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Planning is always involved in making choices between alternatives. In the case 
of designing for street climate the objectives may be mutually exclusive. For 
example, whilst open geometry is conductive to air pollution dispersion and 
solar access, a more densely clustered arrangement is favourable for shelter and 
energy conservation (Oke, 1988). 
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1.6. Purposes of this research 

The main purpose of this research is: 

 To examine the relationship between the urban fabric and the airflow below the 

urban canopy height, based on the physical urban aspect ratios and the wind 

speed and direction and pressure distribution on the building envelope; 

The proposed aim of this research will initially be achieved through the analysis 

of results from experiments by which wind flow effects around simplified urban 

volumetric shapes are tested. Then, the input information will be integrated into more 

complex models of a large number of urban prototypes and two actual urban areas, in 

which one particular target building will be investigated in greater detail. 

1.7. Research objectives  

1.7.1. Main objective 

The main objective of this research is to investigate the relationship between 

urban areas physical dimensions and the resulting airflow patterns and wind speed and 

direction and pressure coefficient distribution on the envelope of target buildings. 

1.7.2. Secondary objectives 

The secondary objectives of this thesis are: 

 To study airflow patterns and wind speed and direction changes in urban areas; 

 To map the pressure coefficient distribution on external built surfaces; 

 To relate the differences in pressure coefficient between windward/ leeward 

sides of blocks and/ or buildings within the investigated urban areas; and 

 To explore the link between external airflow and urban canyon dimensions for 

the two specific case-bases addressed in this investigation. 

1.7.3. Indirect objectives 

The following are considered indirect objectives of this thesis: 

 The assessment of the effectiveness of modelling external airflows in urban 

areas in computational fluid dynamics (CFD) software by comparing these 

results with those of sets of wind tunnel experiments and field measurement 

data; and 

 The highlighting in the methodology of how to set-up the input information and 

parameters for the 3D models in order to achieve proper CFD simulation results 

so as to assist further studies which are in the same field of this research. 
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1.11. Methodology overview 

In order to achieve the objectives proposed this research project uses several 

methods of investigation which involves different stages of analysis. These methods 

include theoretical research, field measurement data, laboratory scale-model tests in a 

wind tunnel, and computational fluid dynamics (CFD) simulations. The stages are 

associated with the physical scale of the object analysed: 

 Urban airflow: based on an assessment of the external airflow patterns for a 

given wind direction around simplified models of urban areas, defined by aspect 

ratios relative to real urban environments; 

 Building envelope: related to pressure variation caused by wind forces acting on 

the inlet/ outlet sides of the building; and 

 Building ventilation strategies: the arrangement of internal vertical connections 

(shafts and atriums) in a case-base tower combined with the building envelope 

results in pressure variation and airflow across the building.  

The methods of investigation and the results are listed below: 

 

Table 1-1: Scope [    ] and focus [    ] of the methods of investigation at each stage of 
the investigation. 
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Source: This study. 
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1.13. Chapter conclusion 

In Chapter 01 the background information and the introduction to the subject for 

analysis are presented together with: the statement of the research problem and gaps 

in the area, research aims, purposes, objectives, hypothesis, justification, methodology 

and structure. Every chapter will contain its own introduction and conclusion to clarify 

and summarize what is being discussed. 
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Part 02: Literature Review 

 

Chapter 2: Airflow in the Urban Environment 

2.1. Introduction 

This chapter presents a picture of studies on airflow field in the urban 

environment. Starting with the definition of the atmospheric boundary layer and how the 

terrain roughness affects the urban vertical wind profile, it also describes wind effects 

around isolated bluff bodies. Finally, it covers the main aspects of airflow in dense 

urban areas and within urban canyons. 

2.2. The Macro-scale system 

On a global scale, the seasonal distribution of atmospheric pressure determines 

wind direction and characteristics. Atmospheric pressure is the action of the air on 

surfaces. Differences in pressure are to be explained by the temperatures contrast both 

between the continental land masses and the oceans and the varying intensity of solar 

radiation due to latitude, in view of the fact that warm air is less dense than cold. If the 

Earth were stationary, the main movement of air would be from the poles (cold) to the 

equator (hot). The rotation of the Earth produces a force that deflects these winds 

(Coriolis forces) which, together with differences of temperature around the globe (day 

and night) also cause mass movement of the air (Masi and Ochoa, 2005). 

There are, over each hemisphere, high and low pressure belts, both permanent 

and seasonal. The equatorial belt is one of permanent low pressure. In the tropics, 

there are high pressure belts that move towards the poles during summer and the 

equator during winter. The polar zones are of permanent high pressure. Between these 

belts, there is the Global or Geostrophic wind, rotating clockwise and anti-clockwise in 

the North and South hemisphere, respectively. When these forces meet low-pressure 

centres, strong winds called cyclones are formed. For high-pressure zones, these are 

named anti-cyclones (Holmes, 2001). For instance, the Trade Winds (Alisios) arise 

between the tropics and the equator and blow from the NE and SE in the northern and 

southern hemispheres, respectively. The winds from the West blow from the 

subtropical regions to the poles. And the poles generate cold winds which blow towards 

the NE and SE. 
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Table 2-1: The Beaufort scale for wind speed effects. 
Beaufort 

scale 
wind speed 

Description Land conditions 
Dynamic 

pressure (Pa) 
wave 
lenght km/h m/s 

0 0 0-0.2 Calm Calm. Smoke rises vertically. 0.2 0 

1  1-6 0.3-1.5 Light air Wind motion visible in smoke. 1.2 0.1 

2  7-11 1.6-3.3 Light breeze Wind felt on exposed skin. Leaves rustle. 6 0.2 

3  12-19 3.4-5.4 Gentle breeze Leaves and smaller twigs in constant motion. 20 0.6 

4  20-29 5.5-7.9 
Moderate 
breeze 

Dust and loose paper rise. Small branches begin to move. 40 1 

5 30-39 8.0-10.7 Fresh breeze Smaller trees sway. 75 2 

6 40-50 10.8-13.8 Strong breeze 
Large branches in motion. Whistling heard in overhead 
wires. Umbrella use becomes difficult. 

120 3 

7 51-62 13.9-17.1 Near gale 
Whole trees in motion. Effort needed to walk against the 
wind. 

170 4 

8 63-75 17.2-20.7 Gale Twigs broken from trees. Cars veer on road. 260 5.5 

9 76-87 20.8-24.4 Strong gale Light structure damage. 350 7 

10 88-102 24.5-28.4 Storm Trees uprooted. Considerable structural damage. 500 9 

11 103-
119 

28.5-32.6 Violent storm Widespread structural damage. 650 11.5 

12 120 32.7-40.8 Hurricane Considerable and widespread damage to structures. 800+ 14+ 

Source: Masi and Ochoa (2005, pp32). 
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height, the free airflow momentum is transformed into wind pressure on vertical 

surfaces. Above this height the flow tends to stabilize slowly until reaching the gradient 

speed. The atmospheric boundary layer from open areas is transformed on reaching 

denser locations due to the variation in the shear forces due to the roughness of the 

terrain and the building surfaces acting as barriers to the free-flow, resulting in more 

gradual increase of the vertical wind velocity profile and acquiring more turbulent 

behaviour (Oke, 1978 and 1988; Melaragno, 1982; Cook, 1985). 

 

Figure 2-2: Flow in the interfacial layer: 

 
Source: Cook (1985, pp139). 

 

The rougher the terrain, the greater is the shear force and, therefore, the greater 

the reduction in the speed of the free flow nears the ground. This results in different 

boundary layer profiles of wind velocity variation and increase with height until reaching 

the gradient layer, where wind speed is constant and no longer influenced by this 

ground roughness, although being subject to large scale climatic factors. 

2.3.4. Mean wind speed profiles 

When the boundary wind from uniformly flat and constant terrain roughness 

reaches suburban and urban areas, the boundary develops adopting a profile related to 

its new characteristic terrain roughness (Plate and Kiefer, 2001). Although the 

complexity of the airflow field and the ABL development over urban areas are not just 

related to two or three terrain roughness types, since the complex tri-dimensional 

geometry of urban centres allied to the intermittent nature of the airflow and gust speed 

and direction provides myriad variables, an assortment of mathematical expressions 

provide models for calculating a two-dimensional mean wind speed profile. These 

equations take the terrain roughness into consideration in order to determine the 

variation in profiles. 
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Figure 2-5: Vertical wind profile and Cp distribution of constant (left) and variable (right) 
vertical wind profile on a cubic volume: 

   

        

    
 
 
Source: Cook (1985, pp168). 
 
Figure 2-6: Mean, maximum and minimum Cp distribution of constant vertical wind 
profile on a high-rise volume: 

 
Source: Cheung (1984, in Holmes, 2001, pp187). 

Front faces: 

Top faces: 
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2.5.2. Flow over the top 

The separation bubble at the top of a building is also different for uniform and 

boundary layer flows. In the first case, all the flow accumulates upwards, creating a 

sharp detachment. In the second, only the flow in the last 1/3rd of the height of the 

building goes upwards. This effect, added to the mean wind kinetic energy, contributes 

to the flow reattachment downstream on the top surface, occurring at the reattachment 

point RP. There is also a new detachment from the flow at the leeward edge (Cook 

1985; Holmes 2001). 

2.5.3. Side and leeward faces 

The flow separation on the sharp edges of the sides of square buildings creates a 

separation bubble downwind. The upper 2/3rds part of the lateral flow behaves 

homogeneously, presenting an accelerated detached flow over a bubble where the low 

pressure near the upwind edge increases gradually towards the downstream edge. The 

lower 1/3rd lateral flow is accelerated by the windward horse-shoe shaped vortex. 

 

Figure 2-7: Airflow horse-shoe effect around perpendicular and oblique cubes: 

 
Source: Oke (1978, pp232). 

 

2.5.4. Wake flow 

Wakes are formed by the detachment of the flows on sharp edges of a building 

and have two main components: the near-wake and the far-wake. The near-wake, just 

beyond the leeward surface, presents a recirculation zone composed of one or more 

vertical vortices at its centre and spiral upward eddies on each side. The far-wake is 

represented by the eventual reattachment of the wake to the main airflow streamlines. 
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Figure 2-9: Schematic cross-section of an urban canyon  

 

Source: Oke (1978, pp250). 
 

Givoni (1976) states that studies with simple canyon shapes based on urban form 

give an indication of reality such as avoids the interference of other factors in the 

outcomes, serving as a parameter for other similar, but more complex, urban 

arrangements. On the other hand, the author emphasizes that these results are not 

directly applicable to all real cases, and their utilization thus being limited. 

Subsequently, Nakamura and Oke (1988) emphasized that interactions between urban 

canyons and wind effects were still poorly understood and questioned whether urban 

climate research had provided sufficient quantitative guidelines such as architects and 

urban planners could apply when deciding on urban and building geometries. Oke 

(1988) warns about the impossibility of finding universal solutions, since different 

climates have specific needs and urban geometry can create conflicts of needs. For 

instance, solar access and pollution dispersal are improved by open geometry, while 

densely clustered city centres create shade and shelter and lead to more effective use 

of urban infrastructure, therefore promoting, on one hand, energy efficiency and, on the 

other, the concentration of pollution. Successful investigations should include airflow 

aspects such as skimming flow and channelling effect that can hardly be observed 

through analytical solutions (Johnson and Hunter, 1998, 1999). 

2.6.2. Definition of urban aspect ratios 

Hunter et al. (1991) describe the important role that the urban canyon geometry 

plays in the near-surface airflow in urban centres. Several geometric paramenters are 

employed, which are based on linear dimensions, areas and volumes. For instance, 

flow field simulations in urban canyon geometry usually comprise either two or more 

parallel bricks or an array of rectangular volumes that physically limits the empty space 

confined in the canyon. The proportionality between the building and/or block height 

(H) and building and/or block length (L) and the road width (W) identifies the built 
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change from wake interference to isolated roughness flow happened at H/W~0.2 for 

the CFD simulation and at H/W~0.3 for Oke experiment. 

 

Figure 2-11: Airflow speed and direction for canyons with diverse H/W aspect ratios: 

 
Source: Oke (1988, pp105) 

 

Figure 2-12: Limits of the airflow regimes for diverse H/W aspect ratios: 

 
Source: Oke (1988, pp105) 
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Table 2-6: Airflow speed and direction for diverse H/W aspect ratios: 

 
Source: Hunter et al. (1990, pp318)   
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2.6.5. Calculating the airflow decrease in urban canyons 

Chandra et al. (1986) dobserve that for an arrangement of several buildings the 

effect of the leeward wake can be significant, reducing the potential for natural 

ventilation considerably. Further, the author presents a method for calculating the 

decrease of this potential based on a terrain correction factor. Yamartino and Wiegand 

(1986) provide also a review of existing models, to which components for turbulence 

were added to the equations for the purpose of calculating pollution dispersion in urban 

areas. A similar linear model is provided by Nakamura and Oke (1989) in which the 

airflow reduction inside the canyon (at 0.06H) is related to the mean wind speed above 

the roof (1.2H) and up to 5m/s, and a factor varying from 0.37 to 0.68 based on the 

physical dimensions of the surrounding buildings. This model is a 2-D approach that 

simplifies the complex 3-D airflow characteristic: 

Equation 2-14:  roofcanyon uu factor *  

 

Paciuk (1975, in Kolokotroni and Santamouris, 2007) provide another model to 

calculate the airflow decay in urban environments, based on wind tunnel experiments: 

Equation 2-15:   
WWWLn

UHerU roofroof

/5.018.0

08.016610
  

Where: 

 Ur (roof ): is the percentage of mean air speed inside the urban area compared to 

the mean air speed above the roof level; 

 Uroof : the mean air speed above the roof level (m/s); 

 n: the serial number of the sequence of blocks or buildings; 

 e: a dimensionless factor; and 

 W, H and L: are the length and width of the roads and the height of the canyon/ 

urban areas (m). 

This model seems to deal with two-dimensions only, and its application seems to 

be linked to the dimensionless factor, which is not provided. 
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2.7. Chapter conclusion 

The theory and concepts on the subject of airflow field in the urban environment 

presented in this chapter will serve as a basis for selecting the real urban scenarios 

investigated as case studies; for structuring te research project; and finally as a 

landmark for comparing the results of and the analyses undertaken for this thesis. 
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Chapter 3: Modelling Airflow in the Urban Environment 

3.1. Chapter introduction 

This chapter discusses the main concepts of the techniques commonly employed 

in modelling airflow in the investigation of the urban environment. It discusses initially 

models of simulation. Then, aspects of physical modelling in wind tunnel are presented. 

Finally, emphasis is given to computational fluid dynamics (CFD) modelling. The 

chapter highlights the steps taken and parameters involved in the simulation process, 

as well as how confidence in the results may be achieved by presenting the verification 

and validation criteria based on examples given in the literature. 

3.2. Airflow modelling 

Airflow modelling is necessary to investigate urban wind phenomena in order to 

evaluate environmental issues in urban areas. Plate (1999) considers it a fundamental 

tool for assessing the surrounding built environment and the impact that future 

construction and urban development may have on the urban microclimate. Knowing the 

wind potential of an urban site is essential for the successful design of naturally 

ventilated buildings. As in understanding, for example, how the specific air change 

levels whether for indoor air quality or passive cooling may be achieved. 

Despite ventilation rates and efficiency of outside/ inside and inter-zone flows 

being the focus of internal environment airflow analysis, it is necessary to have a whole 

understanding of the regional natural winds and local urban airflow patterns in order to 

carry this analysis through. For this reason, airflow modelling has become a necessary 

tool for identifying wind patterns and turbulence, wind loads and pressure coefficients 

on building envelopes, airflow acceleration at the pedestrian level and its potentially 

hazardous effects, and pollution concentration dispersion in the urban environment. 

3.3. Methods to calculate airflow in the urban environment 

Investigations of airflow in the urban environment involve interdisciplinary 

knowledge in meteorology, fluid dynamics, building science and urban planning. Cook 

(1985) describes four types of models for work with airflow prediction and assessment. 

While the importance of each of the models in terms of accuracy and complexity is 

displayed in decreasing order, the creational process is described in crescent order: 

 Analytical models: the solution is related to the design problem imposed and 

solved analytically based on a set of equations; 
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environment airflow simulation is the creationt of the expected airflow boundary layer in 

the test section of the chamber, which should correspond to the wind velocity profile 

attained in real scale areas (Plate, 1999). 

 
Figure 3-1: Wind tunnel schematic section: 

 
Source: Plate (1999, pp 3,984). 

 

The wind boundary profile is attained throughout the length of the tunnel by 

setting the proper ground roughness parameters in the adjustment section. Blocks 

reproduce the urban canopy layer that will create, along this adjustment area, a 

blending layer in which dragging forces end-up producing shear stress and the vertical 

stratification of the wind velocity. The result is a wind profile that is equivalent to the 

real one for the length, width and height of the test section. This proportionality is 

achieved by the ratio of the wind velocity distribution for a given surface roughness 

between the natural conditions and the model settings. Large Reynolds numbers above 

5,000 ensure that the flow field is stable through the chamber, suffering no effect of 

variations in velocity. The valid test height is not the total height of the chamber, since 

the wind profile varies above the reproduced urban boundary layer and ultimately is 

modified by the influence of the ceiling (Plate, 1999).  

Ahmad et al. (2005) report that an advantage of this type of simulation lies in the 

fact that the complex and almost infinite number of variables existing in the natural 

environment, which can affect results in field measurements, can be isolated and 

comprehended on a case by case basis. It is necessary to be able to isolate the 

variables in order to identify which of them are principal, secondary or negligible in 

determining the airflow regime and related effects in the urban environment. The 

uncertainties related to the modelling and scaling process are, therefore, plausibly 

controlled. Such variables may include the mean wind speed and direction, the urban 

morphology and fabric which affect the topography, for instance, the building geometry 

and its relationship with street and open spaces (urban aspect ratios), architectonic 

features (roof shape, canopies, balconies, overhangs), urban equipment (trees, 
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3.5.1.2. Governing equations 

Computational fluid dynamics work on the basis of numerical codes to solve 

imposed fluid problems. These codes make use of the laws of physics, derived from 

basic conservation and transport principles that are interpreted through mathematical 

equations to solve flow and dispersion problems, providing ultimately information about 

the parameters of interest in airflow investigation (Vardoulakis et al., 2003). The Navier-

Stokes system is the basis for solving analytically incompressible Newtonian flows by 

approximation (Elman et al., 2005). The governing equations are: 

 The mass and conservation continuity equation; 

 The three Reynolds-averaged Navier-Stokes (RANS) equations for conservation 

of mass, energy and momentum; and 

 Further transport equations for pollutant concentration. 

The general form of the mass and conservation continuity equation is: 

 

Equation 3-2:  0/ ixu i  

The equations used in standard k-e RANS models are (Senthooran et al., 2004): 

 

For momentum: 

Equation 3-3:  
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3.5.3.1. Domain discretization 

Due to the unsolvable character of the Navier-Stokes equation, CFD solvers have 

to formulate a method to make it numerically approachable. This is achieved through 

the discretization of the solution: the solver makes use of a control-volume based 

equation to establish a finite-volume with discrete parameters for the continuous 

physical process, making the application of equations to solve the flow possible.  

The finite-volume characteristic of CFD codes implies that an infinite reality has to 

be constrained in an internal volume of a domain. This domain is defined by physical 

boundaries and sub-divided into cells, which transmit the flow information calculated by 

equations through their nodes and faces. Conversely, the domain dimensions and the 

mesh type and size must not influence or change the characteristics of the resultant 

flow. Accurate results must be grid and domain independent. In addition, the boundary 

features have to reproduce the terrain roughness characteristics and maintain them 

throughout the domain until a modelled barrier is reached in order to enable the 

required airflow properties to be achieved. 

In order to solve the governing integral equations for conservation of mass and 

momentum, energy and turbulence, the finite-volume method is employed. This means 

that a given domain area with prearranged boundaries is sub-divided into non-

overlapping cells, which subsequently compose the computational grid. Regarding the 

ratio of fluid and solid volumes within a domain, a good practice consists of allowing a 

range from 3 to 5% of the total domain composed of blocked volumes, keeping the 

majority of it as fluid space. 

3.5.3.2. Boundary conditions 

Since it is through the boundaries of the domain that flow and heat exchanges 

with the outer-domain take place, the specification of the boundary type and 

attributions deserves careful consideration. In a basic form, the boundary options 

generally used can be exemplified as follows: 

 Inlet boundaries can be either driven by pressure differential or fluid velocity 

input. For simulating airflow in the external environment extra attention has to be 

given to the determination of the velocity-inlet boundary, in order to attain the 

wind profile as earlier described in Chapter 2. 

 Outlet boundaries can be either simple outflow or outlet with previously specified 

loss coefficient; 

 Blocked boundaries (i.e., ground and walls) can present roughness properties 

varying from no-slip (achieving mirror symmetrical character) to very rough 
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not achieved and there is discrepancy between the results of one round of iteration and 

the next, adjustments in pressure, velocity and energy exchange due to mass flow are 

called for until the criterion adopted as accurate is satisfied. 

3.5.3.8. Monitoring solution progress and the residual plot 

The progression of the calculations should lead to a more balanced solution, 

which is demonstrated by the reduction of the inconsistency among the sequence of 

the results. At the end of each solver iteration round, the residual differential for each of 

the conserved variations is plotted on a graph, indicating the level of imbalance of the 

solution. Due to the infinite precision of computer simulations, the imbalance will 

continue to exist even when this differential is negligible and further iterations are just a 

waste of computing time. As a rule-of-thumb, the residual plot drops by 3 orders of 

magnitude for most of the convergence criteria (and 6 for energy) indicating qualitative 

convergence if the major flow features are observed. Once the convergence criteria for 

the solution are assumed, it is possible to monitor their progress dynamically by 

displaying the residual plot and other monitored variables. The figure below illustrates 

the progress towards a solution by the residual plot and the monitoring of the velocity 

magnitude or pressure of a selected cell at a relevant position in the domain. 

After 680 iterations, it may be observed that, although the residual plot continues 

to drop steadily for all the variables calculated, which means that the solution is still 

seeking conversion, the variations in the velocity magnitude for the monitor cell 

stabilized well before that, after roughly 100 iterations, presenting a later negligible 

variation in the velocity value (for an urban external environment scale problem). On 

the other hand, at 100 iterations not all the variables represented on the residual plot 

had dropped by 3 orders of magnitude, and stopping calculations at this early stage 

would possibly lead to inaccuracy in some of the results. Both criteria and prudence 

have, therefore, to be adopted in order to decide when to stop the iterations without 

compromise the outcomes. 
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Figure 3-2: Examples of CFD simulation residual plot (left) and monitor point (right): 

   
Source: this study. 
 
Figure 3-3: Examples of CFD simulation monitors 1 (left) and 2 (right): 

  
Source: this study. 

 

Also, for the same 690 iterations, it may be seen that the residual plots for 

velocity magnitude and the turbulence intensity monitoring point still show instability 

(figure 3-3). Although represented as a continuous line in figure 3-2, this instability is 

more evident when the range of values displayed is altered, e.g. from 400 to the 

present number of iterations, and not from the beginning. These variations represent 

less than 0.001m/s and 0.01% for the variables respectively, and are completely 

negligible for this scale of model. More detailed examples will be covered on the 

chapters on the methodology, results and analysis of this thesis. 

3.5.3.9. Under-relaxation factors 

The sensitiveness in the calculation of the progressive imbalance solution means 

that, if the discrepancy in the results on a given parameter is greater than the range of 

acceptable proportionality, the solution will not converge. A continuous rise will be 

observed in the residual plot, and the calculation may become invalid and eventually 

come to a stop. By decreasing the under-relaxation factors related to a parameter, the 

range of acceptable imbalance rises and the calculation progresses, in spite of the 

increase in both the instability of the results and the calculation time. At the beginning 
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In reality, turbulent flows are made up of eddies of different length and time 

scales. While the k-e model makes no distinction for this difference, the LES model, by 

definition, solves the large eddies and the small eddies separately. The formers are 

calculated by a time-dependent simulation, the small ones are solved in a steady-state 

mode. The reason for this method of calculation is related to the fact that large eddies 

in turbulence are more associated with specific characteristics of the airflow problem 

imposed, such as the physical geometry, than are the small ones, which are governed 

by universal models of dissipation. Thus, solving more of the large eddies, e.g. in a 

greater number of time-steps, will y produce a better statistical representation of their 

influence on the overall airflow (Fluent, 2005). 

  3.5.3.11.Comparison between the k-e and the LES models 

When comparing the advantages of using either one of the k-e models or the 

LES model, the pros and cons of each choice have to be taken into consideration in the 

light of the purpose of the simulation. The k-e models are known to deal well with mean 

flow-field development on both urban micro-scale and internal environment airflow 

problems, and their application has been extensively verified and validated by both 

wind tunnel experiments and field measurements (Hunter et al., 1991; Sini et al., 1996; 

Holmes, 2001; Jeong and Andrews, 2002). Further, they have been widely employed 

due to their saving of computing time. Conversely, some of the inherited limitations of 

k-e models are related to the uncertainty in handling precisely flow separation in sharp 

eddies and later flow reattachment. LES are used on investigations aiming to identify 

mixing processes, transient structure of turbulent fields and flow detachment/ 

reattachment, although some of the limitations of this model are undoubtedly related to 

the great demand on the computational time so far required. Finally, it is worthy of 

mention that the usual procedure for undertaking of LES calculations is initially to 

achieve a fully developed flow-field and statistically acceptable steady-state solution 

with a k-e model and only then to introduce time-steps for the time-averaged LES 

computation. 

  3.5.4. CFD modelling validation and comparisons in the literature 

Verification and validation using CFD models are necessary to confirm 

confidence in results related to the assessment of airflow patterns in the urban 

environment, and they are usually obtained by comparing the outcomes with those of 

either WT or field measurement (FM) research (CIBSE A, 2006). Although validation is 

necessary to identify the level of accuracy obtained in several aspects of the modelling 

and calculation processes, the literature emphasizes the efficacy of turbulence models 

in reproducing airflow speed and direction and turbulence, and these are mostly used 

in investigations focusing on air pollution concentration dispersion. 
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the inlet boundary condition, which also seemed crucial for achieving a good 

comparison of results. Considering the wind profile proper to the urban terrains 

accessed and taking into account the terrain roughness and the canopy height 

produced almost 100% agreement with the WT results for the windward recirculation 

features and the leeward wake and reattachment length. Prior to this experiment, the 

CFD code had been reported to underestimate the first and overestimate the second. 

Meroney et al. (1999) also contrasted CFD and WT results. Their aim was to check 

whether the commercially available CFD package (FLUENT) using either the RANS or 

the RNG k-e model could predict the airflow field and pollution concentration dispersion 

in urban areas when reasonable boundary and inlet information were considered. The 

wind profile in the numerical calculation was set to reproduce that of the wind tunnel 

experiment. The results showed that k-e models tend to over-predict flow vortices 

within the canyon, presenting a wider and longer leeward wake, in close agreement 

with Hunter et al. (1991). 

One more fault observed in steady-state solutions is related to the intermittent 

nature of flow circulations, on which separation and reattachment occur dynamically 

thus producing backward airflow, and this effect is not totally reproduced in steady-

state solutions. For this reason, these models tend to over-predict pollution 

concentration. By contrast, the horse-shoe detachment flow shape on the windward 

side edges and top surface detachment bubble and other flow patterns were faithfully 

reproduced by both the k-e models used. Moreover, numerical data output regarding 

pressure values and velocity magnitudes were accurate enough to allow their realistic 

use by structure engineers, though Meroney et al. (1999) emphasize that consistent 

results must be grid-independent. Holmes (2001) brings out that k-e models can predict 

mean pressure values on the building envelope with accuracy, although peak and 

fluctuating pressures are not obtainable. Similar results regarding the small deviation in 

the leeward wake recirculation zone and/ or the reasonable agreement with Cp results 

have also been found in other studies that employed CFD k-e models (Chan et al., 

2001; Chan et al., 2003; Cheng and Meroney, 2003a and 2003b; Senthooran et al,. 

2004; Xie et al., 2005; Wang et al., 2006; Wang and Huang, 2006; Huang et al., 2007; 

Bady et al., 2008; Yassin et al., 2008), though not all the results were clearly validated 

by WT experiment. 

Studies comparing the performance of the k-e and LES turbulence models have 

begun to increase in the XXI century due to the advances and availability of faster 

computer processors and IT facilities. Cheng (2003) and Cheng and Meroney (2003a 

and 2003b) has explored the airflow over an array of cubic volumes. The emphasis of 

his research also lays on the comparison between the standard k-e (RANS) and the 



 67 

LES. This latter was sub-divided into three categories according to the sub-grid scales: 

the standard Smagorinsky model (SMG, with Cs= 0.10), the Dynamic SGS model with 

time-averaging procedure (DMT) and the localized dynamic model (LDM). The results 

of the simulations, when compared to the physical experiments recorded in the 

literature, have indicated that the LES with LDM is the turbulence model that 

reproduces the complexity of vortices, reverse flows, separation bubbles, wakes and 

reattachment processes closer to reality. On the other hand, the k-e model has failed 

properly to simulate reverse flows to windward and has over-estimated the size of the 

separation bubbles reattachment to leeward due to the fact that this code does not take 

unsteady vortices in the airflow calculation into consideration. Conversely, a drawback 

of LES calculation is its long computational time, two figures greater than that of the 

steady-state model. By contrast, Walton and Cheng (2002) mention that, although 

steady-state calculation predicted slightly weaker circulation than did the LES, both 

yielded results considerably lower than those of the WT experiments recorded in the 

literature. In addition, none of the models presented secondary vortices for deep H/W 

ratios, disagreeing with the results obtained by Sini et al. (1996). Jiang and Chen 

(2004) undertook CFD calculations for the same purpose as in the previous examples, 

but simulating airflow across an isolated cube with a frontal opening, instead. Wind 

tunnel experiments were also conducted for a similar physical model. Their results 

agree with those of Cheng (2003) regarding both the more accurate results obtained 

with LES for reproducing the position and size of the vortex recirculation zone in the 

leeward wake, on which there was 95% agreement, in contrast with a slight 

overestimation with the k-e model. In addition, the steady-state calculation over-

predicted the air change rates at the frontal opening by approximately 30%, while the 

time-averaged result reproduced the ACH with 98% agreement. 

Recent studies contrasting the k-e and LES models also reported differences 

between the results of the two options, with the steady-state model frequently over-

predicting the leeward recirculation vortex. For Li et al. (2005; 2006), Shi et al. (2008) 

and Tominaga et al. (2008), the disparity found was roughly 20% greater, though the 

total length of the leeward wake mentioned by the last was almost twice the size of that 

given by LES, which subsequently agreed well with the related wind tunnel 

experiments. Also, Li et al. (2005a, 2005b and 2006) mention that ACH results 

diverged from 5 to 17% for models calculated by time-steady and averaged CFD 

models and with H/W ratios varying from 0.5 to 2.0, respectively. Moreover, Nozu et al. 

(2008) mention that LES results are more realistic, indicating the attainment of accurate 

pressure distribution in the complex irregular urban geometry contrasted with the 

research field in Tokyo. 
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mean operative temperature, air humidity, heat changes, clothing and activity level for 

evaluating the comfort levels, with a maximum of air speed of 0.15 and 0.25m/s, 

respectively, for winter and summer conditions. The TO is reported to specify HVAC 

operable conditions creating comfort for up to 80% of building users (Awbi, 2003). On 

the other hand, Awbi points to a drawback in these scales for assessing thermal 

comfort: since they are all based on statistical analysis of laboratory data there is a 

certain limit to their application. 

The psychometric chart is possibly the most widely used diagram for measuring 

and evaluating thermal comfort zones. Using as parameters the dry-bulb temperature 

(DBT-oC), the wet-bulb temperature (WBT-oC), the dew point (DPT-oC), the relative 

humidity (RH-%), the humidity ratio (gm of water/ gm of dry air), the enthalpy at 

saturation (J/gm of dry air) and the specific volume for a given atmospheric pressure, 

this chart is divided into sub-zones with a thermal sensation for each one of them. 

When crossing the weather data for a given location it will indicate the resultant comfort 

condition for the parameters provided. An advantage of the psychometric chart is the 

possibility it offers of plotting a complete year of weather data on it, and then 

establishing passive or hybrid mechanical design strategies for attaining or improving 

the comfort zone in each season of the year or at any specific time of the day. 

 

Figure 4-1: Psychometric chart for summertime in the city of São Paulo showing the 
design techniques and the respective comfort zones: 

 
Source: this study. 

 

Psychometric Chart 
Location: SÃO PAULO, BRAZIL 
Data Points: 1st December to 1st March 
Weekday Times: 08:00-18:00Hrs 
Barometric Pressure: 101.36kPa 
© Weather Tool 
 
SELECTED DESIGN TECHNIQUES: 
1.passive solar heating 
2. thermal mass effects 
3. exposed mass + night-purge ventilation 
4. natural ventilation 
5. direct evaporative cooling 
6. indirect evaporative cooling 
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the internal air speed range from 1 to 2m/s, speed that would be considered 

unacceptable in HVAC environments.  

Ghiaus and Allard (2005) add that users of free-running buildings are more 

adaptable to ambient temperature and other comfort limit variations, accepting thermal 

conditions that would be classified as non comfortable particularly when they are able 

to control some of the physical parameters by the adjustment of building controls, 

operating windows and other devices, and also changing their own clothing levels. 

Nonetheless, neither the EN-ISO 7730 nor ASHRAE make any clear distinction 

between thermal comfort parameters and the requirements between free-running and 

HVAC buildings. According to Brager and de Dear (2000), this lack of tools and support 

makes and decision as to the implementation of natural ventilation techniques difficult. 

Roulet (2005) reviewed and adapted the PMV equation for free-running building 

users. His investigation developed an adaptive comfort model in order to identify the 

operating temperature for naturally ventilated environments. The adaptive comfort is 

related to the increase in the range of the comfort zone in free-running buildings, 

considering that the users will adapt to this higher variation of indoor thermal 

conditions. The results indicate an acceptance by the users of the increase in the 

temperature by up to + or -2.5oC. In addition, when airflow is introduced into the 

environment, this range can rise by to an average of + 4.0oC. 

 

Figure 4-4: Accepted air temperature with increase of the air velocity: 

 
Source: Roulet (2005, pp31). 
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Most of the passive techniques employed in bioclimatic or free-running buildings 

make use of one or more of these natural ventilation strategies, directly or indirectly, for 

example: double-skin façades, night cooling purging, evaporative downdraught cooling, 

heat recovery, and ground cooling. 

A successful choice of the natural ventilation strategy has to take the local 

microclimate and the prevailing wind directions, the surrounding urban environment, 

and the internal floor-plan layout into consideration in order to determine which are the 

forces acting in the system and which approach will be the best for this combination of 

factors. Eventually, the selection of one or a combination of several natural ventilation 

strategies will lead to a the decision regarding several aspects of the question, 

including: window-wall ratio; façade openings and internal volume ratio (porosity); room 

depth and ceiling height; mechanization and control of openings; and façade 

composition and elements, such as type and size of openings, sun-breaks and 

balconies. These choices will be decisive in the functioning of the ventilation strategy. 

4.5.1. Ventilation devices commonly used in office buildings 

Several authors and guidebooks have described different types and sizes of 

windows and other ventilation devices commonly used in office buildings, and provide 

recommendations as to their respective airflow speed and direction and performances 

(Chandra et al., 1986; CIBSE AM10, 2007; Roulet, 2005). The most frequently 

mentioned types of window and other devices, and their effective opening area (when 

such data are available), are: 

 Trickles and vents for background ventilation; 

 Horizontal and vertical sliding sash (effective opening area of 50%); 

 Top-hung, side-hung and bottom-hung (effective opening area of 30%); 

 Top-hung projection (with effective opening area similar to that of top-hung 

windows, but since they slide down a little when open, they create a larger 

opening at the bottom and a smaller one at the top); 

 Horizontal and vertical pivot hung (when at 22o the effective opening area is 

34%, though it may achieve much more); 

 Horizontal louvers; 

 Venetian blinds; 

 Wind-catchers; 

 Stacks, and 

 Solar chimneys. 

Usually windows are vertically positioned across the façade of office buildings, 

since external wind moves mostly parallel to the ground. On the other hand, in packed 
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and Roulet, 2006). The simulation of the airflow pattern due to natural cross-ventilation 

in an internal space of 5.5x5.5x3.0m was undertaken in a full-scale wind tunnel by 

Nishizawa et al. (2008). The internal space was divided into four equal rooms by a 

central vertical cross-shaped partition, and the openings were positioned on opposite 

sides and diagonally, close to the corners of the walls. The focus was on the internal 

airflow patterns arising between the inlet and the outlet and through the internal 

division. The results concentrated on ACH rates and internal air velocity distribution. 

Different external wind directions at the same air velocity were considered as input. 

The results on the horizontal plane at 1.0 meter height are given in the sequence: 

 

Table 4-2: Airflow distribution on horizontal plane at 1.0m height 

Wind 
Angle 

Internal airflow 
path ACH 

Wind speed in each room (m/s) 
A B C D 

       

15o A > B > C 141 0.70 0.70 0.60 0.10 
45o A > (B/D) > C 101 0.80 0.45 0.50 0.45 
75o A > D > C 72 0.25 0.18 0.30 0.17 

105o C > D > A 24 0.20 0.15 0.40 0.28 
135o C > D > B > A 43 0.25 0.35 0.80 0.30 
165o C > D > A 86 0.60 0.20 0.75 0.70 

Source: Nishizawa et al. (2008). 

 

The results presented show that the internal flow is more homogeneous along the 

internal path. The airflow distribution is better when the external airflow occurs at 45o 

incidence to the openings and the internal central column divides the airflow internally 

symmetrically in two directions. Despite the reduction in ACH as compared with that 

due to prevailing winds from 15o incidence, the higher mean velocity in all the rooms in 

this first case indicates that the air is spread uniformly. According to Nishizawa et al. 

(2008), the limitations of this study are related to the external shape of the building 

(they consider it in isolation from other volumes) the position of the openings selected 

(only one), the depth of the room (only 5.50m for cross-ventilated space) and the 

existence of a column dividing the internal environment into four cells (too small for the 

reality of open-plan buildings). On the other hand, this last characteristic can be 

exploited as a wind-deflector to control natural ventilation. 
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Figure 4-7: Pressure drop from inlet to outlet openings13: 

 
Source: Sandberg (2004, pp416). 

 

4.5.4. Wind catchers 

Wind-catchers or scoops are devices placed above the rooftops of the buildings 

which capture high velocity winds. These devices are another possibility for achieving 

cross-ventilation in buildings. 

The BSRIA Guide for wind-driven natural ventilation systems (Parker and 

Teekaram, 2005) suggests that the section of the duct of the wind catcher area be 

subdivided into several vertical panels in such a way that at least one of the open areas 

of the scoop will be facing the prevailing wind direction orthogonally. The inlet opening 

will thus receive the cool and fresh air at the inlet and the other openings will be 

                                                 
13 The parameter L/Ltot employed in the graphs presented in Figure 4-7 represents the distance length of 
building (L) divided by the total length of building (Ltot) (Sandberg, 2004, pp418). 
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naturally positioned to the leeward low pressure side for purging the stale and warmer 

air. This guide also provides pressure coefficient values at the inlet for orthogonal 

winds. The values range from 0.50 to 0.99, with an average of 0.85. It is possible to 

conclude that these Cp values are valid either for open country areas or for scoops 

positioned at great heights, for instance, above the urban canopy layer. In addition, 

pressure drops in the ducts have to be taken into consideration in the calculation of the 

airflow rates when using wind-catcher devices (CIBSE AM10, 2007). 

 

Figure 4-8: Patent of a ventilator and wind cowl from the 19th century: 

 
Source: The Lancet (1880, pp462). 

 

Regarding the discharge coefficient for wind-catchers and stacks, investigations 

conducted by Costola and Etheridge (2008) point out that, for still-air conditions, the Cd 

ranges from 0.25 to 0.30 on both the windward and leeward sides. For windy 

conditions Cd values vary according to the airflow Reynolds number. Costola and 

Etheridge (2008) present windward Cd values ranging from 0.30 to 0.50 with the 

leeward side maintaining the same initial range of values. In contrast, other 

researchers (Bansal et al., 1994; Germano et al., 2005a and 2005b) refer to higher 

windward Cd values, ranging from 0.60 to 0.80 for stack inlet openings under wind 

conditions. As regards the shape of the inlet opening of wind-catchers, Erell (2007) 
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also mentions that square openings with oblique internal partitions at 30o or 45o may 

enhance the down flow, but the author provides no Cd values for this option. 

Pearlmutter et al. (1996) assessed the relationship between the shape of the inlet 

opening and internal partition for wind-driven and fan-assisted stacks. The results show 

that curved internal partitions are the most efficient for orthogonal winds. 

 

Figure 4-9: Inlet shape and performance of wind-catchers: 

 
 
Source: Pearlmutter et al. (1996, pp196). 

 

Sun et al (2008) who undertook investigations with wind-tunnel and CFD with a 

wind-catcher of 0.60m diameter and 1.30m height, relate that the performance of 

airflow rates is practically the same for impinging orthogonal or 45o winds. This 

experiment considered thermal differences and buoyancy-force in the removal of the 

air. By analyzing the graphs it may be concluded that the ventilation rate for this type of 

device is proportional to the external airflow speed. For example, for wind speeds of 

2m/s the airflow rate found using the wind tunnel ranged from 10.0 to 16.0l/s while at of 

the CFD was of 14.0l/s, whether for orthogonal or oblique winds. Another option for 

wind-catcher devices would have a cowl that enables them to turn into the wind 

whatever direction it comes from. Finally, the pressure difference and the resultant air 

flow across the building due to wind forces using wind catchers and scoops can be 

calculated in accordance with the equations 4-14 and 4-15. 
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Figure 4-10: airflow variation due to increase of wind speed 

 
Source: Sun et al. (2008, pp1113). 

 

Figure 4-11: Revolving wind-scoop device: 

 
Source: Canadian Architect webpage14. 

 

4.5.5. Stack ventilation 

Stack forces are based on the hydrostatic pressure difference due to air 

temperature variation. A warm, humid air column is lighter and less dense than a cold, 

dry one, tending to rise and be replaced by a cooler one. The stack pressure is also 

related to the distance or height between the inlet and the outlet (ASHRAE, 2001). 

Usually in this technique the inlet opening is placed low down and the stack outlet is 

positioned above rooftop height. 

Under still-air conditions and when the internal temperature is higher than the 

external one, the flow is upward. Conversely, when the external environment is warmer 

than the internal one, the flow is downward. Further, in constrained spaces or with 
                                                 
14 Link accessed in 09/07/2011: http://www.canadianarchitect.com/asf/principles_of_enclosure/ 
environmental_mediation/environmental_mediation.htm 

http://www.canadianarchitect.com/asf/principles_of_enclosure/
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CIBSE AM10 (2007) states that for internal/ external air temperature variations from 1 

to 5K, buoyancy-driven forces only can generate internal pressure differences from 0.2 

to 0.5Pa and 0.5 to 1.75Pa when ceiling and stack height are of 3 and 10 meters, 

respectively. The following equation provides the minimum height of the stack above 

ceiling or roof necessary to avoid back-draught (Awbi, 2003; CIBSE AM10, 2007): 

 

Equation 4-23 Ho= d[0.5+0.16(Rangle-23)] 

 

Where: 

 Ho: is the stack height outside (m); 

 d: the distance from the stack outlet to the highest point of the roof; 

 0.5: the minimum height of the stack above the roof (m); and 

 Rangle: the inclination of the roof. 

4.5.5.1. Solar chimneys 

Solar chimneys are devices that enhance the performance of stacks by 

concentrating the heat gains from direct solar radiation on the top (outflow) surface of 

the stack. When its surface is heated, the internal air is warmed by convection and 

radiation, thus increasing the vertical pressure difference in the system (Bansal et al., 

1994; Awbi, 2003; Santamouris, 2006 Kolokotroni and Santamouris, 2007). These 

devices were called sirocco rooms in Italian Renaissance architecture, in allusion to the 

hot Saharan wind blowing from North Africa. Nowadays some such device is under 

consideration for improving the performance of stack ventilation under low wind speed 

conditions by up to 50% (Santamouris, 2006). 

For cooling ventilation purposes, when internal air is warmer than external, cool 

air will enter by the lower opening and warm air exit through the upper opening. The 

use of solar chimneys in warm climates keeps the air temperature close to that of the 

outlet stack and above that of the already external hot air. This avoids the undesirable 

reverse flow: when the internal cooler air exits from the lower opening, being replaced 

by warmer external air from the upper opening, in accordance with to the law of the 

conservation of mass (CIBSE AM10, 2007). Further, Kolokotroni and Santamouris 

(2007) mention that, in order to be effective, the solar chimney has to be somewhat 

longer than a simple stack so as to ensure air layer stratification sufficient to raise the 

pressure difference. Equation 4-20 does, therefore, seem more suitable for the 

consideration of the separate stack height and temperature variation for each floor. 
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Figure 4-13: Examples of combined wind- and buoyancy-driven ventilation 

techniques: 

 
Source: Axley (2001) in Ghiaus and Roulet (2005, pp144). 

 

4.5.6.1. Strategies for multi-connected internal spaces 

Multi-storey buildings in which there are internal spaces connecting the floors are 

defined as multi-zonal ones. This integration between two or more floors may occur 

vertically (via a stairwell or a mezzanine) or horizontally, which means laterally, via 

atrium, stack, solar chimney, or double skin-glazed façade (Awbi, 2003). 

As a consequence of this connection, air will flow from outside to inside through 

each floor window and/ or wind-catcher, cross an internal environment, pass through 

one or more of these connecting volumes of air and then either leave the building or go 

to another internal environment and eventually be purged through an outlet opening. In 

the first scenario, the pressure loop presented in equation 4-24 is preserved. On the 

other hand, in the second case, this loop allows air recirculation from one floor to 

another. This is regarded as an adverse effect for a ventilation system, since it 

destabilizes both IAQ and thermal comfort strategies. In terms of pressure loop, the 

ideal pressure drop and airflow path can be described by: 

 

Equation 4-28 Pinlet-o> Pinlet-i> Pinternal> Pconnection> Poutlet-o> Poutlet-i 

 

In accordance with to what was has been described in item 4.4.3 of this chapter, 

buoyancy acting alone causes the air to flow from the cold side to the warm side below 
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4.7.2. Examples of buildings with NVC systems 

Experiments conducted by Givoni (1994) show that on hot days with external 

temperatures above 34oC the internal air temperature of buildings is between 5oC and 

9oC below the external one (reaching around 29oC and 25oC) when windows are 

closed all the time or open for NVC, only. The author concludes that, to effectively 

achieve the built mass cooling result, the external nocturnal air temperature should not 

exceed 20oC, and the ultimate storage mass temperature at the end of the process 

should be higher than that of the external air by a maximum of 2 or 3oC. 

Eicker et al. (2005) monitored the performance of an NVC system in an office 

building during the summer. The external daily average temperature was 26oC and 

thermal amplitude 15oC. It was found that 10- 15 ACH during the night was able to 

remove thermal loads of 400w/ m2. 

Other studies (Geros et al., 1999; Santamouris, 2006) show an NVC capacity to 

reduce internal environment daytime temperatures by up to 3oC. As a rule of thumb, 

NVC efficiency is associated with ACH rates. Satisfactory results have been found for 

10-30 ACH (Geros et al., 1999) and 10-15 ACH (Santamouris, 2006). Santamouris 

(2006) also states that NVC buildings registered a decrease in energy consumption 

with HVAC in of up to 50% and a reduction in peak energy demand of up to 40%. 

 

Figure 4-18: NVC capacity to reduce internal temperatures and ACH rates: 

 
Source: Geros et al. (1999, pp149). 

 

Field measurements made by Bouchair (1994) in a dwelling with a wind-catcher 

inlet and solar chimney outlet provide an example of the performance of an NVC 

system which combines wind- and buoyancy-driven forces. Results show that, when 

the stack is continuously open, the internal and the external air temperatures are 
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Figure 4-19: Natural, hybrid and HVAC strategies domain: 

 
Source: Bahadori (1985, pp121). 

 

According to Erell (2007) PDEC systems may be divided into direct and indirect 

groups. The direct PDEC system consists of water-spray used to instantly add moisture 

to the hot, dry air of the inlet. Usually wet clay pads and/ or nozzles are used to mix the 

air and water. Also, the air inlet may transverse a water pound. The purpose is to 

induce a process of evaporation by which the hot air inlet is cooled and humidified. By 

this mechanism, the density of the inlet air increases and, thus, the downflow pressure 

rises (Bahadori, 1985; Givoni, 1993 and 1994; Pearlmutter et al., 1996; Erell, 2007). 

In the indirect PDEC system, the inlet air is cooled by convection with a heat 

exchanger, consisting either of water pipes with the air passing between them or of air 

ducts passing through water tank (Givoni, 1994). In this way, the hot air is cooled, but 

not humidified, at the inlet and its dry-bulb temperature and density reduced. 

Finally, when the PDEC is coupled with a solar chimney at the outflow, an 

increase in the airflow rate in the building is observed (Santamouris, 2006). 
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Figure 4-22: Natural, hybrid and HVAC strategies domain: 

 
Source: Heiselberg (2006, pp202).  

 

Further steps to consider, after exploiting the potential of the natural resources to 

the maximum, the design of mechanical systems allied to the previous ones and, later, 

the description of the periods of the year when only artificial means can provide indoor 

health and comfort levels. Even in such scenario, hybrid systems allied to air-

conditioning can reduce the daily and peak cooling demands on this equipment 

considerably. Heiselberg (2002 and 2006) provides a chart on which the range of 

action for each technique is related to the indoor and outdoor air temperatures. 

The CIBSE F technical guide (2004) for designing energy efficient buildings 

presents the following flowchart of ventilation techniques (figure 4-23) in order to assist 

building designers in their decisions as to which system and strategy should be 

adopted and their implications.  

Heiselberg (2002) also provides a complete check-list that shows the scope of 

action for natural, hybrid or mechanical ventilation systems for several different 

conditions or requirement parameters28. The performance of each item is subdivided 

into low, medium or high for each one of the ventilation systems. The aim of this check-

list is to help architects and building designers to take decisions as to which particular 

technique should be approached and when. 

 

 

                                                 
28 See Appendix 2 
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Figure 4-23: Ventilation design hierarchy and it implications: 

 
 
Source: CIBSE F (2004, pp7-1). 

 

4.9.2. Deciding on a hybrid system technique 

After recognizing that a hybrid system is necessary, the next step is to decide 

which combination of ventilation systems will achieve optimum performance. 

Heiselberg (2006) suggests a design process to guide in this process, which can be 

schematized in the following steps: 

 Conceptual design phase which creates targets to be achieved (including 

budget limits, building parameters, IAQ and comfort requirements, ventilation 

and other passive technique strategies); 

 Basic design phase (estimating building heat loads and contaminants as well as 

energy use and how to tackle it); and 

 Detailed design phase and design evaluation, where these last are focused on 

the prediction of thermal loads control and IAQ in order to achieve the levels 

initially proposed. 

 

Is it feasible to use 
NATURAL VENTILATION? 

 

If practicalities prevent this, 
is it feasible to use 

MECHANICAL VENTILATION? 
 

If practicalities prevent this, 
is it feasible to use 

MIXED MODE VENTILATION? 
 

If practicalities prevent this, 
is it feasible to use 

HEATING AND COOLING 
(without humidity control)? 

 
 

If practicalities prevent this, 
is it feasible to use 

HEATING AND COOLING 
(with humidity control)? 

 
 

 
 

Increasing in: 
 
 

energy 
consumption 

 
 

capital cost 
 
 

running cost 
 
 

maintenance 
 
 

complexity 
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of intelligent control systems and/ or user control (Liddament et al., 2006). As a result, 

according to the requirement, it is possible to have natural ventilation only, fan-assisted 

ventilation (for air supply and/ or extraction via low-pressure fans), stack wind-

supported mechanical ventilation, or balanced ventilation with individual mechanical 

devices for air supply and extraction (Delsante and Vik, 2001; Heikkinen et al., 2002; 

Heiselberg, 2002 and 2006; Awbi, 2003; CIBSE A, 2006). The range of hybrid 

ventilation systems and strategies covers different possible scenarios. Hybrid systems 

can impel external air directly into the interior, forcing the outflow of warmer air, or pre-

cool the air supply by buried pipes and/ or PDEC systems before pumping it into the 

internal environment (Liddament et al., 2006). 

When designing hybrid strategies, the proper dimensioning of the whole airflow 

path that makes use of building-integrated components (from the air inflow supply, the 

distribution ducts and the outflow extraction) has to aim at the optimum performance of 

the ventilation system. Leakages and pressure drops have to be avoided throughout 

the system (Heiselberg, 2002 and 2006). The success of hybrid systems is also related 

to the integration of equipment control of and components with sensors. These sensors 

are usually connected to weather/ comfort databases that activate or indicate how the 

hybrid system has to work according to the external or internal conditions. Furthermore, 

different systems and equipment should be used for health and cooling purposes, 

monitoring the air temperature, solar radiation, relative humidity, rain, pollution levels, 

and fire/ smoke control. The challenge to the application of convective cooling systems 

consists of coupling cooling capacity and load with indoor thermal comfort levels and 

the built thermal mass, bearing in mind that the time taken to respond to any rise in 

indoor temperature is not instantaneous (Delsante and Vik, 2001; Heiselberg, 1999, 

2002 and 2006; Wouters et al., 1999; Liddament et al., 2006). 
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Figure 4-24: Schematic building section showing a complementary hybrid ventilation 
system that uses wind-and buoyancy-driven forces allied to supply and exhaust fans: 

 
Source: Jeong and Haghighat (2002, pp129). 

 

4.9.4. Calculating the performance of hybrid systems 

Equipment and component suppliers must provide information about the 

performance of their products. This information may cover energy consumption, data 

on the pressure balance in the system including losses, increase or decrease, and the 

airflow rate for a given operational mode. Finally, with this information complete, it is 

possible to make use of equation 4-12, and thus find the total airflow rates due to wind- 

and buoyancy-driven forces added to the hybrid mechanical ventilation ratios, in 

accordance with the following equation (Awbi, 1998): 

 

Equation 4-49 Qtotal =|Qwind
2+Qbuoyancy

2+Qmechanical
2|0.5 

 

Where: 

 Qtotal: is the total airflow rate in the ventilation system (m3/s); 

 Qwind: the airflow rate due to wind-driven forces (m3/s); 

 Qbuoyancy: the airflow rate due to buoyancy-driven forces (m3/s); and 

 Qmechanical: the airflow rate added by mechanical sources (m3/s); 

On the other hand, more complex and accurate ways of simulating the 

performance of hybrid systems involve high technology computer calculations. These 

simulations, when coupling CFD (steady-state) and DTM (dynamic-state), have the 

heat gains/ losses through built mass as input for the CFD code and, then, air flow 

rates and pressure differences as input for the DTM calculation (Delsante and Vik, 

2001; Heiselberg, 2002 and 2006). 
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4.10. Chapter conclusions 

This chapter presented both the concepts related to and the theory of natural 

ventilation systems. It covers the role of ventilation in the internal environment and how 

to assess IAQ and thermal comfort. It also presents the method for estimating 

ventilation rates and ACH for wind- and buoyancy driven forces for several combined 

ventilation strategies. This theory constitutes the basis for both the methodology 

(Chapter 5) and the analysis of the experiment conducted in this research. 
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Part 03:  Methodology 

 

Chapter 5: Methodology 

5.1. Introduction  

This chapter presents the methodology adopted for assessing the airflow field in 

urban areas, the focus of this thesis. In order to achieve the objectives stated in 

Chapter 01. Various methods of research on urban fabrics and airflow simulation are 

employed, comprising: laboratory scale-model tests in a boundary layer wind tunnel 

(WT), computational fluid dynamics (CFD) models, and field measurements (FM). 

These methods are detailed in this chapter, and supported by theoretical research 

presented in Part 2: the literature review. 

5.2. The research methods 

Designing naturally ventilated building systems to perform at satisfactory levels 

involves the previous analysis of the airflow field in the external environment. This is 

necessary to determine whether the site offers the potential for the use of this 

technique. Thus, the potential is subject to urban environment shape and the airflow 

field below urban canopy height.  

The urban shape can be described in terms of several physical dimensions, 

areas and volumes that define aspect ratios29, such as building height to road width 

(H/W) or length (L/H), plan-area density (a= Aroof/ Aurb), and built-area density (b= Abuilt/ 

Aurb). For this reason, the relationship between the resultant airflow field and the urban 

aspect ratios is the basis of the investigation on an urban scale. The proposed 

research method is divided into the 4 steps which have been addressed to provide the 

amount of data for the intended analysis: 

 Step 1: Calibration, verification and validation of the input parameters of the 

CFD models. CFD and WT outputs are compared to ensure the quality and 

reliability of the numerical simulations in reproducing airflow and identifying 

wind acceleration and changes in the airflow direction in external urban 

environments. This step is based on a number of simulations which combine 

two identical rectangular bricks. The comparisons between the results are 

aimed at spotting the accuracy and consistency achieved in the CFD 

simulations undertaken, since the input and calculation parameters will serve 

as a basis for subsequent more complex investigation using the same CFD 

                                                 
29 See topic 2.6.2 in Chapter 2 for further information. 
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5.2.1. On the outcomes of the research methods 

To assist the investigation of airflow in the built environment, both quantitative 

and qualitative information are necessary. While the results of wind speed and 

direction, and pressure coefficients provide quantitative numerical information, flow 

visualization techniques allow a qualitative understanding of airflow behaviour around 

buildings and other physical barriers. The combined analysis of the outcomes of these 

techniques compared to the urban aspect ratios may then allow this research to 

propose a scale to represent the potential for natural ventilation in existing urban areas. 

Both the quantitative and qualitative data were obtained by experimentation with: 

 Scaled physical models in a boundary layer wind tunnel;  

 CFD calculations; and 

 Field measurements in an actual urban area. 

Since this research makes use of CFD calculations for a large part of the 

analysis, the comparison of the results of the different methods allows the 

demonstration of the accuracy and confidence levels achieved by each of these 

processes. Finally, the three techniques were utilized for the same case study 

permitting the triangulation of the results. Further, the methods used in the verification 

and validation process and the steps for the CFD modelling found in the literature have 

already been largely explored in Chapter 3. 
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leeward of vicinity towers of up to 62.5m height to reattach to the flow field before 

reaching the target area at its centre. This is in accord with the report of Chandra et al. 

(1986) which states that wake flows take four times the height of an isolated high 

structure to become reestablished. 

 

Figure 5-7: Analyzed perimeter of Paulista Avenue urban area. 

 

 

 

 

 

 

 

 

 

Source: this study. 

 

 

 

 

Source: this study. 
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Figure 5-10: Urban prototype scenarios top views and cross sections with the 

three simulated wind directions.    

 
Source: this study.   

 

In order to organize de analysis of the results from the urban prototypes 

simulation and to permit the access of specific different variables, the prototype 

scenarios were organized into six groups of similar mandatory features, and will be 

shown in the sequence. 
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Table 5-3: Definition and characteristics of the urban prototype models and their equivalence to the real urban canyon assessed.   

 Aspect ratio Aroof / Aurb Abuilt / Aurb   

Set 
H 

(m) 
W 
(m) 

L   
(m) 

H/W 
rate 

L/H 
rate 

similar to Aroof (m
2) Aurb (m

2) rate similar to Abuilt (m
2) rate similar to 

              
A1 30 60 180 0.50 6.0 Cardiff 82,557 196,540 0,42 Cardiff 660,456 3,36 Paris, SP 

B1 30 30 180 1.00 6.0 London, Paris, SP, HK 122,604 196,540 0,62 London, Paris 980,832 4,99 SP, HK 

C1 30 15 180 2.00 6.0 HK 147,857 196,540 0,75 London, Paris 1,182,856 6,06 - 

D1 39 30-90 30 180 1.0-3.0 2.0-6.0 London, Paris, SP, HK 122,675 196,540 0,62 London, Paris 1,456,600 7,41 - 

A2 30 60 90 0.50 3.0 Cardiff 71,457 196,540 0,36 Cardiff 571,656 2,91 London, Paris 

B2 30 30 90 1.00 3.0 London, Paris, SP, HK 109,252 196,540 0,56 London 874,016 4,45 SP, HK 

B2up 30-60 30 90 1.0-2.0 3.0 Cardiff 109,252 196,540 0,56 London 1,311,024 6,67 - 

B2down 30-60 30 90 1.0-2.0 3.0 Cardiff 109,252 196,540 0,56 London 1,311,024 6,67 - 

C2 30 15 90 2.00 3.0 SP 141,298 196,540 0,72 Paris 1,130,352 5,75 - 

D2 30-90 30-60 90 0.5-3.0 1.0-3.0 London, Paris, SP, HK 109,252 196,540 0,56 London 1,277,216 6,50 - 

A3 30 60 90 0.50 3.0 Cardiff 40,686 196,540 0,21 SP 325,488 1,66 Cardiff 

B3 30 30 90 1.00 3.0 London, Paris, SP, HK 72,436 196,540 0,37 Cardiff 579,488 2,95 London, Paris 

C3 30 15 90 2.00 3.0 HK 72,436 196,540 0,57 London 894,448 4,55 SP, HK 

D3 30-90 30-90 60-90 1.0-3.0 0.66-3.0 London, Paris, SP, HK 79,358 196,540 0,40  - 1,038,064 5,28 - 

A4 30 60 30 0.50 1.0 Cardiff 20,825 196,540 0,11  - 166,600 0,85 Cardiff 

B4 30 30 30 1.00 1.0 London, Paris, SP, HK 49,568 196,540 0,25 SP, HK 396,544 2,02 - 

C4 30 15 30 2.00 1.0 HK 85,606 196,540 0,44  - 684,848 3,48 London, Paris, SP 

D4 30-90 30-90 30-60 1.0-3.0 0.33-2.0 London, Paris, SP, HK 58,500 196,540 0,30 Cardiff , SP, HK 979,200 4,98 SP, HK 

Source: this study.   

                                                 
39 Several H/W and L/H ratios can be found in the D1, D2, D3, and D4 prototypes since the geometry and volumes are asymmetrical and heterogeneous. Therefore an 
averaged value based on the several dimensions in the model is used for calculating the related urban aspect ratios. 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































