until now [85]. In 1883, Osborne Reynolds developed the “Reynold Num-
ber”. He also established the RANS model theoretical basis where turbulent equations are av-
eraged out by the models, in time, over the whole turbulent fluctuation spectrum [86].

Essentially, the Reynolds Average Navier-Stokes (RANS) model solves a set of transport
conservation equations for continuity, momentum, energy, and chemical species concentra-
tions [66].


http://www.cfd-online.com/Wiki/Navier-Stokes_equations
http://www.cfd-online.com/Wiki/Turbulence
http://www.cfd-online.com/Wiki/Turbulence
http://www.cfd-online.com/Wiki/Reynolds_number
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6.3. Eddy Viscosity Equation Models
6.3.1. The k-¢ Model

The k-epsilon model is the most noticeable and preferred model for turbulence that
is employed in the CWE extensively, and it is still known as the standard industrial model
[87]. The k-¢ turbulence model is that in which the transport equations for “k” are the
kinetic energy turbulence and “¢” is the dissipation rate. The model is the most recognized
by experiment and widely used due to its robustness and accuracy [88,89]. Awbi [66]
stated that the k-¢ model is used mostly for the turbulence model, which can forecast re-
liable results for studies on airflow in the built environment. The k-epsilon model is nu-
merically robust and stable, has a regime that is well-recognized, and has a capability that
is predictive for the general-purpose simulations regarding their robustness and accuracy
[90].

The k-¢ standard model was used and the results revealed small variations among
the different turbulence models. The Mono draught wind catcher ABS 550 performance
was assessed by the k-¢ standard turbulence model. It was found that the prediction ac-
curacy made by the k-¢ standard model was adequate in simulating ventilation in build-
ings [91]. The multi-directional wind catcher’s performance was evaluated by Montazeri
[92] through the application of the k-¢ standard turbulence model in the CFD simulation.
Many surveys confirm that making use of the k-¢ turbulence model is well-recognized in
the natural ventilation survey field [93]. In the application of wind engineering, this model
can yield acceptable results [94].

A major issue known with this model is its ability to over-predict the turbulence ki-
netic energy in parts that have stagnant flow. Therefore, k-¢ models that are more ad-
vanced are employed progressively. An illustration of such a model is the renormalization
group (RNG) k-¢ model [95]. The RNG k-¢ model is an alternative to the k-¢ standard
model. Comparing it with the k-¢ standard model, as a whole, the model provides a small
enhancement anomaly in the attenuation of stagnation points and yields acceptable results
afterwards [96]. This model has an effect in predicting turbulent motion that is small-scale
because of the large scale turbulent and viscosity modification. This is also because a low
Reynold number produces small-scale turbulence. Mathematical theory is used to divide
the RNG k-¢ model constants including the addition of the term in the dissipation equation
related to the turbulent viscosity and the total rate of strain [88].

Blocken et al. [96] attempted to solve the 3D RANS equations in conjunction with the
RNG k-¢ turbulence model for analysing the conditions of flow in a Venturi-shaped roof while
there was an under-pressure concentration in the narrowest roof section. In the above-noted
research, the RNG k-¢ turbulence model was chosen for its good performance surface pres-
sures prediction on the windward building’s facades and in the roof opening in a preliminary
study.

6.3.2. The k-co Model

The flow separation of the precise prediction from a smooth surface has been re-
ported as a major turbulence modelling issue. The two standard turbulence model equa-
tions are unable to predict the onset and the quantity of the separation of flow under ad-
verse pressure gradient conditions. In many technical applications for external and inter-
nal flows, separation forecasting seems to be important. Today, the most evident two-
equation models in the field are the k-w based models described by Menter [97]. The k- w
based shear-stress-transport (55T) model was established to provide very accurate fore-
casts of the onset and the flow separation quantity under adverse pressure gradients.

6.3.3. The Reynolds Stress Model

The two-equation turbulence models (k- and k-¢ based models) can yield suitable
predictions of the properties and physics of many flows of industrial relevance.
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Due to the included transport equations, this method needs greater computational
resources. It further needs to provide only good iterative convergence in the case where
fine grids of good quality are used. Although the flow results around the obstacles are
better compared to the ones from the linear eddy viscosity models [98], several models
also have issues in the stagnant flow regions, making them unable to experimentally pre-
dict the reattachment observed on the top of the building models [78,99]. The RSM (Reyn-
olds-stress model) methods were developed to provide improved results, compared to
their predecessors, of various complexities related to flow around buildings, which in-
clude stagnation areas, strong pressure gradients, separation flow, very curved move-
ments, and the like [77]. Table 4 summarises RANS turbulence models and their applica-
tions in fluid mechanics. By considering the reviewed literature related to the turbulence
models, the overall conclusion is that the k-¢ model is considered as the most noticeable
and preferred turbulence model for predicting wind-induced ventilation.

Table 4. RANS turbulence models and application in fluid mechanics.

RANS Turbulence Model

Application in Fluid Mechanics

k-¢ standard

Mostly applicable to studies on airflow in the built environment

RNG k-¢

Mostly applicable to the attenuation of stagnation points

k-w

Mostly applicable to providing very accurate forecasts of the onset and the flow sep-
aration quantity

The Reynolds Stress (RSM)

Mostly applicable to predict airflow at stagnation areas, strong pressure gradients,
and separation flow

7. Numerical Discretization Methods

Discretisation methods are used to solve the Navier-Stokes equations. Generally,
these methods are categorised into three separate methods: the finite difference method
(FDM), the finite element method (FEM), and the finite volume method (FVM).

As claimed by Awbi (2003), the FVM is the most popular for solving the Navier—
Stokes equations in ventilation studies. FDM is the oldest method developed by Euler in
1786 to obtain numerical solutions of differential equations [58]. However, this method is
rarely used due to its limitation of geometrics [100]. In contrast, the FEM solves the partial
differential equations over smaller finite control volumes. The FEM is the foundation of
understanding the fundamental features of discretisation [58]. Furthermore, the FEM is
the most robust of all methods with which the residual equation is weighted and inte-
grated over the domain.

Although the FEM is more stable than FVV, it requires more computing than FVM
[101]. FVM is the most popular method and is widely applied in almost all commercial
CFD codes. The FVM discretises the integral form of the conservation equations in the
physical spaces directly. Moreover, it works with control volumes that can accommodate
any grid type. An advantage of FVM is its flexibility with both structured and unstruc-
tured grids. The FVM method allows the discretisation of complex physical domains in a
simpler way rather than the transformation of equations to generalise coordinates in the
computational domain.

8. Comparison of Simulation Tools

As discussed, CFD commercial codes use coupled and de-coupled approaches to pre-
dict a building’s ventilation performance. Whereas the coupled approach simulates in-
door and outdoor spaces at the same time, the de-coupled approach simulates outdoor
and indoor domains separately. In the de-coupled simulation, the output data gained
from the outdoor airflow simulation are used for the boundary conditions of indoor air-
flow simulation. There is some CFD commercial software that investigates the ventilation
performance of buildings. General consideration should be considered when choosing ap-
propriate CFD software. The main criteria for the selection of the software are:
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Cost;

Serviced support and availability;

User-friendly software for modelling and simulation;
Graphical user interface availability;

Discretization methods;

Turbulence models;

Type of mesh generation.

Many studies have attempted to make a comparison between the advantages and
disadvantages of different CFD codes. Considering the above-noted criteria, Table 5
shows the comparisons among five commercial CFD programs. According to the criteria,
the selected CFD codes are the most suitable alternatives to establish CFD simulation.
However, the selection of these codes for a study depends on the complexity and charac-
teristic of the model, the area and field of study, desired turbulence model for a study,
and ease of use for the graphic user interface.

Table 5. Comparison between commercial CFD codes; applicability of usage for various purposes.

Availability of Turbulen Discreti-
CFD Code Ease of Use Graphic USER Inter- l;\/IO d:lsce zation Mesh Type Remark
face (GUI) Method
Standard
RANS k-
& . Structured and Widely used in aerospace es-
. Standard 2- Finite . .
CD-adapco Compromise be- laver RNG k- Volume unstructured pecially Airbus, The only
P tween ease of use  Parametric 3D-CAD y mesh with body- CFD with “dynamic fluid
Star-CCM+ g, k-w, LES, Method . . . .
and accuracy fitted coordi- body interaction” suitable for
Detached (FVM) nates marine applications. [102]
Eddy Simula- a armne apphica '
tion (DES)
engineosneed  UseBuilinansys  Sondard Rt S SR O Mostwidely apply commer
ANSYS FLU- g ’ R X RANS, k-¢, Volume K cial CFD code especially in
basic knowledge CAD integration mesh with body- .
ENT on fluid mechan- technolo RNG k-¢, Method fitted coordi- aerospace and automotive in-
: 8y k-, LES (FVM) dustries [103]
ics nates
. . Standard . Structured and UK based company, able t'o
X 3D interactive Finite do thermal comfort analysis,
User friendly for raphics system for RANS L, Volume unstructured widely used by architects in
PHOENICS building science graprics sy Standard 2- mesh with body- Y Y
2 visualization of ge- Method . . the area of HVAC (concentra-
application layer RNG k- fitted coordi- . .
ometry e (FVM) nates tion heat and momentum lim-
’ ited) [104,105]
User friendly for ~ Drag and drop oper- Finite Widely used by architects for
Ser endly 1o raga Top ope Standard Volume Structured Car- ¢y used Py arciitects 1o
FloVent architectural ap-  ation technique with . ventilation studies in build-
lication 3D biliti RANS k-¢ Method tesian mesh ings [106]
plicatio capa es (FVM) gs
Solidworks inte-
ted a 3D hi
grated a >u grapiics Structured Car- ~ Widely used for prediction of
The most user- system for modelling . . AR . .
. N Finite tesian mesh ventilation in the built envi-
friendly, de- and visualization of . .
FloEFD sioned for build- cometr Standard Volume Able to create ronment and engineering,
. & . & . y . RANS k-¢ Method partial cells able to predict 3D airflows,
ing and mechani-  Able to import build-
.. . . (FVM) around funny or  heat transfer, thermal comfort
cal application ing furniture by the
. . curved shapes and TAQ [107]
integrated model li-
brary

9. Conclusions

This study reviewed methods and techniques for the evaluation and prediction of
wind ratio and patterns in the built environments. Based on the methods applied in pre-
vious studies, this study found analytical models, empirical models, zonal models, and
CFD models to be the available methods. Although analytical models have been rarely
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applied in previous studies, they can offer quantitative and qualitative indicators to gen-
erally understand wind speed and patterns in buildings. Further research should be im-
plemented to identify why analytical models are not favoured by researchers as well as
the possibility of integration with other methods to generate more accurate results. Em-
pirical models use more approximation than analytical models; however, they were used
widely due to efficiency and cost. However, there are some restrictions for the applica-
tions, such as the need for frequent calibration of equipment, possible errors during meas-
urement, large time consumption, , and less opportunity to generalize the results. There-
fore, in most cases, integration with other methods is highly recommended for future re-
search. Zonal models are suggested in the case of large-scale buildings where techniques
like analytical and empirical models cannot work efficiently. Yet, the literature review
indicated few studies applied this method due to the absence of a graphical user interface
or user-friendly programs. Furthermore, the multi-zonal model can not predict stratified
ventilation systems and they should be substituted with zonal models. This study recom-
mends avoiding applying zonal models due to the limitation of cells for the three-dimen-
sional spaces.

A comparison among the reviewed methods indicates the CFD models are predom-
inately applied in existing studies. As an informative method, it offers a parametric study
for the evaluation of different design scenarios in a short time. Its compatibility with em-
pirical methods delivers the possibility for substitution of results in the case of complicated
models. In addition, the CFD models can be combined with other building simulation tools
such as BES to present a wider range of precise predictions. In addition, the improvements
in computing capabilities and user-friendliness of the graphic user interface make CFD a
popular method for predicting wind-induced ventilation inside or outside buildings.

Among the turbulence models for CFD simulation, this study concluded that the
RANS equation turbulence model is the most relevant and it requires much less compu-
ting time. A comparison between turbulence models confirmed further studies need to be
conducted to suggest procedures for the increase in practicability of LES models for use
of simulation in building scale. This can be more important in the case of analysis of ven-
tilation performance in buildings for long periods. The RANS model is widely used in
studies; however, this study focused on the standard k-¢ model and the RNG k-&¢ model,
particularly, the standard k-@ model and the shear-stress transport (S5T) k-o as the sub-
group of the k-@ model for the numerical simulation. Among the models, it is concluded
the k-¢ is the widely applied method to evaluate indoor airspeed and patterns in the built
environment. This study found that there is a need for further research on the weaknesses
of a k-e model compared to other models in buildings.

Finally, this study compared available CFD codes based on ease of use, availability
of graphic user interface, turbulence models, discretization method, and type of mesh.
Based on the review of studies that applied the CFD model, it is found that the selection
of CFD code highly depends on the complexity and characteristics of the model, ease of
use for graphic user interface, and the desired turbulence model. Although the data are
derived from the academic databases, future studies should consider the users” point of
view.
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