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KURZFASSUNG 

Die natürliche Lüftung ist ein häufig verwendetes Prinzip und eine effiziente Strategie 

wenn es um den Entwurf von der Gebäuden mit einem geringeren Verbrauch and 

Kühlenergie und einer verbesserten Raumluftqualität geht. In der Entwurfsphase von 

der Gebäuden müssen Informationen über die Menge an der Frischluft vorliegen, die 

durch die Öffnungen in der Gebäudehülle kommt. In den letzten Jahren wurden daher 

viele natürliche Lüftungsmodelle zur Vorhersage der Luftwechselrate entwickelt: 

analytische / empirische Modelle, Netzwerkmodelle und Verfahren der numerischen 

Strömungsmechanik (CFD). Obwohl die letzten beiden Prinzipien prinzipiell 

zuverlässigere Vorhersagen der natürlichen Belüftung liefern können, in einer frühen 

Bauphase können die analytische Modelle eine schnelle und einfache Abschätzung 

der Luftwechselraten ermöglichen, ohne die Notwendigkeit von der umfangreichen 

Eingabeinformationen. 

In der vorliegenden Arbeit werden die durch fünf einseitige natürliche 

Lüftungsberechnungsverfahren geschätzten Luftwechselraten durch 

vollmaßstäbliche Messungen in einem Universitätsgebäude in Wien bewertet. Die 

Messungen werden mit der Tracergas-Technik mit SF6 als Tracergas und unter 

Berücksichtigung verschiedener Szenarien von Fensteröffnungen durchgeführt. 

Anschließend werden die gemessenen Luftwechselraten mit denen aus den 

Lüftungsberechnungsverfahren verglichen, um die Vorhersagekraft der Modelle zu 

untersuchen. Diese Validierungsstudie ermöglicht es auch, die Quellen der 

Diskrepanz zwischen den gemessenen und geschätzten Luftwechselraten in 

verschiedenen Einstellungen hinsichtlich Fensterzuständen und äußeren 

Randbedingungen zu untersuchen. 

Die Ergebnisse der Studie zeigen, dass zusätzlich zu der Öffnungsfläche, der 

Windgeschwindigkeit und der Temperaturdifferenz auch die Windrichtung einen 

signifikanten Einfluss auf die Luftwechselraten hat, die nicht bei allen Modellen 

erfassen würde. Darüber hinaus, im Fall der Modelle die die Öffnungsfläche 

berücksichtigen, sind die Vorhersagen hauptsächlich für kleinere Öffnungen genauer. 

Im Allgemeinen, kann argumentiert werden, dass drei der untersuchten Modelle 

Schätzungen die gut mit den Messungen übereinstimmen liefern. 

 



 

 
 

ABSTRACT 

Natural ventilation is a frequently used principle and an efficient strategy when it 

comes to designing buildings with a lower cooling energy demand and improved 

indoor air quality. In the design phase of buildings, it is necessary to have information 

about the quantity of fresh air coming through the openings in the buildings envelope. 

As a result, many natural ventilation models for prediction of air change rate have 

been developed in the past years: analytical/empirical models, network models and 

Computational Fluid Dynamics (CFD) techniques. Although the last two can in 

principle offer more reliable predictions of natural ventilation, in an early phase of 

building design, analytical models can offer a quick and simple estimation of the air 

change rates without requiring extensive input information. 

In the present thesis the air change rates estimated by five single-sided natural 

ventilation calculation methods are evaluated through full-scale measurements in a 

university building in Vienna, Austria. The measurements are made using the tracer 

gas technique with SF6 as tracer gas and considering different scenarios of window 

openings. Subsequently, the measured air change rates are compared with those 

obtained from the estimation methods in order to examine the models’ predictive 

performance. This validation study also makes it possible to investigate the sources 

of discrepancy between the measured and estimated air change rates in different 

settings with regard to window states and outside boundary conditions.  

The results of the study shows that besides opening area, wind velocity and 

temperature difference, wind direction also has a significant effect on the air change 

rates, which is not captured in all models. Besides, in case of the models which 

consider opening area, the predictions are mainly more accurate for smaller openings. 

In general, it can be argued that three of the studied models provide estimations with 

good agreement with the measurements.  
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Natural ventilation, Single-sided ventilation, Air change rate, Calculation method, 
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1 INTRODUCTION 

1.1 Overview 

Natural ventilation is one of the most efficient design strategies when it comes to 

improving indoor air quality and reducing the cooling energy consumption of a 

building. Moreover, providing constant fresh air supply into a space can assure a 

comfortable and healthy indoor climate for its occupants. Different studies (Seppänen 

et al. 1999; Seppänen and Fisk 2004, Wargocki et al., 2002) highlight the importance 

of indoor air quality when it comes to the health of the residents. Furthermore, as 

Seppänen and Fisk (2004) present in their work, the natural ventilated buildings are 

linked with less Sick Building Syndrome symptoms as the ones with a mechanical 

ventilation system. In order to reach these goals, a minimum air change is required 

depending on the properties of each building (type, environmental systems, activity of 

occupants, etc.). Consequently, it is necessary, to have information about the quantity 

of fresh air coming through the openings in the buildings envelope already from the 

conceptual design phase. The air change rate is dependent of the driving forces which 

lead to natural ventilation in buildings: wind and thermal buoyancy. This process 

occurs through openings in the buildings envelope or different passive techniques, or 

it can just be the simple action of opening the window to let fresh air inside. Thus, the 

air change rate can be affected by the buildings’ envelope, meteorological conditions, 

indoor environment and the occupants’ behavior (Laussmann and Helm 2011). Many 

calculations methods for the prediction of air change rate through window ventilation, 

which take into consideration different influencing aspects, have been developed in 

the past years. Although cross-ventilation is more effective than single-sided 

ventilation due to its capability to create higher air change rates, its use is limited 

because of building regulations, unfavorable building shapes or interior layouts. 

Moreover, given that many of the buildings, commercial or residential, are usually 

planned having rooms with one-sided windows, it makes sense to specially 

investigate the case of single-sided natural ventilation. 

Specifically, the focus of this study is to explore the predictability of the air change 

rates via existing methods for estimation of natural ventilation. This model validation 

study will be based on the data obtained from real-scale measurements in a university 

building in Vienna, Austria. 

This research work is structured in terms of four chapters. Chapter 1 will present 

general notions of natural ventilation and a research on existing calculation methods 
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for single-sided natural ventilation. Chapter 2 describes the methodology, details 

about the case study, measurements, data collection and implementation. Chapter 3 

presents the results and discussion and chapter 4 is dedicated to the conclusion of 

this study. 

1.2 Motivation 

One of the main issues in the design phases of buildings is to make sure a constant 

fresh air supply is provided into a space in order to assure a comfortable and healthy 

indoor climate for its occupants. In a design phase, simulations of buildings are made 

in order to obtain predictions of their performance. Natural ventilation is a complex 

phenomenon and as a design strategy it requires a lot of knowledge and attention to 

fulfil the desirable results in terms of ventilation rates. CFD (Computational fluid 

dynamics) simulations can offers good predictions of natural ventilation. However, 

performing CFD simulations is complex and also costly. Therefore this method is 

being used in the final design phase of a building. Analytical models of natural 

ventilation could offer simpler calculation methods for determining the amount of air 

entering a space, in particular for simple and single-zone geometries. Thereby, the 

purpose of this research is to analyze the performance of different estimation methods 

for single-sided natural ventilation and to compare their prediction capabilities. The 

verification and validation of the methods is performed through full-scale 

measurements in an office room at TU Wien (Vienna, Austria). Consequently, the 

results could show which models can provide reliable estimations of air change rates 

in buildings.  

Thereby, the purpose of this research is to analyze the performance of five single-

sided natural ventilation models. Specifically the study conducts a verification and 

validation of the models through full-scale measurements in a university building in 

Vienna, Austria.  

1.3 Background  

1.3.1 Introduction to Natural Ventilation 

Natural ventilation is an effective design strategy which has the ability to improve the 

indoor air quality by replacing the indoor air with fresh outside air, improve thermal 

comfort by lowering the room temperatures when the outdoor air temperature is 

cooler, assure air flow to cool down the building structure, therefore reducing the 
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cooling energy consumption of a building and also support the occupants 

physiological cooling processes (Ghiabaklou 2010). 

Providing fresh air into a space is a fundamental requirement for assuring indoor air 

quality, thus a healthy environment for a buildings occupants. Numerous papers 

investigating the differences between natural and mechanical ventilation have been 

written. Seppänen and Fisk (2004) conclude in their research that there are less Sick 

Building Syndrome symptoms in natural ventilated buildings as in the ones with a 

mechanical ventilation system. Hellwig et al. (2006) conducted a study in 14 German 

office buildings with the purpose to identify parameters that influence the perception 

of thermal comfort of the occupants. Six of the buildings were naturally ventilated 

buildings and the rest were equipped with mechanical ventilation. The results of the 

interviews revealed that the office workers in the naturally ventilated buildings were 

considerably more satisfied with their thermal comfort than the office workers in the 

buildings with mechanical ventilation system.  

However, the effectiveness of natural ventilation as a design strategy highly depends 

on the climatic conditions as it is not considered practical in hot and humid climates 

or in cold climates (ASHRAE 2009). Therefore, it is important to integrate the natural 

ventilation concept already from the early design phases of a building. Defining the 

location, orientation, shape of the building, the ventilation principle and the size and 

control of the ventilation openings in good agreement with the natural driving forces 

can result in a good distribution of air flow through the building.  

Natural ventilation is caused by temperature differences and wind pressure 

differences at the openings of a buildings envelope. It can occur by infiltration of 

outside air through unintentional openings in the structure or/and by the simple action 

of opening windows, doors and letting outside air to flow in and out of a space. 

There are three types of ventilation principles that can be used in a building: single-

sided ventilation, cross-ventilation and stack ventilation (Figure 1).  
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Figure 1 Natural ventilation principles: a) single-sided ventilation, b) cross ventilation and c) 

stack ventilation (source: Heiselberg 2006a) 

 

Single-sided ventilation is the situation when the opening in the buildings envelope is 

only on one side of the room. The temperature differences are the main driving force 

in winter and wind pressure differences in summer. The ventilation rates generated in 

this case are lower than in the other cases because the air does not flow that far into 

the space. However, considering the design of another opening on the same side at 

a lower level increases the ventilation rate in the space (Heiselberg 2006a). Of great 

importance in the single-sided ventilation is also the size of the turbulent eddies at the 

openings and the pulsations in the flow (Larsen 2006). 

In cross ventilation the openings are on two sides of the room, the ventilation occurring 

because of the wind pressure differences between the two openings. Although higher 

ventilation rates can be generated, it is difficult to control and to design as the main 

issue would the building form and its capacity to offer substantial differences in the 

wind pressure coefficient between the two openings. Another issue is the layout of 

the building and the interior partitions that can block the air flow.  

The third principle, stack ventilation, is driven by thermal buoyancy and it occurs when 

the openings are at a low and high level in the building. This principle can offer high 

to moderate air ventilation rates, but it does need a lot of attention in design, as the 

position and the form of the stack outlet and the size of the inlets are of great 

importance (Heiselberg 2006a). 

All three principle have an effect on the architecture of the building, specifically on its 

shape and its plan layout. Single-sided ventilation and cross ventilation are effective 

in linear buildings with narrow depths and stack ventilation involves the design of 

different ventilation elements like chimneys, atriums or wind towers. 
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1.3.2 Dependency of air change rates on weather conditions and 

window opening 

Nowadays, numerous buildings are designed with a thick layer of insulation and 

airtight openings in the outside walls in order to minimize the leakage and improve 

the thermal performance. This leads to the necessity of providing fresh air into the 

space in order to offer a healthy and comfortable environment for the occupants. 

Planning natural ventilation in the design of a building with ventilative or “free” cooling 

is highly dependent on the climatic conditions. Natural ventilation occurs by the 

infiltration of outside air through leakage paths in a building’s envelope, by intentional 

openings that let outside air inside the building or/and by the simple action of opening 

windows and doors. Thus, natural ventilation is not only dependent on the building 

design, but also on the difficultly predictable weather conditions and occupant 

behavior. Therefore, especially from the view of HVAC engineers, natural ventilation 

poses a challenge for a robust building design. 

Numerous studies address the effect of opening windows on air change rates. The 

study conducted by Howard-Reed et al. (2002) on two houses shows that, in relation 

with outdoor and indoor environment (temperature differences and wind effects), 

opening windows have a great effect on measured air change. The similar aspect was 

suggested by Wilson et al. (1996) when the results of a survey held in a residential 

area in southern California described the possible variation in air change rates due to 

operation of windows by occupants. Kvisgaard and Collet (1990) estimated that 

opening of windows and doors by the occupants in 17 Denmark homes caused 63 % 

of the total air change rate. This tendency of increased air change rates due to 

opening of the windows (i.e. occupant behavior) was observed also in other studies: 

Dick and Thomas 1951; Iwashita and Akasaka 1997; Roulet and Scartezzini 1987; 

Traynor et al. 1988. 

Heiselberg (2006a) states that in tight energy efficient houses infiltration associated 

air change rates can have values of 0.1 to 0.2 h-1, whereas in leaky houses the values 

can reach between 2 and 3 air change rates per hour. He also affirms that it is also 

possible to obtain values between 15 – 20 air change rates per hour by natural means 

with windows wide open during summer and even larger values if there are more 

window openings available with a strategic placement in the space. 

1.3.3 Design phases and prediction methods of natural ventilation  

Natural ventilation should be designed together with the building from the start of the 

design process as its effectiveness is highly dependent on numerous input 
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parameters like outdoor conditions, orientation, number and size of openings in a 

building’s façade, layout and components of the building.  

As Heiselberg (2006a) presents in his work, the design phases for implementing 

natural ventilation are as follows: conceptual design phase, basic design phase, 

detailed design phase and design evaluation phase. 

In the conceptual design phase the input data of the building (form, location, 

orientation) are not well established. First predictions of air change rates are made in 

order to estimate window areas. In this phase the natural ventilation principle is 

chosen together with an additional mechanical system if necessary. In the basic 

design phase the necessary air flow rates, the expected indoor temperature levels 

and thermal loads are calculated and the ventilation system layout is also designed. 

During the detailed design phase the thermal loads are evaluated and the design of 

the building is optimized. In the last design phase (design evaluation phase), detailed 

predictions of indoor air quality and thermal comfort are made to see if the design 

satisfies the desired objectives. 

A few prediction methods of natural ventilation have been developed through the past 

years. These methods are helpful because they can offer predictions of the air flow in 

a building for different phases of the design process: analytical and 

empirical/experimental methods, network methods and Computational Fluid 

Dynamics (CFD) methods.  

The analytical and empirical methods offer a quick estimation of the air flow rate 

making them extremely useful in the conceptual and basic design phase, where the 

input data of the building is not well established yet. However, these models have 

been developed from theory and from experimental data and are based on 

assumptions and general correlations which may not offer accurate results when 

compared to measured data. 

An improved prediction as required in the detailed design phase of the natural 

ventilation can be made by using network methods which take also the thermal 

dynamics of the building into considerations by using tools like TRNSYS, EnergyPlus 

and ESP-r and multizone air flow analysis tools like COMIS and CONTAM. 

In the last phase of a building’s design, where the input data and technical system is 

well known, using CFD analysis methods makes sense. Although these methods are 

costly and time consuming, they are able to offer precise predictions on the 

performance of the building in terms of ventilation system, indoor air quality, thermal 

comfort and energy consumption.  
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Zhai et al. reveal in their paper (Zhai et al. 2015) that the analytical models are 

appropriate for simple and single-zone geometries, while the network airflow models 

like COMIS, CONTAM and ESP-r are suitable for multi-zone structures and can be 

used to model different natural ventilation situation with an exception of the single-

sided wind-driven case where the prediction of airflows are proved to be less accurate. 

From the literature review made in the above mentioned paper it is concluded that the 

existing network models have similar performances. It is also mentioned, that 

although CFD offers a good performance of the natural ventilation models it is not 

always the right solution because of its complexity and high costs. 

Larsen et al. (2016) present in their paper a guidance for selecting the right calculation 

methods according to the design stages as shown in Table 1. At an early phase of 

the design process a simple and quick method for predicting the airflows makes 

sense, whereas at an advanced phase when most of the parameters are fixed 

(orientation of the building, dimension of openings in the building’s façade, layout of 

interior space) a more complex calculation method could be realized. The purpose of 

the calculation is also important, considering that assuring a ventilative cooling and 

thermal comfort during summer time by means of natural ventilation is more difficult 

as assuring a proper indoor air quality in terms of fresh air entering a space through 

the façade’s openings.  

Table 1 Guidance for design stages for single-sided natural ventilation (source: Larsen et al. 
2016) 

 

 

1.3.4 Analytical and empirical methods of calculation for natural 

ventilation  

When comparing cross-ventilation and single-sided ventilation it is already known that 

cross-ventilation has a better performance than single-sided ventilation since it is 

capable of providing larger air exchange rates. Still, design strategies for cross-

Conceptual design phase Detailed design phase

Aim Estimations of needed window areas based on :
- Air flow rates
- Cooling demands

Documentation of sufficient window areas based on:
- Needed air flow rates
- Cooling demands

Documentation on thermal comfort and 
atmospheric comfort

Tools/Calculations Simple and fast methods for estimations Detailed calculations with detailed input, eg. CFD, 
airflow network 

Target group Architects, engineers, regulators Engineers
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ventilation are usually limited because of strict building regulations, unfavorable 

layouts and building shapes. For this reason, it makes sense to investigate and focus 

on single-sided ventilation. However, the calculation of airflows in the case of single-

sided ventilation seems to be more complicated as in the case of cross-ventilation 

because of the fluctuations in the airflow (Larsen 2006).  

Since the driving forces which lead to natural ventilation in buildings are thermal 

buoyancy and wind, calculation methods which considers only one of the components 

as well as methods which considers a combination of both components have been 

researched in the past. 

Airflows driven by thermal buoyancy 

Single-sided ventilation driven by thermal buoyancy in one opening has a bidirectional 

flow which implies that the pressures are equal at the height of the neutral plane of 

the opening and the direction of the velocity changes at the level of the neutral pane 

as illustrated in Figure 2 (Heiselberg 2006b). 

 

Figure 2 Velocity profile of the airflow for a single-sided large opening in the case of 

ventilation driven by thermal buoyancy (source: Heiselberg 2006)  

 

P.R. Warren developed a simple design method (Warren et al. 1985) which calculates 

volume flow rate in the case of airflows caused by thermal buoyancy in a single 

opening as seen in Equation 1. 

 

𝑄𝑠 =
1

3 
∗ 𝐴 ∗ 𝐶𝑑 ∗ √

∆𝑇 ∗ 𝐻 ∗ 𝑔

𝑇𝑎𝑣𝑒
 ( 1) 
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Where Qv is the volume flow rate [m3/s], A is the area of the opening [m2], Cd, the 

discharge coefficient [-], takes into consideration the shape of the opening and is 

usually taken as 0.6, ΔT is the temperature difference between inside and outside air 

temperature [K], H is the clear height of the opening [m], g is the gravitational 

acceleration [m/s2] and Tave is the average temperature between outdoor and indoor 

[K].  

Another calculation method is the one presented in VDI 2078 Standard “Calculation 

of thermal loads and room temperatures” (2015). Annex A3 of the mentioned standard 

offers an “Approximation Formulae for air exchange via windows” for different 

combinations of cases. The formula for the air quantity presented in VDI 2078 is 

Hansen’s approximation formula (Equation 2) and it is considering the flow through a 

room due to the stack effect caused by outdoor/indoor temperature differences. 

 

Q = 3600 ∗ Awirk ∗ √
g ∗  Hwirk  ∗ ∆T

2 ∗  T1
 ( 2) 

 

Where Q is the volume flow rate [m3/h], Awirk is the effective aperture area for the flow 

[m2], Hwirk is the effective height for the thermal updraft [m], g is the gravitational 

acceleration [m/s2], ΔT is the temperature difference between inside and outside air 

temperature [K] and T1 is the absolute temperature of the air flowing into the room [K]. 

The effective aperture area and the effective height are derived from the window’s 

geometric proportions and they are calculated differently, depending on the specific 

case: fully open window or tilted window with a maximum tilt angle of 15º and single 

window with inflow and outflow through the same window or windows arranged one 

above the other with inflow through the lower window and outflow through the upper 

window. 

The effective aperture area and the effective height needed to calculate the volume 

flow rate in Equation 2 are derived from the window’s geometric proportions and have 

different calculation formulas depending on the specific case. 

For the case “fully open window, single window with inflow and outflow through the 

same window” they are calculated as shown in Equation 3 and in Equation 4: 

 

Awirk =  
(Bli + Hli )

3
        ( 3) 
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Hwirk =  Hli ∗  
2

3
 ( 4) 

 

Where Bli is the width of the clear opening in the window frame [m] and Hli is the height 

of the clear opening in the window frame [m]. 

For the case “tilted window with a maximal tilt angle at 15º, single window with inflow 

and outflow through the same window” the effective aperture area and the effective 

height area as calculated as follows (Equations 5 and 6): 

 

Awirk =
(Bli +  Hli −  Hφ)  ∗  aFi−Ra

3
∗ korLaib         ( 5) 

 

Hwirk =  (Hli −  Hφ) ∗  
2

3
 ( 6) 

 

Where aFi-Ra is the distance between the casement and the frame and korLaib is the 

correction factor for the window reveal. Hφ is the height of the overlap between the 

window frame and casement and is calculated as a fraction between aFalz, the mortise 

depth (overlap between frame and casement) and the sinus of the opening angle (tilt 

angle) of the casement, φ (Equation 7): 

 

Hφ ≈  
aFalz

sinφ
 ( 7) 

 

If Hφ is greater than Hli, then Hφ will be considered equal with Hli.  

The distance between the casement and the frame, aFi-Ra, is calculated as follows 

(Equation 8): 

 

aFi−Ra ≈  Hli ∗ sin φ − aFalz ( 8) 
 

If aFi-Ra results as smaller than 0, then aFi-Ra will be taken as 0. Equation 8 also gives 

the possibility to estimate the value of the tilt angle as shown in Equation 9: 
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φ ≈ arcsin
(aFi−Ra + aFalz) 

Hli 
 ( 9) 

 

The correction factor for the window reveal is calculated as shown below, Equations 

10 and10 11: 

 

𝐼𝑓  𝑎𝐹𝑖−𝑅𝑎  ≤  𝑎𝐿𝑎𝑖𝑏  =>  𝑘𝑜𝑟𝐿𝑎𝑖𝑏 = 1  ( 10) 
 

If  aFi−Ra  >  aLaib  =>  korLaib = 1 − 0.6 ∗ (1 −
aLaib

aFi−Ra
) ( 11) 

 

Where aLaib is the distance between the window’s reveal and the casement. 

The dimensions used in the previous formulas can be seen in Figure 3: 

 

Figure 3 Diagram showing the dimensions of window frames and casements for tilted 

windows (source: VDI 2015) 

 

The formula for the case of several windows at the same height in the room is as 

follows (Equation 12): 

 

QT =  ∑ Qi

n

i=1

 ( 12) 
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Where Qi is the air flow rate obtained through one window, calculated as in Equation 

2 and QT is the sum of air flow rate obtained through the windows at the same height 

in the room. 

Airflows driven by wind  

Warren et al. (1985) took into consideration results from wind-tunnel experiments and 

full-scale experiments done in two buildings and improved the results from earlier 

work offering design models for both airflow driven by buoyancy in a single opening 

(Equation 1) and wind. The models for wind driven ventilation can be seen in Equation 

13 and 14: 

 

𝑄𝑤 = 0.1 ∗ 𝐴𝑒𝑓𝑓 ∗ 𝑈𝐿 ( 13) 
 

𝑄𝑤 = 0.025 ∗ 𝐴𝑒𝑓𝑓 ∗ 𝑈𝑅 ( 14) 
 

Where Aeff is the effective opening area, UL is the local air speed at the surface of the 

building near the window [m/s] and UR is the reference wind speed [m/s]. 

Airflows driven by temperature difference and wind  

Warren (1977) investigated the effect of the turbulence in the wind at the opening and 

concluded that the best way to deal with a combination of buoyancy and wind effect 

is to calculate the airflows driven by these effects separately and then use the highest 

value from the two of them (Equation 15): 

 

𝑄 = 𝑚𝑎𝑥 (𝑄𝑠 , 𝑄𝑤  ) ( 15) 
 

De Gids and Phaff developed an empirical model from results obtained in full-scale 

experiments in Netherlands (De Gids and Phaff 1982). The model (Equation 16) 

considers the effect of both driving forces and is the recommended estimation method 

for the prediction of “Air flow due to window opening” in the European standard EN 

15242:2007 “Ventilation for buildings – Calculation methods for the determination of 

air flow rate in buildings including infiltration”. (EN 2007) 

 

𝑈𝑚 =  √𝐶𝑡 + 𝐶𝑤 ∗ 𝑉𝑚𝑒𝑡
2 + 𝐶𝑠𝑡 ∗ 𝐻𝑤𝑖𝑛𝑑𝑜𝑤 ∗ |∆𝑇| ( 16) 
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Where Ct = 0.01 is one of the empirical coefficients [-] which takes into account the 

wind turbulence, Cw = 0.001 takes into account the wind speed, Cst= 0.0035 takes into 

account the stack effect, Vmet is the meteorological wind speed at 10 m height [m/s], 

Hwindow is the free height of the window [m] and ΔT is the temperature difference 

between inside and outside air temperature [K]. 

The volume flow rate can be calculated as seen in Equation 17 : 

 

𝑄𝑣 =  𝐴𝑒𝑓𝑓 ∗  𝑈𝑚 =  
1

2
∗ 𝐴 ∗  𝑈𝑚 ( 17) 

 

Where Qv is the volume flow rate [m3/h], the factor ½ stands for the fact that the air 

flows in the space only through half of the window area, A [m2] and Um is the mean air 

velocity in the opening [m/s], calculated as in Equation 16. 

The case of bottom hung window is also presented in the standard EN 15242:2007 

which considers that the flow through the window will be only depending on the 

opening angle “α”. This implies that window opening area in Equation 17 will be 

calculated as seen in Equation 18: 

 

A = Ck(α) ∗ AW  ( 18) 
 

Where AW is the window area (fully opened and Ck(α) is a polynomial approximation 

depending on the opening angle α. Its value can be seen in Figure 4: 

 

Figure 4 Ratio of the flow through a bottom hung window and the fully open window (source: 

EN15242:2007) 
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A similar model based on several wind-tunnel and full-scale outdoor experiments was 

developed by Larsen (2006) as seen in Equation 19. In comparison to the other 

existing models, this one takes into account the influence of wind direction by using 

three empirical coefficients derived from the experiments. However, due to the fact 

that the CD-value (discharge coefficient) used in the experiments is unknown, it is 

decided to consider this value as a part of the three coefficients, which makes this 

model valid only for openings having a similar CD –value as the type of opening used 

in the experiments (Larsen 2006, Larsen & Heiselberg 2008). 

 

QV =  A ∗ √C1 ∗ |Cp| ∗ Uref
2 + C2 ∗ ∆T ∗ H +  C3 ∗  

∆Cp,opening ∗∆T

Uref
2   ( 19) 

 

Where the constants C1, C2 and C3 are empirical coefficients which depend on the 

wind direction and Cp is the wind pressure coefficient at the opening. The pressure 

differences in the opening are represented by ΔCp,opening, which is expressed as an 

empirical function of the wind direction β as follows (Equation 20): 

 

∆Cp,opening =  9.1894 ∗ 10−9 ∗  β3 − 2.626 ∗ 10−6 ∗ β2 − 0.0002354 ∗  β + 0.113  ( 20) 
 

The ASHRAE Handbook – Fundamentals (2009) presents under the “Ventilation and 

Infiltration” chapter separate models for calculation of the air flow caused by wind 

(Equation 21) and thermal forces (Equation 22).  

 

Qw = CV ∗ A ∗ U   ( 21) 
 

Qs =  CD ∗ A ∗ √2 ∗ g ∗ ∆HNPL ∗
Ti−To

Ti
  ( 22) 

 

Where CV is the effectiveness of the opening (assumed to be 0.5 to 0.6 for 

perpendicular winds and 0.25 to 0.35 for diagonal winds), U is the wind speed [m/s], 

A is the free area of the inlet opening [m2], CD is the discharge coefficient for the 

opening, ΔHNPL is the height from midpoint of lower opening to the neutral plane [m], 

Ti and To are the indoor and the outdoor temperature [K]. 
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These equations are the basis for one of the natural ventilation model 

(“ZoneVentilation:WindandStackOpenArea”) presented in the EnergyPlus manual 

“Input Output Reference” (2015) which calculates the airflow rate as the quadrature 

sum of the wind and thermal buoyancy components (Equation 23):  

 

𝑉𝑤𝑖𝑛𝑑𝑎𝑛𝑑𝑠𝑡𝑎𝑐𝑘   =    √𝑄𝑠
2 + 𝑄𝑤

2     ( 23) 

  

Where QS are QW the airflow rates caused by wind and by thermal forces [m3/s]. 

Another model was developed in 2015 with the scope to promote ventilative cooling 

in the Danish revised version of the standard EN 15242:2007, called FprEN 16798-7 

(Larsen et al. 2016). The model (Equation 24) is actually a modified version of the 

original De Gids & Phaff model (Equation 16) and is based on observations made on 

earlier work and experiences for the prediction of single-sided natural ventilation with 

a combination of thermal buoyancy and wind: 

 

qV;arg = 3600 ∗
ρa;ref

ρa;e
∗ 

Aw;tot

2
max (Cwind ∗ u10;site

2  ;  Cst ∗ hw;st ∗ abs(Tz − Te))0.5 ( 24) 

 

Where qV;arg is the airflow through the window [m3/h], ρa;ref and ρa;e are the reference 

and external air densities [kg/m3], Aw;tot is the total window opening area [m2], Cwind is 

the wind speed coefficient [-], hw;st is the useful stack effect height for airing [m], ‘Tz - 

Te’  is the temperature difference between the ventilation zone and the outdoor air [K].  

As the original model showed in many experiments an overestimation of air flow rates 

at low wind speeds and low temperature differences, the new formula aimed to predict 

air flow rates through windows by being on a safe side as it was intended to be used 

in standards. Therefore, an underestimation of the air change rates was preferred. A 

modification was to remove the wind turbulence coefficient Ct (as seen in Equation 

24) because of its positive air flow contribution at low wind speeds and at very low 

temperature differences. The removal of this constant was also done for the case of 

single-sided ventilation in the RT2012 which is the French thermal standard (Plesner 

et al. 2015). Another modification was to consider the highest value from the two 

effects (wind and stack effect) in the model, which corresponds to the former 

conclusions of Warren and Parkins (1985). 
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In addition, in some cases, engineering offices dealing with the calculation of the 

ventilation systems calculation and evaluation of thermal comfort in different spaces 

use their own simple methods/models of estimating window ventilation. For example, 

the engineers at Drees and Sommer Advanced Building Technologies in Munich use 

the following set of equations (Equations 25, 26, 27, 28 and 29) to estimate the air 

flow rates caused by window ventilation in [1/h]: 

 

If  𝑇𝑒𝑥𝑡  <=  −5° =>  𝐴𝐶𝑅1 = 1    ( 25) 
 

If − 5° <  T 𝑒𝑥𝑡 <=  18° =>  𝐴𝐶𝑅2 = 1 + 2 ∗ (𝑇𝑒𝑥𝑡 + 5)/(18 + 5)    ( 26) 
 

If 18° < 𝑇𝑒𝑥𝑡  <=  26° =>  𝐴𝐶𝑅3 = 4    ( 27) 
 

If 26° <  T 𝑒𝑥𝑡 <=  32° =>  𝐴𝐶𝑅4 = 3 − 2 ∗ (𝑇𝑒𝑥𝑡 − 26)/(32 − 26)    ( 28) 
 

If  𝑇𝑒𝑥𝑡  > 32° =>  𝐴𝐶𝑅5 = 1  ( 29) 
 

The set of equations are based on the assumption that in winter and summer, at 

extreme low and high temperatures, a space will be ventilated with a lower air change 

rate, whereas at pleasant outside temperatures higher air exchange rates are 

assumed. The set of equations estimates as a function of outside temperature a 

maximal air change rate with values between 1 and 4 [1/h] (Equation 30). It is also 

assumed that at a lower temperature difference between inside and outside, the 

maximal air change rate will not be reached, therefore a reduced air exchange rate 

will be estimated (Equation 31). 

 

ACRs =  ACR1 + ACR2 + ACR3 +  ACR4 +  ACR5  ( 30) 
 

ACR = max (ACRs ,  √|Ti − To|)     ( 31) 
 

1.3.5 Measurements of air change rates with tracer gas 

Air change rates can be measured using tracer gas measurements in a number of 

variations: Decay or growth method, constant concentration method, constant 

injection method. These techniques are described in several standards: ASTM E741 
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Standard Test Method (2011), ISO 12569 (2012) and VDI 4300, part 7 (2001). In 

general, the measurements consist of releasing an amount of gas in a monitored 

space which is then used in determining the air change rate as a function of time. This 

kind of measurements is involves complex procedures and require relatively intensive 

prior preparations to succeed. 

The tracer gases should be inert, non-reactive, and unharmful for the environment 

and the occupants in the studied space. The tracer gas shall not exist in the 

constituents of air and if possible should be easy to measure and inexpensive 

(Sherman 1990; Raatschen 1995). Nevertheless, no tracer gas can accomplish all 

these requirements. As Raatschen (1995) mentions, in past studies different tracer 

gasses were used, such as hydrogen, helium, oxygen, carbon monoxide, methane, 

acetone, but these gases are not considered ideal tracer gases. 

The following tracer gases are commonly used nowadays in practice (Laussmann and 

Helm 2004): Sulphur hexafluoride (SF6), Nitrous oxide (N2O) and halogenated 

hydrocarbons, like hexafluorobenzene (C6F6) and perfluorocarbons (PFC). Still, these 

gases have a high greenhouse effect and they are also an expensive solution. 

Additionally, the nitrous oxide is toxic at low concentration level and the other gases 

have a high density compared to air, which does not make them ideal as tracer gas. 

However, SF6 is commonly used in these kind of measurements since it offers reliable 

results. 

Carbon dioxide (CO2) can also be a good solution since it fulfills many of the 

requirements of an ideal tracer gas: it is non-toxic and non-reactive at low 

concentrations, it has a close density to that of the air and it is an inexpensive solution 

(Cui et al. 2015). Moreover, it is easier nowadays to measure CO2 levels with low-

cost, but still high-performance sensors available on the market than with a sampling 

systems and gas analyzer. Cui et al. (2015) proved in their study that the use of CO2 

sensors in the tracer gas measurements offers the same performance as the classical 

sampling method of determining the air change rate. Using CO2 as a tracer gas can 

be made either by releasing it in a room via a gas container or by analyzing the CO2 

indoor emissions caused by people’s presence (Persily 1996; Persily 1997; 

Laussmann & Helm 2011a).  Persily (1997)   describes in his work the evaluation of 

building ventilation via occupant-generated carbon dioxide and also addresses the 

issues of carbon dioxide measurements. For example, it has to be taken into 

consideration that the outdoor concentration of CO2 is not 0, by replacing the indoor 

concentration in the calculations with the difference between the indoor and the 
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outdoor concentrations. There are numerous studies in which the occupants-

generated CO2 concentration level is used to evaluate the ventilation in a space 

(Laussmann and Helm 2011, Yan et al. 2007, Benedettelli et al. 2015). However, one 

must understand that using occupants-generated CO2 concentrations in determining 

air change rates is highly dependent on the occupancy patterns of the respective 

building (Persily 1997). 

1.4 Hypothesis  

Given the literature review presented in the previous chapters, this thesis addresses 

the following research questions in order to test the reliability of the studied methods: 

How does the ventilation air change estimations differ from measured values in a 

specific case? To which extent are the methods influenced by outside meteorological 

conditions and which parameters influence the results? Are the calculation methods 

present in the current standards able to offer a quick and reliable estimation of air 

change rates through window ventilation for building designers? The present thesis 

will deal with the performance of existing calculation methods for single sided 

ventilation air change rate in comparison with measurement data. 
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2 METHOD 

2.1 Overview 

The focus of this research is to evaluate different existing calculation methods of the 

single sided ventilation air change rates. After a literature review five widely-used 

methods for estimation of air change rate were selected to be analyzed. The 

verification and validation of the models was done through full-scale measurements 

in a university in Wien, Austria. 

In this chapter, besides description of the selected methods, the specific study cases 

and their influencing parameters are described. Also, the buildings and the 

measurement with two different tracer gases are described and illustrated. The 

position and technical data of the sensors and equipment is also presented. The 

collected data is referring to indoor and outdoor environment (temperature, relative 

humidity, tracer gas concentrations, wind speed and direction). 

2.2 The Selected Single-Sided Calculation Methods 

Implementing natural ventilation in a building could offer significant energy savings. 

However, its effectiveness is highly dependent on the climatic conditions, more 

specifically on the wind speeds and temperature differences across the opening. 

Choosing between different calculation methods for natural ventilation depends on 

the different levels of the design process. For this reason, it makes sense at an early 

stage of the design process, when different parameters of the building are still 

uncertain, to use analytical models for predicting the air flows for simple and single-

zone geometries. Design models for natural ventilation could offer a quick and simple 

estimation of the effectiveness of the ventilation design strategies by predicting the 

airflows through window openings. 

Five different calculation methods were selected to be analyzed, as seen in  

Table 2: the models proposed by Warren and the one proposed by De Gids & Phaff, 

Hansen’s approximation formula, the calculation methods for natural ventilation 

presented in the ASHRAE’s Handbook and the calculation method used in an 

engineering office. 
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Table 2 Selected existing calculation methods for the estimation of airflow rate in single-
sided ventilation 

 

 

Warren’s research work has been mentioned and analyzed in several scientific 

papers, showing in most cases results with good agreement to measurements 

(Yamanaka et al. 2006, Larsen 2006, Zhai et al. 2015, Caciolo et al. 2011). In 1985, 

Warren and Parkins (Warren et al. 1985) improved the equations developed by 

Warren from his earlier work and experiments (Warren 1977). The models for the 

volume flow rate which are also studied in the present thesis are the model for the 

stack effect based on analytical considerations (Equation 1) and model for the wind 

effect based on experiments (Equation 14). As Warren concluded, the best way to 

deal with the combination of the two effects is to calculate them separately and use 

the highest value of the two as presented in Equation 15. 

The next studied model in this thesis is the one proposed by De Gids and Phaff 

obtained from 33 full-scale measurements and valid for the combination of wind and 

stack effects (Equation 16). The calculation method is also recommended in the 

European standard EN 15242:2007 “Ventilation for buildings – Calculation methods 

for the determination of air flow rate in buildings including infiltration” for the prediction 

of “Air flow due to window opening”. 

The third calculation method is the one presented in VDI 2078 Standard “Calculation 

of thermal loads and room temperatures”. Annex A3 of the mentioned standard offers 

an “Approximation Formulae for air exchange via windows” for five different cases: 

Nr.
crt.

Calculation 
Methods

Stack effect Wind effect Combination of Stack and Wind effects

1 Warren

2 De Gids & 
Phaff
(EN 15242)

3 Hansen
(VDI 2078)

4 ASHRAE HoF

5 DS Method
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fully open window or tilted window, at maximum angle of 15º, as single window with 

inflow and outflow through the same window or as windows arranged one above the 

other, with inflow through the lower window and outflow through the upper window. 

The fifth case is the case with several windows at the same height in the room. The 

formula (Equation 2) for the air quantity presented in VDI 2078 is Hansen’s 

approximation formula and it is considering the flow through a room due to the stack 

effect caused by outdoor/indoor temperature differences (Verein Deutscher 

Ingenieure-Fachbereich Technische Gebäudeausrüstung 2015). The studied cases 

in the present thesis for the effective opening area are: “fully open window, single 

window with inflow and outflow through the same window”, “tilted window with a 

maximal tilt angle at 15º, single window with inflow and outflow through the same 

window” and “several windows at the same height in the room”. 

The fourth selected calculation method are the models presented in ASHRAE 

Handbook – Fundamentals (2009), which presents separate equations for estimation 

of the air flow caused by wind (Equation 21) and stack effect (Equation 22). These 

equations are also presented in the EnergyPlus “Input Output Reference” manual 

(2015) for the natural ventilation model (“ZoneVentilation:WindandStackOpenArea”), 

where the air flow rate is considered as a function of both wind speed and thermal 

stack effect and is calculated as the quadrature sum of the wind and thermal buoyancy 

components (Equation 23).  

The last studied model is a model proposed by engineers from the company Drees & 

Sommer Advanced Building Technologies, here referred to as the ‘DS Method’. The 

model consists of a set of equations (Equations 25, 26, 27, 28 and 29), which 

computes the air change rate with values between 1 and 4 [1/h] as a function of 

exterior air temperature as previously shown in Chapter 1.3.4. Thereby,  it is assumed 

that during extreme outside temperatures (in winter time and summer time), the air 

change rate has lower values as compared with periods with pleasant temperatures, 

in which there is a greater probability of opening the window, thus the air change rate 

can reach higher values.  

The selected methods consider different driving forces and are influenced by different 

parameters, as presented in Table 3. Also different cases of window opening are 

considered in this research, from fully open to half open and tilted. The window 

settings scenarios together with their names used in the present work are shown in 

Table 4.  
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Table 3 Influencing parameters of the selected existing calculation methods 

 

 

Table 4 Window settings scenarios used in the measurements 

 

 

Another important aspect considering the case for tilted window is that only two of the 

methods from the five studied methods offer extra formulas for the area of the opening 

in the case of tilted window, namely the Annex A3 of the VDI 2078 Standard  (VDI 

2015) and the European standard EN 15242:2007 (EN 2007) . In order to see how 

the other methods would perform in the case of tilted window, the window opening 

areas used in the specified two methods were applied to the other methods. 

Nr. 
crt.

Calculation 
Methods

Influencing Parameters

1 Warren - A – effective area of the opening [m2]
- H – free height of the window  [m]
- Tint & Text – interior and exterior temperature [K]
- Cd   – discharge coefficient [-]
- UR – reference wind speed [m/s]

2 De Gids & Phaff
(EN 15242)

- Aeff – effective area of the window [m2]
- Hwindow – free height of the window  [m]
- Tint & Text – interior and exterior temperature [K]
- vmet – meteorological wind speed at 10 m height [m/s]

3 Hansen
(VDI 2078)

- Awirk – effective area of the window [m2]
- Hwirk – effective height of the window  [m]
- Tint & Text – interior and exterior temperature [K]

4 ASHRAE HoF - A – free area of the window [m2]
- HNPL – height from midpoint of lower opening to the neutral plane [m]
- Tint & Text – interior and exterior temperature [K]
- CD  – discharge coefficient [-]
- U – wind speed [m/s] 
- CV  – effectiveness of the opening coefficient  given by the wind direction [-]

5 DS Method - Tint & Text – interior and exterior temperature [K]

Nr. crt. Window settings scenarios Scenario name

1 Window 1 – Half open W1_HO

2 Window 1 – Fully open W1_FO

3 Window 2 – Half Open W2_HO

4 Window 2 – Fully open W2_FO

5 Window 1 and 2 – Half open W1_W2_HO

6 Window 1 and 2 – Fully open W1_W2_FO

7 Window 1 – Tilted W1_T

8 Window 2 - Tilted W2_T
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2.3 Tracer Gas Measurements 

2.3.1 Description of Measurements 

The air change rates via window ventilation were measured with the tracer gas decay 

method by using SF6 as a tracer gas. An amount of tracer gas SF6 was injected for 

10 seconds from a gas cylinder with a pressure reducer and mixed into the air in the 

room with the help of a ventilator. The gas concentration was measured with a gas 

analyzer at regular time intervals (30 sec) and when it reached a constant value 

between 70-80 ppm, the ventilator was switched off and the window was opened. 

Then the decrease of the tracer gas concentration began and the values were 

recorded until the gas concentration reached a lower value, between 1-10 ppm, when 

the measurement ended. A schematic illustration of the concentration of the tracer 

gas and the exponential decay can be seen in Figure 5a. Figure 5b shows that by 

plotting the natural logarithm of a gas concentration against time a straight line is 

obtained. The gradient of that line is the air change rate in the room, calculated as 

shown in Equation 32: 

 

𝑁 =
𝑙𝑛 𝐶(0) − 𝑙𝑛 𝐶(𝜏1)

𝜏1
 ( 32) 

 

Where C(0) and C(τ) are the tracer gas concentrations at the initial and final point of 

the decay curve and τ1 is the time difference between the end of the measurement 

and the beginning of the concentration decay. 

 

 

Figure 5 a) The decay of the tracer gas concentration and b) Calculation of air change rate 

(source: “Building Monitoring and Diagnostics” lecture notes, TU Wien) 
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The external conditions were measured with a weather station positioned on the top 

of the building and the internal conditions were measured with the help of two 

temperature loggers. 

The studied cases for the purpose of this thesis were of single-sided ventilation with 

different window setups: one fully open window, one tilted window and fully open 

window with 2 windows on the same side and height in the room. In order to observe 

how the area of the opening affects the air change rate, the case with fully open 

window for the specific study case in this work was realized considering the clear area 

of the opening when only one window pane was open, but also the clear area of the 

opening when both window panes are open. These cases can be later identified as 

“half open” and “fully open”. An overview of the studied window settings scenarios can 

be seen in Table 4. 

2.3.2 The test room 

Tracer gas technique has been used during this research in order to measure the air 

change rate through single-sided ventilation. The experiments were made during the 

summer of 2017 in a seminar room of the Department of Building Physics and Building 

Ecology at Vienna University of Technology (Figure 6), Austria. The room situated on 

the 4th floor is referred here as “the test room”. 

 

Figure 6 The test room at TU Wien (source: Google Maps) 
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The dimensions of the room are 2.35 x 7.46 m with a room height of 2.58 m, which 

gives a total room volume of 45.23 m3 (Figure 7).  

 

 

Figure 7 Schematic plan of the test room (source: Department of Building Physics and 

Building Ecology, TU Wien) 

 

In the room there are two windows on the same side and at the same height. The size 

of each opening is 1.25 x 1.50 m, both oriented towards SW. The free area of the 

window is 1.45 m2 (1.08 x 1.34 m). The position of the openings in the exterior wall is 

shown in Figure 7 and Figure 8. 

 

Figure 8 Position of the two windows of the test room on the façade of TU Wien (Source: 

Google Maps) 
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The tracer gas measurements with SF6 as tracer gas were performed in August 2017. 

Since there were two operable windows available on the same side in this room (W1 

and W2), variations of opening state (fully open, half open, tilted) were considered for 

each window. The cases with both windows fully open and half open were also 

analyzed.  

2.3.3 External parameters 

In order to measure outdoor climatic conditions like temperature [°C], wind speed [m/s] 

and wind direction [degree] the existing weather station of the Department of Building 

Physics and Building Ecology mounted on the top of the roof was used (Figure 9). 

 

Figure 9 WSBPI Weather station mounted on the roof of TU Wien (source: Pröglhöf 2009) 

 

The weather station manufactured by Adolf Thies GmbH & Co.KG is connected to the 

local network and can also measure the solar radiation [W/m2], relative humidity [%], 

atmospheric pressure [Pa], outdoor illuminance [lx] and precipitation [mm]. Its sensors 

transmit analog signals to a data logger which generates output files that are 

processed into <*.txt> files, which are then stored. The local weather data is structured 

in 30 seconds intervals.  
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2.3.4 Internal parameters 

The internal parameter which was of great interest for the experiments was the indoor 

air temperature. In order to obtain an accurate value, two sensors were installed in 

the room at different positions (Figure 9) and the mean average value was later used 

in the calculations. The sensors used for the measurements were air quality sensors 

THERMOKON SR04 CO2rHLCD (Figure 10) which can measure different parameters 

such as indoor air temperature, CO2 level and relative humidity. 

 

Figure 10 Temperature loggers mounted in the test room  

 

To perform the tracer gas measurements a gas analyzer, a gas cylinder containing 

sulfur hexafluoride (SF6) with pressure reducer and a ventilator were used (Figure 

11). 

 

Figure 11 Gas analyzer, SF6 gas cylinder with pressure reducer and ventilator 
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The schematic plan of the test room at TU Wien with the position of the windows and 

the sensors can be seen in Figure 12. 

 

Figure 12 Schematic plan of the test room with position of sensors  

 

2.3.5 Measurements during a test session  

The following steps were made during a test session of tracer gas measurements with 

SF6:  

1. The ventilator was tuned on (level 3) 

2. The SF6 was released in the room for 10 sec at 0.5 bar 

3. When the SF6 concentration reached a constant level in the room (around 70 

- 80 ppm) the windows was open according to the studied case and the 

ventilator was switched off. 

4. The experiments were ended when the SF6 concentration in the room dropped 

to around 5 ppm 

 

Data logger 1

FanGas cylinder with 
pressure regulator

Operable window 1 Operable window 2

Data logger 2
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2.4 Data processing and calculations 

The data sets of the performed measurements included data of interior and exterior 

parameters. To start the data processing, all measurements were checked and then 

put in Excel sheets. Next, the different sets of data were sorted into separated sheets 

for each studied window setting scenario and the measured air change rate was 

calculated. 

Further, an excel tool containing the studied calculation methods together with their 

influencing parameter was created. An overview of how the excel tool was structured 

can be seen in Figure 13. 

 

Figure 13 Screenshot of the excel tool created for the calculations of the studied calculation 

methods of single sided ventilation 

 

Date&Time Measured data: 
interior and exterior

Calculation of ACR with the measured data from the 5 different calculation 
methods

Calculation of ACR 
from tracer gas 
measurement

Parameters used in each calculation method
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3 RESULTS AND DISCUSSION 

3.1 Measured air change rates 

After performing the measurements as described in Chapter 2.3.1 the air change rate 

was calculated from the decay of the tracer gas concentration. Figure 14 shows the 

concentration decay and the determination of the air change rate through the 

logarithmic scale of the gas concentration in the measurement case of “window 2 half 

open”. 

 

Figure 14 Concentration decay for the measurement case “window 2 half open”; in linear 

scale (left), and in logarithmic scale (right) together with the linear regression and the air 

change rate as the decay coefficient 

 

The next two figures also show the determination of air change rate from the SF6 

concentration decay for the measurement cases of “window 2 fully open” as seen in 

Figure 15 and “window 2 tilted” as seen in Figure 16. Analyzing the figures of the 

concentration decays in the three different cases, it can be it can be observed how 

fast the SF6 concentration decays in the case of higher opening area.  

 

y = -4.0258x + 4E+06
R² = 0.9864

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

8:02 8:09 8:16 8:24 8:31 8:38 8:45 8:52 9:00 9:07 9:14

Lo
g 

o
f 

SF
6

C
o

n
ce

n
tr

at
io

n

Time [h] 

Measured ACR, log-scale 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

8:02 8:09 8:16 8:24 8:31 8:38 8:45 8:52 9:00 9:07 9:14

SF
6

co
n

ce
n

tr
at

io
n

 [
p

p
m

]

Time [h] 

Decay of tracer gas concentration



RESULTS AND DISCUSSION  
 

31 
 

 

Figure 15 Concentration decay for the measurement case “window 2 fully open”; in linear 

scale (left), and in logarithmic scale (right) together with the linear regression and the air 

change rate as the decay coefficient 

 

 

Figure 16 Concentration decay for the measurement case “window 2 tilted”; in linear scale 

(left), and in logarithmic scale (right) together with the linear regression and the air change 

rate as the decay coefficient 

 

Table 5 shows the measured boundary conditions and air changes rates for all the 

studied cases. As specified before, the measurements were made during the summer 

period in August 2017 in a time period with high temperatures both inside and outside. 

The temperature difference between inside and outside air was always below 5 K. 

Therefore, it can be said that the following discussions on the differences between 

ventilation air change estimations and measured values are valid only for this specific 

cases with extreme summer temperatures. 

An aspect that draws attention is the fact that the measurement for the case of 

“window 2 fully open” gives an air change rate of almost double as in the case of 

“window 1 fully open” despite the fact that the opening area is the same and that the 
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values of ΔT are not that far from each other. First of all, it can be observed that the 

wind speed has a significant influence on the air change rate. Second of all, it needs 

to be mentioned that when the measurement for “window 2 fully open” was made the 

wind was blowing directly into the test room and in the situation of “window 1 fully 

open” the wind was blowing towards the opposite side of the building. Thus, it can be 

argued that the wind direction also has a strong influence on the air change rates. 

It can also be observed that the cases number 5 and 6 when both windows in the test 

room were open, first half open and then fully open, give extreme values of air change 

rates. From a first look it can be seen that the measured boundary conditions, namely 

the temperature difference between outside and inside air and the wind speed, have 

much higher values as in the other cases. Also, the measurement setup for these two 

cases by having two windows open and the shape of the room could have led to high 

velocities of the inside air, therefore causing the exchange of the air in the room much 

faster and resulting in very high air change rates. Case number 6 is particularly 

unclear given the high wind speed and the fact that the wind was predominantly 

blowing from SE, thus blowing constantly into the room during the measurements. 

Given these uncertainties, it was decided to exclude case number 6 from the further 

analyses. 

Table 5 Measured boundary conditions and air change rates in the test room the air change 
rate  

 

 

The air change rates determined from the measurements and their comparison to the 

air change rates determined from the selected empirical models will be further 

discussed in section 3.2. 
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3.2 Calculated air change rates 

In the following sections the measured and the calculated air change rates for the 

eight different cases will be presented together with interpretations and discussion of 

the results.  

3.2.1 Hansen’s method (VDI 2078) 

Table 6 shows the results obtained with the estimation method offered by the VDI 

2078 Standard “Calculation of thermal loads and room temperatures” previously 

presented in section 1.3.4. This standard treats window ventilation as updraft-induced 

thermal natural ventilation, so the influencing parameters in this case are the 

temperature differences and the window’s dimensions. When comparing the cases of 

window 1 and window 2, firstly the two cases when each is half open and then each 

fully open, it can be seen that when temperature differences are higher the estimated 

air change rates are also higher. Whereas when comparing the cases for window 1 

half open and window 1 fully open, it can be seen that the model reacts more to the 

area of the opening than to the temperature differences. In general, this method 

returns values which are lower than the measured values in these specific cases. This 

might happen because the model does not take into account the effect of the wind 

considering that when the measurements were done the temperature difference was 

not that high in comparison to the wind speed which had higher values. 

Table 6 Estimations of air change rate offered by Hansen’s (VDI 2078) calculation method 
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Table 7 presents the air change rates calculated with the De Gids and Phaff model 
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including infiltration” as presented in section 1.3.4. The influencing parameters of this 
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method are the temperature differences and the window’s dimensions, but also the 

wind speed. When looking at the cases of window 1 and window 2 and comparing the 

results offered by the different setups of half and fully open it can be seen that this 

model also reacts to the size of the opening, considering that the average wind speed 

had similar values when the area of the opening was changed. The model returns 

reasonable results in the case of a smaller opening. 

Table 7 Estimations of air change rate offered by De Gids & Phaff’s (EN 15242) calculation 
method 

 

 

3.2.3 DS method 

Table 8 gives the air change rates calculated according to the “DS Method” which 

involves a set of equations which computes the air change rate with values between 

1 and 4 [1/h] as a function of exterior air temperature as explained in section 1.3.4. 

These method is used in thermal simulations by an engineering company. The 

parameters influencing the equations are only the outside air temperature and the 

temperature difference as it can also be seen in the results. Nevertheless, an 

underestimation of the air change rates is observed. 

Table 8 Estimations of air change rate offered by the DS Method  
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3.2.4 ASHRAE HoF method 

Table 9 shows the air change rates calculated with the equations given by the 

ASHRAE’s Handbook. Like explained in section 1.3.4 of this thesis, in the handbook 

are two separate equations given for air flows caused by the stack effect and air flows 

caused by the wind effect only. The combination of the two effects was calculated as 

presented in the EnergyPlus manual “Input Output Reference” (2015) which 

calculates the airflow rate as the quadrature sum of the wind and thermal buoyancy 

components (Equation 23).  

Table 9 Estimations of air change rate offered by ASHRAE HoF method 

 

 

It can be observed from Table 9 that the high values of the air change rates calculated 

as the combination of the effects are actually caused by the case of air flows caused 

by the wind effect. As in all of the cases the wind was blowing towards the test room, 

it can be seen how it influenced the results. The parameter which strongly influences 

these results is CV, the effectiveness of the opening which in this work is assumed to 

be 0.55 for perpendicular winds and 0.3 for diagonal winds, same as in the 
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ASHRAE Handbook – Fundamentals (2009) for the values of the effectiveness of the 
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cases to see the influence on the air change rates. The value 0.55 for CV was also 

used assuming a situation of the wind being predominantly perpendicular. It can be 

clearly seen that the model reacts strongly to this coefficient, resulting in high and 

unrealistic estimations of air change rates. Moreover, there is no value given or other 
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specification for the case of the wind blowing on the leeward side of the building, which 

although would not have a strong influence on the air change rate it might still have a 

small influence and should be considered in calculations. An adjustment of this 

coefficient could improve the performance of this model. 

Table 10 Influence of the CV coefficient on the air change rates for the specific measurement 
cases (ASHRAE HoF Wind) 

 

 

In addition the influence of the wind speed on the calculation method for the wind only 

offered by ASHRAE HoF was also investigated. Since during the measurements there 

were wind velocities between 1 – 6 m/s recorded, the same values was used for the 

variation of the average wind speed for the specific study cases as it can be seen in 

Table 11. 

Table 11 Influence of the wind velocity on the air change rates for ASHRAE HoF wind 

 

 

It can be seen also in Figure 17 that the treatment of wind speed in ASHRAE HoF 

Wind model leads to unrealistically high estimations of air change rates. 
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Figure 17 Influence of the wind velocities on air change rate in the case on ASHRAE HoF 

wind for the specific study cases 

 

However, the calculation method for the ASHRAE HoF considering only the stack 

effect gives similar results to the other studied methods and close to the 

measurements as it can be seen in Table 9. Considering the uncertainties created by 

the influence of the wind effects it was decided to further analyze only the results 

given by the method for stack effect only.  

Although it can be seen that the temperature difference between outside and inside 

air influences the results in the case of the method for the stack effect when comparing 

the same setups for window 1 and window 2 (half open and fully open), it seems that 

the size of the opening has also a significant influence in this method. For example, 
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be observed that despite the temperature difference is almost 3 times higher in the 

case of window 1 half open, the case for fully open gives a higher air change rate as 
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3.2.5 Warren’s method 

Table 12 presents the air change rates calculated with Warren’s calculation method 

which proposes to calculate the effect of each driving force separately and then take 

the highest value from the two. During the time period when the measurements were 

made the wind had the predominant effect. This can also be noticed in the calculated 

air change rates as the maximum value of the two was always the value taking into 

consideration only the wind effect. 

Table 12 Estimations of air change rate offered by Warren’s calculation method 

 

 

3.3 Comparative analysis of the models’ predictive 

performance  

Table 13 presents the measured and the calculated air change rates for the eight 

different cases. Like previously mentioned in section 3.1, case number 6 is unclear 

due to the fact that the wind was predominantly blowing into the room during the 

measurements with high values of wind speeds which lead to high values of air 

change rates. Thus, it was decided to exclude case number 6 from further discussions 

and comparisons.  

It can also be observed that the calculation methods offered from the ASHRAE’s 

Handbook gave extreme values of air change rate. After addressing the uncertainties 

created by the influence of the wind direction in the sensitivity analysis made in section 

3.2.4 it was decided to further analyze only the results given by the calculation method 

for stack effect only for the ASHRAE HoF method. 
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Table 13 Air change rates obtained through measurements and studied calculation methods 

 

 

Another aspect addressed in this section is the measurement cases with tilted 

windows. As mentioned before and also showed in Table 13 only two of the studied 

methods offer separate equations for determining the effective area of the opening in 

case of tilted window: VDI 2078 Standard and the European Standard EN 

15242:2007. Since the calculated air change rate for the case of tilted window with 

the equation for opening area proposed by EN 15242:2007 were closer to the 

measured air change rates (see Table 13) it was decided to use the respective 

window area in the other methods and see if similar results are obtained. However, 

as the DS Method does not consider the opening area as a parameter it was excluded 

from the respective calculation. An additional situation considered in the case of tilted 

window for the Hansen’s method was to calculate the effective opening area as the 

sum of the three areas given by the window opening as shown in Figure 18. This 

specific case is referred in this work as “VDI_EA2”. 

 

Figure 18 Areas considered in the calculation of the effective area for tilted windows for 

Hansen/ VDI 2078 method (source: Caciolo et al. 2011) 
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The calculation of the effective area was done by using the Equations 33, 34 and 35: 

𝐴1 =  𝐴2 =
1

2
∗ 𝐻 ∗ sin 𝛽 ∗ cos 𝛽  ( 33) 

 

𝐴3 =  𝐿 ∗ 𝐻 ∗ (1 − cos 𝛽)  ( 34) 
 

𝐴𝑒𝑓𝑓 =  𝐴1 + 𝐴2 + 𝐴3 = 𝐻 ∗ (𝐻 ∗ sin 𝛽 ∗ cos 𝛽 + 𝐿 − 𝐿 ∗ cos 𝛽)  ( 35) 
 

Considering that the dimensions of the window are 1.08 x 1.34 m with a tilt angle of 

10º the resulting effective area for this specific case is 0.33 m2. 

The calculated air change rates in the case of tilted window can be seen in Table 14. 

So by using the opening area from the EN 15242, the calculation methods from 

EN15242, ASHRAE HoF stack and Warren gave similar results, while the one from 

VDI 2078 gave much lower air change rates. Also, it is observed that by using the 

effective area calculated with the Equation 35, the VDI_EA2 overestimates the air 

change rates and offers much higher estimations than the original VDI 2078 method 

and other methods. For that reason it was decided not to include the VDI_EA2 method 

in further discussions. 

Table 14 Air change rates obtained through measurements and studied calculation methods 
in the case of tilted window 
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percentage error of 29 %. However, the number of measurements is too small to 

broaden this discussion and infer if such a method could offer reliable results. 

Table 15 Estimated air change rates as the average of values obtained from four models  

 

 

Figure 19 shows the air change rates resulted from measurement in the different 

window setups and the ones calculated with the studied methods. 

 

Figure 19 Air change rates found by experiments and studied calculation methods 
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design model for natural ventilation. It can be seen how each model had performed 

in the specific cases. However, since there were just few measurements done a basis 

for a detailed discussion regarding the calculation methods performance is quite 

small. 

 

Figure 20 Comparison between measured and calculated air changes rates for the studied 

calculation methods 
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Table 16 summarizes the relative error calculated between the measured air change 

rates obtained through tracer gas measurements and the calculated air change rates 

from the five studied calculation methods. The idea is to see if the methods are under- 

or overestimating the air change rates. The relative error was calculated as shown in 

Equation 36:  

 

Relative error = (Calculated value –Measured value)/ Measured value * 100 ( 36) 
 

In addition, the mean absolute percentage error is also calculated in order to obtain 

an overview of the predictions in these specific cases. This is presented as a total for 

all the investigated cases, but also by separating the case number 5 from the rest as 

this case with two half open windows presented a high air change rate during the 

measurements. 

Table 16 Relative errors between the measured air change rates and the five studied 
calculation methods and the mean absolute percentage error 

 

 

It can be seen in Figure 21 that the method developed by Hansen (VDI 2078) 
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Figure 21 Relative errors for the Hansen’s (VDI 2078) and ASHRAE HoF Stack method 

resulted for the investigated study cases 

 

The models by De Gids and Phaff and by Warren which both consider the wind speed 

in their equations are mainly underestimating the air change rates (Figure 22). 

However, the results offered by De Gids and Phaff are slightly better for these 

measurement situations.  

 

Figure 22 Relative errors for the De Gids & Phaff’s (EN 15242) and Warren’s method 

resulted for the investigated study cases 
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Also, as seen in Table 16, De Gids and Phaff and ASHARE HoF Stack methods have 

same values for the mean absolute percentage error. Yet, it can be seen that 

ASHRAE HoF Stack is mainly underestimating the results. One might argue that 

having a model that mainly underestimates is ok because the values are on the safe 

side when planning natural ventilation. On the other hand, considering that the wind 

had a dominant effect during the measurements, it makes sense to use models which 

includes the wind effect. 

Figure 23 presents the mean absolute percentage error for all the calculation 

methods, including the MMP, resulted from the investigated study cases. It can be 

observed that the DS Method presented the worst performance from all the 

investigated methods in these study cases. This might be due the fact that this method 

only has the temperatures as influencing factors without considering the window 

construction or the wind effect. The multi method prediction (MMP) has the same 

mean absolute percentage error as the De Gids and Phaff and ASHRAE HoF Stack. 

However, the number of measurements is too small to infer if the multi method 

prediction could offer reliable results. It needs to be mentioned that this discussion is 

valid only for these specific study cases and weather conditions. Doing more 

measurements with different weather conditions could offer more information about 

the selected studied methods and broaden the discussion on their performance. 

 

Figure 23 Performance of the studied calculation methods for the investigated study cases 
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4 CONCLUSION 

An experimental study on single-sided ventilation has been presented in this thesis. 

The purpose was to evaluate five different single-sided natural ventilation calculation 

methods. Measurements have been made in a full-scale building exposed to outdoor 

conditions in Vienna, Austria. Although the number of measurements was too small 

to have a broad basis for conclusions, a few remarks could still be drawn from the 

results. 

In the case of calculation methods considering only the thermal differences, the 

ASHRAE HoF give predicted values of air change rates closer to the measured one. 

Whereas in the case with a combination of the effects, the De Gids and Phaff (EN 

15242) calculation method shows the best agreement with the experiments for these 

specific cases.  

During the measurements it was observed that besides wind velocity and temperature 

difference, wind direction and opening area also have a significant effect on the air 

change rates. At that specific time when the measurements were done the wind was 

blowing into the test room which caused that the effect of the wind was higher than 

the stack effect. Moreover, the experimental results also show that the calculation 

methods react to these parameters. This can be seen in the poor performance of the 

models which consider only the stack effect, like the VDI 2078 or DS models. 

However, the ASHRAE HoF model considering only the stack effect had a better 

performance when compared to the other two models. The differences in these results 

offered by the calculation methods for the stack effect might be due to their 

parameters related to the window construction as they have different values for the 

effective opening area, the effective height of the window and the discharge coefficient 

CD. Also, when discussing about the size of the opening area the predictions are 

mainly more accurate in the case of smaller openings. In the cases of tilted window 

the results are better when using the area proposed by EN 15242 as the one proposed 

by VDI 2078. 

Taking into consideration the fact that the wind effect was dominant effect during the 

measurements, it makes sense to use models which includes the wind effect. The 

wind velocity is considered, together with the thermal differences, in the calculation 

method offered by De Gids and Phaff and by Warren. Although both are mainly 

overestimating the air change rates, the model by De Gids and Phaff offer slightly 

better results for these measurement situations. The ASHRAE HoF calculation 

method considering only the wind effect reacts very strongly to the wind direction 
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which leads to unrealistic estimation of air change rates. The model is also heavily 

dependent on its coefficient for the effectiveness of the opening given by the wind 

direction which resulted in unreliable values in these calculations. An adjustment of 

this coefficient could improve the model’s accuracy. Nevertheless, considering that 

the measurements took place during the summer period, new measurements with 

higher temperatures differences and lower wind velocities are essential to broaden 

the discussion regarding the performance of these models. 

Of course, the shape and surroundings of the building, layout of interior, geometry 

and position of the opening, turbulences in the wind and fluctuations in pressure at 

the opening also influence the air change rates, yet these aspects are out of the scope 

of simple calculation methods. However they are captured in detailed methods such 

as Computational Fluid Dynamics (CFD) or network models. Nevertheless, the 

current study provided empirical-based insights as to how to improve the simple 

estimation methods of air change rates toward enhancing the reliability of building 

performance analyses during the early design phase of a building. 
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7 APPENDIX 

A. Technical specification of WSBPI (Thies 2007) 
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B. Technical specifications Innova Gasmonitor 1312 
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