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Summary 

Computational modeling of urban wind flow and 

natural ventilation potential of buildings 

Natural ventilation is a significant resource towards a healthy and sustainable outdoor and 

indoor environment. In the past, indoor ventilation has attracted a lot of attention 

because of its importance for indoor air quality and thermal comfort. More recently the 

relevance of outdoor ventilation has been stressed, not only in terms of outdoor air 

quality and thermal comfort, but also for passive cooling and wind energy production.  

Modeling natural ventilation in the built environment is a challenging task, due to 

the many physical and computational parameters involved. Several methods are available 

to predict natural ventilation: simplified and analytical models, Airflow Network (AFN) 

models, and numerical methods. None of those methods is universally superior but the 

most suitable one for each situation is that one providing the required accuracy at a 

reasonable cost for the whole simulation process. In particular, Computational Fluid 

Dynamics (CFD) combined with experiments can provide accurate predictions of the 

outdoor wind flow, the indoor airflow, and their interaction. Nevertheless, AFN models 

are usually integrated into thermal flow analysis to assess the energy performance of 

buildings. In fact, due to the high computational cost and simulation time required for 

CFD, AFN models are more often coupled with building energy simulation (BES) tools 

for natural ventilation analysis. 

This thesis focuses on the accuracy and suitability of CFD and BES/AFN models 

to predict urban wind flow and natural ventilation of buildings. Detailed parametric 

analyses are conducted using CFD to predict outdoor and indoor airflow distribution and 

BES/AFN models to estimate the energy performance of natural ventilation. The study 

is supported by wind-tunnel data that were used to validate CFD simulations and to 

provide wind pressure coefficient data for BES/AFN analysis. Overall, this thesis 

provides some physical insights on the topic, points out relevant parameters for airflow 

simulations and analyzes the impact of physical and computational parameters on 

simulation results. 

First, the detailed analysis of wind-induced cross-ventilation demonstrates the 

accuracy of 3D steady RANS simulations to predict the interaction between outdoor and 

indoor airflow and can support the definition of specific guidelines for cross-ventilation 

through large openings. Next, the urban wind flow CFD study assesses the influence of a 

main street on the ventilation performances of simplified urban configurations and shows 

the suitability of CFD as a support for urban planning and management. Last, the 

sensitivity of night-ventilation rates and cooling energy savings to the source of pressure 

coefficients and to the characteristics of the urban environment reveals the importance of 

accurate input data to obtained reliable evaluations of the cooling effect of natural night-

ventilation.
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‘Trees sneezing,’ his dad explains 

‘Really?’ says Calvin, amazed 

‘No,’ says Dad, ‘but the truth is more complicated.’ 
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Chapter 1 

Introduction 

1.1 Background 

 Importance of natural ventilation in the built environment 1.1.1

Natural ventilation, meant as the flow generated by temperature differences and/or by 

the wind (Linden, 1999), is an important resource towards more healthy and sustainable 

outdoor and indoor environments (Fig. 1.1). The role of natural ventilation in the built 

environment is first associated with the enhancement of outdoor and indoor air quality 

due to its pollutant dilution capacity (Liddament, 2000; Awbi, 2003). Second, natural 

ventilation can improve outdoor and indoor thermal comfort by altering the actual and 

the perceived air temperature. In fact, the fresh air supplied by natural ventilation not 

only lowers the dry bulb air temperature, but also stimulates convective exchanges 

between the human body and the environment, lowering in this way the perceived air 

temperature (de Dear & Brager, 2002; Ghiaus & Allard, 2005; Santamouris & Wouters, 

2006). Last, natural ventilation in the built environment is related with building energy 

consumption and production: on the one hand natural ventilation can be a passive 

cooling technique that contributes to the reduction of the thermal loads (Blondeau et al., 

1997; Geros et al., 2005; Santamouris & Kolokotsa, 2013); on the other hand small scale 

wind turbines can be used for power generation from air flow generated by natural 

ventilation in the urban environment (Knight, 2004; Bahaj et al., 2007; Allen et al., 2008).  

Nowadays the building sector accounts for almost 40% of the European energy 

consumption (European Commission, 2002). In addition, due to climate change, outdoor 

air temperature is expected to rise substantially, leading to an increase in overall and peak 

electricity consumption due to the use of air conditioning in summer (Perez-Lombard et 

al., 2008). Therefore, special attention has been given to the suitability of advanced 

passive cooling techniques for buildings to limit the summer energy demand. Night-

ventilation (CIBSE, 2005), for example, has proven to be effective for cooling (Balaras, 

1996; Blondeau et al., 1997; Geros et al., 1999, 2005; Kolokotroni & Aronis, 1999; Yang 

& Li, 2008). Among others, an experimental campaign performed by Geros et al. (1999) 

in three office building in Athens (Greece) showed that natural night-ventilation caused a 

reduction of up to 3°C in the following day peak indoor temperature under free-floating 

conditions. However, Santamouris and Kolokotsa (2013) argue that the design and 

optimization of natural night-ventilation systems are complicated because of the high 
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uncertainties related with its cooling potential and effectiveness, which are affected by the 

weather conditions (Givoni, 1992; Artmann et al., 2007; Santamouris & Kolokotsa, 2013). 

 Prediction methods for natural ventilation  1.1.2

Several methods are used to predict natural ventilation in the built environment 

(Etheridge & Sandberg, 1996; Awbi, 2003; Chen, 2009): (1) simplified and analytical 

models, (2) Airflow Network (AFN) models, (3) experiments and (4) numerical methods.  

Simplified and analytical models are derived either from fundamental equations of fluid 

dynamics and heat transfer, or from empirical correlations for specific building 

geometries. Input data e.g. of pressure coefficients on the building envelope can be taken 

from empirical databases. These models are easy to use and some examples are used in 

national and international standards, e.g. CIBSE (1997) and ASHRAE (2005). 

Airflow Network (AFN) models describe the airflow distribution as a network 

composed by nodes (zones or duct junctions) and links (airflow paths). The mass balance 

for each node is solved to provide time-averaged and space-averaged variables in each 

zone and airflow rates between adjacent zones. AFN models cannot provide a detailed 

description of the airflow distribution. Nevertheless they are widely used for simulations 

in multi-zone buildings integrated in Building Energy Simulation (BES) tools (Hensen, 

2004; Gu, 2007; Santamouris & Kolokotsa, 2013) 

Experiments include on-site measurements and reduced-scale testing in wind-tunnel 

facilities. They are considered as the most reliable prediction methods for natural 

ventilation. Nevertheless, on-site measurements are affected by uncontrollable and 

unsteady meteorological conditions. And even though reduced-scale testing allows a 

higher control over the boundary conditions, it can be affected by similarity constraints.  

Numerical methods (Computational Fluid Dynamics (CFD)) allow overcoming some 

limitations of the experimental approach. First, CFD provides data on the relevant 

 
Figure 1.1. Importance of  natural ventilation for the indoor and outdoor 

environment: health and energy issues. 
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parameters in every point of the computational domain. Second, CFD is not affected by 

scaling issues and similarity constraints. Third, CFD allows full control over the boundary 

conditions and parametric studies can be easily implemented. Many applications of CFD 

to natural ventilation have been reported already, but verification and validation remain 

very important to assess the quality and reliability of CFD simulations (Kato et al., 1992; 

Roache, 1997; AIAA, 1998; Oberkampf & Trucano, 2002; Franke et al., 2007; Celik et al., 

2008; van Hooff & Blocken, 2010a; Gousseau et al., 2013).  

1.2 Problem statement 

Modeling natural ventilation in the built environment is a challenging task, due to the 

many physical and computational parameters involved. None of the prediction methods 

is universally valid but the most suitable one for each situation is that one providing the 

required accuracy at a reasonable cost for the whole simulation process. The use of 

computational methods such as CFD and BES/AFN is still quite limited in practice, also 

due to the computational costs and expertise required to obtain reliable results. 

Therefore, detailed parametric studies are needed to clarify the sensitivity to physical and 

computational parameters and to assess the accuracy and suitability of the computational 

methods for specific situations. This thesis focuses on this topic and analyzes three 

aspects of natural ventilation where CFD and BES/AFN models are used to predict 

urban wind flow and natural ventilation in buildings. These three aspects, namely cross-

ventilation through large openings, urban wind flow and natural night-ventilation, are 

briefly introduced below. 

 Cross-ventilation through large openings: The accurate prediction of natural 

ventilation through large openings implies simultaneous solution of the outdoor wind 

flow and the indoor airflow. In the past, outdoor wind flow and indoor airflow were 

often solved separately (i.e. the so-called decoupled approach) and the results of the 

outdoor wind flow, e.g. the pressure field on the building surfaces, were used as boundary 

conditions for solving the indoor airflow (Fig. 1.2a). However, the decoupled approach 

can introduce important errors, since it assumes that the pressure distribution on the 

building envelope is not affected by the presence of the openings, that the turbulent 

kinetic energy is dissipated at the windward opening, and that the effect of the dynamic 

pressure on the air flow passing through the opening is negligible (Murakami et al., 1991; 

Kato et al., 1992; Etheridge & Sandberg, 1996; Seifert et al., 2006; Karava et al., 2007, 

2011; Kobayashi et al., 2010). However, these assumptions are no longer valid for wind 

flow through large openings (Murakami et al., 1991; Kato et al., 1992; Sandberg, 2004; 

Karava et al., 2006, 2011; Kobayashi et al., 2009, 2010) implying that the interaction of 

the outdoor wind flow and indoor airflow should be solved explicitly (i.e. the so-called 

coupled approach) to obtain accurate results (Fig. 1.2b). A coupled approach is possible 

either with CFD (Kato et al., 1992; Evola & Popov, 2006; Norton et al., 2009; van Hooff 
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& Blocken, 2010b), or with experiments (Kato et al., 1992; Larsen & Heiselberg, 2008). 

However, the application of a coupled approach to the case of wind-driven cross-

ventilation is still quite limited and specific guidelines for this case have not yet been 

defined. This thesis assesses the accuracy of coupled CFD simulations of cross-

ventilation of a generic isolated building through large openings by comparison with 

experimental data, and explores the sensitivity of the results to many of the physical and 

computational parameters involved. 

Urban wind flow: The urban wind flow is to a large extent governed by the 

urban morphology. Several past studies either with reduced-scale wind-tunnel 

experiments or CFD have modeled the urban morphology at various levels of complexity 

(Fig. 1.3): (i) street canyons and intersections (e.g. Soulhac et al., 2009; Garbero et al., 

2010; Moonen et al., 2011); (ii) simplified urban configurations of regular arrays of cubes 

(e.g. Macdonald et al., 1997; Kim & Baik, 2004; Yoshie et al., 2007; Buccolieri et al., 2010; 

Princevac et al., 2010); (iii) irregular idealized obstacles (e.g. Kubota et al., 2008; Fischer 

et al., 2010; Hertwig et al., 2012), and (iv) real case studies (e.g. Hanna et al., 2006; Yoshie 

et al., 2007; Gousseau et al., 2011; Blocken et al., 2012). Past CFD analysis on urban wind 

flow pointed out that 3D steady RANS models could be used for predicting the wind 

velocity in the urban environment (e.g. Stathopoulos & Baskaran, 1996; Blocken & 

Persoon, 2009; Janssen et al., 2013), while some particular deficiencies emerge when 

predicting the pressure distribution on the building surfaces (e.g. Murakami et al., 1992; 

Stathopoulos, 1997; Nore et al., 2010). Nevertheless, in many studies, steady RANS were 

used to correlate the urban morphology with the wind flow and to analyze the ventilation 

performance of regular arrays of cubes. The ventilation performance was estimated 

extending the use of indoor air quality indicators like the mean age of air to the outdoor 

environment (Bady et al., 2008; Hang et al., 2009a; Buccolieri et al., 2010). This aspect is 

further investigated in this thesis, which focuses on the impact of unequal street widths 

on the ventilation performance of generic urban configurations.  

 
Figure 1.2. Coupled and decoupled approach. 
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Natural night-ventilation: Natural night-ventilation as passive cooling technique 

relies on the combination of the cooling potential of the external air and the thermal 

capacity of the building structure (Balaras, 1996; Blondeau et al., 1997; Yang & Li, 2008). 

The effectiveness of night-cooling can be evaluated using BES/AFN models to consider 

the thermal properties of the building materials, but also the night-time wind speed and 

outdoor air temperature (Givoni, 1992; Shaviv et al., 2001; Geros et al., 2005; Yang & Li, 

2008). In BES/AFN models, natural ventilation is predicted from the wind pressure 

coefficients on the building surfaces, identified as one of the main sources of uncertainty 

of BES/AFN models (Swami & Chandra, 1987; Feustel & Rayner-Hooson, 1990; 

Costola et al., 2010). The impact of the source of pressure coefficients on the energy 

performance of a night-ventilated building has not yet been fully explored and is partly 

clarified in this thesis. Moreover, in realistic urban situations an accurate prediction of the 

cooling effect of natural night-ventilation cannot be isolated from the combined impact 

of solar shading and wind shielding of adjacent buildings and of the Urban Heat Island. 

Nevertheless, past studies addressed these aspects separately (Geros et al., 2005; van 

Moeseke et al., 2005; Schulze & Eicker, 2013) with the risk of overestimating the cooling 

effectiveness of natural night-ventilation. The influence of the urban environment on the 

cooling effectiveness of natural night-ventilation is another aspect discussed in the thesis. 

1.3 Objectives and methodology 

This thesis focuses on the accuracy and suitability of CFD and BES/AFN models to 

simulate urban wind flow and natural ventilation in buildings. The analysis is conducted 

using CFD to predict outdoor and indoor airflow distribution and using BES/AFN 

models to estimate the energy performance of natural ventilation. The study is supported 

by wind-tunnel data, used to validate CFD simulations, and to provide reliable boundary 

conditions for BES/AFN models. Overall, this thesis provides some physical insights on 

the topic, points out relevant parameters to airflow simulations and analyzes the impact 

of physical and computational parameters on the simulation results. The thesis consists 

 
Figure 1.3. Levels of  modeling urban morphology for urban wind flow studies: (a) 

Street canyon and intersections; (b) Regular arrays of  cubes; (c) Irregular idealized 
obstacles; (d) Real case studies. 
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of three parts, whose objectives and methodology are mentioned in the following 

sections.  

 Part I - CFD analysis of cross-ventilation 1.3.1

The objective of the first part of this thesis is to assess the accuracy of coupled CFD 

simulations to predict wind-induced cross-ventilation through large openings. 

A generic cross-ventilated isolated building is defined with different window 

positions and wall porosities. The CFD simulations are performed with the 3D steady 

RANS equations by solving the outdoor wind flow and indoor airflow simultaneously 

and within the same computational domain. Results of the CFD simulations are validated 

with PIV measurements on a reduced-scale building model performed by Karava (2008). 

Then, the sensitivity of the results to the physical and computational parameters is 

explored including physical and numerical diffusion effects. 

 Part II - CFD analysis of urban wind flow 1.3.2

The objective of the second part of this thesis is twofold: to evaluate the accuracy of 3D 

steady RANS models to predict the wind flow through regular arrays of buildings, and to 

estimate the effect of unequal street widths on the ventilation performance of generic 

urban configurations for different wind directions using the mean age of air. 

First, regular arrays of buildings of different plan and frontal area densities are 

simulated and a validation study is performed by comparison with the measurements by 

Quan et al. (2007a; b) in terms of wind pressure coefficients on the facades of the central 

building. Then, generic urban configurations are defined with equal and unequal street 

widths and different building heights. Finally, the ventilation performance of the generic 

urban configurations is assessed for different wind directions by means of the local mean 

age of air at the pedestrian level. 

 Part III - BES/AFN analysis of night-ventilation 1.3.3

The objectives of the third part of this thesis are: (i) to explore the sensitivity of 

BES/AFN models to the source of pressure coefficients for natural ventilation; (ii) to 

point out the simulation capabilities of BES/AFN models for non-isolated naturally 

ventilated buildings, and (iii) to evaluate the impact of the urban environment on the 

effectiveness of natural night-ventilation for cooling.  

At first, an isolated office building subjected to night-ventilation is considered to be 

located in different European cities with different climates. Night-ventilation rates are 

predicted using different sources of pressure coefficients, and the related cooling energy 

savings for the night-ventilated building are estimated with respect to an unventilated 

building under the same conditions. Then, the building is considered to be in the center 
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of the simplified urban configurations and the capabilities of BES/AFN models to 

account for the characteristics of the urban environment are clarified. In particular, the 

combined effect of solar shading and wind shielding of the surrounding buildings is taken 

into account, as well as the reflectance properties of the surrounding buildings and a 

simplified Urban Heat Island scenario. Finally, the impact of these characteristics of the 

urban environment on the cooling effectiveness of natural night-ventilation is calculated 

by means of the building energy savings estimated for different urban densities and 

meteorological conditions.  

1.4  Structure of the thesis 

This thesis is structured as follows. Chapter 2 briefly addresses some theoretical items. 

After that, the core of the thesis is organized into three parts composed by self-contained 

chapters:  

 Part I, composed by Chapter 3 and Chapter 4, describes an extensive study 

of wind-induced cross-ventilation in a generic isolated building with CFD. 

Chapter 3 focuses on the sensitivity of the CFD simulations to the 

computational parameters. As a follow-up of Chapter 3, the effect of 

physical and numerical diffusion on cross-ventilation is analyzed in Chapter 

4. 

 Part II (Chapter 5) presents a numerical study of the urban wind flow for 

generic urban configurations. The accuracy of 3D steady RANS simulations 

for this application is investigated and the ventilation performance of generic 

urban configurations with equal and unequal street distribution is studied. 

 Part III, divided in Chapter 6 and Chapter 7, analyzes the energy 

performance of natural night-ventilation for an office building using 

BES/AFN models. Chapter 6 addresses the sensitivity of BES/AFN models 

to the source of pressure coefficients. Chapter 7 discusses the impact of the 

urban environment on the cooling effectiveness of natural night-ventilation. 

Finally, Chapter 8 summarizes the results of the previous chapters, draws some 

conclusions and provides recommendations for future work. 

 

The core part of this thesis is composed by articles that have been published 

(Chapter 3, Chapter 4) or submitted for publication (Chapter 5, Chapter 6, Chapter 7) to 

peer-reviewed international journals. Therefore, the text has been reproduced from these 

articles without any change, although this leads to some unnecessary repetitions and to 

inconsistent symbols and abbreviations between different chapters. The full reference is 

mentioned in the heading page of the corresponding chapters.  
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Chapter 2 

Theoretical background 

This chapter provides a concise theoretical background for CFD and BES/AFN 

modeling of natural ventilation in this thesis. More detailed information can be found in 

Etheridge and Sandberg (1996), Ferziger and Perić (1996), Versteeg and Malalasekera 

(1996), Awbi (2003), Ghiaus and Allard (2005), Santamouris and Wouter (2006), 

Etheridge (2007), Hensen and Lamberts (2011), and others.  

2.1 Computational Fluid Dynamics (CFD) 

 Governing equations 2.1.1

Eq. (2-1), (2-2), (2-3), and (2-4) express the instantaneous three-dimensional mass and 

momentum conservation for an incompressible, viscous, isothermal flow of a Newtonian 

fluid, in Cartesian co-ordinates, in partial differential equation form and in conservation 

form. Eq. (2-5) is the transport equation for a passive scalar. 

0divv   (2-1) 

( ) ( )
pu

div u v div grad u
t x

 


 
 

   (2-2) 

( ) ( )
pv

div v v div grad v
t y

 


 
 

   (2-3) 

( ) ( )
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div wv div grad w
t z

 


 
 

   (2-4) 

( ) ( )div v div grad S
t


    


   


 (2-5) 

where v  is the instantaneous velocity vector, u, v and w are the x, y and z components of 

the instantaneous velocity vector, t is the time co-ordinate, p is the instantaneous 

pressure, μ is the dynamic viscosity, ρ is the density of the fluid, ϕ is the scalar quantity, Γ 

is the diffusion coefficient for the quantity ϕ, and SΦ is the scalar source term. In these 

equations ‘div’ is the divergence operator and ‘grad’ is the gradient operator. 

In this thesis, iso-thermal flows are investigated with CFD and the differential 

equations (Eq. (2-1) – (2-5)) are discretized into a system of algebraic equations. The 

approximations are applied to small domains in space and/or time to provide a solution 

at discrete locations in space and time using iterative methods (Ferziger & Perić, 1996). A 
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converged solution is achieved when the changes in the solution variables from two 

subsequent iterations are negligible, i.e. when the scaled residuals level off or reach a 

maximum user-specified value.  

 Turbulence modeling 2.1.2

When modeling natural ventilation in the built environment with CFD, a very important 

issue is the prediction of turbulent flow. Three approaches are distinguished for CFD 

simulations based on the extent of turbulence solved. Detailed solutions of turbulence are 

very demanding in terms of computational resources and therefore applications of very 

accurate models are to date still relatively limited and sometimes not necessary for 

practical engineering applications. The most accurate approach is Direct Numerical 

Simulation (DNS), where all scales of the turbulence are explicitly solved. This is 

followed by Large Eddy Simulation (LES), where only the largest scale motions of the 

flow are solved, while small-scale motions are modeled using so-called subgrid-scale 

models. The most common approach in practice is the Reynolds-Averaged Navier-Stokes 

(RANS) approach. RANS implies averaging the governing equations and separating the 

mean component from the fluctuating component, which results in the so-called 

Reynolds stresses and turbulent scalar fluxes. The following set of equations are the so-

called RANS equations for mass (Eq. 2-6) and momentum (Eqs. (2-7), (2-8), (2-9)) 

conservation, and for scalar transport (Eq. 2-10).  

0divV   (2-6) 

' ² ' ' ' '
( ) ( )

U P u u v u w
div U V div grad U

t x x y z
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div W V div grad W

t z x y z

  
 

     
      

     
   (2-9) 

' ' ' ' ' '
( ) ( )

u v w
div V div grad S

t x y z

     
   

    
          

    
 (2-10) 

where V is the mean (ensemble-averaged or time-averaged) velocity vector, U, V and W 

are the mean wind speed in x-, y-, and z- direction (respectively), P is the mean pressure, 

Φ is the mean of the scalar quantity, ΓΦ is the diffusion coefficient equal to μ/(ρSc) with 

Sc being the turbulent Schmidt number and where the horizontal bar denotes averaging. 

The presence of Reynolds stresses and turbulent scalar fluxes means that RANS 

equations do not represent a closed set of equations anymore and closure is provided by 

the turbulence models. While in RANS only the mean flow is solved, turbulence models 

approximate all scales of the turbulence.  
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Most RANS turbulence models aim to express the Reynolds stresses in terms of 

known or averaged quantities. A common approach used in the existing turbulence 

models is eddy-viscosity modeling, based on the assumption that the effect of turbulence 

can be represented as an increased viscosity (Ferziger & Perić, 1996). The distribution of 

the eddy viscosity can be obtained via one or more transport equations, whose number is 

used to classify the turbulence models. Examples of two-equation models are the k-ε and 

k-ω models. Both the k-ε and the k-ω models use two additional transport equations: one 

for the turbulent kinetic energy (k), and one for the turbulence dissipation rate (ε) or the 

specific dissipation rate (ω). 

Many turbulence models are not valid near the walls, where the viscous forces 

become increasingly important. This limitation can be overcome either using wall 

functions, or low-Reynolds number modeling. Wall functions are semi-empirical 

formulae that link the wall and the fully turbulent region, and the turbulence model valid 

for turbulent core flows is used in combination with the wall functions. The low-

Reynolds number modeling method implies that the turbulence model is modified to 

enable solving the inner layer near the wall. In particular, the k-ω SST turbulence model 

(Menter, 1994) was developed to combine, via a blending function, the use of the k-ε 

model in the core regions far away from the walls with the standard k–ω model (Wilcox, 

1998) in the near-wall region, since the latter was defined to incorporate modifications 

for low-Reynolds number effects. 

Finally, it has to be remarked that the eddy-viscosity modeling mentioned above is 

not the only approach to approximate the Reynolds stresses. Among others a completely 

different approach is represented by the Reynolds Stress Model (RSM) that is an attempt 

to directly model the Reynolds Stresses (Launder et al., 1975). The use of the RSM model 

is computationally more expensive than e.g. the k-ε models because six more equations 

are used to derive the Reynolds Stresses.  

The following sub-sections report a formulation of the turbulence models used in 

this thesis, namely (i) standard, realizable and RNG k-ε models, (ii) standard and SST k-ω 

models, (iii) RSM model. A more extensive description of the turbulence models can be 

found in - among others - Versteeg and Malalasekera (2007) and Ferziger and Perić 

(1996).  

 

 (i) Standard, Realizable and RNG k- models 

All the k- models predict the Reynolds stresses by adopting the Boussinesq hypothesis 

(Boussinesq, 1877; Versteeg & Malalasekera, 2007) that relates the Reynolds stresses to 

the mean rate of deformation. Using the suffix notation, this hypothesis is expressed in 

Eq. (2-11) where t is the turbulent viscosity calculated by Eq. (2-12), Sij is the mean 

strain rate given by Eq. (2-13) and ij is the Kronecker delta.  
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In these equations, k is the turbulent kinetic energy,  is the turbulence dissipation rate 

and Cμ is an empirical constant. k and ε are defined as: 
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where ν is the kinematic viscosity.  

The turbulent kinetic energy (k) is a measure of the energy associated with the 

turbulent fluctuations in the flow. The dissipation rate () is caused by the work done by 

the smallest eddies in the flow against viscous stresses. The k- turbulence models are 

two-equation models with transport equations for k and , as illustrated below.  

 

Standard k- model: The standard k- model (Jones & Launder, 1972) uses the 

following transport equations for k and :  

  2
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or, in words: 

 

Rate of 

change of 

k or ε 

+ 

Transport 

of k or ε 

by 

convection 

= 

Transport 

of k or ε by 

diffusion 

+ 

Rate of 

production 

of k or ε 

- 

Rate of 

destruction 

of k or ε 

 

In Eq. (2-16) and (2-17), t and Sij are defined in Eq. (2-12) and Eq. (2-13) and k 

and  are the turbulent Prandtl numbers for k and  respectively. The model constants 

were defined by extensive data fitting for a wide range of turbulent flows and are: C = 

0.09; C1 = 1.44 ; C2 = 1.92; k = 1.00;  = 1.30 (Ferziger & Perić, 1996; Versteeg & 

Malalasekera, 2007).  
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Realizable k- model: The realizable k- model was developed by Shih et al. (1995). The 

term ‘realizable’ refers to the fact that some mathematical constraints are satisfied by this 

model (and not by the standard k- model). Those constraints are the positivity of the 

normal Reynolds stresses and the Schwarz inequality for the Reynolds shear stresses. To 

ensure the realizability, a new realizable eddy viscosity formulation was proposed in 

which C is made variable by sensitizing it to the mean flow (mean deformation) and the 

turbulence (k, ) as originally proposed by Reynolds (1987). Furthermore, the model 

introduced a new dissipation-rate equation that is based on the dynamic equation for 

fluctuating vorticity.  

 

The k and  transport equations for the realizable k-  model are: 

  2
k

k tdiv kU div grad k S S
t ij ijt
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where t and Sij are defined as in Eq. (2-12) and Eq. (2-13), and the model constants are 

C2 = 1.9; k = 1.0;  = 1.2. The formulae for C1 and C can be found e.g. in Shih et al. 

(1995). 

 

Renormalization Group (RNG) k- model: The Renormalization Group (RNG) k-ε 

turbulence model was developed by Yakhot et al. (1992). The k-ε transport equations 

used for the RNG models are derived by applying to the instantaneous Navier-Stokes 

equation a statistical technique called Renormalization Group method. The model 

constants are also explicitly computed as part of the RNG process instead of being 

extracted from experimental data. In addition, the dissipation rate (ε) transport equation 

is modified to improve the accuracy for rapidly strained flows.  

The k-ε transport equations for the RNG model for high Reynolds number flows is given 

below as reported by Versteeg and Malalasekera (2007). 

 ( )
k

div kU grad k Sk eff ij ijt
div    
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*
( ) 1εdiv U grad S Ceff ij ijt k k

div C 

  
      

   
           

  (2-21) 

where τij and Sij are defined in Eq. (2-12) and Eq. (2-13), μeff is the effective viscosity 

(2-22), and C*
1ε is a strain-dependent correction term that is part of the production term 

of ε and is defined as in Eq. (2-23). 
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The model constants are equal to αk = αε = 1.39, C1ε = 1.42, C2ε = 1.68, Cμ = 0.0845, η0 = 

4.377, and β = 0.012. 

 

(ii) Standard and SST k-ω models 

The k-ω models are two-equation models that use as second variable the specific 

dissipation rate ω instead of the turbulence dissipation rate ε. The specific dissipation rate 

is ω= ε/k and the eddy viscosity can be expressed as a function of ω as:  

t

k
μ ρ


  (2-24) 

The Reynolds stresses are computed using the Boussinesq hypothesis (Eq. 2-11) as in the 

k-ε turbulence models. 

 

Standard k-ω model: The standard k-ω model was proposed by Wilcox (1998). The k 

and ω transport equations for turbulent flows at high Reynolds are (Versteeg & 

Malalasekera, 2007): 
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with the turbulent kinetic energy production term (Pk) in Eq. (2-25) given by: 
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The k-ω transport equations can be expressed in words as:  
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change of 
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Transport 
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production 
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- 

Rate of 

destruction 

of k or ω 

 

The model constants are: σk = 2.0, σω = 2.0, γ1 = 0.553, β1 = 0.075, and β* = 0.09 

The standard k-ω model directly resolves the flow near the wall without any need for 

near-wall damping functions. However, it has been reported (Versteeg & Malalasekera, 

2007) that the results of the k-ω model tend to be sensitive to the free-stream value of ω, 

affecting the use of the standard k-ω model for external aerodynamic applications. 



Theoretical background 

 

37 

SST k-ω model: The Shear Stress Transport (SST) k–ω model was proposed by Menter 

(1994) to avoid the above mentioned sensitivity of the standard k-ω model to the free 

stream conditions. The SST k-ω is a hybrid model that combines the use of the k–ω 

model in the near-wall region and of the standard k-ε model in the fully turbulent region 

far from the wall. To achieve this, the k-ε model is converted into a k-ω formulation as 

shown in the transformed turbulence dissipation rate transport equation below (Eq. 

2-28). It can be noted that an extra source term (Dω) called ‘cross-diffusion term' appears 

in the equation. Dω is defined in Eq. (2-29). A blending function is defined to ensure a 

smooth transition between the transformed k-ε model near the wall and the standard k-ε 

in the far field region. The advantage of the SST k-ω model is the combination of the 

good near-wall behavior of the k-ω model with the robustness of the k-ε model in the far 

field. 
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The model constants are equal to σk = 1.0, σω,1 = 2.0, σω,2 = 1.17, γ2 = 0.44, β2 = 0.083, 

and β* = 0.09.  

 

(iii) Reynolds Stress Model (RSM) 

The Reynolds Stress Model (RSM) derives from the work by Launder et al. (1975). The 

RSM model considers the exact transport equation for each of the six independent 

Reynolds stresses and therefore can take into account the directional effects of the 

Reynolds stress field. The RSM results in six transport equations for the Reynolds 

stresses ' 'R u uij i j  (Eq. 2-30) and one equation for the scalar dissipation rate ε as 

formulated for the standard k-ε turbulence model (Eq. 2-17).  

The Rij transport equation is:  

 
Rij

C P D
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or, in words: 
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The convection (Cij), production (Pij) and rotation (Ωij) terms in Eq. (2-30) can be 

calculated in their exact form as follows: 
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where ωk is the rotation vector and eijk is an alternating symbol which is equal to 1 if i, j 

and k are different and in cyclic order; to -1 if i, j, k are different and in anti-cyclic order; 

to 0 if any two indices are the same.  

The diffusion (Dij) term is modeled assuming that the rate of transport of Rij by 

diffusion is proportional to gradients of Reynolds stresses as 

( )tD div grad Rijij
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where 
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t
k
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 , Cμ = 0.09 and σk = 1.0. 

The dissipation rate (εij) is modeled assuming isotropy of the small dissipative eddies, as 

2

3ij ij    (2-35) 

with ε the turbulent dissipation rate defined as in Eq. (2-17), and δij the Kronecher delta. 

The pressure-strain interactions (Πij) consist of mutual interactions between the 

turbulent eddies and of interactions between the turbulent fluctuations and the mean 

flow strain. Those interactions cause (i) a redistribution of energy amongst the normal 

Reynolds stresses that become more isotropic, and (ii) a reduction of the Reynolds shear 

stresses. Various models have been defined for the pressure-strain term (Πij). The 

following representation of Πij is reported by Versteeg & Malalasekera (2007): 

1 2
2 2

- ( - ) - ( - )
3 3

ij ij ij ij
e

P C R kd C P Pdij
k

  (2-36) 

with the model constants equal to C1 = 1.8 and C2 = 0.6 and with the turbulent kinetic 

energy k calculated from the three normal Reynolds stresses as: 

2 2 2
11 22 33 1 2 3

1 1
( ) ( ' ' ' )

2 2
k R R R u u u       (2-37) 

 Verification and validation 2.1.3

A concluding remark about CFD modeling is the importance of verification and 

validation (V&V) for assessing the accuracy of CFD simulations (Ferziger & Perić, 1996; 

Roache, 1997; AIAA, 1998; Celik et al., 2008). V&V aims to assess either the validity of 

the CFD code (code verification), the numerical uncertainty (solution verification), or the 

accuracy of the numerical model in reproducing a physical situation (validation). As 

recommended by existing guidelines for the use of CFD in the built environment (Franke 
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et al., 2007; Tominaga et al., 2008; Blocken & Gualtieri, 2012), special care should be 

taken in the definition of the computational domain, boundary conditions and grid to 

ensure that the results are not significantly affected by the boundaries, or the grid 

resolution. Furthermore validation of the results by comparison with experimental data is 

required to achieve reliable results, also due to the many computational parameters that 

have to be selected by the user. 

2.2 Building Energy Simulation and Airflow 

Network (BES/AFN) models  

 Airflow Network models 2.2.1

The modeling approach of the conventional multi-zone airflow network models relies on 

idealizing the building as a collection of nodes (zones or duct junctions) and links (airflow 

paths). Time-averaged and space-averaged variables are associated with the nodes and 

specific pressure-airflow relations are assigned to each airflow element, e.g. doors, 

windows, or structural leakages. Governing equations are formed by mass conservation at 

each node and hydrostatic pressure conditions at each of the modeling zones to achieve 

closure.  

Mass conservation at the nodes is imposed assuming that the difference between the 

inlet and outlet mass flow rate is equal to the mass accumulated in the zone (Eq. 2-38).  

0i j

in out

dm
m m

dt
     (2-38) 

In Eq. (2-38) 
im  is the mass flow rate (kg/s) through the airflow path i and dm/dt is the 

accumulation term (kg/s). Usually the flow is assumed to be steady and the accumulation 

term is equal to zero; however, accumulation can be considered in the case of smoke 

generation and dispersal analyses. 

Specific pressure-airflow relations are defined for each airflow element to relate the 

pressure difference between two adjacent zones (ΔP1,2) with the airflow 
im  (mass flow 

rate) or iV  (volume flow rate). Since the pressure-airflow relations are characteristics of 

each airflow element, several relations are defined as reported in Hensen (2004) and 

Santamouris and Wouters (2006). The general form of pressure-airflow relation is 

reported below (Eq. 2-39) together with the power law correlation used to calculate the 

volume flow rate through cracks (Eq. 2-40) and the pressure-airflow relation used to 

estimate the mass flow rate through small openings (Eq. 2-41). Correlations for large 

openings are derived by Eq. (2-41) to allow two- or three-directional flow and are 

reported for instance in Feustel and Rayner-Hooson (1990), Awbi (2003), Hensen (2004), 

Santamouris and Wouters (2006) and Gu (2007). 
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1,2( )im f P   (2-39) 

 1,2

n

iV C P   (2-40) 

1,22
i D

P
m C A




  (2-41) 

In Eq. (2-39), f is the generic pressure-airflow relation characteristic of the airflow 

element and ΔP1,2 (Pa) is the pressure difference between two adjacent zones. In Eq. 

(2-40), C is a flow coefficient (m³/(sPan)) characteristic of the leakage (Orme & 

Leksmono, 2002) and n is an airflow exponent ranging between 0.5 (fully turbulent flow) 

and 1 (laminar flow). Finally, in Eq. (2-41) ρ is the air density (kg/m³), CD is the discharge 

coefficient of the openings, and A is the opening area (m²). The discharge coefficient 

depends on opening geometry, pressure difference across the opening and wind 

direction.  

The pressure difference (ΔP1,2) between two adjacent zones can be written as: 

2 2

1 2
1,2 1 2 1 2

1 2

( ) ( ) ( )
2 2

Stack effect
Total pressureat node Total pressureat node

U U
P P P g z z

 
        

(2-42) 

where P1 and P2 are the static pressures at zones 1 and 2 (Pa), ρ is the air density (kg/m³), 

U1 and U2 are the wind speed at the two sides of the airflow element (m/s), g is the 

acceleration of gravity (m/s²), and z1 and z2 the heights of node 1 and 2 (m). The quantity 

(ρU²)/2 also called dynamic pressure (Pdyn) is equal to zero for internal nodes, and for 

external nodes it accounts for the effect of the local wind acting on the building facades 

as: 

2

2

P loc
ext ref

C U
P P


   (2-43) 

where Cp is the wind pressure coefficient either averaged on the building facade or taken 

at the opening position, Pref is a reference static pressure (Pa) taken in the upstream 

undisturbed flow. Uloc is the local wind speed (m/s) at a reference height that can be 

obtained from a wind profile measured at the meteorological station using the local wind 

speed profile U(z) in Eq. (2-44) (ASHRAE, 2005): 

( )

met

met

met

z
U z

z

 




   
    

  
 (2-44) 

where z is the vertical coordinate and δ and α are the gradient height (m) and power-law 

exponent characteristics of the wind speed profile, respectively, as measured at the 

meteorological station (δmet and αmet) and at the building position (δ and α).  
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 Heat balance equations for BES 2.2.2

A building’s energy performance is the result of the dynamic interaction between building 

structure, local weather, HVAC systems and internal loads (Clarke, 2001; Hensen & 

Lamberts, 2011). To estimate the energy performance of a building, the building is 

commonly divided into thermal zones with similar thermal characteristics served by the 

same system. Then, solutions of the zone heat balance and the system response are 

integrated for the whole building. The zone heat balance is assessed by ensuring the heat 

balance of the zone air, and the interior and exterior surfaces. Finally, the heat balance 

equations are combined with those for transient conduction of heat through the walls, 

and with weather condition data (Hensen & Lamberts, 2011). 

The zone air heat balance equation (Eq. 2-45) includes the contribution of (1) the 

energy stored in the air, (2) the convective heat transfer due to internal loads, e.g. people, 

or appliances, (3) the convective heat transfer from the zone surfaces, (4) the heat 

transfer due to inter-zone air mixing, (5) the heat transfer due to infiltration of outside 

air, and (6) the zone system output, as:  

1 1 1

(1) (2) (4)(3)

( ) ( )

NN Nsurfacessources zones
z

z i j j sj z k p zk z

i j k

dT
C Q h A T T m c T T

dt   

       

inf

(6)(5)

m ( )p z sysc T T Q    

(2-45) 

where Cz = ρaircPCT is the thermal capacitance of the zone air, ρair the zone air density 

(kg/m³), cp the zone air specific heat (J/(kgK)), CT a sensible heat capacity multiplier (-), 

Tz is the zone temperature (°C), Qi is the internal loads (W), hj is the internal convective 

heat transfer coefficient (W/(m²K)), Tsj is the temperature of the internal surface (°C), m

k is the inter-zonal mass flow rate (kg/s), Tzk is the temperature of the adjacent zone (°C), 

m inf is the mass flow rate for infiltration (kg/s), T∞ is the outdoor temperature (°C), and 

Qsys is the air system output (W). The inter-zonal mass flow rate (4) and the mass flow 

rate for infiltration (5) can be obtained from the AFN model and used in the zone air 

balance equation.  

The derivative term in Eq. (2-45) is solved using a finite difference approximation, such 

as 

( ) ( )i iT t t T tdT

dt t

  



 (2-46) 

where Ti is the air temperature (°C) at a given time step and Δt is the time step.  
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The outside surface heat balance equation (Eq. 2-47) includes the contribution of (Fig. 

2.1a) the direct and diffuse solar radiation absorbed by the surface (q”α,sol), the radiation 

exchange (q”LWR) between the surfaces, the sky and the ground, and the convective 

(q”conv) and conductive (q”ko) heat transfer, as: 

 
," " " " 0sol LWR conv koq q q q      (2-47) 

where q”αsol is the direct and diffuse solar (shortwave) radiation heat flux absorbed at the 

surface (W/m²), q”LWR is the net longwave (thermal) radiation flux exchange from the 

surroundings and the air (W/m²), q”conv is the outside air convective heat flux (W/m²), 

and q”ko is the conductive heat flux through the wall at the outside surface (W/m²). 

The inside surface heat balance equation (Eq. 2-48) includes the contribution of (Fig. 

2.1b) longwave radiation interchanges from low temperature sources, namely other zone 

surfaces (q”LWX) and internal equipment and people (q”LWS), shortwave radiation sources 

like internal lights (q”SW) or transmitted solar radiation (q” sol), convection from the air 

(q”conv) and conduction through the building elements (q”ki), as: 

 " " " " " " 0LWX SW LWS ki sol convq q q q q q       (2-48) 

where q”LWX is the net longwave radiation flux from other surfaces in the zone (W/m²), 

q”SW is the net shortwave radiation flux from lights (W/m²), q”LWS is the net longwave 

radiation flux from the zone equipment (W/m²), q”sol is the transmitted solar radiation 

flux absorbed by the surface (W/m²), q”conv is the zone air convective heat flux (W/m²), 

and q”ki is the conductive heat flux through the wall at the inside surface (W/m²). 

The transient heat conduction through the walls (q”ko in Eq. (2-47) and q”ki in Eq. 

(2-48)) can be solved using Z-transform methods (including response factors and 

conduction transfer functions), numerical methods, or lumped parameter methods 

(Hensen & Lamberts, 2011). Numerical methods are computationally demanding but can 

achieve a high level of accuracy and flexibility. Therefore, they are suitable to model e.g. 

advanced construction materials like phase change materials. For common applications 

analytical methods are more often used. In this thesis, the Conduction Transfer Function 

(CTF) method was adopted. The CTFs analytically describe the transient heat conduction 

 
 

Figure 2.1. Components of  the (a) outside and (b) inside surface heat balance calculations 

(source: DOE 2010). 
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through the wall using a series of temperature and flux history terms, as in Eq. (2-49) 

(inside heat flux) and Eq. (2-50) (outside heat flux).  

0 , , 0 , , ,

1 1 1

" ( ) "
nqnz nz

ki i t j i t j o t j o t j j ki t j

j j j

temperature terms fluxterms

q t Z T Z T Y T Y T q    

  

        

 

(2-49) 
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q t Y T Y T X T X T q    

  

        

 

(2-50) 

where Xj is the outside CTF coefficient (j=1,..,nz), Yj is the cross CTF coefficient 

(j=1,..,nz), Zj is the inside CTF coefficient (j=1,..,nz), Φj is the flux CTF coefficient 

(j=1,..,nq), Ti is the inside face temperature (°C), To is the outside face temperature (°C), 

q”ko is the conductive heat flux into wall at outside face (W/m2), and q”ki is the 

conductive heat flux out of wall at inside face (W/m²). In Eq. (2-49) and (2-50), j is the 

current time (s or h), δ is the length of the time step (s or h), and nz and nq indicate the 

number of heat and flux history terms, respectively.  

The CTF coefficients in Eq. (2-49) and (2-50) depend solely on the thermo-physical 

characteristics of the single homogeneous layers of the wall construction and can be 

determined for each construction type with several methods as listed in Spitler (1996) and 

Hensen and Lamberts (2011).   

 Coupling between AFN and BES tools 2.2.3

AFN models can be coupled with BES tools to integrate airflow and thermal flow 

analyses using four different approaches (Hensen, 1995, 2004). A sequential coupling is 

performed when running the thermal and airflow models in two separate programs. In 

this case, the results of the thermal analysis are used as input for the airflow analysis 

(Kendrick, 1993). A ‘ping-pong’ approach is achieved by running the thermal and the airflow 

models in sequence. At each time step, the output from the thermal model is passed to 

the airflow model, which in turn returns its output to the thermal model for the 

subsequent time step. An ‘onion’ approach is defined as an iterative calculation between the 

two models at every single time step until some criteria for convergence are satisfied. 

Finally, a full-integration with a single equation for both air and heat flow was proposed by 

Kendrick (1993).  

In this thesis, the BES tool EnergyPlus (DOE, 2010) is used with the embedded 

AFN model. In the case of EnergyPlus, the Air Heat Balance Manager is coupled to the 

AirflowNetwork module (Fig. 2.2) using a ‘ping-pong’ approach. At each time step, the 

Air Heat Balance Manager provides information about the zone temperatures, weather 

conditions and the schedule of the ventilation openings to the AFN model. The AFN 

model in turn estimates the airflow rates due to natural (multizone airflows) or 
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mechanical (air distribution system airflows). The same time step is used by the AFN 

model for natural and mechanical ventilation to allow for instance hybrid ventilation 

modeling (Gu, 2007; DOE, 2010). The multizone airflows are calculated by the AFN 

model within each time step using an iterative mass balance technique as introduced by 

Walton (1989). A system of non-linear equations is defined based on the correlations 

between airflow rates and node pressures as in Eq. (2-39). The unknown node pressures 

are iteratively corrected until the mass conservation at each node is achieved. At each 

node, the zone air temperature is assumed as the one calculated from the thermal model 

in the previous time step. Once the multizone airflows for infiltration between the 

outdoor and the zone and for mixing between two adjacent zones are calculated, the 

AFN model determines the zone sensible and latent loads due to natural ventilation and 

the results are integrated back into the zone air heat balance equation (terms (4) and (5) in 

Eq. 2-45) to update the zone air temperature and humidity ratio.  

 

Figure 2.2. Structure of  EnergyPlus and integration between the Air Heat Balance 
Manager and the Airflow Network model (source: DOE 2010). 
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Chapter 3 

CFD analysis of cross-ventilation: 

impact of computational parameters 

This chapter has been published as: 

R. Ramponi, B. Blocken (2012). CFD simulation of cross-ventilation for a generic 

isolated building: impact of computational parameters  

Building and Environment 53, 34-48 

2012 Best Paper Award from the Journal Building and Environment 

Accurate CFD simulation of coupled outdoor wind flow and indoor air flow is essential for the 

design and evaluation of natural cross-ventilation strategies for buildings. It is widely recognized that 

CFD simulations can be very sensitive to the large number of computational parameters that have to be 

set by the user. Therefore, detailed and generic sensitivity analyses of the impact of these parameters on the 

simulation results are important to provide guidance for the execution and evaluation of future CFD 

studies. A detailed review of the literature indicates that there is a lack of extensive generic sensitivity 

studies for CFD simulation of natural cross-ventilation. In order to provide such a study, this paper 

presents a series of coupled 3D steady RANS simulations for a generic isolated building. The CFD 

simulations are validated based on detailed wind tunnel experiments with Particle Image Velocimetry. 

The impact of a wide range of computational parameters is investigated, including the size of the 

computational domain, the resolution of the computational grid, the inlet turbulent kinetic energy profile of 

the atmospheric boundary layer, the turbulence model, the order of the discretization schemes and the 

iterative convergence criteria. Specific attention is given to the problem of oscillatory convergence that was 

observed during some of these coupled CFD simulations. Based on this analysis, the paper identifies the 

most important parameters. The intention is to contribute to improved accuracy, reliability and evaluation 

of coupled CFD simulations for cross-ventilation assessment. 
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3.1 Introduction 

Natural ventilation is an important factor in the development of sustainable and healthy 

indoor environments (e.g. Finnegan et al., 1984; Carrilho da Graça et al., 2002; Chang, 

2006; Chen et al., 2007; Chen, 2009; Tablada et al., 2009; Heiselberg & Perino, 2010; van 

Hooff & Blocken, 2010b). It is driven by wind or buoyancy, or – most often – a 

combination of both (e.g. Hunt & Linden, 1999; Linden, 1999; Li & Delsante, 2001; Tan 

& Glicksman, 2005; Larsen & Heiselberg, 2008; van Hooff & Blocken, 2010b). In the 

past decades, a lot of research efforts contributed to the evaluation of the natural 

ventilation performance of buildings. A comprehensive review on methods for 

ventilation performance prediction for buildings was provided by Chen (2009). Other 

reviews were provided by Reichrath and Davies (2002), Karava et al. (2004, 2006), 

Norton and Sun (2006) and Norton et al. (2007).  

Ventilation performance can be assessed by experiments (e.g. Etheridge & Nolan, 

1979; Murakami et al., 1991; Kato et al., 1992, 1997; Linden, 1999; Hunt & Linden, 1999; 

Jiang et al., 2003; Heiselberg et al., 2004; Karava et al., 2007, 2011; Larsen & Heiselberg, 

2008; Tablada et al., 2009; Bu et al., 2010; Heiselberg & Perino, 2010; Ji et al., 2011; 

Karava & Stathopoulos, 2011), analytical and/or semi-empirical formulae (e.g. Etheridge 

& Sandberg, 1984; Haghighat et al., 1991; Hunt & Linden, 1999; Linden, 1999; Li & 

Delsante, 2001; Karava et al., 2004; Larsen & Heiselberg, 2008; Costola et al., 2009, 

2010)), simulations with zonal and multizone network models (e.g. Li et al., 2000; 

Hensen, 2004; Hirano et al., 2006; Hensen & Lamberts, 2011) and Computational Fluid 

Dynamics (CFD) models (e.g. Kato et al., 1992, 1997; Etheridge & Sandberg, 1996; 

Awbi, 2003; Jiang et al., 2003; Heiselberg et al., 2004; Evola & Popov, 2006; van Hooff & 

Blocken, 2010b; Norton et al., 2010; van Hooff & Blocken, 2010a; Blocken et al., 2011a; 

van Hooff et al., 2011). CFD has a number of clear advantages compared with the other 

approaches (e.g. van Hooff & Blocken, 2010a; Blocken et al., 2011b): (1) as opposed to 

most experimental techniques including Particle Image Velocimetry (PIV) , CFD 

provides whole-flow field data, i.e. data on the relevant parameters in every point of the 

computational domain; (2) CFD avoids the sometimes incompatible similarity 

requirements in reduced-scale testing because simulations can be performed at full scale; 

and (3) CFD allows full control over the boundary conditions and easily and efficiently 

allows parametric studies to be performed. Chen (2009) additionally mentions that CFD 

models are currently most popular and particularly suited for studying indoor air quality 

and natural ventilation, as these are difficult to predict with other models. For these 

reasons, many studies on evaluating and optimizing the natural ventilation potential of 

buildings have employed CFD.  

In CFD simulations of cross-ventilation involving large openings, a major issue of 

concern is the accurate modeling of the interaction between the outdoor wind flow 

around the buildings and the indoor air flow inside the buildings, which interact with 

each other at the ventilation openings. A distinction can be made between a coupled and 
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a decoupled approach. In the coupled approach, there is a single computational geometry 

and computational domain, that includes both the outside and the inside environment of 

the building (Fig. 3.1a). In this approach, the ventilation openings are considered open, 

the outdoor wind flow and indoor air flow are solved within the same computational 

domain and the interaction (coupling) between the outdoor wind flow and indoor air 

flow is resolved in detail using the appropriate governing equations (e.g. Kato et al., 1992; 

Horan & Finn, 2008; van Hooff & Blocken, 2010a). Contrary to this, in the decoupled 

approach, there are two different computational geometries and two different 

computational domains: one for the outdoor environment and one for the indoor 

environment of the building (Fig. 3.1b). In this approach, the wind flow simulation is 

conducted for the building as a sealed body, i.e. the openings are “closed”. This 

simulation yields the pressure coefficients at the positions of the openings and these 

coefficients are subsequently used as boundary conditions for the CFD simulation of the 

indoor air flow (e.g. Jiang & Chen, 2002)). 

A detailed review of the literature by the present authors indicates that, by far, most 

CFD research on wind-induced cross-ventilation has applied the coupled approach. An 

extensive, but not necessarily exhaustive, overview of coupled outdoor-indoor CFD 

studies is given in Table 3.1. Table 3.1 also indicates the type of study (generic or 

applied), the type of building and surroundings (isolated, building group, urban), the 

turbulence modeling approach (RANS, LES, DES) and turbulence models used, whether 

validation was performed, and whether and for which parameters a sensitivity analysis 

was performed.  

The main reason for the extensive use of the coupled approach is the knowledge 

that, in case of large ventilation openings, the decoupled approach can introduce 

important errors. Indeed, the so-called sealed-body assumption in the decoupled 

approach implies that the pressure distribution on the building envelope is not affected 

 
Figure 3.1. (a) Coupled and (b) decoupled approach for analysis of  wind-induced cross-

ventilation of  buildings.  
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by the presence of the openings (Murakami et al., 1991; Kato et al., 1992; Karava et al., 

2007). It assumes that the turbulent kinetic energy is dissipated at the windward opening 

and that the effect of the dynamic pressure on the air flow passing through the opening is 

negligible (Murakami et al., 1991; Etheridge & Sandberg, 1996; Seifert et al., 2006; Karava 

et al., 2007, 2011; Kobayashi et al., 2010). However, Murakami et al. (1991), Kato et al. 

(Kato et al. 1992), Sandberg (2004), Karava et al. (2006, 2011), Kobayashi et al. (2009, 

2010) correctly pointed out that in case of wind flow through large ventilation openings, 

the turbulent kinetic energy is rather preserved and the sealed-body assumption is 

therefore no longer valid. A virtual stream-tube model was introduced to explain the 

direct connection between the inlet and outlet openings (Murakami et al., 1991; Kato et 

al., 1992; Sandberg, 2004; Kobayashi et al., 2009, 2010). 

The accuracy and reliability of CFD simulations are a main concern (Chen, 2009; 

Blocken et al., 2011a). They impose the need for (1) validation studies and (2) sensitivity 

studies including solution verification. Validation of coupled CFD simulations can be 

performed with high-quality wind tunnel experiments. The experimental equivalent of a 

coupled CFD simulation is a wind tunnel experiment of combined outdoor wind flow 

and indoor air flow. In this respect, Particle Image Velocimetry (PIV) is particularly 

suitable because it allows simultaneous measurement of the outdoor wind flow and the 

indoor air flow and it provides detailed spatial information of the velocity field in a plane 

of interest. The application of PIV to wind-induced natural ventilation is a quite recent 

development. Lee et al. (2005), Kobayashi et al. (2010), Karava et al. (2011) have 

provided extensive PIV measurement data for generic isolated building models.  

Accuracy and reliability also impose the need for detailed sensitivity studies. Indeed, 

CFD simulation results can be very sensitive to the large number of computational 

parameters that have to be set by the user. Therefore, detailed and generic sensitivity 

analyses are important to provide guidance for the execution and evaluation of future 

CFD studies. Strong support for CFD simulation of wind flow around buildings in 

general has been provided by the recent establishment of best practice guidelines, e.g. 

(Richards & Hoxey, 1993; Casey & Wintergerste, 2000; Blocken et al., 2007b; Franke et 

al., 2007; Tominaga et al., 2008). Similarly, best practice guidelines were developed for 

indoor air flow (Chen & Srebric, 2001). While these documents provide very valuable 

general information, they were not specifically focused on wind-induced cross-ventilation 

and therefore do not provide specific guidelines for this case. Establishing specific 

guidelines requires detailed and systematic sensitivity analyses for cross-ventilation. Table 

3.1 indicates that most previous CFD studies on coupled cross-ventilation did include 

some type of sensitivity analysis, but that this analysis most often focused on the 

influence of the grid resolution, the building geometry (including ventilation openings) 

and the turbulence model. The most extensive sensitivity study for cross-ventilation so 

far was provided by Meroney (2009). 
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Table 3.1. Overview of  wind-induced cross-ventilation studies based on coupled outdoor-
indoor CFD simulations 

 

Authors (year) Study Configuration 
Turbulence 
modeling 

Validation 
Sensitivity 
analysis 

Kato et al. (1992) Generic 3D / Isolated / SZ LES (SSmag.) Y (WT) Buildgeom 

Mistriotis et al. 
(1997) 

Applied 
Applied 

2D/ Isolated/ SZ 
3D/ Isolated/ SZ 

RANS 
(SKE,CK,RNG) 

RANS (CK) 

Y (WT) 
Y (FS) 

Turb. model 
Buildgeom 

Mistriotis et al. 
(1997) 

Applied  
Applied 

2D/ Isolated/ SZ 
2D/ Isolated/ SZ 

RANS (RNG) 
RANS (RNG) 

Y (WT) 
N 

Wsp Buildgeom 
(openings) 

Straw et al. (2000) Generic 3D/ Isolated/ SZ RANS (RNG) Y (FS) - 

Kurabuchi et al. 
(2000) 

Generic 3D/ Isolated/ SZ RANS (SKE, 
LK, MMK),  

LES (SSmag.) 

Y (WT) Turb. model 

Jiang & Chen (2002) Applied 3D/ Group/ MZ
a
 LES (SSmag.) Y (WT,FS) Dom.size, gridres, 

time step 

Bartzanas et al. 
(2002) 

Generic 3D/ Isolated/ SZ RANS (SKE) N Screens, wdir 

Mistriotis & 
Briassoulis (2002) 

Generic 2D/ Isolated/ SZ RANS (SKE) N Buildgeom 
(openings), gridres 

Carrilho da Graça et 
al. (2002) 

Applied 3D/ Isolated/ MZ RANS (SKE) N - 

Shklyar & Arbel 
(2004) 

Generic 3D/ Isolated/ SZ RANS (SKE) Y (FS) Wdir 

Bartzanas et al. 
(2004) 

Applied 3D/ Isolated/ SZ 
2D/ Isolated/ SZ 

RANS (SKE) 
RANS (SKE) 

Y (FS) Gridres 
Buildgeom 
(openings) 

Hu et al. (2005) Generic 3D/ Isolated/ SZ RANS 
(SKE,RNG, 
SKO,SST), 

LES(SSmag.) 

Y (WT) Turb. model 

Tan & Glicksman 
(2005) 

Applied 3D/ Isolated/ MZ RANS (RNG) N
b
 - 

Lee et al. (2005) Generic 3D/ Isolated/ SZ RANS 
(SKE,RNG, 
RLZ,RSM) 

Y (WT) Gridres 

Mochida et al. 
(2005,2006) 

Applied 3D/ Group & 
trees/ SZ 

RANS (DKE) Y (FS) Tree arrangement, 
buildgeom 
(openings)  

Evola & Popov 
(2006) 

Generic 3D/ Isolated/ SZ RANS 
(SKE,RNG) 

Y (WT) Gridres. 

Fatnassi et al. (2006) Applied 3D/ Group/ SZ
2
 RANS (SKE) Y (FS) Gridres, wsp, 

wdir, buildgeom 
(openings) 

Chang (2006) Generic 3D/ Hedge
c
/ SZ

d
 RANS (SKE)

e
 N

f
 Grid, hedge 

height, porosity 
and position  

Wright & Hargreaves 
(2006) 

Generic 30/ Isolated/ SZ DES   

Asfour & Gadi 
(2007) 

Generic 3D/ Isolated/ SZ RANS (SKE) N Cell type, 
buildgeom, wdir 

Bartzanas et al. 
(2007) 

Applied 3D/ Isolated/ SZ RANS 
(SKE,RNG,  
RLZ, RSM) 

Y (FS) Turb. model, 
dom.size, gridres 

Stravrakakis et al. 
(2008) 

Applied 3D/ Isolated/ SZ RANS 
(SKE,RNG, 

RLZ) 

Y (FS) Gridres, wdir 

Horan & Finn (2008) Applied 3D/ Isolated/ SZ RANS (SKE) Y (FS)
g
 Dom.size, 

buildgeom 
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(openings), 
gridres, wsp, wdir 

Teitel et al. (2008) Applied 3D/ Group/ SZ RANS (SKE) Y (WT,FS) Gridres, wdir 

Wang and Wong 
(2008) 

Generic 
Applied 

3D/ Isolated/ MZ 
3D/ Isolated/ MZ 

RANS (SKE) 
RANS 

(SKE,RKE) 

N 
Y (FS) 

Gridres 
Wdir 

Hu et al. (2008) Generic 3D / Isolated / SZ LES (SSmag.) Y (WT) Wdir 

Wang and Wong 
(2009) 

Generic 3D / Isolated / SZ RANS (RKE) N
h
 Gridres, wdir 

Norton et al. (2009) Applied 3D / Isolated / SZ RANS (SKE) Y (RS)
i
 Buildgeom 

(openings), 
gridres, wdir 

Kobayashi et al. 
(2009) 

Generic 3D / Isolated / SZ RANS (RSM) Y (WT) Buildgeom 
(openings), gridres 

Meroney (2009) Generic 3D / Isolated / SZ RANS (SKE, 
RNG, RLZ, 

SKO,RSM),DES
, LES (SSmag.) 

Y (WT) Buildgeom 
(openings), 

gridres,  
turb. model 

Kobayashi et al. 
(2010) 

Generic 3D / Isolated / SZ RANS (RSM) Y (WT) Buildgeom 
(openings) 

van Hooff & Blocken 
(2010) 

Applied 3D/ Urban/ SZ RANS (RKE) Y (FS) Buildgeom 
(openings) 

van Hooff & Blocken 
(2010) 

Applied 3D/ Urban/ SZ RANS (RKE) Y (FS) Surroundings,  
wdir 

Norton et al. (2010) Generic 
Applied 

3D / Isolated / SZ 
3D / Isolated / SZ 

RANS (SKE) 
RANS (SKE) 

Y (FS) 
N

j
 

Gridres 
Buildgeom 
(openings) 

Norton et al. (2010) Applied 3D / Isolated / SZ RANS (SKE) Y
k
 Meteorological 

conditions 

Nikas et al. (2010) Generic 3D / Isolated / SZ RANS (SKO) Y (FS,WT) Gridres, wsp, wdir 

Wu et al. (2011) Applied 3D / Group / SZ RANS (SKE) N Gridres, wdir 

Larsen et al. (2011) Generic 3D / Isolated / SZ RANS (SKO) Y (FS,WT) Gridres, wsp, wdir 

Cheung & Liu (2011) Generic 3D/ Isolated/ SZ 
3D/ Group/ SZ 

RANS (SKE) 
RANS (SKE) 

Y (WT) 
N 

Building position, 
wdir 

 

Table legend: SZ = Single zone, MZ = Multi-zone (refers to interconnected zones). Note: 
MZ refers to interconnected zones. For multiple single zones, label SZ is used. RANS = 

Reynolds-averaged Navier-Stokes, SKE = Standard k- model, RNG = Renormalization 

Group k- model, RLZ = Realizable k- model,CK = Chen-Kim k- model, LK = 

Launder-Kato k- model, MMK = Murkami-Mochida-Kondo k- model, DKE = Durbin 

k- model, SKO = standard k- model, SST = shear-stress transport k- model, RSM = 
Reynolds stress model, LES = Large Eddy Simulation, SSmag. = standard Smagorinsky 
subgrid-scale model, DES = Detached Eddy Simulation. Y = yes, N = no, FS = full scale, 
RS = reduced scale, WT = wind tunnel. Buildgeom = building geometry, dom.size = 
domain size, gridres = grid resolution, wsp = wind speed, wdir = wind direction. 

(a) 2 zones in this study; (b) Intention of  study is comparison with multi-zone network 
model program; (c) Porous hedge upstream of  building; (d) Building with two single (not 
interconnected) zones; (e) No atmospheric boundary layer approach flow, but uniform 
velocity and low (0.5%) turbulence intensity, therefore not comparable to other studies; (f) 
No extensive validation, brief  comparison with previous work; (g) Validation study not 
reported in this paper; (h) Intention of  study is validation of  integrated CFD-multi-zone 
network model; (i) Reduced-scale (1/2) outdoor testing; (j) Based on validation for generic 
study; (k) Validation for sub-configurations, but not for coupled CFD cross-ventilation 
study. 
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In this paper, we provide a detailed and extensive sensitivity analysis for coupled 

CFD simulations of wind-induced cross-ventilation. The paper presents a series of 3D 

CFD steady RANS simulations for a generic isolated building. The simulations are 

validated based on detailed wind tunnel experiments with PIV by Karava et al. (2011). 

The impact of a wide range of computational parameters is investigated, including the 

size of the computational domain, the resolution of the computational grid, the inlet 

turbulent kinetic energy profile of the atmospheric boundary layer, the turbulence model, 

the order of the discretization schemes and the iterative convergence criteria.  

Section 3.2 briefly outlines the PIV measurements by Karava et al. (2011). Section 

3.3 presents the computational settings and parameters and the results for the reference 

case. Section 3.4 contains the sensitivity analysis. Finally, the results are discussed in 

Section 3.5 and the main conclusions are presented in Section 3.6.  

3.2 Description of the experiments 

Detailed PIV measurements of wind-induced cross-ventilation for generic isolated 

building models were conducted by Karava et al. (2011) in the Concordia University 

Boundary Layer Wind Tunnel (Stathopoulos, 1984). This open-circuit wind tunnel is 12 

m long and has a test section of 1.8 x 1.8 m². A small extension with glass window was 

constructed for accommodating the PIV measurements downstream the turntable near 

the wind tunnel outlet. Building models with flat roof and with different openings (area 

and position) were built from 2 mm cast transparent polymethylmethacrylate (PMMA) 

sheet at a scale of 1:200. The buildings had dimensions W x D x H = 100 x 100 x 80 

mm³ (reduced scale) corresponding to full-scale dimensions W x D x H = 20 x 20 x 16 

m³. Different positions and sizes of ventilation openings were evaluated. The size of the 

openings was expressed as wall porosity, defined as the ratio between the opening area 

and the area of the wall. The openings had a fixed height of 18 mm (3.6 m full scale) and 

a variable width, providing a wall porosity of 5, 10 and 20%. Three opening positions 

were considered: bottom, center and top, with the center of the opening at h = 20 mm, 

40 mm and 57 mm, respectively. In this paper, we focus on the model with both 

openings at the center of the two opposite walls and with a wall porosity of 10% (Fig. 

3.2). 

The model was placed in the extension of the wind tunnel with the openings 

perpendicular to the approaching flow. An open-terrain roughness profile was 

reproduced by covering the floor with extruded polystyrene (XPS) cubes upstream and a 

carpet along the rest of the wind tunnel. The resulting reduced-scale aerodynamic 

roughness length was z0 = 0.025 mm corresponding to 0.005 m in full scale (Karava, 

2008). The mean velocity and turbulence intensity profiles were measured in the test 

section, i.e. at the building position but without the building present, using a hot-film 

probe. Measuring at the turntable position yields the incident profiles for CFD 
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simulation, which is very important for a reliable validation study (Blocken et al., 2007a, 

2008b). A reference mean wind speed Uref = 6.97 m/s and a reference turbulence 

intensity of 10% were measured at building height. The turbulence intensity was about 

17% near ground level (12 mm) and 5% at gradient height (738 mm). The PIV 

measurements were conducted in a horizontal plane at mid-height through the openings 

(h = 0.04 m) and in the vertical plane of symmetry. For more information, the reader is 

referred to Karava et al. (2011). The results will be shown together with the CFD 

simulation results in the next sections. 

3.3 CFD simulations: reference case 

In this section, computational settings and parameters for the reference case are outlined, 

and the results for this case are presented. Later, these settings and parameters will be 

systematically modified for the sensitivity study.  

 Computational domain and grid  3.3.1

The dimensions of the computational domain were chosen based on the best practice 

guidelines by Franke et al. (2007) and Tominaga et al. (2008), apart from the upstream 

length, which was reduced to 3 times the height of the building to limit the development 

of unintended streamwise gradients (Blocken et al., 2007a; b). The resulting dimensions 

of the domain were W x D x H = 0.9 x 1.54 x 0.48 m³ (reduced scale), which 

corresponds to 180 x 308 x 96 m³ in full scale. The computational grid was fully 

structured and was created using the surface-grid extrusion technique by van Hooff and 

Blocken (2010a). The grid is shown in Figure 3.3. A maximum stretching ratio of 1.2 

controls the cells located in the immediate surroundings of the building model, where the 

transition from the small thickness of the walls (2 mm) to the larger scales in the domain 

 
Figure 3.2. (a) Front view of  scaled model with opening size and dimensions; (b) 

Measurement plane for this configuration. 
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occurs. The grid has 575,247 hexahedral cells. The grid resolution resulted from a grid-

sensitivity analysis that will be outlined in section 3.4.2.  

 Boundary conditions  3.3.2

The inlet boundary conditions used in the simulations were based on the measured 

incident vertical profiles of mean wind speed and turbulence intensity. The inlet wind 

velocity profile was defined according to the logarithmic law with z0 = 0.025 mm (Eq. 

3-1), where u*ABL is the ABL friction velocity,  the von Karman constant (0.42) and z 

the height coordinate. The turbulent kinetic energy k was calculated from the mean wind 

speed and the measured turbulence intensity using Eq. (3-2), where Iu is the streamwise 

turbulence intensity and a is a parameter in the range between 0.5 and 1.5, as will be 

explained later, in section 3.4.3. Different studies have used different values for this 

parameter. Note that Tominaga et al. (2008) recommend a = 1, which is also the value we 

chose for the reference case. The turbulence dissipation rate ε was given by Eq. (3-3) and 

the specific dissipation rate ω by Eq. (3-4), where Cμ is an empirical constant taken equal 

to 0.09. 

*
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U z
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For the ground surface, the standard wall functions by Launder and Spalding (1974) 

with roughness modification by Cebeci and Bradshaw (1977) are used. The values of the 

roughness parameters, i.e. the sand-grain roughness height kS (m) and the roughness 

 
Figure 3.3. Computational grid (575,247 cells): (a) Perspective view of  grid at bottom, side 

and back face of  the computational domain; (b) Perspective view of  grid at building 
surfaces and ground surface. 
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constant CS, were determined using their consistency relationship with the aerodynamic 

roughness length z0 derived by Blocken et al. (2007b) (Eq. 3-5). The selected values are kS 

= 0.28 mm and CS = 0.874. Standard wall functions are also used at the building surfaces, 

but with zero roughness height (kS = 0).  

09.793
S

S

z
k

C


 
(3-5) 

Zero static pressure is applied at the outlet plane and symmetry conditions, i.e. zero 

normal velocity and zero normal gradients of all variables, at the top and lateral sides of 

the domain (Fluent Inc., 2006). As recommended by Blocken et al. (2007a; b, 2008a) a 

simulation was made in an empty computational domain to assess the extent of 

unintended streamwise gradients (i.e. horizontal inhomogeneity) in the vertical profiles of 

mean wind speed and the turbulence parameters. Figure 3.4 illustrates the inlet and the 

incident profiles, indicating only minor streamwise gradients, which is an important 

quality criterion for the simulations.  

 Solver settings  3.3.3

The simulations were performed with the commercial CFD code Fluent 6.3.26 (2006). 

The 3D steady RANS equations were solved in combination with the shear-stress 

transport (SST) k-ω model (Menter, 1994). The SIMPLE algorithm was used for 

pressure-velocity coupling, pressure interpolation was second order and second-order 

discretization schemes were used for both the convection terms and the viscous terms of 

the governing equations. Convergence was assumed to be obtained when all the scaled 

 
Figure 3.4. Profiles of  the mean wind speed (U), the turbulent kinetic energy (k) and the 

turbulent dissipation rate (ε) at the inlet (continuous line) and at the building position 
(dashed line) in the empty domain. The subscripts “IN” and “BP” refer to “inlet” and 

“building position”, respectively. The height of  the model (H) is 0.08 m (SST k- model, 
575,247 cells). 
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residuals (Fluent Inc., 2006) leveled off and reached a minimum of 10-6 for x, y and z 

momentum, 10-5 for k and 10-4 for ω and continuity. Fig. 3.5a shows the scaled residuals 

as a function of the number of iterations. The simulations showed oscillatory 

convergence. Note however that this apparently minor oscillatory convergence can 

actually be the result of very strong local oscillatory behavior in the flow field, because 

the scaled residuals provide an overall value averaged over all cells in the computational 

domain. Fig. 3.5b shows the local ratio of streamwise wind speed U to reference wind 

speed Uref in three points along the centerline connecting the mid-points of the two 

openings. It indicates that the wind speed is relatively constant in point 1, that it shows 

some fluctuations in point 2, and that it shows very large fluctuations in point 3. 

Therefore, in this paper, the oscillatory behavior of the results was monitored over 10000 

iterations and the calculated variables were averaged when necessary.  

 Results and comparison with PIV experiments 3.3.4

The results for the reference case were compared with the PIV measurements by Karava 

et al. (2011). Figs. 3.6a-b show the velocity vector field in the vertical centerplane 

obtained with the PIV measurements and the CFD simulations. The simulations 

reproduce the main features of the flow, such as the standing vortex upstream of the 

building, which will be shown later to be very important, the contraction and expansion 

of the indoor flow and the separation zone on the roof. Figs. 3.6c-d show the PIV and 

CFD velocity vector field in the horizontal plane at h = 0.04 m (note: only half is shown 

due to symmetry). The figures show a close qualitative agreement between the PIV 

measurements and the CFD simulation, both in the outdoor wind flow and indoor air 

flow.  

 
Figure 3.5. Convergence for the reference case: (a) Scaled residuals monitored over the first 

10000 iterations; (b) Streamwise wind speed ratio monitored over 900 iterations in three 
selected points along the centerline: upstream (x/D = -0.25) of  the inlet opening (Pt.1); in 
the center (Pt. 2) and downstream (x/D = 1.25) of  the outlet opening (Pt. 3).  

 



  Chapter 3 

 

58 

In Fig. 3.7, the comparison of the streamwise wind speed ratio U/Uref along the 

centerline confirms the good match between numerical and experimental results. The 

numerical model tends to overestimate the mean velocity around the opening, where the 

PIV measurements cannot provide accurate predictions due to reflections and shading 

effects (Karava et al., 2011). Nevertheless, both the approaching wind flow and the 

indoor air flow are described very accurately by the model as well as the flow downstream 

the outlet opening.  

 
Figure 3.6. Comparison of  the velocity vector fields obtained with the PIV measurements 

and the CFD simulations (reference case, SST k- model, 575,247 cells) in (a,b) the 
vertical centerplane and (c,d) the horizontal plane at mid-height through the openings. 
Figs. (a) and (c) are PIV data, (b) and (d) are CFD data.  

 
Figure 3.7. Comparison of  experimental (PIV) and numerical results (reference case, SST k-

 model, 575,247 cells) for the streamwise wind speed ratio U/Uref along the centerline.
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3.4 CFD simulations: sensitivity analysis 

A systematic and detailed sensitivity analysis was conducted based on the reference case, 

by systematically varying a single parameter compared to the reference case and 

evaluating the impact of this change on the simulation results. The parameters tested are 

the size of the computational domain (Section 3.4.1), the resolution of the computational 

grid (Section 3.4.2), the inlet turbulent kinetic energy of the atmospheric boundary layer 

(Section 3.4.3), the turbulence model (Section 3.4.4), the discretization schemes (Section 

3.4.5) and the convergence criteria (Section 3.4.5). Table 3.2 provides an overview of the 

computational parameters for the sensitivity analysis, with indication of the reference 

case. 

 Impact of size of computational domain  3.4.1

Only the cross-section (width and height) of the computational domain was varied. The 

upstream and downstream length of the domain remained fixed at 3H and 15H, 

respectively, with H the building height. The parameter that was varied is the distance d 

(see Fig. 3.8). The height HD of the domain is HD = H + d, while the width WD of the 

domain is WD = W + 2d, with W the width of the building. Note that an often used 

parameter to indicate the size of the computational domain is the blockage ratio (B.R.), 

i.e. the ratio between the frontal area of the model facade and the cross-section of the 

computational domain. Guidelines by Franke et al. (2007) and Tominaga et al. (2008) 

suggest a minimum distance (d) equal to 5 times the height (H) to avoid the interference 

Table 3.2. Overview of  computational parameters for sensitivity analysis with indication of  the 
reference case.  
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of the domain size on the numerical simulation results. Thus, a distance d = 5H (B.R. = 

2%) was applied in the reference case and then reduced to 4H (B.R. = 3%), 3H (B.R. = 

4%), 2H (B.R. = 8%) and H (B.R. = 19%). Fig. 3.8 shows that the reduction of the cross-

section of the computational domain influences the indoor air speed, causing a maximum 

local increase of 26% (x/D=0.5) for d=4H, of 50% (x/D=0.5) for d=3H and of 134% 

(x/D=0.5) for d=2H. A considerable increase in indoor air speed, locally of up to 500% 

(x/D=0.5), is shown when the cross-section is strongly reduced (d=H). A comparison of 

the ventilation flow rates reveals a similar trend: the flow rate increases by 1.2%, 2.2%, 

5.1% and 21.1% when the distance d is reduced to 4H, 3H, 2H and H respectively.  

 Impact of computational grid resolution 3.4.2

In addition to the reference grid (grid C) with 575,247 cells, two coarser grids were 

constructed, consisting of 314,080 (grid B) and 144,696 cells (grid A). The grids were 

obtained by coarsening the reference (fine) grid with twice about a factor 2. The three 

grids are illustrated in Fig. 3.9, and the results on the three grids are shown in Fig. 3.10a. 

For uniform reporting of the grid-convergence study, we adopted the concept of the 

grid-convergence index (GCI) by Roache (1994, 1997). The results show that grid 

sensitivity is most pronounced for the indoor area behind the inlet (x/D = 0 – 0.6) and 

behind the outlet (x/D = 1 - 1.25). The analysis also shows that the reference (fine) grid 

that was used for the reference case is a suitable grid. The difference in the ventilation 

flow rates through the inlet openings is about 1.0% between the reference (fine) grid and 

grid B, while it is 7.5% between the reference (fine) grid and grid A.  

 
Figure 3.8. CFD simulation results for sensitivity analysis: impact of  the size (cross-section) of  

the computational domain on the streamwise wind speed ratio along the centerline (SST k- 
model, 575,247 cells).  
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 Impact of inlet turbulent kinetic energy  3.4.3

According to literature, the turbulent kinetic energy profile at the inlet can be estimated 

from the measured wind velocity and turbulence intensity profiles following Eq. (3-2). In 

fact, to determine the turbulent kinetic energy, the standard deviations of the turbulent 

fluctuations in the three directions should be known (Eq. 3-6): 

 1 ² ² ²

2
u v wk     

 
(3-6) 

Often however, only u
2 is measured, which is related to the longitudinal turbulence 

intensity: Iu = u/U. For the other two components, different assumptions can be made, 

which yield different values of the turbulent kinetic energy: 

Assumption 1: u
2 >> v

2  w
2, which yields: 

 
Figure 3.9. Perspective view of  grids for grid-sensitivity analysis: (a) Coarse grid A with 

144,696 cells; (b) Middle grid B with 314,080 cells; (c) Fine grid C with 575,247 cells 
(reference case). 

 

 
Figure 3.10. CFD simulation results for sensitivity analysis: impact of  the grid resolution on 

the streamwise wind speed ratio along the centerline: (a) Comparison of  results from the 
three grids; (b) Results on fine grid with indication of  band of  1.25 x grid-convergence 
index by Roache (1994, 1997). 
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Assumption 21: u
2  v

2 + w
2, which yields: 

( )²uk I U
 

(3-8) 

Assumption 3: u
2  v

2  w
2, which yields: 

3
(

2
)²uk I U

 
(3-9) 

In summary, the relationship between the turbulent kinetic energy k, the longitudinal 

turbulence intensity Iu and the wind speed U is given by: 

( )²uk a I U
 

(3-10) 

with a equal to 0.5, 1 or 1.5. These different values for a have been used in CFD studies 

in the past. Note however that the best practice guidelines by Tominaga et al. (2008) 

suggest using a = 1.  

In this sensitivity study, we have used these three values for a. Note that Eq. (3-4) 

shows that the value of k also affects the specific dissipation rate ω used by the k-ω 

models. Different profiles of k and ω were defined by varying the parameter a. Results 

were compared with the reference case (a = 1) both in terms of inlet and incident profiles 

in the empty domain (Fig. 3.11) and of streamwise wind speed ratio along the centerline 

of the openings (Fig. 3.12). As displayed in Figure 3.11, the increased turbulent kinetic 

energy profiles at the inlet are not significantly affecting the horizontal homogeneity of 

the approaching flow. Only some small streamwise changes are noted for the turbulent 

kinetic energy profiles themselves. However, Fig. 3.12 shows that varying the inlet 

turbulent kinetic energy with the parameter a has a very large impact on the wind speed 

ratio along the centerline. To the best of our knowledge, this large impact has not been 

demonstrated before. Three different zones can be distinguished. In the approach flow, 

upstream of the inlet opening, the impact is limited. U/Uref decreases by 7% when a is 

increased from 1 to 1.5, and U/Uref increases by 12% when a is decreased from 1 to 0.5. 

Similarly small changes are observed downstream of the outlet opening. Higher 

deviations however are found indoor. In the center of the room (x/D = 0.5), U/Uref 

increases by up to a factor 4 when a is increased from 1 to 1.5, and decreases by down to 

a factor 1.5 when a is decreased from 1 to 0.5. Clearly, for this experiment, a = 1 closely 

represents the actual approach-flow conditions, and a = 0.5 and a = 1.5 lead to large 

deviations from the measured mean velocity. The ventilation flow rate shows a 

                                              
1 This assumption is supported by the fact that in the lowest level of the atmosphere, the surface layer, the 

standard deviations of the turbulent fluctuations are approximately constant in the case of strong winds. 

Typical values of σu, σv, and σw were obtained from observations at various locations with uniform terrain. 

Those values, as reported by Panofsky and Dutton (1984), are σu = 2.4 u*, σv = 1.9 u*, and σw = 1.25 u*. 

Therefore, for this case it can be noticed that u
2  v

2 + w
2. 
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corresponding decrease of 2.4% when a is decreased from 1 to 0.5, and an increase of 

4.5% when a is increased from 1 to 1.5. 

It is interesting to investigate the effect of inlet turbulent kinetic energy on the 

oscillatory convergence behavior that was observed earlier. This effect is shown in Figure 

3.13, for three selected points along the centerline. The wind speed ratio upstream of the 

inlet opening (Point 1 in Fig. 3.13) remains constant throughout iterations 9000 to 9900. 

The wind speed ratio in point 2 however shows significant oscillations which however 

decrease with increasing inlet turbulent kinetic energy. Finally, also the fluctuations in 

point 3 are damped when turbulent kinetic energy increase. This behavior is attributed to 

the fact that the flow is intrinsically unsteady, but is forced into a steady solution by the 

 
Figure 3.11. CFD simulation results for sensitivity analysis: influence of  parameter a on 

horizontal homogeneity. The figures show the profiles of  the mean wind speed (U), the 
turbulent kinetic energy (k) and the turbulent dissipation rate (ε) at the inlet (continuous 
line) and at the building position (dashed line) in the empty domain. The subscripts “IN” 
and “BP” refer to “inlet” and “building position”, respectively. The height of  the model 

(H) is 0.08 m (SST k- model, 575,247 cells). 
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application of the steady RANS approach. The effect of turbulent kinetic energy is 

increased mixing of momentum, which also smoothens out the instabilities. This is clearly 

observed in Fig. 3.13. This means that special care should be applied when extracting 

results from steady RANS results of intrinsically unsteady flow phenomena. In the 

present study, we performed averaging over a large number of iterations to obtain a 

reliable steady value of the solution variables.  

 Impact of turbulence model 3.4.4

3D steady RANS simulations are made with different turbulence models:  

 standard k-ε model (Sk-) (Jones & Launder, 1972); 

 realizable k-ε model (Rk-) (Shih et al., 1995); 

 Renormalization Group k-ε model (RNG k-) (Yakhot et al., 1992; 

Choudhury, 1993); 

 standard k-ω model (Sk-) (Wilcox, 1998); 

 shear-stress transport k-ω model (SST k-) (Menter, 1994);  

 Reynolds Stress Model (RSM)(Launder et al., 1975).  

The effects of the turbulence models on the indoor air flow are illustrated in terms 

of streamwise wind speed ratio along the centerline of the openings (Fig. 3.14), contours 

of streamwise wind speed in the vertical centerplane (Fig. 3.15) and the velocity vector 

field in the vertical centerplane (Fig. 3.16). The impact of the turbulence models on the 

ventilation flow rates was also computed. Fig. 3.14, which also shows the comparison 

with the PIV measurements, indicates that the SST k- model (Ref. case) is clearly 

 
Figure 3.12. CFD simulation results for sensitivity analysis: impact of  approach-flow 

turbulent kinetic energy profile parameter a on the streamwise wind speed ratio along the 
centerline (a = 1 for the reference case). 
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superior, followed by the RNG k- model, which also provides a fairly good 

 
 
Figure 3.13. CFD simulation results for sensitivity analysis: impact of  inlet turbulent 

kinetic energy profile parameter a on the convergence behavior of  the solution. (a,c,e) 
Scaled residuals monitored over the first 10000 iterations; (b,d,f) Streamwise wind speed 
ratio monitored over 900 iterations in three selected points along the centerline: 
upstream (x/D = -0.25) of  the inlet opening (Pt. 1), in the center of  the model (Pt. 2) 
and downstream (x/D = 1.25) of  the outlet opening (Pt. 3). 
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performance. The discrepancies by the other models are very large. In fact, Fig. 3.14a 

shows that the indoor streamwise wind speed obtained with the other k- models is up to 

6 times higher (at x/D = 0.75) than the one obtained using the SST k-ω model (Ref. 

case). A similar pattern can be observed in Fig. 3.14b, which shows that the RSM and the 

standard k-ω models tend to overpredict the experimental values by up to 9 times (x/D = 

0.6). Note that in several previous studies, authors pointed out the superior performance 

of the RNG k-ε model for indoor air flow modeling, especially compared to the standard 

k-ε model (Mistriotis et al., 1997; Evola & Popov, 2006; Bartzanas et al., 2007; Kobayashi 

et al., 2009). This is to a large degree confirmed by our study. However, in our study, the 

SST k- model even outperforms the RNG k-ε model. Fig. 3.15 more clearly shows the 

differences in results obtained with different turbulence models. It indicates that the main 

discrepancies are related to the direction of the jet entering the building model. Fig. 3.16 

shows that the jet direction is closely related to the reproduction of the standing vortex 

upstream of the building model. This vortex is most accurately reproduced by the SST k-

 model (see also Fig. 3.6a-b), somewhat less accurately by the RNG k- model, and 

poorly by the other models. This is directly in line with the disagreement with the PIV 

measurements in Fig. 3.14. The strong relation of the indoor air flow with the 

reproduction of the standing vortex upstream the building is confirmed by the variation 

of the ventilation flow rates. Small deviations are observed in the flow rates obtained 

using the RNG k-ε (3.5%), the Sk-ω (5.2%) and the Sk-ε (5.7%) turbulence models when 

compared to the SST k-ω model. However, these deviations increase by 15.2% and 

16.0% for the Rk-ε and the RSM model, respectively. 

  

 
Figure 3.14. CFD simulation results for sensitivity analysis: impact of  turbulence models on 

the streamwise wind speed ratio along the centerline. Comparison between the reference 
case (SST k-ω model) and (a) the k-ε models and (b) the RSM and standard k-ω model. 
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Figure 3.15. CFD simulation results for sensitivity analysis: impact of  turbulence models on 

the wind speed ratio contours in the vertical centerplane. The SST k-ω model is the 
reference case in this study.  
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Figure 3.16. CFD simulation results for sensitivity analysis: impact of  turbulence models on 

the relative velocity vector field in the vertical centerplane. The SST k-ω model is the 
reference case in this study.  
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 Impact of order of discretization scheme 3.4.5

While CFD best practice guidelines consistently stress the importance of at least 

discretization schemes of second-order accuracy (Freitas, 1993; Franke et al., 2007; 

Tominaga et al., 2008), still many studies in building engineering are performed with first-

order schemes. Indeed, first-order schemes provide the sometimes necessary numerical 

diffusion to achieve convergence with unstructured computational grids that include 

tetrahedral and/or pyramid cells, rather than hexahedral and prismatic cells (van Hooff & 

Blocken, 2010a). However, the numerical diffusion by first-order schemes also decreases 

flow gradients, as shown in Fig. 3.17, which indeed shows that for this situation accurate 

results cannot be obtained with first-order discretization schemes. The comparison 

between the ventilation flow rates indicates an increase of 10.1% when the first-order 

scheme is used. 

 Impact of level of iterative convergence 3.4.6

There is no clear consensus in literature about the level of iterative convergence, apart 

from the statement that convergence of critical variables should be monitored and 

confirmed. Care should be taken to avoid convergence criteria that are too lenient. Fluent 

6.3 for example has the default setting of scaled residuals for convergence at 10-3, 

although the Fluent code manual indeed correctly warns that tighter criteria might be 

needed (Fluent Inc., 2006). Fig. 3.18 confirms that this is the case, and that further 

iterations, beyond the 10-3 threshold, are needed to achieve a converged solution that 

shows a good agreement with the experimental data. The difference in the ventilation 

 
Figure 3.17. CFD simulation results for sensitivity analysis: impact of  discretization scheme 

on the streamwise wind speed ratio along the centerline. For the reference case, a second-
order discretization scheme is used for the both the convection terms and the viscous terms 
of  the governing equations. 
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flow rates is small: an increase of 1.5% for convergence at 10-3 and a reduction of 1.1% 

for convergence at 10-4.  

3.5 Discussion  

This paper has provided a detailed and systematic analysis of the impact of several 

computational parameters on the numerical simulation results of wind-induced cross-

ventilation of a generic isolated building. While this study has provided several new 

insights, it is also important to mention the limitations of this study:  

 The study was only performed for a single isolated and simplified building 

geometry and did not investigate the influence of building geometry and 

position and size of the ventilation openings1. 

 The study was only performed for a given aerodynamic roughness length 

and for the corresponding incident atmospheric boundary layer profiles of 

mean wind speed, turbulent kinetic energy and turbulence dissipation rate. 

 The study was only performed for wind direction perpendicular to the 

windward facade. 

                                              
1 Furthermore, the study only addressed a single zone building geometry without internal partitions or 

slabs, so the influence of internal flow resistances is not taken into account in the analysis.  

 

 
Figure 3.18. CFD simulation results for sensitivity analysis: impact of  iterative convergence 

limit on the streamwise wind speed ratio along the centerline. The convergence for the 
reference case is assumed when all the scaled residuals leveled off  and reached a 
minimum of  10-6 for x, y and z momentum, 10-5 for k and 10-4 for ω and continuity (Fig. 
3.4a). 
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 The study only focused on the mean air speed as the parameter of primary 

importance. It did not evaluate outdoor and indoor turbulence intensities and 

turbulence diffusivities, which are particularly important in dispersion of indoor 

contaminants.  

 Concerning the size of the computational domain, only the cross-section (width and 

height) was varied, while the upstream and downstream length remained fixed at 3H 

and 15H respectively, with H the building height.  

In spite of these shortcomings, the present study has provided new and valuable 

insights. It has indicated the important influence of the turbulence model, the order of 

the discretization schemes, the convergence criteria and especially of the incident 

turbulent kinetic energy profiles on the simulation results. In particular, to the best of our 

knowledge, the important influence of the turbulent kinetic energy profile has not been 

reported in previous studies. A related issue is the impact of the upstream length of the 

computational domain on the simulation results, i.e. the distance between the inlet plane 

and the windward facade of the building. As mentioned in section 3.3.1, we limited this 

distance to 3H to limit the development of unintended streamwise gradients and the 

related artificial reduction in the approach-flow turbulent kinetic energy, also called 

horizontal inhomogeneity (Blocken et al., 2007a; b). Although Fig. 3.4 showed that this 

reduction was indeed limited in the present study, it is important to document the 

potential changes and their impact on the simulation results. 

As a result, future work should focus on:  

 Exploring the impact of building geometry, position and size of the 

ventilation openings and the impact of surrounding buildings on the 

simulation results. 

 Exploring the influence of different upstream roughness and approach-flow 

profiles1.  

 Exploring the influence of different wind directions (or building 

orientations). 

 Exploring not only the impact of computational parameters on the mean air 

speed but also on the outdoor and indoor turbulence intensities and 

turbulent diffusivities on the spreading of indoor contaminants. 

 Exploring the impact of upstream distance and the related unintended 

streamwise gradients in the approach-flow profiles.  

                                              
1 It can be noted that a very high air speed (up to 3 m/s) was found inside the building. This is because 

the wind tunnel measurements used for validation were performed at high wind speed to ensure the 

Reynolds number independence of the flow. Validation with field measurements could be done to test 

more realistic wind conditions. However, the boundary conditions for real case studies are difficult to 

measure and could cause some uncertainties in the results. 



  Chapter 3 

 

72 

A remarkable feature in the comparison between CFD and PIV results is the 

differences between both sets of results in the immediate vicinity of the ventilation 

openings. The sensitivity study with CFD shows that this is the region where the CFD 

results are the least sensitive to the choice of the computational parameters1. On the 

other hand, this is also the region where the differences with the PIV results are the 

largest. The most likely explanation for this, given the good agreement between CFD and 

PIV results at the other positions of the flow field, is the same as mentioned by Karava et 

al. (2011): inaccuracies in the PIV measurements due to reflections and shading effects. 

Note that inaccuracies in these regions can indeed spread out spatially to some extent due 

to the interpolation process applied to the PIV results.  

3.6 Summary and conclusions 

Accurate CFD simulations of coupled outdoor wind flow and indoor air flow are 

essential for the design and evaluation of natural cross-ventilation strategies for buildings. 

It is widely recognized that CFD simulations can be very sensitive to the large number of 

computational parameters that have to be set by the user. Therefore, detailed and generic 

sensitivity analyses of the impact of these parameters on the simulation results are 

important to provide guidance for the execution and evaluation of future CFD studies2. 

A detailed review of the literature indicates that there is a lack of extensive generic 

sensitivity studies for CFD simulation of natural cross-ventilation. In order to provide 

such a study, this paper has presented a series of coupled 3D steady RANS simulations 

for a generic isolated building. The CFD simulations are validated based on detailed wind 

tunnel experiments with Particle Image Velocimetry (PIV). The impact of a wide range of 

computational parameters is investigated, including the size of the computational domain, 

the resolution of the computational grid, the inlet turbulent kinetic energy profile of the 

atmospheric boundary layer, the turbulence model, the order of the discretization 

schemes and the iterative convergence criteria.  

                                              
1 It can be noted that in the case analyzed the air velocity through the openings is not very sensitive to the 

variation of the computational parameters. Thus, a similar sensitivity is expected for the associated Air 

Change per Hour (ACH). Large differences in the velocity vector field as reported in Fig. 3.15 might not 

be very important to determine ACHN, but they are surely relevant for instance to evaluate the local 

discomfort at different locations in the room. 

2 The sensitivity analysis conducted in this study could be applied to the design of cross-ventilated 

buildings with large openings. However, a primary interest in design is in the evaluation of the 

uncertainties of the results. For instance, the uncertainty associated with the airflow rate through the 

openings (δQ) is given by: δQ = (∂Q/∂U) δU, where ∂Q/∂U is the sensitivity of the airflow rate Q to the 

wind speed U, and δU is the uncertainty of the wind speed profile. Therefore, it can be observed that the 

importance of the sensitivity of the results to the boundary conditions (e.g. ∂Q/∂U) strongly depends on 

the uncertainty of the boundary conditions (e.g. δU). 
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First, a reference case was defined, whose results in terms of mean air speed 

showed a very close agreement with detailed PIV measurements. This reference case had 

a computational domain with cross-section with width WD = W +10H and height HD = 

H + 5H, according to the existing CFD best practice guidelines. For the present 

configuration, it was shown that these guidelines are sufficient to provide results that are 

independent of the cross-sectional domain size. The computational grid with 575,247 

showed sufficient grid convergence and sufficiently accurate results. The impact of the 

inlet turbulent kinetic energy profile was very large. This is an important result, because, 

to the best of our knowledge, this large impact has not been shown before. This is 

particularly important because there is no consensus in literature on how the inlet 

turbulent kinetic energy profile should be calculated from the profiles of mean wind 

speed and streamwise turbulence intensity. Many simulations in this study showed 

oscillatory convergence. This behavior was attributed to the fact that the flow is 

intrinsically unsteady, but is forced into a steady solution by the application of the steady 

RANS approach. This means that special care should be applied when extracting results 

from steady RANS results of intrinsically unsteady flow phenomena. It was shown that 

the effect of turbulent kinetic energy is increased mixing of momentum, which also 

smoothens out the instabilities. In terms of turbulence model, the best performance was 

shown by the SST k- model, followed by the RNG k- model. The other models were 

insufficiently capable of reproducing the magnitude and position of the standing vortex 

upstream of the building facade, and of the resulting direction of the jet through the 

ventilation opening. This study has shown the strong impact of the prediction accuracy 

of the outdoor standing vortex on the prediction accuracy of the indoor ventilation flow. 

Finally, the importance of at least second-order accurate discretization schemes was 

confirmed, as well as sufficiently stringent convergence criteria. It is stressed that the 

convergence criteria suggested by commercial CFD codes are often too lenient and not 

stringent enough for accurate simulation results. 

Future work should focus on extending this type of detailed and systematic 

sensitivity analysis to other building geometries, including different positions and sizes of 

ventilation openings, and to other parameters including upstream aerodynamic roughness 

length and indoor turbulence intensities and turbulent diffusivities. In spite of the very 

large amount of very valuable CFD cross-ventilation studies performed in the past, this 

topic still requires further investigation, in particular concerning sensitivity analysis.
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Chapter 4 

CFD analysis of cross-ventilation: 

physical and numerical diffusion effects 

This chapter has been published as: 

R. Ramponi, B. Blocken (2012). CFD simulation of cross-ventilation flow for different 

isolated building configurations: validation with wind tunnel measurements and analysis of 

physical and numerical diffusion effects.  

Journal of Wind Engineering and Industrial Aerodynamics 104-106: 408-41 

Computational Fluid Dynamics (CFD) has become one of the most important tools for the 

assessment of natural cross-ventilation of buildings. To ensure the accuracy and reliability of CFD 

simulations, solution verification and validation studies are needed, as well as detailed sensitivity studies to 

analyse the impact of computational parameters on the results. In a previous study by the present authors, 

the impact of a wide range of computational parameters on the cross-ventilation flow in a generic isolated 

single-zone building was investigated. This paper presents the follow-up study that focuses in more detail 

on validation with wind tunnel measurements and on the effects of physical and numerical diffusion on the 

cross-ventilation flow. The CFD simulations are performed with the 3D steady Reynolds-Averaged 

Navier-Stokes (RANS) approach with the SST k- model to provide closure. Validation of the 

coupled outdoor wind flow and indoor airflow simulations is performed based on Particle Image 

Velocimetry (PIV) measurements for four different building configurations. The analysis of numerical 

diffusion effects is performed in two parts. First, the effect of physical diffusion is analyzed by changing the 

inlet profiles of turbulent kinetic energy within a realistic range. Second, the effect of numerical diffusion is 

investigated by changing the grid resolution and by applying both first order and second order 

discretization schemes. The results of the validation study show a good to very good agreement for three of 

the four configurations, while a somewhat less good agreement is obtained for the fourth configuration. The 

results of the diffusion study show that the effects of physical and numerical diffusion are very similar. 

Along the centerline between the openings, these effects are most pronounced inside the building, and less 

pronounced outside the building. The velocity-vector fields however show that increased physical and 

numerical diffusion decreases the size of the upstream standing vortex and increases the spread of the jet 

entering the buildings. It is concluded that diffusion is an important transport mechanism in cross-

ventilation of buildings, and that special care is needed to select the right amount of physical diffusion and 

to reduce the numerical diffusion, by using high-resolution grids and by using at least second-order accurate 

discretization schemes.  



  Chapter 4 

 

76 

4.1 Introduction 

Natural ventilation of buildings is an important approach towards a sustainable and 

energy-efficient built environment. Natural ventilation can be driven by wind-induced 

pressure differences or by thermally-induced pressure differences, or by a combination of 

both (e.g. Hunt & Linden, 1999; Linden, 1999; Li & Delsante, 2001; Heiselberg et al., 

2004; Larsen & Heiselberg, 2008; Chen, 2009; van Hooff & Blocken, 2010a). A 

distinction can be made between cross-ventilation and single-sided ventilation (e.g. Jiang 

& Chen, 2002; Jiang et al., 2003; Evola & Popov, 2006; Tablada et al., 2009). In the 

present paper, the focus will be on cross-ventilation.  

In the past decades, Computational Fluid Dynamics (CFD) has become one of the 

most important tools in ventilation research (Chen, 2009). This is also true for natural 

cross-ventilation of buildings, as illustrated by the very large number of CFD studies that 

have been published in the past 20 years (e.g. Kato et al., 1992; Straw et al., 2000; Jiang & 

Chen, 2002; Jiang et al., 2003; Heiselberg et al., 2004; Murakami et al., 2004; Mochida et 

al., 2005, 2006; Evola & Popov, 2006; Seifert et al., 2006; Wright & Hargreaves, 2006; 

Stavrakakis et al., 2008; Hu et al., 2008; Nikas et al., 2010; Norton et al., 2010; van Hooff 

& Blocken, 2010a; b; Kobayashi et al., 2010; Ramponi & Blocken, 2012a).  

In CFD simulations, accuracy and reliability are main concerns. It is widely 

recognized that CFD simulations can be very sensitive to the large number of 

computational parameters that have to be set by the user. Therefore, CFD verification 

and validation studies are imperative, as well as detailed sensitivity studies that can 

provide guidance in the selection of computational parameters for future CFD studies. 

Recently, an extensive sensitivity study was performed by Meroney (2009). Later, the 

present authors have performed a detailed review of the literature, followed by an 

extensive sensitivity study for a generic isolated building (Ramponi & Blocken, 2012a). 

The impact of a wide range of computational parameters was investigated, including the 

size of the computational domain, the resolution of the computational grid, the inlet 

turbulent kinetic energy profile of the atmospheric boundary layer, the turbulence model, 

the order of the discretization schemes and the iterative convergence criteria. It should be 

noted that this study only focused on the Reynolds-Averaged Navier-Stokes (RANS) 

approach. This was motivated by the fact that, although Large Eddy Simulation (LES) is 

intrinsically more accurate than RANS, the RANS approach is still most often used. 

Indeed, a recent review of CFD cross-ventilation studies by the authors (Ramponi & 

Blocken, 2012a) indicated that out of 39 studies analyzed, 32 were only based on the 

RANS approach, 3 only on Large Eddy Simulation (LES) and 1 only on Detached Eddy 

Simulation (DES), while among the remaining, 2 studies applied both RANS and LES 

and 1 applied RANS, LES and DES.  

The previous sensitivity study by the authors however only focused on a single 

building configuration, and it did not focus in detail on the effects of physical and 
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numerical diffusion on the simulation results. Numerical diffusion refers to the fact that 

the simulated airflow exhibits a higher diffusivity than the real airflow. It is not a real 

phenomenon, but its effect on the flow is the same as that of increasing the real 

(physical) diffusivity. Numerical diffusion arises from truncation errors due to the 

discretization of the governing flow equations. The amount of numerical diffusion is 

directly related to the resolution of the computational grid. Spurious numerical diffusion 

is also known to occur when first-order discretization schemes are used. The effect of 

numerical diffusion will be largest when the real diffusion is small, i.e. when the flow is 

dominated by convection. It is interesting to note that the importance of limiting 

numerical diffusion is emphasized by the Journal of Fluids Engineering Editorial Policy 

(ASME 2011), incited by contributions by Roache et al. (1986) and Freitas (1993), which 

demands at least formally second-order accurate spatial discretization. For this reason, 

also the best practice guidelines for CFD in general (Casey & Wintergerste, 2000) and 

CFD in environmental wind engineering (Franke et al., 2007; Tominaga et al., 2008) 

prescribe the use of second-order accurate discretization schemes.  

The present paper provides a validation study of cross-ventilation flow for four 

different isolated building configurations. The simulation results are compared with 

Particle Image Velocity (PIV) wind tunnel measurements by Karava et al. (2011). The 

present paper also provides an evaluation of the effects of physical and numerical 

diffusion on cross-ventilation flow in these four building configurations. Coupled CFD 

simulations of outdoor wind flow and indoor airflow are performed with the 3D steady 

RANS approach and the SST k-ω turbulence model (Menter, 1994). This turbulence 

model was chosen because of its superior performance compared to other RANS models 

for cross-ventilation of a simple isolated building, as shown in the sensitivity study by 

(Ramponi & Blocken, 2012a). The amount of physical diffusion is varied by changing the 

inlet profiles of turbulent kinetic energy within a realistic range. The amount of numerical 

diffusion is varied by changing the grid resolution and by applying both first-order and 

second-order discretization schemes.  

4.2 Wind tunnel experiments 

Wind tunnel measurements with Particle Image Velocimetry (PIV) were performed to 

analyze cross-ventilation flow of simplified building models (Karava et al., 2011). The 

experiments were performed in the open-circuit Boundary Layer Wind Tunnel of 

Concordia University in Montreal (Stathopoulos, 1984). The wind tunnel is 12 m long 

and has a cross-section of 1.8 x 1.8 m² but the measurements were performed in a small 

extension of the wind tunnel added downstream of the round table. The building models, 

at a scale of 1:200, were built from a 2 mm cast transparent polymethylmethacrylate 

(PMMA) sheet and had dimensions of W x D x H = 100 x 100 x 80 mm³ (20 x 20 x 16 

m³ in full scale). Different configurations were obtained by changing the mutual position 
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of the openings at the bottom (h = 20 mm), center (h = 40 mm) and top (h = 60 mm) of 

the windward and leeward walls of the building model. The area of openings was also 

varied to test different wall porosities (w.p.), i.e. different ratios between the areas of the 

openings and the areas of the facade walls. A fixed opening height of 18 mm (3.6 m in 

full scale) was used, while the opening width was varied between 22 mm (4.4 m in full-

scale; w.p. = 5%), 46 mm (9.2 m in full-scale; w.p. = 10%) and 88 mm (17.6 m in full-

scale; w.p. = 20%). In this paper, the configurations with the openings at the center 

(configuration 1) and the bottom (configuration 2) of the opposite walls are considered, 

with wall porosities of 5% (Cases 1.05 and 2.05) and 10% (Case 1.10 and 2.10), as shown 

in Fig. 4.1. 

The measurements were performed with the model placed in the extension of the 

wind tunnel with the openings perpendicular to the streamwise direction. An upstream 

roughness profile corresponding to open terrain (z0 = 0.005 m in full scale) was obtained 

by placing extruded polystyrene (XPS) cubes far upstream and a carpet less far upstream 

of the wind-tunnel turntable (Karava 2008). The incident vertical profiles of mean wind 

speed and streamwise turbulence intensity were measured with a hot-film probe at the 

building position. A reference mean wind speed Uref = 6.97 m/s and a streamwise 

turbulence intensity of 10% were reported at building height (H = 80 mm), while the 

turbulence intensity was about 17% near the ground level (12 mm) and about 5% at 

 
Figure 4.1. Left: Vertical cross-section of  the building models and position of  the centreline 

(L) between the ventilation openings for configuration 1 (hL = 40 mm) and 2 (hL = 20 
mm). Right: Opening size and vertical measurement plane for the cases analysed with wall 
porosity (w.p.) equal to 5% (Case 1.05 and 2.05) and 10% (Case 1.10 and 2.10).  
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gradient height (738 mm). Figure 4.2 shows the measured mean wind speed and 

turbulence intensity profile, as well as the fitted logarithmic law, which will be used as 

inlet boundary conditions in the simulations in this paper. The values in the log law are z0 

= 0.025 mm and u* = 0.363 m/s. The PIV measurements were conducted in the vertical 

centerplate for both configuration 1 and 2, as indicated in Figure 4.1. Further information 

about the measurements can be found in Karava (2008), Karava et al. (2011) and Karava 

and Stathopoulos (2011).  

4.3 CFD simulations: computational settings and 

parameters 

 Computational domain and grid 4.3.1

The CFD simulations were performed at model scale. The dimensions of the 

computational domain were determined based on the existing best practice guidelines 

(Franke et al., 2007; Tominaga et al., 2008), except for the upstream length (i.e. distance 

between inlet plane and windward building facade), which was taken equal 3H instead of 

5H, in order to limit the development of unintended streamwise gradients (Blocken et al., 

2007a; b). A test simulation has shown that using 3H is justified, because the extent of 

the upstream disturbance of the flow pattern by the building is less than 3H. The 

resulting dimensions of the domain were Width x Depth x Height = 0.9 x 1.54 x 0.48 m³ 

(180 x 308 x 96 m³ in full scale). The upstream distance between inlet plane and 

windward building facade is 0.24 m (3H), while the downstream distance between 

 
Figure 4.2. Incident vertical profiles of  mean wind speed (UPIV) and streamwise turbulence 

intensity (Iu,PIV) measured in the wind tunnel at the building position (Karava et al., 2011) 
and comparison with the logarithmic inlet profile of  the mean wind speed (UCFD) used in 
the CFD simulations. 
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leeward building facade and outlet plane is 1.2 m (15H). The distance between the side 

walls of the building and the side planes of the domain is 0.4 m (5H) on both sides. A 

fully structured grid was built. It was first constructed in the ground plane and then 

extruded in the vertical direction following the surface-extrusion technique presented by 

van Hoof and Blocken (2010a). This technique, where the grid is first constructed in the 

ground plane, allowed a better control of the stretching ratio from the very fine grid 

required due to the thickness of the walls (2 mm thin in model scale) and the coarser grid 

along the edges of the domain. The stretching ratio was kept under a value of 1.2 in the 

surroundings of the building model. A grid-sensitivity analysis was conducted for Case 

1.10 to ensure a sufficient degree of grid independence of the results. Three grids were 

made by increasing the resolution with about a factor 2, from Grid A (144,969 cells) over 

Grid B (314,080 cells) to Grid C (575,247 cells) (Fig. 4.3a-c). The minimum cell sizes are 

1.36 mm³, 1.02 mm³ and 0.51 mm³ for Grid A, B and C, respectively. The results 

obtained on these three grids are compared in terms of the wind speed ratio (U/Uref) 

 
Figure 4.3. Grid sensitivity analysis for Case 1.10: (a,b,c) Computational grids obtained by 

refining with about a factor 2 from Grid A (a) - 144,696 cells, to Grid B (b) - 314,080 cells 
and Grid C (c) - 575,247 cells; (d) Comparison of  the streamwise wind speed ratio (U/Uref) 
along the centreline of  the openings for the three grids. Based on this analysis, grid C was 
used for the simulations. 
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along the centerline of the openings (Fig. 4.3d). Note that Uref = 6.97 m/s is the 

reference wind speed in the incident profile at building height (H = 80 mm). Fig. 4.3d 

indicates large differences between grid A and grid B, but a relatively small difference 

between grid B and grid C. This indicates that the resolution of the finer grid (Grid C) is 

suitable. Therefore a similar grid resolution was also used for the remaining cases (Case 

1.05, Case 2.05 and Case 2.10). 

 Boundary conditions 4.3.2

The measured vertical profiles of mean wind speed U and streamwise turbulence 

intensity Iu were used to define the inlet boundary conditions for the CFD simulations. 

The inlet profile of mean wind speed was described by the logarithmic law (Eq. 4-1), 

where u*
ABL is the friction velocity, κ the von Karman constant equal to 0.42 and z the 

height-coordinate.  
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(4-1) 

To determine the turbulent kinetic energy, information about the standard 

deviations of the turbulent fluctuations in the three directions is needed: 
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Often however, only u
2 is measured, which is related to the longitudinal turbulence 

intensity: Iu = u/U. For the other two components, different assumptions can be made, 

which yield different values of the turbulent kinetic energy: 

Assumption 1: u
2 >> v

2  w
2, which yields: 
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Assumption 2: u
2  v

2 + w
2, which yields: 
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Assumption 3: u
2  v

2  w
2, which yields: 
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(4-5) 

In summary, the relationship between the turbulent kinetic energy k, the 

longitudinal turbulence intensity Iu and the wind speed U is given by: 

( )²uk a I U
 

(4-6) 

with a equal to 0.5, 1 or 1.5. These different values for a have been used and/or 

mentioned in CFD studies in the past (e.g. Tominaga et al., 2008; van Hooff & Blocken, 

2010a; van Hooff et al., 2011; Blocken et al., 2012)  
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The use of each of these has been reported in the literature, while the best practice 

guidelines by Tominaga et al. (2008) suggest to use a = 1. In the present study, the three 

values were tested in order to evaluate the effects of physical diffusion. Note however 

that a was taken equal to 1 for the validation cases. Eq. (4-7) describes the vertical profile 

of the turbulence dissipation rate ε: 

)zκ(z

u
ε(z)

0

*3
ABL




 
(4-7) 

The specific dissipation rate ω is derived from k and ε through Eq. (4-8), where Cµ 

is an empirical constant taken equal to 0.09:  

k(z)C

ε(z)
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(4-8) 

On the ground surface, a rough-wall boundary condition is imposed to include the 

effects of the upstream roughness on the development of the flow. The standard wall 

functions by Launder and Spalding (1974)  with roughness modification by Cebeci and 

Bradshaw (1977) are used. The roughness parameters, i.e. the sand-grain roughness 

height (ks) and the roughness constant (Cs), are determined from the aerodynamic 

roughness length z0 according to the relation derived by Blocken et al. (2007a; b). For 

Fluent 6.3, this relationship is: 

09.793
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(4-9) 

Note however that kS should be smaller than the height of the centroid of the wall-

adjacent cells from the wall. Thus, the parameters kS and CS depend on the computational 

grid defined for each case, which is slightly different between configuration 1 and 

configuration 2. The corresponding values of the computational parameters are then ks = 

0.28 mm and Cs = 0.874 for configuration 1 and ks = 0.4 mm and Cs = 0.612 for 

configuration 2. Note that these values are slightly different because of the slightly 

different near-wall grid resolutions. However, only the product kSCS appears in the fully 

rough version of the wall-function roughness modification (Cebeci & Bradshaw, 1977; 

Blocken et al., 2007b), therefore the individual values of kS and CS are not important, as 

long as the product satisfies Eq. (4-9). At the top and lateral sides of the domain, 

symmetry boundary conditions are applied to impose zero normal velocity and zero 

normal gradients of all variables. At the outlet side of the domain, a zero static pressure 

condition is prescribed. Standard wall functions with kS = 0 (smooth walls) were applied 

for all the building surfaces. The dimensionless wall unit y* reaches a maximum value of 

20 at the building surfaces.  

Careful selection of the inlet profiles and the roughness parameters kS and CS 

according to the consistency equation (Eq. 4-9) is important to reduce unintended 

streamwise gradients in the flow profiles in the simulation, i.e. unintended changes 

between the inlet profiles and the incident profiles. The incident profiles are defined as 
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those that would occur at the building position, if the building would be absent. To assess 

the unintended streamwise gradients, a simulation has been made in an empty domain, 

following the guidelines by Blocken et al. (2007a; b, 2008b). Figure 4-4 shows, for 

different values of a in Eq. (4-6), the differences between the inlet and the incident 

profiles. The differences remain very limited for the mean wind speed U, while they are 

larger for the turbulent kinetic energy, especially near the ground surface. These 

differences are the result of a limited degree of consistency between turbulence model, 

inlet profiles, wall functions and computational grid (Blocken et al., 2007a). Note that 

these differences would have been more pronounced if the upstream length would have 

been set to 5H instead of 3H. Anyway, it is important to note that the simulation results 

        

Figure 4.4: Comparison of  inlet profiles and incident profiles of  mean wind speed (U), 
turbulent kinetic energy (k) and turbulence dissipation rate (ε). The inlet profiles are those 
at the inlet of  the domain (continuous line, subscript “IN”), the incident profiles are 
those at the building position (dashed line, subscript “BP”). Each figure corresponds to a 
different value of  a in Eq. (4-6): (a) 0.5, (b) 1.0, (c) 1.5. 
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of cross-ventilation presented in the next sections are representative of the incident 

profiles, rather than of the inlet profiles. The reason is that the incident profiles are those 

to which the building model is really subjected (Blocken et al., 2008b).  

 Solver settings 4.3.3

The commercial code Fluent 6.3 (Fluent Inc., 2006) was used to solve the 3D steady 

RANS equations with the shear-stress transport (SST) k-ω turbulence model (Menter, 

1994). The SIMPLE algorithm was used for pressure-velocity coupling. Second-order 

discretization schemes were used for the viscous terms of the governing equations. For 

the convection terms, either first-order or second-order discretization schemes were 

used, to investigate the effects of numerical diffusion. For the same reason, either 

standard interpolation or second-order interpolation was used for pressure. In order to 

assess the convergence of the solution, both the scaled residuals and the streamwise wind 

speed in some selected points of the domain were monitored as a function of the number 

iterations, in accordance to the guidelines by Franke et al. (2007) and Tominaga et al. 

(2008). Convergence was obtained when the scaled residuals leveled off and reached a 

minimum of 10-6 for x-, y- and z-velocity, 10-5 for k and 10-4 for ω and continuity for 

Cases 1.05 and 1.10 and a minimum of 10-7 and 10-8 for x-velocity and y- and z-velocity 

respectively, 10-7 for k and ω and 10-5 for continuity for Cases 2.05 and 2.10. The 

streamwise wind speed was also monitored in three selected points along the centerline 

of the openings, upstream of the inlet opening, in the center of the model and 

downstream of the outlet opening. In all the cases tested, it was observed that the wind 

speed upstream the inlet opening was steady, while for some of them, a fluctuating wind 

speed was reported in the center of the model and downstream the outlet opening. These 

observations corresponded to observations of oscillatory convergence as demonstrated 

by the variations in scaled residuals as a function of the number of iterations. Note that 

this occurred in spite of the applied steady RANS approach. Therefore, for all cases, the 

wind speed values were monitored over 10000 iterations and the results were sampled 

and averaged over the last 1000 iterations when necessary. 

4.4 CFD simulations: results and validation with 

wind tunnel measurements  

For Case 1.10 and Case 2.10, the results from the CFD simulations are compared with 

the experimental data in terms of wind speed ratio along the centerline of the openings 

and in terms of velocity-vector fields in the vertical centerplate. For Case 1.05 and Case 

2.05, the comparison is only made in terms of the wind speed ratio, because PIV vector 

fields for these configurations were not available. The CFD simulations that are shown in 

the validation study are those that are considered most accurate. These are the results 
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obtained on Grid C (see section 3), for the inlet profiles corresponding to a = 1 (which is 

considered the best choice, see Tominaga et al. (2008) and the previous study by 

Ramponi and Blocken (2012)), and those obtained with second-order discretization 

schemes and second-order pressure interpolation. Note that the experimental velocity-

vector fields in the immediate vicinity of the openings are not presented, because they are 

considered less reliable due to effects of shadowing or reflections that might have 

produced uncertainties in the PIV measurements at these positions. Also the very high 

wind speed gradients in this area might have caused additional uncertainties in the PIV 

results. The CFD validation results are shown in Figs. 4.5, 4.6 and 4.7. The following 

observations are made: 

 Case 1.10: Figure 4.5a shows a good agreement between the PIV and the CFD results. 

Note that some discrepancies are present near the inlet and outlet openings, but as 

mentioned before, the PIV results are less reliable here. Figure 4.5b also shows a very 

good agreement between the PIV and the CFD velocity-vector field in the vertical 

centerplate. Both the PIV and CFD results show a standing vortex with similar size 

and position, upstream of the building. Both results also show the downward directed 

flow in the inlet opening, the generally downward directed flow inside the building 

itself and the upward flow through the outlet opening. In addition, also the large 

separation area on the building roof is reproduced, although the recirculation area is 

larger with CFD than with PIV.  

 

Figure 4.5 Validation results for Case 1.10: comparison between the experimental (PIV) 
measurements and the numerical (CFD) results in terms of  (a) wind speed ratio along the 
centreline and (b) velocity-vector field in the vertical centreplane.  
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 Case 2.10: Figure 4.6a shows a somewhat less good agreement between PIV and CFD 

results. Figure 4.6b illustrates that several general characteristics of the flow are quite 

well reproduced by the CFD results, such as the downward directed flow through the 

inlet opening, the flow near the floor inside the building, and the upward directed flow 

through the outlet opening. However, the size and position of the upstream standing 

vortex in the experiments are not correctly reproduced by the CFD results. Also, the 

recirculation area inside the building is predicted to be lower in the CFD results than 

in the PIV results. This is also the reason for the differences in wind speed ratio along 

the centerline shown in Figure 4.6a. It is possible that the differences between PIV 

and CFD in the indoor airflow are related to the differences in the upstream flow, in 

particular to the absence of a clear upstream standing vortex.  

 Case 1.05: Figure 4.7a shows a very good agreement between PIV and CFD results. 

Remarkably, not only the upstream, indoor and downstream wind speed ratios are 

predicted very well, but also the peak values inside the two ventilation openings.  

 Case 2.05: Figure 4.7b finally shows a good agreement between PIV and CFD results. 

Although the flow inside the inlet ventilation opening is not well predicted, the 

agreement along the centerline inside the building and downstream of the building is 

quite good.  

 
Figure 4.6. Validation results for Case 2.10: comparison between the experimental (PIV) 

measurements and the numerical (CFD) results in terms of  (a) wind speed ratio along the 
centreline and (b) velocity-vector field in the vertical centreplane.  
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4.5 CFD simulations: results and effects of physical 

and numerical diffusion  

 Effects of physical diffusion 4.5.1

The effects of physical diffusion are analyzed by variation of the parameter a in Eq. (4-6) 

for the inlet turbulent kinetic energy. Note that a = 1 is considered the best choice 

according to the best practice guidelines by Tominaga et al. (2008), and that this value 

also provided a generally good agreement with the PIV experiments, as shown in the 

previous section. The results are shown in Figures 4.8 to 4.11. The following observations 

are made: 

 Figure 4.8 shows the effects of decreased (a = 0.5) and increased (a = 1.5) physical 

diffusion on the wind speed ratio along the centerline for Cases 1.05 and 1.10. While 

the effects on the outdoor wind speed along the centerline, upstream and downstream 

of the ventilation openings, seem to be quite limited, the effects on the indoor air 

speed along the centerline are large. The increase of the physical diffusion in this area 

of low air speed leads to higher indoor air speed values along the centerline. The 

effects are similar for both cases. 

 

Figure 4.7. Validation results for (a) Case 1.05 and (b) Case 2.05: comparison between the 
experimental (PIV) measurements and the numerical (CFD) results in terms of  wind speed 
ratio along the centreline.  
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 Figure 4.9 shows the effects of physical diffusion on the wind-velocity pattern directly 

upstream and downstream of the inlet ventilation opening for Case 1.10. This figure 

shows that the increased physical diffusion influences the size of the standing vortex, 

where the size of this vortex decreases with increased physical diffusion. This is an 

illustration of the fact that increased diffusion tends to “smoothen” gradients in the 

flow and suppress smaller and low-velocity flow features. Figure 4.9 also shows that 

the direction of the flow through the inlet ventilation opening is affected, with a less 

downward flow for increased physical diffusion. This is attributed to the differences in 

the outdoor upstream flow pattern. On the other hand, Figure 4.9 also shows that the 

jet entering the building is wider with increasing physical diffusion. This is attributed 

to two reasons: (1) the direction of the flow, which is more horizontal for larger 

 
Figure 4.8. Analysis of  physical diffusion on the CFD results by variation of  the parameter a 

in the inlet turbulent kinetic energy profile for (a) Case 1.05 and (b) Case 1.10: Comparison 
between the wind speed ratios along the centreline. 

 

 
Figure 4.9. Analysis of  physical diffusion on the CFD results by variation of  the parameter a 

in the inlet turbulent kinetic energy profile for Case 1.10: Comparison between velocity-
vector fields in the vertical centreplane with (a) PIV and (b-d) CFD with parameter a equal 
to (b) 0.5, (c) 1.0 and (d) 1.5. 
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physical diffusion, and (2) the larger physical diffusion itself, which causes a spreading 

of the jet. These differences in the jet characteristics explain the differences along the 

centerline shown in Figure 4.8. 

 Figure 4.10. shows results for Cases 2.05 and 2.10. As opposed to the previous cases, 

the effects of physical diffusion on the air speed along the centerline are much less 

pronounced. This can be explained by focusing on the wind-velocity pattern. 

 Figure 4.11 shows clear differences in the predictions of the upstream standing vortex, 

in line with the observations in Figure 4.9. As opposed to the cases in Figures 4.8 and 

4.9, these upstream differences give rise to only relatively small differences in the 

orientation of the jet that enters the building. However, the increasing physical 

  
Figure 4.10. Analysis of  physical diffusion on the CFD results by variation of  the parameter 

a in the inlet turbulent kinetic energy profile for (a) Case 2.05 and (b) Case 2.10: 
Comparison between the wind speed ratio along the centreline. 

 

 
Figure 4.11. Analysis of  physical diffusion on the CFD results by variation of  the parameter 

a in the inlet turbulent kinetic energy profile for Case 2.10: Comparison between the 
velocity-vector field in the vertical centreplane with (a) PIV and (b-d) CFD with 
parameter a equal to (b) 0.5, (c) 1.0 and (d) 1.5.  
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diffusion does cause the indoor jet to get wider. This explains the somewhat larger 

indoor air speed ratios along the centerline, as shown in Figure 4.10. 

  Effects of numerical diffusion 4.5.2

Substantial amounts of numerical diffusion are associated with the use of low-resolution 

grids and with the use of first-order accurate discretization schemes. The effects of 

numerical or “artificial” diffusion are similar to those of physical diffusion. The effect of 

numerical diffusion due to lower-resolution grids was already shown in Figure 4.3, for 

Case 1.10. In addition, Figure 4.12 shows the effects of numerical diffusion due to first-

order instead of second-order discretization schemes and standard instead of second-

order pressure interpolation. The impact on the wind speed ratio along the centerline is 

shown for the four cases. The results show that the effect of numerical diffusion on the 

outdoor air speed upstream of the inlet ventilation opening are small, but that the effect 

on the indoor air speed and also on the outdoor air speed downstream of the outlet 

opening are large to very large. These observations confirm the importance of using at 

least second-order accurate discretization schemes, as recommended by best practice 

guideline documents (Roache et al., 1986; Freitas, 1993; Casey & Wintergerste, 2000; 

Franke et al., 2007; Tominaga et al., 2008).  

4.6 Discussion 

The present study has focused on validation of CFD simulations of coupled outdoor 

wind flow and indoor airflow for four different configurations of simple, isolated, single-

zone buildings, and on the analysis of the effects of physical and numerical diffusion on 

cross-ventilation flow. The following limitations of the study are mentioned: 

 The validation has only been performed for 3D steady RANS with the SST k-  

model for four configurations of isolated, single-zone buildings. Future studies should 

focus on the evaluation of different turbulence modelling approaches (RANS, DES 

and LES), different turbulence models, and also on different building configurations, 

including buildings in suburban and urban areas and multi-zone buildings. 

 The same limitations hold for the effects of physical and numerical diffusion. It is 

expected that these effects will be at least equally, and probably even more important, 

for buildings in suburban and urban areas, which are dominated by high wind speed 

jets through passages between buildings (see e.g. Stathopoulos and Storms 1986, 

Stathopoulos and Wu 1995, To and Lam 1995, Blocken et al. 2007b, 2008a, 2008b) 

and by their interaction with building wakes.  
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 The present study has only focused on cross-ventilation. Future work should focus on 

the analysis of physical and numerical diffusion effects on single-side ventilation flow.  

 In spite of these limitations, it is important to mention that: 

 To the best knowledge of the authors, this study is the first to focus in detail on the 

effects of physical and numerical diffusion for cross-ventilation flow. 

 Knowing the effects of physical diffusion is very important, because there is no 

consensus in the scientific literature on how to extract turbulent kinetic energy profiles 

from the measured mean wind speed and turbulence intensity profiles. Tominaga et al. 

(2008) suggest using a parameter a = 1, which, in the present study, has been shown to 

be a good choice. Further research is needed on the determination of turbulent kinetic 

energy profiles from mean wind speed and turbulence intensity. 

 
Figure 4.12. Analysis of  numerical diffusion on the CFD results (wind speed ratio along 

the centreline) by variation of  the discretisation and pressure interpolation scheme for (a) 
Case 1.05; (b) Case 1.10; (c) Case 2.05 and (d) Case 2.10. 
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 Knowing the effects of numerical diffusion is also very important, because 

computational grids for suburban and urban configurations are often highly 

unstructured grids, on which convergence can only be obtained by introducing 

sufficient numerical (artificial) diffusion by the use of first-order discretization 

schemes. Clearly, this approach is counter-advised, and focus should be placed on the 

generation of high-resolution and high-quality grids on which convergence can be 

obtained with second–order discretization schemes. A further discussion on this 

matter has been provided by Blocken et al. (2012).  

4.7 Summary and conclusions 

This paper has presented CFD simulation of natural cross-ventilation of buildings. The 

3D steady Reynolds-Averaged Navier-Stokes (RANS) approach was employed with the 

SST k- model to provide closure. The CFD simulations were coupled simulations, in 

which the outdoor wind flow and the indoor airflow have been solved simultaneously 

and within the same computational domain. The simulations have focused on four 

different configurations of simple, generic, isolated, single-zone buildings. The intention 

of the paper was twofold: (1) to provide a validation study of such coupled outdoor wind 

flow and indoor airflow simulations by comparison with detailed Particle Image 

Velocimetry (PIV) measurements in an atmospheric boundary layer wind tunnel; (2) to 

provide information on the effects of physical and numerical diffusion on the cross-

ventilation flow in these four building configurations. First, the effect of physical 

diffusion was analyzed by changing the inlet profiles of turbulent kinetic energy within a 

realistic range. Second, the effect of numerical diffusion was investigated by changing the 

grid resolution and by applying both first order and second order discretization schemes. 

The results of the validation study showed a good to very good agreement for three of 

the four configurations, while a somewhat less good agreement was obtained for the 

fourth configuration. The results of the diffusion study showed that the effects of 

physical and numerical diffusion were very similar. Along the centerline between the 

openings, these effects were most pronounced inside the building, and less pronounced 

outside the building. The velocity-vector fields however showed that increased physical 

and numerical diffusion decreased the size of the upstream standing vortex and increases 

the spread of the jet entering the buildings. It was concluded that diffusion is an 

important transport mechanism in cross-ventilation of buildings, and that special care is 

needed to select the right amount of physical diffusion and to reduce the numerical 

diffusion, by using high-resolution grids and by using at least second-order accurate 

discretization schemes.  
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Chapter 5 

CFD analysis of urban wind flow  

 

This chapter has been submitted for publication as:  

R. Ramponi, B. Blocken, L.B. De Coo  

 

CFD simulation of ventilation performance of generic urban configurations with different 

urban densities and equal and unequal street widths 

Outdoor ventilation is very important to create a healthy and livable urban environment and it is 

strongly influenced by urban wind speed and direction, which in turn are affected by the urban 

morphology.  

In this study, Computational Fluid Dynamic (CFD) simulations are performed based on the 3D 

steady Reynolds-Averaged Navier-Stokes (RANS) equations with the standard k-ε model, and the 

passive scalar transport equation is used to calculate the local mean age of air as an indicator of 

ventilation performance of generic urban configurations. The simulations are conducted for neutral 

atmospheric stratification.  

First, the results are validated with previously published wind-tunnel measurements for nine 

uniform urban configurations of increased plan and frontal area densities. Next, the influence of the 

presence of a central main street on the local mean age of air of the surrounding areas is investigated for 

generic urban configurations with equal and unequal street layouts. The results for different building 

heights and wind directions show that in most cases the main street acts as a source of fresh air and is 

beneficial for the ventilation performance of the downstream region. However, for wind directions 

perpendicular to the main street, the channeling effect formed by the wind flowing though the streamwise 

street canyons is predominant. As a result, the benefits associated with the presence of a central main 

street are less pronounced because the main street interrupts the flow stream through the street canyons in 

the downstream region. 
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5.1 Introduction 

Outdoor air pollution is one of the major environmental problems today. Urban areas are 

characterized by a wide range of pollutant sources such as building HVAC systems, 

traffic, industry, etc. Urban air pollution is associated with a broad spectrum of acute and 

chronic health effects (Brunekreef & Holgate, 2002). Ventilation of urban areas by wind 

flow is very important for both outdoor and indoor air quality. Outdoor air quality can be 

improved by wind flow because the wind can dilute and remove pollutants (e.g. Britter & 

Hanna, 2003; Belcher, 2005; Hanna et al., 2006; Di Sabatino et al., 2007; Blocken et al., 

2008c, 2013; Gromke et al., 2008; Hang et al., 2009a; b; Tominaga & Stathopoulos, 2010, 

2013; Buccolieri et al., 2010; Gousseau et al., 2011). The outdoor air quality also affects 

the indoor air quality by mechanical and/or natural ventilation, where indoor air is 

replaced by outdoor air (e.g. Kato et al., 1992, 1997; Etheridge & Sandberg, 1996; Hunt 

& Linden, 1999; Linden, 1999; Awbi, 2003; Jiang et al., 2003; Heiselberg et al., 2004; Tan 

& Glicksman, 2005; Chen, 2009; van Hooff & Blocken, 2010a, 2013; Karava et al., 2011; 

Ramponi & Blocken, 2012a; b) On the other hand, in highly ventilated areas the wind 

comfort and wind safety of pedestrians might be negatively affected (e.g. Murakami, 

1990, 1997; Stathopoulos & Baskaran, 1996; Richards et al., 2002; Blocken et al., 2004, 

2012; Stathopoulos, 2006; Yoshie et al., 2007; Mochida & Lun, 2008; Blocken & Persoon, 

2009; Janssen et al., 2013). Therefore, in every practical situation a compromise needs to 

be found between urban ventilation for outdoor and indoor air quality on the one hand 

and pedestrian wind comfort and wind safety on the other hand.  

Urban wind flow is strongly related to urban morphology as a combination of 

urban density, the arrangement of buildings and their individual shape and dimensions. 

Urban density can be described with geometric parameters like the plan area density (λP) 

and the frontal area density (λF) (Fig. 5.1). Past studies have related these parameters to 

different flow regimes, from isolated obstacle flow over wake interference flow to 

skimming flow (Hussain & Lee, 1980; Oke, 1988; Grimmond & Oke, 1999).  

Urban wind flow can be assessed by full-scale measurements, reduced-scale 

experiments or by numerical simulation with Computational Fluid Dynamics (CFD). The 

advantages and disadvantages of these assessment methods have been discussed in recent 

review and overview papers (Blocken et al., 2011b; Moonen et al., 2012). Full-scale 

measurements suffer from the inherently uncontrollable and unsteady meteorological 

conditions (Schatzmann et al., 1997; Schatzmann & Leitl, 2011). In addition, they are 

 
Figure 5.1. Definition of  plan area density (λP) and frontal area density (λF)  
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usually only performed in a few discrete positions and do not provide a whole image of 

the flow field. Reduced-scale experiments in wind tunnels allow full control over the 

initial and boundary conditions of the experiments, but are generally only performed at a 

few selected points in the urban model. In addition, they can suffer from potentially 

incompatible similarity requirements. Like wind tunnel testing, also CFD allows full 

control over the initial and boundary conditions. But in addition CFD also provides 

whole-flow field data, i.e. data on the relevant parameters in all points of the 

computational domain. Unlike wind tunnel testing, CFD does not suffer from potentially 

incompatible similarity requirements because simulations can be conducted at full scale. 

CFD simulations easily allow parametric studies to evaluate alternative design 

configurations, especially when the different configurations are all a priori embedded 

within the same computational domain and grid (see e.g. van Hooff and Blocken 

(2010a)). However, the accuracy and reliability of CFD are important concerns and 

solution verification and validation studies are imperative. The experimental data for 

validation in turn need to satisfy important quality criteria (e.g. Schatzmann et al., 1997; 

Schatzmann & Leitl, 2011).  

CFD simulations of urban wind flow can be performed for simplified generic or 

idealized urban geometries (e.g. Murakami, 1990; Yoshie et al., 2007; Tominaga et al., 

2008; Xie et al., 2008; Hang et al., 2009a; Buccolieri et al., 2010) or for real and more 

complex case studies (e.g. Murakami, 1990; Hanna et al., 2006; Yoshie et al., 2007; Nozu 

et al., 2008; van Hooff & Blocken, 2010; Gousseau et al., 2011; Blocken et al., 2012; 

Montazeri et al., 2013; Janssen et al., 2013). Simplified generic geometries, often 

composed of regular arrays of obstacles, are mostly used for systematic investigations 

into general correlations between aerodynamic and geometric parameters.  

CFD simulations of urban flow are generally based on either the Reynolds-

Averaged Navier-Stokes (RANS) or the Large Eddy Simulation (LES) approach. Several 

important limitations of the RANS approach have been reported in literature (e.g. 

Murakami et al., 1992; Murakami, 1993; Stathopoulos, 1997; Franke et al., 2007; Yoshie et 

al., 2007; Tominaga et al., 2008; Blocken et al., 2012). However, due to the higher 

computational cost and larger degree of user expertise required for Large Eddy 

Simulation (LES), RANS simulations still represent the vast majority of CFD simulations 

of urban wind flow (Yoshie et al., 2007; Blocken et al., 2011b). In spite of their 

limitations, RANS simulations have shown good to sometimes even very good 

performance for several complex studies (e.g. Stathopoulos & Baskaran, 1996; Di 

Sabatino et al., 2007; Blocken & Persoon, 2009; Blocken et al., 2012; Janssen et al., 2013). 

Different parameters have been proposed to investigate the ventilation 

performance of urban areas, such as the purging flow rate, the visitation frequency, the 

average residence time, the local age of air and the air exchange efficiency, all of which 

can be calculated using CFD (e.g. Huang et al., 2006; Bady et al., 2008; Bu et al., 2009; 

Hang et al., 2009a; Buccolieri et al., 2010). These parameters have been adopted from 
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indoor ventilation studies where they are commonly used (e.g. Sandberg, 1992; Etheridge 

& Sandberg, 1996; Peng et al., 1997; Kato et al., 2003; Niachou et al., 2008; Sandberg et 

al., 2008; Wang et al., 2008; Chen, 2009; van Hooff & Blocken, 2013). The purging flow 

rate is the effective airflow rate required to purge pollutants from the domain. A small 

purging flow rate means that the domain is weakly ventilated. The visitation frequency is 

the number of times a pollutant enters the domain and passes through it. A high 

visitation frequency indicates poor removal efficiency of the pollutants. The residence 

time is the time a pollutant takes from once entering or being generated in the domain 

until leaving the domain. Higher values again indicate poor removal efficiency of the 

pollutants. The local mean age of air is a statistical measure of the time it takes for a 

parcel of air to reach a given point in the flow field after entering this flow field. For 

urban wind flow, it can be defined as the time it takes for the external “fresh” air to reach 

a given location in the urban canopy layer after entering this urban canopy layer (Hang et 

al., 2009a). A large mean age of air implies a poorly ventilated region: air parcels take a 

long time to reach a given position in the flow field and as a result pollutant removal will 

be slower. This, in turn, means an accumulation of pollutants in the region and larger 

concentration. Finally, the air exchange efficiency refers to the efficiency of airflow 

flushing a volume with external “fresh” air.  

In the past years, a few studies have assessed urban ventilation with some of these 

ventilation parameters. Huang et al. (2006) studied the ventilation efficiency around a 

heavy-traffic road covered by an elevated highway for different configurations using the 

visitation frequency and the purging flow rate. These parameters were calculated by 

RANS CFD simulations with the standard k- model. Bady et al. (2008) applied RANS 

CFD with the standard k- model to obtain values for the purging flow rate, visitation 

frequency and average residence time for idealized two-building configurations and for 

more extensive idealized urban environments. The idealized urban configurations were a 

regular and a staggered array of rectangular building blocks, all with equal street widths. A 

uniform pollutant generation rate within the study domain was considered to avoid 

dependency of the source location within the domain. Bu et al. (2009) proposed two 

criteria for assessing the local wind environment at pedestrian level based on exceedance 

probability analysis and on the purging flow rate and local air change rate. Their study 

focused on a simple street canyon situated in Tokyo and on the effect of orientation and 

aspect ratio, for which RANS CFD simulations with the standard k- model were 

performed. Hang et al. (2009a) presented RANS CFD simulations with either the 

standard k- or the RNG k- model to determine the mean age of air and the air 

exchange efficiency for nine test cases of idealized city models in which one dominant 

main street parallel to the approaching wind was defined and in some cases also crossing 

streets. Like Bady et al. (2008), they applied a uniform pollutant generation rate within the 

study domain, which they called the homogeneous emission method. Large differences in 

the local mean age of air were found for the different city models. Buccolieri et al. (2010) 
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used RANS CFD simulations with the standard k- model and the homogeneous 

emission method to determine the mean age of air for idealized cities consisting of 

regular arrays of cubical buildings, all with equal street widths. These arrays had plan area 

densities ranging from 6.25% to 69% to represent configurations from urban sprawl to 

compact cities. The local mean age of air within the urban canopy layer was found to be a 

strong function of the plan area density. At lower plan area densities, the city responded 

to the wind as an agglomeration of obstacles, while at larger values (from about 44%) the 

city itself responded as a single obstacle. A different approach to assessment of urban 

ventilation was proposed by Moonen et al. (2011), who introduced a ventilation potential 

(VP) index specifically defined for the outdoor environment. The VP index is another 

measure of the scalar removal potential of urban courtyards and street canyons for 

different local wind conditions.  

The present paper is an extension of the work by Bady et al. (2008), Hang et al. 

(2009a) and Buccolieri et al. (2010). It consists of CFD simulations based on the 3D 

steady RANS equations for isothermal and incompressible flow for different generic 

urban configurations. The different configurations are characterized by different plan 

area densities and frontal area densities and by equal and unequal street widths. As 

opposed to previous studies, the focus is on a narrower range of plan area densities and 

on the effect of unequal street widths on the ventilation performance of the urban 

configurations. The ventilation performance is assessed by means of the local mean age 

of air at pedestrian level for different wind directions ranging from 0° to 90°. Additional 

specific features of this study are the detailed grid sensitivity analysis and the validation of 

the calculated wind flow patterns.  

The paper is structured as follows: the urban configurations analyzed in this study 

are described in Sect. 5.2, a procedure to calculate the normalized local mean age of air is 

illustrated in Sect. 5.3, while the experimental data used for CFD validation are briefly 

presented in Sect. 5.4. Sect. 5.5 describes the numerical model, summarizing the 

computational domain and grid, the boundary conditions and the solver settings of the 

CFD simulations. Sect. 5.6.1 and Sect. 5.6.2 report the results of the grid sensitivity 

analysis and the validation case. The impact of the central main street on the ventilation 

performance of urban configurations is evaluated and discussed in Sect. 5.6.3. Finally, 

some limitations of the study and conclusions are pointed out in Sect. 5.7 and Sect. 5.8. 

5.2 Urban configurations 

Two different sets of urban configurations are defined by considering regular arrays of 

rectangular buildings with a plan area of 16 x 24 m² and with variable heights: 6 m, 12 m 

and 18 m. First, the buildings are arranged as in the detailed wind-tunnel measurements 

by Quan et al. (2007a; b) that will be used for validation. The resulting plan area densities 

(λP) are 0.1, 0.3, and 0.6 (Fig. 5.2). These configurations and their results are termed “VS-



  Chapter 5 

 

100 

cases”. Next, more realistic urban configurations are defined that consist of combinations 

of the wider main street with narrower secondary streets (Fig. 5.3). They are based on 

realistic street configurations, as shown in Tab. 5.1. The secondary streets have an equal 

width of 8.5 m and the central main street has a width of 8.5 m (equal street layout) or 

larger widths of 16 m or 24 m (unequal street layout). These configurations and their 

results are termed “MS-cases”. The plan area density of the MS-cases is within the range 

of the VS-cases, being 0.48 in MS-0, 0.42 in MS-1, and 0.37 in MS-2.  

  

 
Figure 5.2. Definition of  the VS-cases by varying the plan area density (λP) and the building 

height (left); size of  the building models in full-scale (right).  
 

 
Figure 5.3. Definition of  the MS-cases widening the main central street from 8.5 m (MS-0), to 

16 m (MS-1), to 24 m (MS-2), and comparison with streets of  Eindhoven (The Netherlands) 
(source: Google street view) 
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5.3 Calculation of the mean age of air 

The ventilation performance of the MS-cases is evaluated by means of the local mean age 

of air (
P ), calculated as in Eq. (5-1):  

P

c

m
 

 
(5-1) 

where c is the local concentration of a passive tracer gas (kg/m³) and m  is the release rate 

(kg/(m³s)) as generated by a homogeneous emission source within the entire domain 

(Hang et al., 2009a; Buccolieri et al., 2010). As mentioned by Buccolieri et al. (2010), Eq. 

(5-1) can be interpreted as the link between a concentration level and a time scale. If this 

time scale is known, the pollutant concentration from a homogeneous emission source 

can be estimated. A poorly ventilated region implies a large 
P , i.e. air parcels take a long 

time to reach a given region and therefore the pollutant removal will be slower. This 

implies an accumulation of pollutants in this region and thus a larger pollutant 

concentration. 
P  is calculated in the area between the buildings at the pedestrian level 

for different wind directions. In particular, an area of interest was chosen as in Fig. 5.4 to 

have two rows of upstream buildings for all wind directions, as recommended by Yoshie 

et al. (2007) and Tominaga et al. (2008), and one row of downstream buildings to limit 

the effects of the backflow at the leeward side of the urban configurations. Because the 

pollutant source was applied in the entire computational domain, the value of 
P  depends 

on the distance from the inlet of the domain. Therefore, the local mean age of air ( 'P ) 

Table 5.1. Typical street configurations and resulting width of  the streets for the MS-cases 

 

Street elements MS-cases 

Description Width [m] MS-0 MS-1 MS-2 

Garden/private 3.0   x 

Sidewalk 1.5 x x x 

Parking 2.0   x 

Bikes 2.0  x x 

Road 3.5  x x 

Road 3.5 x x x 

Bikes 2.0  x x 

Parking 2.0 x x x 

Sidewalk 1.5 x x x 

Garden 3.0   x 

Main street width WS [m]  8.5 16.0 24.0 

Secondary street width [m]  8.5 8.5 8.5 

Plan area density [-]  0.48 0.42 0.37 
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within the urban configurations was calculated as 
0'P P    , where 

0  is the mean value 

of the local mean age of air at the inlet street openings of the urban configurations (Fig. 

5.4). For different wind angles, 
0 1 2min( ; )S S    where 1S  and 2S  are the mean age of 

air at the inlet of street S1 and street S2 in Fig. 5.4. Finally, the normalized local mean age 

of air ( *

P ) was obtained from 'P  as in Hang et al. (2009a) and Buccolieri et al. (2010):  

* '
ref

P P

ref

Q

V
 

 
(5-2) 

where Qref is the volume flow rate (m³/s) through the inlet street opening areas (Aref) 

calculated far upstream the urban configurations and Vref is the volume (m³) of air of the 

pedestrian level (up to 1.75 m height) in the area between the buildings. To estimate the 

spatial-frequency distribution of the local mean age of air, 120 sampling points were 

distributed in the area of interest as shown in Fig. 5.4.  

5.4 Experimental data for CFD validation 

The experimental data used for validation were provided by Quan et al. (2007a; b) and 

obtained in the atmospheric boundary layer wind tunnel of TPU. The wind tunnel has a 

test section of 2.2 x 1.8 m² and the urban configurations, scaled 1:100, were placed at the 

turntable with a diameter of 2 m. The inlet profile was simulated assuming a scale of 1:3 

for the wind speed and a suburban terrain situation corresponding to the terrain category 

III in AIJ (2004) was simulated by placing some roughness elements and a carpet 

upstream of the turntable, corresponding to an equivalent aerodynamic roughness length 

z0 = 0.002 m in reduced-scale (0.2 m in full-scale). At the average-building height of 0.1 

m (10 m in full-scale) a resulting turbulence intensity of 25% and a mean wind speed of 

7.8 m/s were measured, while at 0.5 m (50 m in full-scale) the measured turbulence 

intensity was 20% and the mean wind speed about 12 m/s. From the experiments, a 

logarithmic profile was extrapolated to be used for the numerical simulations, as reported 

in Sect. 5.5.2.  

 
Figure 5.4. Definition of  the local mean age of  air: inlet street openings used to calculate the 

initial values of  the local mean age of  air in the urban configuration; sampling points 
distribution within the area of  interest used to calculate the spatial-frequency distribution of  
the normalized local mean age of  air. 
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The experimental data consist of the wind pressure coefficients on the surfaces of 

the central building (e.g. black building in Fig. 5.2). The wind pressure was measured with 

pressure taps arranged every 20 mm on each of the building surfaces and connected to a 

scanivalve pressure measurement system through synthetic resin tubes. The pressure 

coefficients (Cp) on the surfaces of the central building were calculated as in Eq. (5-3), 

where Px is the static pressure at a given location x on the building facade, ρ is the air 

density and Uref is the upstream reference mean wind speed measured at 10 m height (Uref 

= 7.8 m/s). 

Given the strong coupling between the mean velocity field and the mean pressure 

field, a validation study based on the available pressure coefficients is considered 

appropriate. In addition, earlier studies showed that steady RANS with a simple k- type 

model can provide accurate results of mean wind speed in passages between buildings 

(Blocken et al., 2007a, 2008a). 

5.5 CFD simulations: domain, grid, boundary 

conditions and solution parameters 

 Computational domain and grid 5.5.1

For the VS-cases the streamwise length of the computational domain is determined 

according to the best practice guidelines by Franke et al. (2007) and Tominaga et al. 

(2008). The upstream length was reduced to 3 times the maximum height of the buildings 

(0.18 m in reduced-scale or 18 m in full-scale) to reduce the development of unintended 

streamwise gradients (Blocken et al., 2007a; b). Furthermore, because the wind tunnel 

blockage ratio was very high for some cases, e.g. up to 6.5 % for VS-C18, the cross 

section of the computational domain was taken equal to the wind-tunnel cross-section. 

The resulting size of the computational domain for the validation case is WD x DD x HD 

= 5.2 x 2.2 x 1.8 m³ in reduced-scale (520.2 x 220 x 180 m³ full-scale). For the MS-cases, 

the computational domain was defined in accordance to the guidelines by Franke et al. 

(2007) and Tominaga et al. (2008) and by reducing the upstream length to 3 times the 

maximum height of the building (Blocken et al., 2007a; b), with a resulting size of WD x 

DD x HD = 536 x 392 x 180 m³. 

In order to provide maximum control over the grid quality, the grid was first 

generated in the ground plane and then extruded in the third dimension according to the 

surface-grid extrusion technique presented by van Hooff & Blocken (2010a). The 

resulting grid only consists of hexahedral cells, and satisfies best practice guidelines for 

high quality grid generation (Casey & Wintergerste, 2000; Tucker & Mosquera, 2001; 

20.5

x
P

ref

P
C

U


 
(5-3) 
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Franke et al., 2007; Tominaga et al., 2008). For both VS-cases and MS-cases, the 

computational domain was split in two parts, i.e. a central test-section and an external 

surrounding area as shown in Fig. 5.5 for the VS-cases. This way, the only central test-

section geometry and grid has to be varied for different cases and wind directions, while 

the surrounding area is fixed. A grid-sensitivity analysis was performed for case VS-B18 

by refining and coarsening the grid by about a factor 2 and its results are reported in Sect. 

5.6.1. The generation of the other grids was based on the results of this grid-sensitivity 

analysis, yielding the total cell counts reported in Tab. 5.2. 

 

 Boundary conditions and solver settings 5.5.2

The inlet profiles of mean wind speed U, turbulent kinetic energy k and turbulence 

dissipation rate  are identical for all simulations. A logarithmic mean speed profile was 

fitted to the measured profile using Eq. (5-4) where u* is the friction velocity of 0.848 

m/s, z0 the aerodynamic roughness length taken as 0.002 m (0.2 m full-scale),  the von 

Karman constant equal to 0.42 and z the height coordinate. 

*

0

0

( ) lnABL
z zu

U z
z

 
  

   
(5-4) 

The turbulent kinetic energy profile is calculated as in Eq. (5-5), where Iu is the measured 

turbulence intensity, and the turbulence dissipation rate ε is calculated as in Eq. (5-6). 

2( ) ( ( ) ( ))uk z I z U z
 

(5-5) 

Table 5.2. Total number of  computational cells for VS-cases and MS-cases 

 

 VS-cases MS-cases 
 VS-A VS-B VS-C MS-0 MS-1 MS-2 

H = 6 m 682,128 1,514,520 1,360,332 1,459,236 1,459,236 1,496,110 
H = 12 m 677,376 1,555,284 1,340,810 1,488,298 1,488,298 1,496, 110 
H = 18 m 797,008 1,596,048 1,320,506 1,517,360 1,517,360 1,525,424 

 

 
Figure 5.5. (a) Computational domain as composed by a central test-section and an external 

surrounding area; (b) Test-sections used to simulate VS-A6, VS-B6, VS-C6 (top), and VS-
A18, VS-B18, VS-C18 (bottom). 
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The resulting vertical profiles are shown in Fig. 5.6. For the ground plane, the standard 

wall functions by Launder & Spalding (1974) with the sand-grain based roughness 

modification by Cebeci & Bradshaw (1977) are used. The equivalent sand-grain 

roughness height of the ground and building surfaces is taken as zero. Horizontal 

homogeneity of the approach-flow profiles has been tested in the empty domain. The 

resulting profiles measured at the inlet of the domain and at the first building position in 

the empty domain are reported in Fig. 5.6. At the outlet of the domain, zero static 

pressure is imposed. At the top and lateral sides of the domain symmetry boundary 

conditions were defined. The 3D steady RANS equations for incompressible and 

isothermal flow are solved in combination with the standard k-ε turbulence model (Jones 

& Launder, 1972) but also the realizable k-ε (Shih et al., 1995) and the Renormalization 

Group RNG k-ε (Yakhot et al., 1992) models are tested, as reported in Sect. 5.6.2. The 

SIMPLE algorithm was used for pressure-velocity coupling, pressure interpolation was 

second order and second-order discretization schemes were used for both the convection 

terms and the viscous terms of the governing equations. Convergence was achieved when 

all the scaled residuals leveled off.  

Following the solution of the wind flow, the local mean age of air was estimated by 

solving the transport equation for a passive tracer gas with a homogeneous emission rate 

of 10-6 kg/m³s in the entire computational domain. The turbulent mass fluxes are 

obtained with the gradient-diffusion hypothesis, in which the turbulent diffusivity is 

 
Figure 5.6. Inlet profiles of  the mean speed U, turbulent kinetic energy k, and turbulence 

dissipation rate ε at the inlet of  the domain (UIN, kIN, εIN) and at the first building position 
(UB, kB, εB) measured in the empty domain. 
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determined from the turbulent viscosity assuming a turbulent Schmidt number of 0.71. A 

second-order discretization scheme was used for the convection and diffusion terms of 

the passive scalar transport equation.  

5.6 CFD simulations: results  

 Grid sensitivity analysis 5.6.1

To assess the independence of the results from the grid resolution, three grids were 

created for case VS-B18 (scaled 1:100) by refining and coarsening the basic grid by about 

a factor 2(1/3) in every direction. The total number of cells of the three grids is 846,544 for 

the coarse, 1,596,048 for the basic and 3,290,148 for the fine grid. For a uniform 

reporting of the grid-convergence study and for an estimation of the grid-induced 

discretization error, the Grid Convergence Index (GCI) proposed by Roache (1994, 

1997) is adopted. Fig. 5.7 shows the results of the grid sensitivity analysis and the grid-

induced error bands calculated with the GCI for the basic grid solution. Fig. 5.7a shows 

the results of the streamwise wind speed along a vertical line in front of the building at 

position P obtained with the three grids, while Fig. 5.7b illustrates the pressure 

coefficients Cp along the centerline of the windward facade of the central building 

obtained with the three grids. Uref (Eq. 5-3) used to calculate Cp is assumed equal to 8.79 

m/s, as measured at 10 m height at the position of the central building in the empty 

domain. Fig. 5.7a shows that the grid resolution only marginally affects the streamwise 

wind speed in front of the building, while small differences are noted in the pressure 

coefficients calculated for the upper part of the centerline of the windward facade (Fig. 

5.7b). The grid-induced error bands for the basic grid solution (Fig. 5.7c) confirm the 

higher sensitivity of the results to the grid resolution in the upper part of the building 

facade. Based on these small differences, the basic grid was retained for further analysis 

and the grids for the other cases were prepared with a similar grid resolution. 

 Validation study 5.6.2

The performance of different turbulence models, i.e. the standard (Sk-ε), realizable (Rk-ε) 

and RNG k-ε models, was tested for VS-B18 (scaled 1:100). Fig. 5.8 shows the resulting 

Cp distribution along the centerline of the central building facades. Despite the known 

limitations of RANS models in predicting the pressure field on the building facades 

(Stathopoulos, 1997; Nore et al., 2010), the figures show an overall fair agreement 

                                              
1 The value of the turbulent Schmidt number varies with the urban geometry, the wind flow profile and 

the position and type of the pollutant source. In this study, the turbulent Schmidt number is assumed 

equal to 0.7, which is the default value (ANSYS Inc., 2009) and also the value used in many other studies 

of pollutant dispersion in the built environment, as reported in Blocken et al. (2013). 
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between the results from the standard k-ε turbulence model and the wind tunnel 

measurements. Since the Reynolds number of the flow based on the maximum building 

height is above 11000, the flow is considered Reynolds number independent (Snyder, 

1972) and further validation analyses are conducted using full-scale models, as reported 

below.   

An overview of the rest of validation study for the VS-cases (full-scale) with the 

experimental data by Quan et al. (2007a; b) is shown in Fig. 5.9 and 5.10. Fig. 5.9 

 
 
Figure 5.7. Grid sensitivity analysis for VS-B18 (scaled 1:100): (a) streamwise wind speed 

profiles along a vertical line placed in front of  the central building (black) at the position 
P calculated with the coarse, the basic, and the fine grids; (b) pressure coefficients along 
the vertical centreline of  the windward facade of  the central building calculated with the 
coarse, the basic, and the fine grids; (c) grid-induced error bands for the basic grid 
solution calculated using the GCI proposed by Roache (1994, 1997). 

 
Figure 5.8. Pressure coefficients along the vertical (a) and horizontal (b) centrelines of  the 

windward (2), lateral (3), and leeward (4) facades of  the central building, and on the roof  
(1) for VS-B18 (scaled 1:100) obtained from the wind-tunnel measurements and the 
numerical simulations with the standard (Sk-ε), realizable (Rk-ε) and RNG k-ε turbulence 
models. 
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compares the numerically and experimentally obtained Cp distribution on the windward 

facade of the central building for the three cases VS-B06, VS-B12 and VS-B18. Fig. 5.10 

compares the numerically and experimentally obtained Cp distribution along the vertical 

centerline of the windward facade of the central building for all nine VS-cases.  

The results indicate that the CFD simulations are able to accurately reproduce the 

experimental Cp values on the building facades especially for H=6 m (Fig. 5.10a). In fact 

average absolute deviations between the computed and measured Cp for this case are 

0.01, 0.05, and 0.02 for plan area densities of 0.1, 0.3 and 0.6 respectively. For H=12 (Fig. 

5.10b) some discrepancies are noted between the experiments and the CFD results for 

the case with plan area density 0.1 (VS-A12). The average absolute deviations for the 

cases with H=12 m are 0.1, 0.05 and 0.06 for plan area densities 0.1, 0.3 and 0.6. Finally, 

the largest deviations are obtained for H=18 m, as shown in Fig. 5.10c. In particular, for 

plan area density 0.1 (VS-A18), the numerical model overestimates the pressure 

coefficients near the stagnation area at the upper part of the windward facade. For plan 

area density 0.6 (VS-C18), the numerical model underestimated the Cp values along the 

whole centerline. The resulting average absolute deviations for the cases with H=18 m 

are 0.11, 0.07, and 0.17 for plan area density 0.1, 0.3 and 0.6. 

Given the previously demonstrated good performance of 3D steady RANS CFD 

 
Figure 5.9. Pressure coefficients distribution on the windward facade of  the central building 

for (a) VS-B06, (b) VS-B12, and (c) VS-B18 obtained from wind-tunnel measurements 
and numerical simulations performed with standard k-ε turbulence model. 
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simulations with k- type models for mean wind speed in passages between buildings 

(Blocken et al., 2007a, 2008a) and the fairly good agreement obtained in the present 

validation study with the standard k-ε model for pressure coefficients, it is decided to 

apply similar computational settings to the MS-cases in the remainder of this paper.  

 Local mean age of air 5.6.3

Fig. 5.11 summarizes the spatial-frequency distribution of the normalized local mean age 

of air of the MS-cases. As expected, the normalized local mean age of air is increasing 

with the building height and has maximum values of 0.8 for H=6 m, 1.6 for H=12 m, 

and 2.2 for H=18 m. This can be explained by considering that the plan area density is 

overall quite high, ranging from 0.37 to 0.48. According to Grimmond and Oke (1999) 

for very high plan area densities the streets are not wide enough to stimulate the 

development of a wake interference flow regime and the main flow will eventually skim 

the buildings. Therefore at the pedestrian level (1.75 m), the influence of the main flow is 

very limited and the local wind flow is strongly affected by the height of the buildings and 

their spatial distribution. In particular, for high frontal area density the channeling effect 

of the wind flow through the street canyons is then expected to be relevant when 

buildings are aligned on the streamwise directions (θ=0°, and θ=90°).  

This observation is confirmed by the results obtained for the uniform 

configurations (MS-0) with θ=0° and θ=90°. Since the frontal area density for θ=90° is 

higher than for θ=0°, the local mean age of air in this case is also expected to be higher. 

For H=12 m (Fig. 5.11d), however, the opposite situation occurs, probably due to the 

 
Figure 5.10. Pressure coefficients along the vertical centreline of  the windward facade of  the 

central building for VS-cases with H equal to (a) 6 m, (b) 12 m, and (c) 18 m obtained from 
wind-tunnel measurements and numerical simulations performed with standard k-ε 
turbulence model. 
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fact that the area affected by channeling effects is larger at θ=0° than at θ=90° (Fig. 5.4). 

It has to be reported here that the case with H=6 m has an asymmetric behavior both for 

the pressure coefficient on the windward facade, and for the local mean age of air 

distribution at the pedestrian level.  

Overall it can be noted that the introduction of a main street in a uniform urban 

configuration is beneficial for the local mean age of air of the area of interest for θ equal 

to 22.5°, 45°, and 67.5°. For instance, for the cases with H=18 m and θ=45° (Fig. 5.11g-

i) the poorly ventilated areas with local normalized mean age of air higher than 1.2, 

decrease from 55% for MS-0, to 48% for MS-1, to 20% for MS-2. Similarly, for θ=67.5° 

the values decrease from 26% for MS-0, to 18% for MS-1, to 11% for MS-0. 

 
Figure 5.11. MS-cases: Summary of  spatial-frequency distribution of  the normalized local 

mean age of  air in the area of  interest obtained by varying the wind angle from 0° to 90°, 
and considering building heights of  6 m (a,b,c), 12 m (d,e,f,), and 18 m (g, h, i).  
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As regards to the effect of the building distribution on the local mean age of air, it is 

interesting to point out the influence of the main street in the cases with very high 

packing density. A comparison between MS-0 and MS-2 with H=18 m (Fig. 5.11g and 

Fig. 5.11i) shows that situations with the highest frequency of poorly ventilated areas are 

given for MS-0 with wind angles of θ=45° and θ=67.5° (Fig. 5.11g). In these cases the 

main street in MS-2 acts as a sink of fresh air and drastically reduces the local mean age 

of air of the area of interest (Fig. 5.11i). To visualize this situation, the spatial distribution 

of normalized mean age of air for the cases MS-0 and MS-2 with H=18 m is analyzed for 

the wind angles of 45°, 67.5°, and 90° in Fig. 5.12. When analyzed the cases with θ=90°, 

it is noted that the spatial-frequency distribution of the local mean age of air is not 

strongly altered by the presence of a main street (Fig. 5.11g and Fig. 5.11i). However, Fig. 

5.12 illustrates that the areas affected by poor ventilation changed. In MS-0 case, the 

channeling effect of the wind flowing through the street canyons gives a predominant 

contribution to lower the local mean age of air in the streamwise street canyons, and the 

highest mean age of air is found downstream the central building. On the contrary, in 

MS-2 case the presence of a central main street interrupts the flow stream through the 

street canyons, altering the spatial distribution of the local mean age of air in the area of 

interest.  

 

Figure 5.12. Contours of the normalized local mean age of air for the cases MS-0, and 
MS-2 with H=18 m obtained for wind angles of 45°, 67.5°, and 90°.  
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5.7 Discussion 

The main limitations of the study are briefly mentioned: 

 The study only focused on generic urban configurations composed of block-type 

buildings. Future work should analyze the ventilation performance for irregular 

building arrangements with similar and different plan and frontal area densities as 

analyzed in the present paper. 

 The validation study was mainly focused on mean pressure coefficients. While the 

mean pressure and mean velocity fields are closely related, a validation study based on 

mean velocity patterns would have been more appropriate. Future work should 

address the establishment of high-quality experimental datasets of mean wind flow 

patterns for validation for building arrangements with different plan and frontal area 

densities. 

 The present study used the 3D steady RANS equations with the standard k-e model. 

Although this approach has well-known deficiencies, there are several arguments in 

support of its application for assessing outdoor ventilation performance in regularly 

spaced building arrays: (1) The present and previous validation studies indicate a 

satisfactory agreement with measurements; (2) Previous studies (Hang et al. 2009, 

Buccolieri et al. 2010) also used this approach. Using the same approach allows for a 

straightforward comparison of the results. (3) This approach is still the most often 

used in research and practice for natural ventilation studies and urban wind flow 

(Yoshie et al. 2007, Blocken et al. 2011, 2012). 

5.8 Conclusions 

A numerical study of the ventilation performance of generic urban configurations with 

equal and unequal street widths is presented in this paper by focusing on the local mean 

age of air at the pedestrian level. Two different sets of urban configurations composed by 

regular arrays of buildings with different street layouts are modeled: the VS-cases used for 

validation, and the MS-cases used to investigate the effect of a central main street on the 

local mean age of air of the downstream area. The outdoor wind flow was solved with 

3D steady RANS equations and standard k-ε turbulence model for closure, whereas the 

passive scalar transport equation was used to calculate the local mean age of air.  

Despite the known limitation of RANS approach in predicting the pressure on the 

building surfaces, an overall good agreement was found between the experimental data 

and the numerical results of the validation cases. Some deviations are noted for the 
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configurations with buildings 18 m height, in particular for plan area density of 0.6 (VS-

C18)1.  

By comparing the results of the local mean age it is pointed out that the presence of 

the main street is overall beneficial for the ventilation efficiency of the downstream area. 

In most cases the main street acts as a sink of clean air and reduces the local mean age of 

air of the surrounding areas. This is particularly remarkable for high-density urban 

configurations. An important observation can be drawn for the cases where the wind 

blows perpendicular to the main street. In these situations the urban flow and the 

transport of fresh air between the buildings are overall dominated by the channeling 

effect of the wind along the street canyons. As a result, the main street may interrupt the 

flow stream between the buildings, altering the spatial distribution of the poorly 

ventilated areas downstream. 

                                              
1 Further analyses should be conducted to clarify to what extent the discrepancies in the pressure 

coefficients at high plan area density are affecting the accuracy of the mean age of air predicted with 

CFD. 
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Chapter 6 

BES/AFN analysis of night-ventilation: 

sensitivity to pressure coefficients 

To date, this chapter has been submitted for publication as: 

R. Ramponi, A. Angelotti, B. Blocken 

Energy saving potential of night ventilation: Sensitivity to pressure coefficients for different 

European climates  

The suitability of night ventilation to reduce the cooling demand in buildings can be evaluated by 

coupling Airflow Network Models to Building Energy Simulation tools. To estimate wind-induced 

ventilation, pressure coefficients (Cp) on the building envelope are key inputs, as well as local wind speed 

and direction. Cp data obtained by primary sources such as measurements or CFD simulations are 

considered the most reliable but can be difficult to obtain. An easy alternative are Cp secondary sources, 

such as databases providing literature data correlations. Therefore an issue arises regarding the choice of 

the source of pressure coefficients.  

This paper investigates the effects of Cp from primary and secondary sources on the predicted energy 

saving potential of night ventilation of an isolated office building for several European climates. Different 

Cp sources produce a dispersion of Cp data and differences in the calculated night ventilation rates up to 

15%. Contrary to what might be expected, these differences influence only marginally the resulting passive 

cooling effects, although an overall stronger impact is observed for colder climates, where the difference 

between night-averaged outdoor temperature and daily set point temperature is more pronounced. Finally, 

for the building under study, the choice of the Cp source appears less crucial than the choice of other 

building simulation parameters, such as the internal convective heat transfer coefficient. This study can 

support building designers towards accurate energy simulations of naturally ventilated buildings. 
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6.1 Introduction 

According to the European Directive for the energy performance of buildings (European 

Commission, 2002) the building sector accounted in 2002 for almost the 40% of the 

European energy consumption. Among end uses in buildings, summer air conditioning is 

growing, leading to an increase in overall and peak electricity consumption. Due to 

climate change, outdoor air temperature is expected to rise substantially, suggesting an 

increasing importance of advanced passive cooling measures to limit the summer energy 

demand (CIBSE, 2005). 

Night cooling, meant as the combined effect of both natural or mechanical night 

ventilation, and building thermal inertia, was proven to be an effective measure to reduce 

cooling loads (Balaras, 1996; Blondeau et al., 1997; Yang & Li, 2008). The heat absorbed 

by the building structures during the day is released into the rooms at night, after which it 

is purged by night ventilation. Meanwhile, external fresh air cools down the thermal mass 

which then acts as a heat sink in the following day (Balaras, 1996). The efficiency of night 

cooling depends on the thermal properties of the building and on the local climate 

conditions, i.e. night-time wind speed and temperature swing of the ambient air (Givoni, 

1992; Shaviv et al., 2001; Geros et al., 2005; Yang & Li, 2008). A Climatic Cooling 

Potential (CCP) index based on the indoor-outdoor night temperature difference was 

established by Artmann et al. (2007) to map the regions with sufficient night cooling 

potential. 

In order to calculate cooling energy savings in buildings with natural ventilation, an 

airflow analysis has to be coupled with a thermal model as used by Building Energy 

Simulation tools. Accurate airflow analyses can be performed with experiments or 

Computational Fluid Dynamics (Franke et al., 2007; Tominaga et al., 2008; Chen, 2009; 

van Hooff & Blocken, 2010b; Ramponi & Blocken, 2012a; b). However, issues related 

with the complexity of the models, the required time and expertise and the possibility of 

integration with the energy simulation tools arise. A good trade-off was found in the so-

called ‘Airflow Network (AFN) Models’, which are suited for integration with Building 

Energy Simulation tools (Gu, 2007; Hensen & Lamberts, 2011). AFN models are based 

on the mass balance within several zonal nodes connected by airflow elements, e.g. 

openings, doors, or cracks (Axley, 2007). Each zonal node is characterized by 

temperature and pressure conditions, while correlations between pressure difference and 

airflow are assigned to the airflow elements. Boundary conditions for natural ventilation 

are imposed at the external nodes to express the wind pressure on the envelope by means 

of pressure coefficients (Cp). Pressure coefficients relate the static pressure at a given 

point of the building facade (Px) to the reference static (Pref) and dynamic (Pdyn) pressure 

as in Eq. (6-1), where Pdyn depends on air density (ρ) and reference wind speed (Uref). 

Usually, Uref and Pref are taken at building height in the upstream undisturbed flow. 
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Cp values are strongly related to building geometry and facade design, and to the 

local wind conditions e.g. wind incident profile, or presence of surrounding obstacles. 

Therefore AFN models usually allow user-defined sets of Cp obtained from external 

‘primary sources’, i.e. measurements or numerical simulations, or from ‘secondary 

sources’, i.e. databases or analytical models (Costola et al., 2009, 2010). Primary sources 

are considered the most reliable for airflow calculations, albeit less accessible. Secondary 

sources are therefore most often used in practice, increasing the uncertainty of the 

predicted wind-driven airflow rates (Costola et al., 2010) . The use of surface-averaged Cp 

in spite of local values at the right flow path location increases the uncertainties of the 

calculations (Feustel & Rayner-Hooson, 1990; Costola et al., 2010). Past studies (Swami 

& Chandra, 1987) reported differences between 5% and 10% in the ventilation rates 

estimated using the local or the surface-averaged Cp.  

When considering the effects of night ventilation on the summer cooling energy 

saving, many studies in the past addressed the influence of the design parameters, e.g. 

local climate (Shaviv et al., 2001; Artmann et al., 2007, 2008) and thermal mass, and of 

the operational parameters, e.g. internal heat gains (Kolokotroni & Aronis, 1999; 

Artmann et al., 2008). However the accuracy of the calculation is also affected by 

simulation parameters like the internal Convective Heat Transfer Coefficients (CHTC) or 

wind pressure coefficients. To the best knowledge of the authors, up to now, analyses of 

the relative importance of simulation parameters on the energy savings for night 

ventilation were mainly focused on the internal CHTC (Goethals et al., 2011), while the 

sensitivity to the Cp sources has not been clarified. 

In this paper, the influence of primary and secondary Cp sources on the summer 

energy savings of an isolated night-ventilated building is investigated and discussed. The 

influence of the climate on the sensitivity to the Cp sources is also explored by 

performing the analysis for several European locations. A six-story office building is 

adopted as case study and modeled in EnergyPlus (DOE, 2010). Cp values calculated with 

EnergyPlus using the formula of Swami and Chandra (1988) are compared with others 

obtained with (i) the web-based software CpGenerator (Knoll et al., 1996), (ii) the 

program CPCALC+ (Grosso, 1992), and (iii) the wind tunnel tests by Tokyo Polytechnic 

University (TPU) (Quan et al., 2007a; b) (Sect. 6.4.1).  

At first, the influence of night ventilation rates on the cooling energy savings is 

investigated by means of a sensitivity analysis conducted under constant ventilation rates 

for different locations, and by varying the thermal inertia of the building structure and the 

interior CHTC at the ceiling (Sect. 6.4.2). Then, the AFN model in EnergyPlus is used to 

analyze the impact of the Cp sources on the predicted night ventilation rates and the 

relative cooling energy savings for each location (Sect. 6.4.3 and 6.4.4). Finally, the results 
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obtained with the sensitivity analysis and with the AFN model are compared and 

discussed, and some limitations of the study are pointed out (Sect. 6.4.5).  

Nomenclature 

A Surface-averaged 
ACH Air Changes per Hour (h-1) 
AFN Air Flow Network 
AIJ Architectural institute of Japan 
ALS Alpine south 
ATN Atlantic north 
BG Bergamo 
Cp Pressure coefficient 
CHTC Convective heat transfer coefficient (W/m²K) 
CON Continental 
CpG CpGenerator 
CpC CPCALC+ 
EP EnergyPlus 
ES Energy savings (%) 
GR Groningen 
IGDG Italian climatic data collection Gianni De Giorgio 
IWEC International Weather for Energy Calculation 
IN Innsbruck 
L Local 
LTI Low-thermal inertia 
MDM Mediterranean mountains 
MDN Mediterranean north 
MDS Mediterranean south 
MU Munich 

Q  Cooling loads per unit area (W/m ²) 

Q Energy demand per unit area (kWh/m2) 
PA Palermo 
RO Rome 
T Temperature (°C) 
TPU Tokyo Polytechnic University 
U Wind speed (m/s) 
 
Greek symbols 

 Wind incident angle (°) 

 
Subscripts 
C Cooling 
ceiling Ceiling 
min Minimum 
in Indoor 
N Night 
NV Night-ventilated 
sp Set point 
out Outdoor 
UV Unventilated 
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6.2 Materials and methods 

A sensitivity study is first carried out by imposing constant night ventilation rates in the 

occupied zones of the building to establish a general framework for the analysis of the 

energy saving potential of night ventilation. Increased Air Change per Hour (ACH) from 

0.5 to 20 h-1 are imposed during the night (Table 6.1) and the related cooling energy 

savings (ES) are evaluated by considering the percentage of energy saving in the night-

ventilated case (NV) with respect to the unventilated case (UV). The influence of local 

climate is considered by repeating the analysis for several European locations. For the 

case in Bergamo, the impacts of a low-thermal inertia (LTI) structure and a different 

internal CHTCceiling at the ceiling are also investigated. 

Next, the effects of different sets of Cp on the ventilation rates and on the cooling 

energy savings (ES) of a night-ventilated office are explored using the AFN model in 

EnergyPlus. In this case, variable ACH values are derived from the hourly wind 

conditions in the weather file. Night-averaged ACH and energy savings of the building 

are calculated over the simulation period (June to August) for each location and for 

different sources of Cp, and the results are compared with the sensitivity analysis. A 

summary of the cases analyzed is listed in Table 6.1. 

 Building characteristics  6.2.1

An isolated six-story office building with dimensions 16 x 24 x 18 m³ is modeled with 

EnergyPlus (Fig. 6.1a). Each floor is composed of 12 office rooms of 3.4 x 6.1 x 2.7 m³ 

aligned on the northern and southern sides of the building as shown in Fig. 6.1b. In each 

Table 6.1. Summary of  the cases under study: case location and features, and night 
ventilation parameters for the unventilated (UV) and the night-ventilated (NV) cases tested 
with (i) constant night ventilation rates (ACHN) and (ii) AFN model (Cp sources). 

Case Location Case features 

Night ventilation parameters 

(i) Constant 
ventilation rates 

ACHN [h-1] 

 (ii) AFN model  
Cp sources 

UV NV  UV NV 

BG Bergamo Ref. structure 0.02 0.5-20  EP EP, CpG, CpC, TPU 

  LTI structure 0.02 0.5-20  - - 

  CHTCceiling =  
10 W/m²K 

0.02 0.5-20  - - 

GR Groningen Ref. structure 0.02 0.5-20  EP EP, CpG, CpC, TPU 

MU Munich Ref. structure 0.02 0.5-20  EP EP, CpG, CpC, TPU 

IN Innsbruck Ref. structure 0.02 0.5-20  EP EP, CpG, CpC, TPU 

RO Rome Ref. structure 0.02 0.5-20  EP EP, CpG, CpC, TPU 

PA Palermo Ref. structure 0.02 0.5-20  EP EP, CpG, CpC, TPU 
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office room daylighting is ensured by non-operable large windows of 2.4 x 1.2 m² on the 

external walls. To achieve cross-ventilation, operable bottom-hung windows are added on 

external walls above the others and on internal walls above the doors. The external and 

internal operable windows sizes are 2.4 x 0.6 m² and 3.4 x 0.6 m² respectively. External 

shading devices are placed on the large non-operable windows to avoid overheating. 

A building structure with high thermal inertia is selected to promote night cooling. 

An additional structure with lower thermal inertia (LTI structure) results by moving the 

insulation layer from the outer to the inner part of the external wall and by adding a 

suspended ceiling. In order to evaluate the thermal inertia of the structures, dynamic 

properties are calculated according to CEN EN ISO 13786 (2007), as in (Rossi & 

Rocco,), and Aste et al. (2009). In particular, periodic thermal transmittance1 and internal 

admittance2 are calculated, as well as their associated time lag and time lead, to express 

the response of the components to the variation of the outdoor and indoor conditions 

respectively. Thermal properties of the building structures are summarized in Tab. 6.2. 

Note that the internal admittance decreases significantly when passing from the reference 

to the LTI structure. External glazed surfaces are composed of double pane low-

emissivity windows filled with Argon. 

  

                                              
1 ‘Complex quantity defined as the complex amplitude of the density of heat flow rate through the surface 

of the component adjacent to zone m, divided by the complex amplitude of the temperature in zone n 

when the temperature in zone m is held constant.’ (CEN EN ISO 13786, 2007) The associated time 

dependency is expressed as a time lag (CIBSE, 1999). 

2 ‘Complex quantity defined as the complex amplitude of the density of heat flow rate through the surface 

of the component adjacent to zone m, divided by the complex amplitude of the temperature in the same 

zone when the temperature on the other side is held constant’ (CEN EN ISO 13786, 2007). The 

associated time dependency is expressed as a time lead (CIBSE, 1999). 

 
Figure 6.1. (a) Building geometry and (b) plan of  a typical floor with 12 office rooms sized 

3.4 x 6.1 m² (in white the occupied zones), and (c) schedules of  the natural ventilation 
system. During the day, windows are closed and the cooling set point temperature (Tsp) is 
26°C for the Italian locations and 25°C otherwise. During the night, the ventilation is 
active and a minimum indoor temperature (Tmin) of  18°C is imposed to avoid excessive 
cooling.  
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Table 6.2. Thermal properties of  the reference structure and the low-thermal inertia (LTI) 
structure; the main differences among the two structures are underlined.  

 

   
Periodic Thermal  

Transmittance 
Internal  

Admittance 

  U-value Amplitude 
Time 
lag 

Amplitude 
Time 
lead 

Wall 
Composition  

(inside to outside) 
[W/m²K] [W/m²K] [h] [W/m²K] [h] 

Reference structure 

External 
wall 

2 cm plaster, 24 cm 
brick masonry, 8.5 cm 
polystyrene, 2 cm plaster 

0.34 0.04 -11.04 3.96 1.27 

Ceiling 1.2 cm cement building 
board, 15 cm cast 
concrete, 5 cm screed, 1 
cm carpet/underlay 

2.04 - - 5.17 1.11 

Floor 1 cm carpet/underlay, 5 
cm screed, 15 cm cast 
concrete, 1.2 cm cement 
building board 

2.04 - - 4.25 1.19 

Partitions 1.3 cm plaster, 16 cm 
brick masonry, 1.3 cm 
plaster 

1.45 - - 3.51 1.17 

LTI structure 

External 
wall 

2 cm plaster, 8.5 m 
polystyrene, 24 cm brick 
masonry, 2 cm plaster 

0.34 0.05 -10.98 1.82 4.19 

Ceiling 2 cm suspended ceiling, 
25 cm air gap, 1.2 cm 
cement building board, 
15 cm cast concrete, 5 
cm screed, 1 cm 
carpet/underlay 

1.34 - - 2.45 1.18 

Floor 1 cm carpet/underlay, 5 
cm screed, 15 cm cast 
concrete, 1.2 cm cement 
building board, 25 cm 
air gap, 2 cm suspended 
ceiling 

1.34 - - 4.28 1.15 

Partitions 1.3 cm plaster, 16 cm 
brick masonry, 1.3 cm 
plaster 

1.45 - - 3.51 1.17 
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 Occupancy and systems  6.2.2

Internal heat gains in the office rooms are defined according to (Ente Nazionale 

Italiano di Unificazione - UNI, 2008) as 20 W/m² in the occupancy period (weekdays, 7 

a.m. - 6 p.m.) and as 2 W/m² otherwise. In the corridor internal heat gains of 8 W/m² are 

scheduled in the occupancy period and 1 W/m² otherwise. An ideal air cooling system 

defined by EnergyPlus (Ideal load HVAC system (DOE, 2010)) is used to determine the 

cooling energy demand for given set point temperatures (Tsp) depending on the climate 

(26°C for the Italian and 25°C for the other locations). The cooling system is active from 

8 a.m. to 7 p.m.  

 Thermal model 6.2.3

Since similar thermal conditions are expected for each intermediate floor of the building, 

only one floor is modeled in EnergyPlus and adiabatic conditions are selected for the 

floor and the ceiling surfaces. Each office room and the corridor are modeled as separate 

thermal zones, as shown in Fig. 6.1b. 

The TARP algorithm (Walton, 1983) is used for simulating natural convection at 

the internal surfaces. The model correlates the CHTC with surface type, heat flow 

direction, and temperature difference between indoor air and surfaces (DOE, 2010). In 

order to consider the stronger effect of wind-driven ventilation on convective heat 

transfer at the ceiling, a case with an enhanced CHTCceiling equal to 10 W/(m²K) during 

the night is considered in the sensitivity analysis (Table 6.1). 

 Climates  6.2.4

Several locations across Europe were selected to test the influence of local climate on the 

sensitivity of the cooling energy savings to the Cp sources. The locations were chosen in 

accordance with the study by Metzger et al. (2005) that provides a high-resolution 

climatic stratification of Europe. Within the 13 Environmental Zones in Metzger et al. 

(2005), six cities were selected (Tab. 6.3), i.e. Groningen (Atlantic North Zone); Munich 

(Continental Zone), Innsbruck (Alpine South Zone), Bergamo (Mediterranean Mountains 

Zone), Rome (Mediterranean North Zone), and Palermo (Mediterranean South Zone).  

Meteorological data from the International Weather for Energy Calculation (IWEC) 

(ASHRAE, 2001) dataset and from the Italian Climatic data collection Gianni De Giorgio 

(IGDG) (Mazzarella, 1997) are used (Table 6.3). All data refer to a Typical 

Meteorological Year, formed by hourly data from appropriate months of different years 

as indicated in the local standards (CEN, 2005). For the selected locations a first 

indication of the potential for night cooling can be obtained by the values for night-

averaged outdoor temperature and wind velocity (see Table 6.3), the latter assumed to be 

measured at 10 m height in open terrain. 
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 Ventilation model 6.2.5

The AFN model of the office building is composed of: external nodes on the building 

facades, internal nodes in the occupied zones (office rooms and corridor), and airflow 

elements represented by operable windows. The wind pressure acting on the windows is 

determined by assigning at the external nodes a set of Cp values according to surface 

orientation and wind incident angle. The Cp values are obtained by experiments, database 

and empirical correlations as presented in Sect. 6.3. When closed, the operable windows 

are considered as ‘cracks’ characterized by a flow coefficient C equal to 0.13 dm³/(smPan) 

per meter length of joint (Orme & Leksmono, 2002). When open, the windows are 

characterized by a discharge coefficient of 0.6 for the external and 0.78 for the internal 

windows (Santamouris & Asimakopoulos, 1996). 

The ventilation model works as follows (Fig. 6.1c): during the night (8 p.m. - 7 a.m.) 

both external and internal bottom hung windows are open at about 20 and 45 degrees 

respectively; during the day only the internal windows remain open. Note that to avoid 

excessive cooling the external windows are closed if the indoor night temperature drops 

below 18°C. 

Table 6.3. Selected European locations: environmental zones according to Metzger et al. 
(2005), meteorological data source and characteristics, i.e. night-averaged outdoor 
temperature (Tout,N) and night-averaged wind speed (UN) during the simulation period 
(June to August). 

 

Location 
Environmental 

zones 
Meteorological 

data source 

 Meteorological 
parameters 

 

 Tout,N 
[°C] 

UN 
[m/s] 

 

Bergamo 
(BG) 

MDM IGDG  17.9 1.5 

 

Groningen 
(GR) 

ATN IWEC  13.1 2.8 

Munich 
(MU) 

CON IWEC  13.8 2.0 

Innsbruck 
(IN) 

ALS IWEC  15.1 1.5 

Rome 
(RO) 

MDN IWEC  20.6 1.7 

Palermo 
(PA) 

MDS IWEC  23.9 2.2 
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6.3 Sources of pressure coefficients 

Sets of Cp, either local or surface-averaged, can be obtained from primary and secondary 

sources and used in AFN models. EnergyPlus uses a secondary source to provide default 

sets of Cp, i.e. the formula by Swami and Chandra (Sect. 6.3.1). Other secondary sources 

in this study are CpGenerator (Sect. 6.3.2), and CPCALC+ (Sect. 6.3.3), whereas primary 

sources are the wind tunnel measurements by Tokyo Polytechnic University (Sect.6.3.4).  

 EnergyPlus (Formula by Swami and Chandra) 6.3.1

The correlation used by EnergyPlus to estimate the surface-averaged Cp for block-shaped 

low-rise buildings is the formula by Swami and Chandra (1988) (Eq. 6-2). It is based on a 

non-linear regression whose variables are the wind incident angle (α) and the building 

side ratio (G), the latter defined as the natural logarithm of the width of the wall under 

consideration to the width of the adjacent wall (DOE, 2010). In the present case the 

building side ratio is 0.66.  

   2 3

2 2 2

1.248 0.703sin 1.175sin 0.131sin 2
2

0.6ln

0.769cos 0.07 sin 0.717cos
2 2 2

P

G

C
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(6-2) 

 

 CpGenerator 6.3.2

CpGenerator (Knoll et al., 1996) is a web-based program developed by the Dutch 

research center TNO by fitting wind tunnel data (Phaff, 1977, 1979) into mathematical 

expressions. The program provides Cp data for a wide range of isolated and non-isolated 

block-shaped buildings with flat roof. Local and surface-averaged Cp values can be 

obtained for both low-rise and high-rise buildings. The wind incident profile is described 

through the roughness of the terrain that in this study is taken equal to 0.2 m (suburban 

terrain).  

 CPCALC+ 6.3.3

CPCALC+ is a program developed within the European Research Program PASCOOL 

(Grosso, 1993; Grosso et al., 1994) as an upgrade of the code CPCALC (Grosso, 1992), 

implemented at the Lawrence Berkeley Laboratory in California for the COMIS 

multizone airflow calculation model (Feustel & Rayner-Hooson, 1990). A regression 

analysis was carried out using existing wind tunnel data (Akins & Cermak, 1976; Hussein 

& Lee, 1980) and new tests performed within the PASCOOL project (Marques da Silva 
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& Saraiva, 1994). The program calculates local and surface-averaged Cp for block-shaped 

buildings with flat, shed or gable roofs and takes into account the influence of 

environmental factors, i.e. incident wind profile exponent and presence of surrounding 

buildings, described in terms of plan area density and building heights. In this study a 

wind profile exponent of 0.2 (suburban terrain) is considered.  

 Wind tunnel tests by Tokyo Polytechnic University (TPU) 6.3.4

An extensive online experimental database of Cp for isolated and non-isolated low-rise 

buildings is provided by TPU (Quan et al., 2007a; b). The database consists of wind 

tunnel data from 111 reduced-scale configurations of rectangular shaped building models 

for various urban densities. The building models have a fixed plan area of 0.24 x 0.16 m² 

(scale 1:100) and variable heights of 0.06, 0.12, or 0.18 m. Measurements were performed 

in the TPU Atmospheric Boundary Layer wind tunnel assuming an inlet profile 

corresponding to suburban terrain as in the terrain category III of AIJ (2004), i.e. with a 

wind velocity profile exponent of 0.2 and a gradient height of 450 m. Cp values were 

calculated from the static pressure measured on the surfaces of the central building with 

pressure taps at every 20 mm. Surface-averaged Cp values for each wind incident angle 

are provided as well as the local values at the measurement points. In this paper the 

surface-averaged Cp values (TPU-A) obtained with the wind tunnel test for an isolated 

building model, which correspond to a real building sized 16 x 24 x 18 m³ (full-scale), 

were used. Since the measurement points are not matching the opening positions, the 

local Cp values derived from the measurements are not included in the present analysis. 

6.4 Results and remarks 

 Influence of primary and secondary sources on the estimation of Cp values 6.4.1

The influence of Cp sources on surface-averaged Cp values for different wind directions is 

shown in Fig. 6.2a, taking as an example the southern facade of the building. With 

respect to the values from EnergyPlus (EP-A), it is observed that differences up to 45-

50% are found with the surface-averaged Cp from CpGenerator (CpG-A) and CPCALC+ 

(CpC-A) for incidence angles of about 30° and 120° respectively. In Fig. 6.2b surface-

averaged Cp values obtained with CpGenerator (CpG-A) for west wind direction are 

compared with local values (CpG-L) at window height on different floors (1st, 2nd, and 

5th). Significant differences from the surface-averaged values are observed for the 

windward and the lateral side of the building; in particular, a variation up to 34% is found 

for the windward side. The impact of these differences on the ventilation rates and on 

the energy savings of the isolated office building is discussed in the following sections.  
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 Sensitivity of the cooling energy savings to the variation of constant night 6.4.2

ventilation rates  

A sensitivity study with constant ventilation rates (ACHN) varying from 0.5 to 20 h-1 is 

conducted. As listed in Table 6.1, at first different locations are analyzed, and then the 

relative influence of the LTI structure and the enhanced internal CHTCceiling is 

investigated for the case of Bergamo (BG). Fig. 6.3 summarizes the results. 

Clearly for a given value of ACHN, the lower the night-averaged outdoor 

temperature reported in Tab. 6.3, the higher are the energy savings. One further 

consideration is related to the range of ACHN giving the largest sensitivity of the energy 

savings in different climates. In the northern locations of Groningen (GR) and Munich 

(MU), the night-averaged outdoor temperatures drop below 15 °C. In these cases even 

small variations of the ACHN cause a significant impact on the energy savings when 

ACHN are less than 5 h-1. Above this threshold the percentage of energy savings is much 

less related with the ACHN. A different situation is shown for the southern locations that 

show a rather low impact of the ACHN on the energy savings even for values below 5 h-1. 

In the latter locations substantial differences in the energy savings are expected only for a 

large variation of the ventilation rates. An extreme case is represented by Palermo (PA), 

where the night-averaged outdoor temperature is only 2 °C below the cooling set point 

temperature of 26 °C. Thus, a very low cooling potential is associated with this climate 

and the dependency of the energy savings to the variation of the ACHN is extremely low. 

 
Figure 6.2. (a) Surface-averaged Cp on the southern facade of  the building versus wind 

incidence angles (θ) for different Cp sources, i.e. EnergyPlus (EP-A), CpGenerator (CpG-
A), CPCALC+ (CpC-A), and wind tunnel tests (TPU-A); (b) Local Cp at window height on 
the 1st, 2nd and 5th floors obtained with CpGenerator (CpG-L) for west wind direction and 
comparison with the surface-averaged Cp obtained with the same source (CpG-A).  
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Focusing for instance on Bergamo (BG), the role of internal inertia and CHTC of 

the ceiling on the relation between energy savings and ACHN is further analyzed. Fig. 6.3 

points out that for ACHN below 4 h-1, no remarkable differences are due to the use of 

these design and simulation parameters. However, for ACHN higher than 4 h-1, the 

influence of the CHTC correlation is more pronounced. In general the internal inertia 

and the CHTCceiling have a rather small influence on the slope of the curves, and then on 

the sensitivity of the energy savings to the ACHN, for ACHN above 10 h-1. 

 Sensitivity of the cooling energy savings to different Cp sources for Bergamo 6.4.3

(BG) 

The AFN model predicts variable ventilation rates from the wind conditions listed in the 

weather file, i.e. hourly wind speed and direction, and the pressure coefficients on the 

envelope. When ventilation is active, hourly ACH are therefore provided to the thermal 

 
Figure 6.3. Effects of  the increased constant night ventilation rate (ACHN) on the energy 

savings (ES) of  the building in different European climates (Tab. 6.3); comparison of  the 
results obtained with a reference structure with the ones obtained with a low-thermal 
inertia structure (LTI), and an enhanced CHTCceiling for the case of  Bergamo (BG).  

 

 
Figure 6.4. (a) ACH in a south-oriented office room during three summer days (July 26-28) 

in Bergamo (BG); (b) Outdoor temperature (Tout) and indoor temperature in the night 
ventilated (Tin,V) and unventilated (Tin,UV) cases; (c) Cooling loads per unit area of  the 

night ventilated ( ,C NVQ ) and unventilated ( ,C UVQ ) cases. 

 



  Chapter 6 

 

130 

analysis in EnergyPlus to calculate the cooling loads and the energy demand. An example 

of the calculation for a south-oriented office room in Bergamo (BG) is shown in Fig. 6.4 

for three summer days (July 26-28). Fig. 6.4a illustrates that during the night both the 

amount and the sign of the ACH may vary, with positive values meaning that outdoor air 

comes directly into the room and negative values meaning that air from the corridor 

comes into the room. During the first night, very little outdoor fresh air is entering the 

room and the consequent reduction of the minimum indoor air temperature (Fig. 6.4b) is 

limited to Tin,NV=23.5°C. A very different scenario happens during the second night, 

where the large amount of air entering the room purges the heat stored in the building 

structures and the minimum indoor temperature drops to 21.6 °C. As a consequence, the 

peak in the cooling loads on June 27 decreases from ,C UVQ =43.5 W/m² for the 

unventilated case to ,C NVQ =36.6 W/m² for the night-ventilated case (Fig. 6.4c). Due to 

the effect of larger ventilation rates, the cooling energy savings increase from 10% on July 

26 to 21% on July 27. 

Results obtained for the case of Bergamo (BG) over the entire simulation period 

(June to August) are reported in Fig. 6.5 considering a single office room and the whole 

building. It can be observed in Fig. 6.5a that the choice of the Cp source impacts the 

estimated ACHN. Regarding the whole building, differences up to 15% are reported when 

Cp values are extracted from CPCALC+ (CpC-A) instead of EnergyPlus (EP-A). Also, 

the use of wind tunnel data (TPU-A) causes differences of almost 10% on the results. 

Significant variations of ACHN are also observed for the single room, not only due to the 

choice of the Cp source, but also due to the use of surface-averaged instead of local Cp. 

For instance, in the south-oriented room, a variation of 12% in ACHN is reported (Fig. 

6.5a) when ACHN are estimated using local Cp from CPCALC+ (CpC-L) instead of the 

correspondent surface-averaged values (CpC-A). Moreover, a variation of almost 20% is 

 
Figure 6.5. Effect of  the Cp sources (a) on the night-averaged ACH (ACHN) and (b) on the 

energy savings (EP) estimated over the simulation period for a south-oriented office room 
and for the whole building in Bergamo (BG). Cp are extracted from EnergyPlus (EP-A), 
CpGenerator (CpG-A, CpG-L), CPCALC+ (CpC-A, CpC-L), and TPU database (TPU-
A). 
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found for the south-west oriented room due to the use of surface-averaged Cp from 

CPCALC+ (CpC-A). To summarize, the dispersion of the Cp values due to different data 

sources causes a variation in the predicted ACHN up to 15% for the whole building and 

up to about 20% for the single room. 

In turn, the impact of the Cp sources is less pronounced when the energy savings 

are considered. As shown in Fig. 6.5b, the energy savings over the simulation period for 

the whole building range from a minimum of 31.3% (CpC-A) to a maximum of about 

33.8% (EP-A, CpG-A, CpG-L). With respect to the case with Cp from EnergyPlus (EP-

A), a variation up to 2.4% is obtained with Cp values from CPCALC+ (CpC-A). For the 

single office room, a similar situation is observed. 

The difference between the energy savings (ES) of the cases with surface-averaged 

Cp from CPCALC+ (ESCpC) and from EnergyPlus (ESEP) is referred as to the “sensitivity 

to Cp source”. Its daily variation in June and July is shown in Fig. 6.6. Overall, it can be 

noticed that the sensitivity tends to increase with the temperature difference between the 

indoor set point (Tsp) and the outdoor night-averaged (Tout,N) temperatures.  

 Sensitivity of the cooling energy savings to different Cp sources for different 6.4.4

European locations 

An overview of the results obtained by repeating the analysis for different locations is 

given in Tab. 6.4. Note that the case with Cp from EnergyPlus (EP-A) is the reference for 

calculating the variation of ACHN with Cp and the sensitivity of ES to Cp.  

Night-averaged ACH vary from a minimum of 2.2 h-1 in Bergamo (BG) and 2.5 h-1 

in Innsbruck (IN) to a maximum of 4.8 h-1 in Groningen (GR) and 5.2 h-1 in Palermo 

(PA). However, for all cases, a maximum sensitivity of almost 17% is reported for the use 

of Cp values from CPCALC+ (CpC-A), as for Bergamo (BG). 

 
Figure 6.6. Impact of  the temperature difference between the indoor set point temperature 

(Tsp) and the night-averaged outdoor temperature (Tout,N) on the sensitivity of  ES to the Cp 
for the months of  June and July in Bergamo (BG). The sensitivity of  the ES to Cp is the 
difference between the daily energy savings of  the case with surface-averaged Cp from 
EnergyPlus (ESEP) and from CPCALC+ (ESCpC).  
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Similar to the results in Sect. 6.4.3, much lower sensitivity to the Cp sources is 

obtained when considering the energy savings, with higher values related to the use of 

surface-averaged Cp from CPCALC+ (CpC-A). To this extent, maximum sensitivity of 

about 4% is found in Groningen (GR), followed by the 3.3% in Munich (MU).  

A comparison between these results and the ones achieved by imposing constant 

night ventilation rate is presented in Fig. 6.7, where energy savings obtained with AFN 

model analysis (Tab. 6.4) are superimposed to the corresponding curves from the 

sensitivity analysis (Fig. 6.3). Although the results do not match perfectly, the sensitivity 

of the energy savings to the Cp sources is in agreement with the sensitivity of the energy 

savings to the ACHN. The differences are due to the fact that in the AFN model analysis 

ACHN is obtained as an average of variable flow rates, both in terms of quantity and in 

terms of flow direction.  

 
 

 
Figure 6.7. Energy savings (ES) versus night ventilation rates (ACHN). Comparison between 

the results obtained from the constant ventilation rate analysis (lines) and the AFN model 
analysis (dots) for different European locations over the whole simulation period (June to 
August). 
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Table 6.4. Results of  the AFN model analysis conducted for different European locations 
over the simulation period (June to August): (i) night-averaged ACH (ACHN) and 
variation with Cp, calculated with respect to the EP-A case; (ii) total energy demand (QC) 
and savings (ES) due to night ventilation over the simulation period, and sensitivity of  
ES to Cp. The latter is calculated as |ESX-ESEP|, with X referring to any Cp source and 
EP to EnergyPlus (EP-A). 

Case 
Cp 

source 

(i) Night -averaged ACH  (ii) Energy demand and savings 

ACHN 
Variation of 
ACHN with 

Cp 

 Energy 
demand 
(QC,NV) 

Energy  
savings 

(ES) 

Sensitivity 
of ES to 

Cp 
  [h

-1
] [%]  [kWh/m²] [%] [%] 

BG - Bergamo (IT): Tsp = 26°C; Tsp - Tout,N = 7.8°C;  QC,UV = 26.6 [kWh/m²] 
 EP-A 2.5 -  17.6 33.7% - 

 TPU-A 2.3 9.1%  18.0 32.4% 1.3% 

 CpG-A 2.5 0.8%  17.6 33.7% 0.0% 

 CpG-L 2.4 4.9%  17.6 33.8% 0.1% 

 CpC-A 2.2 14.4%  18.3 31.3% 2.4% 

 CpC-L 2.2 12.6%  18.1 32.1% 1.6% 

GR - Groningen (NL): Tsp = 25°C; Tsp - Tout,N = 12.8°C, QC,UV = 19.2 [kWh/m²] 
 EP-A 4.8 -  6.7 65.3% - 

 TPU-A 4.5 7.9%  7.1 63.2% 2.1% 

 CpG-A 4.6 5.4%  6.9 64.1% 1.1% 

 CpG-L 4.5 7.3%  6.8 64.4% 0.8% 

 CpC-A 4.2 12.9%  7.4 61.3% 4.0% 

 CpC-L 4.5 7.5%  7.1 62.9% 2.4% 

MU - Munich (D): Tsp = 25°C; Tsp - Tout,N = 12.2°C, QC,UV=21.4 [kWh/m²] 
 EP-A 3.7 -  10.7 49.8% - 

 TPU-A 3.4 8.7%  11.1 48.1% 1.7% 

 CpG-A 3.6 4.4%  10.8 49.6% 0.2% 

 CpG-L 3.5 7.1%  10.8 49.6% 0.2% 

 CpC-A 3.2 14.7%  11.4 46.5% 3.3% 

 CpC-L 3.4 9.8%  11.2 47.7% 2.2% 

IN - Innsbruck (A): Tsp = 25°C; Tsp - Tout,N = 10.7°C, QC,UV=23.3 [kWh/m²] 
 EP-A 2.8 -  15.5 33.6% - 

 TPU-A 2.5 10.7%  15.9 32.1% 1.6% 

 CpG-A 2.6 5.0%  15.5 33.5% 0.1% 

 CpG-L 2.6 5.9%  15.4 33.8% 0.2% 

 CpC-A 2.3 16.9%  16.0 31.3% 2.3% 

 CpC-L 2.6 6.9%  15.7 32.8% 0.8% 

RO – Rome (IT)  Tsp = 26°C; Tsp - Tout,N = 4.3°C, QC,UV=30.0 [kWh/m²] 
 EP-A 4.0 -  22.8 23.8% - 

 TPU-A 3.6 9.5%  23.1 22.9% 0.9% 

 CpG-A 3.9 2.2%  22.7 24.1% 0.3% 

 CpG-L 3.9 3.4%  22.7 24.2% 0.4% 

 CpC-A 3.4 14.3%  23.2 22.4% 1.4% 

 CpC-L 3.7 8.9%  23.1 22.9% 0.9% 

PA - Palermo (IT):  Tsp = 26°C; Tsp - Tout,N = 1.0°C, QC,UV=32.6 [kWh/m²] 
 EP-A 5.2 -  27.3 16.1% - 

 TPU-A 4.7 9.2%  27.5 15.5% 0.6% 

 CpG-A 5.1 2.0%  27.3 16.2% 0.1% 

 CpG-L 5.0 3.8%  27.3 16.2% 0.1% 

 CpC-A 4.4 14.8%  27.7 14.9% 1.2% 

 CpC-L 4.6 10.9%  27.6 15.2% 0.9% 
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 Limitations of the study 6.4.5

The study focuses on a simplified and widely investigated building geometry for which 

many different primary and secondary Cp sources are available. Contrary to what might 

be expected the variety of Cp data has only a minor impact on the predicted energy 

savings for night ventilation. This might be due to the fact that the Cp values extracted 

from different sources for the case under study show fairly similar values, as can be seen 

from the overall agreement of the data in Fig. 6.2a. Nevertheless, the results are of 

general interest, as well as the methodology used for the analysis of the cooling effect of 

night ventilation. Further work should address the impact of the Cp sources on night 

cooling for more complex building geometries1. 

6.5 Conclusions 

In the present study the influence of primary and secondary sources of pressure 

coefficients on the evaluation of night ventilation rates and consequent cooling energy 

savings is assessed. A case study regarding a night-ventilated office building was 

simulated with EnergyPlus and the embedded AFN model. Several European climates 

were considered to cover a wide range of wind and temperature conditions. 

The analysis of the surface-averaged Cp from different sources points out local 

differences for certain wind directions in spite of an overall agreement. This might be due 

to the choice of a simple geometry such as an isolated block-shaped low-rise building. 

For this geometry, several Cp sources are available, giving the opportunity to show a 

detailed analysis method. On the other hand, limited differences among the Cp from the 

selected sources are also impacting the final results.  

When considering the predicted night ventilation rates, different Cp sources have 

significant influence. Differences up to 15% are reported on the night-averaged ACH for 

the whole building and up to almost the 20% for a single room. With regard to energy 

savings, an analysis conducted with increased constant ACHN shows that the sensitivity 

of the cooling energy savings to the ACHN tends to be higher in those climates where 

larger differences are found between the night-averaged outdoor air temperature and the 

indoor set point temperature. This result is confirmed by the analysis conducted with the 

AFN model. For the current case, however the energy savings due to wind-driven night 

ventilation are only marginally influenced by the dispersion of the Cp from different 

                                              
1 This study focuses on a night-ventilated office building, where the use of night-ventilation is only 

considered in combination with an active cooling device. However, in north-European locations or in 

residential buildings, night-cooling might also be used under free-floating conditions to enhance the 

comfort conditions during the occupied period. Further studies could address different building types and 

night-ventilation strategies to estimate the impact of the sources of pressure coefficients for instance on 

the evaluation of the indoor comfort conditions. 
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sources. This leads to the useful conclusion that the choice of a given Cp source strongly 

affects the accuracy of the predicted airflow rates for natural ventilation, but it is not 

critical when predicting the passive cooling effects of night ventilation for an isolated 

block-shaped low-rise building.  
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Chapter 7 

BES/AFN analysis of night-ventilation: 

influence of urban environment 

To date, this chapter has been submitted for publication as: 

R. Ramponi, I. Gaetani, A. Angelotti 

Influence of the urban environment on the effectiveness of natural night-ventilation of an 

office building 

The effectiveness of natural night-ventilation in the urban environment depends on local climate 

characteristics, but also on solar shading and wind shielding effects of the surrounding buildings. However, 

the impact of the latter factors on the effectiveness of night-ventilation is often disregarded, altering the 

predicted building energy performance. Building Energy Simulation tools coupled with Airflow Network 

models allow estimating the effect of the urban environment on the cooling energy savings due to night-

ventilation. Nevertheless, external sources of wind flow data are needed to account for the wind shielding 

effect of surrounding buildings. 

In this paper, the cooling effectiveness of night-ventilation for an office building placed in the center 

of urban areas of increased density is analyzed for three European locations. The energy demand of the 

unventilated building is first assessed, also considering the effect of environmental albedo and a simplified 

Urban Heat Island scenario. Then, night-ventilation rates and energy savings for the ventilated building 

are calculated to estimate the variation of the cooling effect of night-ventilation. Results show a strong 

reduction of the energy savings in high-density urban areas and point out that a detailed description of the 

surroundings is crucial to assess the suitability of passive cooling solutions. 

 

  



  Chapter 7 

 

138 

7.1 Introduction 

Natural night-ventilation is an important passive cooling technique for reducing summer 

energy consumption in the built environment (Santamouris & Asimakopoulos, 1996). 

The cooling effect is achieved by combining natural night-ventilation with the high 

thermal inertia of the building structure (Kolokotroni et al., 1998; Geros et al., 2005; 

Artmann et al., 2008). In fact, the building structure acts as heat storage during the day 

and releases the absorbed heat during the night, when the cooling effect of natural 

ventilation is leading (Balaras, 1996). Besides the thermal properties of the building 

structure, the cooling potential of natural night-ventilation is strongly affected by the 

local climate. The latter is the result of meteorological conditions, the effect of urban 

morphology and other microclimatic variables, e.g. environmental albedo or the Urban 

Heat Island (UHI) effect. The UHI effect is caused, among other things, by the 

combined effect of urban geometry, thermal properties of the surfaces, the 

anthropogenic heat, the greenhouse effect and the emissivity of the surfaces (Oke et al., 

1991). 

 The influence of the meteorological conditions on the cooling potential for night-

ventilation depends on the combined impact of night-time wind speed and air 

temperature. Whereas the outdoor wind speed and profile affects the ventilation rate 

across the building, the outdoor night temperature represents the heat sink temperature 

for the building heat dissipation. The importance of the local outdoor temperature level 

is pointed out by Artmann et al. (2007), who defined a Climatic Cooling Potential (CCP) 

index based on the indoor-outdoor night temperature differences. The CCP index aims 

to identify the suitability of the climate for night cooling. For instance, the CCP map of 

Europe (Artmann et al., 2007) shows high potential for night-cooling over the whole of 

Northern Europe and still significant potential in Central, Eastern and even in some 

regions of Southern Europe. 

 In addition to the meteorological conditions, local climatic modifications primarily 

due to the urban morphology affect the night-cooling potential. On the one hand, the 

presence of adjacent buildings has a beneficial solar shading effect during the cooling 

season. On the other hand, the wind shielding effect of the surrounding buildings alters 

the wind pressure distribution on the envelope and reduces the ventilation rates (Grosso, 

1992; van Moeseke et al., 2005). The wind flow within the urban canyons is strongly 

influenced by the urban morphology which is described by the building packing density 

and building arrangement. Various morphological parameters are used to measure the 

building packing density either focusing on the street canyon scale or on the 

neighborhood scale (Oke, 1988; Grimmond & Oke, 1999; Hewitt & Jackson, 2009). The 

building and the canyon aspect ratios are often used at street canyon scale, while the Plan 

(PAD) and Frontal (FAD) Area Densities are defined for the neighborhood scale. The 

PAD represents the ratio between the plan (AB) and the lot area (AL), as in Fig. 7.1, while 

the FAD is defined as the ratio between the frontal (AF) area of the building and the lot 
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area (AL). At increasing Plan and Frontal Area Densities, the main flow goes from an 

isolated flow regime, to a wake interference flow regime, to a skimming flow regime 

(Oke, 1988; Grimmond & Oke, 1999), affecting the wind-pressure on the building 

facades.  

 The impact of urban morphology on the cooling demand of buildings can be 

estimated using Building Energy Simulation (BES) tools with embedded Airflow 

Network (AFN) models to predict the natural ventilation contribution from the wind 

pressure on the building envelope (Axley, 2007; Gu, 2007; Hensen & Lamberts, 2011). 

Weather datasets were developed to represent local climatic conditions in BES 

simulations and can be modified to take into account different climatic scenarios, such as 

the UHI effect (Crawley, 2008; Kershaw et al., 2010). As regards to the urban 

morphology, the solar shading of adjacent buildings can be explicitly modeled, but the 

variation of the wind-pressure on the building surfaces is rather difficult to model. 

Pressure coefficients for non-isolated buildings can be extracted from external databases, 

measurements, or numerical models (Costola et al., 2009, 2010; Ramponi et al., 2011). 

However, the latter two are considered more reliable as they are able to model similar 

geometric and wind conditions (Costola et al., 2009).   

 Despite the solar shading and the wind shielding have a strong counteracting 

influence on the energy performance of a non-isolated building, most of the past studied 

addressed the two effects as separate. Among others, van Moeseke et al. (2005) and 

Schulze and Eicker (2013) analyzed the impact of the local wind modifications due to the 

urban environment using BES/AFN tools. Van Moeseke et al. (2005) evaluated natural 

ventilation rates in an office building in Uccle, Belgium, for a typical summer day. During 

the simulation day, constant wind speed and direction were assumed, but the upstream 

wind profile as well as the Cp values on the building facades varied to reproduce an open, 

a suburban and an urban environment which caused significant reductions in the Air 

Changes per Hour (ACH) for given wind incident angles. Similarly, Schulze and Eicker 

(2013) calculated the monthly average ACH for different natural ventilation strategies in 

an office building and found that the average ACH values obtained for purely wind-

driven cross-ventilation vary from 11.7, to 8.0 and to 4.7 h-1 assuming an upstream wind 

profile for country, urban and city terrain, respectively. A different approach to assess the 

cooling potential of night-ventilation is proposed by Geros et al. (2005), who used 

experimental wind field and air temperature data measured inside and outside ten urban 

street canyons in Athens (Greece) as boundary conditions for BES/AFN simulations. 

The energy performance of a single-zone room located inside and outside the canyons 

shows an overestimation of the cooling efficiency of night ventilation when undisturbed 

climatic conditions outside the canyon are used. Finally, the impact of solar shading by 

adjacent buildings on the heating/cooling demand is studied with BES tools, e.g. by 

Bhiwapurkar & Moschandreas (2010), Nikoofard et al. (2011) and Tereci et al. (2013). 

Results are clearly climate-dependent, but in general a significant influence is found, 

meaning that the solar shading of the surrounding obstacles should be included. In 
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conclusion, to the best of the authors’ knowledge, there is a lack of systematic studies 

that consider both wind shielding and solar shading effects in the urban environment and 

evaluate their combined impact on the cooling energy savings for natural night-

ventilation.  

 The present study provides a systematic analysis of the impact of the urban 

environment on the effectiveness of natural night-ventilation for a low-rise office 

building (reference building). The reference building is analyzed as isolated and as placed 

in the center of simplified urban areas composed of uniform buildings of Plan Area 

Density (PAD) equal to 0.1, 0.3 and 0.6. These PAD values were chosen to consider 

different urban wind flow regimes (Grimmond & Oke, 1999) but also to take into 

account realistic obstruction distances (Tereci et al., 2013). The energy demand of the 

reference building and the natural ventilation effectiveness are evaluated with EnergyPlus 

and the embedded AFN model (DOE, 2010). The validity of the integration of 

EnergyPlus with the AFN model for natural ventilation has been reported in previous 

studies (Gu, 2007; Dutton et al., 2008). Applications of BES/AFN tools to evaluate the 

effect of the urban environment on the energy performance of non-isolated buildings are 

still rather limited. In this study, the geometry and albedo properties of the surrounding 

buildings are explicitly modeled to consider the solar shading effect on the reference 

building. Furthermore, the impact of building packing density on the wind velocity 

profile is taken into account by adopting experimental wind pressure coefficients 

achieved by Quan et al. (2007a; b). Finally, the influence of the local weather is assessed 

by considering three European locations of different climate suitability for night-cooling, 

and a simplified UHI scenario (Crawley, 2008) implemented for sensitivity analyses. At 

first, the variation of cooling demand with the PAD is investigated at different locations 

to evaluate the solar shading effect of the surroundings. The sensitivity to the albedo of 

the adjacent surfaces and to the UHI scenario is also assessed. Then, the ventilation 

effectiveness of natural ventilation is analyzed with the night-ventilation rates and the 

energy savings of the night-ventilated building for different PAD values at different 

locations. Since the effects of solar shading and wind shielding are expected to vary with 

the floor elevation, the 2nd and the 5th floors of the building are simulated and the results 

are compared and discussed. 

7.2 Materials and methods 

 Characteristics of the building 7.2.1

The reference building is a six-story office building with the dimensions of 24 x 16 x 18 

m³, subjected to cross-ventilation (Fig. 7.2a). In each floor of the building, 12 office 

rooms of 3.4 x 6.1 x 2.7 m³ and two service rooms are aligned on the northern and 

southern sides of a corridor, as in Fig. 7.2b. Large non-operable windows of 2.4 x 1.2 m² 
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equipped with external shading devices are placed on the external walls of the office 

rooms and are sized 2.4 x 1.2 m². Above these, bottom-up operable windows of 2.4 x 0.6 

m² allow cross-ventilation in combination with internal operable windows of 3.4 x 0.6 m² 

located above the doors facing the corridor (Fig. 7.2c). 

The construction materials of the building structure are assembled to improve 

thermal inertia and are summarized in Tab. 7.1. In order to evaluate the response of the 

components to the variation of the outdoor and indoor temperature, thermal 

transmittance and internal admittance are calculated with their associated time lag and 

time lead. The calculation is performed according to CEN EN ISO 13786 (2007), as in 

(Rossi & Rocco, Aste et al., 2009) and results are reported in Tab. 7.1. Double pane low-

emissivity windows filled with Argon are used for the external glazed surfaces, 

characterized by a U-value of 2.46 W/(m2K) and a Solar Heat Gain Coefficient (SHGC) 

of 0.45.  

The building is occupied from 7 a.m. to 6 p.m. in weekdays (Monday to Friday). 

The internal heat gains are assumed for the occupied and unoccupied period in 

accordance with the Italian standard UNI/TS 11300-1 (2008). During occupancy, the 

internal gains are equal to 20 W/m² and 8 W/m² in the office rooms and in the corridor, 

respectively. During night, weekend and other unoccupied periods, the internal heat gains 

are reduced to 2 W/m² and 1 W/m² in the office rooms and the corridor, respectively.  

A mechanical cooling system is active in weekdays from 7 a.m. to 6 p.m. to keep the 

indoor temperature below the set-point value (Tsp) of 26°C. At night, external windows 

are opened to about 20° to allow natural ventilation, and closed if the indoor temperature 

drops below 18°C to avoid excessive cooling. The internal windows remain open 24 

hours at 45° to improve the circulation of the indoor airflow. 

 
Figure 7.1. Top view of  the cases analyzed, i.e. isolated reference building (a), PAD 0.1 (b), 0.3 

(c), and 0.6 (d); definition of  the PAD and size of  the streets along the North-South (SNS) 
and East-West (SEW) direction. 
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 Characteristics of the urban environment 7.2.2

The reference building considered for the analyses is either isolated or located in the 

center of urban areas with PAD increasing from 0.1, to 0.3, to 0.6 (Fig. 7.1). As a result, 

the street widths along the two orientations (SNS, SEW) are varying as listed in Fig. 7.1. 

The urban areas are composed of buildings with the same geometry as the reference 

building. A uniform albedo is set to 0.3 (medium dark colored surfaces) for all the 

surfaces of the surrounding buildings in the baseline case, and is increased to 0.7 (light 

colored surfaces) in the sensitivity test. A ground albedo of 0.2 is assumed for the street 

canyons. The surrounding terrain, whose roughness influences the development of the 

upstream wind profile, is taken as suburban (Architectural Institute of Japan (AIJ), 2004) 

for all the cases analyzed. Further information about the wind profile is provided in Sect. 

7.2.3. 

Table 7.1. Composition and thermal properties of  the building structure.  

 

   
Periodic Thermal  

Transmittance 

 Internal  
Admittance 

  U-value Amplitude 
Time 
lag 

 
Amplitude 

Time 
lead 

Wall 
Composition 

(inside to outside) 
[W/m²K] [W/m²K] [h] 

 
[W/m²K] [h] 

External 
wall 

2 cm plaster,  
24 cm brick 
masonry, 8.5 cm 
polystyrene, 
 2 cm plaster 

0.34 0.04 -11.04  3.96 1.27 

Ceiling 1.2 cm cement 
building board,  
15 cm cast 
concrete, 5 cm 
screed, 1 cm 
carpet/underlay 

2.04 - -  5.17 1.11 

Floor 1 cm carpet/ 
underlay, 5 cm 
screed, 15 cm 
cast concrete, 
1.2 cm cement 
building board 

2.04 - -  4.25 1.19 

Partitions 1.3 cm plaster,  
16 cm brick 
masonry, 1.3 cm 
plaster 

1.45 - -  3.51 1.17 
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 The cases under study are located in three different European locations: 

Amsterdam (The Netherlands), Milan (Italy) and Rome (Italy). Tab. 7.2 shows the 

climatic variables influencing the night-cooling suitability for the three locations during 

the period of interest (Jun-Sept), i.e. night-averaged outdoor air temperature and wind 

speed, calculated from IWEC weather data for typical meteorological years (ASHRAE, 

2001). It can be noticed that Amsterdam is characterized by very low night-averaged air 

temperature of 14°C and high wind speed of 3.5 m/s. On the contrary, Milan and Rome 

have relatively high night-averaged air temperatures of 17.7 °C and 20.4 °C respectively, 

but very different wind speeds from 0.5 m/s in Milan to 2.1 m/s in Rome. Tab. 7.2 

reports also the Cooling Degree Hours (CDH) (CIBSE, 1999) for the three locations, 

namely: 

, ,

1

( )

N
hours

out k sp k

k

CDH T T


  ,           with Tout,k - Tsp,k > 0 (7-1) 

where Tout,k is the outdoor air temperature at hour k, and Tsp,k is the indoor design set-

point temperature i.e. 26°C in this paper. The CDH can be used as an indicator of the 

 

 
Figure 7.2. (a) Building geometry and (b) plan of  a typical floor layout (in white the occupied 

zones), and (c) schedule of  the natural ventilation system. During the day, the building is 
unventilated and a set point temperature (Tsp) of  26°C is imposed; during the night, the 
windows are open and a minimum indoor temperature (Tmin) of  18°C is set to avoid 
excessive cooling. 

Table 7.2. Night-averaged air temperature (Tout,N), wind speed (UN) and cooling degree hours 
(CDH) for Amsterdam (AM), Milan (MI) and Rome (RO) during the period of  interest 
(Jun-Sept). 

 

Location 
Night-averaged 
air temperature 

(Tout,N) 

Night-averaged 
wind speed (UN) 

Cooling-degrees 
hour (CDH) 

 [°C] [m/s] [°C] 

Amsterdam (AM) 14.0 3.5 154 
Milan (MI) 17.7 0.5 815 
Rome (RO) 20.4 2.1 1044 
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cooling energy demand in a given climate, although it should be noted that the latter is 

also influenced by solar gains.  

 Thermal and ventilation model 7.2.3

The reference building is modeled using EnergyPlus (DOE, 2010) assigning a different 

thermal zone to each room, so that each floor results in 14 thermal zones (Fig. 7.2b). The 

simulations are performed for the 2nd and 5th floor of the building, chosen to investigate 

the effect of the floor elevation without the influence of the ground and roof level 

boundary conditions. In order to reduce the computational effort, each floor is simulated 

separately and adiabatic slabs are assumed for the intermediate floors. This assumption 

implies that the heat flow between adjacent floors across the slabs is negligible. During 

daytime, this is the case when the mechanical cooling system maintains the same 

temperature in the two floors across the slab. However, this assumption is considered 

valid also during daytime when the mechanical cooling system is not active and during 

nighttime. In fact, the heat exchange with the outdoor environment is expected to have a 

higher impact on the zone air balance than the heat exchange across the slab, especially 

during nighttime, in the absence of internal and solar heat gains. The thermal properties 

of the building structures, as well as the occupancy profiles and the internal gains are as 

described in Sect. 7.2.1. The mechanical air cooling system is defined using the Ideal 

Load Air System of EnergyPlus (DOE, 2010) with a set-point temperature of 26°C 

(UNI/TS 11300-1: 2008). 

The surrounding buildings are modeled in EnergyPlus through the definition of 

opaque shading surfaces with given albedo characteristics. Therefore, only the surfaces 

adjacent to the reference building are explicitly modeled, as shown in Fig. 7.3. 

Airflow simulations are carried out using the AFN model embedded in EnergyPlus. 

In the AFN approach, a mass balance within several zonal nodes connected by airflow 

 

 
Figure 7.3. The reference building and the adjacent buildings shading surfaces in 

EnergyPlus model. 
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elements, e.g. openings, doors, or cracks, is performed. Each zonal node is characterized 

by temperature and pressure conditions, while correlations between pressure difference 

and airflow are assigned to the airflow elements. Boundary conditions for natural 

ventilation are imposed at the external nodes by means of wind pressure coefficients on 

the building envelope. The external and internal openings are modeled as large vertical 

openings characterized by a given discharge coefficient.  

The pressure coefficients (Cp) relate the static pressure Px at a given point on the 

building facade to a reference wind speed Uref as in Eq. (7-2): 

20.5
p

P Px ref

U
ref

C




  (7-2) 

where  is the air density and Pref  is the reference static pressure measured at a reference 

height in the upstream undisturbed flow. Cp values are strongly related to the building 

characteristics (geometry and façade design); the geometry and arrangement of the 

surrounding obstacles; and the wind profile and incidence angle. The set of Cp values 

used in this study are extracted from the measurements performed by Quan et al. (2007a; 

b) on reduced-scale urban configurations with the same geometry and arrangement as the 

cases considered in this study. Furthermore, the wind profile imposed in the BES/AFN 

model was chosen in accordance with the measured wind incident profile corresponding 

to a suburban terrain type (Cat. III of AIJ standard (2004)). The wind-tunnel profile was 

characterized by an exponent = 0.2 and a gradient height  = 450 m and the pressure 

coefficients were calculated with respect to a reference wind speed at 0.1 m height 

(reduced-scale). In the BES/AFN model simulations, the local wind profile is derived 

from the wind profile at the meteorological station as in Eq. (7-3) (ASHRAE, 2005; 

DOE, 2010): 

( )

met
met z

zmet
U z

 




   
       



 

(7-3) 

where met = 0.14, and met = 270 m are the characteristics of the open-terrain wind 

profile at the meteorological station.. 

In the AFN modeling carried out in this study, the external operable windows 

connect the external pressure nodes on the building facades to the internal (zonal) nodes 

in the office rooms and are characterized by a discharge coefficient of 0.6 (Santamouris & 

Asimakopoulos, 1996). The internal windows, connecting the office rooms with the 

corridor, have a discharge coefficient of 0.78 (Santamouris & Asimakopoulos, 1996). 

 Modification of the weather files 7.2.4

Meteorological data from the International Weather for Energy Calculation (IWEC) 

database (ASHRAE, 2001) are used in the simulations. The IWEC data are referred to a 
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Typical Meteorological Year and collect measurements from open field locations 

neglecting the effect of the UHI. Although an accurate modeling of the UHI effect is 

beyond the scope of this study, a simplified UHI scenario was created as in the model 

proposed by Crawley (2008). According to Crawley (2008), a modified daily pattern of 

dry bulb temperature Tdb,UHI due to the UHI is defined from the measured dry bulb 

temperature Tdb and a maximum increment ΔTdb, ranging from 1°C to 5°C, as in Eq. 

(7-4):  

,
k

db UHI db db
T T T 

 
(7-4) 

The value of k (Eq. 7-4) varies according with the time of the day, being equal to 1 

during the night, 0.5 at the first or last hour of daylight, 0.25 at the second and next to 

last hour of daylight, 0.0755 at the third and second to last hour of daylight, and -0.1 

otherwise. For the present case, modified weather data are defined for each location with 

ΔTdb equal to 3°C and used in the BES/AFN simulations to test the influence of a 

simplified UHI scenario on the energy savings for night-ventilation. Fig. 7.4 shows an 

example of the measured (Tdb) and modified (Tdb,UHI) dry bulb temperature for a summer 

day in Rome (July 15th).  

A summary of the variables and of the cases analyzed is reported in Fig. 7.5. 

 
Figure 7.5. Variables and cases analyzed in the present study. 
 

 
Figure 7.4. Dry bulb temperature in Rome (RM) on July 15th as measured (Tdb) in an open-

field location and modified (Tdb,UHI) according to Crawley (2008) with ΔTdb equal to 3°C. 

 
 



BES/AFN analysis of  night-ventilation: influence of  urban environment 147 

7.3 Results and remarks 

The impact of the surrounding buildings on the cooling effectiveness of natural night-

ventilation is evaluated by comparing the cooling energy demand of the night-ventilated 

building with respect of the unventilated building. The unventilated building is studied 

first and the cooling demand is analyzed to investigate the solar shading effect at different 

Plan Area Densities and floor elevation. The results are illustrated in Sect. 7.3.1. Then, 

night-ventilated building is considered and the wind-shielding effect of the surrounding 

buildings is evaluated in terms of ventilation rate through the windows and ventilation 

losses due to night-ventilation. Results are shown and discussed in Sect. 7.3.2. Finally, the 

cooling energy demand of the night-ventilated building and the related energy savings is 

analyzed in detail. The combined solar shading and wind shielding effects of the adjacent 

buildings for different PAD, floor elevation, and local weather are investigated and the 

results are presented and discussed in Sect. 7.3.3.  

 Effect of the solar shading by adjacent buildings 7.3.1

The solar shading caused by adjacent buildings is analyzed for the unventilated building. 

In particular, the solar energy transmitted (TSOL) through the windows and the cooling 

energy demand (QC,UV) are calculated in each thermal zone by varying PAD, floor 

elevation and location. Fig. 7.6 shows the mean values of TSOL and QC,UV over the 

simulation period and Tab. 7.3 lists the mean and standard deviation obtained from the 

different thermal zones data. It can be noticed that the values and the behavior of TSOL 

with the PAD are similar in the three locations, due to the effects of the solar shading 

devices installed on the windows. Overall, the reduction of TSOL with the PAD varies 

with the floor elevation and is stronger at the 2nd floor, being already evident at PAD = 

0.1. For instance, in Amsterdam (Fig. 7.6a and Tab. 7.3) TSOL is reduced by 10% at the 

2nd floor and by 5% at the 5th floor at PAD = 0.1 with respect to the isolated building. 

Higher reductions with respect to the isolated building are shown at increased PAD 

values, with a maximum of about 79% at the 2nd floor and 46% at the 5th floor for PAD 

= 0.6. Similar trends are reported for Milan and Rome in Fig. 7.6 and Tab. 7.3.  

 
Figure 7.6. Transmitted solar energy through windows (TSOL) and cooling energy demand 

(QC,UV) of  the unventilated building versus Plan Area Density (PAD) for the 2nd and the 5th 
floor in (a) Amsterdam; (b) Milan; (c) Rome. 
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In spite of the similar solar gains, the cooling energy demands at the three locations 

(Fig. 7.6, Tab. 7.3) differ significantly, as a consequence of the relative importance of the 

heat gains through the envelope due to the outdoor-indoor temperature difference. In 

fact, while in Amsterdam (Fig. 7.6a) the solar gains play a major role in the cooling 

energy demand, Milan (Fig. 7.6b) and Rome (Fig. 7.6c) register very high diurnal 

temperatures that increase the cooling demand. The effect of the indoor-outdoor 

temperature difference on the cooling energy demand is also evident in the CDH, which 

are equal to 154 in Amsterdam, and 815 and 1044 in Milan and Rome, respectively (Tab. 

7.2). Overall, the reduction of QC,UV with the PAD and the floor elevation (Fig. 7.6, Tab. 

7.3) shows the influence of the decreased solar energy transmitted through the windows 

in each location. When passing from the isolated case to PAD = 0.1 the impact on the 

cooling energy demand is very small, especially at the 5th floor where the reduction of 

TSOL is less significant. For instance, when considering Amsterdam (Fig. 7.6a) QC,UV is 

reduced by about the 8% at the 2nd floor and by 3% at the 5th floor at PAD = 0.1 

compared to the isolated building. The differences among the three locations are more 

remarkable for higher PAD values. In particular, at PAD = 0.6 the impact of the solar 

shading is very important, leading to a reduction in QC,UV equal to 65% (AM), 53% (MI) 

and 47% (RO) with respect to the isolated building at the 2nd floor and equal to 35% 

(AM), 29% (MI) and 27% (RO) at the 5th floor in the three locations.  

Table 7.3. Transmitted solar energy through windows (TSOL) and cooling energy demand 
(QC,UV) for the unventilated building obtained with different PAD, locations and floor 
elevation (mean values and standard deviation for all the thermal zones), in the baseline 
case, in the albedo 0.7 case and in the UHI scenario case.  

 

  Baseline case 

  TSOL [kWh/m2] QC [kWh/m2] 
  TSOL-2 TSOL-5 QC,UV-2 QC,UV-5 

  Mean SD Mean SD Mean SD Mean SD 

AM isolated 14.4 6.7 14.5 6.7 21.4 4.1 21.1 3.9 
 PAD 0.1 13.0 6.2 13.8 6.6 19.9 4.1 20.4 3.9 
 PAD 0.3 9.3 5.5 12.1 6.0 15.5 3.2 18.5 3.6 
 PAD 0.6 3.0 2.6 7.9 4.7 7.5 1.3 13.7 2.8 

MI isolated 15.2 7.3 15.3 7.4 35.5 8.8 35.4 8.6 
 PAD 0.1 13.6 6.7 14.5 7.2 33.2 8.4 34.2 8.5 
 PAD 0.3 10.1 5.9 12.4 6.5 27.7 6.9 31.1 7.7 
 PAD 0.6 3.7 3.0 8.5 5.0 16.7 1.7 25.2 5.9 

RO isolated 15.6 7.5 15.7 7.6 36.3 8.5 36.0 8.3 
 PAD 0.1 13.9 6.9 14.8 7.4 34.0 8.1 34.9 8.1 
 PAD 0.3 10.5 6.1 12.6 6.7 29.1 6.9 31.8 7.4 
 PAD 0.6 4.3 3.1 8.7 5.2 19.1 2.1 26.3 5.7 
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Furthermore, Tab. 7.3 illustrates the effect of two additional scenarios on the 

cooling energy demand of the unventilated building. In the first scenario, the albedo of 

the surrounding buildings is increased from 0.3 (baseline case) to 0.7. As a consequence, 

the impact of the PAD on the solar energy transmitted through windows and on the 

cooling energy demand of the unventilated building is reduced. This condition occurs 

because the shading of the direct and sky diffuse solar radiation introduced by adjacent 

buildings is partially compensated by the increase in the solar radiation reflected from 

them. For instance, in Amsterdam at PAD = 0.6 TSOL is reduced by 67% and by 30% 

with respect to the isolated building, at the 2nd and 5th floors respectively. Similar results 

are obtained for the other locations: the reduction of TSOL at PAD = 0.6 is 61% and 26% 

in Milan as well as 58% and 26% in Rome, at the 2nd and 5th floors respectively. At the 

same time, the effect of PAD = 0.6 on QC,UV in all the locations is a reduction of only 

57% (AM), 46% (MI) and 40% (RO) at the 2nd floor, and 24% (AM), 18% (MI) and 17% 

(RO) at the 5th floor. 

In the second scenario, the simplified UHI effect described in Section 7.2.4 is 

applied. In Tab. 7.3 the QC,UV values obtained within the UHI scenario are reported. TSOL 

is not affected by the UHI scenario and is therefore not reported. It can be noticed that 

the impact of the PAD on the cooling energy demand of the unventilated building is 

slightly reduced with respect to the baseline case. In fact the reduction of solar gains due 

to adjacent buildings is partially compensated by the increase of the transmission gains 

Table 7.3 (cont’d). Transmitted solar energy through windows (TSOL) and cooling energy 
demand (QC,UV) for the unventilated building obtained with different PAD, locations and 
floor elevation (mean values and standard deviation for all thermal zones), in the baseline 
case, in the albedo 0.7 case and in the UHI scenario case.  

 

  Albedo 0.7  UHI scenario 

  TSOL [kWh/m2] QC [kWh/m2] QC [kWh/m2] 
  TSOL-2 TSOL-5 QC,UV-2 QC,UV-5 QC,UV-2 QC,UV-5 

  Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

AM isolated  - -   - -   - -   - -   - -   - -  
 PAD 0.1 - - - - - - - - - - - - 
 PAD 0.3 11.0 6.0 13.8 6.6 17.3 2.9 20.4 3.3 16.7 3.4 19.8 3.8 
 PAD 0.6 4.8 3.7 10.2 5.6 9.3 0.8 16.1 2.3 8.3 1.1 14.9 2.9 

MI isolated  - -   - -   - -   - -   - -   - -  
 PAD 0.1 - - - - - - - - - - - - 
 PAD 0.3 12.1 6.5 14.4 7.2 30.2 6.9 33.6 7.8 28.9 7.1 32.3 7.9 
 PAD 0.6 5.9 4.2 11.4 6.1 19.3 2.3 28.9 5.8 17.9 1.9 26.5 6.1 

RO isolated  - -   - -   - -   - -   - -   - -  
 PAD 0.1 - - - - - - - - - - - - 
 PAD 0.3 12.5 6.8 14.6 7.5 31.5 7.0 34.2 7.6 30.4 7.1 33.1 7.7 
 PAD 0.6 6.6 4.3 11.6 6.3 21.8 2.7 29.8 5.9 20.4 2.3 27.7 5.9 
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associated with the higher night-temperature. At PAD = 0.6 QC,UV in the three locations 

is reduced by 74% (AM), 51% (MI) and 46% (RO) compared to the isolated building at 

the 2nd floor, and by 34% (AM), 28% (MI) and 26% (RO) at the 5th floor. 

This analysis shows the highest sensitivity of the cooling energy demand to the 

PAD for Amsterdam, followed by Milan and Rome. These results are consistent with the 

fact that the building cooling energy demand in Amsterdam is dominated by the effect of 

solar and internal gains. Therefore, the reduction of the solar gains due to the increased 

PAD has a stronger impact in Amsterdam than in the other locations.  

 Effect of the wind shielding by adjacent buildings 7.3.2

In the further step of the analysis, the office building is subjected to night cooling for 

natural ventilation. The influence of wind shielding by adjacent buildings is first evaluated 

as the variation of the ventilation rates and ventilation heat losses during the night. Night-

ventilation rates are calculated with the AFN model using the wind pressure coefficients 

measured by Quan et al. (2007a; b) at different floor heights and PAD values. Both the 

Air Changes per Hour (ACHN) and the heat losses for night-ventilation (QV) are 

estimated for different zones. The seasonal-averaged ACHN and the seasonal QV values 

in Amsterdam, Milan and Rome are shown in Fig. 7.7 and Tab. 7.4. Note that in Tab. 7.4 

both the mean value at the floor elevation and the standard deviation for all thermal 

zones are illustrated.  

Similarly to the solar energy transmitted through the windows, the impact of the 

PAD on the ACHN is generally higher at the 2nd floor than at the 5th floor. The difference 

in the natural ventilation rates between the two floors is maximum at PAD = 0.3 and 

tends to decrease at PAD = 0.6 (Fig. 7.7). At PAD = 0.1 the wind shielding effect is 

modest and the ACHN as compared to the values for the isolated building are reduced by 

9% (AM), 17% (MI) and 14% (RO) at the 2nd floor and by 6% (AM), 14% (MI) and 11% 

(RO) at the 5th floor. A more relevant impact is found at PAD = 0.3 and 0.6. At PAD = 

0.6 the ACHN as compared to the values for the isolated building are reduced by 73% 

(AM), 88% (MI) and 79% (RO) at the 2nd floor, and by 71% (AM), 85% (MI) and 79% 

 
Figure 7.7. Night-averaged Air Changes per Hour (ACHN) and ventilation losses (QV) versus 

Plan Area Density (PAD) for the 2nd and the 5th floor in (a) Amsterdam; (b) Milan; (c) 
Rome.  
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(RO) at the 5th floor. Thus, the highest sensitivity of the ventilation rates to the PAD is 

found for Milan, followed by Rome and Amsterdam. Since the ACHN at the 2nd floor for 

the isolated building are equal to 6.0 h-1 (AM), 1.0 h-1 (MI) and 4.7 h-1 (RO), it can be 

remarked that the sensitivity is higher where the natural ventilation rates are lower. 

The ventilation losses during the night are influenced by the natural ventilation rates 

Table 7.4. Night-averaged Air Changes per Hour (ACHN) and ventilation losses (QV) for the 
ventilated building obtained with different PAD, locations and floor elevation (mean values 
and standard deviation for all thermal zones). 

 

  Baseline case 

  ACHN [h-1] QV [kWh/m2] 
  ACHN-2 ACHN-5 QV-2 QV-5 
  Mean SD Mean SD Mean SD Mean SD 

AM isolated 6.1 1.0 6.3 1.0 -18.0 8.5 -18.2 8.6 
 PAD 0.1 5.5 0.8 5.9 0.8 -16.8 8.9 -17.4 8.8 
 PAD 0.3 3.1 0.5 4.0 0.5 -12.6 7.4 -14.6 8.4 
 PAD 0.6 1.6 0.4 1.8 0.5 -8.9 3.6 -10.4 5.3 

MI isolated 1.0 0.3 1.1 0.3 -8.9 3.6 -9.0 3.7 
 PAD 0.1 0.8 0.2 1.0 0.2 -8.4 3.5 -8.6 3.6 
 PAD 0.3 0.3 0.1 0.6 0.1 -7.2 3.0 -7.7 3.2 
 PAD 0.6 0.1 0.0 0.2 0.0 -6.0 2.1 -6.7 2.5 

RO isolated 4.7 0.5 5.1 0.5 -10.0 4.8 -10.2 5.0 
 PAD 0.1 4.1 0.6 4.5 0.5 -9.2 5.0 -9.6 4.9 
 PAD 0.3 2.0 0.4 2.7 0.4 -6.7 3.9 -7.7 4.4 
 PAD 0.6 1.0 0.3 1.1 0.3 -4.8 1.9 -5.3 2.4 

 
Table 7.4 (cont’d). Night-averaged Air Changes per Hour (ACHN) and ventilation losses (QV) 

for the ventilated building obtained with different PAD, locations and floor elevation (mean 
values and standard deviations for all thermal zones). 

 

  UHI scenario 

  ACHN [h-1] QV [kWh/m2] 
  ACHN-2 ACHN-5 QV-2 QV-5 
  Mean SD Mean SD Mean SD Mean SD 

AM isolated  -  -  -  -  -  -  -  - 
 PAD 0.1 - - - - - - -  - 
 PAD 0.3 3.4 0.8 4.4 0.8 10.3 6.5 12.1 7.4 
 PAD 0.6 1.7 0.4 1.8 0.5 7.0 3.0 8.3 4.4 

MI isolated  -  -  -  -  -  -  -  - 
 PAD 0.1 - - - - - - -  - 
 PAD 0.3 0.3 0.1 0.6 0.1 5.0 2.2 5.5 2.4 
 PAD 0.6 0.1 0.0 0.2 0.0 4.1 1.4 4.6 1.8 

RO isolated  -  -  -  -  -  -  -  - 
 PAD 0.1 - - - - - - -  - 
 PAD 0.3 2.0 0.4 2.7 0.4 4.4 2.8 5.1 3.3 
 PAD 0.6 1.0 0.3 1.1 0.3 2.9 1.3 3.4 1.6 
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across the zones as well as by the temperature difference between the zones and the 

outdoor. By analyzing the ventilation losses (Qv) in the three locations (Fig. 7.7, Table  

7.4), it can be noticed that Amsterdam has the highest potential for night cooling by 

natural ventilation, resulting from high ventilation rates and low outdoor temperatures 

during the night (Table 7.2). On the contrary, for Milan Qv are very low, since both the 

ventilation rates are small and the night outdoor temperatures are high (Table 7.2). An 

intermediate situation is found for Rome, where high ventilation rates but also high 

outdoor temperatures (Table 7.2) are found. The impact of the PAD on the ventilation 

losses is found to be higher in Rome, followed by Amsterdam and Milan. For instance Qv 

for the 2nd floor obtained at PAD=0.6 is reduced by 52% (RO), 50% (AM) and 26% (MI) 

as compared to QV for the isolated building. It can be remarked then that the impact of 

the PAD on the ventilation losses is higher in the locations where the ventilation rates 

play a major role in the effectiveness of night ventilation. 

 Impact of the urban density on the energy saving due to natural night 7.3.3

ventilation 

The energy savings for natural night-ventilation are calculated as the difference between 

the cooling energy demand of the unventilated (QC,UV) and the night-ventilated (QC,V) 

building, with respect to QC,UV. Results are reported in Tab. 7.5 (as mean values over the 

thermal zones) and shown in Fig. 7.8 for different PAD, floor elevation and location 

(reporting the mean values and the standard deviation for all thermal zones as error bars).  

At the 5th floor, despite the reduction of the cooling demand with the increase of 

PAD, the drop in the ventilation rate causes a significant reduction of the energy savings 

for night-ventilation. For instance, due to the increase of PAD from 0 to 0.6, the energy 

savings in Amsterdam are reduced from 76% to 56%, in Milan from 20% to 18%, and in 

Table 7.5. Energy savings obtained with different PAD, locations and floor elevation, in the 
baseline case, in the albedo 0.7 case and in the UHI scenario case (mean values over the 
thermal zones).  

 

 
 

Energy savings 
(2nd floor) 

Energy savings  
(5th floor) 

  [%] [%] 

  AM-2 MI-2 RO-2 AM-5 MI-5 RO-5 

Baseline case 

Isolated 75% 20% 26% 76% 20% 28% 
PAD 0.1 74% 19% 25% 76% 19% 26% 
PAD 0.3 67% 18% 19% 68% 18% 21% 
PAD 0.6 76% 23% 18% 56% 18% 15% 

Albedo 0.7 
PAD 0.3 63% 17% 18% 65% 17% 20% 
PAD 0.6 69% 21% 17% 51% 16% 14% 

UHI scenario  
PAD 0.3 56% 12% 12% 58% 12% 14% 
PAD 0.6 62% 16% 11% 44% 12% 9% 
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Rome from 28% to 15%. It can be remarked that at the 2nd floor in Amsterdam and 

Milan a minimum of the energy savings is found for PAD = 0.3. This outcome may be 

explained by analyzing the reduction of QC,UV and ACHN with the PAD for the 2nd and 

the 5th floor in Amsterdam. Fig. 7.9 shows the variation of the ratios Q*C,UV and ACH*N 

between QC,UV and ACHN at various PAD and QC,UV and ACHN for the isolated 

building. Some observation can be made from the slopes of the graphs of Q*C,UV and 

ACH*N. At the 5th floor the slope of Q*C,UV for both the intervals between PAD 0.1 and 

0.3 and between 0.3 and 0.6 is smaller than the slope of ACH*N. This means that as the 

PAD increases, the night ventilation rates decrease more rapidly than the cooling 

demand. Therefore a reduction of the energy savings with the PAD can be expected. 

However, at the 2nd floor the slope of Q*C,UV is smaller than the slope of ACH*N for the 

interval between PAD 0.1 and 0.3 and higher for PAD between 0.3 and 0.6. Thus, as the 

PAD increases from 0.3 to 0.6, the cooling demand decreases more rapidly than the night 

ventilation rates. As a consequence, the energy savings decrease when the PAD increases 

from 0.1 to 0.3 and increase when the PAD increases from 0.3 to 0.6. Similar 

considerations can be derived for Milan. 

When the results for the three locations are analyzed, it can be noted that in 

Amsterdam, where the suitability to night cooling is the highest, night-ventilation is an 

effective cooling strategy even at very high PAD. In Milan the effect of the PAD on the 

modest energy saving potential for night-ventilation is almost negligible. On the contrary, 

in Rome the energy savings for night-ventilation are almost halved.  

Fig. 7.10 shows the results obtained with the two additional scenarios, namely the 

increased albedo of the surrounding buildings and the UHI effect, on the energy savings 

for PAD = 0.3 and 0.6. In Fig. 7.10 the mean values over the zones are shown as well as 

 
Figure 7.8. Energy savings of  the 2nd (left) and 5th (right) floor for different PAD in 

Amsterdam (AM), Milan (MI) and Rome (RO). Error bars represent the standard 
deviation for all thermal zones. 
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the standard deviation error bars. Overall, a higher albedo of the surrounding buildings 

equal to 0.7 leads to lower energy savings. At the 5th floor for PAD = 0.6 the energy 

savings are reduced to 51% in Amsterdam, 16% in Milan and 14% in Rome (Table 7.5). 

This happens because the higher albedo reduces the dependency of QC,UV on the PAD 

(Fig. 7.6, Tab. 7.3). As regards to the UHI scenario, it can be noted that the UHI affects 

not only QC,UV (Fig. 7.6, Tab. 7.3), but also the cooling effectiveness of night-ventilation, 

by reducing the night indoor-outdoor temperature difference. In fact, at the 5th floor the 

energy savings for PAD = 0.6 are reduced to 44%, 12% and 9% in Amsterdam, Milan 

and Rome respectively (Fig. 7.10, Tab. 7.5).  

7.4 Conclusions 

In the present study the impact of the urban environment on the effectiveness of natural 

night-ventilation for an office building is assessed. The building is placed in urban areas 

 
Figure 7.9. Ratio ACH*N and Q*C,UV between the night-averaged ACH (ACHN) and the 

cooling energy demand of  the unventilated building (QC,UV) of  the non-isolated buildings 
with respect to the isolated buildings versus Plan Area Density (PAD) for the 2nd and the 
5th floor in Amsterdam. 

 
Figure 7.10. Energy savings of  the 2nd (left) and 5th (right) floor of  the reference building 

obtained at PAD = 0.3 and 0.6 by considering a variation in the albedo of  the surrounding 
buildings (from 0.3 to 0.7) and a simplified UHI scenario with ΔTdb=3°C. Error bars 
represent the standard deviation for all thermal zones. 
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of increased Plan Area Density, and the cooling energy demand and savings are 

calculated for three European locations with different suitability to night-cooling using 

EnergyPlus and the embedded AFN model. Both wind shielding and solar shading effect 

of surrounding buildings are considered. Experimental wind pressure coefficients are 

used in the AFN model to estimate the variation of the wind pressure on the facades of 

the reference building. The reduction of solar gains is taken into account by describing 

the adjacent buildings as shading surfaces. The sensitivity of the energy performance to 

the albedo of the surrounding buildings is also tested as well as the impact of a simplified 

UHI scenario.  

Overall, the results for the three locations analyzed show a significant reduction of 

the energy savings in high-density urban environments. In particular, the energy savings 

calculated for the isolated case and for the case of PAD = 0.6 at the 5th floor of the 

building decrease from 76% to 56% in Amsterdam, from 20% to 18% in Milan and from 

28% to 15% in Rome. This reduction is proved to be more pronounced if the Urban 

Heat Island effect is taken into account leading to energy savings of 44%, 12% and 9% 

for Amsterdam, Milan and Rome respectively. These outcomes are clearly limited to the 

case study analyzed, consisting of a low-rise building placed in regular distributions of 

simplified surrounding buildings. For more complex building geometries or urban 

patterns, experimental pressure coefficients might not be available, limiting the accuracy 

of the predicted ventilation rates. For this reason, the use of non-experimental pressure 

coefficient values could produce misleading results and alter the sensitivity of energy 

savings to the urban environment.  

The analysis has shown that a correct assessment of the effectiveness of natural 

night-ventilation is inseparable from considering both the shading effect of adjacent 

buildings and the impact of urban environment on airflow rates. In fact, only the 

investigation of the combined behavior of such aspects allows an accurate prediction of 

the final energy saving potential of natural night-ventilation for a given location.  

Furthermore, the study demonstrates that BES/AFN tools allow modeling the 

main effects of the urban environment on the energy performance of a building, but also 

that an accurate description of the urban environment is crucial to design effective 

passive cooling solutions. 
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Chapter 8 

Conclusions  

This chapter is organized into three sections. Sect. 8.1 is meant to collect the main 

findings of this thesis. After that, some general conclusions are drawn in Sect. 8.2, and 

recommendations for future work are outlined in Sect. 8.3. 

8.1 Summary of the results 

 Part I - CFD analysis of cross-ventilation 8.1.1

Coupled CFD simulations of cross-ventilation for a generic isolated building with 

different wall porosities (5% and 10%) and opening positions (center and bottom part of 

two opposite walls) were performed. The 3D steady RANS equations were solved with 

the SST k-ω turbulence model and the results were validated by comparison with the PIV 

measurements by Karava (2008). 

In Chapter 3, a sensitivity analysis of the computational parameters was reported 

for the case with 10% wall porosity and openings placed in the center of the opposite 

walls. A wide range of computational parameters were considered, including the size of 

the computational domain, the resolution of the computational grid, the inlet turbulent 

kinetic energy profile, the turbulence model, the order of the discretization schemes and 

the iterative convergence criteria. Results showed that: (i) the choice of the inlet turbulent 

kinetic energy profile has a very large impact on the results; (ii) several simulations show 

oscillatory convergence; (iii) the SST k- model, followed by the RNG k- model, 

showed the best performance in reproducing the magnitude and position of the standing 

vortex upstream of the building facade, and the resulting direction of the jet through the 

ventilation opening; (iv) the use of at least second-order accurate discretization schemes 

is very important, as well as the adoption of sufficiently stringent convergence criteria. 

In Chapter 4, the effects of physical and numerical diffusion were analyzed by 

changing the inlet profile of turbulent kinetic energy within a realistic range, and by 

modifying the grid resolution and applying both first order and second order 

discretization schemes for the convection terms in the governing equations. Results 

illustrated that the effects of physical and numerical diffusion were very similar and most 

pronounced inside the building. In particular, the velocity-vector field showed that as the 
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physical and numerical diffusion increased, the size of the upstream standing vortex 

decreased, leading to an increased spread of the jet entering the building. 

  Part II - CFD analysis of urban wind flow 8.1.2

In Chapter 5 the accuracy of 3D steady RANS simulations to predict the wind flow 

through regular arrays of buildings was evaluated by performing an extensive validation 

study with the wind pressure coefficients measured by Quan et al. (2007a,b). Then, the 

effect of unequal street widths on the ventilation performance of generic urban 

configurations was estimated for different wind directions by means of the local mean 

age of air at pedestrian level. 

The results of the validation study showed that despite the known limitations in 

predicting the pressure distribution on the building facades, the 3D steady RANS 

equations with the standard k-ε turbulence model could reproduce the measurements 

quite accurately. Furthermore, the results of the ventilation performance analysis of 

generic urban configurations pointed out an overall reduction of the mean age of air in 

the configurations with a central main street. Especially for high-density areas, the central 

main street was acting as a sink of fresh air and reducing the mean age of air of the 

downstream area. However, when the wind blew perpendicular to the main street, the 

urban wind flow was dominated by the channeling effect of the wind along the street 

canyons. As a result, the main street interrupted the transport of fresh air between the 

buildings and altered the spatial distribution of the mean age of air. 

 Part III - BES/AFN analysis of night-ventilation 8.1.3

Night-ventilation rates and cooling energy savings were calculated for an office building 

in different European climates with BES/AFN models. The energy savings of the night-

ventilated building were evaluated with respect to an unventilated building under the 

same conditions. 

 In Chapter 6, the sensitivity of the night-ventilation rates and energy savings of an 

isolated building to the source of pressure coefficients was investigated. A comparison 

between pressure coefficients from experiments, databases and analytical models showed 

local differences in spite of an overall good agreement. As a result, differences up to 15% 

were found in the related night-ventilation rates. Overall, the influence of the night-

ventilation rates on the cooling energy savings was found to increase as the night-

averaged outdoor air temperature decreased. Nevertheless, the energy savings due to 

night-ventilation were only marginally influenced by the source of pressure coefficients.  

In Chapter 7, the capabilities of BES/AFN models to simulate non-isolated 

naturally ventilated buildings were tested. The solar shading effect of the adjacent 

buildings was modeled with shading surfaces of different short-wave reflexivity (albedo 

value). The wind shielding effect of the surroundings was considered using experimental 
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wind pressure coefficients. Then, a simplified Urban Heat Island scenario was 

implemented in the weather files according to Crawley (2008). Finally, the model was 

used to evaluate the impact of the urban environment on the cooling effectiveness of 

natural night-ventilation. The latter was estimated considering the energy savings of a 

night-ventilated building in the center of urban configurations of different plan area 

densities for different European locations. As an example, a reduction of the energy 

savings from 79% to 59% was found for the isolated building and the building in a high-

density urban configuration in Amsterdam. This reduction was more pronounced with 

the Urban Heat Island scenario, leading in Amsterdam to energy savings of 47%.  

8.2 Conclusions 

Modeling natural ventilation in the built environment is a challenging task, due to the 

wide range of physical and computational parameters involved. For each situation, the 

most suitable prediction method is evaluated as the one providing the required accuracy 

at a reasonable cost for the whole simulation process. This thesis presented detailed 

parametric studies of three aspects of natural ventilation in the built environment, namely 

cross-ventilation through large openings, urban wind flow and natural night-ventilation. 

Sensitivity analyses of the physical and computational parameters involved in CFD and 

BES/AFN simulations were performed and some conclusions are drawn on the accuracy 

and suitability of these methods to predict urban wind flow and natural ventilation in 

buildings. 

The most promising method to predict outdoor and indoor airflow to date is given 

by the combination of CFD and experiments. In fact, CFD overcomes scaling 

constraints of reduced-scale wind-tunnel tests and provides a flow solution in every point 

of the domain. However, CFD simulations are subjected to a wide range of numerical 

and modeling errors that may induce uncertainties in the results. Thus, experiments are 

required to validate the numerical results and to identify important features of the flow 

that have to be reproduced by the numerical model. This approach of analysis was used 

in this thesis. All the CFD simulations were validated with wind-tunnel data, which also 

pointed out relevant flow-pattern characteristics. In particular, the PIV measurements 

presented in Chapter 3 and 4 allowed identifying the position of the outdoor standing 

vortex that determined the inlet jet in case of cross-ventilation through large openings. 

When focusing on wind-induced cross-ventilation through large openings, an 

advantage of CFD is the possibility to model the interaction between the outdoor wind 

flow and the indoor airflow explicitly and to provide a solution of the wind flow through 

the openings at every point. This represents reality to a larger extent by taking into 

account the effect of the inflow momentum through large openings. The analysis of 

cross-ventilation for a generic isolated building presented in Chapter 3 and 4 showed that 

this approach required high-resolution grids to cope with the large geometrical scale 
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differences between the openings and the size of the computational domain. As a result, 

grid-induced discretization errors could be generated, inducing numerical diffusion. Thus, 

sensitivity studies like the one proposed in this thesis are a valuable guidance to cross-

ventilation modeling, not only for the grid definition, but also for the choice of a proper 

set of computational parameters. For practical application, however, it should be noted 

that the importance of the sensitivity of the results to the boundary conditions strongly 

depends on the uncertainty of the boundary conditions (e.g. measured wind profile).  

With regard to the urban wind flow, CFD can be used to clarify the correlation of 

geometric and aerodynamic parameters with ventilation performance indicators like the 

mean age of air. Steady RANS simulations are often used for urban studies, but special 

care is required to extract the results due to the intrinsically unsteady nature of the flow 

around the buildings. Nevertheless, the analysis of generic urban configurations with 

unequal street widths illustrated in this Chapter 5 provided some additional insights on 

air transport through high-density urban areas. Furthermore it showed the usefulness of 

the mean age of air for mapping the ventilation performance of given urban 

configurations. 

In spite of the intrinsically superior accuracy of CFD, BES/AFN models are often 

used to assess the cooling potential of natural ventilation in buildings. In fact, due to the 

high computational cost and simulation time required for CFD, AFN models are more 

often coupled with building energy simulation (BES) tools for natural ventilation analysis. 

However, experiments and CFD can provide local values of wind pressure coefficients 

on the facades of isolated and non-isolated building for BES/AFN analysis of natural 

ventilation. In particular, wind tunnel data were used as source of pressure coefficients in 

the present thesis (Chapter 6 and 7) because of the limitations of the steady RANS in 

predicting the pressure distribution on the envelope. 

BES/AFN models can also estimate the effectiveness of natural night-ventilation in 

the urban environment by considering the solar shading and the wind shielding effects of 

the surroundings, and the meteorological modifications due for instance to the Urban 

Heat Island. Chapter 7 showed that a strong overestimation of the cooling performance 

of natural night-ventilation might result when the influence of the urban environment is 

neglected in BES/AFN simulations. It was concluded that a correct description of the 

urban geometry and of the reflectance and thermal characteristics of the urban 

environment are essential for reliable performance evaluations of the cooling effect of 

natural night-ventilation. 

8.3 Further work 

Some directions for further work arising from the conclusions of this thesis are outlined 

below. 
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At first, this thesis presented a detailed and systematic analysis of wind-induced 

cross-ventilation for a generic isolated building with large openings. The analysis could be 

extended to support the development of specific best practice guidelines for CFD 

simulations of cross-ventilation. Additional building and opening geometries should be 

investigated as well as different internal distributions and non-isolated buildings. Further 

analyses should be carried out not only with CFD but also by means of high-quality 

experiments specifically designed for CFD validation. Wind tunnel experiments, 

however, are often performed at high wind speed to avoid local thermal effects and to 

ensure the Reynolds number independency of the flow. Thus, comparative studies with 

field measurements should also be carried out in the future to include the effects of 

buoyancy and of variation of the local wind speed conditions. 

Moreover, this thesis only addresses CFD simulations of wind-induced ventilation 

through large openings. Situations with different wall porosities should be considered in 

further analyses. In fact, while large and very large openings are important to avoid 

indoor overheating during the cooling season, small and adventitious openings are 

particularly relevant during the heating season for their impact on energy losses and 

indoor air quality (Etheridge, 2011). CFD models could be used to clarify the leakage 

characteristics of small openings but it would require very high resolution grids and a 

detailed model of the temperature distribution on the walls. Therefore, the suitability of 

CFD to analyze airflow through small and adventitious openings could be further 

evaluated while also considering the performance of other prediction methods.  

Next, the effect of unequal street widths on the ventilation performance of generic 

urban configurations was analyzed with CFD using the concept of mean age of air. The 

ventilation performance of other urban configurations could be addressed taking 

different building arrangements and building heights. Furthermore, the influence of 

vegetation, benches or other elements obstructing the wind flow at pedestrian level could 

be considered. Finally, although the use of ventilation performance indicators like the 

mean age of air is to date mainly intended for research purposes, similar analyses could be 

conducted to support urban planning and management. Guidelines for urban ventilation 

should support the use of ventilation performance indicators in practice for instance by 

providing uniform calculation procedures. 

 This thesis also evaluated the impact of the source of pressure coefficients on the 

cooling effect of natural night-ventilation for a block-shaped isolated building. Further 

analysis should include other situations where pressure coefficients from analytical 

models or steady RANS CFD simulations are more critical to obtain, like buildings with 

complex geometries or non-isolated buildings. In addition, CFD could be used to 

estimate other factors involved in the energy performance simulations of natural 

ventilation. For instance, this is the case of the values of discharge coefficient for 

different types of openings. Similarly, CFD could provide further insights on the 

convective heat exchange between the indoor environment and the building thermal 
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mass towards the definition of more suitable convective heat transfer correlations to 

model natural night-ventilation for passive cooling. 

Finally, this thesis emphasizes the strong impact of the urban environment on the 

cooling effectiveness of natural night-ventilation. Further studies should be undertaken 

for more realistic urban areas by considering different urban morphologies, different 

reflectance properties of the building surfaces and realistic UHI scenarios. Moreover, 

guidelines should be defined to clarify to what extent the urban environment should be 

included in building energy simulations.  
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