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Summary  

 

Geometry and ventilation: Evaluation of the leeward sawtooth roof potential in the 

natural ventilation of buildings 

 

Sawtooth roof buildings can contribute to a sustainable and healthy indoor environment as they 

can allow additional daylight and natural ventilation compared to a standard flat roof. Sawtooth 

roof buildings have lower level openings in the (windward) facade and also upper-level 

openings near the roof top in the opposite (leeward) facade. When the upper-level opening 

captures the wind the sawtooth roof is called “wind catcher” and when it is used to extract 

indoor air from the building using the underpressure region in the wake of a building it is called 

a “leeward sawtooth roof”. This PhD study focuses on low-rise leeward sawtooth roof 

buildings. The main goal of the research is to verify the potential of the leeward sawtooth roof 

geometry to increase the wind-driven upward cross-ventilation. This research employs 

Computational Fluid Dynamics (CFD) simulations to analyze the wind flow around the 

building and quantify the natural ventilation by means of the volume flow rates and the airflow 

patterns (indoor velocity). 

  

CFD simulations are performed using the 3D steady Reynolds-Averaged Navier-Stokes 

(RANS) equations. The simulations are based on a grid-sensitivity analysis and on validation 

with previously published wind-tunnel measurements using Particle Image Velocimetry (PIV). 

The results show that the shear-stress transport (SST) k-ω and the Renormalization-group 

(RNG) k-ε turbulence models provide the best agreement with the experimental data. Once the 

numerical model is validated, a sensitive analysis of different building parameters on a single-

zone isolated building model is carried out using the 3D steady RANS approach in combination 

with the SST k-ω turbulence model to provide closure to the governing equations. The 

following building parameters are systematically tested: (i) roof inclination angle and vertical 

outlet opening position; (ii) roof geometry; (iii) windward and leeward eaves inclination angle 

and the combination of both (windward and leeward); and, (iv) a comparison between a single-

span and a double-span leeward sawtooth roof with the same and with lower inlet-outlet 

opening ratio.  

 

In Chapter 1 the relevance, the driving forces of the natural ventilation phenomena, the 

problem statement and the methodology of the current research are introduced.   
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Chapter 2 presents the validation study and shows that the SST k-ω turbulence model provides 

the most accurate results, followed by the RNG k-ε turbulence model. The standard k-ε model, 

the realizable k-ε model, the standard k-ω model and the Reynolds stress model show larger 

deviations from the measured velocities. The influence of the parameter “a” for the calculation 

of the turbulent kinetic energy profiles at the inlet of the computational domain is tested; the 

results show that a value of 0.5 results in the best agreement with the wind-tunnel 

measurements. In addition, the impact of the roof inclination angle (RIA) is tested and it is 

observed that it strongly influences the indoor air velocity and the volume flow rate. The latter 

increases with a roof inclination angle larger than 18°. When a 45° roof inclination angle is 

employed, the volume flow rate is 22% higher than a flat roof and it additionally increases 

from 22% to 25% when the outlet opening is located near the roof. The vertical outlet opening 

position is less important as it can just increase the volume flow rate by around 4% and 

increases or decreases the indoor air velocity by up to 41% and 21%, respectively. 

  

In Chapter 3 five different roof geometries are studied; one straight and four curved roofs. The 

curved roofs can be subdivided in one concave, one hybrid (convex-concave) and two convex 

roof geometries. It is observed that the roof geometry is an important design parameter to 

maximize the size and magnitude of the underpressure zone in the wake of the building and the 

pressure difference over the building. A roof that directs the external wind flow behind the 

building upwards will result in a larger underpressure zone and larger underpressures and 

consequently in higher volume flow rates. For a normal wind incidence angle (0°), from all the 

roof geometries with a 27° roof inclination angle, the convex roof and the straight roof result in 

volume flow rates that are up to 13% higher than those of concave roof geometries.  

  

In Chapter 4 the impact of the eaves is explored. It is shown that, in addition to their well-

known beneficial effects concerning solar radiation and wind-driven rain, eaves can increase 

wind-driven cross-ventilation flow by up to 24%. Windward eaves with an inclination angle of 

27° result in the highest increase of the volume flow rate (15%) and in a more horizontally 

directed flow through the occupied zone. On the other hand, leeward eaves appear to have less 

influence on the ventilation flow than upwind eaves; the maximum increase in volume flow 

rate is only 5% when eaves with a 90° inclination angle are employed. Application of both a 

windward eaves and a leeward eaves results in an additional increase (4%) of the volume flow 

rate in a single-span building.  
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In Chapter 5 an analysis of single-span and double-span sawtooth roofs is presented. It is 

shown that the straight and concave double-span leeward sawtooth roof geometries result in a 

slight increase of the volume flow rate compared to single-span roof geometries with a similar 

geometry type. However, the convex double-span roof geometry E2x2_OR1 reaches a 12% 

lower volume flow rate than found for its reference case, the single-span roof geometry E2, 

which is the result of the narrow internal geometry at the outlet opening. It is also shown that 

reducing the opening ratio (Ainlet/Aoutlet;total) from 1 to 0.5 for the double-span roof geometries 

results in an increase of the volume flow rate with 23-39%, depending on the roof geometry. 

For convex double-span cases the building geometry near the outlet-opening plays an important 

role in the ventilation performance. The internal geometry contraction near the outlet openings 

generates a resistance to the airflow and reduces the volume flow rate.   

 

Chapter 6 provides a discussion based on the limitations of the presented research and points 

out recommendations for future research. Chapter 7 summarizes the main conclusions of the 

current research, whereby it is highlighted that the optimum leeward sawtooth roof building 

design for increasing cross-ventilation is achieved by the interaction of these four main 

parameters: (a) roof inclination, (b) roof geometry, (c) eave location and angle, and (d) inlet-

outlet opening ratio. In addition, it is pointed out that a single-span with 12 m depth reaches a 

higher volume flow rate than a single-span with 6 m depth with the same roof geometry type, 

despite the fact that a lower underpressure is present at the outlet opening.  
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 1 Introduction 

1.1 Relevance 

Global mean temperature is rising due to climate change [1] and buildings (new and old 

buildings) should be adapted to decrease the entrance of solar radiation and to improve natural 

ventilation to remove the internal heat from the building. In North-Western European countries, 

such as The Netherlands, temperatures have risen as well [2], facing indoor air temperatures 

outside the thermal comfort zone in more hours during a year (e.g. [3]). In Latin American 

countries, such as Brazil, the amount of hours outside the thermal comfort zone will increase as 

well. Simply applying traditional active electrical cooling systems to improve indoor thermal 

comfort will increase the energy use in buildings, and will accelerate the depletion of fossil 

fuels, the emission of greenhouse gasses, and climate change, and should therefore be avoided. 

A range of passive strategies can be employed in buildings to reduce the indoor air temperature 

and to increase thermal comfort. For example, solar shading, which will become increasingly 

important in the future, natural ventilation (i.e. ventilative cooling), thermal storage and a smart 

use of building materials can prevent the use of energy to actively cooling the interior of 

buildings to meet the thermal comfort criteria (e.g. [3]). In large parts of Brazil and countries 

with similar climates (i.e. Tropical rainforest climate (Af), Tropical monsoon climate (Am), 

Tropical wet and dry or savanna climate (Aw), Mild desert climates (BWh), Hot semi-arid" 

(BSh), Humid subtropical climate (Cfa, Cwa), Subtropical highland variety (Cwb) and 

Maritime temperate oceanic (Cfb) according with the Köppen classification [4]) (see Figure 

1.1), natural ventilation is one of the most important passive strategies to deal with high 

temperatures (e.g. [5–8]). Ventilative cooling as a passive cooling technique can both improve 

the indoor environmental quality in buildings without active cooling systems and decrease the 

cooling demand when active cooling is present [7,9] and can therefore contribute to a 

sustainable building environment [8]. The energy consumption related to the operation of 

heating, ventilation and air-conditioning systems (HVAC) in buildings in Canada, USA, New 

Zealand and 10 European Countries (Belgium, Denmark, Finland, France, Germany, The 

Netherlands, Norway, Sweden, Switzerland and UK) is already significant; i.e. it amounts 68% 

of the total energy use in service and residential buildings [10]. Therefore, a ventilation design 

in which natural ventilation is applied to reduce the cooling demand of buildings is 

http://en.wikipedia.org/wiki/Tropical_rainforest_climate
http://en.wikipedia.org/wiki/Tropical_monsoon_climate
http://en.wikipedia.org/wiki/Tropical_savanna_climate
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recommended to reduce the overall energy use of buildings and to reduce the depletion of fossil 

fuels and the emission of greenhouse gasses.            

 

 

 Figure 1.1: World map of Köppen-Geiger climate classification. (modified from [4]) 

 

1.2 Natural ventilation 

Natural ventilation in buildings can: (1) increase indoor air quality , (2) increase thermal 

comfort by intensifying the convective heat transfer from the occupants, (3) remove internal 

heat, and (4) enhance convective heat exchange from the building structure to the indoor air 

(passive cooling in combination with thermal storage) [7,11,12]. Nevertheless, the fundamental 

criteria to enhance an efficient ventilation design vary depending on the weather conditions and 

the type of building (i.e. hospital, restaurant, stadium, school). 

 Driving forces 1.2.1

Natural ventilation is driven by pressure differences produced by wind and/or buoyancy. 

Buoyancy forces are significant under very low wind velocities or in absence of wind [13]. The 

wind flow pattern around buildings, and therefore also the pressure distribution on the building 

surfaces, is very complex. Important features of the wind flow pattern above and behind the 
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building, as described by Peterka et al. [14] and Cook [15], must be considered in wind-

induced ventilation of buildings. For instance, key features that are important are the stagnation 

point which is located at around ¾ of the windward facade height; the separation point at the 

front and side edges of the windward facade; the reattachment point that depends – among 

others – on the roof inclination angle, the building length-depth ratio and the building roof 

geometry; the “standing vortex” or “horseshoe vortex” generated from the interaction of the 

wind incidence flow and the geometry of the windward facade (see Figure 1.2).     

 

 

Figure 1.2: Schematic representation of the wind flow around an isolated leeward sawtooth 

roof building with indication of the horseshoe vortex, the separation and reattachment zones on 

the roof and the reattachment zone behind the building.  

 

 Natural ventilation flow types 1.2.2

One can distinguish between two main types of natural ventilation flow: (1) single-sided 

ventilation and (2) cross-ventilation (Figure 1.3). The former natural ventilation flow type 

relies on ventilation openings that are present in only one side of the building enclosure (Figure 

1.3a), whereas the latter uses ventilation openings on both sides of a building enclosure, 

allowing fresh air to enter from one side of the building and to exhaust the polluted air through 

openings on the opposite side of the enclosure (Figure 1.3b) [11]. Single-sided natural 

ventilation can be used until a room depth of 2.5H, with H the height of the enclosure (internal 

height - floor to ceiling), while cross-ventilation can be used for room depths up to 5H [12]. In 

addition, in general, cross-ventilation is regarded as a more efficient way of providing natural 

ventilation through an enclosure since the distribution of the wind pressure is more favourable, 
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with positive wind pressures on the windward facade and negative wind pressures on the 

leeward facade; due to the higher pressure differences in cross-ventilated enclosures higher 

volume flow rates can be reached than with single-sided natural ventilation [12].  

 

Figure 1.3: Natural ventilation flow types. (a) Single-sided ventilation. (b) Cross-ventilation.  

 

Wind-driven cross-ventilation can be reinforced by buoyancy forces when the exhaust opening 

is located in the upper part of an enclosure [16]. For instance, a building with a leeward 

sawtooth roof, as depicted in Figure 1.4a, has the potential to combine the wind-driven flow 

with buoyancy-driven flow, resulting in an intensified upward cross-ventilation flow. Upward 

cross-ventilation can help to enhance the exhaust of heat, but also moisture, pollutants and 

smoke, by the top opening located in the upper part of the enclosure. In addition, upward 

natural cross-ventilation, when necessary, can be complemented by under-floor ventilation 

(UFV) (Figure 1.4c).  

 

 

Figure 1.4: Schematic representation of: (a) combination of buoyancy and wind-driven forces 

in a building with a leeward sawtooth roof; (b) relevance of the roof parameters in leeward 

sawtooth roof buildings; (c) possible interaction of upward cross-ventilation with under-floor 

(UF) ventilation. 
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 Natural ventilation modeling 1.2.3

Natural ventilation can be predicted by using analytical models, empirical models, small-scale 

experimental models, full-scale experimental models, multizone network models, zonal models 

and Computational Fluid Dynamics (CFD) models [17]. From these methods, CFD has become 

one of the most popular tools to analyze ventilation performance in buildings [17]. This is the 

result of the improvements in turbulence modeling and in computational power over the last 

decades. Furthermore, as opposed to wind tunnel modeling or (semi-) empirical formulae, CFD 

can provide detailed whole-flow field data under fully controlled conditions and without 

similarity constraints [18]. Among the CFD modeling approaches, Reynolds-averaged Navier–

Stokes simulations (RANS) and large-eddy simulation (LES) are the most commonly used in 

urban physics in general and in natural ventilation studies in particular. On the one hand, LES 

is more accurate since it resolves the large scales of the turbulence; i.e. the scales that are larger 

than the applied filter, which is often equal to the mesh size. On the other hand, although 

RANS has limitations regarding the prediction of important features of the fully turbulent flow 

around and inside buildings, it has been successfully applied in a range of previous studies on 

urban wind flow and natural ventilation. Moreover, due to the computational costs, the 

increased model complexity of LES and the absence of best practice guidelines for LES 

simulations, RANS simulations are still most often employed in general, and for parametric 

studies of natural ventilation and urban wind flow in particular [19]. For CFD simulations 

using the steady RANS equations or LES validation of the numerical results, using full-scale or 

reduced-scale measurement results is imperative [20].  

Within the CFD modeling approach, one can make a distinction between coupled and 

decoupled CFD simulation of natural ventilation flow. A coupled approach means that the 

internal and the external airflows are simultaneously modeled in a single computational domain 

(e.g. [21–23]). The interaction of outdoor wind flow with the indoor airflow is therefore 

explicitly included in this approach. The decoupled approach consists of two consecutive 

simulations; (1) a simulation of the wind flow around a sealed building; (2) a simulation of the 

flow inside the building, using boundary conditions at the ventilation openings that were 

obtained in the simulation of the wind flow around the sealed building (mainly pressure).  
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1.3 Problem statement 

 Wind-induced cross-ventilation 1.3.1

Wind-induced cross-ventilation is a complex phenomenon in the micro-scale meteorology that 

can be affected by many environmental and building parameters such as, the atmospheric 

boundary layer wind flow (ABL), the building height-depth ratio, building length, roof 

geometry, opening configuration and opening ratio. The flow inside the building is generated 

by an interaction between the atmospheric boundary layer flow approaching the building and 

the building itself (with all the building parameters) [24]. A systematic parametric study of the 

effect of building geometry on wind-induced cross-ventilation is imperative to better 

understand this interaction.  

This thesis focuses on the analysis of wind-driven cross-ventilation flow in isolated generic 

buildings, with a focus on buildings equipped with leeward sawtooth roofs.  

 Sawtooth roof 1.3.2

A sawtooth roof, as the name already indicates, has a shape which resembles the teeth of a saw. 

Figure 1.4 and Figure 1.5 show some examples of sawtooth roof buildings. Normally, the 

relatively vertical components of the “teeth” are equipped with daylight openings and are 

orientated to the north to prevent solar radiation from entering the building, whereas the less 

inclined parts have an opaque construction. Sawtooth roofs are applied because – among others 

– they can reach more uniform and higher intensity levels of daylights inside buildings [25]. In 

addition, they can be used to increase the ventilation flow through buildings [26]. The 

ventilation flow in a building with a sawtooth roof depends, among others, on its orientation 

with respect to the oncoming wind flow [26]. In the case of a building with a leeward sawtooth 

roof, the supply openings are located in the bottom part of the windward facade and exhaust 

openings are present in the top part of the leeward facade, which can enhance the wind-driven 

natural ventilation since the upward wind-driven cross-ventilation flow can be assisted by 

buoyancy forces (if present) (see Figure 1.4, Figure 1.5). Although the possible advantages of 

sawtooth roofs in naturally ventilated buildings are known, the potential of buildings with a 

leeward sawtooth roof has not yet been extensively explored [27] and this type of roof is still 

not applied on a large scale. Several studies have been carried out on wind-induced loads on a 

sawtooth roof [28–30], gable roof [31–33] and arched roof [34]. However, these studies did not 

focus on the ventilation flow through the building as function of the roof geometry. To the best 
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knowledge of the author, there are only a few studies that studied natural ventilation flows in 

buildings with asymmetric openings (upward ventilation) and for different roof geometries. 

Fatnassi et al. [35] investigated the effect of roof openings (windward and leeward) with and 

without side wall openings on the natural ventilation and indoor climate of a greenhouse with a 

concave curved multi-span roof [35] and concluded that simultaneous opening of windward 

and leeward roof vents does not improve the ventilation and the indoor climate. However, the 

authors did not quantify the isolated impact of the roof geometry on the ventilation. Some 

studies evaluated the potential of applying sawtooth roofs in schools [36,37], and pointed out 

that, depending on the wind direction and on the roof configuration, openings in the roof are 

advantageous for the exchange of indoor air with the outdoor environment. Kindangen et al. 

[38,39] analyzed the effect of the roof shape on natural ventilation of a building with 

symmetric opening positions (openings located at the same level) instead of asymmetric 

openings. Furthermore, the studies by Kindangen et al. [38,39] were not performed for a 

sawtooth roof building. A review on the effect of ventilation opening configurations on the 

indoor climate of greenhouses carried out by Bournet et al. [40] pointed out that ventilation 

rates and velocity patterns inside a naturally ventilated greenhouse are mainly affected by the 

geometry of the building and by the vent configuration (including size and arrangement of the 

vent openings).  

However, in general, there appears to be a lack of knowledge on the effect of roof geometry on 

the airflow pattern inside cross-ventilated buildings with asymmetric opening positions. Not 

many studies have been performed to systematically analyze the impact of building and roof 

parameters (i.e. roof inclination, roof geometry, eaves, single and double-span) on the cross-

ventilation flow. Therefore, the main goal of this research is to evaluate a range of building 

parameters that might be capable of maximizing the upward cross-ventilation flow in leeward 

sawtooth roof buildings. Several geometrical parameters of the building (i.e. roof inclination, 

roof geometry, eaves, number of spans) are evaluated. 

 



Chapter 1 

26 

  

 

Figure 1.5: Vertical cross-sections of two leeward sawtooth roof geometries. (a) Single-span 

building with a convex roof geometry. (b) Double-span building with a straight roof geometry.   

 

1.4 Methodology 

 Building and roof geometries 1.4.1

Two families of geometries were created: one with a horizontal plan area of 3 m x 6 m (W x D) 

and a height of x 5.7 m (Figure 1.6) and another one with a horizontal plan area of 3 m x 12 m 

(W x D) and a height of 5.7 m. By elongating the building depth from 6 m to 12 m, the first 

family of building geometries has an implicit (from lowest to highest location) roof inclination 

angle of 27° and the second family has an implicit roof inclination angle of 18°. These two 

families enable a comparison between, for example, single and double-span roofs, since the 

second family of building geometries has a depth which is equal to two times the depth of the 

first family of buildings. 

A range of roof parameters is studied, among others the roof geometry (Figure 1.6), eaves, roof 

inclination angle, number of spans. Figure 1.6 distinguishes between the main categories 

“convex – concave” on the horizontal axis and “curved – straight” on the vertical axis. In 

addition, the distance from the origin of the axes system is a measure of the roof inclination 

angle. For all roof parameters under study, their effect on the volume flow rate and on the 

indoor velocity is investigated.  
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Figure 1.6: Schematic representation of the leeward sawtooth roof geometries evaluated. 

 

 Assessment method 1.4.2

For this study, 3D steady RANS Computational Fluid Dynamics (CFD) simulations are 

performed for a wide range of building and roof geometries. Closure of the governing 

equations is obtained by using the SST k-ω turbulence model by Menter [41]. The use of CFD 

for this analysis is required since the performance assessment of the different roof geometries is 

not only based on the volume flow rates through the windows, but also on the airflow pattern 

(velocities) inside the building resulting from the upward cross-ventilation flow. In addition, 

the coupled approach (e.g. [21–23,42]) is employed. The coupled approach enables a detailed 

analysis of the indoor and outdoor airflow by performing one CFD simulation in which the 

indoor and outdoor airflow are modeled simultaneously and within the same computational 

domain [21].  

 

The first phase consisted of an extensive CFD validation study using the PIV measurements of 

Karava et al. [43], who studied wind-induced cross-ventilation for a generic isolated building 

model with asymmetric opening positions. The dimensions of the building model are 0.1 x 0.1 

x 0.08 m
3
 (W x D x H; 1:200 scale), corresponding to full-scale dimensions of 20 x 20 x 16 m

3
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(W x D x H). The validation study is conducted for the building model with an inlet opening at 

the bottom of the windward facade (with the center of the opening at h = 0.02 m) and an outlet 

opening at the top of the opposite (leeward) facade (with the center of the opening at h = 0.06 

m), resulting in an upward-directed cross-ventilation flow.  

 

In the second phase, the validated CFD model was used to assess the influence of the following 

parameters on the volume flow rate through the building and the velocities inside the building: 

the roof inclination angle, the roof shape (straight, convex, concave, hybrid; see Figure 1.6), 

addition of eaves, and the number of spans (single vs. double-span building).  

1.5 Thesis outline 

This thesis consists of seven Chapters. Chapter 2 until Chapter 5 present numerical studies of 

the cross-ventilation performance for an isolated leeward sawtooth roof building carried out by 

the 3D steady RANS equations and the commercial software ANSYS Fluent [44]. Different 

roof and building parameters were systematically tested and are presented in each chapter. The 

main topic and the connection between each chapter is as follows:  

 

Chapter 2 is based on the journal paper: 

 

Perén JI, van Hooff T, Leite BCC, Blocken B. CFD analysis of cross-ventilation of a 

generic isolated building with asymmetric opening positions: Impact of roof angle and 

opening location. Building and Environment 2015;85:263–76. 

 

It presents a review of the literature which indicates that the majority of the studies in natural 

ventilation focused on flat roofs with symmetric opening positions. A lack of research that 

analyzes the impact of asymmetric opening positions and roof inclination on natural ventilation 

potential is evident. Based on Computational Fluid Dynamics (CFD) simulations an analysis is 

made of the natural ventilation flow in a generic isolated building with different vertical 

positions of the outlet opening – yielding asymmetric opening positions – and five different 

roof inclination angles. The computational model is based on a grid-sensitivity analysis and on 

a detailed validation study using previously published wind-tunnel measurements with Particle 

Image Velocimetry. In the validation study, the performance of a range of turbulence models is 

assessed, as well as the influence of approach flow turbulent kinetic energy profile.   



Introduction 

29 

 

Chapter 3 is based on the journal paper: 

 

Perén JI, van Hooff T, Ramponi R, Blocken B, Leite BCC. Impact of roof geometry of 

an isolated leeward sawtooth-roof building on cross-ventilation: Straight, concave, 

hybrid or convex? Submitted 2015. 

 

In this chapter the impact of five different leeward sawtooth roof geometries is discussed: one 

straight, one concave, one hybrid (convex-concave) and two convex (being one convex 

doubled pitched and one convex fully curved). Since Chapter 2 shows that higher volume flow 

rates are present for higher roof inclination angles, such as 27°, all the roof shape cases 

evaluated in Chapter 3 have an implicit roof inclination angle of 27° (i.e. the angle measured 

by drawing a straight line from the windward edge of the roof to the rooftop). The 

computational grid is based on a grid-sensitivity analysis. A detailed analysis of the flow 

pattern and pressure distribution around the building is provided for a detailed analysis of the 

fluid mechanics.   

 

Chapter 4 is based on the journal paper: 

 

Perén JI, van Hooff T, Leite BCC, Blocken B. Impact of eaves on cross-ventilation of 

a generic isolated leeward sawtooth roof building: windward eaves, leeward eaves 

and eaves inclination. Building and Environment 2015; In Press. 

 

This chapter evaluates the impact of eaves configuration on the cross-ventilation of a generic 

leeward sawtooth roof building, with a roof geometry equal to the one with the best 

performance in Chapter 3. An eaves is a roof extension that can protect the indoor environment 

from direct solar radiation, the exterior facade and the indoor environment from wetting by 

wind-driven rain, and can be applied to enhance cross-ventilation. Both the type of eaves 

(windward versus leeward) and the eaves inclination angles are investigated. The eaves length 

is 1/4 of the building depth and the inclination is varied between 90° to - 45° for both the 

windward and leeward eaves. The best roof geometry obtained in the Chapter 3 is selected as a 

reference case to evaluate the potential of the eaves to increase the volume flow rate and to lead 

the airflow through the building. A grid-sensitivity analysis is performed and the computational 

settings are taken equal to those in the validation study, which is presented in detail in Chapter 

2. The ventilation evaluation is based on the volume flow rates and the indoor mean velocities 
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through the occupied zone (i.e. between 0.10 m and 1.70 m height). In addition, the flow 

patterns around the building are analyzed in detail.   

 

Chapter 5 is based on the journal paper: 

 

Perén JI, van Hooff T, Leite BCC, Blocken B. CFD simulations of wind-driven 

upward cross ventilation and its enhancement in long buildings: Impact of single-span 

versus double-span leeward sawtooth roof and opening ratio. Submitted 2015. 

 

It compares the ventilation flow in an elongated low-rise building with a (a) single-span, and 

(b) double-span leeward sawtooth roof. A single-zone leeward sawtooth roof building with 

dimensions 3.0 x 12.0 x 5.7 m
3
 (W x L x H) is selected. First, three single-span leeward 

sawtooth roof geometries (straight, convex and concave; roof inclination angle = 18°) are 

analyzed for a normal wind direction. Subsequently, the single-span cases are compared to the 

double-span cases. The findings presented in Chapter 3 were considered in the current 

evaluation as is presented in Chapter 5. For instance, the roof geometry types with the lowest 

and the highest performance were selected and compared for both the single-span and the 

double-span cases. The computational grid is based on a grid-sensitivity analysis and the 

computational settings are taken equal to those in the validation study presented in Chapter 2. 

The ventilation evaluation is based on the volume flow rates and the indoor mean velocities 

through the occupied zone (i.e. between 0.10 m and 1.70 m height).   

 

Chapter 6 presents a discussion showing the limitations and recommendations for future work. 

Finally, Chapter 7 summarizes the main conclusions and highlights the relevant parameters of 

leeward sawtooth roof geometries to increase the natural ventilation flow. 

 

Each Chapter (from 2 to 5) starts with a graph which summarizes the main parameter evaluated 

which is relevant to the optimization of low-rise leeward sawtooth roof buildings. To explain 

how all theses Chapters are logically linked, it is important to mention that Chapter 2 shows the 

numerical validation and the strong dependency of the volume flow rate to roof inclination 

angle (RIA). The results of Chapter 2 demonstrate that higher inclination angles (RIA > 18°) 

should be employed. However, for the other evaluations presented in Chapters 3, 4 and 5, the 

building height is the main constraint established (i.e. from this point a building height of 5.7 m 

is defined). Other constraints such as height of the inlet and outlet opening, size of the 
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windward facade and so on, are defined as well. Whithin this number of constraints, the 

building height, the height of the windward facade and the horizontal position of the outlet 

opening limit the evaluation of roof inclination angles to angles below, or equal to 27°. 

Therefore, roof inclination angles larger than 27°, e.g. 36° and 45°, are not considered in 

Chapters 3, 4 and 5.  
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 2 CFD analysis of cross-ventilation of a generic 

isolated building with asymmetric opening positions: 

impact of roof angle and opening location 

 

 

Abstract  

The position of window openings and roof inclination are important parameters determining 

the effectiveness of wind-driven cross-ventilation in buildings. Many studies on natural 

ventilation have been performed in the past, however, a detailed review of the literature 

indicates that the majority of these studies focused on flat roofs with symmetric opening 

positions. There is a lack of research that analyses the impact of asymmetric opening positions 

and roof inclination on natural ventilation potential. This paper presents Computational Fluid 

Dynamics (CFD) simulations to analyze the natural ventilation flow in a generic isolated 

building with different vertical positions of the outlet opening – yielding asymmetric opening 

positions – and five different roof inclination angles. The simulations are performed using the 

3D steady Reynolds-Averaged Navier-Stokes (RANS) equations. They are based on a grid-

sensitivity analysis and on validation with previously published wind-tunnel measurements 

using Particle Image Velocimetry. The results show that the shear-stress transport (SST) k-ω 

and the Renormalization-group (RNG) k-ε turbulence models provide the best agreement with 

the experimental data. It is also shown that the roof inclination angle has a significant effect on 

the ventilation flow; the volume flow rate increases by more than 22%. The maximum local 

indoor air velocity increases considerably when the inclination angle is increased, however, the 

differences in the average velocity in the occupied zone are only around 7%. The vertical 

position of the outlet opening has a relatively small impact on the volume flow rate (less than 

4%), and a small influence on the average velocity in the occupied zone (< 5%).  

 

Keywords: Computational Fluid Dynamics (CFD); Building geometry; Natural ventilation; 

Model validation; Urban physics; Building aerodynamics. 
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2.1 Introduction 

A sawtooth roof on buildings can contribute to a sustainable and healthy indoor environment as 

it can allow additional daylight and natural ventilation compared to a standard flat roof. 

Sawtooth-roof buildings have lower level openings in the (windward) facade and also upper-

level openings near the roof top in the opposite (leeward) facade. Using the upper-level 

openings located near the roof, the sawtooth roof can achieve more uniform and higher 

daylight intensity levels than the levels obtained by an opening located in the middle or in the 

lower part of a facade [1]. When the upper-level opening captures the wind the sawtooth roof is 

called “wind catcher” and, when it is used to extract indoor air from the building using the 

underpressure region in the wake of a building it is called a “leeward sawtooth roof” [2]. A 

sawtooth roof can be employed in different types of buildings, such as schools [3–5], low-rise 

industrial buildings [6] and hospitals [7]. Although sawtooth roofs have a great potential to 

increase natural ventilation, especially in hot climates, their design is not well explored and 

they are still not applied on a large scale [2].     

When a sawtooth roof is oriented as leeward sawtooth roof , the wind-driven natural ventilation 

is improved [8] and it has several advantages compared to a flat roof: (a) it can facilitate 

upward cross-ventilation (low-level supply and upper-level extraction) using wind and 

buoyancy as driving forces for the ventilation flow; (b) it can work as part of a hybrid 

ventilation system, such as displacement ventilation (DV) [9] or under-floor air distribution 

(UFAD) system, enabling the achievement of thermal comfort in a more energy-efficient way 

by using wind and buoyancy as driving forces instead of fans as much as possible. The 

ventilation efficiency of a building with a sawtooth roof depends among others on its 

orientation with respect to the oncoming wind flow. In addition, the impact of many other 

building parameters, such as roof height and shape and inlet-outlet opening configuration (size 

and vertical position), have, to the best knowledge of the authors, not yet been thoroughly 

investigated. 

Several studies have been conducted on wind-induced loads on gable roofs [10–12], arched 

roofs [13], mono-sloped roofs or shed roofs [14,15], various other roof geometries [16,17] and 

multi-span roofs such as sawtooth roofs [6,15]. The findings reported in these publications are 

useful for the understanding of the building aerodynamics and they provide some information 

on the potential for wind-driven cross-ventilation. In general, wind-driven cross-ventilation 

studies for low rise-buildings can be organized in four groups: (1) buildings with a flat roof and 

symmetric opening positions; i.e. inlet and outlet opening at the same height in the windward 
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and leeward building facade; (2) buildings with a flat roof and asymmetric opening positions; 

(3) buildings with a pitched roof and symmetric opening positions; (4) buildings with a pitched 

roof and asymmetric opening positions. Many research efforts focused on group (1) (e.g. [18–

30]). Within this group, there are studies on the effect of the opening size (wall porosity) 

[19,21,23,26,27,29], the inlet-outlet opening ratio and location [21,23,25,27,29] and the 

building aspect ratio [22,28]. Less studies focused on buildings with a flat roof and with 

asymmetric opening positions located in the facade (group 2); some examples are [23,25-27]. 

Several studies analyzed the influence of the roof shape but with symmetric opening positions 

(in terms of height in the facade; group 3) [31–36]. Finally, quite some studies focused on 

buildings with a pitched roof and asymmetric opening positions (group 4) (e.g. ([37-50]). 

Within this group however, only one study considered a saw-tooth roof [45]. 

In addition, there are some related studies on wind towers, wind catchers, venturi-shaped roofs 

or other constructions on the roof (e.g. [39,51–60]). This review of the literature shows that 

almost no studies have been conducted on the effect of roof inclination in combination with 

asymmetric positions of the vertical openings in the building facade.  

Therefore, in this paper, the impact of the roof inclination angle and the vertical location of the 

outlet opening on the mean velocity pattern and volume flow rate for a generic isolated 

building is analyzed using Computational Fluid Dynamics (CFD). A CFD analysis is required 

for this study since the performance assessment of the different roof geometries is not only 

based on the volume flow rates through the windows, but also on the airflow pattern 

(velocities) inside the building resulting from the cross-ventilation flow. If only the volume 

flow rates would be of interest one could consider performing CFD simulations of a sealed 

building, and subsequently using the pressure coefficients and an estimated discharge 

coefficient to calculate the volume flow rates. It must be noted that the value of the discharge 

coefficient depends on several factors and is difficult to accurately predict. The Reynolds 

number, the wind direction, etc. play a role in the determination of the discharge coefficient 

(e.g. [61]), as well as the presence or absence of “flow contact” in case of cross ventilation 

through large ventilation openings. When flow contact is present jet momentum is conserved 

and reaches the leeward opening, resulting in different values of the discharge coefficient for 

the windward and leeward opening (e.g. [62,63]). In the past 50 years, CFD has developed into 

a powerful tool for studies in urban physics and building aerodynamics [64], including natural 

ventilation in buildings, as demonstrated by review and overview papers [30,64–71]. In this 

paper, the coupled approach (e.g. [29,30,42,47,48,50,63,72])  is employed using the 3D steady 

Reynolds-Averaged Navier-Stokes (RANS) equations. The coupled approach enables a 
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detailed analysis of the indoor and outdoor airflow by performing one CFD simulation in which 

the indoor and outdoor airflow are modeled simultaneously and in the same computational 

domain. The detailed and high-quality Particle Image Velocimetry (PIV) wind-tunnel 

measurements provided by Karava et al. [27] for a generic isolated building with asymmetric 

opening positions and a flat roof are used for model validation. First, the PIV measurements are 

described in Section 2.2. Then, the numerical model for the validation case is presented in 

Section 2.3 and the validation results in Section 2.4, after which the sensitivity analyses are 

outlined in Section 2.5. Section 2.6 presents the CFD simulation results for the cases with the 

different roof inclination angles and the different vertical positions of the outlet opening in the 

leeward facade. Discussion and conclusions are given in Sections 2.7 and 2.8.  

2.2 Wind-tunnel experiment 

Karava et al. [27] carried out PIV measurements of wind-induced cross-ventilation for a 

generic isolated building model with a flat roof and both symmetric and asymmetric opening 

positions in the open-circuit boundary layer wind tunnel at Concordia University, Montreal, 

Canada [73]. The wind-tunnel has a test section of 1.8 x 1.8 x 12 m
3
 (W x H x L). The building 

models were made from 2 mm cast transparent polymethyl methacrylate (PMMA) sheet at a 

scale of 1:200. The models had dimensions 100 x 100 x 80 mm
3
 (W x D x H) (reduced-scale) 

corresponding to full-scale dimensions 20 x 20 x 16 m
3
 (W x D x H) (Figure 2.1). The reduced-

scale building-model openings had a fixed height of 18 mm (3.6 m full scale) and a variable 

width, providing a wall porosity (opening area divided by wall area) of 5%, 10% and 20%. 

Three opening positions were considered: bottom, middle and top, with the center of the 

opening at h = 20 mm, 40 mm and 60 mm, respectively. In this paper, the focus is on the 

building model with the inlet opening at the bottom of the windward facade (center at h = 20 

mm) and the outlet opening at the top of the opposite (leeward) facade (center at h = 60 mm) 

and with a wall porosity of 10%, as shown in Figure 2.1a,b. The PIV measurements were 

conducted in the vertical center plane, as indicated in Figure 2.1c. The incident mean velocity 

and turbulence intensity profiles were measured in the empty wind tunnel at the turntable 

center with a hot-film probe in the test section. Measurement and use of incident profiles rather 

than approach-flow profiles is important for a reliable validation study [74,75]. The reference 

mean wind speed Uref = 6.97 m/s and a reference turbulence intensity of 10% were measured at 

building height (H = zref). The turbulence intensity was about 17% near ground level (12 mm) 

and 5% at gradient height (738 mm). The reduced-scale aerodynamic roughness length was z0 = 
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0.025 mm corresponding to z0 = 0.005 m in full scale [27]. For more information related to the 

wind-tunnel experiments the reader is referred to [27].    

     

  

Figure 2.1: (a) Front view of the reduced-scaled building model as studied by Karava et al.  

[30] with opening size and dimensions (in meters). (b) Vertical cross-section of the reduced-

scaled building model with opening size and dimensions (in meters). (c) Perspective indicating 

the measurement plane. 

 

2.3 CFD simulations: computational settings and parameters 

The computational settings and parameters for the reference case are described in this section. 

These settings and parameters will also be used for the sensitivity analyses (grid resolution, 

turbulence model, inlet turbulent kinetic energy), which will be presented in Section 2.4. 

 Computational domain and grid  2.3.1

The computational domain and grid are constructed at reduced scale (1:200) to exactly 

resemble the wind-tunnel geometry. They adhere to the best practice guidelines by Franke et al. 

[76] and Tominaga et al. [77], apart from the upstream length, which is reduced to 3 times the 

height of the building to limit the development of unintended streamwise gradients [78,79]. 

The dimensions of the domain are 0.9 x 1.54 x 0.48 m
3
 (W x D x H) which correspond to 180 x 

308 x 96 m
3
 in full scale. The computational grid is fully structured and it is created using the 

surface-grid extrusion technique described by van Hooff and Blocken [47]. This technique 

allows full control of the size and shape of every grid cell and has been used successfully in 

previous studies for simple and complex building and urban geometries (e.g. [47,48,59,80-83]). 

The maximum stretching ratio is 1.2 and the first cell height is 2 mm at the building wall. A 

grid-sensitivity analysis is performed based on three grids (Figure 2.2c-e); coarse, basic and 
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fine grid, with 421,088 cells, 770,540 cells (reference case), and 1,607,572 cells, respectively. 

The results of the grid-sensitivity analysis are presented in Section 2.5.1.      

 

 

Figure 2.2: (a) Perspective view of the building in its computational domain at model scale. (b) 

View of the computational grid (building and ground). (c,d,e) Perspective view of grids for the 

grid-sensitivity analysis: (c) Coarse grid with 421,088 cells; (d) Basic grid with 770,540 cells 

(reference case); (e) Fine grid with 1,607,572 cells. 

 

 Boundary conditions 2.3.2

At the inlet of the domain the approach-flow mean wind speed and turbulence profiles are 

imposed based on the wind-tunnel measurements. The inlet wind-velocity profile is defined 

according to the logarithmic law (Eq. 1): 

 

*

0

0

( ) lnABL
z zu

U z
z

 
  

 
       (1) 

 

where z0 is the same as in the experiment and where u
*

ABL is the ABL friction velocity (= 0.35 

m/s) that is determined based on the values of Uref, and zref from the experiment. Furthermore, κ 

is the von Karman constant (0.42) and z the height coordinate. The turbulent kinetic energy k is 

calculated from the mean wind speed and the measured turbulence intensity using Eq. (2): 
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In this equation, Iu is the measured streamwise turbulence intensity and “a” is a parameter 

ranging from 0.5 to 1.5 [31,77]. The sensitivity of the results to the parameter “a” is tested and 

presented in Section 2.4.3. For the reference case a = 0.5. The turbulence dissipation rate ε is 

given by Eq. (3) and the specific dissipation rate ω by Eq. (4), where Cµ is an empirical 

constant taken equal to 0.09. 
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At the ground and building surfaces, the standard wall functions by Launder and Spalding [84] 

are used in conjunction with the sand-grain based roughness modification by Cebeci and 

Bradshaw [85]. For the ground surfaces, the values of the roughness parameters, i.e. the sand-

grain roughness height (kS = 0.28 mm) and the roughness constant (CS = 0.874), are determined 

based on their relationship with the aerodynamic roughness length z0 derived by Blocken et al. 

[78] (Eq. 5). For the building surface the value of the sand-grain roughness is zero (kS = 0). 
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At the outlet plane, zero static pressure is applied and at the top and lateral sides of the domain 

a symmetry condition is imposed, i.e. zero normal velocity and zero normal gradients of all 

variables. As recommended by Blocken et al. [78,79], to assess the extent of unintended 

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

speed and turbulent properties, a simulation in an empty computational domain is made using 

the shear-stress transport (SST) k-ω model [86]. The vertical profiles of U, k and ε at the inlet 

(inlet profiles) and at the building position (incident profiles) are shown in Figure 2.3, 

indicating that streamwise gradients are present but limited, especially for the mean wind speed 

profile.  
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Figure 2.3: Horizontal homogeneity analysis: Profiles of the mean wind speed (U), turbulent 

kinetic energy (k) and specific dissipation rate (ω) at the inlet (continuous lines) and at the 

building position (dotted lines) in the empty domain. The height of the model (Zref) is 0.08 m. 

The parameter a = 0.5 is used for the turbulent kinetic energy calculation (reference case). 

 

 Solver settings 2.3.3

The commercial CFD code ANSYS Fluent 12 [87] is used to perform the CFD simulations. 

The 3D steady Reynolds-Averaged Navier-Stokes (RANS) equations are solved in combination 

with the shear-stress transport (SST) k-ω model. The SIMPLE algorithm is used for pressure-

velocity coupling, pressure interpolation is second order and second-order discretization 

schemes are used for both the convection terms and the viscous terms of the governing 

equations. Convergence is assumed to be obtained when all the scaled residuals leveled off and 

reached a minimum of 10
-6

 for x and y momentum, 10
-5

 for z momentum and 10
-4

 for k, ε and 

continuity. As also observed by Ramponi and Blocken [29,30], the simulations showed 

oscillatory convergence. To obtain a reliable steady value of the solution variables, the results 

are monitored over 10,400 iterations and the variables are calculated by averaging over 400 

iterations (10,000-10,400), after the simulation reached a statistically stationary solution.  

2.4 CFD simulations: validation  

The results from the CFD simulations are compared with the PIV wind-tunnel experiments by 

Karava et al. [27]. The mean velocity vector field in the vertical center plane by PIV 
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measurements and CFD simulations is shown in Figure 2.4 a and 4b, respectively. The CFD 

simulations correctly predict the most important flow features such as the standing vortex 

upstream of the building and the flow pattern inside the building. Figure 2.4c and 4d compare 

the measured and computed streamwise wind speed ratio U/Uref along a horizontal line going 

through the middle of the windward opening and along a diagonal line, indicating a good 

agreement. As pointed out by Ramponi and Blocken [30], the simulations overestimate the 

mean velocity around the opening, where the PIV measurements cannot provide accurate 

predictions due to reflections and shading effects [27]. Despite these differences an overall 

good agreement is observed.  

 

 

Figure 2.4: (a,b) Comparison of the mean velocity in the vertical center plane obtained from: 

(a) PIV measurements (processed from [30]); (b) CFD simulations. (c,d) Streamwise wind 

speed ratio U/Uref along (c) horizontal line and (d) diagonal line. 
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2.5 CFD simulations: sensitivity analysis for computational parameters 

A systematic sensitivity analysis for some of the computational parameters is conducted by 

varying one single parameter at a time compared to the reference case and comparing the 

results to those of the reference case. The following parameters are evaluated: (1) resolution of 

the computational grid (Subsection 2.4.1); (2) turbulence model (Subsection 2.4.2); and (3) 

inlet values of turbulent kinetic energy (Subsection 2.4.3). Table 2.1 provides an overview of 

the computational parameters for the sensitivity analysis with indication of the reference case 

in bold.  

 

Table 2.1: Overview of computational parameters for sensitivity analysis with indication of the 

reference case in bold. 

  
Computational grid resolution 

(Subsection 2.5.1) 

Turbulence models   

(Subsection 2.5.2) 

Turbulent kinetic 

energy (Subsection 

2.5.3) 

Reference case 

770,540 cells (Average) 

SST k-ω [84]  

Sk-ε [86] 

Rk-ε [87] 

RNG k-ε [88,89] 

Sk-ω [90] 

RSM [91] 

a = 0.5  

a = 1 

a = 1.5 

421,088 cells (Coarse)  - -  

1,607,572 cells (Fine)  - -  

 

 Impact of computational grid resolution 2.5.1

Performing a grid-sensitivity analysis is important to minimize the discretization errors and the 

computation time. In this study, a grid-sensitivity analysis was performed based on three grids: 

(1) a coarse grid with 421,088 cells; (2) a basic grid with 770,540 cells (reference case); and (3) 

a fine grid with 1,607,572 cells. The two additional grids (the coarser and the finer) were 

constructed by coarsening and refining the average grid with about a factor √2 in each 

direction. Figure 2.2 shows a perspective view of the three grids. Results of the grid-sensitivity 

analysis are shown in Figure 2.5, in terms of the streamwise wind speed ratio (U/Uref) along a 

horizontal line going through the middle of the windward opening (Figure 2.5a) and a diagonal 

line between the inlet and outlet opening (Figure 2.5b). The results indicate that the basic grid 

(reference grid) provides nearly grid-independent results. In addition, the difference in the 
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ventilation flow rate through the inlet opening is about 1% between the basic grid and the fine 

grid, and 7% between the basic and the coarse grid. Therefore, it is concluded that the basic 

grid is a suitable grid for this study and this grid is used in the remainder of this paper. 

 

Figure 2.5: Impact of grid resolution. (a) U/Uref along a horizontal centerline. (b) U/Uref along a 

diagonal line. 

 

 Impact of turbulence model  2.5.2

Turbulence model validation is of fundamental importance for the reliability of CFD 

simulations. 3D steady RANS simulations are carried out in combination with six turbulence 

models: (1) the standard k-ε model (Sk-ε) [88]; (2) the realizable k-ε model (Rk-ε) [89]; (3) the 

renormalization group k-ε model (RNG k-ε) [90,91]; (4) the standard k-ω model (Sk-ω) [92]; 

(5) the shear-stress transport k-ω model (SST k-ω) [86]; and (6) the Reynolds Stress Model 

(RSM) [93]. The impact of the six different turbulence models on the streamwise wind speed 

ratio (U/Uref) is illustrated in Figure 2.6. The SST k-ω model (reference case) and the RNG k-ε 

model clearly provide the best agreement with the PIV measurements. Figure 2.6a shows that 

the differences between the turbulence models are most pronounced inside the building around 

x/D = 0.2 – 0.3.  

 

In terms of the volume flow rate compared to that by the SST k-ω model (reference case), (= 

0.0026 m
3
/s), small deviations are observed for the RNG k-ε model (0.22%), the Sk-ε model (-

0.05%) and the Sk-ω model (1.56%), with slightly larger deviations for the Rk-ε model 

(3.27%) and RSM (3.67%). Clearly, the volume flow rate deviations between the different 

turbulence models are very small. However, the deviation in indoor air velocity between the 
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RNG k-ε and SST k-ω on the one hand, and the other turbulence models on the other hand, is 

very large (locally up to 300%). These large local differences can be explained by the different 

direction of the incoming jet flow. Note that in the majority of the previous studies on cross-

ventilation in buildings with asymmetric openings, the Sk-ε turbulence model was used for the 

CFD simulations [25,37,39–43,45]. In addition, some studies were conducted using the RSM 

model (e.g. [25,40,43]), the realizable k-ε model (e.g. [25,47,48,50]), and the RNG k-ε model 

(e.g. [25,37,38]).  

 

 

Figure 2.6: Impact of turbulence model Comparison between PIV experiments [30] and CFD 

with the SST k- ω, RNG k-ε, Realizable k-ε, Standard k-ε, Standard k-ω, and RSM model. (a) 

U/Uref along a horizontal centerline; (b) U/Uref along a diagonal line. 

 

 Impact of inlet turbulent kinetic energy  2.5.3

The values of turbulent kinetic energy (TKE) at the inlet of the domain can have a very large 

impact on the wind speed ratio inside the building [30]. The TKE profile at the inlet can be 

estimated from the measured wind velocity and turbulence intensity profiles.  However, the 

turbulence intensity is often not measured is all three directions. If for example – as in this 

particular case - the only value measured in the wind tunnel is the longitudinal turbulence 

intensity (Iu = σu/U) this means that for the other components (σv  and σw)  assumptions have to 

be made. These assumptions can yield different values of the parameter a (in Eq. 2), ranging 

from 0.5 to 1.5. Here, simulations with these three values of a (0.5, 1 and 1.5) are performed  

and the resulting streamwise wind speed ratios (U/Uref) are shown in Figure 2.7. It can be seen 

that there is a considerable influence of this value a on the mean velocities inside the building. 

Figure 2.7a clearly shows that the dimensionless velocity is overestimated inside the building 
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for values of a larger than 0.5. The largest overestimations can be observed between 0 < x/D < 

0.4. They go up to a factor 4 when a = 1 and up to a factor 5 when a = 1.5. When a is taken 

equal to 1 and 1.5 the predicted volume flow rate is 7.2% and 8.7% higher than with a = 0.5, 

respectively. It can be concluded that the parameter a = 0.5 provides the best agreement with 

the experimental results. Although the best practice guidelines by Tominaga et al. [77] suggest 

using a = 1, and Ramponi and Blocken [30] confirmed that the value a = 1 is the best value for 

CFD simulations of a building with symmetric openings (inlet and outlet openings at the same 

height), in this particular study of a building with asymmetric opening positions (inlet and 

outlet opening at different heights), the most suitable value of the parameter a clearly appears 

to be 0.5.   

 

  

Figure 2.7: Impact of inlet turbulent kinetic energy profile parameter a: (a) U/Uref along a 

horizontal centerline. (b) U/Uref along a diagonal line. 

 

2.6 CFD simulations: sensitivity analysis for geometrical parameters 

The computational parameters and settings presented in the previous section, i.e., the basic grid 

resolution, the turbulence model (SST k-ω) and the parameter a (0.5), are employed in this 

section for the sensitivity analyses of roof inclination angle and the vertical location of the 

outlet opening.  

 Impact of roof inclination angle 2.6.1

To evaluate the impact of the roof inclination angle (RIA) on the ventilation flow, five roof 

inclination angles are studied for a normal wind incidence angle (φ = 0°): 9°, 18°, 27°, 36° and 
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45°. To allow a straightforward comparison that is not influenced by too many factors, the five 

cases have: (a) the same internal volume (0.0008 m
3
 at reduced-scale); b) the same inlet and 

outlet opening size (consequently, each case has a different facade porosity); and (c) the same 

inlet and outlet opening location. Figure 2.8 shows the vertical cross-sections and 

computational grids of the reference case and the five additional cases with different roof 

inclination angles. Table 2.2 summarizes the cases and parameters. The cases are evaluated 

based on the volume flow rate and the mean wind speed ratio along a horizontal centerline 

going through the middle of the windward opening.  

 

 

Figure 2.8: Vertical cross-section and computational grid for building geometries iwith 

different roof inclination angle for the “basic case”, i.e. with outlet opening at the same height 

as in the reference case. All the cases have the same internal volume as the reference case and 

as a consequence have different heights of the windward (hupwind) and leeward facade (hleeward). 

 

Table 2.2: Parameters of the leeward sawtooth roof sensitivity analysis with indication of the 

reference case. 
 Building case name Roof inclination angle Outlet opening position case 

   Case A Case B 

   (Section 2.6.1) (Section 2.6.2) 

Ref. case RIA_00 (Karava) 0° X  

 RIA_09 9° X  

 RIA_18 18° X  

 RIA_27 27° X X 

 RIA_36 36° X  

 RIA_45 45° X X 

 

Figure 2.9 shows that the volume flow rate increases when increasing the roof inclination angle 

with more than 18° compared to the reference case. However, the volume flow rate for RIA_09 

is only 96% of that of RIA_00. The volume flow rate for RIA_18 is equal to that of RIA_00 

(reference case). The volume flow rate for RIA_27 is 8% higher than RIA_00, for RIA_36 the 

increase is 15%, while for RIA_45 it is 22%.  
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Figure 2.9: Influence of roof inclination angle (RIA) on the volume flow rate. 

 

Figure 2.10a shows that the streamwise wind speed ratio increases along almost the entire 

horizontal line when the roof inclination angle is increased, except for case RIA_09. Figure 

2.10b shows that the indoor mean sctreamwise wind speed ratio along the horizontal line shows 

very large differences between the roof inclination angles, especially between  0.1 < x/D < 0.8 . 

Note that although case RIA_09 has a lower volume flow rate than the reference case, the 

indoor air velocity along the horizontal line is higher in some areas (0.5 < x/D < 0.7) than in the 

case with the flat roof. The streamwise wind speed ratio along the centerline is also locally 

higher than in the reference case for case RIA_18, despite the fact that the volume flow rate is 

equal in both cases. However, to provide a more overall judgment of the indoor air velocities, 

the non-dimensional area-averaged velocity magnitude (|V|/Uref) in the occupied zone has been 

calculated for the vertical center plane. The height of the occupied zone is equal to the top of 

the windward opening.  
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Figure 2.10: Influence of roof inclination angle. (a) U/Uref along a horizontal centerline (b) 

Percentage increase in wind speed along the same line. 

 

Table 2.3 provides the calculated values for all roof inclination angles. It can be seen that the 

non-dimensional average velocity magnitude in the occupied zone only shows small 

differences for the different roof inclination angles; all values are within a range of ± 7%, with 

the highest average velocity present for RIA_27. If the occupied zone is subdivided into two 

parts, a lower part (below windward window) and an upper part (from bottom to top of 

windward window), the effect of roof inclination angle on the jet flow direction through the 

window can be seen; for lower inclination angles the flow is directed more downwards, 

resulting in higher average velocities in the lower part of the occupied zone (up to 0.45 for 

RIA_09), whereas higher average velocities are present in the upper part of the occupied zone 

for large roof inclination angles, up to 0.34 for RIA_45. 

  

Table 2.3: Non-dimensional area-averaged velocity magnitude (|V|/Uref) in the occupied zone 

in the vertical center plane for the different roof inclination angles. 
Building case 

name 

|V|/Uref in the occupied zone in the vertical center plane  

 Entire occupied zone 

 

Lower part 

 

Upper part 

 RIA_00 0.29 0.41 0.22 

RIA_09 0.31 0.45 0.23 

RIA_18 0.29 0.39 0.22 

RIA_27 0.33 0.41 0.28 

RIA_36 0.32 0.38 0.29  

RIA_45 0.32 0.29 0.34 
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In order to further analyze the effect of the roof inclination and facade height on the flow 

pattern around and inside the building in more detail, Figure 2.11 shows contours of the 

pressure coefficient (CP) and of the dimensionless velocity magnitude (|V|/Uref). The pressure 

coefficient is calculated as: 
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        (6) 

where P is the static pressure, P0 the reference static pressure, ρ = 1.225 kg/m
3 

the air density 

and Uref is the approach-flow wind speed at building height (Uref = 6.97 m/s at z = 0.08 m). It is 

shown that the overpressure above the inlet opening decreases monotonically when increasing 

the roof inclination angle, until the overpressures above and below the inlet opening become 

nearly equal. As a result of this different distribution of the pressure on the windward facade, 

the direction of the incoming jet flow slightly changes in each case, yielding a more 

horizontally oriented jet as the roof inclination angle increases. Figure 2.11 shows that the 

difference in underpressure behind the building between the different cases is higher than the 

overpressure difference in front of the building. This is an indication that the roof inclination 

angle is an important geometric parameter to increase wind-driven cross-ventilation.  

 

It can be concluded that the case with a roof inclination angle of 45° results in the best 

ventilation performance. Nevertheless, it must be noted that this is also the case with the largest 

building height. Hence, building height could also be a parameter that increases the ventilation 

flow rate. This is in line with a previous study by Kindangen et al. [34], who found that roof 

height has a strong influence on the indoor airflow in buildings with wind-driven natural 

ventilation. However, in the study by Kindangen et al. [34], symmetric opening positions were 

considered (both openings at the same height). 
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Figure 2.11: (a,c,e,g,i,k) Contours of pressure coefficient CP in vertical center plane (b,d,f,h,j,l) 

Contours of non-dimensional velocity magnitude (|V|/Uref) in vertical center plane. 
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 Impact of outlet opening position 2.6.2

In order to evaluate the impact of the vertical position of the outlet opening, two additional 

cases are analyzed, RIA_27_B and RIA_45_B, and they are compared to the previously 

analyzed cases, RIA_27_A and RIA_45_A (Figure 2.12). For RIA_27_B and RIA_45_B, the 

distance between the roof and the top of the outlet opening is the same as in the reference case.  

 

 

Figure 2.12: Vertical cross-section of the geometries of: (a) case RIA_00 (reference case); (b) 

A cases with outlet opening at the same height as the reference case: RIA_27_A and 

RIA_45_A; (c) B cases, with outlet opening near the roof: RIA_27_B and RIA_45_B. 

 

The vertical position of the outlet opening only has a small impact on the volume flow rate. It 

increases with 4% from RIA_27_A to RIA_27_B and with 2% from RIA_45_A to RIA_45_B. 

Figure 2.13 shows that also the impact on the mean streamwise wind speed ratio on the 

horizontal center line is rather small. In addition, Table 2.4 shows the non-dimensional area-

averaged velocity magnitude (|V|/Uref) in the occupied zone in the vertical center plane for the 

above mentioned cases. It can be seen that the non-dimensional average velocity magnitudes in 

the entire occupied zone for the cases RIA_27_B and RIA_45_B are almost equal to the base 

case with a lower position of the leeward window; the differences between geometry A and B 

are 4.8% for RIA_27 and 0.4% for RIA_45.  
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Figure 2.13: Influence of the outlet opening position on the indoor air velocity along a 

horizontal centerline. (a) RIA_27_B. (b) RIA_45_B. 

 

Table 2.4: Non-dimensional area-averaged velocity magnitude (|V|/Uref) in the occupied zone 

in the vertical center plane for the different leeward window opening locations.   
Building case 

name 

|V|/Uref in the occupied zone in the vertical center plane  

 Entire occupied zone 

 

Lower part 

 

Upper part 

 RIA_27_A 0.33 0.41 0.28 

RIA_27_B 0.35 0.42 0.30 

RIA_45_A 0.32 0.29 0.34  

RIA_45_B 0.32 0.27 0.36 

 

Figure 2.14 shows the pressure coefficient (CP) and non-dimensional velocity magnitude 

(|V|/Uref) in the vertical center plane for RIA_27_A, RIA_27_B. Figure 2.15 shows the same 

variables for RIA_45_A and RIA_45_B. There are no significant differences between 

RIA_27_A and RIA_27_B, and also not between RIA_45_A and RIA_45_B. This finding is in 

line with the observation of Lo and Novoselac [94], who pointed out that the position of the 

outlet opening at the leeward facade only has a small impact on the volume flow rate, however, 

they analyzed a position of the outlet opening that is at the same level as the inlet opening, 

which is not the case in the current study.  
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Figure 2.14: Impact of the outlet opening location: (a,b) RIA_27_A and (c,d) RIA_27_B. (a,c) 

Contours of pressure coefficient CP in the vertical centerplane. (b,d) Contours of non-

dimensional velocity magnitude (|V|/Uref) in the vertical centerplane. 

 

 

Figure 2.15: Impact of the outlet opening location for (a,b) RIA_45_A and (c,d) RIA_45_B. 

(a,c) Contours of pressure coefficient CP in the vertical centerplane. (b,d) Contours of non-

dimensional velocity magnitude (|V|/Uref) in the vertical centerplane. 
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2.7 Discussion  

 Driving pressure differences obtained from sealed building models 2.7.1

In an attempt to further analyze the reason for the large differences in the volume flow rate 

additional CFD simulations are performed for a sealed building model of RIA_00 and RIA_45. 

They provide information on the surface pressure coefficients at the locations where the 

windward and leeward opening would be located. Table 2.5 provides the CP values for the 

windward (CP;w) and leeward (CP;l) opening location, as well as the pressure difference over the 

building (ΔCP). The pressure difference (ΔCP) for RIA_00 is 1.15, whereas it is equal to 1.31 

for case RIA_45, which is an increase of 13%. The increase in volume flow rate for case 

RIA_45 could therefore partly be explained by the larger pressure difference over the building, 

i.e. a larger ΔCP. However, Table 2.5 also shows ΔCP for RIA_45_B, which is equal to 1.24. 

This value is a bit lower than the ΔCP = 1.31 for RIA_45_A, and would result in a lower 

volume flow rate for RIA_45_B when the orifice equation would be applied. However, the 

coupled simulations in subsection 2.6.2 indicated that the flow rate increased from RIA_45_A 

to RIA_45_B. This shows that the sealed-building pressure difference is not a good indicator 

for the actual volume flow rate. This is attributed to two reasons. First, for the different 

buildings, also the different flow resistance (through the openings and inside the building) will 

be different. Second, and probably more importantly, the sealed-building pressure difference is 

not necessarily equal to the actual driving pressure difference in the coupled simulation, 

especially for larger opening sizes (e.g. [95]). Indeed, in such cases, the sealed-building 

assumption does not hold (e.g. [63]). In addition, as stated in the introduction, the actual 

volume flow rate is difficult to obtain from the orifice equation due to the uncertainty in the 

discharge coefficients (e.g. [61,62,95]).         

 

Table 2.5: Pressure coefficients (CP) obtained from CFD simulations of a sealed building. 

Values reported are average CP values over the window surface.  
Building case name Pressure coefficient CP [-] 

  CP;w CP;l  ΔCP 

 (windward) (leeward)  

RIA_00 (Karava) 0.84 -0.31 1.15 

RIA_45_A 0.78 -0.53 1.31 

RIA_45_B 0.78 -0.46 1.24 
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 Limitations and future research 2.7.2

The two main goals of this study on upward wind-driven cross-ventilation are: (1) to evaluate 

the impact of the roof inclination angle and (2) to evaluate the impact of the vertical location of 

the outlet opening, both for a normal wind incidence angle (φ = 0°). Five roof inclination 

angles are evaluated (9°, 18°, 27°, 36° and 45°) and two of these cases (27° and 45°) are also 

used to analyze the impact of the vertical location of the outlet opening. It is essential to 

mention the limitations of the current study, which should be addressed in future research: 

 This study considers a simplified single zone building. The impact of other building 

parameters such as eaves and internal layout must be investigated. 

 This study is performed for an isolated building.  

 The study focuses on one wind incidence angle (φ = 0°). The ventilation 

performance could change for other wind incidence angles. 

 In this study, the internal volume for all the cases is kept constant, however, as a 

consequence, each case has a different building height and a different height of the 

windward facade, and also a different opening area (porosity). The building height 

and windward facade area could be important factors in the change in volume flow 

rate with roof inclination angle. Additional research is needed to study the effect of 

wall area above and below the inlet opening, and to better understand its effect on 

the overpressure region around the inlet opening and the consequences for the 

direction of the incoming flow.  

 The simulations in this study are performed for an isothermal situation. Future work 

will focus on non-isothermal situations to study the effect of temperature gradients 

inside the building, the balance between wind and buoyancy as driving forces for the 

ventilation flow, and convective heat transfer inside the building.  

2.8 Conclusions 

This paper presents a CFD analysis to study the influence of the roof inclination angle and the 

vertical position of the outlet opening on the wind-driven cross-ventilation flow in a generic 

isolated low-rise building. CFD is chosen for this study since the different roof geometries are 

assessed based on both the volume flow rates through the windows, and the airflow pattern 

(velocities) inside the building. The simulations are based on a grid-sensitivity analysis and on 
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validation using Particle Image Velocimetry (PIV) wind-tunnel measurements. The main 

conclusions of this paper are: 

 The validation study shows that the SST k-ω turbulence model provides the most 

accurate results, followed by the RNG k-ε turbulence model. The standard k-ε model, 

the realizable k-ε model, the standard k-ω model and the Reynolds Stress Model show 

larger deviations from the measured velocities.  

 The influence of the parameter “a” for the calculation of the turbulent kinetic energy 

profiles at the inlet of the computational domain is tested. The results show that a 

value of 0.5 results in the best agreement with the wind-tunnel measurements.   

 The volume flow rate depends on the roof inclination angle. The building with a 45° 

roof inclination angle (RIA_45) provides better results than all the other cases; the 

volume flow rate is 22% higher than for the reference case when the outlet opening is 

located at the same height as in the reference case; and the volume flow rate is 25% 

higher when the outlet opening is located near the roof.  

 The indoor air flow pattern changes with changing roof inclination angle, which also 

influences the velocities at horizontal lines inside the building. It is shown that the 

angle under which the jet enters the building through the window changes (becomes 

more horizontal) with increasing roof inclination angle due to a different pressure 

distribution on the windward facade of the building. However, the non-dimensional 

area-averaged velocity magnitude (|V|/Uref) in the occupied zone for the vertical center 

plane only exhibits small changes up to 7%. Larger changes are found when splitting 

up the occupied zone in a lower and an upper part.  

 To improve the volume flow rate in the studied low-rise building the roof inclination 

angle must be larger than 18°. For smaller roof inclination angles, such as 9°, the 

volume flow rate is lower than for the same building with a flat roof (reference case). 

It seems that the windward facade area (height) at lower roof inclination angles (9° 

and 18°) has a significant impact on the indoor airflow patterns and volume flow rates. 

 The vertical position of the outlet opening is less important as it is shown that it can 

just increase the volume flow rate by around 4% and 2% for case RIA_27_B and 

RIA_45_B, respectively. Furthermore, shifting the outlet opening to the top only 

provides small or no changes in non-dimensional (|V|/Uref) average velocities in the 

occupied zone.   
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 Simulations for a sealed building for RIA_00 and RIA_45 show that the sealed-

building pressure difference (ΔCP) between the windward and leeward facade cannot 

be clearly related to the actual volume flow rates with “open” ventilation openings. 

This is attributed to differences in flow resistance in the different cases but especially 

to the invalidity of the sealed-body assumption.    
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 3 Impact of roof geometry of an isolated leeward 

sawtooth roof building on cross-ventilation: 

Straight, concave, hybrid or convex? 

 

 

 

Abstract 

The roof geometry of a leeward sawtooth roof building can have a large influence on the cross-

ventilation flow. In this paper, five different leeward sawtooth roof geometries are evaluated 

using Computational Fluid Dynamics (CFD). The 3D CFD simulations are performed using the 

steady Reynolds-Averaged Navier-Stokes approach with the SST k-ω turbulence model to 

provide closure to the governing equations. The computational grid is based on a grid-

sensitivity analysis and the computational model is successfully validated using PIV 

measurements for a generic isolated building from literature. The five different roof geometries 

that are studied include one straight and four curved roofs. The curved roofs can be subdivided 

in one concave, one hybrid (convex-concave) and two convex roof geometries. It is shown that 

a straight or convex roof geometry can maximize the underpressure in the wake of the building, 

where the outlet opening is located, which results in enhanced wind-driven cross-ventilation 

flow. Analysis of the results shows that for a normal wind incidence angle (0°) the straight and 

convex leeward sawtooth roof geometries can result in an increase of the volume flow rate by 

13.0%, 12.5% and 12.3% respectively compared to a concave roof geometry. Furthermore, the 

increase of the indoor air velocity can be as high as 90% in the upper part of the occupied zone 

(at h = 1.7 m above ground level) for convex versus concave roofs.  

 

Keywords: Computational Fluid Dynamics (CFD); Building geometry; Natural ventilation; 

Leeward sawtooth roof geometry; Upward cross-ventilation 
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3.1 Introduction 

The application of a sawtooth roof on buildings can contribute to a sustainable and healthy 

indoor environment as it can allow additional daylight and natural ventilation compared to a 

standard flat roof. Often, sawtooth roof buildings have openings in the lower part of the facade 

and upper-level openings near the roof top in the opposite facade. Using the upper-level 

openings located near the roof, the sawtooth roof can achieve more uniform and higher 

daylight intensity levels than the levels obtained by an opening located in the middle or in the 

lower part of a facade (Robbins 1986). The ventilation flow in a building with a sawtooth roof 

depends – among others – on its orientation to the oncoming wind flow (Gandemer and 

Barnaud 1989). In a building with a leeward sawtooth roof, with supply openings in the bottom 

part of the windward facade and exhaust openings in the top part of the leeward facade, the 

wind-driven natural ventilation can be improved since the upward wind-driven cross-

ventilation flow can be assisted by possible buoyancy forces. Although the possible advantages 

of a leeward sawtooth roof in naturally ventilated buildings are known, the potential of 

buildings with a leeward sawtooth roof has not yet been extensively explored and this type of 

roof is still not applied on a large scale (Bittencourt 2006). In the past, several studies have 

been carried out on wind-induced loads on a sawtooth roof (Saathoff and Stathopoulos 1992, 

Stathopoulos and Saathoff 1992, Cui 2007), gable roof (Holmes 1994, St. Pierre et al. 2005, 

Quan et al. 2007) and arched roof (Holmes and Paterson 1993), however, these studies did not 

focus on the ventilation flow of the building as function of the different roof geometries. To the 

best knowledge of the authors, only one study by Fatnassi et al. (2006) investigated the impact 

of the roof shape for buildings with asymmetric opening positions and with respect to building 

ventilation. In addition, Kindangen et al. (1997a, 1997b) analyzed the effect of the roof shape 

on natural ventilation of the building, however, all the buildings in these studies had symmetric 

opening positions (openings located at the same level). Furthermore, these studies were not 

performed for a sawtooth roof building. In general, there is a lack of knowledge on the effect of 

roof geometry on the airflow pattern inside cross-ventilated buildings (Kindangen et al. 1997a), 

which is even more pronounced for buildings with a pitched roof (either a straight or curved 

geometry) and with asymmetric opening positions (inlet at lower part and outlet near roof 

level), such as sawtooth roof buildings. A systematic study is required to quantify the effect of 

a range of roof geometry parameters, e.g. roof inclination, roof shape, roof overhang, roof 

height, as the indoor airflow is the result of the combined effect of each of these geometrical 

parameters. A previous paper by the authors showed that a 27° roof inclination angle with the 
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outlet opening near the roof top can increase the volume flow rate through the building with 

12% compared to a flat roof (Perén et al. 2015). However, more studies on this topic are 

needed to increase the understanding of the ventilation flow through these buildings, and to 

optimize the performance of leeward sawtooth roofs for this purpose. 

The current paper analyzes the impact of straight, concave, hybrid (concave-convex) and 

convex leeward sawtooth roof geometries with a 27° implicit roof inclination angle (i.e. the 

angle measured by drawing a straight line from the windward edge of the roof to the rooftop) 

and with asymmetric opening positions. Figure 3.1 shows the five leeward sawtooth roof 

geometries that are analyzed in this paper. The main objective is to analyze which type of roof 

geometry can increase the volume flow rate and indoor air velocities, and eventually also the 

air exchange, ventilation and heat removal effectiveness. In this study, the performance of each 

roof geometry is evaluated based on the volume flow rate through the building and the mean air 

velocity ratios in the occupied zone, measured at four different heights: (h = 1.7 m, 1.1 m, 0.6 

m and 0.1 m), which are considered as reference for the evaluation of thermal comfort 

conditions of a seated or standing person, at a steady-state and moderate environment, i.e. 

where the environmental conditions are close to the thermal comfort standards proposed by 

ISO 7730/2005 (ISO 2005). Computational Fluid Dynamics (CFD) is employed with the 3D 

steady Reynolds-Averaged Navier-Stokes (RANS) equations with the SST k-ω turbulence 

model to provide closure. The simulations are based on grid-sensitivity analysis and on 

validation with previously published wind-tunnel measurements.  

The results presented in this paper are part of a large research project on the enhancement of 

wind-driven cross-ventilation of residential buildings by adjusting the roof geometry. In this 

research project, among others, the effect of a range of sawtooth roof geometries (this paper), 

roof inclination angle [14], the addition of eaves, the size of the building and the roof span on 

the natural ventilation flow through a single-zone building is studied. For the sake of brevity 

and to enable a detailed assessment of the flow behavior in and around the building resulting 

from modification of a certain part of the building and/or roof geometry, this paper will focus 

on one part of the results obtained in this larger research project, namely the effect of roof 

geometry.  

The building geometry and roof geometries that are analyzed using CFD are presented in 

Section 3.2. The validation study is addressed in Section 3.3. In Section 3.4 the computational 

settings are described and the results of the grid-sensitivity analysis and the horizontal 

homogeneity test are presented. Section 3.5 shows the results of the analysis of the different 

roof geometries. Section 3.6 (Discussion) and Section 3.7 (Conclusions) conclude this paper.  
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Figure 3.1: Leeward roof shapes analyzed in this paper. The five geometries have the same 

plan dimensions, the same maximum roof height but different internal volumes. 

 

3.2 Building and roof geometries 

Figure 3.1 shows a schematic representation of the five different roof geometries selected for 

this study. Each geometry is designated by a letter: A, B, C, D and E. Geometry A has a 

straight roof, whereas geometry B has a concave roof, C a hybrid convex-concave roof and the 

geometries D and E have convex roofs. Note that we adopt the definitions of “convex” and 

“concave” as used in the description of mathematical functions, where “a convex function is a 

continuous function whose value at the midpoint of every interval in its domain does not 

exceed the arithmetic mean of its values at the ends of the interval” (Wolfram Math World 

2014). These five roof geometries have been chosen as fairly representative of the domain of 

different leeward sawtooth roof  buildings, as schematically represented in Figure 3.2. This 

figure distinguishes between the main categories “convex – concave” on the horizontal axis 

and “curved – straight” on the vertical axis. In addition, the distance from the origin of the axes 

system is a measure of the roof inclination angle.  
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Figure 3.2: Conceptual criteria for the selection of the leeward sawtooth roof geometries 

 

Figure 3.3 shows a front view, a vertical cross-section and a perspective view of the building 

with geometry A with its main dimensions. Apart from the roof shape, all five geometries have 

the same: (a) maximum roof height (H = 5.7 m); (b) building depth (D = 6 m); (c) building 

width (W = 3 m); (d) inlet and outlet opening size (corresponding to 5% windward wall 

porosity); and, (e) inlet and outlet opening location (the outlet is located at ¾ D). Since all five 

buildings have different roof shapes, each building has a different internal volume V: VA = 

54.18 m
3
, VB = 60.58 m

3
, VC = 53.52 m

3
, VD = 50.78

 
m

3
 and VE = 49.91 m

3
. The distance from 

the ground to the bottom of the inlet and outlet opening is 1.42 m and 4.60 m, respectively.  

The roof inclination and the outlet opening position are important factors that influence the 

volume flow rate and the mean indoor air velocities, as pointed out in a previous paper by the 

authors (Perén et al. 2015). However, it is important to highlight that in all five geometries, the 

roof has an implicit roof inclination angle of 27° and the outlet opening is located at exactly the 

same height near the roof top.  
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Figure 3.3: Overview of dimensions of geometry A (dimensions in m). (a) Front view (upwind 

facade) with opening size and dimensions. (b) Vertical cross-section with opening size and 

dimensions. (c) Perspective view. The other roof geometries (B-E) have the same roof height, 

facade porosity (inlet-outlet opening size), building depth and width; however, they have 

diferent roof shapes and consequently diferent internal volumes. 

 

3.3 CFD simulations: validation study  

Validation is imperative for CFD simulations in general, and more in particular for CFD 

simulations based on the 3D steady RANS equations (Franke et al. 2007, Tominaga et al. 2008, 

Blocken 2014). The CFD model employed in the current study has been validated extensively 

in a previous publication (Perén et al. 2015). In this section a general overview of the validation 

study will be provided. The reader is referred to Perén et al. (2015) for more information and 

an extensive analysis of the sensitivity of the results to a range of computational settings and 

parameters.    

 Wind-tunnel measurements 3.3.1

CFD validation is conducted using the PIV measurements of Karava et al. (2011) who studied 

wind-induced cross-ventilation for a generic isolated building model with asymmetric opening 

positions. The dimensions of the building model are 0.1 x 0.1 x 0.08 m
3
 (W x D x H; 1:200 

scale), corresponding to full-scale dimensions of 20 x 20 x 16 m
3
 (W x D x H), as shown in 

Figure 3.4. The openings have a fixed height of 0.018 m (3.6 m full scale) while the width 

varies to obtain different wall porosities. The validation study is conducted for the building 

model with an inlet opening at the bottom of the windward facade (with the center of the 

opening at h = 0.02 m) and an outlet opening at the top of the opposite (leeward) facade (with 

the center of the opening at h = 0.06 m). The dimensions of the window are 0.046 x 0.018 m
2
 



Impact of roof geometry 

77 

 

(W x H) and the resulting wall porosity is 10%. The reduced-scale aerodynamic roughness 

length was z0 = 0.025 mm corresponding to 0.005 m in full scale (Karava et al. 2011). The 

reference mean wind speed at building height (zref) was Uref = 6.97 m/s and the turbulence 

intensity at building height was 10%. The turbulence intensity was about 17% near ground 

level (12 mm) and 5% at gradient height (738 mm). The PIV measurements were conducted in 

the vertical center plane. For more information related to the wind-tunnel experiments the 

reader is referred to (Karava et al. 2011).   

 

 

Figure 3.4: (a) Vertical cross-section of the reduced-scaled building model as studied by 

Karava et al. [17] with opening size and dimensions (in meter). (b) Perspective view indicating 

the measurement plane with dimensions (in meter). (c) View of the computational grid on the 

building and ground surfaces. (d) Close-up view of the grid (total number of cells: 770,540). 

 

 CFD simulations: computational settings and parameters 3.3.2

The computational model represents the reduced-scale model used in the experiments and 

follows the best practice guidelines by Franke et al. (2007) and Tominaga et al. (2008). The 

upstream length of the domain is reduced to 3 times the height of the building to limit the 
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development of unintended streamwise gradients (Blocken et al. 2007a, 2007b, 2015). The 

dimensions of the domain are 0.9 x 1.54 x 0.48 m
3
 (W x D x H). The computational grid is 

created using the surface-grid extrusion technique by van Hooff and Blocken (2010a) and is 

shown in Figure 3.4c and Figure 3.4d. The grid resolution resulted from a grid-sensitivity 

analysis yielding a fully structured hexahedral grid with 770,540 cells. The number of cells per 

building edge is 27 in the streamwise direction, 43 in the lateral direction and 61 in the vertical 

direction. The average height of the cells adjacent to the walls is 1 mm and the y
+
 values of the 

cells near the wall inside the building are between 1 and 17. At the inlet of the domain the 

approach-flow vertical profiles (log-law mean wind speed U, turbulent kinetic energy k and the 

specific dissipation rate ω) are imposed, based on the incident vertical profiles of mean wind 

speed U and longitudinal turbulence Intensity IU as measured in the wind-tunnel experiment. 

The turbulent kinetic energy k is calculated from the measured wind speed and turbulence 

intensity as k = a(UIU)
2
 where the coefficient “a” is equal to 0.5according to a sensitivity 

analysis by the authors (Perén et al. 2015), assuming that the turbulent fluctuations in 

streamwise direction are much larger than those in lateral and vertical direction (σu ≫ σv and σu 

≫ σw).  

The commercial CFD code ANSYS Fluent 12 is used to perform the simulations (ANSYS 

2009). The 3D steady Reynolds-Averaged Navier-Stokes (RANS) equations are solved in 

combination with the shear-stress transport (SST) k-ω model (Menter 1994) and automated 

wall treatment (Ansys 2009). This model is chosen based on previous validation studies of 

cross-ventilation (Perén et al. 2015, Ramponi and Blocken 2012). For pressure-velocity 

coupling the SIMPLE algorithm is used, pressure interpolation is second order and second-

order discretization schemes are used for both the convection terms and the viscous terms of 

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

leveled off and reached a minimum of 10
-6

 for x, y momentum, 10
-5

 for y momentum and 10
-4

 

for k, ε and continuity. As in previous studies of cross-ventilation of single-zone buildings 

(Perén et al. 2015, Ramponi and Blocken 2012), oscillatory convergence was observed. 

Oscillatory convergence implies that the scaled residuals do not reach an asymptote but show 

oscillatory behavior about an asymptotic value. This is caused by the intrinsic discrepancy of 

forcing an inherently unsteady flow to be predicted with a steady RANS model. It is important 

to note that this does not mean that the approach is flawed. On the contrary, if acknowledged 

and treated carefully and appropriately, as part of best practice in CFD (Blocken 2015), results 

from oscillatory convergence simulations with steady RANS can provide very accurate 

predictions of mean velocity fields, as shown in (Ramponi and Blocken 2012, Perén et al. 
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2015). Appropriate treatment refers to identification of the presence of oscillatory convergence 

and of averaging the results over a sufficient number of iterations. This is required because the 

results at different iterations actually correspond to different modes of the actual transient flow 

pattern (Blocken 2015). Note that the local oscillations in the velocities were in general within 

10%, where the highest oscillations occurred in areas with low velocities. Therefore, in order to 

obtain reliable stationary values of the solution variables in the entire flow domain, the results 

are monitored over 10,400 iterations and the variables are calculated by averaging over 400 

iterations (10,000-10,400), after the simulation reached a statistically stationary solution. More 

information on the presence and effects of oscillatory convergence can be found in (Ramponi 

and Blocken 2012, Blocken 2015).  

 CFD validation results: comparison between CFD simulations and wind-tunnel 3.3.3

measurements 

Figure 3.5a and Figure 3.5b display the mean velocity vector field in the vertical center plane 

obtained from PIV measurements and CFD simulations, respectively. It is observed that the 

CFD simulations correctly predict the most important flow features such as the standing vortex 

upstream of the building and the flow pattern inside the building. Figure 3.5c and Figure 3.5d 

compare the measured and computed streamwise wind speed ratio U/Uref along a horizontal 

line going through the middle of the windward opening and along a diagonal line, respectively. 

It can be concluded that the computational model provides a good agreement with the 

experimental data. The computational settings and parameters used in this validation study will 

therefore be used for the evaluation of natural ventilation flow of the buildings with different 

leeward sawtooth roof geometries, as presented in Section 3.4 (settings and parameters) and 

Section 3.5 (results). 
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Figure 3.5: (a,b) Comparison of the mean velocity in the vertical center plane obtained from: 

(a) PIV measurements (processed from [18]); (b) CFD simulation. (c,d) Streamwise wind speed 

ratio U/Uref from PIV measurements and CFD simulation along: (c) horizontal line; and (d) 

diagonal line. 

 

3.4 CFD simulations of different roof geometries: computational settings and 

parameters 

 Computational geometry, domain and grid 3.4.1

The computational model of the building has dimensions as indicated in Section 3.2 and Figure 

3.3. The computational domain is depicted in Figure 3.6a and its dimensions are in accordance 

to the best practice guidelines by Franke et al. (2007) and Tominaga et al. (2008). To limit the 

development of unintended streamwise gradients the upstream length of the domain is reduced 

to 3 times the height of the building (Blocken et al. 2007a, 2007b, Blocken 2015). The 

dimensions of the domain are 88.35 x 34.20 x 30 m
3
 (W x D x H). Note that the simulations 

presented in this section are performed at full scale, which is in contrast to the validation study 
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presented in Section 3.3, to allow a more easy interpretation of the results. In addition, if 

thermal effects will be included in future research, full-scale CFD simulations are imperative 

for dynamic similarity (Reynolds, Grashof and Archimedes numbers). To assess the influence 

of the scale at which the simulations of the different roof geometries are conducted, one 

simulation is also performed at reduced scale. The flow pattern and the qualitative results are 

identical to the results of the full-scale simulation, which can be attributed to the high building 

Reynolds numbers associated with the flow at both scales; at reduced-scale (1:15) 

corresponding to a building height similar to the one present in the validation study (≈ 0.10 m), 

the building Reynolds number equals 94,158, which is much larger than the recommended 

value of Re > 11,000 by Snyder (1981).   

 

 

Figure 3.6: (a) Computational domain and (b, c) basic grid for geometry D on building and 

ground surfaces (total number of cells: 1,961,524). 

 

A non-conformal mesh is used in order to allow future CFD simulations for different wind 

incidence angles. The computational grid with hexahedral cells is created using the surface-grid 

extrusion technique by van Hooff and Blocken (2010a) that was also successfully employed in 

other studies for complex building geometries (e.g. (van Hooff en Blocken 2010b, Gousseau et 

al. 2011, Blocken et al. 2012, Janssen et al. 2013, Montazeri et al. 2013). The maximum 

stretching ratio is 1.2. A grid-sensitivity analysis is performed for geometry D based on three 

grids and the results are presented in Section 3.4.4. Figure 3.7 shows the vertical cross-sections 
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and the computational grids of the five different roof geometries. The number of cells varies 

slightly for each geometry and ranges from 2.0 to 2.7 million cells.  

  

 

Figure 3.7: Vertical cross-section of leeward sawtooth roof buildings and part of the 

computational grid on the building and ground surfaces for each of the geometries. The number 

of cells for each geometry is based on a grid-sensitivity analysis for geometry D (1,961,524 

cells) and varies slightly for each geometry. 

 

 Boundary conditions 3.4.2

At the inlet of the domain, the approach-flow mean wind speed profile and the profiles of the 

turbulent kinetic energy (k) and the specific dissipation rate () are imposed. The wind 

direction is perpendicular to the windward building facade. The inlet wind-velocity profile U(z) 

is defined according to the logarithmic law (Eq. 1): 
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with z0 = 0.1 m, u
*

ABL is the ABL friction velocity, κ is the von Karman constant (0.42) and z 

the height coordinate. The value of u
*

ABL is determined based on the values of the reference 

velocity (Uref) at building height (H), which are Uref = 12.48 m/s, H = 5.7 m, yielding a building 

Reynolds number of 500,000. Note that the aerodynamic roughness length is higher than in the 

validation study to represent a more realistic wind velocity profile, corresponding to “roughly 

open country” according to the updated Davenport roughness classification by Wieringa 

(1992). The turbulent kinetic energy k is calculated from the mean wind speed U(z) and the 

streamwise turbulence intensity Iu(z) (with a value of 15% at the top of the building model (at 

zref) and 45% at ground level) by Eq. (2): 
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In this equation “a” is taken equal to 0.5 as in the validation study. The specific dissipation rate 

ω is given by Eq. (3), where Cµ is an empirical constant (= 0.09), and ε is the turbulence 

dissipation rate given by Eq. (4). 
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The SST k-ω model uses an automated wall treatment (Ansys 2009) for the ground and 

building surfaces, which automatically switches between low-Reynolds number modelling and 

standard wall functions (Launder and Spalding 1974) in conjunction with the sand-grain based 

roughness (kS) modification defined by Cebeci and Bradshaw (1977) depending on the mesh 

resolution near the wall. For the ground surfaces, the values of the roughness parameters, i.e. 

the sand-grain roughness height (ks = 0.14 m) and the roughness constant (Cs = 7), are 

determined based on the relationship with the aerodynamic roughness length z0 derived by 

Blocken et al. (2007a):  
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For the building surface the value of the sand-grain roughness is zero (kS = 0 m), which 

corresponds to a smooth wall. This choice was based on previous parametric CFD studies with 

kS values of 0 m, 0.01 m and 0.05 m, which showed no notable differences for the ventilation 

flow rates (van Hooff and Blocken 2010b). At the outlet plane, zero static gauge pressure is 

applied and at the top and lateral sides of the domain a symmetry condition is imposed, i.e. zero 

normal velocity and zero normal gradients of all variables. A simulation in an empty 

computational domain is performed to assess the extent of unintended streamwise gradients 

(i.e. horizontal inhomogeneity) in the vertical mean-wind speed profile and the turbulence 

profiles. Figure 3.8 shows the vertical profiles of U, k and ω at the inlet (inlet profiles) and at 
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the location where the building will be positioned (incident profiles). It can be seen that 

streamwise gradients are absent for the mean wind speed profile. The profiles of k and ω do 

show some streamwise gradients however, for k up to 60% at building height. This is a large 

difference. However, this does not compromise the value of this study, for several reasons: (i) 

First, a similar decay will also occur in reality when an approaching atmospheric boundary 

layer flow over rough terrain suddenly encounters a much smoother terrain upstream of the 

building. As such, this decay is a realistic occurrence. (ii) Second, the focus of this study is on 

the comparison between the performance of difference roof geometries. As such, the 

comparative evaluation is more important than the absolute values obtained. 

 
Figure 3.8: Horizontal homogeneity analysis: profiles of mean wind speed (U), turbulent 

kinetic energy (k) and specific dissipation rate (ω) at the inlet (dashed line) and at the building 

position (solid line) in an empty domain. The height of the model (H = zref) is 5.7 m. 

 

 
Figure 3.9: Results of grid-sensitivity analysis: impact of the grid resolution on the streamwise 

wind speed ratio U/Uref along a horizontal line through the middle of the windward opening. 
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 Solver settings 3.4.3

The commercial CFD code ANSYS Fluent 12 (2009) and the 3D steady RANS equations are 

employed for the analysis of the different roof geometries. Apart from the computational 

geometry and grid, the computational settings, parameters and the convergence criteria are 

taken equal to those of the numerical validation study as presented in Section 3.3.2.  

 Grid-sensitivity analysis 3.4.4

A grid-sensitivity analysis is performed for geometry D based on three grids: (1) a coarse grid 

with 1,012,336 cells; (2) a basic grid with 1,961,524 cells; and (3) a fine grid with 4,028,476 

cells. The two additional grids (basic and the fine grid) are constructed by refining the coarse 

grid with about a linear factor 2
1/3

. Figure 3.9 shows dimensionless velocity magnitude 

(|V|/Uref) at a horizontal line through the middle of the windward opening of the building 

obtained with the three different grids. It is shown that the basic grid provides nearly grid-

independent results. Also in terms of ventilation flow rates there are only very small 

differences between the three different grids; i.e the volume flow rates are within 1.6% (coarse 

grid) and 1.1% (basic grid) compared with the finest grid. Therefore, it is concluded that the 

basic grid is a suitable grid for this study and it is used for the other simulations presented in 

this paper. The average height of the wall-adjacent cells in this basic grid is 0.07 m and the y
+
 

values of the cells inside the building are between 1 and 35.  

3.5 CFD simulations of different roof geometries: results 

The ventilative performance of the five different roof geometries is assessed based on the 

volume flow rate through the openings and the average dimensionless velocity magnitude 

(|V|/Uref) along four horizontal lines at four different heights (h) from the ground floor; i.e. h = 

1.7 m, 1.1 m, 0.6 m, and 0.1 m. In addition, the airflow pattern around and inside the building 

is analyzed.   

 Volume flow rate  3.5.1

Figure 3.10a shows the volume flow rate in percentage (%), in which geometry B is taken as 

the reference case (= 100%) since it has the lowest volume flow rate (= 2.54 m
3
/s). The volume 

flow rate through the inlet opening of the building is obtained by taking the surface integral of 

the velocity at the inlet opening surface. The building with roof geometry A and the buildings 



Chapter 3 

86 

  

with a convex roof geometry (i.e. D and E) have almost equal volume flow rates, which are 

respectively 13.0%, 12.5% and 12.3% higher than that of geometry B. The building with a 

hybrid convex-concave roof geometry (geometry C) has a 8.4% higher volume flow rate than 

geometry B. Figure 3.10b shows the area-weighted average of the pressure coefficient (CP) at 

the outlet opening surface for all five geometries. It can be seen that the roof geometries which 

result in higher volume flow rates are the geometries with higher underpressure values (i.e. 

straight roof geometry A with CP = -0.27; and convex roof geometries D with CP = -0.29 and E 

with CP = -0.29). There is, as expected, a clear relation between the average pressure 

coefficient and the volume flow rate, as depicted in Figure 3.10.  

 
Figure 3.10: Impact of roof geometry on the volume flow rate and the average pressure 

coefficient at the outlet opening for a normal wind incidence angle. (a) Volume flow rate. The 

volume flow rate for geometry B is taken as the reference case (= 100%). (b) Pressure 

coefficient CP.  

 

 Indoor airflow  3.5.2

The impact of the roof shape on the dimensionless velocity magnitude (|V|/Uref), along four 

horizontal lines located at a height h of 1.7 m, 1.1 m, 0.6 m and 0.1 m from the internal floor, 

as shown in Figure 3.11, is evaluated . The four heights correspond to the positions of the parts 

of the body (head, chest, legs and feet) of a seated or standing person, which are reference 

heights for thermal comfort evaluation in an occupied zone of a building (ISO 2005). Figure 

3.11b shows that the five different roof geometries result in roughly the same velocity profiles 

at h = 1.7 m. However, locally, large velocity differences can occur; up to 90% between 

geometry D and B at x/D = 0.7. At h = 1.1 m, geometries A and D have slightly higher 

velocities from 0.15 < x < 0.80. (Figure 3.11c). At h = 0.6 m, geometry E has the highest local 
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velocity from 0.30 < x < 0.70, but also the lowest from 0.0 < x < 0.3 and from 0.85 < x < 1.00 

(Figure 3.11d). In general, at h = 1.7 m, 1.1 m and 0.6 m, the concave geometries B and C 

result in lower indoor air velocities (Figure 3.11b, Figure 3.11c and Figure 3.11d), however, at 

h = 0.1 m geometries B and C have higher velocities than A, D, and E (Figure 3.11e).  

 Airflow pattern  3.5.3

In order to further analyze the effect of the roof geometry on the flow pattern around and inside 

the building, Figure 3.12 shows contours of the pressure coefficient (CP) and of the 

dimensionless velocity magnitude (|V|/Uref). The pressure coefficient is calculated as: 

 

0

2

( )

(0.5 )


P

ref

P P
C

U
        (6) 

 

where P is the static pressure, P0 the reference static pressure, ρ the density of air (= 1.225 

kg/m
3
: International Standard Atmosphere (ISA); dry air, θa = 15°C, p0 = 101,325 Pa (ISO 

1975) and Uref is the approach-flow wind speed at building height (Uref = 12.48 m/s at zref = 5.7 

m). Figure 3.12h and Figure 3.12j show that the roofs with a convex geometry (D and E) show 

an increase of the size (height) of the wake behind the building, resulting in lower pressures in 

the wake region (Figure 3.12g,i) and a larger pressure difference over the building. As a 

consequence, the convex geometries have a higher volume flow rate through the inlet opening. 

In geometry B, with a fully curved concave roof shape, the flow stays attached along the entire 

roof surface. Figure 3.12d and Figure 3.12f show a strong flow acceleration on the roof of the 

geometries B and C. Under a normal wind incidence angle, a concave roof geometry, such as 

B, reduces the ventilation potential due to a decrease of the size of the underpressure zone and 

the magnitude of the underpressure behind the building (wake region), compared to for 

example geometry E. On the other hand, geometry A and the convex geometries D and E, 

increase the size and magnitude of the underpressure zone in the wake region (see Figure 

3.12a,g,i) and, as a consequence, the volume flow rate is around 13% higher than for geometry 

B, as shown in Figure 3.10. Note that in addition to geometry B, geometry A also has no, or at 

least a very limited, flow separation at the windward roof edge (Figure 3.12a,b). 
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Figure 3.11: Dimensionless velocity magnitude (|V|/Uref) along four horizontal lines at a height 

h above the floor. (a) Location of four lines. (b) h = 1.7 m. (c) h = 1.1 m. (d) h = 0.6 m. (e) h = 

0.1 m. The dashed vertical lines indicate the inner surfaces of the walls at the windward and 

leeward side of the building.  
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Figure 3.12: Countours of pressure coefficient CP (a,c,e,g,i) and dimensionless velocity 

magnitude (|V|/Uref) (b,d,f,h,j) in the vertical center plane for the five roof geometry cases.  
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 Comparison between concave (B) and convex (E) roof geometry 3.5.4

The impact of a concave and a convex roof geometry on indoor air velocity is studied in more 

detail by focusing on geometry B (concave) and geometry E (convex). Figure 3.13 shows the 

mean velocity vectors in the vertical center plane for both geometries. Figure 3.13a shows that 

the airflow remains attached to the roof surface of the concave geometry B, and the stagnation 

point is slightly elevated to the top of the windward facade, compared with the convex 

geometry E (see also Figure 3.12c). Figure 3.13b shows the separation bubble on the roof for 

geometry E. The largest differences in the flow pattern around the building can be seen above 

the roof and in the wake region. As mentioned before, in geometry B the flow remains attached 

to the roof which results in a horizontally directed flow above the downstream part of the 

sawtooth roof. The flow above the roof in geometry E is guided upwards by the convex curved 

roof, resulting in a strong upward flow and a larger wake region. The flow through the outlet 

opening can be seen as a diagonally directed jet flow, with somewhat larger velocities than in 

geometry B. As a result, the volume flow rate for geometry E is 12.3% larger than for geometry 

B. 

In addition to the roof geometry, there are two other factors that might have an influence on the 

ventilation performance of the roof geometries in general, and of roof geometry B and E in 

particular; (1) the size of the internal volume, and (2) the different geometry above the upper 

part of the outlet opening, i.e. the small piece of wall above the outlet opening in geometries A, 

B and C (see Figure 3.1 and dashed circle in Figure 3.13a). The internal volume of geometry B 

is clearly larger than that of geometry E, which might influence the flow through the building 

(different internal resistance). Furthermore, in geometry E, the upper part of the outlet opening 

coincides with the lower part of the roof (= ceiling) (see dashed circle in Figure 3.13b), 

consequently, there is no 'potential obstruction' to the outgoing flow. In geometry B on the 

other hand, there is an ‘obstruction’ above the outlet opening (Figure 3.13a) which might block 

the flow and influence the volume flow rate through the building. To assess both effects, an 

additional simulation has been conducted of geometry B-E (see Figure 3.14a), which is a 

combination of geometry B and E; i.e. external shape of geometry B and internal shape of 

geometry E. This geometry therefore has the same internal volume as geometry E and does not 

have the internal obstruction above the outlet opening. Figure 3.14b,d shows the flow through 

the building for geometry B-E, indicating that the flow indeed does not experience an internal 

obstruction near the outlet opening for this geometry. This additional simulation shows that the 

volume flow rate for geometry B-E is only 1.2% higher than the volume flow rate for geometry 
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B. The underpressure near the outlet opening is almost equal as well (Figure 3.12c, Figure 

3.14c); the CP value is -0.18 for geometry B and -0.17 for geometry B-E. Therefore, it can be 

concluded that in this particular case both factors, i.e. internal volume and vertical obstruction 

above the outlet opening, based on a combined assessment of both factors, do not significantly 

affect the results; the higher volume flow rate for geometry E compared to geometry B can 

almost completely be attributed to the external shape of the roof and its effect on the external 

wind flow. 

 

 

Figure 3.13: Velocity vectors in the vertical center plane. (a) Geometry B. (b) Geometry E. 

 

 
Figure 3.14: (a) Schematic represenation of roof geometry B-E. (b) Velocity vectors in the 

vertical center plane. (c) Contours of pressure coefficient CP in the vertical center plane. (d) 

Contours of dimensionless velocity magnitude (|V|/Uref) in the vertical center plane.     
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Figure 3.15 shows the percentage increase of the indoor velocity magnitude |V| (|V|E-|V|B)/|V|B) 

for geometry E compared to the wind speed for geometry B, along the four lines defined earlier 

at h = 1.7 m, 1.1 m, 0.6 m and 0.1 m. This allows a direct comparison between geometry B and 

E. Figure 3.15a shows that the increase in velocity in geometry E at h = 1.7 m can be as large 

as 70% between 0.60 < x/D < 0.65, while the velocities are lower than B from 0.00 < x/D < 

0.25 and from 0.30 < x/D < 0.55. Figure 3.15b shows that the indoor velocity at h = 1.1 m is 

increased by up to 18% in geometry E between 0.00 < x/D < 0.40 and 0.75 < x/D < 0.90 and 

decreased between 0.40 < x/D < 0.75. The indoor air velocity at h = 0.6 m is increased in the 

middle region (between 0.30 < x/D < 0.85) (Figure 3.15c). Finally, Figure 3.15d shows that the 

indoor velocities are higher in geometry B at almost the entire line at h = 0.1 m. Although 

geometry B has the lowest volume flow rate through the building, it can be seen that the 

velocities inside the building are higher than for geometry E at several locations. The fact that 

large differences in indoor air velocities are present between the buildings with different roof 

geometries, in this case between B and E, is in line with the observations of Kindangen et al. 

[12], who pointed out that the roof geometry directly affects the indoor airflow pattern in 

general, and the velocity magnitude in particular. However, the research by Kindangen et al. 

[12] focused on a position of the outlet opening at the same level as the inlet opening, which is 

different from the present study. 
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Figure 3.15: Percentage increase of the indoor velocity magnitude |V| ((|V|E-|V|B)/|V|B) along 

four horizontal lines for roof geometry E when compared to geometry B. (a) h = 1.7 m. (b) h = 

1.1 m. (c) h = 0.6 m. (d) h = 0.1 m. 

 

3.6 Discussion  

The main goal of this paper is evaluate the impact of leeward sawtooth roof geometries on 

wind-driven cross-ventilation under normal wind incidence angle. Five leeward sawtooth roof 

geometries are evaluated: a straight roof (A), a concave roof (B), a hybrid convex-concave roof 

(C) and two convex roofs (D, E). The impact on ventilation performance is analyzed in terms 

of volume flow rate and indoor air velocities. In order to quantify the impact of the differences 

in internal volume for the different roof geometries, the concave roof geometry B and the 

convex roof geometry E are combined to generate the new geometry B-E. Finally, two of the 

analyzed roof geometries, a concave shape (B) and a convex shape (E), are compared more in 

detail with respect to the indoor air velocity. It is important to mention the limitations of the 

current study, which should be addressed in future research: 
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 This analysis considered a simplified isolated single zone building. The impact of 

other building parameters such as eaves (overhang) and internal layout should be 

taken into account in future research. 

 The impact of wind incidence angles different than 0° should be considered as well, 

since this can influence the ventilation performance of the different geometries. For 

more oblique wind incidence angles it might be necessary to resort to unsteady 

simulations, such as Large Eddy Simulations (LES) or Detached Eddy Simulation 

(DES), to accurately predict the volume flow rates through the openings resulting 

from unsteady flow features (e.g. Jiang and Chen 2001, Wright and Hargreaves 2006). 

 Due to the use of steady RANS in this study, only average pressures are obtained, 

which result in an average volume flow rate. To analyze the effect of pressure 

fluctuations on the average volume flow rate, future research will include DES or LES 

simulations from which the calculated volume flow rates will be compared to the 

results of the steady RANS simulations. 

 All geometries analyzed have a different internal volume due to differences in the roof 

geometry. In order to further evaluate the impact of the internal volume a new 

building geometry (geometry B-E) was evaluated. This new geometry results from the 

combination of the external concave shape of geometry B and the internal convex 

shape of geometry E, yielding a building geometry with the same internal volume as 

geometry E. The results show a very small impact of the internal volume and the 

obstruction near the outlet opening on the volume flow rate through the building 

(1.2% increase). Moreover, it must be noted that it is nearly impossible to keep all 

geometrical parameters constant when changing the roof geometry.  

 Future work can also include an analysis of the performance of a double-span roof 

with the same roof geometries in addition to the single-span roof as studied in this 

paper. 

3.7 Conclusions 

This paper presents the performance of five different roof geometries for an isolated leeward 

sawtooth roof building, with the aim to optimize the upward cross-ventilation flow. The 

analysis is performed using 3D steady CFD simulations with the RANS approach and the SST 

k- model. The simulations are based on grid-sensitivity analysis and on validation using 
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Particle Image Velocimetry (PIV) wind-tunnel measurements. The main conclusions of this 

paper are summarized below: 

 The computational model is successfully validated using wind-tunnel measurements 

from literature. 

 The internal airflow and the volume flow rate show a clear dependency on the roof 

geometry.   

 For a normal wind incidence angle (0°), the convex roof geometries (D and E) and the 

straight roof geometry (A) result in higher volume flow rates than concave (B) and 

hybrid convex-concave (C) roof geometry. The volume flow rates for geometry A, D 

and E are about 13% higher than that of geometry B, which shows the lowest 

performance.  

 Analysis of the additional roof geometry (B-E), which consisted of the internal shape 

of geometry E and the external shape of geometry B showed that the size of the 

internal volume of the building does not significantly influence the volume flow rate 

through the building; the volume flow rate is only 1.2% larger for geometry B-E than 

for geometry B. In addition, this simulation showed that the vertical obstruction above 

the outlet opening does not affect the results much either.  

 The roof geometry is an important design parameter to maximize the size and 

magnitude of the underpressure zone in the wake of the building and the pressure 

difference over the building, and consequently the volume flow rate through the 

building. A roof that directs the external wind flow behind the building upwards will 

result in a larger underpressure zone and larger magnitude of the underpressure, and 

consequently in higher volume flow rates.   

 The indoor air velocities depend on the roof geometry, although this dependency is 

less clear. For instance, a comparison of geometry B (lowest volume flow rate) with 

geometry E (one of the highest volume flow rates) shows that the indoor air velocity 

in the occupied zone in geometry B is higher than in geometry E at several locations, 

and the other way around at some other locations. Therefore, it is not easy to draw a 

firm conclusion on the performance of the different roof geometries with respect to 

the indoor air velocities.  
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 4 Impact of eaves on cross-ventilation of a generic 

isolated leeward sawtooth roof building: windward 

eaves, leeward eaves and eaves inclination 

 

 

 

Abstract 

An eaves is a roof extension that can protect the indoor environment from direct solar radiation, 

the exterior facade from wetting of by wind-driven rain and can be useful to enhance cross-

ventilation. This paper evaluates the impact of eaves configuration on wind-driven cross-

ventilation of a generic leeward sawtooth roof building. Both the type of eaves (windward 

versus leeward) and the eaves inclination angles are investigated. Isothermal Computational 

Fluid Dynamics (CFD) simulations are performed using the 3D steady Reynolds-Averaged 

Navier-Stokes (RANS) approach. A grid-sensitivity analysis is performed and validation of the 

CFD results is conducted based on wind-tunnel measurements with Particle Image Velocimetry 

from literature. The ventilation evaluation is based on the volume flow rates and the indoor 

mean velocities. The eaves length is 1/4 of the building depth and the inclination is varied 

between 90° to -45° for both the windward and leeward eaves. The results show that windward 

eaves with an inclination of 27° (equal to roof inclination) result in the highest increase of the 

volume flow rate (15%) compared to the building without eaves. Furthermore, the flow through 

the occupied zone is more horizontally directed. Leeward eaves have a smaller influence on the 

ventilation volume flow rate than windward eaves; the maximum increase in volume flow rate 

is only 6% when a 90° inclination is employed. Application of both (windward and leeward 

eaves) results in an increase of the volume flow rate of 24%, which is 3% more than the sum of 

the increases by the two eaves separately.  

 

Keywords: Computational Fluid Dynamics (CFD); Urban physics; Leeward sawtooth-roof 

geometry; Natural upward cross-ventilation; Eaves configuration; Building envelope 

optimization. 
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4.1 Introduction 

An eaves is a roof overhang which can be seen as a multi-purpose building component. As an 

extension of the roof construction, it can protect the building from solar radiation and wind-

driven rain. As a result, eaves are commonly used in tropical climates. The solar shading that is 

provided by eaves can reduce the energy consumption for cooling significantly. Depending on 

the building, climate and other factors, this reduction can range from 5.3% [1] to higher than 

10% [2,3]. In addition to their known effects on solar radiation and wind-driven rain, eaves can 

be employed to increase cross-ventilation flow (e.g. [4]). 

 

Several studies focused on the effects of eaves (e.g. [5–7]) and parapets (vertical extension on a 

roof top) (e.g. [8,9]) on wind loads. Other studies evaluated the protection from wind-driven 

rain (e.g. [10]), snow loads (e.g. [11,12]) and the influence of eaves on convective heat transfer 

in a roof (e.g. [13]). The majority of the studies focusing on wind loads highlighted the 

potential of eaves and parapets to reduce the underpressure near the roof edges, where flow 

separation occurs.  

 

Regarding the potential of eaves to reduce the heat gains due to solar radiation some studies 

analyzed the shading effects of eaves in for example  high-rise residential buildings (e.g. [1]), 

and school buildings (e.g. [4]) (e.g., [18]). However, to the best of our knowledge, only two 

studies focused on the impact of eaves on the ventilation flow (e.g. [14,15]). Kindangen [14,15] 

performed Computational Fluid Dynamics (CFD) simulations and observed that in buildings 

with symmetric opening locations (inlet and outlet openings located at the same height) the use 

of eaves can increase the cross-ventilation flow rate. Unfortunately, the cases in these studies 

combined the effect of the eaves with other parameters such as the roof inclination angle, roof 

shape, roof height and roof orientation, which makes it difficult to isolate the impact of the 

eaves on the ventilation flow from the impact of other parameters. Furthermore, these studies 

only considered the impact of eaves with a 0° inclination (horizontal eaves).  

 

There is a clear lack of research on the impact of the eaves configuration (both eaves at the 

windward and the leeward side of the building) on wind-driven cross-ventilation. This holds 

particularly for leeward sawtooth roof buildings. In previous studies by the authors [16,17], the 

impact of the roof inclination angle [16] and the roof shape [17] on cross-ventilation of leeward 

sawtooth roof buildings were assessed. The present study builds further on these achievements 
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by reporting a detailed and systematic study on the impact of both windward and leeward eaves 

on wind-driven upward cross-ventilation of a leeward sawtooth roof building. The study is 

based on isothermal CFD simulations with the 3D steady Reynolds-Averaged Navier-Stokes 

(RANS) approach. The performance of each eaves configuration (windward, leeward or the 

combination of both) is evaluated based on the volume flow rate through the building and the 

mean air velocity ratios in the occupied zone, measured at four different heights: h = 0.1 m, 0.6 

m, 1.1 m and 1.7 m, which are considered as reference for the evaluation of thermal comfort 

conditions of a seated or standing person, at a steady-state and moderate environment, i.e. 

where the environmental conditions are close to the thermal comfort standards proposed by 

ISO 7730/2005 [18].  As mentioned above, the results presented in this paper are part of a large 

research project on the enhancement of wind-driven cross-ventilation of residential buildings 

by adjusting the roof geometry. For the sake of brevity and to enable a detailed assessment of 

the flow behavior in and around the building resulting from the addition of eaves, this paper 

will only focus on this part of the results obtained in this larger research project. 

 

In the past 50 years, CFD has been increasingly developed and applied as a powerful 

assessment tool in urban physics and wind engineering [19-23], including natural ventilation in 

buildings [24-28]. While Large Eddy Simulation (LES) is intrinsically superior to steady 

RANS simulations, due to the higher computational cost and increased model complexity of 

LES, a detailed review of the literature [19] shows that RANS simulations still constitute the 

most frequently used computational approach in urban physics and wind engineering, 

especially in natural ventilation studies [22,24,26-28].  

The paper is structured as follows. The building geometry of the reference case is presented in 

Section 4.2. Section 4.3 presents a brief overview of the CFD validation study using wind-

tunnel experiments from literature. The computational settings and parameters for the current 

study are presented in Section 4.4. The CFD simulation results of the different eaves 

configurations are analyzed for a windward eaves and subsequently for a leeward eave, the 

results of which are outlined in Section 4.5. Section 4.6 shows the effect of the simultaneous 

application of both a windward eaves and a leeward eave. Discussion and conclusions are 

given in Sections 4.7 and 4.8, respectively. 
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4.2 Building geometry: reference case (geometry A) 

Figure 4.1 shows the front view (Figure 4.1a) and vertical cross-section (Figure 4.1b) with the 

building dimensions, and a perspective view (windward and leeward facade) of the leeward 

sawtooth roof geometry A (Figure 4.1c,d). Leeward sawtooth roof geometry A has a straight 

upward sloping roof and is selected for this sensitivity analysis as a reference case since it 

reached the highest volume flow rate compared to other leeward sawtooth roof geometries in a 

previously published paper by the authors [17]. The building dimensions are 3 x 6 x 5.7 m
3
 (W 

x L x H). Both ventilation openings are 0.9 x 0.63 m
2
 (W x H); the bottom of the windward 

opening is located at z = 1.42 m, whereas the bottom of the leeward opening is located at z = 

4.6 m. The distance from the window to the side walls is 1.05 m on both sides. The thickness of 

the walls is 0.23 m, and the windward facade has a height of 3.55 m.

 

Figure 4.1: Overview of geometry of the reference case (geometry A) (dimensions in meters). 

(a) Front view (windward facade) with opening size and dimensions. (b) Vertical cross-section 

with opening size and dimensions. Perspective views: (c) windward facade (d) leeward facade. 
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4.3 CFD simulations: validation study  

When performing CFD simulations based on the 3D steady RANS equations, validation is 

obligatory to determine the accuracy and reliability of the results. The combination of the 

computational settings and parameters that will be used in the current study have been 

validated by the authors in a recent publication [16]. Therefore, only a brief overview of the 

validation study is provided in this section. 

 Wind-tunnel experiment 4.3.1

The wind-tunnel measurements by Karava et al. [29] were used for CFD validation. Karava et 

al. [29] conducted PIV measurements of wind-induced cross-ventilation for a generic isolated 

building model with symmetric and asymmetric opening positions in the open-circuit 

atmospheric boundary layer wind tunnel at Concordia University in Montreal, Canada. The 

dimensions of the 1:200 building model are 0.1 x 0.1 x 0.08 m
3
 (W x D x H) at reduced scale 

(full-scale dimensions: 20 x 20 x 16 m
3
 (W x D x H)), as shown in Figure 4.2a and Figure 4.2b. 

The height of the openings is 0.018 m (3.6 m full scale), and the location and width of the 

openings were varied. For this validation study, the building model with the inlet opening at the 

bottom of the windward facade (with the center of the opening at h = 0.02 m), the outlet 

opening at the top of the opposite (leeward) facade (with the center of the opening at h = 0.06 

m), and with a wall porosity of 10%, was used. The choice of these asymmetric opening 

positions resembles the situation of the reference case (Figure 4.1). The reduced-scale 

aerodynamic roughness length in the experiments was z0 = 0.025 mm corresponding to 0.005 m 

in full scale [30]. A reference mean wind speed Uref = 6.97 m/s and a reference turbulence 

intensity of 10% were measured at building height (zref = H). The turbulence intensity was 

about 17% near ground level (0.012 m) and 5% at gradient height (0.738 m). The PIV 

measurements were conducted in a horizontal plane at mid-height (h = 0.04 m) and in the 

vertical plane of symmetry (Figure 4.2b); the latter will be used in this study. For more 

information related to the wind-tunnel experiments the reader is referred to [29].   



Chapter 4  

106 

  

 

Figure 4.2: (a) Vertical cross-section of the reduced-scaled building model as studied by 

Karava et al. [29] with opening size and dimensions (in meters). (b) Perspective view 

indicating the measurement plane with dimensions (in meters). (c) Perspective view of the 

building in its computational domain. (d,e) Perspective close-up view of the grid (770,540 

cells) on the building surface and part of the ground: (d) windward facade; (e) leeward facade. 

 

 CFD simulations and validation 4.3.2

The computational domain follows the best practice guidelines by Franke et al. [31] and 

Tominaga et al. [32], apart from the upstream length, which is reduced to 3 times the height of 

the building to limit the development of unintended streamwise gradients [33-35]. The 

dimensions of the domain are 0.9 x 1.54 x 0.48 m
3
 (W x D x H) (scale 1:200, equal to the 

wind-tunnel experiment) (Figure 4.2c). The computational grid is created using the surface-grid 

extrusion technique by van Hooff and Blocken [27] and is shown in Figure 4.2d and Figure 

4.2e (windward and leeward facade view, respectively). The grid resolution resulted from a 

grid-sensitivity analysis yielding a fully structured hexahedral grid with 770,540 cells. At the 
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inlet of the domain, the vertical approach-flow profiles of mean wind speed U, turbulent kinetic 

energy k and specific dissipation rate ω are imposed. These are based on the measured incident 

profiles of mean wind speed U and longitudinal turbulence intensity IU. More information on 

the boundary conditions can be found in Ref. [16]. The commercial CFD code ANSYS Fluent 

12 is used to perform the simulations [36]. The 3D steady RANS equations are solved in 

combination with the shear-stress transport k-ω model (SST k-ω) [37]. The SIMPLE algorithm 

is used for pressure-velocity coupling, pressure interpolation is second order and second-order 

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

governing equations.  

 Validation 4.3.3

Figure 4.3a and Figure 4.3b display the mean velocity vector field in the vertical center plane 

as obtained by PIV measurements and CFD simulations, respectively. It is observed that the 

CFD simulations correctly predict the most important flow features such as the standing vortex 

upstream of the building and specific character of the flow pattern inside the building, with a 

strong downflow near the inlet opening up to the downstream wall, followed by a strong 

upflow along this wall, finally leading to an oblique upward flow through the outlet opening. 

Figure 4.3c and Figure 4.3d compare the measured and computed streamwise wind speed ratio 

U/Uref along a horizontal line going through the middle of the windward opening and along a 

diagonal line, showing a good agreement between CFD simulation and PIV experiments.  

Although the geometry of the building in the wind-tunnel measurements (Figure 4.2) and that 

of the reference building in the present study (Figure 4.1) are not identical, there is a sufficient 

amount of similarity to consider this validation approach applicable for the leeward sawtooth 

roof reference building: both buildings are isolated, both have only one internal zone, both have 

two asymmetric openings (lower one in the windward facade and upper one in the leeward) and 

both are exposed to wind direction perpendicular to the facade with the lower opening. As a 

result, the salient flow features in the wind-tunnel building will also be present in the reference 

building. 
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Figure 4.3: (a,b) Comparison of the mean velocity in the vertical center plane obtained from: 

(a) PIV measurements (processed from [29]; (b) CFD simulations. (c,d) Streamwise wind 

speed ratio U/Uref from PIV measurements and CFD simulations along: (c) horizontal line; and 

(d) diagonal line [16]. 

 

4.4 CFD simulations of different eaves geometries: computational settings and 

parameters 

In this section the computational model and grid, boundary conditions and solver settings of the 

CFD model are presented. This CFD model will be employed for the study of the impact of 

windward and leeward eaves and their inclination angle.  

 Computational geometry, domain and grid 4.4.1

The geometry of the computational model of the reference case (leeward sawtooth roof 

geometry A) is as presented in Section 4.2 and Figure 4.1. The computational domain follows 

the best practice guidelines by Franke et al. [31] and Tominaga et al. [32], apart from the 
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upstream length, which is reduced to 3 times the height of the building to limit the development 

of unintended streamwise gradients [33-35] (Figure 4.4a). The computational grid is created 

using the surface-grid extrusion technique by van Hooff and Blocken [27] and is shown in 

Figure 4.2d and Figure 4.2e. This technique allows full control over the quality (size, shape) of 

every grid cell was successfully used in previous studies for simple and more complex building 

geometries (e.g. [16,17,24,27,28,38,39]). Figure 4.4 shows the dimensions of the computational 

domain, a perspective view of the grid on the building and ground surface and perspective 

views of the grid on the building surfaces (front and back view) for the reference case building 

(Geometry A). The grid resolution is based on the grid-sensitivity analysis presented in Perén 

et al. [17]. The total number of cells is 1,961,524 cells for the reference case, and it varies 

slightly for each configuration due to the inclusion of the windward and/or leeward eaves, 

ranging from 1.9 to 2.4 million cells.  

 

 
Figure 4.4: (a) Perspective view of the reference case building (geometry A) in its 

computational domain at model scale. (b,c,d) Perspective view of the grid (geometry A) (total 

number of cells: 1,961,524 cells); (b) View of the computational grid on the building surfaces 

and on the ground surface; (c) View of the leeward facade (outlet opening); (d) View of the 

windward facade (inlet opening). 
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 Boundary conditions 4.4.2

At the inlet of the domain, vertical profiles of the mean wind speed U, turbulent kinetic energy 

(k) and specific dissipation rate (ω) are imposed. The wind direction is perpendicular to the 

windward building facade. The mean wind speed profile is given by the logarithmic law (Eq. 

1): 
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with z0 = 0.1 m, u
*

ABL is the atmospheric boundary layer (ABL) friction velocity, κ is the von 

Karman constant (0.42) and z the height coordinate. The value of u
*

ABL is determined based on 

the values of the reference velocity (Uref) at building height (zref = H), which are Uref = 12.48 

m/s, and H = 5.7 m, yielding a building Reynolds number of 500,000. To represent a more 

realistic wind velocity profile, corresponding to “roughly open country” according to the 

updated Davenport roughness classification by Wieringa [40], the aerodynamic roughness 

length is higher than in the validation study. The turbulent kinetic energy k is calculated from 

the mean wind speed U(z) and the streamwise turbulence intensity Iu(z) (with a value of 15% at 

the top of the building model (at zref) and 45% at ground level) using Eq. (2): 
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In this equation, Iu is the measured streamwise turbulence intensity and “a” is a parameter 

ranging from 0.5 to 1.5 [24,32]. The value a = 0.5 is used, as in the validation study. The 

specific dissipation rate ω is given by Eq. (3), where Cµ is an empirical constant taken equal to 

0.09, and the turbulence dissipation rate ε is given by Eq. (4). 
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At the ground and building surfaces, the standard wall functions by Launder and Spalding [41] 

are used in conjunction with the sand-grain based roughness (ks) modification defined by 

Cebeci and Bradshaw [42]. For the ground surfaces, the values of the roughness parameters, 

i.e. the sand-grain roughness height (ks = 0.14 m) and the roughness constant (Cs = 7), are 

determined by their the relationship with the aerodynamic roughness length z0 derived by 

Blocken et al. [33]:  
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For the building surface the value of the sand-grain roughness height is zero (kS = 0 m). At the 

outlet plane, zero static gauge pressure is applied and at the top and lateral sides of the domain 

a symmetry condition is imposed, i.e. zero normal velocity and zero normal gradients of all 

variables.  

 

As recommended by Blocken et al. [33,34], a simulation in an empty computational domain is 

performed to assess the extent of unintended streamwise gradients (i.e. horizontal 

inhomogeneity) in the vertical mean wind speed profile and the turbulence profiles. Figure 4.5 

shows the profiles of U, k and ω at the inlet (inlet profiles) and at the location where the 

building will be positioned (incident profiles). It can be seen that streamwise gradients are 

absent for the mean wind speed profile. The profiles of k and ω do show some streamwise 

gradients, however, these are relatively limited. 
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Figure 4.5: Horizontal homogeneity analysis: Profiles of the mean wind speed (U), the 

turbulent kinetic energy (k) and the specific dissipation rate (ω) at the inlet (dotted line) and at 

the building position (solid line) in an empty domain. The height of the model (zref = H) is 5.7 

m [17]. 

 

 Solver settings 4.4.3

The commercial CFD code ANSYS Fluent 12 [36] is used to perform the isothermal 

simulations. The 3D steady RANS equations are solved in combination with the shear-stress 

transport k-ω model (SST k-ω model) [37]. The SIMPLE algorithm is used for pressure-

velocity coupling, pressure interpolation is second order and second-order discretization 

schemes are used for both the convection terms and the viscous terms of the governing 

equations. Convergence is assumed to be obtained when all the scaled residuals level off and 

reach a minimum of 10
-6

 for x, y momentum, 10
-5

 for z momentum and 10
-4

 for k, ε and 

continuity. As also observed by Ramponi and Blocken [24], the simulations show oscillatory 

convergence. To obtain a reliable steady value of the solution variables, the results are 

monitored over 10,400 iterations and the variables are calculated by averaging over 400 

iterations (10,000-10,400), after the simulation reached a statistically stationary solution.   
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4.5 CFD simulations of different eaves geometries: results 

The windward and the leeward eaves are added to the reference case, as shown in Figure 4.6. 

The effect of the windward and leeward eaves on the ventilation, for a normal wind incidence 

angle (φ = 0°) are studied independently from each other. The ventilation performance of the 

eaves cases is assessed based on the volume flow rate through the building and the average 

non-dimensional velocity magnitude (|V|/Uref) along four horizontal lines at four different 

heights (h) from the ground floor; i.e. h = 0.1 m, 0.6 m, 1.1 m, and 1.7 m. Furthermore, the 

airflow pattern around and inside the building is analyzed.   

The cases are designated as “A”, referring to the reference case A, followed by the word 

“WindEav” or “LeeEav”, referring to windward eaves or leeward eaves, respectively. The 

number following “Eav” is related to the inclination angle of the eaves (-45°, -27°, 0°, 27°, 45°, 

90°). The negative or positive sign indicates an eaves rotation downwards or upwards with 

respect to the horizontal position (Figure 4.6b). All the studied windward and leeward eaves 

building cases have the same internal volume, the same inlet and outlet opening size, and the 

same inlet and outlet opening location.  

 

 

Figure 4.6: (a) Vertical cross-section of the reference case (geometry A). (b) Vertical cross-

section with schematic indication of the windward and leeward eaves configuration cases. The 

length of the eaves is 1/4D.  
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 Impact of windward eaves on ventilation  4.5.1

4.5.1.1 Volume flow rate  

Figure 4.7a shows that the windward eaves configuration has a significant impact on the 

volume flow rate. Windward eaves with inclination angles lower than 0° increase the volume 

flow rate compared to the reference case. For instance, windward eaves with the same 

inclination angle as the roof (-27°; A_WindEav-27) increase the volume flow rate by 15%. For 

case A_WindEav-45 (-45°), this increase is 8%. However, windward eaves with inclination 

angles higher than 0° decrease the volume flow rate; windward eaves with an angle of 90° 

(A_WindEav90) have the worst performance (84%) and windward eaves with an angle of 45° 

(A_WindEav45) result in a decrease of the volume flow rate to 90% (10% decrease). These 

results indicate that large parapets located at the lower part of the roof, as is the case for the 

windward eaves configuration with an angle of 90° (A_WindEav90), should be avoided from a 

ventilation point of view. Note that eaves with an angle of 0° (A_WindEav0), i.e. horizontal 

eaves, result in a volume flow rate which is almost equal (99%) to the situation without eaves.  
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Figure 4.7: (a) Impact of the windward eave inclination angle on the volume flow rate under 

normal wind incidence angle; (b) Eaves configurations and location of the four horizontal lines. 

(c-f) Non-dimensional velocity magnitude (|V|/Uref) for cases A and A_WindEav-27 along four 

horizontal lines at a height h above the floor: (c) h = 0.1 m. (d) h = 0.6 m. (e) h = 1.1 m (f) h = 

1.7 m. The dashed vertical lines indicate the inner surface of the walls at the windward and 

leeward side of the building.  
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4.5.1.2 Air velocity  

The impact of windward eaves on the non-dimensional velocity magnitude (|V|/Uref) along four 

horizontal lines, located at a height of h = 0.1 m, 0.6 m, 1.1 m and 1.7 m from the internal floor 

(see Figure 4.7b), is shown in Figure 4.7c-f, by comparing the case with the highest volume 

flow rate (A_WindEav-27) with the reference case (A). The non-dimensional velocity 

magnitude in case A_WindEav-27 is increased in the higher level of the occupancy zone (i.e., 

at h = 0.6 m, 1.1 m and 1.7 m), in almost the whole internal region. For example, Figure 4.7d 

shows that the velocity magnitude increases over the last part of the horizontal centerline (from 

0.5 < x/D < 1.0). Figure 4.7e and Figure 4.7f clearly indicate that the indoor mean velocity is 

higher along the horizontal centerline at h = 1.1 m and at h = 1.7 m in the occupied zone. On 

the other hand, Figure 4.7c shows that the indoor mean velocity at h = 0.1 m is lower than in 

the reference case (A).    

4.5.1.3 Airflow pattern 

To provide a more elaborate analysis of the effect of the eaves configuration on the flow 

pattern around and inside the building, Figure 4.8 and Figure 4.9 show contours of the pressure 

coefficient (CP) and non-dimensional velocity magnitude (|V|/Uref) for all cases. The pressure 

coefficient CP is calculated as follows: 
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where P is the static pressure, P0 the reference static pressure, ρ the density of air (= 1.225 

kg/m
3
: International Standard Atmosphere (ISA); dry air, θa = 15°C, p0 = 101,325 Pa [43]), and 

Uref is the approach-flow wind speed at building height (Uref = 12.48 m/s at zref = 5.7 m).  

 

Figure 4.8 shows that windward eaves with inclination angles higher than 0° increase the 

overpressure in front of the building but that they decrease the (absolute value of the) 

underpressure behind the building. The net result is the lower airflow rate shown in Figure 

4.7a. The static pressure increase in front of the building is caused by the larger blockage of the 

flow by the building with eaves [34, 44-46]. The decrease of the absolute value of the static 

pressure behind the building is due to the changed flow separation. Indeed, due to the presence 

of the eaves, the flow separates at the top of these eaves, and seems to not reattach anymore to 

the roof, or only near the end of the roof. Figure 4.8 also shows that the direction of the jet 

entering the building is not significantly influenced by the presence of windward eaves.  
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Figure 4.8: Contour plot of the pressure coefficient CP. (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the reference case and for 

two windward eave geometries: A_WindEav90 and A_WindEav45. 

 

Figure 4.9 shows that windward eaves with inclination angles lower than 0° decrease the 

overpressure in front of the building, while the (absolute value of the) underpressure behind the 

building remains approximately the same. The net result is that the magnitude of the pressure 

difference over the building decreases. At first sight, this should lead to a decrease of the flow 

rate through the building. However, the simulation results in Figure 4.7a show an increase. The 

reason for this is the direction of the flow through the inlet opening. Figure 4.9d and Figure 

4.9f  clearly show that the inlet jet has a more horizontal direction. This leads to a large 

effective opening area, or, in other words, a larger discharge coefficient. The changed direction 

of the inlet jet is the direct result of the altered static pressure distribution in front of the 

building. As can be seen in Figure 4.9c and Figure 4.9e, this distribution is more equal above 

and below the opening than in Figure 4.8a. 



Chapter 4  

118 

  

 

Figure 4.9: Contour plot of the pressure coefficient CP. (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for three windward eave 

geometries: A_WindEav0, A_WindEav-27 and A_WindEav-45. 

 

 Impact of leeward eaves on ventilation 4.5.2

4.5.2.1 Volume flow rate 

Leeward eaves have a smaller impact on the volume flow rate than windward eaves, as can be 

seen by comparing Figure 4.7a with Figure 4.10a. Leeward eaves with an inclination angle of 

45° (A_LeeEav45) and 90° (A_LeeEav90) result in an increase of the volume flow rate with 

5% and 6% compared to the reference case, respectively. However, leeward eaves with an 

inclination angle of 0° (A_LeeEav0) and -45° (A_LeeEav-45) result in a decrease of the 

volume flow rate with 8% and 9%, respectively. The leeward eaves with an inclination angle 

equal to that of the roof (A_LeeEav27) results in a volume flow rate that is equal to that of the 

reference case. These results show that interferences or blocking objects near the outlet opening 
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in the wake of the building should be avoided. In other words, leeward eaves with angles 

smaller than the roof angle should not be applied. Moreover, leeward eaves with inclination 

angles higher than the roof angle (27°) are recommended to increase the volume flow rate.   

 

 

Figure 4.10: (a) Impact of the leeward eave inclination angle on the volume flow rate under 

normal wind incidence angle; Non-dimensional velocity magnitude  (|V|/Uref) along four 

horizontal lines at a height h above the floor. (b) Location of the four lines. (c) h = 0.1 m. (d) h 

= 0.6 m. (e) h = 1.1 m (f) h = 1.7 m. The dashed vertical lines indicate the inner surface of the 

walls at the windward and leeward side of the building. 



Chapter 4  

120 

  

4.5.2.2 Air velocity 

Figure 4.10c-f shows a comparison of the non-dimensional velocity magnitude (|V|/Uref) inside 

the building between case A_LeeEav90, which is the case with the highest volume flow rate, 

and the reference case. It can be seen that the influence of a leeward eaves is smaller than of a 

windward eaves; however, there is still a clear impact on the mean indoor air velocities. The 

leeward eaves (A_LeeEav90) increases the indoor velocity mainly in the lower part of the 

occupied zone (i.e. at h = 0.6 m; Figure 4.10d). Figure 4.10e-f shows that the velocities in the 

upper part of the enclosure are nearly equal to those in the reference case.  

4.5.2.3 Airflow pattern  

Figure 4.11and Figure 4.12 show contours of the pressure coefficient (CP) and non-dimensional 

velocity magnitude (|V|/Uref) for all cases. Figure 4.11 shows that leeward eaves with 

inclination angles higher than the roof slope have little effect on the overpressure in front of the 

building but that they increase the (absolute value of the) underpressure behind the building. 

The net result is the higher airflow rate as shown in Figure 4.10a. The increase of the absolute 

value of the static pressure behind the building is due to the changed flow separation. Indeed, 

due to the presence of the eaves, the flow separates at the top of these eaves, and this yields a 

larger wake with stronger underpressure. Figure 4.11 also shows that the direction of the jet 

entering the building is not significantly influenced by the presence of these leeward eaves.  
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Figure 4.11: Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the reference case and for 

two leeward eave geometries: A_LeeEav90 and A_LeeEav45. 

 

Figure 4.12 shows that leeward eaves with inclination angles lower than the roof slope also 

have little effect on the overpressure in front of the building, but that they decrease the 

(absolute value of the) underpressure behind the building remains. The net result is the lower 

airflow rate shown in Figure 4.10a. Figure 4.12 also shows that the direction of the jet entering 

the building is not significantly influenced by the presence of the leeward eaves. 
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Figure 4.12: Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for tree leeward eave 

geometries: A_LeeEav27, A_LeeEav0 and A_LeeEav45. 

 

4.6 Combination of windward and leeward eaves 

Figure 4.13 shows the volume flow rates for case A (reference case) and for the two cases 

selected to evaluate the coupled effect of windward and leeward eaves: A_WindEav-

27_LeeEav27 and A_WindEav-27_LeeEav90. These two cases combine windward eaves with 

an inclination angle of -27° (A_WindEav-27), which showed the best performance in Section 

4.5.1, with two different leeward eaves configurations: (a) A_LeeEav27 and, (b) A_LeeEav90. 

The former has the same inclination angle as the roof; i.e. 27°, while the latter is the best 

leeward eaves configuration, as presented in Section 4.5.2. Note that the aim of this study is to 

maximize the volume flow rate through a naturally ventilated building. Therefore, possible 

combinations of other windward and leeward eaves angles have not been analyzed, since the 
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individual performance of other windward and leeward eaves inclination angles is inferior to 

that of aforementioned angles. Figure 4.13 shows the increase in the volume flow rate obtained 

by the coupled effect of windward and leeward eaves. From the two cases analyzed, 

A_WindEav-27_LeeEav90 yields the highest increase, with a 24% higher volume flow rate 

compared to the reference case (A). It shows that the coupled effect of the windward and the 

leeward eaves for case A_WindEav-27_LeeEav90 increases the volume flow rate by an 

additional 3% compared to the sum of the isolated increases; i.e. 15% for A_WindEav-27 and 

6% for A_LeeEav90. The A_WindEav-27_LeeEav27 case results in the same increase of the 

volume flow rate as in the isolated case A_WindEav-27, which can be explained by the fact 

that the volume flow rate did not increase for A_LeeEav27 (see Section 4.5.2.1).  

 

 

Figure 4.13: Influence of the combination of windward and leeward eaves (A_WindEav-

27_LeeEav27 and A_WindEav-27_LeeEav90) on the volume flow rate. 

 

Figure 4.14 displays the pressure coefficient CP and the non-dimensional velocity magnitude 

(|V|/Uref) inside and around the building for the reference case and the cases A_WindEav-

27_LeeEav90 and A_WindEav-27_LeeEav27. Figure 4.14a,c,e shows that the size and 

magnitude of the underpressure zone are clearly highest for the case A_WindEav-

27_LeeEav90. Figure 4.14d and Figure 4.14f again show that for the cases A_WindEav-

27_LeeEav27 and A_WindEav-27_LeeEav90 the incoming stream flow follows a more 

horizontal direction compared to the reference case (Figure 4.14b), contributing to a higher 

airflow rate.   
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Figure 4.14: Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the reference case and for 

A_WindEav-27_LeeEav27 and A_WindEav-27_LeeEav90. 

 

4.7 Discussion  

The main goal of this study on upward wind-driven cross-ventilation is to evaluate the impact 

of the eaves configuration for a normal wind incidence angle (φ = 0°). First, five windward 

eaves configurations are evaluated, followed by five leeward eaves configurations. Finally, two 

cases that have both windward and leeward eaves (A_WindEav-27_LeeEav27, A_WindEav-

27_LeeEav90) are analyzed to study the combined effect. It is important to mention the 

limitations of the current study, which should be addressed in future studies: 

 Surrounding buildings can have a large influence on the ventilation flow through the 

building. Therefore, the impact of surrounding buildings needs to be assessed in future 

work.    
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 Temperature effects (buoyancy) can alter the flow pattern in and around the building, 

especially when low wind velocities are present. Future studies can focus on the 

combined effects of wind and buoyancy on the ventilation flow in the building. 

 This study focuses on a normal wind incidence angle (φ = 0°). The impact of wind 

incidence angles different than 0° should be considered as well, since this can 

influence the ventilation performance of the different eaves configurations. For more 

oblique wind incidence angles it might be necessary to resort to unsteady simulations, 

such as Large Eddy Simulations (LES) or Detached Eddy Simulation (DES), to 

accurately predict the transient flow features around the building in general and near 

the openings in particular, and thus to obtain accurate volume flow rates (e.g. [47,48]). 

 Future studies can include other effects of windward and leeward eaves, e.g. the 

protection of the building interior and exterior from wind-driven rain and solar 

shading, to provide an integral analysis of the application of eaves to buildings.  

4.8 Conclusions 

This paper presents numerical simulations to study the impact of windward and leeward eaves 

on the wind-driven cross-ventilation flow in a generic isolated leeward sawtooth roof building. 

The study is performed by isothermal CFD simulations with the 3D steady RANS approach 

and the SST k-ω turbulence model. The computational grid is based on a grid-sensitivity 

analysis and the computational model is validated using Particle Image Velocimetry (PIV) 

wind-tunnel measurements from literature. The main conclusions of this paper are: 

a) Windward eaves with inclination angles lower than 0° increase the volume flow rate 

compared to the reference case. The largest increase is obtained when a windward 

eaves with an inclination angle of -27° (A_WindEav-27) is applied: +15%. On the 

other hand, windward eaves with inclination angles higher than 0° decrease the 

volume flow rate with up to 16% for A_WindEav90. A horizontal eaves (0° 

inclination) results in a volume flow rate which is almost equal to the reference case. 

b) The jet flow that enters the building is more horizontally directed when windward 

eaves are applied with inclination angles lower than 0°. The different direction is the 

result of an altered distribution of the static pressure above and below the inlet 

opening. For a given pressure difference between windward and leeward facade, the 

more horizontal direction leads to a higher volume flow rate. 
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c) Application of leeward eaves with an inclination angle of 45° (A_LeeEav45) and 90° 

(A_LeeEav90) results in an increase of the volume flow rate with 5% and 6%, 

respectively. Leeward eaves with an inclination angle of 0° (A_LeeEav0) and -45° 

(A_LeeEav-45) result in a decrease of the volume flow rate with 8% and 9%, 

respectively. A leeward eaves with an inclination angle of 27° results in the same 

volume flow rate as in the reference case.      

d) Interferences or blocking objects near the outlet opening, in the wake of the building, 

should be avoided. In other words, leeward eaves with angles smaller than the roof 

angle should not be applied. Moreover, leeward eaves with inclination angles higher 

than the roof angle (27°) are recommended to increase the volume flow rate.     

e) In general, to improve the volume flow rate in the studied low-rise leeward sawtooth 

roof building, the windward eaves inclination angle must be lower than 0°, such as -

27° or -45°, and the inclination of the leeward eaves must be higher than 27°, for 

instance 45° or 90°. The coupled effect of the eaves (windward and leeward eaves 

working together) can be larger than the individual effects: applying the best 

performing windward and leeward eaves simultaneously (i.e. A_WindEav-

27_LeeEav90) can increase the volume flow rate with an additional 3% compared to 

the sum of the two individual effects. 
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 5  CFD simulations of wind-driven upward cross 

ventilation and its enhancement in long buildings: 

Impact of single-span versus double-span leeward 

sawtooth roof and opening ratio 

 

Abstract 

A leeward sawtooth roof building has an inlet opening in the lower level of the windward 

facade and an upper-level outlet opening near the roof top, in the leeward facade. Leeward 

sawtooth roof buildings can be applied to efficiently ventilate low-rise buildings. Previous 

studies of the authors showed that the size and magnitude of the underpressure region (wake) 

behind the building strongly depends on the roof inclination angle and roof geometry. The 

current study focuses on the ventilation flow in single-zone elongated low-rise buildings with a 

single-span and a double-span leeward sawtooth roof and different opening ratio. First, three 

single-span leeward sawtooth roof geometries (straight, convex and concave roof; roof 

inclination angle = 18°) are analyzed for a normal wind direction. Subsequently, the single-

span cases are compared to the double-span cases. The analysis is performed using 3D steady 

Reynolds-averaged Navier-Stokes Computational Fluid Dynamics (CFD) simulations with the 

SST k-ω turbulence model. The computational grid is based on a grid-sensitivity analysis and 

the simulation results are validated based on Particle Image Velocimetry (PIV) measurements 

from literature. For the single-span cases, a convex roof geometry results in the highest volume 

flow rate, which is about 8.8% higher than for a concave roof geometry, and 3.5% higher than 

for a straight roof geometry. A double-span roof performs slightly better than a single-span 

roof with respect to ventilation flow rates (within 4.2%) in case of a straight or concave roof , 

but worse in case of a convex roof geometry (-12%). In addition, the internal roof geometry 

near the outlet opening plays an important role in the ventilation of the building. Finally, the 

inlet-to-outlet opening ratio has an important effect on the volume flow rates, with significantly 

higher ventilation flow rates for a lower opening ratio.   

 

Keywords: Computational Fluid Dynamics (CFD), Natural ventilation, Leeward sawtooth roof 

geometry, Upward cross-ventilation, Double-span leeward sawtooth roof building. 
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5.1 Introduction 

Elongated naturally-ventilated buildings are used in a wide range of applications, such as 

hospitals, schools, industrial facilities, commercial buildings and even residential buildings in 

some specific cases. However, in elongated naturally-ventilated buildings, the cross-ventilation 

efficiency can become critical as the ventilation rate decreases with the building length [1]. 

Long low-rise buildings with a flat roof require a significant increase of the pressure 

differences over the building to overcome the higher indoor resistance due to the larger 

distance between the inlet and outlet opening. However, buildings with side-wall and roof 

openings can increase the ventilation flow rate [2,3] and can therefore be an option for the 

ventilation of elongated buildings. For instance, a leeward sawtooth roof building, with inlet 

openings at the lower part of the windward facade and outlet openings at roof level, might still 

achieve enough efficient cross-ventilation in elongated buildings. Furthermore, compared to 

elongated buildings with a flat roof, buildings with a leeward sawtooth roof can achieve more 

uniform and higher daylight intensity levels due to the openings in the roof construction [4]. 

Previous studies by the authors on cross-ventilation of a single-span leeward sawtooth roof 

building showed that the volume flow rate depends on the roof inclination angle [5], the roof 

geometry [6] and the eaves configuration [7]. Concerning multi-span roof buildings, such as 

sawtooth roof buildings, previous studies focused on the wind loads [8,9] and others on the 

ventilation performance of greenhouses [2,3,10–13]. Bournet et al. [13] provided a review on 

the effect of ventilation opening configuration on the indoor climate of greenhouses and 

highlighted that the analysis of the response of a greenhouse to outdoor climatic conditions will 

help to better adjust ventilation management and to develop a more efficient ventilation design. 

However, so far, guidelines extracted from systematic studies of multi-span buildings are rare.  

Therefore, the aim of the current study is to compare the performance of single-span and 

double-span leeward sawtooth roof configurations and to evaluate the effect of the opening 

ratio in an elongated long building. The ventilation performance evaluation is based on the 

volume flow rate through the building and the indoor air velocity in the occupied zone [14], 

considering that the ventilation rate is not always the best criteria for evaluating the 

performance of ventilation systems [3] .  

Section 5.2 presents the building geometries that are studied. The validation study using 

Particle Image Velocimetry (PIV) measurements of upward cross-ventilation from literature is 

presented in Section 5.3, after which the CFD model for the case study is outlined in Section 
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5.4. The results are presented in Section 5.5. Discussion (Section 5.6) and conclusions (Section 

5.7) conclude this paper.  

5.2 Building geometries  

Figure 5.1 is a schematic representation of the three groups of three different roof geometries 

selected for this study:  

 three single-span cases (Figure 5.1a), with inlet-to-outlet opening ratio (OR = 

Ainlet/Aoutlet;total = 1, with Aoutlet;total the sum of the two outlet openings areas) (same area 

for both openings);  

 three double-span cases (Figure 5.1b) with the same inlet-to-outlet opening ratio (OR = 

1). The outlet openings have the same width but only half the height as the inlet 

opening;  

 three cases with the same double-span roof but with a lower opening ratio (OR = 0.5) 

(Figure 5.1c).  

 

 

Figure 5.1: Longitudinal cross-section of the leeward sawtooth roof cases analyzed. (a) Single-

span leeward sawtooth roof buildings: A2 (straight roof), B2 (concave roof) and E2 (convex 

roof); (b) double-span cases with opening ratio (OR) equal to those of the single-span cases 

(OR =1): A2x2_OR1, B2x2_OR1 and E2x2_OR1; (c) double-span cases with lower opening 

ratio than single-span cases (OR = 0.5): A2x2_OR0.5, B2x2_OR0.5 and E2x2_OR0.5.    
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The two outlet openings have the same width and the height as the inlet opening; The three 

different roof geometries are designated by a letter: A, B, and E, to refer to their base cases. 

These numbers originate from a previous study of the authors [6] focused on cross-ventilation 

of single-span buildings with a depth of 6 m, as opposed to 12 m in the present study. 

Geometry A has a straight roof, geometry B has a concave roof, and geometry E has a convex 

roof. Note that we adopt the definitions of “convex” and “concave” as used in the description 

of mathematical functions, where “a convex function is a continuous function whose value at 

the midpoint of every interval in its domain does not exceed the arithmetic mean of its values at 

the ends of the interval” [15]. For all cases, the number “2” after a letter (i.e., A2, B2, and E2) 

indicates that the depth of this geometry is two times the depth (D) of its base case in [6]. Since 

the base case has a horizontal plan area of 3 x 6 m
2
 (W x D), the cases studied in this paper 

have a more elongated horizontal plan area of 3 x 12 m
2
 (W x D). The double-span cases have 

two roofs (double span) and two outlet openings (one in each part of the double-span roof) 

instead of one and are therefore indicated with “x2” (i.e., A2x2, B2x2 and E2x2). The 

description “OR” stands for “opening ratio” and the subsequent number provides this ratio, i.e. 

1 for the case with inlet opening area equal to the total outlet opening area and 0.5 for the case 

with total outlet opening area equal to two times the size of the inlet opening area. Note that 

Karava et al. [16] stated that higher volume flow rates can be achieved when the opening ratio 

is smaller than 1 (Ainlet/Aoutlet < 1). The implicit roof inclination angle, which is the angle of a 

line from the upwind roof edge till the top roof edge, is 18° for all the single-span cases, and 

27° for each span of the double-span cases. Note that the base cases (i.e., A, B, E) previously 

studied in [6] also have an implicit roof inclination angle of 27°. 

 

Figure 5.2 shows a front view (Figure 5.2a), a vertical cross-section (Figure 5.2b) and a 

perspective view (Figure 5.2c) of the building with roof geometry E2 with its main dimensions. 

All studied geometries have the same: (a) maximum roof height (H = 5.7 m); (b) building depth 

(D = 12 m), (c) building width (W = 3 m); (d) inlet opening size (corresponding to 5% 

windward wall porosity); and, (e) inlet and outlet opening location (the outlet is located at ¾ 

D). Since all three buildings have different roof geometries, they all have a different internal 

volume, which are listed in Table 5.1. The distances from the ground to the bottom of the inlet 

and outlet opening are 1.42 m and 4.60 m, respectively.  
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Figure 5.2: Overview of dimensions of case E2 (dimensions in m). (a) Front view (upwind 

facade) with opening size and dimensions. (b) Vertical cross-section with opening size and 

dimensions. (c) Perspective view. The other roof geometries (A,B) have the same roof height, 

facade porosity (inlet-outlet opening size), building depth and width; however, they have 

different roof geometries and consequently different internal volumes. 

 

Table 5.1: Internal volume (m
3
) of the building with different single and double-span roof 

geometries.   

 

Building case name Volume (m
3
) 

 
Single-span 

 
A2 118.63 

B2 129.63 

E2 112.14 

  

Double-span 

 
A2x2 119.00 

B2x2 131.04 

E2x2 108.70 

 

5.3 CFD simulations: validation study 

Validation is obligatory to determine the accuracy and reliability of the results, when 

performing CFD simulations based on the 3D steady RANS equations [17–19]. A general 

overview of the validation study will be provided in this section, a more detailed description of 

the simulations and an elaborate discussion on the results can be found in another recent 

publication by the authors [5].  

 Wind-tunnel experiment 5.3.1

Karava et al. performed reduced-scale PIV wind-tunnel measurements of wind-induced cross-

ventilation in a generic isolated building geometry [16]. The measurement results for the 
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asymmetric location (upward cross-ventilation) of the openings are used for model validation. 

The dimensions of the reduced-scale building model (1:200) are 0.1 x 0.1 x 0.08 m
3
 (W x D x 

H), corresponding to full-scale dimensions of: 20 x 20 x 16 m
3
 (W x D x H), as shown in 

Figure 5.3a and Figure 5.3b. The openings have a fixed height of 0.018 m (3.6 m full scale), 

and for this validation study, the building model with an inlet opening at the bottom of the 

windward facade (center of the opening at h = 0.02 m) and an outlet opening at the top of the 

opposite (leeward) facade (center of the opening at h = 0.06 m) and with a wall porosity of 

10% was selected. The reduced-scale aerodynamic roughness length was z0 = 0.025 mm, which 

corresponds to 0.005 m in full scale [20]. The reference mean wind speed at building height 

(zref = H) was Uref = 6.97 m/s and the reference turbulence intensity at building height was 10%. 

The turbulence intensity was about 17% near ground level (0.012 m) and 5% at gradient height 

(0.738 m). For more information related to the wind-tunnel experiments the reader is referred 

to [16]. 

 CFD simulations: computational settings and parameters 5.3.2

The computational model represents the reduced-scale model used in the experiments and 

follows the best practice guidelines by Franke et al. [17], Tominaga et al. [18] and Blocken 

[19]. However, the upstream length of the domain is reduced to 3 times the height of the 

building to limit the development of unintended streamwise gradients [21,22]. The dimensions 

of the domain are 0.9 x 1.54 x 0.48 m
3
 (W x D x H) at reduced-scale (1:200). The 

computational grid is created using the surface-grid extrusion technique by van Hooff and 

Blocken [23] and is shown inFigure 5.3c and Figure 5.3d (vertical cross-section and 

perspective close-up view). The grid resolution resulted from a grid-sensitivity analysis 

yielding a fully structured hexahedral grid with 770,540 cells. At the inlet of the domain the 

vertical approach-flow profiles (log-law mean wind speed U, turbulent kinetic energy k and 

specific dissipation rate ω) are imposed, based on the measured incident profiles of mean wind 

speed U and longitudinal turbulence intensity IU of the experiment. More information on the 

boundary conditions can be found in Ref. [5]. The commercial CFD code ANSYS Fluent 12 is 

used to perform the simulations [24]. The 3D steady RANS equations are solved in 

combination with the shear-stress transport k-ω model (SST k-ω) [25]. The SIMPLE algorithm 

is used for pressure-velocity coupling, pressure interpolation is second order and second-order 

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

governing equations.  
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 CFD validations results: comparison between CFD simulations and wind tunnel-5.3.3

measurements 

Figure 5.3e and Figure 5.3f display the mean velocity vector field in the vertical center plane 

obtained from PIV measurements and CFD simulations, respectively. It is observed that the 

CFD simulations correctly predict the most important flow features. For example, the standing 

vortex upstream of the building, and also the specific character of the flow pattern inside the 

building, which exhibits a strong downward directed flow near the inlet opening followed by a 

strong upwards directed flow along the downstream wall, which leads to an oblique upward 

directed flow through the outlet opening. From Figure 5.3e and f it can be concluded that a 

good agreement is present between the CFD simulation and the PIV experiments.  

It can be noted that the geometry of the building in the wind-tunnel measurements by Karava et 

al.[16] (Figure 5.3) and that of the single-span and double-span buildings as presented in the 

current paper (Figure 5.1) are not identical, but there is a sufficient degree of similarity to 

consider this validation approach applicable for the leeward sawtooth roof buildings, for the 

following reasons: (1) both buildings are isolated, (2) both building consist of one internal 

zone, (3) asymmetric openings are present in both buildings (lower one in the windward and 

upper one in the leeward facade) and (4) both are exposed to a wind direction normal to the 

facade with the opening in the lower part of the facade. As a result, the salient flow features in 

the building studied by Karava et al.[16] are also present in the buildings studied in this paper. 

5.4 CFD simulations of single and double-span leeward sawtooth roof geometries: 

settings and parameters 

In this section the computational geometry and grid, boundary conditions and solver settings of 

the CFD models for the evaluation of the single-span and double-span roofs are presented. 

 Computational geometry, domain and grid 5.4.1

The computational model of the leeward sawtooth roof geometry E2 has dimensions as 

indicated in Section 5.2 and Figure 5.2. The computational domain is depicted in Figure 5.4a 

and is in accordance with the best practice guidelines as published by Franke et al. [17] and 

Tominaga et al. [18]. As in the validation study, the upstream length of the domain is reduced 

to 3 times the height of the building to limit horizontal inhomogeneity[21,22] . The surface-grid 

extrusion technique [23] is applied to construct the computational grid, which allows full 
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control over the quality (size, shape) of every grid cell. The grid resolution is based on the grid-

sensitivity analysis presented in Perén et al. [6]. The grid for case E2 is shown in Figure 5.4b-d. 

The total number of cells is 2,917,152 for case E2 and it varies for each of the cases with 

different roof geometries, ranging from 2.8 to 3.6 million cells.  

 

Figure 5.3: (a) Vertical cross-section of the reduced-scaled building model as studied by 

Karava et al. [16] with opening size and dimensions (in meter). (b) Perspective view indicating 

the measurement plane with dimensions (in meter). (c) Vertical cross-section of the 

computational grid (770,540 cells). (d) Perspective close-up view of the grid on the building 

surface (windward facade) and part of the ground surface. (e,f) Comparison of the mean 

velocity vector field in the vertical center plane obtained from: (e) PIV measurements 

(processed from [16]); (f) CFD simulations [5]. 
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Figure 5.4: (a) Perspective view of building case E2 in its computational domain.(b-d) 

Perspective view of the computational grid for building case E2 (total number of cells: 

2,917,152). (b) View of the computational grid on the building surfaces and on the ground 

surface. (c) Close-up view of the windward facade (inlet opening). (d) Close-up view of the 

leeward facade (outlet opening). 

 

 Boundary conditions 5.4.2

At the inlet of the domain the vertical approach-flow profiles of the mean wind speed U, 

turbulent kinetic energy (k) and specific dissipation rate (ω) are imposed. The wind direction is 

perpendicular to the windward building facade. The inlet mean wind-velocity profile U(z) is 

defined according to the logarithmic law (Eq. 1): 
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with z0 = 0.1 m, u
*

ABL the atmospheric boundary layer (ABL) friction velocity, κ the von 

Karman constant (0.42) and z the height coordinate. The value of u
*

ABL is determined based on 

the values of the reference velocity (Uref = 12.48 m/s) at building height (zref = H = 5.7 m), 

yielding a building Reynolds number of 500,000. The aerodynamic roughness length is set 

higher than the one used in the validation study, to impose a more realistic wind velocity 

profile, corresponding to “roughly open country”[26]. The turbulent kinetic energy k is 

calculated from the mean wind speed U(z) and the streamwise turbulence intensity Iu(z), with a 

value of 15% at the top of the building model (at zref = H) and 45% at ground level, using Eq. 

(2): 
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with Iu the measured streamwise turbulence intensity and “a” a parameter ranging from 0.5 to 

1.5 [18,27]. In the current work the value a = 0.5 is used as in the validation study and in 

previous studies by the authors [5-7], assuming that the turbulent fluctuations in streamwise 

direction are much larger than those in lateral and vertical direction (σu ≫ σv and σu ≫ σw). The 

specific dissipation rate ω is given by Eq. (3), where Cµ is an empirical constant taken equal to 

0.09, and the turbulence dissipation rate ε is given by Eq. (4). 
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At the ground and building surfaces, the standard wall functions by Launder and Spalding [28] 

are used in conjunction with the sand-grain based roughness (ks) modification defined by 

Cebeci and Bradshaw [29]. For the ground surfaces, the values of the roughness parameters, 

i.e. the sand-grain roughness height (ks = 0.14 m) and the roughness constant (Cs = 7), are 

determined based on the relationship with the aerodynamic roughness length z0 derived by 

Blocken et al. [21]:  
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𝑘𝑠 =
9.793𝑧0

𝐶𝑠
         (5) 

 

The sand-grain roughness height is zero (kS = 0 m) for the building surfaces (smooth walls). At 

the outlet plane, zero static gauge pressure is applied and at the top and lateral sides of the 

domain zero normal velocities and zero normal gradients of all variables are imposed.  

 Solver settings 5.4.3

The CFD simulations are performed using the commercial CFD code ANSYS Fluent 12 [24]. 

The 3D steady RANS equations are solved in combination with the SST k-ω turbulence model 

by Menter [25]. Pressure-velocity coupling is taken care of by the SIMPLE algorithm, pressure 

interpolation is second order and second-order discretization schemes are used for both the 

convection terms and the viscous terms of the governing equations. Convergence is assumed to 

be obtained when all the scaled residuals level off and reach a minimum of 10
-6

 for x, y 

momentum, 10
-5

 for y momentum and 10
-4

 for k, ε and continuity. As also observed by 

Ramponi and Blocken [27], the simulations show oscillatory convergence. To obtain a reliable 

steady value of the solution variables, the results values are monitored over 10,400 iterations 

and the variables are calculated by averaging over 400 iterations (10,000-10,400), after the 

simulation reached a statistically stationary solution. More information on how to deal with 

oscillatory convergence can be found in[19].   

5.5 CFD simulations of single and double-span roof geometries: results 

Section 5.5.1 presents the performance of the single-span leeward sawtooth roof geometries 

(OR = 1). Subsequently, Section 5.5.2 presents the results of the two cases of three double-span 

roof geometries (OR = 1 and OR = 0.5). The ventilation performance of all leeward sawtooth 

roof geometries (single-span and double-span) is assessed based on the volume flow rate 

through the building. In addition, the airflow pattern around and inside the building is analyzed 

for all cases. Finally, for the cases with a convex roof geometry (E), the average non-

dimensional velocity magnitude (|V|/Uref) along four horizontal lines at four different heights 

(h) from the ground floor; i.e. h = 0.1 m, 0.6 m, 1.1 m, and 1.7 m, is presented.    
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 Single-span leeward sawtooth roof geometries 5.5.1

Figure 5.5a shows the volume flow rates in percentage (%) for the single-span leeward 

sawtooth roof geometries, in which the convex roof geometry E2 reaches the highest volume 

flow rate (= 3.04 m
3
/s) and is taken as the reference case (= 100%). The building with straight 

roof geometry (A2) and concave roof geometry (B2) respectively reach values of 96.5% and 

91.2% of the volume flow rate compared to the case E2. These results are consistent with 

previous results for similar buildings but with length L = 6 m [6]. In addition, Figure 5.5b 

shows the area-averaged pressure coefficient CP at the outlet opening. The pressure coefficient 

is calculated as: 
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where P is the static pressure, P0 the reference static pressure, ρ the density of air (= 1.225 

kg/m
3
: International Standard Atmosphere (ISA); dry air, θa = 15°C, p0 = 101,325 Pa [30]) and 

Uref is the approach-flow wind speed at building height (Uref = 12.48 m/s at zref = 5.7 m). It can 

be seen that the value of CP is highest for geometry E2, which indeed results in the highest 

volume flow rate through the building. Also this is consistent with the results from the previous 

study on less elongated buildings [6]. 

 

 

Figure 5.5: Impact of roof geometry for single-span cases. (a) Volume flow rate through the 

building. (b) Area-averaged pressure coefficient (CP) at the outlet opening surface under 

normal wind incidence angle.  
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In order to better analyze the effect of the roof geometry on the flow pattern around and inside 

the building, contours of the pressure coefficient (CP) and of the non-dimensional velocity 

magnitude (|V|/Uref) are shown in Figure 5.6. The figures show that the pressure distribution 

upstream of the windward facade is almost identical for all three cases. However, they also 

show that the convex roof geometry E2 increases the size (height) and magnitude of the 

underpressure behind the building (wake region), resulting in a higher absolute value of the 

area-averaged CP value at the outlet opening (CP = -0.27), compared to geometry B2 (Figure 

5.6c: CP = -0.20) and geometry A2 (Figure 5.6a: CP = -0.22). The average internal pressure 

coefficients CP for the three single-span cases are for geometry A2: CP = 0.170; for geometry 

B2: CP = 0.215; and for geometry E2: CP = 0.185. Note that geometry B2, in contrast to 

geometry A2 and E2, has no flow separation at the windward roof edge (Figure 5.6d) and the 

shear layer downstream of the roof end follows a downward direction. As a consequence of the 

lower underpressure and the specific flow pattern over the roof, the volume flow rate of the 

concave roof geometry B2 is 8.8% lower than that of the convex roof geometry E2, as 

previously shown in Figure 5.5. This is in line with the findings of the authors for a single-span 

roof with a depth of 6 m [6], which highlighted that convex roof geometries reach higher 

volume flow rates than concave roof geometries. Note that the geometries in the present study 

have an inclination angle of 18°, which is lower than in the previous study, where it was 27°.  

 Double-span leeward sawtooth roof geometries 5.5.2

The performance of double-span leeward sawtooth roof geometries is analyzed systematically 

by comparison with the corresponding single-span cases (i.e., straight, concave and convex). 

For all geometries, the corresponding single-span roof geometry is selected as the reference 

case. 
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Figure 5.6: Contour plot of the pressure coefficient CP (a,c,e) and the non-dimensional velocity 

magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the three single-span leeward 

sawtooth roof geometries. (a,b) Straight roof geometry A2. (c,d) Concave roof geometry B2. 

(e,f) Convex roof geometry E2.  

 

5.5.2.1 Straight roof geometry  

Figure 5.7a displays the volume flow rates for the straight roof geometry cases (A2 – reference 

case –, A2x2_OR1 and A2x2_OR0.5) and shows that the double-span leeward roof with an 

opening ratio of 1 (A2x2_OR1) reaches a slightly higher volume flow rate (increase of 1.4%) 

than the reference case (A2). The case A2x2_OR0.5 however reaches a 25.6% higher volume 

flow rate than reference case A2. This increase of volume flow rate with decreasing opening 

ratio (larger outlet openings) was already reported by Karava et al. [16], and can be attributed 
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to the lower overall flow resistance as a result of the larger outlet opening leading to more 

pressure equalization between the indoor and outdoor environment near the outlet.  

 

 

Figure 5.7: Impact of roof geometry and opening ratio on the volume flow rate under normal 

wind incidence angle for single-span and double-span leeward sawtooth roof geometries. (a) 

Case A2, A2x2_OR1 and A2x2_OR0.5. (b) Case B2, B2x2_OR1 and B2x2_OR0.5. (c) Case 

E2, E2x2_OR1 and E2x2_OR0.5.  

 

The contours of the pressure coefficient (CP) and the non-dimensional velocity magnitude 

(|V|/Uref) are displayed in Figure 5.8.  

 

This effect is more pronounced in Figure 5.8e than in Figure 5.8c. In addition, the 

underpressure behind the second span is quite similar to that behind the single span of the 

reference case A2. Figure 5.8 also clearly shows a lower internal positive pressure in Figure 

5.8e for A2x2_OR0.5 (-0.1 < CP < 0.03), compared to A2x2_OR1 (0.12 < CP < 0.22), which 

can be attributed to the higher pressure equalization resulting from the larger outlet openings 

for case A2x2_OR0.5. This reduction in internal pressure reduces the internal resistance against 

the incoming airflow and increases the indoor velocities and the volume flow rate. Note that the 

average internal pressure for the double-span geometry A2x2_OR1 is about equal to the single-

span geometry A2; i.e. CP ≈ 0.17. Figure 5.8f shows that the inlet jet velocity considerably 

increases in strength and shifts to a slightly more horizontal direction.  
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Figure 5.8: Contour plots of the pressure coefficient CP (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the three cases with a 

straight roof geometry: (a,b) Single-span geometry A2. (c,d) Double-span geometry 

A2x2_OR1. (e,f) Double-span geometry A2x2_OR0.5. 

 

5.5.2.2 Concave roof geometry  

Figure 5.7b displays the volume flow rates for the concave roof geometries (B2 – reference 

case –, B2x2_OR1 and B2x2_OR0.5) and shows that the volume flow rates for the double-span 

cases B2x2_OR1 and B2x2_OR0.5 increase with 4.2% and 28.0% compared to the case B2, 

respectively. Contours of the pressure coefficient (CP) and the non-dimensional velocity 

magnitude (|V|/Uref) are depicted in Figure 5.9. It can be seen that the flow remains attached to 

the top of the first-span roof and that it also reattaches to the top of the second-span roof 

(Figure 5.9d and Figure 5.9f).  
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Figure 5.9: Contour plots of the pressure coefficient CP (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the three cases with a 

concave roof geometry: (a,b) Single-span geometry B2. (c,d) Double-span geometry 

B2x2_OR1. (e,f) Double-span geometry B2x2_OR0.5. 

 

The internal pressure in the building is lower in case B2x2_OR0.5 (-0.02 < CP < 0.08), as 

shown in Figure 5.9e, than in case B2 (0.17 < CP < 0.25) and B2x2_OR1 (0.16 < CP < 0.24). 

The average internal pressure coefficient for B2x2_OR1 (CP = 0.20) slightly deviates from the 

value for the single-span geometry B2 (CP = 0.215). The inlet jet velocity considerably 

increases in case B2x2_OR0.5 (Figure 5.9f), as also observed for the straight roof geometry.   

5.5.2.3 Convex roof geometry  

The convex double-span roof geometry E2x2_OR1 results in the lowest volume flow rate, 

which reaches only 88.0% of the volume flow rate of the reference case E2, as depicted in 

Figure 5.7c. This is in contrast to the previous roof geometry types, where straight and concave 
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double-span geometries reach slightly higher volume flow rates than the corresponding single-

span geometry with the same opening ratio (i.e. 1.4% for A2x2_OR1 (Figure 5.8a) and 4.2% 

for B2x2_OR1 (Figure 5.8b)). The fact that case E2x2_OR1 reaches a lower volume flow rate 

than E2 is probably due to the relatively narrow internal area on the inside of the outlet 

openings (see dashed circles in Figure 5.10c) which appears to act as a resistance to the airflow 

near the outlet openings. As a result of this “blockage”, the internal pressure coefficients (CP) 

of case E2x2_OR1 reach slightly higher values than those of the other two double-span cases 

with identical opening ratios; the internal pressure coefficients (CP) for case E2x2_OR1 range 

between 0.21 and 0.28 (Figure 5.10c), with an average CP value of 0.245; for case A2x2_OR1 

they range between 0.12 and 0.22 (Figure 5.8c), with an average CP value of 0.170; and for 

case B2x2_OR1 they range between 0.16 and 0.24 (Figure 5.9c), with an average CP value of 

0.20. Note that only for the convex double-span roof geometry (E2x2_OR1) the average 

internal pressure coefficient increases compared to the single-span geometry (E2); the increase 

in average internal pressure coefficient amounts 32% (from CP = 0.185 to CP = 0.245).. The 

incoming airflow is reduced due to this higher internal pressure (higher internal resistance). 

However, E2x2_OR1 reaches an underpressure behind the first span which is 72% higher than 

that of case B2x2_OR1. But this higher underpressure cannot compensate for the higher 

internal resistance. A wider internal outlet-opening geometry or a larger outlet opening area 

(lower OR) could take advantage of the higher underpressure and could maybe result in a more 

efficient air exhaust. Note that the underpressure (-CP) behind the outlet openings of case 

E2x2_OR1 is similar with the case E2x2_OR0.5 (see Figure 5.10c and Figure 5.10e), however,  

the volume flow rate of E2x2_OR1 is 34.5% lower than E2x2_OR0.5. This indicates again that 

the opening ratio is a very important parameter.  

The convex roof geometry type is selected to compare the ventilation performance in terms of 

indoor mean air velocity. Figure 5.11b to Figure 5.11e show a comparison of the non-

dimensional velocity magnitude (|V|/Uref), along four horizontal lines located at a height of h = 

0.1 m, 0.6 m, 1.1 m and 1.7 m from the internal floor (as shown in Figure 5.11a). Despite the 

fact that E2x2_OR1 has the worst performance, locally higher indoor mean velocities are 

reached than in case E2; e.g. at h = 0.6 m (between 0.28 < x/D < 0.41) (Figure 5.11c), at h = 

1.1 m (between 0.21< x/D < 0.52) (Figure 5.11d) and at h = 1.7 m (between 0.20 < x/D < 0.65) 

(Figure 5.11e). Figure 5.11b shows that at h = 0.1 m the reference case (E2) has higher indoor 

mean velocities over the entire depth of the building compared to the cases E2x2_OR1 and 

E2x2_OR0.5. Figure 5.11c and Figure 5.11d show that a double-span roof with opening ratio = 
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0.5 can increase the indoor mean velocity at h = 0.6 m and h = 1.1 m at the first internal region; 

i.e, from 0.20 < x/D < 0.61 at h = 0.6 m and from 0 < x/D < 0.73 at h = 1.1 m.  

These results illustrate that the ventilation performance cannot be evaluated based on the 

volume flow rates only [3]; local effects on the velocity field should be considered as well 

when assessing the ventilation performance of different building and roof geometries.   

 

 

Figure 5.10: Contour plots of the pressure coefficient CP (a,c,e) and the non-dimensional 

velocity magnitude (|V|/Uref) (b,d,f) in the vertical center plane for the three cases with a 

convex roof geometry. (a,b) Single-span geometry E2. (c,d) Double-span geometry E2x2_OR1. 

(e,f) Double-span geometry E2x2_OR0.5. The dashed circles in (c,d) indicate the narrow outlet 

openings. 
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Figure 5.11: Impact of the roof geometry and opening ratio on the non-dimensional velocity 

magnitude (|V|/Uref) under a normal wind incidence angle for cases E2, E2x2_OR1 and 

E2x2_OR0.5 along four horizontal lines at a height h above the floor. (a) Geometry E2 with 

indication of the four horizontal lines. (b-e) Results at (b) h = 0.1 m. (c) h = 0.6 m. (d) h = 1.1 

m. (e) h = 1.7 m. The dashed vertical lines indicate the inner surfaces of the walls at the 

windward and leeward side of the building.  
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5.6 Comparison between all roof geometry types 

Figure 5.12 shows the pressure coefficients at both outlet openings and the volume flow rate 

through both openings for double-span roof geometries with an opening ratio of 1 (OR = 1). It 

can be seen that for all three roof geometries the CP values are larger at the upstream outlet 

opening (Out.Op.01) than at the downstream opening (Out.Op.02) (Figure 5.12a). The largest 

values at both openings are present for the case with a straight roof geometry (A2x2_OR1), 

closely followed by the convex roof geometry (E2x2_OR1). As a result of the larger pressure 

coefficients at the upstream opening, the fraction of volume flow rate through the upstream 

outlet opening  is larger than  that through the downstream outlet opening. For case A2x2_OR1 

and E2x2_OR1, 55.0% of the total volume flow rate exits the building through the upstream 

outlet opening, and only 45.0% exists through the downstream opening. The differences are not 

so large for case B2x2_OR1, in which 51.4% of the air is exhausted through the upstream 

opening and 48.6% through the downstream opening.  

 

 

Figure 5.12: Impact of the roof geometry (straight, concave, convex) (opening ratio = 1). (a) 

External mean pressure coefficient (CP) at the surface of outlet opening 1 (Out.Op.01) and 

outlet opening 2 (Out.Op.02). (b) Fraction of volume flow rate through outlet openings 1 and 2.  

 

To summarize the results regarding the volume flow rates, Figure 5.13 shows a comparison of 

all the single-span and double-span roof geometries analyzed in this study, based on the 

volume flow rate through the building. The convex single-span case E2 reaches the highest 

volume flow rate within the single-span cases. Therefore, the single-span convex roof geometry 

E2 is selected as a reference case (= 100%). The convex double-span E2x2_OR0.5 reaches the 

highest volume flow rate from all the cases with an opening ratio = 0.5 (i.e. straight type 

A2x2_OR0.5and concave type B2xOR0.5). For instance, the volume flow rate for E2x2_OR0.5 
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is 122.5% , for A2x2_OR0.5 it is 121.2% and for B2x2_OR0.5 it is 116.7%. The results show 

that the volume flow rate can be increased by opening ratios lower than 1, which is consistent 

with findings in previous studies on cross-ventilation (e.g. [16]). As indicated in Figure 7 

already, it can again be seen that for straight and concave roof geometries (A2 and B2) the 

double-span geometries perform better than the single span geometries. From all the cases the 

case E2x2_OR0.5 results in the highest volume flow rate which is 22.5% higher than that of the 

reference case E2. Finally, the increase in volume flow rate when the opening ratio of a double-

span roof is increased from 1 to 0.5 amounts 23% for the concave roof geometry, 24% for the 

straight roof geometry and 39% for the convex roof geometry.  

 

 

Figure 5.13: Impact of roof geometry and opening ratio for the three single-span roof 

geometries (A2, B2, E2) and six double-span leeward sawtooth roof geometries on the volume 

flow rate. The single-span geometry E2 is taken as reference case (= 100%). 

 

5.7 Discussion 

Based on the volume flow rate and the indoor air velocity in the occupied zone, the current 

study evaluates the ventilation performance of single and double-span roof configurations for a 

normal wind incidence angle (φ = 0°). First, three single-span leeward sawtooth roof geometry 

types are evaluated; a straight roof geometry (A2), a concave roof geometry (B2) and a convex 

roof geometry (E2). Then, three double-span leeward sawtooth roof cases with the same three 

roof geometry types and with the same opening ratio as the single-span (A2x2_OR1, 

B2x2_OR1 and E2x2_OR1) are studied. Finally, in order to better observe the potential of the 
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double-span roof geometries, the same three double-span building geometries, but with larger 

outlet openings (A2x2_OR0.5, B2x2_OR0.5 and E2x2_OR0.5) are analyzed.  

It is important to mention the limitations of the current study, which should be addressed in 

future research: 

 All the single and double-span leeward sawtooth roof geometries have different 

internal volume as a consequence of the roof geometry; therefore, future research 

could focus on a building with the same internal volume in order to have similar 

parameter in the performance evaluation. 

 The impact of the wind incidence angle could change the performance of each single 

and double span leeward sawtooth roof geometry. To study more oblique wind 

incidence angles it might be necessary to resort to unsteady simulations, such as Large 

Eddy Simulations (LES) or Detached Eddy Simulation (DES), to accurately predict 

the volume flow rates through the openings resulting from unsteady flow features.  

 The impact of surrounding buildings must be assessed in future work, since they can 

strongly affect the urban flow field, and thus the natural ventilation flow through the 

building.  

5.8 Conclusions 

This paper presents numerical simulations to study the impact of single-span and double-span 

leeward sawtooth roof geometries on the wind-driven cross-ventilation flow in a generic 

isolated building. The ventilation performance is evaluated in terms of volume flow rate and 

indoor air velocities by performing CFD simulations with the 3D steady RANS approach and 

the SST k-ω turbulence model. Grid-sensitivity analysis and computational model validation 

using Particle Image Velocimetry (PIV) from literature are carried out. For a normal wind 

incidence angle a summary of the main conclusions is presented below: 

 From all the single and double-span geometries with similar opening ratio (OR = 1), 

the convex single-span E2 reaches the highest volume flow rate.  

 Within the single-span geometries, the convex single-span E2 results in a 8.8% higher 

volume flow rate than the concave single-span roof geometry B2, which shows the 

worst performance with respect to volume flow rate through the building.  

 Straight and concave double-span roof geometries result in a slight increase of the 

volume flow rate compared to single-span roof geometries with similar geometry type. 
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On the other hand, the convex double-span E2x2_OR1 reaches 12% lower volume 

flow rate than found for its reference case, the single-span E2. 

 For convex double-span cases, such as E2x2_OR01, the building geometry near the 

outlet-opening plays an important role in the ventilation performance. The internal 

geometry contraction near the outlet openings results in higher internal pressure 

coefficients and reduces the volume flow rate.  

 Reducing the opening ratio from 1 to 0.5 for the double-span roof geometries results 

in an increase of the volume flow rate with 23-39%, depending on the roof geometry.  
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 6  Discussion 

6.1 Limitations and recommendations for future research 

In this thesis the potential of leeward sawtooth roof buildings to increase wind-driven upward 

cross-ventilation has been studied. The dependency of the volume flow rate and the indoor 

airflow pattern on the roof inclination angle (RIA), the roof geometry (RG), the eaves 

configuration (Eaves) and the inlet-outlet opening ratio (OR), has been shown. The former are 

considered as the most relevant geometric parameters of leeward sawtooth roofs to enhance 

upward cross-ventilation. In addition, a combination of roof spans, such as double-span roofs, 

is analyzed. Although, the impact of a wide range of roof parameters on wind driven cross-

ventilation has been quantified, there are limitations of the work in this thesis and some 

questions still remain. A discussion has been presented in each of the Chapters 2 until 5, 

addressing the limitations of the study presented in that specific chapter as well as directions 

for future research. For brevity, the majority of this information will not be repeated here. 

Instead, a short overview will be given of the main limitations and the main directions for 

further research. Recommendations for future research are listed below: 

 

 It would be very useful to perform Particle Image Velocimetry (PIV) wind 

tunnel experiments of a leeward sawtooth roof building considering the main 

roof parameters tested in this thesis (i.e. roof inclination angle, roof 

geometry, windward and leeward eaves) for an atmospheric boundary layers 

with an aerodynamic roughness length of z0 = 0.1 m or z0 > 0.1 m. These PIV 

measurements would provide data for the analysis of the flow pattern around 

buildings with a sawtooth roof, which is currently missing, and the data can 

thus be used for a direct validation of the CFD models.  

 

 The accuracy of 3D Reynolds-Averaged Navier-Stokes (RANS) simulations 

to predict the volume flow rate and the airflow pattern of leeward sawtooth 

roof building geometries under oblique wind incidence angles should be 

assessed and extended for different wind directions. Since it is known from 

literature that steady RANS might show deviations for oblique angles [1,2], a 

comparison with experimental results and/or validated Large Eddy 
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Simulations is highly recommended. In addition, LES simulations can also 

account for the effect of pressure fluctuations and other transient flow 

phenomena that affect the volume flow rate through the building, such as the 

collapse of separation and recirculation regions, vortex shedding, pulsating 

eddies and other transient flow features. These transient effects become even 

more important when the flow is parallel to the ventilation openings [1,2]. 

 

 Evaluation of the performance of sawtooth roof buildings working as wind 

catcher should be considered as well, since in many countries there is not one 

single dominant wind direction. It is important to mention that sawtooth roofs 

working as a windcatcher will not benefit from buoyancy forces assisting the 

wind forces. Therefore, application of sawtooth roof buildings as wind 

catcher  is not recommended (not preferable) in naturally ventilated buildings 

under summer time conditions. In general, the ventilation flow in a building 

with a sawtooth roof depends – among others – on its orientation to the 

oncoming wind flow, and the presented research should be extended for both 

more oblique wind directions and for wind directions opposite from the one 

studied in this thesis (sawtooth roof as wind catcher)  [3]. 

 

 An analysis of a combination of different roof and building parameters can be 

conducted to find the “optimal” configurations. For example, the study on the 

potential of eaves can be extended to other building and roof geometries, e.g. 

to double-span or multi-span leeward sawtooth roof buildings. It was shown 

that eaves can have a large effect for single-span sawtooth roof geometries, 

however, further analysis is needed to see whether this increased performance 

is also present when combined with other geometries.   

 

 The studies presented in this thesis have been conducted for only one location 

of the windward ventilation opening (inlet opening). The performance of 

leeward sawtooth roof buildings with inlet openings at different positions can 

be conducted in an attempt to further optimize the cross-ventilation flow. 

Locations that can be studied are, for example: (a) below the floor, i.e. under-

floor natural ventilation; (b) just above the floor level; (c) in the lateral sides 

of the wall, especially in elongated buildings. 
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 The main results of the current thesis can be used as a part of guidelines that 

can be written for building practice. These guidelines should provide 

information on the most efficient design of leeward sawtooth roofs with 

respect to the ventilation flow, but also with respect to building costs, 

daylight entrance, solar shading, etc. Therefore, additional research is needed 

on these other aspects of sawtooth roofs, to provide an integral guideline for 

building practice.  

 

 Temperature effects (buoyancy) can alter the flow pattern in and around the 

building, especially when low wind velocities are present. Future studies can 

focus on the combined effects of wind and buoyancy on the ventilation flow 

in the building. For instance, heat sources can be located inside the building 

(e.g. in the occupeid zone (i.e. between 0.1 m and 1,7 m)) to evaluate the 

performance of the leeward sawtooth roof to exhaust this heat by the outlet 

openings in the upper part of the enclosure. Futhermore, the ability of the 

leeward sawtooth roof to release heat gained by transmission through the 

opaque building surfaces in general, and through the roof surface in 

particular, can be assessed and optimized.   

 

 An evaluation of the convective heat transfer coefficient (CHTC) for 

different roof geometries of leeward sawtooth roof buildings would provide 

useful and important information. Both the internal and external convective 

heat transfer coefficients can be of interest. The internal CHTC determines 

the amount of heat that can be removed from the building’s thermal mass by 

the cross-ventilation flow. The CHTC values over the building roof affect the 

heat exchange of the roof with the ambient environment. These values are 

important with respect to decreasing the surface temperatures of the roof 

cladding. Lower surface temperatures result in less heat transfer through the 

roof to the building interior, and can therefore reduce indoor overheating. 

Furthermore, information on the external CHTC value can be of importance 

when photovoltaics (PV) panels are installed on the roof construction to gain 

solar energy. Cooling of these PV panels by convection due to the wind flow 
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is essential to limit the decrease in efficiency of the PV panels with 

increasing temperature.    

6.2 References 

[1]  Jiang Y, Chen Q. Study of natural ventilation in buildings by large eddy simulation. J 

Wind Eng Ind Aerodyn 2001;89:1155-1178. 

[2]  Wright NG, Hargreaves DM. Unsteady CFD simulations for natural ventilation. Int J Vent 

2006;5:13-20. 

[3] Gandemer J, Barnaud G. Ventilation Naturelle des Habitations sous Climat 

TropicalHumide: Aproach Aerodynamique. Nantes: CSTB; 1989. 



 

165 
 

  



 

166 
 

 

 

 

 

Chapter 7 

Conclusions 

 



Conclusions 

167 

 

 7 Conclusions 

This chapter is organized into two sections. The first section summarizes the main results and 

conclusions of this research as described in Chapters 2-5. The second section provides an 

indication of the main parameters of leeward sawtooth roofs to increase natural ventilation.  

7.1 Conclusions by Chapter 

 Validation study 7.1.1

The CFD analyses of different sawtooth roof and building geometries are based on a grid-

sensitivity analysis and on validation using Particle Image Velocimetry (PIV) wind-tunnel 

measurements of a building with asymmetric opening position and was presented in Chapter 2. 

The main conclusions are as follows: 

 The validation study shows that the SST k-ω turbulence model provides the 

most accurate results, followed by the RNG k-ε turbulence model. The 

standard k-ε model, the realizable k-ε model, the standard k-ω model and the 

Reynolds Stress Model show larger deviations from the measured velocities.  

 The strong influence of the upwind standing vortex on the accuracy of the 

indoor ventilation flow was confirmed. The influence of the parameter “a” 

for the calculation of the turbulent kinetic energy profiles at the inlet of the 

computational domain was tested, and the results shows that a value of 0.5 

results in the best agreement. Relevant flow pattern characteristics, such as 

the standing vortex in the windward facade was accurately predicted using 

this value.  

 

Once the numerical model was validated, several geometrical parameters of a single-span 

leeward sawtooth roof building including roof inclination angle (RIA), outlet opening position, 

roof geometry and eaves configuration have been studied. A summary of the most important 

results is provided below in Section 7.1.2. 
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 Parametric studies 7.1.2

The most important findings are presented below, with a subdivision of these findings per 

chapter.  

 

7.1.2.1 Chapter 2 

 

Roof inclination angle (RIA): 

 The volume flow rate depends on the roof inclination angle. The building 

with a 45° roof inclination angle (RIA_45) provides better results than all the 

other cases; the volume flow rate is 22% higher than for the reference case 

when the outlet opening is located at the same height as in the reference case; 

and the volume flow rate is 25% higher when the outlet opening is located 

near the roof.  

 The indoor air flow pattern changes with changing roof inclination angle, 

which also influences the velocities at horizontal lines inside the building. It 

is shown that the angle under which the jet enters the building through the 

window changes (becomes more horizontal) with increasing the roof 

inclination angle due to a different pressure distribution on the windward 

facade of the building. However, the non-dimensional area-averaged velocity 

magnitude (|V|/Uref) in the occupied zone for the vertical center plane only 

exhibits small changes up to 7%. Larger changes are found when splitting up 

the occupied zone in a lower and an upper part.  

 To improve the volume flow rate in the studied low-rise building the roof 

inclination angle must be larger than 18°. For smaller roof inclination angles, 

such as 9°, the volume flow rate is lower than for the same building with a 

flat roof (reference case). It seems that the windward facade area (height) at 

lower roof inclination angles (9° and 18°) has a significant impact on the 

indoor airflow patterns and volume flow rates. 

 

Outlet opening position: 

 The vertical position of the outlet opening is less relevant than the roof 

inclination angle. It is shown that it can just increase the volume flow rate by 
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2% to 4% when located near the roof top. Furthermore, shifting the outlet 

opening to the top only provides small or no changes in non-dimensional 

(|V|/Uref) average velocities in the occupied zone.   

 

Building model without openings (sealed building): 

 Simulations for a sealed building for RIA_00 and RIA_45 show that the 

sealed-building pressure difference (ΔCP) between the windward and leeward 

facade cannot be clearly related to the actual volume flow rates with “open” 

ventilation openings. This is attributed to the differences in the flow 

resistance in the different cases but especially to the invalidity of the sealed-

body assumption (in a building with large opening).    

 

7.1.2.2 Chapter 3 

 

Roof geometry: 

 The internal airflow and the volume flow rate show a clear dependency on 

the roof geometry.   

 The straight roof geometry (A) and the convex roof geometries (D and E) 

result in higher volume flow rates than concave (B) and hybrid convex-

concave (C) roof geometry. The volume flow rates for geometry A, D and E 

are about 13% higher than that of geometry B, which shows the lowest 

performance.  

 The roof geometry is an important design parameter to maximize the size and 

magnitude of the underpressure zone in the wake of the building, the pressure 

difference over the building and consequently the volume flow rate through 

the building. A roof that directs the external wind flow behind the building 

upwards will result in a larger underpressure zone and larger magnitude of 

the underpressure, and consequently in higher volume flow rates.   

 The convex single-span E2 results in 8.8% higher volume flow rate than the 

concave single-span roof geometry B2, which shows the worst performance 

with respect to the volume flow rate through the building.  
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7.1.2.3 Chapter 4 

 

Eaves configurations: 

 Windward eaves with inclination angles lower than 0° increase the volume 

flow rate compared to the reference case. The largest increase is obtained 

when windward eaves with an inclination angle of -27° (A_WindEav-27) is 

applied: +15%. On the other hand, windward eaves with inclination angles 

higher than 0° decrease the volume flow rate with up to 16% for 

A_WindEav90. A horizontal eaves (0° inclination) result in a volume flow 

rate which is almost equal to the reference case. 

 Application of leeward eaves with an inclination angle of 45° (A_LeeEav45) 

and 90° (A_LeeEav90) result in an increase of the volume flow rate with 5% 

and 6%, respectively. Leeward eaves with an inclination angle of 0° 

(A_LeeEav0) and -45° (A_LeeEav-45) result in a decrease of the volume 

flow rate with 8% and 9%, respectively. The leeward eaves with an 

inclination angle of 27° result in the same volume flow rate as in the 

reference case. The leeward eave should not block the outlet opening in the 

wake of the building.   

 In general, to improve the volume flow rate in the studied low-rise leeward 

sawtooth roof building, the windward eaves inclination angle must be lower 

than 0°, such as -27° or -45°, and the inclination of the leeward eaves must be 

higher than 27°, for instance 45° or 90°. The coupled effect of the eaves 

(windward and leeward eaves working together) can be larger than the 

individual effects. Applying the best performing windward and leeward 

eaves simultaneously (i.e. A_WindEav-27_LeeEav90) can increase the 

volume flow rate with an additional 3% compared to the sum of the two 

individual effects. 

 

7.1.2.4 Chapter 5 

 

Double-span leeward sawtooth roof: 

 Straight and concave double-span roof geometries result in a slight increase 

of the volume flow rate compared to single-span roof geometries with similar 
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geometry type. On the other hand, the convex double-span E2x2_OR1 

reaches 12% lower volume flow rate than found for its reference case, the 

single-span E2. 

 

Inlet-outlet opening ratio and opening position: 

 Reducing the opening ratio from 1 to 0.5 for the double-span roof geometries 

results in an increase of the volume flow rate with 23-39%, depending on the 

roof geometry. 

 The ratio of the height between the inlet and outlet opening (Hin-out) and the 

depth between inlet and outlet opening (Din-out) is also relevant. The results 

show that a single-span with 12 m depth reaches higher volume flow rate 

than the single-span with 6 m depth with the same roof geometry, despite the 

fact that a lower underpressure is present at outlet opening.  

 

Internal geometry: 

 For convex double-span cases the building geometry near the outlet-opening 

plays an important role in the ventilation performance. The internal geometry 

contraction near the outlet openings generates a resistance to the airflow and 

reduces the volume flow rate. 

 

7.2 Contextualization  

 Implicit attributes of sawtooth roof building 7.2.1

As previously mentioned, a sawtooth roof is a multi-purpose building component as it:  

a) allows daylight 

b) protects the building from solar radiation and wind-driven rain 

c) creates a wider spatial sensation 

d) can increase the aesthetic value of the building as it generates a dynamic envelope 

design 

e) promotes upward cross-ventilation by buoyancy and wind forces 
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Considering all the previously mentioned implicit attributes of a sawtooth roof building, the 

balance equation for the optimization of its design is:  

 

Ssawtooth roof design = f(Sprogram, Slayout, Sdaylight, Snatural ventilation, Senvironmental subjectivity, Sfeasibility, Smaterial) 

 

Where Ssawtooth roof design is the leeward sawtooth roof design factor, Sprogram the program (e.g. 

kitchen, bathroom, leaving room, open-office area, etc.) where the heat or pollutant source is 

located, Slayout is the layout organization factor (e.g. internal wall and furniture), Sdaylight is the 

daylight and solar shading factor, Snatural ventilation is the natural ventilation factor (focus of 

current research), Senviron. subjectivity is the environmental subjectivity factor which is difficult to 

quantify, Sfeasibility is the feasibility factor regarding constructability (cost and value), Smaterial is 

the factor regarding the building material. All these factors must be considered in the design of 

a sawtooth roof and many factors influence each other. Since the current research has focused 

on the evaluation of the leeward sawtooth roof potential to address wind-driven upward cross-

ventilation, the next section presents the most relevant parameters to maximize the volume 

flow rate and the airflow velocity inside the building.  

 

 Main parameters of leeward sawtooth roof 7.2.2

 

In order to discuss the design optimization of a leeward sawtooth roof design it is essential to 

firstly describe its main components or parameters. The building and roof parameters of a 

sawtooth roof building are described below and shown in Figure 7.1: 

 

a) Building width  

b) Building length 

c) Span length 

d) Main cord 

e) Sawtooth roof height 

f) Roof inclination angle (RIA) 

g) External roof geometry of the main cord 

h) Internal roof geometry of the main cord 

i) Eaves (windward and leeward) configuration (inclination and length) 
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j) Wall porosity 

k) Inlet-outlet opening ratio 

l) Inlet-outlet opening inclination angle  

 

 

Figure 7.1: Schematic representation of the parameters (components) of a leeward sawtooth 

roof building.  

 

A range of parameters has been described in this thesis, however, other parameters could be 

analyzed in the future. From the results obtained in this research, see Section 7.1.2, for the 

given set of boundary conditions (i.e. normal wind incidence and terrain roughness as 

mentioned in Chapters 2-5) the most important parameters to maximize the upward cross-

ventilation flow in leeward sawtooth roof buildings are, in order of relevance:  

 

1) Roof inclination angle (RIA)  

2) Roof geometry type of the main cord 

3) Eaves configuration (windward and leeward) 

4) Inlet-outlet opening ratio (OR; must be lower than 1) 

5) Inlet-outlet opening inclination angle  
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