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PREFACE 

This report is part of my Master study in Architecture, Building and Planning at the 

Technica! University of Eindhoven. In December 2005, I was looking for a subject for my 

master thesis. Professor J. Carmeliet inspired me with his enthusiasm to perfarm a study 

on the airflow in active facades. This research included PIV measurements and CFD 

simulations, two aspects, with which I was unfamiliar at that time. The fact that there were 

a lot of new aspects included in this research made me decide to choose this topic. I have 

experienced the realization of this study, which partially took place in Leuven and Brussels 

(Belgium), as valuable for my personal development and it has enriched my study. Many 

people have contributed to this . 

First of all I would like to thank professor W. Bosschaerts of the Royal Military Academy in 

Brussels for offering the test facility and arranging a place to stay when I had to carry out 

the measurements. Ing. R. Wagernakers of the RMA assisted me whenever I had practical 

questions about the measurements and he ensured the use of all the facilities . My 

supervisors prof. dr. ir. J . Carmeliet and dr. ir. B. Blocken of the KU Leuven and the TU of 

Eindhoven and prof. dr. ir. M. de Wit of the TU of Eindhoven gave continuous advice and 

support during the measurements and simulations. Prof. dr. ir. J. Carmeliet was not only 

helpful with analyzing my data and performing my simulations, he was also very hospitabie 

to let me stay at his place, when I had to be in Leuven for my research. B. Blocken was of 

great help with my simulations, he has given me a lot of advise on numerical modelling . 

Thanks to his help, I managed toperfarm the simulations in this thesis. 





ABSTRACT 

In the past decades active facades have established themselves as popular and prestigious 

design aspects. They claim improvements in thermal comfort, solar energy utilization and 

a reduction of the energy consumption. Although this is often not true. An active facade is 

a system consisting of two (often glazed) surfaces placed in such a way that air flows in 

the intermediate cavity. The cavity often employs sun shading devices. Airflow in the 

cavity can be due to natural ventilation or to mechanically ventilation. A better 

understanding of the behaviour of active facades is necessary to be able to predict the 

performance of active facades in practice . In the past a number of simulations and 

measurements about the amplitude and direction of the airflow in mechanically ventilated 

active envelopes, have been performed. However the knowledge about the airflow is still 

limited. 

The overall goal of this thesis was to perform a study, including measurements and 

simulations, on the airflow in a mechanically ventilated one-storey high active facade. The 

airflow was experimentally determined with Partiele Image Velocimetry (PIV) and hot-film 

anemometry (HFA) under isothermal conditions . Several variants were studied. 

Simulations were performed to investigate whether simulations are capable of predicting 

the airflow. The results of PIV measurements, hot-film measurements and simulations 

were compared. 

The first objective of this study was to obtain accurate measurement results for a basic 

situation. The PIV measurements were performed in a two-dimensional target plane. 

Additional control measurements, with hot-film sensors, were performed to check the 

validity of the PIV measurement technique in this experimental setup. The measurements 

of both techniques (PIV and HFA) showed high deviations, therefore it was likely that these 

deviations were present in the airflow and were not only due to measurement errors. The 

airflow seemed to be three-dimensional and could not be completely investigated with one

or two-dimensional measurement techniques. Nonetheless, the measurements show the 

average amplitude and the direction of the airflow in the two-dimensional target plane. 

The second objective of this thesis was to campare the capability of the different 

measurement techniques for the cases studied. Therefore not only additional hot-film 

measurements were carried out. There were also two variabie case measurements 

performed, one with a different seeding and another one at a different measurement 

frequency. The measurements showed that the influence of these parameters (within the 

applied changes) on the PIV results was not significant. The two measurement techniques 

seemed to be capable of performing accurate measurements. However this applied for this 

specific configuration, in another experimental setup the results could be different. 
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The last and third objective was used to study the feasibility and accuracy of 

Computational Fluid Dynamics (CFD) for calculating the airflow in the facade and try to 

develop an accurate simulation model of facade. A two-dimensional numerical model for a 

single storey facade with mechanica! ventilation was developed. The comparison between 

the measurements and the simulations showed that the CFD model is capable of predicting 

the measurements within a certain range . This range of uncertainty mainly originated in 

the measurements. As a consequence the two-dimensional simulation model was nat 

sufficient for obtaining qualitative results. However the tendencies of the flow were well 

predicted with the CFD model. 

Three-dimensional rnadelling was also applied, because of the three-dimensional character 

of the flow. The results of the three-dimensional steady-state simulations did nat show 

vortices in the third direction. In the future it might be rewarding to perfarm the 

simulations also unsteady, maybe these simulations will then show the expected vortices 

in the third direction . It can be concluded that the third objective was only partially 

obtained. The two- and three-dimensional models were capable of predicting the airflow 

qualitatively, but nat quantitatively. These simulations showed that the CFD simulations 

are feasible and relatively accurate in predicting the airflow in the facade, which appeared 

to be very complex. 

Another condusion that can be drawn from this study is that detailed information about 

the boundary conditions was needed for a proper understanding and simulation of the 

behaviour of the facade. The measurements illustrated that the boundary conditions (e.g . 

dimensions and position of the inlet) have a major influence on the flow pattern in the 

facade. A small deviation in the boundary conditions can have a major influence on the 

airflow path. 

This study has provided more insight and a better understanding of the behaviour of 

isothermal airflow in active facades . It has provided an onset for a numerical model which 

can predict the behaviour of the airflow in the facade. A better understanding of the 

behaviour of active facades is necessary to be able to predict the performance of active 

facades in practice. Often mentioned advantages, like high energy savings, excellent 

thermal comfort and solar energy utilization, can then be investigated based on CFD 

simulations. 
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SAMENVATTING 

In de afgelopen decennia hebben actieve gevels zich gemanifesteerd als populaire en 

prestigieuze gebouwschillen. Vaak wordt beweerd dat door het toepassen van deze gevels 

het thermisch en akoestisch comfort verbetert en de energievraag afneemt. Een actieve 

gevel bestaat uit twee (veelal glazen) panelen met een spouw er tussen, waardoor lucht 

stroomt. De spouw kan natuurlijk en mechanisch geventileerd worden en wordt vaak 

gebruikt om zonwering in te plaatsen. Om de prestatie van actieve gevels in 

praktijksituaties te kunnen voorspellen is meer inzicht in het gedrag van deze gevels 

benodigd . Tot op heden zijn er slechts een aantal simulaties en metingen verricht, met 

betrekking tot de grootte en richting van de stroming in mechanisch geventileerde gevels. 

De kennis over deze luchtstroming is hierdoor nog vrij beperkt. 

Dit onderzoek was gericht op het uitvoeren van een nauwgezet onderzoek naar de 

luchtstroming in een mechanisch geventileerde, verdiepingshoge actieve gevel. De 

luchtstroming was experimenteel vast gesteld met behulp van Partiele Image Velocimetry 

(PIV) en een hittedraad anemometer (HFA). Metingen hebben plaatsgevonden onder 

isotherme condities en verschillende varianten zijn bestudeerd . Er zijn simulaties 

uitgevoerd om vast te stellen of deze in staat zijn om de luchtstroming in een actieve gevel 

te voorspellen. Tot slot zijn de meetresultaten van de PIV en HFA metingen vergeleken 

met de simulatieresultaten. 

Het eerste doel van dit onderzoek was het verkrijgen van nauwkeurige meetgegevens voor 

een basissituatie. De metingen zijn verricht met behulp van tweedimensionale PIV. Om de 

validiteit van de PIV metingen te onderzoeken zijn er controle metingen verricht met een 

hittedraad anemometer. Beide meettechnieken (PIV en HFA) registreerden grote 

schommelingen, daarom is het zeer waarschijnlijk dat deze schommelingen aanwezig zijn 

in de luchtstroming en niet zo zeer het gevolg zijn van meetfouten . De meetresultaten 

duiden tevens op een driedimensionaal karakter van de luchtstroming, hierdoor bleek het 

niet mogelijk om de luchtstroming volledig in kaart te brengen met één- of 

tweedimensionale meettechnieken. Desalniettemin kan er kan geconcludeerd worden dat 

de meetresultaten de juiste orde van grootte en de richting van de snelheid kunnen 

voorspellen, in het twee-dimensionale vlak. Dit ondanks het feit dat de luchtstroming erg 

instabiel is . 

Het tweede doel van dit onderzoek was het bestuderen van de verschillende 

meettechnieken en kijken in hoeverre deze in staat zijn om de grootte (en richting) van de 

luchtstroming goed vast te stellen. Niet alleen additionele HFA metingen zijn hiervoor 

uitgevoerd, er is ook gemeten met andere stromingsdeeltjes en de metingen zijn 

uitgevoerd met een andere meetfrequentie. Deze metingen toonden aan dat de invloed 

van deze parameters (binnen de grenzen van de aangebrachte variatie) zeer gering is. De 

twee meettechnieken (PIV en HFA) lijken in staat te zijn om nauwkeurige metingen uit te 
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voeren . Er moet echter wel rekening mee gehouden worden dat dit voor deze 

meetopstelling geldt, in andere situaties kan het wel degelijk invloed hebben. 

Het laatste en derde doel van deze studie was het onderzoeken of Computational Fluid 

Dynamics (CFD) in staat is om de luchtstroming te simuleren. Een tweedimensionaal 

numeriek model voor een verdiepingshoge gevel met mechanische ventilatie is ontwikkeld. 

Vergelijkingen tussen de metingen en de simulaties tonen aan dat het CFD model geschikt 

bevonden is voor het voorspellen van de metingen, binnen een bepaalde bandbreedte. 

Deze bandbreedte wordt hoofdzakelijk veroorzaakt door grote fluctuaties in de metingen. 

Een gevolg hiervan is dat het tweedimensionale simulatiemodel niet toereikend is voor het 

verschaffen van kwalitatieve resultaten, hoewel de tendens en een zekere orde van grootte 

van de stroming wel goed zichtbaar is. 

Omdat de stroming een driedimensionaal karakter lijkt te hebben, is tevens een 

driedimensionaal model ontwikkeld. Toch tonen de driedimensionale simulaties geen 

wervels in de derde richting. Er kan geconcludeerd worden dat het derde doel gedeeltelijk 

gehaald is. De twee- en driedimensionale modellen kunnen de complexe luchtstroming 

kwalitatief voorspellen, maar niet kwantitatief. De berekeningen zijn statisch uitgevoerd, 

voor toekomstig onderzoek is het aan te bevelen om de simulaties dynamisch te herhalen, 

wellicht dat er dan wervels in de derde dimensie zichtbaar worden. 

Een andere conclusie is die getrokken kan worden naar aanleiding van dit onderzoek is dat 

er gedetailleerde informatie benodigd is om goed inzicht in het gedrag van een gevel te 

verkrijgen . De metingen tonen aan dat de randvoorwaarden (bijvoorbeeld de afmetingen 

en de positie van de inlaat) een zeer grote invloed hebben op het stromingspatroon in de 

gevel. 

Dit onderzoek heeft meer inzicht verschaft in het gedrag van de isotherme luchtstroming in 

actieve gevels. Het voorziet in een aanzet voor een numeriek model dat de luchtstroming 

in de spouw van de gevel kan voorspellen. Inzicht in het gedrag van actieve gevels is 

benodigd om de prestatie van de gevels in praktijksituaties te kunnen voorspellen. 

Veelgenoemde voordelen als hoge energiebesparingen, uitstekend thermisch comfort en 

het benutten van zonne-energie, kunnen dan op basis van CFD onderbouwd of verworpen 

worden. 
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NOMENCLATURE 

Roman symbols 

b 

Cl-' 

d 

k 

k 

L 

p 

q 

s 

T 

U, V, W 

u 
Uo 

Um 

u* 

-
V 

v 
V 

y 

y+ 

Y112 

x, y, z 

slot height 

empirically determined constant ( c,, =0,09) 

width of the interrogation area 

airflow rate 

turbulent kinetic energy 

thermal conductivity 

characteristic length scale of the flow 

pressure 

heat flux 

the 'object: image' scale factor 

time 

temperature 

instantaneous x-, y-, z-components of the velocity 

characteristic velocity 

velocity of the jet at exit 

maximum velocity 

friction velocity 

fluid velocity in dimensionless farm 

instantaneous velocity vector 

mean velocity vector 

mean velocity 

distance from the wal I to the center of the first cell 

dimensionless distance from the wall 

distance to the point where U corresponds to 112 · Um 

cartesian coordinates in three directions 

Greek symbols 

E rate of dissipation of turbulent kinetic energy 

K Von Karman constant (K =0.41) 

f.l dynamic viscosity 

,; loss coefficient 

p density 

'w wall shear stress 

V kinematic viscosity 

(m) 

(-) 

(pixels) 

(m3/h) 

(m2/s2) 

(W/mK) 

(m) 

(Pa) 

(W/m 3
) 

(-) 

(s) 

(K) 

(m/s) 

(m/s) 

(m/s) 

(m/s) 

(m/s) 

(-) 

(m/s) 

(m/s) 

(m/s) 

(m) 

(-) 

(m) 

(m) 

(m2/s3) 

(-) 

(kg/ms) 

(Pa·h2/m6
) 

(kg/m3) 

(Pa) 

(m2/s) 
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CHAPTER 1. INTRODUCTION 

1.1. Problem statement 

In the past decades active facades have established themselves as popular and prestigious 

design aspects, claiming improvements in thermal comfort, acoustical comfort and energy 

consumption. Active facades consist of two (often glazed) panes, with an air cavity, where 

air flows through, in between. The cavity often employs sun shading devices and the air 

moves between the inner and outer glass membranes. Many designers support the use of 

ventilated transparent facades, claiming advantages such as energy savings and improved 

indoor comfort conditions. Unfortunately this is not always true [Oesterle et al, 2001; 

Saelens, 2002]. 

The first studies on active facades, in the appearance of airflow windows, were done in 

Scandinavia in the 1950's. The driving force behind this research was the reduction of 

energy consumption and impravement of the indoor thermal comfort. This research was 

expanded during the energy crisis in the 1970's. Suddenly, energy-efficiency and thermal 

comfort also became issues in the rest of Europe. Mechanically ventilated facades were 

increasingly implemented in buildings, in order to reduce the transmission losses in the 

winter and minimize solar gains in the summer [Saelens, 2002]. 

The shortcomings of these early glazed facades (e.g. poorthermal insulation and a lack of 

solar protection) lead to criticism. The wasteful operation of air conditioning systems in 

fully glazed buildings lead to high energy consumptions. The development of improved 

transparent facades has been mainly of economical interest for a long period of time . With 

an impravement of thermal comfort, the useable space in buildings could be improved. 

Only in the last fifteen years there has also been an environmental drive. 

The investment costs of an active facade are 25% higher, compared to a traditional 

solution, according to Oesterle et al. (2001). Konradt et al. (1999) mention an increase of 

60% to 90%. These investment costs should be offset by a reduction of operational costs 

by a lower energy demand or an impravement of the other performances. Oesterle et al. 

(2001) and Konradt et al. (1999) both conclude that it is possible to reduce the operational 

costs with the use of natural ventilated active facades. Although, this reduction does not 

offset the investment costs. A more recent study of Saelens (2002) partially confirms this. 

Saelens (2002) stated that most active facades don't show a reduction of the annual 

energy consumption for heating and cooling. However an active facade can be 

economically feasible, when the design and local elirnatic conditions are in interact with 

each other. A Life Cycle Analysis (LCA) is needed for each individual case to know if it is 

also environmentally feasible. The architect and the building physics engineer need to 

closely work together to build a functional design. The main advantage of active facades 
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nowadays is the possibility of applying flexible external shading devices and in some cases 

being able to open windows at great heights. 

One can deduce, from the previous paragraphs, that a standard design of an active facade 

is nat possible . The performance of the facade mainly depends on the airflow in the facade 

which is influenced by situation-specific factors (e .g. indoor climate, outdoor climate, solar 

gains, usage of the indoor space, etc.). The airflow influences the energy consumption and 

the comfort conditions near the facade. Designers and their clients want to know in an 

early stage, whether a certain design is economically feasible or nat. Carrying out 

experimental research each time a facade wiJl be applied is toa expensive. The need for a 

numerical model is present. Realistic predictions of the performance of the facade, 

obtained from numerical modelling, can help designers to make correct design decisions in 

an early design stage and can help to evaluate the performance of existing facades. 

1.2. Aim and methodology 

1.2.1. Aim 

The overall goal of this thesis is to perfarm an experimental and numerical study on the 

airflow in a mechanically ventilated one-storey-high active facade. The experimental data 

can be of use for other researchers to validate their models. The simulation model that is 

developed can be used to predict the airflow in an active facade and can be employed in 

performance studies . The study has three objectives: 

1. Obtaining accurate measurement results for a basic situation; a symmetrie case and for 

several variations on this base case. 

2. Camparing the capability of different measurement techniques for the case studied . The 

two used measurement techniques are PIV (Particle Image Velocimetry) and HFA (hot-film 

anemometry) . Hereby the influence of some PIV measurement setup parameters is also 

investigated . 

3. Validating a CFD approach to simulate the airflow in the facade. Hereby it is desired to 

assess turbulence model performance and to study the importance of the inlet conditions. 

1.2.2. Hethad 

Experimental data are obtained by performing PIV and HFA measurements. In the past, 

PIV has proven to be very accurate for several flow problems. The advantage of PIV 

compared to HFA is that it measures the velocity pattern in a plane, while a hot-film 

anemometer can only measure at the position where it is physically placed . 

Computational Fluid Dynamics (CFD) (Fiuent 6.2 .16) was selected as computer rnadelling 

tooi, because CFD has been proven to resolve the airflow for similar problems properly 

[Saelens, 2002; Manz, 2004; Safer, 2004]. 

The measurements for this research are performed at the Royal Military Academy in 

Brussels. The one-storey-high facade is mechanically ventilated, with a fan at the top . The 
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facade is placed indoor with no temperature differences over the facade. Ten heights are 

measured with PIV. The first seven positions cover the height from the inlet up to 70 cm 

above the inlet. Above 70 cm, the measurements have taken place at three positions, with 

18 cm between the positions. The HFA measurements are performed at the inlet and at 

four positions in the cavity of the facade corresponding with the PIV positions. 

CFD simulations are performed to study the capabilities of a computer model for predicting 

the airflow in an active facade. Several variabie cases are modelled. A grid sensitivity 

analysis is performed and the solutions are determined for the several cases. After CFD 

has shown to resolve the airflow at the inlet accurately, the whole facade is modelled. 

1.3. Outline of the thesis 

Chapter 2 is a review of the literature related to the subject of this research. The term 

'active facade' and the use of active facades will be clarified. 

Chapter 3 describes the experimental setup and procedure of the measurements. The 

configuration of the facade is presented and a base case and five variabie cases are 

defined . In addition the two measurement techniques that are used in this study, Partiele 

Image Velocimetry (PIV) and Hot-Film Anemometry (HFA) are described. 

Chapter 4 shows the measurement results of the several cases. The HFA measurement 

results are compared with the PIV results . Several graphs are presented to analyse the 

behaviour of the airflow in the facade. 

Chapter 5 includes some general theory to clarify the numerical parts of the thesis. It 

provides a background for the methodology of the research. In addition, some key terms 

that are used extensively throughout chapter 6 en 7 are defined. 

Chapter 6 describes the verification and validatien of Computational Fluid Dynamics {CFD). 

Two validatien cases, with similar features as the inlet of the facade, are described and 

simulated. The results are discussed and used for the CFD simulations of the facade . 

In chapter 7 the CFD simulations are described. Two-dimensional and three-dimensional 

models are described. Several variants are simulated and compared with the measurement 

results. 

Chapter 8 contains the general conclusions and recommendations for future work. 
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CHAPTER 2. LITERATURE REVIEW 

2.1. Introduetion 

This chapter presents a literature review on airflow in active facades. First, the term 'active 

facade' will be explained and the application of active facades within the modern 

architecture will be discussed. Second, a short summary of previous research done in this 

field is given. A distinction has been made between experimental work and simulations. 

Finally the main conclusions, obtained from literature, are reported. 

2.2. Active facades 

2.2.1. Definition 

Active facades are characterized by two planes, that are separated by a cavity, through 

which air flows. The cavity can be used to place shading devices. The cavity in active 

envelopes is mechanically or naturally ventilated, or a combination of bath, referred to as 

hybrid . A typical cross-section of an active facade is shown in Figure 2.1. 

5 

1 ~ 1. exterior cavity surface 

2. interior cavity surface 

exterior 3. cavity with airflow 

5 4. cavity devices 

5. ventilation apertures 

6. return duet 

a. naturally ventilated facade b. mechanically ventilated facade 

Figure 2.1. Examples of cross-sections of two one-storey-high active facades; a naturally (left) and a 

mechanically ventilated facade (right). Adapted from Saelens, 2002. 

The airflow in mechanically ventilated active envelopes is generally more controllable than 

in naturally ventilated variants. The air channel is designed to diminish overheating 

problems in the summer and contribute to energy savings in the winter [Saelens, 2002]. 

According to the Belgian Building Research Institute [BBRI, 2002]: "An active facade is a 

facade covering one or several storeys constructed with multiple glazed skins. The skins 

17 



can be air tighten or nat. In this kind of facade, the air cavity situated between the skins is 

naturally or mechanically ventilated. The air cavity venti/ation strategy may vary with the 

time. Devices and systems are generally integrated in order to imprave the indoor elimate 

with active or passive techniques. Most of the time such systems are managed in semi 

automatic way via control systems." 

The definition of the active facade includes three main elements: (1) the envelope 

construction, (2) the transparency of the beunding surfaces and (3) the cavity airflow 

[Saelens, 2002]. 

Figure 2.2 . One-storey-high 

active facade, mechanically 

ventilated with indoor air. 

Source: BBRI, 2002. 

Figure 2.3. One-storey-high 

active facade, mechanically 

venti/ated with outdoor air. 

Source: BBRI, 2002. 

Figure 2.4. Multi-storey active 

facade, mechanically 

ventilated with outdoor air. 

Source: BBRI, 2002. 

Active facades are also called double skin facades, second skin facades or elirnatic facades. 

In this thesis the term 'active facade' will be used. Sametimes the different names refer to 

the same type of facade, however they can also refer to a facade, with a different 

structural and/or ventilation system. The characteristic they have in common is the use of 

a elirnatic cantrolling system in the facade. The term 'active' refers to this common feature. 

2.2.2. Typology 

A number of possibilities exist to construct active facades. In the Figures 2.2, 2.3 and 2.4 

three types are shown. Saelens (2002) uses three parameters to adequately characterize 

· the major werking principle of an active facade: (1) the origin of the airflow, (2) the 

driving force of the airflow, (3) the facade compartmentalization . 

1. The origin of the airflow 

The airflow origin is an important characteristic because it largely influences the eventual 

average cavity temperature. Three airflow concepts are possible [Park et al., 1989] : 
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a) supply; outside air flows through the cavity into the building. 

b) exhaust; inside air flows through the cavity to the outside. 

c) air curtain; the air leaves the cavity at the same side it came in, there is no air 

exchange between the inside and outside through the active facade. There are two 

possibilities; an indoor air curtain and an outdoor air curtain. 

This results in four ventilation modes, see Figure 2.5: 

1) Outdoor air curtain (airflow concept c) 

2) Indoor air curtain (airflow concept c) 

3) Air supply ( airflow concept a) 

4) Air exhaust (airflow concept b) 

The BBRI (2002) even distinguishes a fifth ventilation mode: 

5) Air buffer 

In this fifth situation, there is no intended airflow in the cavity, the cavity just functions as 

a buffer between the outdoor elimate and the indoor environment. However convective 

rotational flow in the cavity is possible. 

; - 1\ \ ~-- ;--r-

' ' ~ ( 

OUT IN OUT IN OUT IN OUT IN OUT IN 

-- --- --- --- ---
1 2 3 4 5 

Figure 2.5. Five types of venti/ation principles. Source: BBRI, 2002. 

The ventilation mode refers to the origin and the direction of the air in the cavity. The air 

can also flow in the other direction, than indicated in Figure 2.5, but the most commonly 

used methad is an upward stream of air. 

2. The driving force of the airflow 

The driving force of the ventilation can be either, mechanica!, natural of a combination of 

bath. This force determines the continuity and controllability of the airflow. Usually, 

mechanically ventilated facades are incorporated in the HVAC-system (Heating, Ventilating 

and Air Conditioning) of the building and are more controllable than their natural 

couterparts. The driving farces behind naturally ventilated active facades are thermal 

buoyancy and wind pressure. As a result the airflow rate depends on the elirnatic 

conditions. 
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In this research mechanically ventilated facades are studied, because of the earlier 

mentioned controllability. 

3. The facade compartmentalization 

The third characterizing component is the facade compartmentalization. The facade can 

extend over the entire height and width of the building, but it can also be divided into 

smaller units. According to Saelens (2002) the facade is called a shaft facade when the 

partitioning consists of vertical ducts. If the facade is partitioned horizontally, usually the 

term corridor facade is employed. If the facade is both horizontally and vertically 

subdivided, the active facade is called a window or box. 

2.2.3. History 

In the introduetion (chapter 1) it was stated that the first studies on active facades were 

done in Scandinavia around 1950. The active facades have arisen from of the box-type 

windows of old farm houses (Figure 2.6). These kind of windows can still be found in 

Central Europe. They are constructed in such a way that in summer, the inner casements 

can be opened and the outer layer of glazing removed. This allows the building skin to 

adapt to the seasonal elirnatic conditions [Oesterle et al, 2001]. 

Figure 2.6. 0/d farmhouse with box-type window in Mürren, Switzerland. Source: Oesterle et al., 

2001. 

At the end of the 1950's, the double glazed window was developed, based on the box 

window [Oesterle et al, 2001]. It has readopted the old box window tradition of creating a 

thermal buffer with glazed skins. The main difference, between the box window and the 

double glazed window, was that the inner and outer casements, in the double glazed 

window, were mechanically connected. Only one window frame was necessary instead of 

two. In the 1970's the box window and composite forms were largely dispelled, due to the 

development of insulating double glazing elements. In the days of the oil crises, there was 
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an increased interest in energy savings and environmental protection. Encouraged by the 

growing environmental and economical awareness, which resulted in a higher demand for 

well insulated products, the building material industry developed glazing with improved 

thermal insuiatien values [Oesterle et al, 2001]. 

2.2.4. Use of active facades 

Active facades are nowadays often used in office buildings. They are an alternative for HR+ 

glazing and outer shading devices in high office buildings. Due to, for instanee high wind 

speeds, shading devices can not be applied at these heights. The glass and transparency of 

an active facade evoke a fashionable, high-tech building image (see Figure 2.7 and 2.8). 

The facade avoids the need for an external shading device, which would have a negative 

effect on the desired appearance. In addition, it is often said that active facades yield high 

energy savings, high acoustical performance, the sheltering from urban pollution, excellent 

thermal comfort and the possibility of integrating natura! ventilation . Also, their capability 

for solar energy utilization and solar control are regularly put forward as important 

advantages [Saelens, 2002]. However the improved thermal comfort of active facades can 

nowadays also be achieved with high insulated double glazing . And the ether advantages 

are often not possible or not achieved. 

Figure 2. 7 and 2.8. Kennedytoren in Eindhoven, The Netherlands. Sou ree: www.skylinecity.info 

The active facade needs to be carefully designed, because of its complexity and necessity 

to adapt to different elirnatic conditions. Active facades that are incorrectly applied, can 
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lead to buildings with high energy consumptions and correspondingly high emissions of 

pollutants. The reasans why it has been applied are than easily nullified. 

However successful application of active facades may offer significant advantages. A lot of 

these advantages depend on the behaviour of the airflow in the cavity of the facade (e.g. 

the energy savings can only be reached if the system behaves similar to how it was 

intended). It is important to study this airflow in order to fulfil the nowadays requirements. 

Nevertheless, some advantages are questionable and may even conflict with each other 

(e.g. natura! ventilation versus high acoustical performance) [Saelens, 2002]. 

2.3. Previous studies on active facades 

In this paragraph the different studies, concerning airflow in active facades, which are 

found in literature, will be discussed. There are a lot of different opinions about the 

performance of active facades. The optima! active facade lowers the heating demand in the 

winter and lowers the cooling demand in the summer. The concept of active facades is 

complicated and their use and function affect different parameters of the building (that 

often may interact with each other, e.g. daylight, natural ventilation, indoor air quality, 

acoustics, thermal and visual comfort, energy use etc.). Therefore, relevant literature can 

be found in different fields. 

In the cases where measurements are carried out, two type of measurements can be 

found; (1) field experiments and (2) Iabaratory measurements. Most field experiments 

concern buildings with naturally ventilated active facades. The field studies are used to 

become acquainted with the complex physical phenomena that occur in active facades. 

Because the airflow in a facade of a building is influenced by many factors, researchers 

a lso studied the airflow in a controlled situation, in a model in the Iabaratory. Simulations 

are carried outfora more theoretica! approach. 

2.3.1. Measurements 

The two types of measurements are presented he re. ZiJier ( 1996) has performed 

Iabaratory measurements and Oesterle et al. (2001) have performed field experiments. 

Ziller (1996) describes a Iabaratory experiment on a concept of the active facade system 

(here also called twin-face facade) of the Debis building for the Daimler-Benz Project at the 

Potsdamer Platz in Berlin. " .. .in model tests the venti/ation rate of the planned twin-face 

facade is investigated by simulating the thermal forces governing the phenomenon of 

natura/ ventilation ... " in the laboratory. "Ventilation rates for different flap configurations 

of the outer facade and different window openings are given. The investigations are 

showing that natura/ venti/ation of the rooms even in cases of extreme winds or high 

safarization can be realized." With the results of the model tests and the elimate data of 

Berlin it is possible to evaluate the time when the active facade system can be used for the 
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room ventilation . Ziller (1996) demonstrated that the time of operating the air conditioning 

plant can be decreased to a few weeks per year. As a consequence the energy 

consumption of the planned building is decreased significantly [Ziller, 1996]. 

Oesterle et al. (2001) have performed an extensive study on active facades. They mention 

that an active facade can save energy, but the amount of savings is often assessed wrong. 

Oesterle et al. (2001) present field experiment data of the Debis Headquarters . They also 

discusses the DB Cargo administration building in Mainz and the Gladbacher Bank in 

Mönchengladbach . The latter bu ilding shows "that even with a double-skin facade, the air 

supply for occupied rooms can be guaranteed entirely by natura/ means, provided the 

building physicists and aerophysicists follow the right concepts, and the internal heat loads 

occurring during u se are not too great." 

The DB cargo administration building shows that under conditions of diffuse sunlight, the 

temperature in the intermediate space follows the same pattern as the external 

temperature without the space heating up significantly. The active facade attenuates the 

external climatic influences. 

Both studies show that energy savings can be realized, although Oesterle et al. mention 

that the amount of savings is not large. Nevertheless an active facade will always perform 

less in the summer than a traditional facade with outer shading devices, because a 

traditional facade keeps the heat completely outside. 

2.3.2. Simulations 

Hensen et al. (2002) explain that the airflow has demonstrated to be "an important aspect 

of building/plant performance assessment" however "the sophistication of its treatment in 

many rnadelling systems has tended to lag behind the treatment applied to the other 

important energy flow paths. The principal reason for this would appear to be the inherent 

computational difficulties and the lack of sufficient data. " 

Hensen et al. (2002) show the advantages of an active facade in terms of reducing the 

cooling load of the adjacent zones especially on the lower floors of a high rise building. 

Coupling an active facade to a natura! or hybrid ventilation system is common, but 

represents challenges. These challenges are due to temperature and airflow fluctuations in 

the facade construction. Hensen et al. (2002) state that: "The airflow is nat only highly 

erratic in magnitude, but can even take place in reversed direction. " 

2.3.3. Comparisons between measurements and simulations 

Manz (2004) has studied airflow patterns and therm al behaviour of mechanically ventilated 

active facades in summertime. A procedure for modelling such facades, comprising a 

speetral optie al and computational fluid dynamics model, is described and applied. The 

numerical results are compared with data derived from an experimental investigation of 

two mechanically ventilated active facades built in an outdoor test facility. One type of 

facade has the air supply at the bottom and the air exhaust at the top (facade A), the 
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other type has the supply at the top and the exhaust at the bottorn (facade B) (see Figure 

2 .9) . 
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Figure 2. 9. Vertical sections of facades A en B show the out/i nes of the two-dimensional model of 

Manz (dimensions in meters). Source: Manz, 2004. 

Manz (2004) concludes that facade A is superior to facade B in terms of thermal comfort 

during summertime. However, determining the level of thermal comfort is complex: " ... an 

overall analysis of thermal comfort in a specific room during summertime has to take into 

account parameters such as room air temperature, room surface temperatures and angle 

factors, air speed etc in order to determine the Predicted Mean Vote (PMV) and Predicted 

Percentage of Dissatisfied (PPD)". The total solar energy absorbed in the active facade is 

removed efficiently by mechanica! ventilation. The solar transmittance of facade B was 

much higher. The solar energy flow into the room is influenced substantially by the 

position of the shading device. The study shows furthermore that " .. . the airflow patterns 

are highly influenced by the boundary conditions. In genera/, the airflow patterns are much 

more complex than postulated by the piston-flow assumption in simpte analytica/ models. 

A change in the orientation of the toreed flow relative to the gravitational field can 

influence the total solar energy gain of the room substantially. A detailed analysis of 

airflow patterns, temperature distributions and energy flows is only possible with CFD." 
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Manz (2004) is one of the few authors that has not only focussed on the energy 

performance but also looked at the thermal comfort during summertime. Unfortunately he 

has not compared the results with a traditional facade. 

Safer (2004) deals with a three-dimensional sim u lation of the airflow phenomena in a 

single-floor, mechanically ventilated, active facade equipped with a venetian blind. Safer 

(2004) has not focussed on the performance of the facade he has performed a more 

fundamental study on the airflow in the facade. His model is validated with measurements 

obtained from a model in a laboratory. He studied two cases (see Figure 2.10). The first 

case (a) has an air inlet and outlet along the whole length of the facade (supply at the 

bottam and exhaust at the top). The second case (b) has square inlet and outlet openings, 

placed respectively on the right and left side of the facade, the inlet is situated at the 

bottam and the outlet at the top. 
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Figure 2.10 Active facade geometry: case (a) and case (b) configurations of Safer. Source: Safer, 

2004. 

The influence of three parameters on the airflow development is studied: the slat angle, 

blind position and outlet position. "The blind is an obstacle to the airflow and it has 

therefore a major impact on the velocity profiles; the airflow is split in two parts. The 

distance between the blind and the external glazing has a major impact on the relative 

importance of the two parts (higher veloeities in the larger part). The influence of the slat 

tilt angles is important only in the case of the centered blind and external ventilation." 

Safer (2004) assumes that the temperature field has little influence on the airflow 

distribution in mechanically ventilated cavities (therefore he neglected the energy equation 

in his simulations), although this depends on the air speed and the temperature difference. 

A homogeneaus porous media representation is used to model the venetian blinds, in order 

to reduce the size of the numerical model. Safer (2004) concludes that "the CFD approach 
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enables accurate computations of the velocity-pressure fields inside the channel of 

ventilated double-skin facades." 

Stee and Paasen, (2003) describe different HVAC strategies for different types of active 

facade types. Their research has lead to the following conclusions: 

1. In cold periods it is more suitable to use thin cavities to limit the flow and increase the 

cavity temperature. 

2. In hot periods the active facade should work as a screen for the heat gains from 

radiation and conduction. 

They note that: "It is difficult to claim in general if the thin or the deep cavities wil/ 

perfarm better because in one case the cavity temperature and in the other case the 

temperature of the blinds wil/ be higher". 

Saelens (2002) has performed an extensive study on single-storey active facades. 

Measurements are done on naturally and mechanically ventilated facades. The field 

experiments were partially controlled and showed that the chosen active facade type 

(active facade, airflow window and supply window) and the system settings (airflow rate, 

airflow distribution, recirculation, etc.) are of crucial importance to obtain the desired 

performances. The measurements were carried out on a set-up and provided data to 

develop and validate a numerical model. The energy performance was evaluated by 

implementing a numerical model into a building energy simuiatien model. 

Saelens (2002) found that, "the agreement between the measurements and the 

simulations is good for the mechanica/ flow active envelope, but less so for the natura/ flow 

variant. Compared to the traditional cladding solution, active envelopes proved to have 

lower transmission losses but higher transmission ga ins." The energy performance study 

should not only focus on the transmission gains and losses, it is important to also study 

the enthalpy change of the cavity air. The reduction in energy is partially cancelled by the 

extra electricity consumption of the air conditioning equipment and depends strongly on 

the way cavity air is used, however "the simulations show that by using active facades it is 

possible to imprave some components of the overall building's energy use. Unfortunately, 

most typologies are incapable of lowering the heating and coating demand simultaneously. 

Only by combining typologies or changing the system settings according to the particu/ar 

situation, an overall impravement over the traditional insulated g/azing unit with exterior 

shading is possible." 

Saelens (2002) recognizes the shortcomings of the present active facades. The facades 

have to imprave the performance during wintertime as wellas during summertime. 

As mentioned before, there is an ongoing discussion about the performance of active 

facades. In the past active facades were applied to imprave the thermal comfort for the 

occupants. In the lasts decades it is aften claimed that these facades also reduce the 
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energy consumption. Attempts have been made to design active facades that reduce the 

energy consumption, but it is not evident that all active facades will automatically reduce 

the energy demand of the building. The above studies show that some authors (Ziller, 

1996 and Oesterle et al., 2001) claim energy savings due to active facades, while other 

authors are critica I (Saelens, 2002) a bout the energy savings that can be obtained. In the 

winter energy losses through the facade can be minimized. To be economically and 

environmentally feasible active facades should also minimise the extra cooling laad in the 

summer. Saelens (2005) showed that in the summer active facades with sun shading 

devices in the cavity will demand higher cooling loads than traditional facades with outer 

sun shading devices. This discussion about the performance is still going on, because the 

performance depends on many factors (e.g. orientation, elirnatic condition, interior space 

behind the facade, etc.). The above study has showed that the performance of an active 

facade needs to be investigated for each individual case, because a good energy 

performance is disputable. 

2.4. Condusion 

In literature, the most commonly mentioned advantages are energy related. Active facades 

can reduce the transmission losses and it offers the possibility of reeavering the 

transmission losses by the airflow. By applying an active facade, the energy demand for 

elirnatic regulations can decrease. In addition, the cavity provides shelter for the shading 

device and can remave the absorbed solar heat, this is mainly effective during summer 

time. However the performance of active facades during summertime is still worse than 

the performance of a traditional facade with outer shading devices. 

It is stated that research on active facades has mainly focused on the airflow in the cavity 

of the facade, because the airflow plays an important role in the overall performance of the 

facade. Important parameters for the airflow are the width and the height of the cavity, 

the size of the inlet and the positioning of the shading devices. The extent of the energy 

saving depends on the specific situation, it differs for each case. 

This research will add (more) accurate measurement data to this topic. It will provide more 

insight in the behaviour of active facades. Previous studies have shown that this 

understanding is necessary to reduce the energy consumption. In addition, this study 

provides an onset towards an appropriate CFD model, to predict future air flows in active 

facades. 
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CHAPTER 3. EXPERIMENTAL SETUP AND PROCEDURE 

3.1. Introduetion 

This chapter reports the experimental setup and procedure of the measurements. A one

storey high active facade is tested under isothermal conditions. The measurements are 

carried out in a controlled environment at the Royal Military Academy in Brussels. In this 

chapter the configuration of the facade is described, foliowed by a discussion of the 

different measurement techniques. Finally the different test cases are presented. 

3.2. Facade contiguration 

Experimental werk is done at a one-storey high active facade placed in an indoor 

environment. The facade has an inlet at the bottam and an extraction fan at the top (see 

Figure 3.1) . A mechanically ventilated facade is chosen, because these are generally more 

controllable than natura! variants . 

outlet 

fan 

main measurement 

flowmeter 

in let 

Figure 3.1 . The facade at the Royal Military Academy. 

The fan is set at 1472 rotations per minute and has 5 blades. Measurements of the air flow 

rate for different fan settings have shown that the maximum variatien of the airflow rate is 

5 m3/h, with an average of 186 m3/h. The maximum variatien is defined as the difference 
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between the maximum/minimum value and the average value. This maximum variation is 

applicable when the fan operates at the maximum rate per minute. The facade has two 

inlets along its wider sides. The left inlet has an average height of 57 mm, t he right inlet is 

49 mm high on average. The width of the facade is 300 mm, the length is 1300 mm. The 

vertical distance between the inlet and the outlet is almast 3000 mm. 

Three walls of the facade are made of plexiglass, one side is closed with plywood. The 

transparency is necessary for the PIV measurements, otherwise the laser can not 

illuminate a target area and the camera can not record it. The honeycomb just above the 

transparent part of the facade is placed to attenuate the eddies caused by the fan and the 

contractions. An elevation of the floor was necessary to minimize the amount of 

connections, with possible chinks, in the facade. In addition the measurement equipment 

was not able to reach till the bottam of t he facade in the orig inal situation. This elevated 

floor wil I be called the artificial floor throughout the thesis. 
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Figure 3.2. Cross-sections of the facade at the Roya/ Military Academy in Brussels. 

30 

fan 

honeycomb 

PIV 

measurement 

areas 

in/et 

artificial 

floor 



3.3. Measurement techniques 

Measurements are carried out with partiele image velocimetry (PIV) and hot-film 

anemometry (HFA). In the paragraphs below these measurement techniques will be 

descri bed. 

3.3.1. Partiele Image Velocimetry 

The major part of the experimental work in this research is carried out with the PIV 

technique. PIV is a whoie-flow-field technique providing air veloeities in a 2D test section. 

A target area in the test section is illuminated by a light sheet of a powerful laser. Small 

particles (seeding) are introduced in the flow. A high-speed camera takes photos of these 

particles from which two components of the air velocity are calculated. The information 

used for this paragraph is obtained from Dantee Dynamics (2000), unless otherwise 

specified. 
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Figure 3.3. PIV data processing with Flowmap. Source: Dantee Dynamics, 2000. 

The PIV process is graphically displayed in Figure 3.3. Particles, known as seeding, are 

suspended in the flow. The high-speed camera takes two images at a user-defined 

interval. The particles that are illuminated by a light sheet of the laser, give a light pulse. 

The light pulses from one light sheet, are captured on a separate image on a specific 

device, called CCD (Charge Coupled Device). 

Because it is not possible to track individual particles, a statistica! analysis is required. The 

images of a recorded sequence of two light pulses are therefore divided into small 

rectangular subsections, called interrogation areas (IA). The interrogation areas from each 
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image frame (1 1 and 12 in Figure 3.3) are correlated to produce an average displacement 

vector. The correlation produces a signal peak, identifying the common partiele 

displacement. This correlation is carried out for all interrogation areas. The result is a 

vector map of average partiele displacements. A good signal peak can only be obtained by 

sufficient suspended particles in the flow. Any partiele that scatters enough light to be 

captured by the CCD camera can be used. Generally a minimum of 5 particles per 

interrogation area is recommended to achieve reasanabie results using the cross

correlation technique. 

In this study a special farm of the statistica! technique of cross-correlation, adaptive 

correlation, is chosen to estimate the displacement. The software used for the correlations, 

is called FlowMap and is produced by Dantee Dynamics. It describes adaptive correlation as 

a technique that " ... relies on a multi-pass algorithm performing multiple cross-correlation 

calculations whereby in each pass the results from the previous pass are used to imprave 

the accuracy of the next calculation. The first pass of adaptive correlation is a conventional 

cross-correlation calculation, but in the second pass the interrogation areas on the second 

frame are offset relative to the corresponding interrogation areas on camera frame one. 

Results from the first pass are used to determine how much interrogation areas on camera 

frame two should be moved. It gives improved spatial resolution and dynamic range over 

traditional cross-correlation methodology" [Dantec Dynamics, 2000]. This correlation 

technique increases the accuracy of the aften used cross-correlation. 

Adaptive correlation is a measure of similarity of two signals, in this case two image maps. 

Within the interrogation areas of these images there will be a spatial shift of seeding 

particles from one image to its counterpart on the second image. The light intensity of 

frame one at time t, added with the spatial shifting function and some noise, results in a 

certain light intensity of frame two at time t+t.t. The cross-correlation process matches 

these patterns and determines the best displacement to shift the first area to overlap the 

second area. A high cross-correlation peak value is observed, where many particles match 

with their corresponding spatially shifted partners. The highest correlation peak represents 

the best match between the particles on the first image and the second image. The 

location of this peak relative to the centre of the plane then corresponds to the average 

partiele displacement. To efficiently compute the correlation plane, Fourier transfarm 

processing is used in PIV. 

The two velocity components are derived from sub-sections of the target area in the 

particle-seeded flow, by measuring the distance travelled by particles between two light 

pulses (a known time interval): 

/).)( 
V=-

f"lt 
(3.1) 
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So it is not actually the velocity of the flow that is measured in PIV, but the velocity of the 

particles in the flow. 

The cross-correlation process is done for each interrogation area over the two image 

frames. As a result a velocity vector map is obtained . Particles which travel further than 

the size of the interrogation area, within the time interval, are loss of velocity information, 

because they cannot be correlated. This causes some noise in the correlation process. The 

highest measurable velocity is therefore constrained by the size of the interrogation area . 

However a maximum partiele displacement of V4 of the length of the window is 

recommended, to ensure a reasonable signal-to-noise ratio. With a large number of 

seeding particles, there will be many true correlations (a high cross correlation value) 

ensuring a high signal-to-noise ratio. 

The size of one image map is 1344 x 1024 pixels. The initial size of the interrogation area 

is 64 x 64 pixels and the final interrogation area is 16 x 16 pixels. To obtain reasonable 

veetors at the boundary of the interrogation areas, it is recommended to overlap 

interrogation areas. The overlap between the interrogation areas is set at 50%. The 

information not used in one interrogation area will thus be used in a different interrogation 

area, which partly overlaps the first. Overlapping interrogation areas increases the chance 

that all partiele pairs are completely within at least one interrogation area. 

Figure 3.4. Partiele image map. 

To reduce the noise that is still present after the cross-correlation, a moving average filter 

is applied to the raw vector map. This filter substitutes each vector with the uniformly 

weighted average of the veetors in a neighbourhood of a specified size. Only veetors that 

are available (i.e. not rejected, outside or disabled) are used in the calculation of the 

average vector. 

The PIV method is based on the assumption that smal I particles follow the airflow. They 

are desired in order to achieve sufficient image contrast. In gas flows the supply of 
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particles is aften critica! for the quality and feasibility of the PIV measurements. Different 

types of seeding are used depending on the nature of the flow. The choice for a certain 

seeding concerns the possible darnaging risk for the other equipment in the Iabaratory and 

also the health of the researchers, when they have to breath seeded air. The particles used 

in this study consist of olive oil. Olive oil has the advantage that it is not very harmful for 

the other equipment in the laboratory. In addition olive oil has a relatively low density. 

Th is low density is required to justify the assumption that the particles follow the airflow. 

For the quality of the particles it is necessary to inject the particles into the air of the room 

shortly befare measurements started and not to far away from the test section. The 

injection has to be done carefully without significantly disturbing the flow, but in a way and 

at a location that ensures homogenous distribution of the seeding in the test section. At 

the Royal Military Academy olive oil is vaporized by a PIV partiele generator (Figure 3.5). It 

generates tiny dropiets of oil by pressurized air. The advantage of the partiele generator is 

the relative small variation in partiele size. The average partiele size used for this 

experiment is 1 1Jm (see appendix C). 

Figure 3.5. The PIV partiele generator. 

To ensure a 95% probability of the calculated vector being valid, the acceptable velocity 

gradients should be lower than 0.03: 

(3.2) 

Where 

löül = the maximum deviation from the average velocity within the interrogation area(m/s) 

M = the time between the pulses of the light-sheet (IJS) 
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S = the 'object: image' scale factor 

d1 = width of the first interrogation area (pixels) 

In the measurements, the scale factor is set between 19 and 21. The time between the 

light pulses is set at 150 IJS and the width of the first interrogation area is 64 pixels. As a 

consequence the maximum deviation of the average velocity may not exceed 0.24 m/s. It 

is very likely that in these measurements this value has not been surpassed, since the 

average value lies around 0.25 m/s. It can be concluded that the correlation has a validity 

of 95%. In order to obtain an accuracy within 5% for all the measurements, a minimum of 

5 particles per interrogation area is necessary. This amount is amply obtained in the 

measurements. 

3.3.2. Thermal anemometry 

Thermal anemometry is a common methad to measure instantaneous fluid velocity. The 

sensor, a thin metal wire or film, is heated by an electrical current. The technique depends 

on the convective heat loss to the surrounding fluid. The heat loss is a measure of the fluid 

velocity. When the fluid velocity varies, the heat loss varies. Thermal anemometry is a 

very straightforward technique. The probes are relatively small to minimize the influence 

on the airflow pattern and have excellent frequency response characteristics. 

In this technique there are two commonly used sensors, hot-wires and hot-films. They 

differ in the conducting material that is used. Hot-wire sensors consist of resistance wire 

and are circular in cross-section. Hot-film sensors are made of a thin layer of conducting 

material (typically a platinum thin film) that is deposited on a non-conducting substrate 

(aften quartz). Hot-film sensors can have variabie cross-sections [TSI, 2007]. Most of 

these sensors are operated as a 'constant temperature anemometer', the conducting 

element is held at constant temperature. The cooling effect, caused by the airflow passing 

the element, is balanced by the electrical current to the element. 

The strength and rigidity of cylindrical hot-film sensors relative to hot-wire sensors make 

them the preferred choice for a wide range of applications, although the hot-wire sensors 

tend to have a slightly better frequency response. Therefore in this study a general 

purpose film sensor is used (TSI type 1210-20W). 

The maximum sensor operating temperature is 67°C. The room temperature during the 

measurements is about 20°C. The relatively low temperature difference between operating 

temperature and room temperature prevents air movements caused by the heat of the 

film. The probe and its dimensions are shown in Figures 3.6 and 3.7. 
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Figure 3.6. The hot-film type 1210-20W 

of TSI placed at the in let of the facade. 

I 

conducting film 

~2.7 mm (.50) Hot Film 

, --- 38 rnm (1.50) _._ 

' . 

-3.2 mrn (.125) Dia. 4.6 rnm (.18) Dia. 

Figure 3. 7. Dimensions of the hot-film type 1210-

20W of TSI. Source: TSI. 2007 

A hot-film sensor is only capable of determining the magnitude of the velocity, therefore 

the position of the probe is important. The axis of the sensor needs to be placed 

perpendicular to the flow direction. In that position the sensor is most sensitive. A typical 

hot-film response curve to the yaw angle (angle between the probe and the actual flow 

direction) is shown below (Figure 3.8). 
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Figure 3.8. Typical hot-film response curve to yaw angle. Source: www.g.eng.cam.ac.uk, 2006. 

The figure shows that the hot-film is most sensitive to the flow direction perpendicular to 

the film. However there can be influence from some other flow directions. The accuracy of 

a hot-film sensor is generally within 5-10%, except for situations where the turbulence 

intensity is above 30% [Bottema, 1992]. Sample duration and frequency are chosen as 10 

seconds and 10,000 Hz. The frequency of 10,000 Hz was chosen to make sure that all 

possible occurring frequencies could be registered. In 10 seconds even flow patterns at 0.1 

Hz are maybe recognizable. Nevertheless, this choice is some what arbitrary. 
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3.4. Experimental procedure 

In this paragraph the experimental procedure (e.g. measurement positions, number of 

measurements, the measurement duration) are discussed . Measurements are done over 

the width of the facade, because the most interesting air movements are likely to take 

place in this plane. This plane is perpendicular to the air inlets and theoretically the flow 

can be considered two-dimensional in this plane. As mentioned in paragraph 3.3, two 

types of measurements are taken; partiele image velocimetry (PIV) and hot-film 

anemometry (HFA) . 

3.4.1. Partiele Image Velocimetry 

The PIV measurement setup is not capable of capturing the whole width of the facade at 

one time, without reducing the spatial resolution significantly . The average size of an 

image is ±164 x 125 mm, these dimensions differ slightly for each measurement. 

Therefore there are two measurement positions needed to cover the width of the facade. 

For this research, measuring the total height of the facade with PIV would be too 

extensive, since the software FlowMap is limited in processing data. After an exploratory 

measurement series, a measurement grid (shown in Figure 3.9) is built up. 
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66 cm 
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42 cm 
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30 cm 
- ---

18 cm 

1: 
6 cm 

D 

•I 

Figure 3. 9. Measurement positions over the height of the facade at the middle plane. 
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The height is defined as the distance from the top of the artificial floor to the middle of the 

measurement area. Ten positions are defined over the height of the facade. Each 

measurement series consists of 50 recordings. The basic measurement setup is almast 

symmetrical, with a two-sided inlet. In one of the variabie cases, venetian blinds are 

applied, but in this base case there are no sun shading devices applied. The airflow rate 

measured, with the flowmeter installed at the outlet of the facade (Figure 3.1) is 200 

m3/h, although the airflow rate measured at the outlet with the hot-film sensor was 186 

m3/h (the way this airflow rate is calculated is shown in paragraph 4.5). Olive oil particles 

are suspended in the flow. The important measurement parameters are shown in Table 

3.1. 

Table 3.1. Base case parameters. 
- - ·-

Variabie Application PIV measurement setup 

In let Both sides open; 11me between pulses 150 ~s 

Left: 5.7 cm; Right: 4.9 cm 
---

Blinds No blinds Number of pulses per recording 2 

Airflow 200 m3/h '"Time between recordings 266 ms 

ra te 

Seeding Olive oil Frequency 3.7 Hz 

With a time interval of 266 ms between the recordings and 50 recordings per 

measurement series the total duration of a measurement series is 13.3 seconds (see 

Figure 3.10). 

Each recording consistsof two pulses, time between the pulses is 150 ~s 

13.3 s 

266 ms 

. 1-----i~l~--1 ---tt-11-++-( --~· 1 1 11-----il - • 
5,h 7th alh gth 10'h 

Number of recordings in time 

Figure 3.10. Schematic representation of recordings and pulses in time. One measurement series 

consists of 50 recordings. 

To study the change of the flow field in time, the basic situation is also measured 3 times, 

with 65 seconds between each measurement series. Several key parameters of this basic 

situation are changed and measured. Table 3.2 summarizes the different cases that are 

investigated. 
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Table 3.2 . case descriptions. 

Case Symbol In let Bllnds Airflow rate Seedlng Frequency 

BASE 
1 CASE 2-sided No 200 m3/h Olive oil 3,7 Hz 

- -
2 _§ 1-sided No 200 m3/h Olive oil 3,7 Hz 

-. -

3 
I BLios I 
ill 2-slded Yes 200 m3/h Olive oil 3,7 Hz 

Fl 
- 1-

4 2-sided No 170 m 3/h Olive oll 3,7 Hz 

.... ... .. 

5 ~ 2-sided No 200 m3/h Smoke 3,7 Hz 

- -
6 ~ 2-sided No 200 m3/h Olive oil SHz 

- -
Each case is given a symbol (second column of Table 3.2), in which the deviant variabie is 

displayed . These symbols will be used throughout the remaining part of this thesis. 

Besides the investigated parameters, the system performance is influenced by numerous 

other parameters, e.g. the disturbance of the flow by the ventilation system of the 

laboratory or the surrounding obstacles. In this study these variables are not taken into 

account . 

3.4.2. Hot-film anemometry 

The HFA measurements are carried out for the base case situation. Veloeities are taken at 

the inlet, as well as at four positions in the facade . The following coordinate system is used 

to refer to the several positions : 
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------------------------- fan 

leftinlet 

Figure 3.11. Three-dimensional model of the facade with coordinate system. 

main measurement 

plane 

right lnlet 

artificial f loor 

The measurements at the inlet are carried out at 7 positions, this is shown in Figure 3.12. 

Only the lower part of the facade is shown. 

Figure 3.12. Hot-film anemometer measurement positions at the in/et. 

Over the height of the inlet four measurement positions are defined. The four positions are 

located at 10, 20, 30 and 40 mm above the artificial floor. Using these points a velocity 

profile can be defined. Position 1 and 3 (in Figure 3 .12) are measured in order t o verify if 

the inlet profile is uniform over the length of the facade (z-direction). Because of the 
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construction of the facade it has not always been possible to place the probe exactly 

underneath the inlet. In Figure 3.13 the deviation from the desired position is shown. 

y 

15 mm 

position nr. 

position at -60 mm 0 mm 

the x-axis 

15 mm 

G> 
150 mm 285 mm 345 mm 

x 
Figure 3.13. Hot-film anemometer vertical measurement positions at the in/et. 

In the facade, the anemometers are placed at; 18, 42, 78 and 168 cm. These heights 

correspond with the PIV positions. Over the width of the facade there are 5 measurement 

positions (see Figure 3.14). 

Position x(mm) 

a 30 

b 80 

c 150 y 

d 220 

e 270 

•-+ -- + -- •--• -
168 cm 

......... -- ... -- ... -· -
78cm 

+ -· -- + -- + -. 
42cm 

a b c d e 

- + - · -- - · __ ... - ... 
18cm 

x 

Figure 3.14. Hot-film anemometer measurement positions in the cavity of the facade. 

41 



As mentioned in paragraph 3.3 the sample duration and frequency are chosen as 10 

seconds and 10.000 Hz. To obtain a reliable average velocity, each measurement series is 

carried out 3 times. 

3.5. Postprocessing of the measurements 

HFA 

The HFA measurements consist of three measurements at one position. The average 

velocity of all three measurements is taken as the velocity at a certain position. To 

investigate the accuracy of the measurements, the standard deviation and turbulence 

intensity are also determined for all three measurements. All the results are shown in 

appendix B. The cooling effect of the hot-film, caused by the airflow passing, is 

disadvantageously influenced by a high turbulence intensity (>30%). The HFA 

measurements show the change of the velocity in time (see Figure 3.15). These results are 

used to study if a frequency can be recognized. 

0.4 

Ui" l 0.3 

.è 
ii 
o; 0.2 
> 

0.1 

0~--~----~--~----~--~ 
0 2 4 6 8 10 

time(sj 

Figure 3.15. Hot-film results of one measurement in time. 

Figure 3.15 clearly shows the change of velocity in time. The chosen frequency of 10,000 

Hz seems to be high enough. 

PIV 

In this research each PIV measurement series contains 50 data sets (Figure 3.16a). The 

average of this data is studied (Figure 3 .16b). During the postprocessing of the 

measurement data the ten highest and ten lowest average values are considered as 

outliers (Figure 3.16c). This reduces the scatter at some positions significantly. These 

outliers are eliminated from further postprocessing. This results in the fina l average value 

(Figure 3.16d). 
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b) 

. ...........................••.••• 

50 average data sets 

d) 

•••••••••••••••••••••••••••••••••• 

average result 

Figure 3.16. Graphical representation of the measurement data being averaged over the height of the 

image and obtaining the final average value. 

To investigate in which region the velocity gradient is small and thus to validate the use of 

the average velocity of one image (step 1 in Figure 3.16), several arithmetical operations 

are applied. First of all the value of the first row (bottom row) of an image is processed, 

then the successive row is added and the average is calculated. This continues until the 

average of the complete image is calculated (see Figure 3.16). When one row contains 

distinct values, the average value will be influenced perceptible. Taking the average over 

the height of the image map is not justified at every position, therefore at each position 

attention is paid to this effect. For example the veloeities at the lowest position can not be 

averaged in this way. Taking the average as presented in Figure 3.16 would result in a 

significantlossof information. 

The 30 reliable measurement data sets of one measurement series contain different 

values . The spread on the results of the 30 data sets is studied. High velocity fluctuations 

compared to the average velocity indicate a high turbulence intensity. Typically the 

turbulence intensity for high-turbulence cases is between 5% and 20% [Bottema, 1992]. 

The average velocity graph is processed to give insight in the amount of air flowing 

through the measurement plane and the distribution of the air over the width of the 

43 



facade. The airflow rate is calculated by the area under the average velocity profile of the 

vertical velocity component. This is discussed more in detail in paragraph 4.3.4. 

Theoretically, a two-dimensional flow will have the sameairflow rate at each cross-section. 

3.6. Conclusions 

When the user complies with certain conditions, PIV can be an accurate technique of 

measuring the velocity in a two-dimensional plane. This technique is applied to 6 test 

cases, in each case 10 heights are measured. At each height a series of 50 measurements 

is performed. 

HFA is an accurate method for measuring the air velocity, on the condition that the 

turbulence intensity is lower than 30%. The base case is tested at 4 heights in the cavity 

and at several positions at the inlet. The sample duration and frequency are set at 10 

seconds and 10,000 Hz. 

This chapter has also described shortly the several graphs that will be plotted to analyze 

the measurement results. In total there are 6 types of graphs plotted of the PIV 

measurements. Along with these graphs PIV and HFA measurements can be compared. 
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CHAPTER 4. MEASUREMENT RESULTS 

4.1. Introduetion 

In this chapter the focus is on the results of the experiments. First of all the results of 

infrared thermography are studied. The situation in the laboratory is expected to be 

isothermal. To investigate the validity of this assumption, some infrared thermographs are 

recorded. The measured flow pattern is described qualitatively and quantitatively. Finally 

the results are compared with relevant research results found in literature. Two objectives 

of this study are to obtain accurate measurement results and to compare the capability of 

different measurement techniques. This chapter will show if these objectives are achieved . 

4.2. Infrared thermography 

Unexpected temperature differences can cause deviant behaviour in the facade. In this 

experimental setup the facade is placed inside the laboratory. Therefore there are no 

expected temperature differences over the facade or between the supply air and exhaust 

air. In order to experimentally determine that there is no unintended vertical or horizontal 

temperature gradient over the facade, infrared thermography is applied. 

25,0'C 
25 

24 

23 

22 
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20 

19 
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Figure 4.1. Infrared thermography of the facade. 
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IThe infrared thermography is performed in the basic situation, with airflow flowing through 

the cavity of the facade. As shown in Figure 4 .1, there is no significant temperature 

difference over the facade. The few yellow spots on the metal frame of the facade in the 

upper picture, are reflections of the ceiling lights. There is no measurable temperature 

gradient over the facade. The room temperature in the Iabaratory is 20 - 21 • C during the 

measurements. Therefore, the most important variables that determine the airflow pattern 

are considered to be: 

the inlet conditions (dimensions of the inlet, 1-sided or 2-sided, position of the inlet) 

the airflow rate 

obstacles in the facade 

position of the outlet 

dimensions of the facade 

4.3. Results of the base case 

The experimental procedure described in the previous chapter is applied to six different 

test cases (Table 3.2) . In this chapter the results at four positions of the PIV measurement 

for the different cases will be presented. The results from all the other posit ions can be 

found in appendix A, where the veloeities are divided into a horizontal and vertical 

component and the resulting velocity vector. Position '18 cm' is situated just above the 

artificial floor, position '42 cm' and ' 78 cm' are situated in the middle region of the facade 

and position '168 cm' is the highest measured position (Figure 3.9). 

4.3.1. Comparison between PIV and hot-film measurements 

In order to investigate the reliability of the PIV measurements, camparisans are made with 

hot-film anemometry. These control measurements are carried out on the base case. The 

velocity is measured at four sampling heights in the cavity (18 cm, 42 cm, 78 cm and 168 

cm). Additional sampling points are placed at the inlet. These sampling points are used to 

calculate the airflow rate at the inlet and define a velocity profile over the height of the 

in let. 

On average, the velocity at the sampling points in the cavity deviates (measured with 

HFA), along the width of the facade, between 30% and 50% from the mean value. This 

deviation is defined as the difference between the maximum/minimum value and the 

average value. At the highest sampling height (168 cm), this value is a little bit lower, but 

still high. A high value indicates a high level of turbulence. At the inlet the velocity does 

not deviate more than 15% from the mean value. This is partially due to the higher mean 

value at the inlet. According to Bottema (1992), the accuracy of the hot-film sensor will 

not always be within 5-10%, at the sampling positions in the facade, because the 

turbulence intensity is sametimes higher t han 30% (e.g. in the facade). Although t his level 

of accuracy might not be obtained at every position, the hot-film will still give a good 

insight in the velocity distribution in the facade. 
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Figure 4.2 compares the hot-film anemometry results with the results of PIV. The vertical 

component of the velocity vector is shown, because the hot-film technique that is used in 

this study, can not measure a direction. 
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Figure 4.2. Measurement results base case, the vertical component of the velocity vector 

is shown. PIV and hot-film results 

lo:l I CASE I 

The measured veloeities lie in the range of 0 and 0.3 m/s from position '42 cm' onwards. 

The small, unintended, difference in inlet-height causes an asymmetrical velocity profile up 

till a height of 108 cm. The leftinlet is slightly higher than the right inlet (8 mm). 

The velocity profile, especially at 168 cm, indicates that the flow has a turbulent character 

(see Figure 4.3). The flow possesses a fairly flat velocity distribution across the section of 

facade, with the result that the major part of the fluid flows at a approximately the same 

velocity. At the boundary the velocity approaches zero, this effect arises because of the 

viscosity of the fluid. 
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Figure 4.3. Difference between laminar and turbulent velocity profiles. Source: Marusic, 2007. 

The differences between PIV and the HFA measurements are caused by errors in both 

methods and the sensitivity of the hot-film sensor for airflow from other directions. The 

hot-film sensor will not only register the airflow perpendicular to the film, the film is also 

sensitive, although less, for flow from other directions. This unintended measured airflow 

(see Figure 4.4) causes higher air veloeit ies with the hot-fi lm anemometer than with the 

PIV. 

Figure 4.4. Unintended measurements of the airflow in any direction other than perpendicular. 

4.3.2. Spread on the results 

The PIV measurements are carried out 50 times at one position, from which 30 values are 

taken for the postprocessing, as mentioned in chapter 3 . The velocity fluctuates around an 

average value. The deviation is almast 0 .05 m/s from the mean value (Figure 4.5). The 

spread on the results is quite significant. Despite the considerable spread, the tendencies 

of the airflow can be observed. 
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Figure 4.5. Spread on the results of the vertical 

vector for the 30 measurements in one 

measurement series. 
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ls:l I CASE I 

Because of this high deviation and the low mean veloeities the turbulence intensity 

becomes relatively high. In the appendix only the standard deviation will be displayed. This 

parameter gives a more realistic impression of the variation. In addition the hot-film 

sensor is used to study the fluctuations in the facade, because of the good frequency 

response. No frequencies of the facade system are observed, only a harmonie frequency of 

50 Hz, originating from the power netwerk. This irregularity or randomness is one 

characteristic of turbulent flows (Figure 4 .7) . 

Streamlines 

a) Laminar b) Turbulent 

Figure 4. 7 Difference between lam i nar and turbulent flow. Source: Tennekes and Lumley, 1972. 

The Reynolds number for the airflow in the cavity of the facade lies between 1350 and 

1750. The inlet height is taken as the characteristic length and the maximum velocity at 

the inlet is taken as the characteristic velocity. This Reynolds number is about the lower 

limit of the transition zone between laminar and turbulent flow . When the Reynolds 

number is calculated for the airflow in the cavity at the highest position it has a value of 

approximately 23000 ( characteristic length is 168 cm, obtained from the highest 

measurement position and the characteristic velocity is 0,2 m/s, this is the average 

velocity at that position) . This indicates that there is a turbulent flow. However the 

boundary layer thickness is about 50 mm and this value is in closer agreement with the 

thickness of the laminar boundary layer (51 mm) than with the turbulent boundary layer 
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(85 mm) at this position. It is difficult to say whether the flow is turbulent or laminar, but 

when the standard deviations (Figure 4 .6) and the random fluctuations (no frequencies 

recognized) are studied, the airflow seems to be more turbulent than laminar. 

4.3.3. Distri bution of veloeities along the length of the facade 

To study the two-dimensionality of the airflow in the facade, the base case is measured in 

three planes (see Figure 4.8). The middle (second) plane is used for all the remaining 

measurements. The results of these three planes are shown in Figure 4.9. 

Figure 4.8. Three measurement planes in the base case. 
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Figure 4.9. Results of the first, second and third measurement plane. 

Vertical component of the velocity vector. 

r::l I CASE I 
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As shown in Figure 4 .9, the airflow pattern shows to some extent some similarities in the 

three planes. However at 168 cm, the veloeities are lower in the first measurement plane. 

At 42 cm the third plane has an almast symmetrie pattern, while the peak velocity in the 

second plane is located at approximately 200 mm and in the first plane at 250 mm. The 

different peak positions are attributed to the fact that the inlet height is not constant over 

the length of the facade. In Table 4.1 the dimensions of the inlet are shown as a function 

of the length of the facade. The second plane is located at z=650 mm, this lies between 

the rows of z=600 mm and z=700 mm, therefore they are both highlighted. 

Table 4.1. Height of the in let along the length of the facade. The positions of the first, second and 

third p/ane are marked. 

- - - -
Position at the Left inlet; x=O Right inlet; 

z-axis (mm) (mm) x=300 (mm) 

0 S6 so 
100 S7 48 

200 S7 48 First plane I 
300 S8 48 

400 S8 48 

soo S8 49 

600 S7 so 
700 S6 49 

Second plane 

800 S7 49 

900 S7 49 

1000 S7 so 
'1100 S6 so Third plane _",J 
u oo ss S1 

1300 ss S2 

The difference between the inlet heights is larger at the first plane, it is likely that this 

causes the upward stream to flow on the right-hand side. However there is also a 

difference in the third plane and the velocity profile is relatively symmetrie. These figures 

show that the flow can not be considered two-dimensional, but the second plane seems to 

be a representative plane for the airflow. This assumption is collaborated by the average 

airflow rates found in these three planes (Table 4 .2). 

Table 4.2. Comparison of the airfiow rates in the different measurement plan es. 

- --- - ---
Average airflow rate Lowest airflow rate Highest airflow rate 

(m3/h) (m 3/h) (m3/h) 

First plane 116 63 148 

Second plane 179 118 223 

Third plane 1 220 167 260 

S1 



4.3.4. Determination of the airflow rate 

The airflow rate (Ga in m3/h) at each position is calculated from: 

X= d 
Ga= 3600 .J . J v(x)dx ( 4 .1) 

X=O 

y=h 
(4 .2) Ga= 3600 · I · J v(y)dy 

Y= O 

where v( x) and v(y) are the average veloeities (m/s), I is the length of the facade (m) (in 

z-direction), x is the width of the facade (m) and y is the distance over the height of the 

inlet (m). The airflow rate in the facade (formula 4.1) is calculated in the same manner as 

it is calculated at the inlet (formula 4.2). Within one measurement plane the values differ 

significantly (see Figure 4.10). The airflow rate deviates from 118 m3/h till 223 m3/h, as a 

consequence the maximum deviation of one measurement plane is between 5% and 35% 

from the mean value . 

a) 
0

_
5 

airflow rate = 173 m 3/h 
b) 

airflow rate = 167 m3i~ 0.5 

0.4 0.4 

0.3 0.3 

E~ u- 0.2 

lij' 

El 0.2 

f8 ~ ~--
..... 0 0.11( 05 

> 
0 1'--- --,...-, --

.~a 
0.1 -....."" vo ., 

> 
0 

-0.1 -0.1 

-0.2 -0.2 

0 50 1 00 150 200 250 300 0 50 1 00 150 200 250 300 

distance (mm) d istance [mm] 

Figure 4.10. Resu/ts of airflow rates at the second measurement p/ane. 

la:l I CASE I 

Quantifying the airflow rate from velocity measurements seems evident, but can produce 

small errors. As shown before, the velocity in the cavity is not uniform across the section. 

And there is no guarantee that the resulting velocity vector is in this plane. This methad 

gives the most reliable results when the airflow is two-dimensional. The application of this 

methad shows that this flow is not two-dimensional. 

4.3.5. Determination of the average airflow profile 

Chapter 3.5 explains that the images obtained by the PIV technique, are averaged over the 

height of the image. This procedure is only justified when the first value and the average 

value are in close agreement with each other. The first value corresponds to the bottam 

row of the image (Figure 3.16). The lines between the first value and the average value 

are the average values of increasing parts of the image. Finally the average of the whole 

image is taken, this value is called the average value. The results for two positions are 

shown in Figure 4.11. 

52 



a) 

0.5 

0.4 

0.3 

E l 0.2 
u~ 

:::5 g 0.1 
.-<4) 

> 
0 

-0.1 

-0.2 

0 

· ·· ···· ·· first value 

--------- ave rage' value 

50 100 150 200 250 300 

distance (mm] 

b) 

0.5 

0.4 

0.3 

-0.1 

-0.2 

0 

···· · ·· · ·· ······· ·· lirst value 
- ·cc_c·c·cc·c ·· aiiëragë value 

50 100 150 200 250 300 

distance ]mm] 

Figure 4.11 . Results averagedover the height of the image. 

la:l 
I CASE I 

As one can see the graphs presenting the measured veloeities are not well connected in 

the middle of the cavity (Figure 4.11). This will be explained later in this paragraph. 

The results show that taking the average is justified for these upper positions, the mean 

value is in goed agreement the individual values of the measurement series. However for 

the positions at the inlet this can not be done (see Figure 4.12). 
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These lines are average values of 

~ increasing parts of the image, at the 

end the average is taken from the 

whole image. The first value, is the 

value at the bottem row of the image . 

- -
Figure 4.12. Results averagedover the width of the image. Results taken at the 

right sided in/et. 

ls:l 
I CASE I 

The application of the sa me mathematica I procedure at the right-sided inlet (Figure 4.12) 

shows large differences between the first and averaged value. One can conclude that this 

procedure is not justified in regions with high velocity gradients . These high gradients at 

the inlet arealso visible when the veetors at the inlet are plotted (Figure 4.13). At the inlet 

the direction of the velocity changes from horizontal to vertical. The preferenee for the 

right side is here already present. 
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Figure 4.13. Velocity veetors at the in/et of the facade. 
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Figure 4.11b showed that there are sametimes significant differences between the 

veloeities measured in the middle of the facade. As explained in chapter 3, the width of the 

facade can not be measured at once, without significant loss of the measurement 

accuracy. Therefore two measurements are taken to cover the width of the facade . These 

measurements could not be taken simultaneously. The results show that the velocity 

highly fluctuates within a langer time period (at some positions the time between the left 

and right side is more than 30 minutes). 

The veloeities differ a lot between the measurement positions. To study the repeatability of 

the measurements, the same measurement series are repeated at an interval of 65 

seconds (Figure 4.14). 

-series 1 
0.5 """ series 2 

0.4 - - series 3 

-- base case 
0.3 

"iii' 

E ~ 0.2 
u è 
co g 0.1 ,.... 

äi 
> 

0 

.o 1 

-0.2 

0 50 100 150 200 250 300 ls:l 
I CASE I distance (mm] 

Figure 4.14. Three measurement series at an interval of 65 seconds, in the base case. 
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The results of base case (presented before) areplottedas welf (in Figure 4.14), but do not 

belong to the sequence. The graph shows that the airflow patterns are in agreement, 

although the absolute velocity differs. The maximum deviation is approximately 0.05 m/s 

at a mean velocity of 0.12 m/s. These values lie within the range of the previous results. 

The spread on the results within one measurement series is about 40% (Figure 4 .5) and 

the spread on the veloeities in the different planes (Figure 4.14) is even larger withalmost 

50% at this position. This study shows that the measurements can be repeated, the 

tendency of the flow is visible in all three series, although the absolute veloeities lie within 

a significant range. 

4.3.6. Determination of the airflow ra te at the outlet 

Because of the highly fluctuating airflow rates at the inlet and in the facade, the airflow 

rate is also determined at the outlet The airflow rate is measured with two techniques; the 

pitot-tube and the hot-film sensor. The outlet is a circular pipe, with an inner diameter of 

11 cm. The pitot-tube measured 20 s at a frequency of 1000 Hz. The hot-film sensor has 

measured twice at 1000 Hz during 10 seconds and once at 200 Hz for 50 seconds. The 

measured airflow rates are shown in Table 4.3. 

Table 4.3. Measured airflow rates at the out/et. 

Pitot-tube Hot-film sensor Hot-film sensor 

1000 Hz - 20 s 1000 Hz - 10 s 200Hz- 50 s 

Airflow rate (m 3/h) - 1'' measurement 185 191 185 

Airflow rate (m 3/h) - 2"dm easurement 185 185 -

The veloeities are measured at 5 positions. The airflow rate Ga (m3/h) is then calculated 

with Formula 4.3 and Figure 4 .15 : 

( 
V2+2V4 + (C - 8 - A) V1 +2Vs) Ga = 3600 · A- V3 + (8- A) (4.3) 

20 20 30 20 20 

distance (mm) 

Figure 4.15. Zoning at the outlet for the determination of the airflow rate. 
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The measurement results of the airflow at the outlet are quite stabie (Table 4.3). The 

results of the different measurements are very similar, therefore the chosen frequencies 

and measurement duration seem to be well chosen. It can be said that the mean airflow 

rate measured at the outlet is 186 m3/h, although the airflow rate meter installed in the 

test setup displayed 200 m3/h. The latter value is used as a reference for the airflow rate 

of measurements with the same settings. 

The high deviations measured in all the measurement series can be attributed to the 

chaotic character of the flow. The measurements are repeatable, although the fluctuation 

is still significant. One should realize that the absolute mean value can vary within the 

spread. The large fluctuations in airflow rate might be attributed to airflow in the direction 

perpendicular to the measurement plane and within the measurement plane. 

4.4. Results of the variabie cases 

In this paragraph the results of five variabie cases are shown. In the graphs the variabie 

cases are compared to the base case. The velocity profiles are presented at four positions. 

In appendix A more graphs of the variabie cases, like the spread on the results and the 

calculated airflow rates, are shown. 

4.4.1. Leftinlet closed 

In the first variabie case, the left inlet is closed with polystyrene (see Figure 4 .17). The fan 

settings are the same as in the base case. The airflow rate measured with the hot-film 

sensor at the outlet is 185 m3/h, in this case. 

This case gives a very distinctive velocity profile. Where the upward airflow in the base 

case is distributed to the right side, in this case the upward airflow occurs on the left side. 

This is especially visible in the lower regions of the facade. The location of the maximum 

veloeities is governed by the height of the inlet. The air is distributed to the side with the 

lowest inlet height, this is visible in this case (with a left inlet height of 0 cm), but also in 

the base case. 
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Figure 4.16, Velocity profiles of the vertica/component in the variabie case: leftin/et GJ 
_Cl closed. 

The major upward flow on the left side is compensated by air going downwards on the 

right side . The average airflow rate, calculated from the area underneath the velocity 

profiles, is only 76 m3/h. The spread on the airflow rates calculated is even larger than in 

the base case. The airflow rate varies from 14 m3/h till 110 m 3/h . This corresponds with a 

maximum deviation of 80% from the mean value. 

Figure 4.17. Leftin/et closed in the measurement setup. 

Polystyrene in the 

leltinlet 
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4.4.2. Horizontal blinds in the cavity 

The second variabie case has blinds placed in the middle of the cavity. The slat tilt angle of 

the blinds is 0 degrees (slat horizontal). The blinds are placed over the complete height of 

the facade and touch the artificial floor at the bottom. There is a two-sided inlet. 
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I BL!os I Figure 4.18. Velocity profiles of the vertical component in the variabie case: 

horizontal blinds. ill 
The velocity profiles above (Figure 4 .18) show to some extent similarities to those in the 

base case situation. However it is clear that the blinds div ide the cavity into two air 

channels. The right 'channel ' is dominant over the left channel, but in the lower regions 

there is also a significant upward airflow on the left side of the blinds. On the spot of the 

blinds the horizontal velocity increases and the vertical velocity decreases. This results in a 

lower overall velocity. 

The airflow rate has a maximum deviation of 20% from the mean value of 160 m3/ h. This 

is lower t han in the base case. Compared to the base case, the veloeities also deviate a 

little less within one measurement series. It seems that the blinds have a stabilizing effect 

on the airflow in the third direction (z-direction). It can be concluded that the blinds divide 
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the airflow into two channels . This division seems to suppress the velocity fluctuations in 

the facade. 

4.4.3. Lower airflow ra te 

In the third variabie case the airflow rate is set lower. The fan is adjusted at 170 m3/h 

instead of 200 m 3/h. This gives a very similar profile, but the veloeities at the majority of 

the positions are lower. 
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Figure 4.19. Velocity profiles of the vertical component in the variabie case: lower 

airflow rate. 

250 300 

Fl 
The airflow rate is set at 170 m3/h, but the average airflow rate, obtained from the 

measured velocity profiles, is 134 m3/h . It has a maximum deviation of 22% from the 

mean value. This lower velocity gives a lower turbulence level at this frequency and it 

seems to arouse less flow in the z-direction. However this flow will be more sensitive for 

minor disturbances in the close surroundings, like opening and closing doors in the 

laboratory. The spread on the results is similar as in the base case. It can be concluded 

that the facade responds as expected to the lower airflow rate. 
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4.4.4. Different seeding material 

In the previous cases olive oil is used as the seeding material. In flows with low air 

veloeities the weight of these particles can influence the airflow pattem and the high 

deviations on the veloeities in the facade may then be partly subscribed to this effect. The 

configuration of the base case is used for this case and smoke is used as the distinct 

seeding material. Smoke is also an aften used seeding material and is fairly easy 

generated by heating a glycol based liquid with a disco-smoke-generator. The smoke 

particles are slightly smaller than the olive oil (0.8 - 1 ~m) [Melling, 1997]. 
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Figure 4.20. Velocity profiles of the vertical component in the variabie case: Oitterent 

seeding material. 

As one can see the influence of a different seeding is nihil . Therefore one can conclude that 

the olive oil particles will nat have a major influence on the airflow in the facade. 

4.4.5. Higher measurement frequency 

The fifth and last variabie case, is measured at a higher frequency, compared to the base 

case (5 Hz instead 3.7 Hz). The frequency of 5 Hz is the highest frequency possible, limited 

by the measurement instruments. The time between the recordings is shortened from 266 

ms to 200 ms. As a consequence the duration of the measurement series is 10 seconds, 
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instead of 13.3 seconds. The results of these measurements are shown in Figure 4.21. 

Unfortunately, there are no measurements at position 168 cm available. 
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Figure 4.21 . Velocity profiles of the vertica/component in the vanaDie case: n1gner 

measurement frequency. 

The measurements at a higher frequency give slightly lower velocities. The measurements 

at 5 Hz take less time, and therefore the average might not be as representative as the 

measurements that use a longer interval. However the veloeities in this case lie within 

range of the results of the base case, except for the two lowest positions (6 and 18 cm) . 

A shorter interval could also have resulted in a lower spread on the results than in the base 

case. Unfortunately this is not the case. So it can be concluded that a change in 

measurement duration from 13.3 seconds to 10 seconds and a slightly higher 

measurement frequency (from 3. 7 Hz to 5 Hz) does not result in more accurate 

measurements . 
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4.5. Discussion 

Since there are not many similar measurements carried out on this subject, it is difficult to 

find comparable measurement results in literature. In general, most authors (Oesterle et 

al., 1999; Saelens, 2002; Stee and Paasen, 2003; Manz, 2004) agree that boundary 

conditions, like a small deviation in the height of the inlet, can have a major impact on the 

velocity profiles. This complies with what is measured in this study. 

A lot of the measurements found in literature are performed on active facades, applied in 

practice, which is not a completely controlled environment. Saelens (2002) measured in a 

natural and mechanica! ventilated facade and measured significant deviations, just like in 

this research. However Saelens makes an attempt to describe the measured phenomena 

with a combination of the driving forces behind the airflow. He discovered a direct relation 

between the airflow rate and the temperature difference between the cavity and outdoors . 

Other authors don 't report on high deviations or attribute the fluctuations to other 

fluctuating parameters, like wind, solar radiation etc. This study shows that these 

deviations are also present in an isothermal situation, with no wind or solar radiation. 

Another study was performed by Safer (2004 ). Safer (2004) has performed measurements 

in a mechanically ventilated facade with horizontal blinds and has found similar results. He 

also concludes that the blinds have a major impact on the velocity profiles; the airflow is 

split in two parts. 

4.6. Conclusions 

The experimental work carried out for this research shows that it is hard to obtain accurate 

measurements of the airflow in an active facade, when the measurements are two

dimensional. Even if the geometry of the facade implies that the flow will be two

dimensional, three-dimensional flow patterns can develop and three-dimensional 

measurements are required. lt is likely that the third component (in z-direction) of the 

velocity has a major influence on the total airflow pattern, qualitatively and quantitatively . 

Despite the considerable spread on the results, the tendencies of the airflow can be 

observed. 

The measurement results show some correspondence with previous studies, but emphasize 

the need for three-dimensional measurements in order to obtain complete insight in the 

behaviour of the air in the cavity. This study also demonstrates that the fluctuations in air 

velocity (that are also measured by other researchers) are even present when there is an 

isothermal situation, without solar radiation and no influence from wind. 
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CHAPTER 5. 

5.1. Introduetion 

NUMERICAL MODELLING WITH 

COMPUTATIONAL FLUID DYNAMICS 

This chapter explains the numerical models that are used for the Computational Fluid 

Dynamics (CFD) simulations. It presents the general equations for fluid flow and provides 

general information on turbulence modelling. 

Research in the field of fluid dynamics uses numerical solutions, instead of analytica! 

solutions, because they are rarely possible for the following reasans [Date, 2005]: 

(1) The equations are three-dimensional 

(2) The equations are strongly coupled and nonlinear 

(3) In practical engineering problems, the salution domains are almast always complex. 

CFD is a calculation methad based on obtaining numerical solutions. 

During the last three decades, CFD has emerged as an important tooi in professional 

engineering practice. It has the advantage of being less expensive, less time-consuming 

and more flexible than experimental work [Neale, 2006]. In CFD, the data can be obtained 

for literally any location in a numerical simulation, while experimental data is aften limited 

to where the measurement instrument can be physically placed. The degree of complexity 

of the model and the simplifications used to solve the governing equations determine the 

accuracy of the numerical simulation. This section discusses the governing equations of 

fluid flow and the turbulence models that are employed in the commercial CFD code Fluent 

6.2.16, that is used in this thesis. 

5.2. Governing equations 

The information and formulae used in this paragraph are derived from Blocken (2004) and 

Neale (2006), the reference is only mentioned when another reference is used. 

CFD is concerned with numerical salution of partial differential equations governing 

transport of mass, momentum, and energy in moving fluids. Within each case the mass 

must be conserved, the rate of change of momenturn must equal the sum of the farces on 

a fluid partiele (Newton's second law) and energy must be conserved (first law of 

thermodynamics). Based on these three laws, three governing equations can be defined, 

for an incompressible, viseaus flow of a Newtonian fluid. These equations are called the 

Navier-Stokes equations: 

Continuity: div(v) = o (5.1) 

63 



Momentum : p au+ p div (uv)=- ap + div(!-1 grad(u)) (5.2) 
at ax 

p av + p div (vv) = - ap + div(!-1 grad (v)) 
at ay 

(5.3) 

paw +p div(wiï)=- ap + div(!-1 grad(w)) 
at az 

(5.4) 

Energy : p CP ( ~~ + Vgrad (T )) = kV2T Hl (5.5) 

Where div is the divergence operator, iï is the instantaneous velocity vector, u, v and w 

are the instantaneous x-, y- and z- componentsof the velocity (m/s), t is time (s), p is the 

instantaneous pressure (Pa), grad is the gradient operator, v2 is the Laplacian operator 

and q is the heat generated (W/m3
). T is the temperature (K), f.1 is the dynamic viscosity 

(kg/ms), k is the thermal conductivity (W/mK) . Liquids and gases flowing at low speeds 

behave as incompressible fluids, there is no density variation and therefore no link 

between the energy equation, the mass conservation and momenturn equations. In a 

Newtonian fluid the viscous stresses are proportional to the rates of deformation. 

The use of the CFD approach means that these equations are numerically solved at each 

point of the computational domain. The formulae 5 .1 till 5.5 contain some similarities 

between various equations. When a general variabie (!>, the conservative form of all fluid 

flow equations (including equations for scalar quantities such as temperature and pollutant 

concentrations) is introduced, these equations can be written as: 

a(prp) + div (prpu) = div (rgradrp) +S-t. 
at r 

(5.6) 

This equation is called the transport equation of the property (!>, a commonly used form of 

the Navier-Stokes equation. It relates the change of time of a variabie at a location to the 

amount of variabie flux (e.g., momentum, mass and thermal energy) . The transient 

changes plus convection equals diffusion plus sourees [ASHRAE, 2005]. 

5.3. Numerical modelling of turbulent flow 

Turbulence is a flow regime characterized by chaotic, stochastic property changes. This 

includes low momenturn diffusion, high momenturn convection, and rapid variation of 

pressure and velocity in space and time. Flow that is not turbulent is called laminar flow. 

The (dimensionless) Reynolds number can be used for characterisation whether flow 

conditions lead to laminar or turbulent flow. 

Re= UL 
V 
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Where U is a characteristic velocity, L is a characteristic length scale of the flow and v the 

kinematic viscosity of the fluid. At small Reynolds numbers, the flow is laminar. At high 

Reynolds numbers, it is turbulent. There are two main problems in using this number to 

determine whether a flow is turbulent or nat: ( 1) it is aften nat clear what should be taken 

as the characteristic length scale of the flow and as the characteristic velocity and (2) the 

transition from laminar to turbulent flow does nat always occur at the same Reynolds 

number, nor at a fixed Reynolds number. 

Turbulent flows are characterized by fluctuating velocity fields. At a given location and 

time, the instantaneous velocity ä is expressed as [ASHRAE, 2005]: 

(5.8) 

where a is an instantaneous velocity vector, A is the mean component and iJ' is the 

fluctuation component. Equation 5.8 can also be applied to scalar quantities such as 

pressure, temperature or species concentration. 

Fluctuations can be of small scale and high frequency, they are toa computationally 

expensive to simulate directly in practical engineering calculations. Instead, the 

instantaneous (exact) governing equations can be time-averaged, ensemble-averaged, or 

otherwise manipulated to remave the small scales, resulting in a modified set of equations 

that are computationally less expensive to solve. However, the modified equations contain 

additional unknown variables, and turbulence models are needed to determine these 

variables in termsof known quantities [Fiuent, 2005]. 

It is an unfortunate fact that no single turbulence model is universally accepted as being 

superior for all classes of problems. The choice of turbulence model depends on 

considerations such as the physics encompassed in the flow, the established practice fora 

specific class of problems, the level of accuracy required, the available computational 

resources, and the amount of time available for the simulation. To make the most 

appropriate choice of model for a certain application, a certain understanding of the 

capabilities and limitations of the various options is necessary. There are three commonly 

described CFD methods, these are mentioned below: 

5.3.1. Reynolds-averaged Navier Stokes equations (RANS) 

Reynolds-averaged Navier-Stokes equations (RANS) are a frequently used approach in 

turbulence modelling. In order to reduce the complexity of a problem, an ensemble version 

of the governing equations is solved, which introduces new apparent stresses known as 

Reynolds stresses. With the RANS equations only the mean flow is solved while all scales 

of turbulence have to be modelled. The following equations are derived when the mean 

and fluctuating componentsof the velocity are inserted into the governing equations: 
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Continuity: div(iï) = 0 (5.9) 

Momentum: 

p- + p d1v UV = - - + d1v Jl grad (U) + ----------au . ( -) àp . ( ) [ 8pu'
2 

àpu'v' àpu'w'] 
àt àx ax ày àz 

(5.10) 

àV . ( -) àp . ( ) [ àpu'v' àpv'
2 

àpv'w'] p - + p dl V VV = - - + dl V J1 grad (V) + ---- - -----
àt ax àx ày àz 

(5 .11) 

aw . ( -) àp . ( ) [ àpu'w' àpv'w ' àpw'
2

] p- + p d1v WV = - - + dJV Jl grad(W) + ---- - ------
àt ax ax ày àz 

(5.12) 

Energy: (5.13) 

Where v is the mean velocity vector, U, V and W are the mean speeds in x-, y- and z-

direction (respectively) and pu' v', pu' w', pv 'w', àpu •2 , àpv •2 , àpw '2 are called the 

Reynolds stresses. 

Due to the addition of the Reynolds stresses in equation 5.10 through 5.12 the equations 

contain more variables than the number of equations. There are two approaches to solve 

these variables: 

(1) Boussinesq Hypothesis: This methad involves using an algebraic equation for the 

Reynolds stresses which includes determining the turbulent viscosity and solving the 

specific transport equations. Models include k-E, k-w, Spalart-AIImaras (SA). The models 

available in th is approach are often referred to by the number of transport equations they 

include, for example the SA model is a "One-Equation" model because only one additional 

transport equation is solved, and the k-E model on the other hand is a "Two-Equation" 

model because two transport equations are solved [Fiuent, 2005) . 

(2) Reynolds Stress Model (RSM): Th is approach attempts to actually solve transport 

equations for the Reynolds stresses. This means introduetion of several transport 

equations for all the Reynolds Stresses and hence this approach is much more costly in 

CPU effort [Fiuent, 2005]. 

5.3.2. Large Eddy Simu/ation (LES) 

The second commonly used CFD approach is Large Eddy Simuiatien (LES). LES is a 

technique in which the smaller eddies (that are smaller than the size of a filter, usually 

taken as the mesh size) are removed. These small eddies are modelled, while the larger 

energy carrying eddies are directly solved. 
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This means that only the small scale turbulent eddies (that are smaller than the size of a 

filter, that is usually taken as the mesh size) are removed. In comparison with RANS, LES 

solves more of the turbulence and models less, therefore the accuracy is improved. 

However this methad generally requires a refined mesh and therefore also additional 

computer resources [Biocken, 2004; ASHRAE, 2005]. 

5.3.3. Direct Numerical Simu/ation (DNS) 

The third used CFD approach is Direct Numerical Simulation (DNS). DNS solves all scales 

in the turbulent flow. Therefore this methad is very accurate and is used to benchmark 

performance [ASHRAE, 2005]. Because of its stringent requirements on grid, especially in 

the normal direction within the boundary layer, DNS is used to study spatially and 

temporally confined flows with simple geometry. The disadvantage of this methad is that 

even relative simple geometries require very high computational resources [Biocken, 

2004; ASHRAE, 2005]. 

5.4. Grid generation for computational fluid dynamics 

The first step in conducting a CFD analysis for a fluid region of interest is to divide the 

region into a large number of smaller regions called cells. The activity of specifying 

coordinates of nodes and of specification of control volumes is called grid generation 

[ASHRAE, 2005]. The collection of cells that makes up the domain of interest is typically 

called the mesh or grid. The grid defines the discrete points at which the numerical 

solutions are generated. 

Fluent (2005) classifies three types of meshes, depending on the connectivity of the cells 

in the mesh to one another. Individual cell shape varies, each shape has advantages and 

disadvantages. 

(1) Structured Meshes 

A structured mesh is characterized by regular connectivity that can be expressed as a two 

or three dimensional array. The element choice is restricted to quadrilaterals (2D) or 

hexahedra (3D). The regularity of the connectivity saves starage space, since 

neighbourhood relationships are defined by the starage arrangement [CFD Online, 2007]. 

(2) Unstructured Meshes 

An unstructured mesh is characterized by irregular connectivity. It can nat be readily 

expressed as a two or three dimensional array in computer memory. The shape of the 

elements used is nat predefined. Used elements can be triangles (2D), pyramids, 

tetrahedral prisms (3D). Compared to structured meshes, the mesh file sizes for an 

unstructured mesh can be substantially larger, since the neighbourhood connectivity must 

be explicitly stared [CFD Online, 2007]. 

(3) Hybrid Meshes 

A hybrid mesh is a combination of a structured and unstructured mesh. It contains 

structured portions and unstructured portions [CFD Online, 2007]. 
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Since the numerical solution is obtained for a few points in the domain (defined by the 

mesh), the results are influenced by the mesh . A poor mesh quality gives less accurate 

discretizations and can affect the quality of the simulation result by introducing numerical 

inaccuracies. Grid quality encompasses the shape of the individual cells, the size of the cell 

relative to flow field features of interest, and the jump of grid size from one to another 

(ASHRAE, 2005]. Preferenee is given to structured meshes, however often the meshes can 

not be structured (e.g. for complex geometries), the individual cells become distorted from 

ideal shapes. The amount of distortion is called skewness. Excessive grid skewness should 

be avoided. It can be concluded that the ability to resolve flow field features is limited by 

the grid resolution and grid quality. 

Franke (2004), recommends a fine grid resolution (at least 10 cells) at places with sharp 

gradients, this must be understood as an initia! minimum grid resolution. The necessary 

resolution will have to be analyzed by using grid sensitivity analysis. A solution is grid 

independent when successive grid refinements (especially in areas with sharp gradients or 

cell skewness) result in the same solution. Grid sensitivity studies are always required 

[ASHRAE, 2005]. 

5.5. Boundary conditions 

Boundary conditions represent the influence of the surroundings that are cut off the 

computational domain . Every model has walls, and most have at least one inlet and one 

outlet boundary. Accurate specification of boundary conditions is crucial, because they 

indicate how the specific physical phenomena are interpreted in to a computer model and 

determines the CFD modelling's ability to solve a particular problem. Boundary conditions 

are usually dominant sourees of momenturn that create flow patterns. Wall boundary 

conditions represent the solid perimeter of the CFD model and require specific modelling 

techniques. These will be discussed in the next paragraph . 

5.6. Near wall modelling 

The information and formulae used in this paragraph are derived from Blocken (2004) and 

ASHRAE (2005), the reference is only mentioned when another reference is used. 

In the region near solid walls, the wall turbulent boundary layer consists of three sub

layers as presented in the Figure 5.1. 
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Figure 5.1. Typical velocity distribution in near-wa/1 region. Adapted trom ASHRAE, 2005. 

Turbulent flow near a wall can be divided into two layers depending on the dimensionless 

distance y+ from the wall; a viseaus layer and the turbulent layer (log-law layer). The 

viseaus layer can be divided into a linear sub-layer and a buffer sub-layer. The 

dimensionless distance is defined as: 

(3.14) 

Where y+ is the dimensionless distance from the wall, y is the distance from the wall to the 

center of the first cell, vis the fluid kinematic viscosity (m 2/s), u* is the friction velocity 

(m/s) defined as: 

(3.15) 

Where rw is the wall shear stress (Pa) and pisthefluid density (kgjm3
). 

The fluid velocity can be described in a dimensionless farm (u+) as a function of the fluid 

velocity tangential to the wal I (U ) and the friction velocity (u* ) : 

+ u u =-
* u 

(3.16) 
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The linear sub-layer is very thin (y+ < 5), and is typically smaller than the first cell (2y) 

[ASHRAE, 2005]. In this layer the viscous effects dominate the flow, it can be derived that 

the velocity profile is linear. 

(5.17) 

The buffer layer is an intermediate layer between the linear sub-layer and the log-law layer 

where the typical velocity distribution in these two layers is smoothly merged [Biocken, 

2004] . The viscous and turbulent effects are equally important. The log-law layer is the 

most important layer in practical terms. The dimensionless velocity profile is defined as: 

(5.18) 

Wh ere K is the V on Karman constant ( K =0.41) and E is a constant depending on the wall 

roughness . This equation is called the log-law, the size of this layer is typically 30<y+<500 

[Versteeg & Malalasekera, 1995] . 

The defect layer is the layer where y+>300. The flow is free from direct viscous effects. 

The velocity in the outer layer is influenced by the wall shear stress, but not by the 

viscosity . The variatien of the velocity u is given by the velocity defect law [V ersteeg & 

Malalasekera, 1995]. 

Turbulent flow modeling inside the boundary layer requires a very fine mesh. Solving the 

governing equations for all these cells requires extensive computational sources, which is 

very costly . Wall functions are of great practical importance because they allow significant 

savings of computational time. Instead of direct applying the turbulence model with a very 

fine mesh, empirica! wall functions can be used. In regions near solid walls, the viseaus 

effects play an important role. The rnadelling of flow near the wall therefore requires 

special attention. 

When modelling the near-wall region, the above theory needs to be taken in account . 

There are two commonly used near-wall rnadelling techniques: (1) Low-Reynolds-number 

rnadelling method, (2) Wall-function method. The wall-function methad allows a relatively 

coarse mesh near the wall and the viscosity affected region is not resolved. The low-Re

number-modelling methad requires a dense mesh near the wall, the near wall region is 

solved all the way down to the wall. 

A graphical representation of the two near-wall rnadelling techniques is given in Figure 5.2 

[Biocken, 2004]: 
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Figure 5.2. A graphica/ representation of the two near-wa/1 modelling techniques. Source: 8/ocken, 

2004. 

5.6.1. Low-Reynolds-number modelling method 

Low-Reynolds-number modelling is applied when the dimensionless distance from the wall 

y+ is 5 or less. This means that the first cell is placed entirely in the laminar sub-layer of 

the boundary layer. Therefore a sufficiently fine mesh at the boundary layer is required. 

The turbulence models are modified to enable the viscosity-affected region to be resolved 

with a mesh all the way to the wall, including the viseaus sub-layer [Fiuent, 2005]. As the 

Reynolds number for the bulk flow increases, the thickness of the linear sub-layer of a 

boundary layer will generally decrease. When low y+ values are required, this requires a 

very fine mesh. As the name already supposes, the methad is only applicable for cases 

with relatively low-Reynolds numbers. Because of this at high Reynolds numbers in 

complex, three-dimensional flows, wall functions are aften the only possibility [Biocken, 

2004]. 

5.6.2. Wa/1-function method 

In the wall-function method, the viscosity-affected inner region (viscous sub-layer and 

buffer layer) is not resolved. Semi-empirica! formulae called "wall functions" are adopted 

to bridge the region between the wall and the fully-turbulent region. The turbulence 

models valid for turbulent core flows are used in combination with these wall functions. 

Wall functions allow CFD models to predict the behaviour near a wall without the need for 

a very fine near-wall mesh. 

5.7. Turbulence models 

A turbulence model is a set of one or more equations to close the system of governing 

equations [V ersteeg & Malalasekera, 1995]. Th ere are a number of turbulence models that 

are used throughout this thesis. Unfortunately, no single turbulence model is universally 

accepted as being superior for all classes of problems. The choice of turbulence model 

depends on criteria such as the physics encompassed in the flow, the established practice 

for a specific class of problems, the level of accuracy required, the available computational 

resources, and the amount of time available for the si mulation [Fiuent, 2005]. Below the 

turbulence models affered by Fluent 6.2.16 are discussed. In general all of the turbulence 
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model information is obtained from Fluent (2005) unless otherwise specified . The following 

models are employed for the Reynolds-Averaged-Navier-Stokes (RANS) equations: 

Standard k-E model 

• RNG k-E model 

• Realizable k-E model 

• Reynolds Stress Model (RSM) 

• Spalart-AIImaras model (SA) 

• Standard k-w model 

• SST k-w model 

Large Eddy Simulation and Direct Numerical Simulation are not used in this thesis and are 

therefore not described in this paragraph. 

5.7.1. Standard k-E model 

The standard k- E model calculates the turbulent viscosity ( Jlt) isotropically from: 

(5.19) 

Where k is the turbulent kinetic energy (m 2/s2
), E is the rate of dissipation of turbulent 

kinetic energy (m2/s3
), cJl an empirically determined constant ( c)J =0,09; [Launder and 

Spalding, 1972]) and p is the fluid density (kg/m 3
). The turbulent viscosity is required to 

compute the Reynolds stresses according to the Boussinesq approach. The parameters cJl 

and p are known, the calculation of the turbulent viscosity thus requires solving two 

additional equations to determine k and E. The k-E model is therefore called a two equation 

model. The standard k-E model is only valid for flow regions where the turbulent transport 

is dominating [Loomans, 1998). The flow nearby the wall is solved with wall functions. The 

standard k-E model has shown to be broadly applicable for fully turbulent flows where the 

turbulence based Reynolds number is high [Loomans, 1998]. 

5.7.2. RNG k-E model 

The RNG k-E model is also a two-equation model, that is derived by using a rigarous 

statistica! technique, the renormalization group methods. The derivation is based on the 

correspondence principle [Yakhot and Orzag, 1986]; the Navier-Stokes equations are 

solved with a random force that describes the inertial range. 

The RNG k-E model includes the following refinements, compared with the standard k-E 

model: 
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It has an additional term in its E equation, which is intended to imprave the 

accuracy for rapidly strained flows. 

• The effect of swirl on turbulence is included in the RNG model 



• The Prandtl numbers are modelled using an analytica! formula, while the standard 

k-E model uses user-specified, constant values. 

• The standard k-E model is a high-Reynolds-number model. The RNG model 

accounts also for low-Reynolds-number effects, due to an analytically-derived 

differential formula for effective viscosity. 

These features make the RNG k-E model more accurate and reliable for a wider class of 

flows than the standard k-E model. 

5.7.3. Realizable k-E model 

The realizable k-E model (Shih et al., 1995) is named realizable due to the fact that the 

model satisfies certain mathematica! restrictions on the normal Reynolds stresses that are 

consistent with the physics describing turbulent flow. 

The realizable k-E model differs from the standard k-E model in two important ways; (1) 

the parameter c
11 

is na langer a constant, and (2) it contains a new equation for the 

turbulence dissipation rate. 

The turbulent viscosity is calculated with equation 5.19, with the difference that the 

parameter c
11 

is calculated with the formula : 

(5.20) 

The equation is a function of the mean strain rotation rates, the angular velocity of the 

system rotation and the turbulence kinetic energy and dissipation rates. The exact 

formulae and values of the parameterscan be found in Fluent [2005]. 

5.7.4. Reynolds Stress Model (RSM) 

The Reynolds Stress Model is the most complex classica! RANS turbulence model. This 

model doses the RANS equations with additional transport equations for the Reynolds 

stresses instead of using the Boussinesq approach. In this model the anisatrapie 

turbulence effects can be taken into account. The Reynolds Stress Model is considered to 

better predict the mean flow than the standard k-E model, but improvements are nat 

always significant, especially for the velocity fluctuations . The model is the most complex 

RANS model included in the CFD code Fluent 6.2.16. It has the greatest potential to model 

complex flows [ASHREA, 2006; Neale, 2006]. 
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5.7.5. Spa/art-Al/maras model (SA) 

The Spalart-AIImaras model is a one equation model for the turbulent viscosity. Primarily it 

was developed for aerospace applications and is also commonly used for turbomachinery 

applications. In turbulence models that employ the Boussinesq approach, the central issue 

is how the eddy viscosity is computed. The Spalart-AIImaras model defines a transport 

equation for turbulent viscosity. The model was intended to model Low-Re numbers only, 

however in Fluent 6.2.16 the model was adapted to include wall functions [Neale, 2006]. 

5.7.6. Standard k-w model 

The k-w model is one of the most camman turbulence models. The model is a two

equation, empirica! model. It consists of transport equations for the turbulent kinetic 

energy (k) and the specific dissipation rate (w). The specific dissipation rate (w) is defined 

by: 

(5.21) 

Where E is the turbulent dissipation rate (m 2/s3
), kis the turbulent kinetic energy (m2/s2

) 

and CP an empirically determined constant (CP =0,09; [Launder and Spalding, 1972]). 

Smal I modifications over the years have improved the accuracy of the model for predicting 

free shear flow. 

5.7.7. Shear Stress Transport (SST) k- w model 

Like the standard k-w model, the SST k-w model consists of transport equations for k and 

w. There are two major differences between the SST model and the standard model. First, 

the SST k-w model is a combination of the standard k-w model and the standard k-E 

model. It gradually changes from the standard k-w model in the near-wall region to the 

high-Reynolds-number k-E model in the outer part of the boundary layer. Secondly the 

turbulent viscosity is modified to account for the transport of the turbulent shear stress. 

5.8. Salution controls 

In the discretisation process continuous equations are transformed into discrete 

counterparts, suitable for numerical computing. The first-order discretisation generally 

yields better convergence than the second-order scheme. Nevertheless, more accurate 

results are generally obtained by using the second-order discretisation, especially for 

complex flows [Fiuent, 2005]. Therefore this thesis has used second order scheme. 

If the discretised farm of the Navier-Stokes equations is considered, it shows a linear 

dependenee of velocity on pressure and vice-versa. This inter-equation coupling is called 

velocity pressure coupling. If a steady-state problem is being solved iteratively, it is nat 
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necessary to fully resolve the linear pressure-velocity coupling, as the changes between 

consecutive solutions are no langer small. The SIMPLE (Semi-Implicit Methad for Pressure

Linked Equations) algorithm can then be used. Therefore, this SIMPLE algorithm is also 

used in this study. Th is algorithm obtains an approximation of the velocity field by solving 

the momentum equation. "The pressure gradient term is calculated using the pressure 

distribution from the previous iteration or an initia/ guess. The pressure equation is 

formulated and solved in order to obtain the new pressure distribution. Veloeities are 

corrected and a new set of conservative fluxes is calculated" [Fiuent, 2005]. 

5.9. Condusion 

This chapter has discussed the background of the CFD simulations. There are a lot of 

turbulence models that can be applied and also near wall modelling is important. Whether 

a model is appropriate for a certain case can only be determined with a validation study. 

The validation study for the active facade in this thesis will be discussed in chapter 6. The 

RANS models that were described in this chapter will be applied. 
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CHAP"rER 6. VALIDATION AND VERIFICATION OF THE 

CFD SIMULATIONS 

6.1. Introduetion 

The salution of fluid flow problems is " .. . at best as good as the physics embedded in it and 

at worst as good as its operator' [Versteeg and Malalasekera, 1995]. When performing 

CFD simulations, awareness of the complex underlying physics is necessary. Identification 

and formulation of the flow problem in terms of the physical phenomena is therefore an 

important stage irl CFD simulations. Assumptions are made to reduce the complexity whilst 

the salient features of the problem need to be preserved . 

In this chapter two main processes that are important for obtaining reliable data, 

verification and validation, are discussed . The terms verification and validatien are aften 

mixed, although they have a distinctly different meaning. 

Verification and validatien processes includes investigating several types of errors. Five 

types of errors are distinguished in CFD [Biocken, 2004] : 

1) physical modelling errors 

2) computer roundoff errors 

3) iteration-convergence errors 

4) discretisation errors 

5) Computerprogramming errors 

Reducing the first type of error (physical modelling errors) is part of the validatien process. 

The verification process investigates the remaining types of errors. 

6.2. Verification 

The verification process is undertaken to study the accuracy of a numerical solution. 

Especially in CFD software, where very complex methods to obtain the solutions are used, 

this step is important. The verification process does not mean that the results are 

compared with measurements. 

The American Institute of Aeronautics and Astronautics (1998) defines verification as "the 

process of determining that a model implementation accurately represents the developer's 

conceptual description of the model and the salution to the model." ASHRAE (2005) 

describes verification as a process that " ... ensures that a CFD code can accurately and 

correctly solve the equations used in the conceptual model; it does not imply that that 

computational results represent physical reality" 

There are two aspects of the verification assessment: (1) verification of the code and (2) 

verification of the calculation . The farmer includes removing computer-programming 
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errors; the latter camprises determining the iteration-convergence error and the 

discretisation error of a CFD simulation. Computer round-off errors are not considered to 

be significant when compared withother errors [Biocken, 2004]. 

Iteration-convergence errors are introduced because the iterative procedure is stopped at 

a certain moment in time. The iteration-convergence errors can be kept as low by reaching 

convergence. According to ASHRAE (2005) convergence is reached when there is no or 

little change in the major dependent variables within the last 100. However a higher 

number of iterations with no change is preferred, because practice has shown that the 

salution can still change after 100 iterations. 

The third type of error is the discretisation error. Discretisation errors are generated from 

representing the governing equations and the equations of the turbulence model on a 

mesh. The mesh represents a discretised computational domain (for unsteady calculations 

also time discretisation causes discretisation errors). This type of error is also called 

"numerical error" [Biocken, 2004]. In theory, when the grid si ze approaches zero, the 

discretisation error of the numerical salution becomes negligible. The common methad to 

reduce the discretisation error is to perfarm a grid sensitivity analysis. Performing a grid 

sensitivity analysis includes the repetition of the computation by doubling or halving the 

grid size and camparing the solutions. The choice for a certain grid size is a campromise 

between the computational power available and the accuracy of the numerical solution. 

Computer-programming errors are mistakes made in writing the computer code. These 

types of errors can be discovered by systematically performed verification studies and 

validation studies and by camparing the results of the code with those of a similar code 

[Biocken, 2004]. In this study a commercial CFD code that has proved to be capable of 

simulating similar flow problems in the past, is used to minimize the computer

programming errors. 

6.3. Validatien 

The validation process concerns the choice of the model. The American Institute of 

Aeronautics and Astronautics (1998) defines validation as "the processof determining the 

degree to which a model is an accurate representation of the rea/ wor/d from the 

perspective of the intended uses of the model". ASHRAE (2005) defines validation as "the 

ability of bath the user and the code to accurately predict the representative indoor 

environmental applications for which some sart of reliable data are available". 

As mentioned befare the physical modelling errors are investigated in the validation 

process. Physical modelling errors are those, which are due to uncertainty in the 

formulation of the modeland to deliberate simplifications of the model [Biocken, 2004]. A 

few examples of physical modelling errors are the use of specific constants in the k-E 

model, the use of wall functions and simplifications of the geometry of the model. Physical 
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modelling errors can be examined by performing validation studies. Measurement results 

are necessary for the validation process . It is not possible to validate the entire CFD code. 

One can only validate the code for a specific range of applications for which there is 

experimental data. Then the code can only be applied to flows in the region of validity 

[ASHRAE, 2005]. 

6.4. Validation of the active facade 

In order to perfarm accurate simulations on the facade, the boundary conditions need to 

be modelled correctly. An important boundary condition for the active facade is the inlet. 

In the interest of validating the turbulence models for the inlet region of the active facade 

in Fluent 6.2.16, it is necessary to obtain experimental data to use as a basis for 

comparison. The experimental data used for this validation study is obtained from 

literature. 

The inlet of air in the facade can to some extent be compared with a wall jet. The wall jet 

is characterized by a flow that is bound by flat surface on one side and an opening 

perpendicular to the surface on the other side [Awbi, 1991]. A plane wall jet (as shown in 

Figure 6.1) is characterized by an opening with a very large width to height aspect ratio 

(i .e. > 40). In the past, the jet of a fluid has been studied extensively because of its 

importance for a wide range of engineering applications. Figures 6 .1 and 6 .2 show the 

similarities between the (plane) wal I jet and the inlet of the active facade . 

Virtual 
origin 

Figure 6.1. Schematic drawing of a plane wal/ jet. 

{Awbi, 1991} 

Figure 6.2. Schematic drawing of the air 

in/et in the active facade. 

In Figure 6 .1 is U0 the velocity of the jet at exit (m/s), h is the impingement height (m), x 

and y are coordinates. Urn is the maximum velocity (m/s), y112 is the distance in y-direction 

to the point where the velocity corresponds to 1h·Um, u is the velocity (m/s) in the 

direction of x, ö is the boundary layer. 

Literature holds an extensive amount of experiments performed in this area. Nevertheless 

is it difficult to find studies that match the experimental parameters of the facade and that 

are reported clearly, so that it can be reproduced with CFD. However two experimental 

studies have been found suitable for validating the flow problem at the inlet of the facade. 
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Experimental results of a plane turbulent wall jet byErikssonet al. (1998) are used for the 

first validation study. The second validation study (by Karimipanah et al. (2002)) focuses 

on the col lision of the air in the middle of the facade, between the two inlets. It can be said 

that the air from one inlet 'clashes' with the air from the other inlet. This 'clash' can to 

some extent be compared with an impinging jet. 

When the inlet region is correctly modelled, the simulations results will be in close 

agreement with the measurement results. The most suitable turbulence model for 

rnadelling these flow problems will be used for the simulation of the whole facade. Bath 

validation studies are preceded by a grid sensitivity analysis. 

6.4.1. First va/idation study 

The experimental study of a two-dimensional plane turbulent wall jet by Eriksson et al. 

(1998) is chosen for the first validation study. As illustrated in Figure 6.1 and 6.2 the wall 

jet and the inlet of the facade have some characteristic features in common. The test 

facility of Eriksson et al. consists of a large tank (7 m long, 1.45 m width and 1.4 m 

height) filled with water into which a jet discharges. 

Flow Contraclion with turbufence 
lnlet smoothener Weir reducing screen Tesl sec!ion We.ir 

I I I I 
"' I i___, 

I~ u [\-
;j____, ,, 

V -· Outlet 
q____, 

~ I 
. ~-) 0 

I I n 
I I 

1--- -t---+--~ .L 
0 0.5 1.0 1 5 2.0 n1 

Figure 6.3. Wal/ jet test facility byErikssonet al. (1998) 

Figure 6.3 shows the test facility, the grey part is the test section. This part is lifted out in 

Figure 6.4. The inlet is located at the left side on the bottorn of the tank, just after the 

section with the contraction. The slot height of the inlet is 9.6 mm ± 0.1 mm. At the end of 

the tank the water flows over the top of a weir (see Figure 6.3 and 6.4). 

1. x/b= 5 

2. x/b= 10 

3. x/b= 20 

4. x/b= 40 

5. x/b= 70 

6. X/b=100 

7. X/b=150 
123 4 5 6 7 8 

8. x/b=200 

lm 

Figure 6.4. Test section, with the eight measurement positions by Eriksson et al. (1998 ). 
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Experiments 

The inlet velocity in the experiments is set as close as possible to 1 m/s. The turbulence 

intensity intheflat part of the profile is about 1% (Figure 6.6). The slot height bis 9.6 ± 

0.1 mm (see Figure 6.5), this means that the width-to-height ratio is 151. In this 

experiment, water of room temperature is used. To extend the value of the CFD validation 

to the case with air, dynamic similarity is applied (this will be explained at the end of this 

paragraph). Measurements are taken with a Pitot-tube and Laser Doppier Velocimetry 

(LDV), at the following streamwise positions: x=50, 100, 200, 400, 700, 1000, 1500, 2000 

mm. These positions are referred to as x/b=5, 10, 20, 40, 70, 100, 150, 200 (see Figure 

6.4) . At x/b=20 the fully turbulent regime is reached. The turbulence level increases with 

the distance from the inlet. Beyond x/b=200 no further measurements are taken, at this 

point the flow is losing its wali-jet character. 

In Figure 6.5 and 6.6 the contiguration of the plane wall jet and the mean velocity and the 

turbulence intensity profiles at the inlet are shown . These measurement results are used 

as input for the simulations. 

y,1 

Figure 6.5. Configuration tor the turbulent plane 

wal/ jet, by Eriksson et al. ( 1998). 

Ê .s 
>-

5~----------------------------·--· 

0 U / U(y~3 .6 rnrn) 
~ ~ (u / U(y ~ 3.6 rnm))' 10 ['] 

" ['] 

3 
~ ['] 

~ El 

2 ~ 1!1 

" El 
0 ['] 

0 El 

" El 
0 El 
~?.;, El El 

El 

0 
rif 0 

0 0 .1 0.2 0.3 0.4 0.5 0.6 0.7 0 .8 0.9 1.0 1.1 

Figure 6.6. Mean velocity and turbulence intensity 

profiles at the in let, by Eriksson et al. ( 1998). 

In Figure 6.5 is U0 the velocity of the jet at exit (m/s), b is the slot height (m), x and y are 

coordinates . Um is the maximum velocity (m/s), Ym is the distance (m) in y-direction from 

the wall to the point where the maximum velocity (Um) is reached, y 112 is the distance (m) 

in y-direction to the point where the velocity corresponds to 1f2·Um. The inner layer of the 

plane wall jet is similar to that of the turbulent boundary layer, while the outer layer 

resembles that of a free (plane) jet. The interaction of large turbulent scales in the outer 

layer with smaller scales in the inner layer creates a complicated flow field. 

Numeric 

The experimental setup is numerically reproduced with Gambit 2.2.30 and the flow is 

simulated with Fluent 6.2.16. The flow problem can be considered to be two-dimensional, 

because the depth of the tank is large enough (1.45 m) to eliminate the effect of these 

walls. For this two-dimensional simulation model 5 different meshes are generated, 
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varying from fine to coarse, with a factor of v2. Enhanced wall treatment is applied in all 

cases. The results of these simulations are compared, to investigate the sensitivity of the 

results to the mesh size. Generally the finest mesh will give the best results, but also 

demands the highest computational resources. The coarsest grid that gives the best results 

compared to the finest mesh is chosen. The chosen grid has a total of 39816 cells. Part of 

the mesh is shown in Figure 6.7. 

L= 7 m 

Figure 6. 7. Grid of the 20-turbu/ent wal/ jet model. 

The inlet and outlet are shown in detail in Figure 6.8 . There are 24 cells over the height of 

the in let and 24 cells over the width of the outlet. Th is camplies with Franke (2004 ), who 

states that the minimum grid resolution over regions with high gradients should be 10 

cells. 
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Figure 6.8. Mesh at the in/et and out/et. 

- f-

-
-

b) 
.. 

outlet 

i 1- r-r
~-~-+-+-r~_--__ . 

i--

t
-1-- ,_,_ 

I 
I 
I 

I 
...... -j-L ...... ..... L ........................... LL .. 

9.6 mm 

L ·-

The numerical results of different turbulence rnadeis are studied and compared with the 

LDV measurements of Eriksson et al. (1998). In chapter 5, seven turbulence rnadeis have 

been described. These seven rnadeis are used in this validatien study. The different 

simulations use of the same mesh and enhanced wall functions. The resu lts of the 

Reynolds Stress Model (RSM) are not presented because convergence was not reached. 
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The iterative process has been terminated due toa floating point error. This error can have 

several causes: 

1) Using the RSM creates a high degree of coupling between the momenturn equations and 

the turbulent stresses in the flow, and thus the calculation can be more prone to stability 

and convergence difficulties than with the k-é rnadeis [Fiuent, 2005]. 

2) Computer round-off errors or incorrect rnadelling of the boundary conditions can cause 

errors in the salution and lead to divergence. 

3) Another cause can be the transient flow problem that is solved in a steady state. The 

RSM is capable of rnadelling this flow correctly but is forced to solve it in a steady state, 

this can lead to divergence. In a model like the k-.s model the transient, instabie 

characteristics are attenuated by numerical diffusion (more than in the RSM model). 

Therefore this model is capable of solving this flow problem in a steady state simulation, in 

contradietien to the RSM. 

4) The fourth possible eau se is a very low numerical diffusion. Th is can occur when the grid 

is too fine. The RSM will then produce errors, which results in a wrong solution. 

The results of the remaining si x turbulence rnadeis are shown in Figure 6. 9. On the x-axis 

the horizontal velocity component (U), divided by the corresponding maximum horizontal 

velocity component (Umax), is plotted. At x/b=70 the vertical velocity component (V), 

divided by the maximum horizontal velocity component is also plotted. On the y-axis the 

dimensionless distance yfy 112 is plotted, where y 112 is the position where U equals with 

lf2*Umax· 

On the x-axis: U/Umax 

On the y-axis: YIY112 

(6.1) 

(6.2) 

The black and grey dots are the original measurement results by Eriksson et al. (1998), 

the lines represent the simuiatien results at different positions. 
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Figure 6 . 9. Results of the first validation study, different turbu/ence mode is are used. 

The results in Figure 6. 9 show that all mode is are in close agreement with the 

measurements, except the spalart-allmaras model (Figure 6.9f) . This is caused by the fact 

that the spalart-allmaras model is a relatively simple one-equation model that solves a 

modelled transport equation for the kinematic eddy (turbulent) viscosity . The other rnadeis 

are two-equation models. The line on the left side of the graphs (x/b=70v), represents the 

vertical velocity component at x/b=70, divided by the maximum horizontal velocity. The 

realizable k-E model and the SST k-w model are at this position in good agreement (Figure 

6.9a and 6.9e). In figure 6.10 this becomes clearer, because the differences of the six 

rnadeis and the measurements are plotted. 
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Figure 6.1 0. Results of the first validation study, different turbulence mode is are used. 

Figure 6.10 shows the differences between the measurements and the simulations for the 

line x/b=70 and the line x/b70v along the y-axis. The line x/b=70 is plotted along the 
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lower x-axis (L'1U/Umax), x/b=70v is plotted along the higher x-axis (L'1V/Umax). The vertical 

dashed lines are some extra guidelines. 

Figure 6.10 shows that the realizable k-E model (Figure 6.10a), the standard k-E model 

(Figure 6.10b), the RNG k-E model (Figure 6.10c) and the SST k-w model (Figure 6.10d) 

have similar differences for the solid line x/b=70. When the dashed line x/b=70v is also 

studied than realizable k-E model (Figure 6.10a) and the SST k-w model (Figure 6.10e) 

give the best results. The realizable k-E model satisfies certain mathematica! constraints on 

the Reynolds stresses, consistent with the physics of turbulent flows. Neither the standard 

k-E model nor the RNG k-E model satisfies these mathematica! constraints. The SST k-w 

model blends the robust and accurate formulation of the k-w model in the near-wall region 

with the free-stream independenee of the k-E model in the far field . The realizable k-E 

model and the SST k-w model seem to contain the right refinements for this flow problem 

in comparison with their standard (and RNG) counterparts, although the differences in 

results are quite small [Fiuent, 2005]. 

The measurements and simulations shown in Figure 6.9 and 6.10 are performed with 

water as fluid materiaL After the satisfying results of water have been obta ined, the 

simulations are repeated for air. This is done on the basis of dynamic similarity. Dynamic 

similarity implies that the veloeities in the model and prototype have to be in the same 

ratio throughout the area of flow modelled. If this similarity is achieved, then the flow 

pattern will be identical for both the modeland the prototype flow fields [Douglas, 2001). 

To comply with dynamic similarity the two geometrically similar flow patterns must have 

the same values for the relevant dimensionless numbers. The Reynolds number is one of 

the most important dimensionless numbers in fluid dynamics that can lead to dynamic 

similarity. True dynamic similarity may require matching other dimensionless numbers as 

well, for example the Euler number, the Mach number (in compressible flows) and the 

Froude number. However sometimes not all these dimensionless numbers can be 

practically satisfied with the available apparatus and fluids [Douglas, 2001]. In these cases 

one is forced to decide which parameters are the most important, in this study the 

Reynolds number is considered to be the most important parameter. 

Identical Reynolds numbers for both the model and the prototype results in the following 

equation: 

(6.3) 

Where p is the density in kg/m3
, V is the mean fluid velocity (m/s), L is the characteristic 

length (m), and J.1 is the dynamic viscosity (kg/ms). The height of the inlet in the facade is 

5.2 times larger than the slot height in this experiment of Eriksson et al. (1998), therefore 
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the model geometry is multiplied by 5.2. In order to obtain equal Reynolds numbers the 

inlet velocity profile is multiplied by 2.8. The used quantities are shown in Table 6.1. 

Table 6.1. Values based on dynamic similarity between the experimental model and the simu/ation model. 

Water Air 
f----· 

Density [kg/m3] 998.2 1.225 p 

~ Dynamic viscosity [kg/ms] 1.003·10"3 1. 7894·10'5 

---
L Characteristic length [m] 0.0096 0.05 

V Mean fluid velocity [m/s] 1.0 2.8 

The results for air (based on dynamic similarity) for the realizable k-E model are shown in 

the Figure 6.11. The results are almast identical to those of the realizable k-E model with 

water (Figure 6.9a). 
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Figure 6.11 . Results of the first validation study with air and the realizable k-t: model. 

As a consequence one can say that the realizable k-E model and the SST k-w model are 

capable of simulating the turbulent wall jet of Eriksson et al. (1998) correctly. It can be 

assumed that these two models are also capable of simulating the airflow at the inlet of 

the facade. 

6.4.2. Second validation study 

A second validation study is performed based on the work of Karimipanah et al. (2002). 

Karimipanah et al. (2002) have performed an experimental study on impinging jet 

ventilation. The impinging jet they describe, operates at relatively low velocities . The 

highest veloeities used are 1.60 m/s. A test facility of 8.4 x 7.2 x 3.0 m (I x w x h) was 

built (Figure 6.12). In this room, there is a supply device mounted on the wallof the long 

side of the test room. The supply device is placed at 1.3 m from the corner and 950 mm 

above the floor. The supply device is half a cylinder with a radius of 0.245 m and a height 

of 2.05 m. The supply airflow rate is set at 0.15 m3/s. The room temperature is kept 

constant by cooling the room walls. 
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The measurements are conducted at 12 measuring points with different distances (x) and 

at 3 angles. from the impingement point, see Figure 6.11. At each measurement point the 

veloeities are measured over a height of 300 mm with 10 mm between traversing 

intervals. 

a) 

8.4 m 

b) 
1:'" ------- Supply device 

Impingement point 

E[ Lil ' 
0'> ' ' . ' ' 
0 ' ' .. -

7.2 m 

E 

"' .... 

E 
0 

M 

Supply device 

c) 

Figure 6.12. Top view of room with measurement points. The cei/ing is used as out/et. 

In the second validation study the airflow within the experimental setup is simulated with 

the CFD code. Three turbulence rnadeis are applied, the realizable k-E model, the SST k-w 

model and the RSM model. The realizable k-E model and the SST k-w model are chosen 

because of the good agreement in the first validation study. Although the RSM model did 

nat converge in the first validation study, a second attempt is made, because in theory the 

RSM model should be capable of simulating this situation accurately . 

The simulation model is three dimensional and consisted of 777,483 cells. Standard wall 

functions are applied, to allow larger cells near the wall, which leads to lower 

computational demands. The results are plotted in two dimensionless farms (see Figure 

6.13) . The three graphs on the left, show the decay of maximum velocity for the different 

angles. The measured Umax at different distances x in radial direction, is divided by the air 

velocity at the supply outlet ( 1.60 m/s) (formula 6.5). At the x-axis a dimensionless 

distance of x and square root of Aout (the supply outlet area = 0.094 m2
), is plotted 

(farm u la 6.4 ). 
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On the x-axis: x I ~Aout 

On the y-axis: Umax I Uo 

(6.4) 

(6.5) 

The graphs on the right side show the rate of spread of the jet for the different angles. 

This is calculated by dividing the height from floer corresponding to half of the maximum 

air velocity, y 112 , by the square root of the supply outlet area (formula 6.6). 

On the x-axis: x I ~Aout 

On the y-axis: Y1;2 I ~Aout 

(6.6) 

(6.7) 

Each type of graph is plotted for the three radial lines from the impingement point (see 

Figure 6.13). In each graph the measurement results of Karimipanah et al. (2002) and the 

results of the three turbulence models are presented. 
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Figure 6.13. Results of the second validation study. 
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The results show that the radial velocity (U) in the y-direction with different radial 

distances from the origin gives a similar dimensionless velocity profile (see the graphs on 

the leftin Figure 6.13). Without the surrounding walls the results of the three radial angles 

should be the same, however the walls have a non negligible influence on the results, this 

is clearly visible in the measurement results at the angle of 30° (bottom graphs of Figure 

6.13). The maximum velocity is described by a power law. The exponent for an ideal case 

should be -1.0 [Karimipanah et al., 2002]. However in the measurements this value was 
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between -1.52 and -1.10. The simulation give results closer totheideal case, the exponent 

values vary between -1.19 and -0.87. 

The differences between simulations and the measurements for the decay of the maximum 

velocity at an angle of 30 ° (the angle ciosest to the wall, see Figure 6.13e and 6.13f) 

might be attributed to the fact that standard wall fundions are used. This means that 

semi-empirica! formulas "wall-functions" are adopted to resolve the region between the 

wall and the fully-turbulent region, this can lead to some discrepancies nearby the wall. 

The results in Figure 6.13 show that the RSM and realizable k-E model give the best 

prediction of the airflow. The RSM gives good results because it accounts for the effects of 

streamline curvature, swirl, rotation, and rapid changes in strain rate in a more rigorous 

manner than one-equation and two-equation models [Fiuent, 2005]. Therefore it has 

greater potential to give accurate predictions for complex flows, like this. The realizable k-E 

model also satisfies certain mathematica! constraints on the Reynolds stresses. The SST k

w model uses the k-E model, but it is transformed into a k-w formulation . It seems that 

modelling the Reynolds stresses is important for this type of flow problem and therefore 

the RSM and realizable k-E model give satisfying results . 

In the graphs on the right side (Figure 6.13b, 6.13d and 6.13f) the difference between the 

RSM and realizable k-E model and the SST k-w model becomes even more clear. The RSM 

gives the best prediction, the second best is the realizable k-E model and the SST k-w 

model gives the least good prediction of the rate of spread of the jet. The rate of spread 

shows how fast the position of y 112 (the position where U= 1/z · Umax), moves away from the 

floor . 

The measurement results for the angles 60°and 90°are similar, the results for the angle 

30° are somewhat different. Karimipanah et al. (2002) mention that this is caused "by the 

damping effect of the adjacent wal/." The differences between the measurements of 

Karimipanah et al. (2002) and an ideal situation like the simulations in this study, are due 

to " friction Jasses and entrainment of the room air into the jet and a/so because the jet 

momenturn cannot be conserved in a confined enc/osure" [Karimipanah et al., 2002] . 

6.5. Conclusions 

This chapter has studied which turbulence model is best capable of simulating the airflow 

at the inlet of the facade. That model will then be used for the simulation of the complete 

facade. It is assumed that the models that are valid for the inlet, will also be valid for 

complete flow in the facade . The inlet boundary condition highly influences the airflow in 

the whole facade . Correct modelling of the inlet region will probably lead to correct results . 

The SST k-w model gives good results in the first validation study, but does not perform 

well in the second study. The Reynolds Stress Model does not converge in the first 

validation study, but performed as well as the realizable k-E model in the second study . 
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The realizable k-E model performed best in the first study and performed tagether with the 

Reynolds Stress Model, the best in the second study. 

The above validatien studies show that the most suitable turbulence model is probably the 

realizable k-E model, this model will be used for the simulations of the facade . 
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CHAPTER 7. CFD SIMULATION RESULTS 

7.1. Introduetion 

This chapter discusses the configuration of the simulation model and the results of the CFD 

simulations. A CFD code is employed to simulate the airflow pattern for different facade 

configurations. The CFD simulations should be able to reproduce the PIV measurements 

and hot-film anemometer measurements. The turbulence model used in this study is the 

realizable k-E model [Shih et al., 1995]. In the validation study the realizable k-E model 

has proved to be capable of simulating the main features of the flow in the facade. The 

facade is represented in a two-dimensional and three-dimensional model. First of all the 

two-dimensional model will be described. Then the simulation results of the base case and 

the variabie cases are discussed in comparison with the measurement results . Finally the 

three-dimensional model is described and its results are presented . 

7 .2. Model description 

The geometry of the facade is shown in Figure 7.1a. This geometry is reproduced with a 

structured mesh (Figure 7.1b). The mesh is generated from a preliminary mesh sensitivity 

analysis. Mesh refinement is applied towards the wall surface, to be able to apply 

enhanced wall treatment. The mesh is built up with a total number of 80,848 cells. 170 

Cells are applied over the width of the facade, 83 cells positioned are over the height of 

the leftin let and 67 over the height of the right in let (see Figure 7.2). 

a) 

Outlet 

A part of the surrounding 

environment is modelled to 

obtain a realistic 

Dense mesh near the wa/Is 

and at the in let of the 

facade 

Pressure in/et 

Pressure in/et 

Left in/et of the facade 

Right in let of the facade 

Figure 7.1. Two-dimensional model with mesh and two-dimensional geometry with measurement 

positions. 
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The size of the surrounding environment is relatively large to minimize the influence of 

these boundary conditions on the inlet. To approach the reality as close as possible, the 

sides of the surroundings are defined as a pressure inlet (see Figure 7.1b). The upper 

boundary is defined as a wall. Therefore this boundary is located far away from the inlet. 

In the simulation model the left inlet and right inlet have a different height because at the 

experimental setup the inlets have a small difference in height as well. 

Wal/ 

Left 

in/et 

floor 

b) 

E 
E 

E 
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~ 
Q) .s 
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a: 

Width of the facade (300 mm). 

Figure 7.2. Leftand right in/et of the two-dimensional model with mesh. 

The facade has used two principles that cause the air to flow: 

Right 

in/et 

Artificial 

floor 

1) The first principle uses inlet profiles, obtained from the hot-film measurements. They 

are applied at the inlet (Figure 7.3a). 

2) The second principle uses a pressure difference over the facade. At the position of the 

fan an underpressure is applied. The reference pressure of zero is applied at the inlet 

region (see Figure 7.3b). 

a) 

r 
I ··· .. , 

["--"! 

8 
.···· I 
~ 
\,---J ..... 

- Pa 

b) 

r 
0 Pa 0 Pa 

Figure 7.3. The two ma in principles of the driving farces used in the simulations. a) in let profiles 

app/ied, b) pressure difference over the facade. 

The hot-film in let profiles that are used are shown in Figure 7 .4. The total airflow ra te, 

measured with the hot-film, is 167.5 m3/h (see Figure 7.4). 
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Figure 7.4. Velocity profiles at the in/et, obtained from the hot-film measurements. Total airflow rate 

is 167, 5 m 3/h . 

The pressure difference over the facade in the base case is determined with a system 

curve. The system curve defines the relationship between flow rate through the system 

and the total resistance that the system offers to the flow. The system curve is given by 

the following equation. 

(7.1) 

Where ç is the loss coefficient (Pa·h 2/m 6
) of the system, Ga is the airflow rate (m 3/h) and 

t:.p is the pressure loss over the system (Pa). The loss coefficient is obtained by applying a 

known pressure difference over the facade and calculating the corresponding airflow rate 

from the simuiatien results . In the base case simuiatien the loss coefficient is 5.14·10-6 

Pa·h2/m6
. To obtain an airflow rate of 167.5 m3/h, just like the hot-film measurements at 

the inlet, the pressure drop needs to be 0.1433 Pa. The system curve depends on the 

system configuration and therefore changes in each case . The average airflow rate 

measured with PIV is 179 m3/h. In the first simuiatien the preferenee is given to the value 

of the hot-film (167.5 m 3/h, see Figure 7.4) so that the results of the pressure difference 

(Figure 7.3b) can be better compared wit the simuiatien results from the first methad 

(Figure 7.3a). In the other variabie measurement cases, no additional hot-film 

measurements have taken place. In these cases the airflow rates obtained from the 

average PIV velocity profiles are used . 

The simulated cases are equal to the measurement cases. Only case 5 (different seeding) 

and 6 (higher frequency) of the measurements are not simulated . Case 5 is not relevant 

for the simulations and case 6 could not be applied in the steady-state simulations. An 

additional case is simulated, where the base case is changed into a completely symmetrical 

case. In Table 7.1 the simulated two-dimensional cases are shown. 
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Table 7.1. Simu/ation cases. 

Case Symbol In let Bllnds Airflow rate 20/30 --
BASE 

1 CASE 2-sided No 200 m 3/h 2D 

- -+-

.-- - - -

LEFT 
2 CLOSED l-slded No 200 m 3/h 2D 

-+-

3 1;11 ill 2-sided Yes 200 m 3/h 2D 

Fl 
- --- ·I-

4 2-sided No 170 m3 /h 2D 

·-· .. _. 

A 
- - -

5 E 2-sided NO 200 m 3/h 30 

- -
SYM-

6 METRY 2-sided No 200 m 3/h 2D 

- -
The most important input parameters of the base case simuiatien are shown in Table 7 .2 . 
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Table 7.2. Simu/ation parameters of the base case with a pressure ditterenee over the façade. 

Fluid 

Fluid 

Density 

Viscosity 

Air, incompressible, viscous 

1,255 kg/m 3 

1,7894e-05 m 2/s 

Pressure inlet 

Gauge total pressure 

Supersonic/Initial gauge 

Direction specificatien method 

Settings 

0 Pa 

0 Pa 

Normal to boundary 

k 0.01 

Computational domaln and mesh 0.01 

Space 20 

Geometry 

height 3500 mm 

width 1500 mm 

Mesh 

Type Structured 

Elements Quadrilaterals (20) 

Number of 80.848 

Models 

Turbulence model 

type 

constants 

cr, 

Wall 

type 

Equation 

Flow 

Turbulence 

Energy 

Realizable k- E 

1.9 

1.2 

Enhanced wall treatment 

Solved 

yes 

yes 

no 

Boundary conditlans 

In let 

Outlet 

Pressure-inlet 

Outlet-vent 

7 .3. Results of the base case 

Outlet vent Settings 

Gauge pressure -0.1433 Pa 

Backflow direction specificatien Normal to boundary 

method 

k 0 .01 

Operating conditions 

Static pressure 

Solver 

Segregated, steady, implicit 

Pressure 

Pressure-Velocity Coupling 

Momenturn 

k 

Relaxation factors 

Pressure 

Density 

Body Forces 

Momenturn 

k 

Turbulent viscosity 

0 .01 

101325 Pa 

Standard 

SIMPLE 

2nd order upwind 

2nd order upwind 

2nd order upwind 

0.3 

0.7 

0.8 

0.8 

First the simulation results of the base case will be presented and discussed. The obtained 

velocity profiles in the facade of the base case are shown in Figure 7.5. Both the simulation 

results and the measurement results are presented. 
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Figure 7.5. Velocity profiles of the vertical component in the base case, simutatect in 

20. 

ls:l 
I CASE I 

The annotation 'CFD simulations - inlet conditions' refers to the fact that the hot-film 

velocity profiles are applied at the inlet and that the outlet is defined as a 'outlet vent' with 

no gauge pressure. The annotation 'CFD simulations - outlet conditions' refers to the fact 

that the second methad is applied, there is a defined pressure difference over height the 

facade, as mentioned before. For the measurement results is the average velocity profile 

presented. Taking the average velocity profile is justified because the velocity gradient 

over the height of the image is low at all these positions. 

The simulation results of the facade in a two-dimensional situation are in relatively good 

agreement with the measurements. The asymmetrie effect of the inlets is still present at 

the highest position (168 cm, Figure 7.5a). This effect is visible over the whole height of 

the facade. In addition, the asymmetrie effect causes a downward flow from 0 to 

(approximately) 100 mm at the width of the facade (Figure 7.5 b, c and d). Th is downward 

flow is also slightly overestimated in the simulations. 
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Ta investigate if the realizable k-E model is the only model that overestimates this effect, 

the RSM and SST k-w model are also applied in the base case. The Reynolds Stress Model 

(RSM) did nat converge, just like in the first validation study, sa there are na results 

available from this model. This can have the same causes as in the first validation study, 

mentioned in paragraph 6.4.1. However the realizable k-E model SST k-w model are able 

to solve this flow problem. They bath used the inlet profiles obta ined from the hot-film 

measurements to define the airflow at the in let . The results of the simulations are shown in 

Figure 7.6. 

a) 0.6 r--~-~-~-~--~-----, b) 0.6 
- PIV measurements 

0.5 • hot-film measurements 0.5 

0.4 -- k-< real model 0.4 
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Figure 7.6. Comparison of the veloeities of the vertical component, determined by the 

SST k-w model and the realizable k-E model. 

la:l 
I CASE I 

As one can see in Figure 7 .6, the SST k-w model attenuates the effect of the asymmetrical 

inlet. Overall and especially in the lower regions the realizable k-E model gives a better 

prediction . This shows that the two validation studies are correctly chosen. The two

dimensional simulation seems to be feasible to predict the pattern of the airflow within a 

certain range . The maximum difference between the simulation and the measurements is 

about 0.09 m/s (Figure 7.6). However at some places it is far more accurate. 

7 .4. Results of the variabie cases 

In this paragraph the results of the simulations of four variabie cases, that were also 

simulated, are shown. In the graphs below the simulation results are compared to the 

measurement results . The velocity profiles are presented at four positions. More graphs 

are shown in appendix E. In the simulations of the variabie cases the second modelling 

principle is used (see Figure 7.3b) because there are na hot-film measurements available 

of these configurations. The airflow rate used is the mean airflow rate, calculated from the 

average velocity profiles. This paragraph concludes with a completely symmetrie case, to 

study what would have happened when the base case did nat have the smal! deviation in 

height at the inlet. 
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7.4.1. Leftin/et closed 

In the first variabie case, the left inlet is closed. The pressure difference in the simulations 

is set at -0.161 Pa to obtain an average airflow rate of 76 m3/h. This airflow rateis derived 

from the measurements by calculating the area underneath each velocity profile (formula 

4.1) and taking the average of these airflow rates. In this case the deviation from the 

mean airflow rate is quite significant. The values vary between 17 m3/h and 110 m3/h. In 

the two-dimensional simulation the mass is conserved over the height of the facade and 

therefore the airflow rate is equal at each position, in contradietien to the measurements. 

This explains the fact that the simulations are at some positions in close agreement with 

the measurement results and at some positions there is a large difference. 
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Figure 7. 7. Velocity profiles of the vertica/component for the variabie case: leftin/et 

c/osed. 
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In spite of the high fluctuating airflow rate, the simulation model seems to predict the flow 

pattern reasonably well, especially at the higher positions in the facade. Just like in the 

measurements the upward flow is shifted to the left side, in the simulations this effect is 

visible till 138 cm. In the measurements this effect has faded away a little earlier. At 

position 108 cm there is no langer an asymmetrie flow distribution in the cavity. At the 

higher positions the absolute veloeities are in close agreement with the measurements. 
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In practice a facade has often one inlet, like in this case. These measurements and 

simulations make clear that the preferential airflow path for an active facade, under similar 

conditions, is to the side opposite of the inlet. 

7.4.2. Horizontal b/inds in the cavity 

In the second variabie case the horizontal blinds (also called venetian blinds) are placed in 

the cavity. The blinds are modelled according to Safer (2004) . He used a porous medium 

as replacement of the blinds. Modelling all the individual blinds would ask very large 

computational resources, therefore the porous medium model described by Safer (2004) is 

applied. Safer (2004) has modelled the blinds with their exact geometry in CFD and 

determined the two characteristic resistances for the blinds. With these resistances he 

modelled a porous medium as replacement of the blinds. He compared the simulation 

results of the blinds with their exact geometry and the equivalent porous medium model 

(see Figure 7.8). 
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Figure 7.8. Velocity profiles inside the cavity of an active facade. A comparison between the blinds 

and the porous medium, the slat angle is 0°. Both results are simu/ation results. 

The porous medium is characterized by two types of resistances (inertial and viscous 

resistances). The inertial resistance is proportional to the fluid density times the flow rate. 

The inertial resistance causes a pressure gradient over the porous medium. When the air 

moves slowly past the blinds, it will experience a viscous drag which is proportional to the 

velocity. This is called the viscous resistance. This resistance is used to calculate the 

penetration distance into the porous medium. In essence, the porous media model is an 

added momenturn sinkin the governing momenturn equations [Fiuent, 2005]. 

The resistance in the direction perpendicular to the slats is high, whereas the resistance 

through the blinds is relatively low. The values for the equivalent porous medium have 

been computed, by Safer (2004 ), for one slat tilt angle (0°; slat horizontal). The va lues for 

the inertial and viscous resistance are shown in Table 7.3. 

101 



Table 7.3. Characteristic value of the porous medium. Source: Safer, 2004. 

Slat tiltangles According to 

o· 
t----

a) 

b) 

x axis 

y axis 

Real situation: Venetian blinds 

~ 
I 
I 

~ 

Real situation : Venetian blinds 

Inertial resistance Viscous resistance 
- - - ---

0 4488 

10 500,000 

Model: Porous media 

Model: Porous media 

Figure 7.9. Resistances R, and R, that are caused by the blinds are modelled with aporous medium. 

The slat tilt angle can be modelled by equivalent rotation of the original porous media model. 

Figure 7.9 shows the resistances Rx and Ry, respectively in x-direction and y-direction, that 

are modelled. It shows that the blinds are nat modelled individually but as a region with 

inertial and viseaus resistances in bath directions. Equivalent characteristics of the porous 

medium for other values of the slat tilt angles are obtained by the equivalent rotation of 

the original porous medium model (see Figure 7.9b) . The application of this porous 

medium leads to the results presented in Figure 7 .10. 
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lsJosl Figure 1.1 0. Velocity profiles of the vertica/ component in the CFD simufations for the 

variabie case: horizontal blinds. ill 
These comparisons between simulations and measurements (see Figure 7.10) demonstrate 

that the equivalent porous medium model is able to correctly represent the effect of the 

blinds on the airflow, and is therefore an appropriate solution to decrease the number of 

mesh cells. Nevertheless, there is a smal! difference between the two velocity fields. Safer 

(2004) attributes this difference to the averaging of the pressure loss in the equivalent 

porous medium model. At the bottorn of the facade the (Figure 7.10d) the differences are 

larger. 

The peak on the left side of the blinds (at position '18 cm') is caused by a collision of the 

air with the final slats of the blinds. The blinds reach till the bottorn of the facade. At the 

artificial floor lie a few remaining slats plus the thicker end slat (see figure 7.11). 
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Venetian blinds in the facade. 

Remaining slats, plus the thicker 

end slat of the venetian blinds. 

Figure 1.11. Remaining slats, plus the thicker end slat of the venetian blinds in the facade. 

The air collides with these slats and is forced upwards. This effect is modelled with a 

porous medium with distinct charaderistic values. To obtain these values, a single slat has 

been modelled. The loss factor of the specific configuration and the adjusted loss factor, 

when the configuration is less open, are then determined. With this adjusted loss factor 

and the thickness of the perforated medium, the inertial resistance can be determined. 

More information on the equations of these calculations can be found in Fluent (2005). 

However with increased resistances, the effect is still underestimated. Therefore, in a new 

simulation, the porous medium is replaced by a wall boundary condition (see figure 7.12b). 
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Figure 7.12. Difference between two slmulations. Simu/ation (a) is modelled with aporous medium over 

the complete height of the facade. Simu/ation (b) is modelled with a wal/ at the bottom, representing 

the remaining slats and the thicker end slat. Above the wal/ the porous medium is applied. 

This however results in the same underestimation of the collision. One can say that the 

blockage effect of the blinds at the bottom can not be modelled correctly within this 

configuration. Apart from the airflow pattern at the inlet, the model seems to be able to 

predict the airflow with venetian blinds quite adequately. 

In practice, lowering the shading device results in a division of the cavity into two parts. It 

is likely that the preferential airflow path for an active facade, will also be at the side 

opposite to the inlet. 
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7.4.3. Lower airflow ra te 

Compared to the base case, the measurement results at a lower airflow rate deviated a 

little less (see chapter 5). The major part of this deviation seems to be caused by 

uncertainties in the measurements. These uncertainties are likely to be the result of an 

airflow in the third direction. However in this case the deviation is less compared to the 

base case and therefore the average airflow value gives better results in the simulation. In 

this variabie case the average airflow rate measured was 134 m3/h. The highest value 

measured was 164 m3/h and the lowest 74 m3/h. The majority of the airflow rates lies 

between 130 and 150 m3/h. Therefore this simulation model is able to predict the airflow 

quite accurate. 
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Figure 7.13, Velocity profiles of the vertical component in the variabie case: lower 

airflow rate, 
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Fl 
Figure 7.13 shows that not only the tendencies of the airflow can be well predicted a lso 

qualitative results can be obtained from these simulations. It shows that when the input 

parameters for the simulation are correct, that the airflow can be predicted with an 

accuracy of 10%- 20% from the mean value (Figure 7.13). 
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7.4.4. Completely symmetrie base case 

The last two-dimensional case that is modelled is the symmetrie case. This additional 

variant is developed to investigate if the airflow will be symmetrie, when the geometry is 

completely symmetrie. This case has a inlet height of 4.9 cm on bath sides. The airflow 

rate is set at 167.5 m 3/h, just like in the base case and the same model is used. The 

contour plots of the velocity (Figure 7.14) show that the symmetrical geometry does not 

result in a symmetrical airflow pattern (Figure 7.14b). By rnadelling half of the facade and 

applying a symmetry-axis as a boundary condition, the contours of Figure 7 .14c are 

obtained. 
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Figure 7.14. Contour plots of the veloeities (m/s} in the base case (a) and two cases with complete 

symmetry (b and c). 

The vertical dashed line in Figure 7.14c is the symmetry-axis. These results show that 

when the geometry and the boundary conditions are fully symmetrie, the flow field is not 

symmetrie and shifts from the left wall to the right wall or the opposite. A completely 

symmetrie case is very unstable and the preferential flow seems to shift from side to side. 

Which shifted mode is obtained depends on the numerical details of the governing 

equations, grid asymmetries, the transient nature of the flow problem and in which 

direction the mesh is iterated. Small round-off errors can also make the solver go into one 

direction. Using the same solver will always result in the same mode, unless perturbations 

are used or the flow is solved in the other salution direction [CFD online, 1999] . In the 

base case, the small difference in inlet height causes the airflow to shift to the right side, 

just like in the measurements. The completely symmetrie case is in unstable balance, so in 

practice a minor disturbance will also cause the flow to go in one direction or it will 

alternate within the time (in transient simulations). When symmetry is forced (Figure 

7 .14c) the CFD code shows that it is capable of solving this flow problem symmetrically . 
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7.5. 30-simulation 

As the measurements have shown, it is likely that there is some airflow in the third 

direction of the facade. The 2D simulation has proven to be capable of simulating the 

features of the airflow problem within a certain range. Maybe 3D simulations will show 

some flow in the z-direction. For the 3D simulation a coarser mesh, compared to 2D, was 

chosen, to save computational recourses. Along the length of the facade 27 cells are used. 

This makes a total of 213,054 cells. The enhanced wall treatment could not be applied in 

these cases, because the dimensionless distance from the wall (y+) was higher than 5. This 

condition for applying enhanced wall functions is explained in chapter 5.6. 

~ I 

y y 
y 

z x 
Figure 7.15. Three-dimensional model with mesh. 

Figure 7.15 shows the configuration of the three-dimensional geometry and mesh. The 

facade plus a part of the surroundings is modelled to obtain realistic inlet profiles. The 

three-dimensional simulation is performed steady state. The results are first compared 

with the results of the two-dimensional simulations (Figure 7.16) to see whether the 

coarse mesh of the 3D model results in similar values for the velocity as the 2D model. The 

veloeities in the xy-plane are shown at four heights. The measurement results are also 

shown in these figures. 
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Figure 7.16. Velocity profiles of the vertical component in the base case, measurea, Pl simulated in 20 and 30. 
E 

Figure 7.16 shows that the 20 and 30 si mulation show a lot of similarities. The differences 

can be attributed to the coarse mesh of the 30-model. Especially near the walls, the effect 

of the wall functions instead of the enhanced wall treatment, becomes clear. The fact that 

the 20 and 30 simulations are in quite good agreement, shows that this coarse 30 mesh is 

able to predict the main features of this flow. 

Because the veloeities in the xy-plane are quite well predicted, the results in the yz-plane 

can be studied. This is done with a contour and vector plot (Figure 7.17). 
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Figure 7.17. Contour and vector plot of the airflow in the facade, along the length of the facade. 

Figure 7.17 shows that the air flows upward in the whole yz-plane and the airflow pattern 

in this plane is symmetrie .. The attenuating effect of the wal Is is noticeable, but they don't 

change the direction of the airflow. One can conclude that the vortices in the yz-plane, 

suggested by the measurements, are not reproduced in the steady state 3D simulations. 

This can be caused by the fact that it is a steady state simulation where transient effect 

will not be shown. 

Unfortunately it was not possible to perfarm a transient simulation in this study, because 

an unknown transient input parameter is needed . If the HFA measurements had shown a 

frequency within the fluctuations, it might have been possible to simulate the transient 

effe cts. 

7.6. Conclusions 

The results of the simulations have shown that the two-dimensional numerical model is 

able to predict the measurements within the measurement uncertainty. In addition, the 

blinds in the cavity can be modelled with a porous medium as replacement. The 

simulations also showed that a strictly symmetrical geometry is not likely to result in a 

symmetrie flow pattern . Minor, unnoticeable disturbances will cause this unstable balance 

to shift to one side. 

Important deviations of the airflow distribution in the measurements result in the fact that 

the two-dimensional simulations can never exactly predict the airflow. The deviations are 
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likely to be caused by vortices in the third direction. However these vortices in the third 

direction are not noticed in the three-dimensional simulation in this study. These 

simulations are performed steady state, therefore the transient effects cannot be 

predicted. 
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CHAPTER 8. CONCLUSIONS 

The principal goal of this research was to study the airflow in a mechanically ventilated 

one-storey high active facade . In this final chapter the main achievements and conclusions 

are summarised and discussed. Finally, recommendations for future research are 

presented. 

8.1. Main results and discussion 

First of all measurements were performed in a one-storey high facade under isothermal 

conditions. For the base case two measurement techniques are used; PIV and hot-film 

anemometry. Five variabie cases are conducted with PIV only . 

The PIV measurements are performed in a two-dimensional target plane. Additional control 

measurements, with hot-film sensors, are performed in the base case to check the validity 

of the PIV measurement technique in this experimental setup. The hot-film measurements 

show results similar to the PIV measurements. At all positions in the base case high 

deviations of about 30% to 50% from the mean value, are measured. These high 

deviations are measured with bath techniques (PIV and hot-film anemometry), therefore it 

is likely that these deviations are present in the airflow and are nat due to measurement 

errors. Ta obtain more insight in the behaviour of the airflow the measurements are also 

performed in different planes along the length of the facade. The measurements in the 

different planes result in a distinct airflow path and distinct velocities . Ta study the 

repeatability of the measurements, they are carried out at a regular interval. From these 

repeated measurements we can conclude that the measurements are repeatable within a 

certain range. 

The first objective of this study was to obtain accurate measurement results for the base 

case. One can say that accurate measurements are obtained, although the airflow is quite 

unstable. Therefore high deviations within the measurements can nat be avoided. These 

high fluctuations suggest an airflow in the third direction, the direction perpendicular to the 

measurement plane. 

The five variabie cases were measured with PIV and also showed an overall deviation. 

• The case with a lower airflow rate had the least fluctuations. As a consequence of 

the lower airflow rate, the veloeities and the deviations (at this frequency) were 

lower. 

In the case with the blinds, the airflow was separated in two different airflow 

channels. This case was measured with a slat tilt angle of 0° (slat horizontal). 

The variabie case where one inlet is closed, showed an unequal distribution up toa 

height of 168 cm. The highest veloeities were found on the opposite side of the 

in let. 
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The second objective of this thesis was to campare the capability of the different 

measurement techniques for this specific experimental setup. Therefore nat only additional 

hot-film measurements were carried out. There were also two variabie case measurements 

performed with a different seeding (olive oil versus smoke) and at another measurement 

frequency (3.7 Hz versus 5 Hz). These measurements showed that the influence of these 

parameters on the results (within the change that was applied) is nat significant. The two 

measurement techniques seemed to be capable of performing accurate measurements. 

However this applied for this specific configuration, in another experimental setup the 

results can be different. 

After the measurements, simulations were carried out. Computational Fluid Dynamics 

(CFD) was used to study the feasibility and accuracy of this approach for calculating the 

airflow in the facade and try to develop an accurate simulation model of facade. This was 

the third objective of this study. With the measurement observations in mind, a two

dimensional numerical model for a single storey facade with mechanica! ventilation was 

developed. A grid sensitivity analysis was performed and the grid salution was calculated. 

Two validatien studies show that the realizable k-t: model gives the best results for this 

type of flow problem. Veloeities are calculated for the base case and the four variabie 

cases. Consecutively, a comparison of the measurements and the simulations showed that 

the model is capable of predicting the measurements within a certain range. This 

uncertainty originated in the measurements. The measurement results show a large 

spread on the results within the same position. Therefore it is nat possible for the 

si mulation model to exactly predict this fluctuating velocity. As a consequence the two

dimensional simulation model is not sufficient for obtaining qualitative results. However the 

tendencies of the flow are well predicted. As mentioned before, the high fluctuations 

indicated a three-dimensional flow in the lateral direction (the length of the facade). 

Three-dimensional rnadelling is required for this flow problem. The three-dimensional 

steady-state simulations do not show vortices in the third direction . In the future it might 

be rewarding to perfarm the simulations also unsteady, maybe these simulations will then 

show the expected vortices in the third direction. It can be concluded that the third 

objective was only partially obtained. The two- and three-dimensional model were capable 

of predicting the airflow qualitatively, but not quantitatively. These simulations showed 

that the CFD simulations are feasible and relatively accurate in predicting the airflow in the 

facade, which appeared to be very complex. 

Another conclusion that can be drawn from this study is that detailed information about 

the boundary conditions is needed for a proper understanding and simulation of the 

behaviour of the facade. The measurements illustrated that the boundary conditions (e.g. 

dimensions and position of the inlet) have a major influence on the flow pattern in the 

facade. A smal! deviation in the boundary conditions can have a major influence on the 

airflow path. 
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This study has provided more insight and a better understanding of the behaviour of 

isothermal airflow in active facades. It provided an onset for a numerical model which can 

predict the behaviour of the airflow in the facade. A better understanding of the behaviour 

of active facades is necessary to be able to predict the performance of active facades in 

practice. Often mentioned advantages, like high energy savings, excellent thermal comfort 

and solar energy utilization, can then be initially investigated based on CFD simulations. 

These results will show for each situation whether the previous mentioned advantages are 

correct or if they are not realizable. 

8.2. Recommendations for future work 

The airflow in the facade seems to be not two-dimensional. This suspicion is unfortunately 

not confirmed by the three-dimensional steady-state simulations performed in this study. 

Unsteady simulations are more capable of predicting this type of unstable flow. Transient 

simulations can be performed to get to know more about flow in the third direction. 

However additional information about the transient behaviour of the airflow is needed. 

In addition, it would be interesting to fit the target area of the two-dimensional PIV 

measurements to the whole width of the facade. In this study the width is measured with 

two separate measurements, otherwise the spatial resolution would be too low. Measuring 

the whole width of the facade at once can give more insight in the real airflow rates at the 

different moments. A disadvantage of the one- or two-dimensional measurement 

techniques is that the airflow can never be completely investigated. More accurate 

measurements can be obtained by using three-dimensional techniques. The PIV technique 

that is used here, is nowadays also capable of measuring in three dimensions. 

Unfortunately this was not possible with the present experimental set-up. 

This work has provided more insight in the behaviour of active facades. In future research 

the same measurements should also be performed under more realistic conditions e.g. 

non-isothermal conditions and solar radiation. Then the simulation model can be extended 

with energy equations. This should result in a model that is capable of simulating more 

realistic, complex situations. 
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