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KURZFASSUNG

Die natirliche Luftung ist ein haufig verwendetes Prinzip und eine effiziente Strategie
wenn es um den Entwurf von der Gebauden mit einem geringeren Verbrauch and
Kuhlenergie und einer verbesserten Raumluftqualitat geht. In der Entwurfsphase von
der Gebauden mussen Informationen Uber die Menge an der Frischluft vorliegen, die
durch die Offnungen in der Geb&audehille kommt. In den letzten Jahren wurden daher
viele natirliche Liftungsmodelle zur Vorhersage der Luftwechselrate entwickelt:
analytische / empirische Modelle, Netzwerkmodelle und Verfahren der numerischen
Stromungsmechanik (CFD). Obwohl die letzten beiden Prinzipien prinzipiell
zuverlassigere Vorhersagen der natirlichen Beliiftung liefern kbnnen, in einer friihen
Bauphase konnen die analytische Modelle eine schnelle und einfache Abschétzung
der Luftwechselraten ermdglichen, ohne die Notwendigkeit von der umfangreichen

Eingabeinformationen.

In der vorliegenden Arbeit werden die durch funf einseitige naturliche
Liftungsberechnungsverfahren geschatzten Luftwechselraten durch
vollmaf3stabliche Messungen in einem Universitatsgebaude in Wien bewertet. Die
Messungen werden mit der Tracergas-Technik mit SF6 als Tracergas und unter
Berlcksichtigung verschiedener Szenarien von Fensteréffnungen durchgefihrt.
AnschlieBend werden die gemessenen Luftwechselraten mit denen aus den
Liftungsberechnungsverfahren verglichen, um die Vorhersagekraft der Modelle zu
untersuchen. Diese Validierungsstudie ermdglicht es auch, die Quellen der
Diskrepanz zwischen den gemessenen und geschatzten Luftwechselraten in
verschiedenen Einstellungen hinsichtlich  Fensterzustdnden und &uReren

Randbedingungen zu untersuchen.

Die Ergebnisse der Studie zeigen, dass zusétzlich zu der Offnungsflache, der
Windgeschwindigkeit und der Temperaturdifferenz auch die Windrichtung einen
signifikanten Einfluss auf die Luftwechselraten hat, die nicht bei allen Modellen
erfassen wirde. Dariiber hinaus, im Fall der Modelle die die Offnungsflache
beriicksichtigen, sind die Vorhersagen hauptsachlich fiir kleinere Offnungen genauer.
Im Allgemeinen, kann argumentiert werden, dass drei der untersuchten Modelle

Schatzungen die gut mit den Messungen Ubereinstimmen 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/lempirical 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 technigue with SF¢ 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.

Keywords

Natural ventilation, Single-sided ventilation, Air change rate, Calculation method,

Tracer gas measurements
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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 (Seppanen
et al. 1999; Seppéanen 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
Seppéanen 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. Seppanen 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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a) Single-sided ventilation b) Cross ventilation c) Stack ventilation

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 HYAC 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; lwashita 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?, 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

5
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parameters like outdoor conditions, orientation, number and size of openings in a

building’s facade, 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 facade, 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 facade’s openings.

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

Conceptual design phase Detailed design phase

Aim Estimations of needed window areas based on : Documentation of sufficient window areas based on:
- Air flow rates - Needed air flow rates
- Cooling demands - 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

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-
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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 2006Db).

Neutral Plane u

B
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.

1 AT % H *
Qs=3_*A*Cd* —g (1)

Tave
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Where Q. is the volume flow rate [m%s], Ais the area of the opening [m?], Cq, the
discharge coefficient [-], takes into consideration the shape of the opening and is
usually taken as 0.6, AT 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/s?] and Tav 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.

g* Hyik * AT
Q = 3600 * Ay * /ZW—Tl (2)

Where Q is the volume flow rate [m?®/h], Awixis the effective aperture area for the flow
[m?], Huwix is the effective height for the thermal updraft [m], g is the gravitational
acceleration [m/s?], AT is the temperature difference between inside and outside air
temperature [K] and T1is 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 15° 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:

By + Hj;
Awirk = % (3)
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2
Hwirke = Hii * 3 (4)

Where Biiis the width of the clear opening in the window frame [m] and Hiiis the height

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

For the case “tilted window with a maximal tilt angle at 15°, 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):

(B]' + Hl' — H ) * AfRi—R
Awirk = 1 l 3 2 — korp i (5)

2
Hyirk = (Hy — H(p) * § (6)

Where arirais the distance between the casement and the frame and korpap is the
correction factor for the window reveal. Hy, is the height of the overlap between the
window frame and casement and is calculated as a fraction between ara,, the mortise
depth (overlap between frame and casement) and the sinus of the opening angle (tilt

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

(7)

If Hyis greater than Hj, then H, will be considered equal with H;.

The distance between the casement and the frame, arira, is calculated as follows

(Equation 8):

apj—ra ® Hjj * sin@ — ag,y, (8)

If ari-ra results as smaller than 0, then ari.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:

10
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(aFi—RaH+ apalz) 9)
li

(p =~ arcsin

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

10 and10 11:

If api—pa < Qraip => koTygp =1 (10)

ALaib
If api_ra > apaip => Korpuip =1— 0.6 * (1 — ) (12)
dFi-Ra

Where a_ap 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):

Q = Z Q (12)
i=1

11
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Where Qiis the air flow rate obtained through one window, calculated as in Equation
2 and Qris 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:

Qu = 0.025 % Aps * Up (14)

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

building near the window [m/s] and Ur s 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 * Vr%zet + Cst * Hwindow * |AT| (16)

12
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Where Ci;= 0.01 is one of the empirical coefficients [-] which takes into account the
wind turbulence, Cy = 0.001 takes into account the wind speed, Cs= 0.0035 takes into
account the stack effect, Vmet is the meteorological wind speed at 10 m height [m/s],
Huwindow IS the free height of the window [m] and AT is the temperature difference

between inside and outside air temperature [K].

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

1
Qv:Aeff*Umzz*A*Um (17)

Where Q. is the volume flow rate [m3/h], the factor % stands for the fact that the air
flows in the space only through half of the window area, A [m?] and Unis 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 “a”. This implies that window opening area in Equation 17 will be

calculated as seen in Equation 18:

A = C(0) * Ay (18)

Where Aw is the window area (fully opened and Cy(a) is a polynomial approximation

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

Y

1 _ al9 Ck(o) []
0.9 T | 0 0.00
08 - 5 0.09
07 P 10 0.17

' L 15 0.25
06 / 20 0.33
0.5 ¥ 25 0.39
0.4 7 30 0.46
03 4 45 0.62
02 /’ 60 0.74
0.1 90 0.90

0 180 1.00

0 15 30 45 60 75 90 105 120 135 150 165 180

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 Cp-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 Cp—value as the type of opening used

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

ref U2

QV:A*\/C1*|CP|*U2 +Cy# AT * H + Cg  ~—popening "7 (19)
ref

Where the constants Ci, C; and Cs are empirical coefficients which depend on the

wind direction and C, is the wind pressure coefficient at the opening. The pressure

differences in the opening are represented by AC; opening, Which is expressed as an

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

ACp opening = 9:1894 % 1077 * B3 —2.626 x 107° * 2 —0.0002354 * B+ 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).

Qu =Cy*A*U (21)

Ti_To
Ti

Q = cD*A*JZ*g*AHNpL* (22)

Where Cy 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 [m?], Cpis the discharge coefficient for the
opening, AHwpL is the height from midpoint of lower opening to the neutral plane [m],

Tiand T, 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 = Q52 + szv (23)

Where Qs are Quw the airflow rates caused by wind and by thermal forces [m?/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:

Pa;ref " Aw;tot

Aviarg = 3600 * 5
ae

max (Cying * u%O;Site ; Csp * l‘1W;St * abs(T, — Te))o's (24)

Where Qv.arg is the airflow through the window [m?3/h], parer and pae are the reference
and external air densities [kg/m?], Aw:otis the total window opening area [m?], Cuing iS
the wind speed coefficient [-], hwstis 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 C; (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 T, <= —5° => ACR, =1 (25)
If —5° < T <= 18° => ACRy = 1+ 2 % (Toye +5)/(18 + 5) (26)
If18° < T,y <= 26° => ACR; = 4 (27)
If26° < T ppe <= 32° => ACR, = 3 — 2 * (Topr — 26)/(32 — 26) (28)
If Tppe >32° => ACRg =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).

ACRg = ACR, + ACR, + ACR; + ACR, + ACRs (30)
ACR = max (ACR, /|T; — T, |) (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 (SFe), Nitrous oxide (N.O) and halogenated
hydrocarbons, like hexafluorobenzene (C¢Fs) 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, SFsis commonly used in these kind of measurements since it offers reliable

results.

Carbon dioxide (CO;) can also be a good solution since it fulfils 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 CO- 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 CO;
sensors in the tracer gas measurements offers the same performance as the classical
sampling method of determining the air change rate. Using CO; as a tracer gas can
be made either by releasing it in a room via a gas container or by analyzing the CO»
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 CO: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 CO, 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 CO; 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

Nr.  Calculation Stack effect Wind effect Combination of Stack and Wind effects
crt.  Methods

1 Warren

1 AT + H
Q=granCyr [—o—? Qu=0025+Aesr = Up Q= max (Qs,Qu)
ave
2 De Gids & 1
Phaff Q= Aefr* Up = E*A* U
(EN 15242)
Upy = /Ce + Cyw * Ve + Cse * Huindow * 1AT]
3 Hansen

(VDI 2078) Q = Ayirk * %f”

4 ASHRAE HoF

Qs = Cp*Ax \2x g+ DHyp, * (T; = T,)/T; Qw =CyxAxU Quindandstace = |QF + Q%

5 DS Method If Tppe <= —5° => ACR; =1
If —5° <T <= 18> => ACR, = 1 + 2% (Torr +5)/(18 + 5)
If18° < Tppr <= 26° => ACR; = 4
I£26° <Top<= 32° => ACRy = 3 — 2 * (Toxe — 26)/(32 — 26)
If Tore >32° => ACRs = 1

ACRg = ACR, + ACR, + ACR; + ACR, + ACRs

ACR = max (ACRs ,\[[Tine — Texel)

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:
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fully open window or tilted window, at maximum angle of 15°, 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 Gebaudeausristung 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 15°, 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, itis 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

Nr. Calculation Influencing Parameters
crt. Methods

1 Warren - A - effective area of the opening [m?]
- H-—free height of the window [m]
- T & T, — interior and exterior temperature [K]
- C4 — discharge coefficient [-]
- Uy —reference wind speed [m/s]

2 De Gids & Phaff - A — effective area of the window [m?]
(EN 15242) - Huindow — free height of the window [m]
- Ti & T — interior and exterior temperature [K]

- Ve — Meteorological wind speed at 10 m height [m/s]

3 Hansen - A, — effective area of the window [m?]
(VDI 2078) - H,i — effective height of the window [m]
- T & T, — interior and exterior temperature [K]

4 ASHRAE HoF - A—free area of the window [m?]
- Hyp, — height from midpoint of lower opening to the neutral plane [m]
- T & T, — interior and exterior temperature [K]
- Cp — discharge coefficient [-]
- U-wind speed [m/s]
- C, — effectiveness of the opening coefficient given by the wind direction [-]

5 DS Method - T, &T

ot — interior and exterior temperature [K]

int

Table 4 Window settings scenarios used in the measurements

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 W1T

8 Window 2 - Tilted W2_T

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.
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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 SFe 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 = InC(0) —InC(ty)

T

(32)

Where C(0) and C(r) are the tracer gas concentrations at the initial and final point of
the decay curve and 1 is the time difference between the end of the measurement

and the beginning of the concentration decay.
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a) Concentration decay b) Calculation of air change rate

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 Thetestroom

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 4™ 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 m? (Figure 7).
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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 m?(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 facade of TU Wien (Source:
Google Maps)
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The tracer gas measurements with SF¢ 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).

illuminance sensor
Wind speed sensor

Solar radiation sensor

Wind direction sensor

Temperature / Humidity sensor

Precipitation sensor

Figure 9 WSBPI Weather station mounted on the roof of TU Wien (source: Proglhof 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/m?], relative humidity [%0],
atmospheric pressure [Pa], outdoor illuminance [Ix] 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.

26



METHOD |

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, CO: 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 (SFe) with pressure reducer and a ventilator were used (Figure
11).

Figure 11 Gas analyzer, SFe¢ 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.

Operable window 1 Operable window 2
Data logger 1 / Data logger /
2 /!
1 |—‘+r I x 4 I
N % : , | ,
% : / ! /
F‘"_\ 1 /
1 I -

LY

4 [ e
II\< I H\L

I
Gas cylinder with Fan
pressure regulator

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 SFswas released in the room for 10 sec at 0.5 bar

3. When the SFgconcentration 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 SFs concentration in the room dropped

to around 5 ppm
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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.

Parameters used in each calculation method

BRI Fov:  NSERT  PAGELAOUT  FORMULAS  DATA  REVIEW  VIEW  ACROBAT T

J NG A /W_/
Date&Time Measured data: Calculation of ACR  Calculation of ACR with the measured data from the 5 different calculation

interior and exterior from tracer gas methods
measurement

Figure 13 Screenshot of the excel tool created for the calculations of the studied calculation
methods of single sided ventilation
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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”.

Decay of tracer gas concentration Measured ACR, log-scale
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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 SFs
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 SFe¢ concentration decays in the case of higher opening area.
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Decay of tracer gas concentration Measured ACR, log-scale
45

o
3
°

~
S
°
.

@
3
°

35 *
. ‘. y =-8.5034x + 9E+06
. k 5 . s * R?=0.9613

@
S
°

SFg concentration [ppm]
8
°
.
.
.
Log of SF¢ Concentration
~
tn
/
.

w
S
o

.

e, 15
. o, -\\\
200 A

.
LTy
Ll P

9:28 9:36 9:43 9:50 9:57 9:28 9:36 9:43 9:50
Time [h] Time [h]

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
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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 AT 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

- Boundary conditions ACR values [h'l]
(]
g g . Average
5 € | Window setup . .
2 3 Ti,ave To,ave |AT| Wind Measured
= (K] (K] (K] Speed
[m/s]

1 W1_HO 31.9 33.3 1.4 2.2 4.5

2 W1 _FO 31.7 31.1 0.6 2.4 4.6

3 W2_HO 30.9 30.6 0.3 3.5 4.0

4 W2 _FO 31.3 32.3 1.0 3.8 8.5

5 W1 _W2_HO 32.3 36.5 4.2 4.7 21.9

6 W1 W2_FO 33.2 37.2 4.0 6.1 43.1

7 W1 T 32.6 35.4 2.8 4.7 3.1

8 W2_T 31.8 34.5 2.6 3.7 2.6

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

» Boundary conditions ACR values [h™]

5 —

g g Average

5 £ | Window setup Ti,ave To,ave |AT] Wind Hansen
o > Measured

® c K] K] IK] Speed (VDI 2078)

= [m/s]
1 W1_HO 31.9 33.3 1.4 2.2 4.5 2.6
2 W1_FO 31.7 31.1 0.6 2.4 4.6 3.5
3 W2_HO 30.9 30.6 0.3 3.5 4.0 1.2
4 W2_FO 31.3 32.3 1.0 3.8 8.5 4.6
5 W1 _W2_HO 32.3 36.5 4.2 4.7 21.9 9.0

3.2.2 De Gids and Phaff’s method (EN 15242)

Table 7 presents the air change rates calculated with the De Gids and Phaff model
which is also proposed in the European standard EN 15242:2007 “Ventilation for
buildings — Calculation methods for the determination of air flow rate in buildings
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
- Boundary conditions ACR values [h™]
c
m —
5§38 Average De Gids &
S5 € | Window setup Ti,ave To,ave |AT| Wind
2 3 Kl K] K] Speed Measured Phaff
2 EN 15242
= [m/s] ( )
1 W1 _HO 31.9 33.3 1.4 2.2 4.5 4.0
2 W1_FO 31.7 31.1 0.6 2.4 4.6 7.8
3 W2_HO 30.9 30.6 0.3 3.5 4.0 4.2
4 W2_FO 31.3 32.3 1.0 3.8 8.5 9.8
5 W1 W2_HO 32.3 36.5 4.2 4.7 21.9 12.5

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

. Boundary conditions ACR values [h™]

]

qE; g Average

5 € | Window setup Ti,ave To,ave |AT] Wind

2 3 Speed Measured DS Method

3 [K] [K] [K] pee

> [m/s]
1 W1 _HO 31.9 33.3 1.4 2.2 4.5 3.6
2 W1_FO 31.7 31.1 0.6 2.4 4.6 1.6
3 W2_HO 30.9 30.6 0.3 3.5 4.0 0.6
4 W2_FO 31.3 32.3 1.0 3.8 8.5 2.6
5 W1_W2_HO 32.3 36.5 4.2 4.7 21.9 9.2
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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

Boundary conditions ACR values [h'l]

g ASHRAE HoF

£ g ) Average

5 E Window setup | Tjave To,ave |AT| Wind

B 2 Measured ASHRAE ASHRAE ASHRAE

o [K] [K] [K] Speed !

s HoF Stack HoF wind HoF comb.

[m/s]

1 W1_HO 31.9 33.3 1.4 2.2 4.5 3.9 25.7 27.2
2 W1_FO 31.7 31.1 0.6 2.4 4.6 5.2 83.2 83.3
3 W2_HO 30.9 30.6 0.3 3.5 4.0 1.8 59.0 59.2
4 W2_FO 31.3 323 1.0 3.8 8.5 6.8 124.5 125.6
5 W1_W2_HO 32.3 36.5 4.2 4.7 21.9 13.8 119.7 124.4
6 W1_W2_FO 33.2 37.2 4.0 6.1 43.1 28.2 419.6 420.6

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 Cy, 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
EnergyPlus manual “Input Output Reference” (2015). The manual references the
ASHRAE Handbook — Fundamentals (2009) for the values of the effectiveness of the
opening (Cv), where Cyis assumed to be between 0.5 to 0.6 for perpendicular winds
and 0.25 to 0.35 for diagonal winds. In order to see how this coefficient influences the
results of the ASHARE HoF calculation method for the wind effect only, a few
variations were made as shown in Table 10. Considering that during the
measurements the wind was predominantly diagonal three values of the effectiveness
of the opening were used in the calculation method for the specific measurement
cases to see the influence on the air change rates. The value 0.55 for Cy 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

35



RESULTS AND DISCUSSION |

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)

Nr. ACR values [h-1] - ASHRAE HoF Wind
crt.| Cyl-] Wind direction W1_HO W1_FO W2_HO W2_FO W1_W2_HO
1| 025 21.4 69.3 50.6 106.5 99.7
2 0.3 Diagonal winds 25.7 83.2 59.0 124.0 119.7
3| 035 30.0 97.0 67.4 142.6 139.0
5 0.55 |Perpendicular winds 47.1 152.5 101.1 214.9 219.4

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

Nr. |Wind Velocity ACR values [h-1] - ASHRAE HoF Wind
crt. [m/s] W1_HO W1_FO W2_HO W2_FO W1_W2_HO
1 1 11.5 34.6 16.8 32.6 25.4
2 2 23.0 69.1 33.6 65.3 50.7
3 3 34.5 103.7 50.4 97.9 76.1
4 4 45.9 138.2 67.2 130.5 101.4
5 5 57.4 172.8 84.0 163.2 126.8
6 6 68.9 207.3 100.7 195.8 152.1

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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Influence of the wind velocities on ACR (ASHARE HoF - Wind Effect)
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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,
when comparing only the setups for window 1, namely half open and fully open, it can
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
is being influenced by the size of the opening. Also, even though it was mentioned
that case number 6 will not be further analyzed, here is presented just to show how
the area of the opening influences the results when comparing case number 5 and
case number 6. In the case of both windows fully open the air change rate is double

as in the case of both windows half open, despite the similar temperature differences.
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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

- Boundary conditions ACR values [hfl]

]

qE; g Average

§ g Window setup Ti,ave To,ave |AT| Wind Measured Warren

g c [K] (K] (K] Speed

2 [m/s]
1 W1_HO 31.9 33.3 1.4 2.2 4.5 3.1
2 W1_FO 31.7 31.1 0.6 2.4 4.6 6.9
3 W2_HO 30.9 30.6 0.3 3.5 4.0 4.8
4 W2_FO 31.3 32.3 1.0 3.8 8.5 11.0
5 W1 _W2_HO 32.3 36.5 4.2 4.7 21.9 13.0

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

Boundary conditions ACR values [h™]
g .
O.J
£ 2| Window setup . Ave-rage De Gids &
333 2 T|[,;}/e To[,z]ve l[AKEl SV;\)I;ne(:i Measured (VHI;nzs(Je;s) Phaff DS Method Hﬁilzgl::b Warren
= (EN 15242) ’
[(m/s]
1 W1_HO 31.9 333 1.4 2.2 4.5 2.6 4.0 3.6 27.2 3.1
2 W1_FO 31.7 31.1 0.6 2.4 4.6 3.5 7.8 1.6 83.3 6.9
3 W2_HO 30.9 30.6 0.3 3.5 4.0 1.2 4.2 0.6 59.2 4.8
4 W2_FO 313 323 1.0 3.8 8.5 4.6 9.8 2.6 125.6 11.0
5 W1_W2_HO 323 36.5 4.2 4.7 21.9 9.0 12.5 9.2 124.4 13.0
6 W1_W2_FO 33.2 37.2 4.0 6.1 43.1 18.4 29.6 26.1 420.6 35.0
7 W1.T 32.6 35.4 2.8 4.7 3.1 1.1 2.1 -
8 w2 T 31.8 34.5 2.6 3.7 2.6 1.0 1.9

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_EAZ2”.

A3

e

A, A

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=%*H*sinﬁ*cosﬁ (33)
A3 = L*Hx(1—cosp) (34)
Agrr = A1+ A+ A3 =H =+ (H xsinf *cosf + L —L=cosp) (35)

Considering that the dimensions of the window are 1.08 x 1.34 m with a tilt angle of
10° the resulting effective area for this specific case is 0.33 m?.

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_EAZ2 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

Boundary conditions ACRvalues [h]

Measurement

number

Window setup

Ti,ave

[K]

To,ave

[K]

|AT|
(K]

Average
Wind
Speed
[m/s]

Measured

Hansen
(VDI 2078)

VDI_EA2

De Gids &
Phaff
(EN 15242)

ASHRAE HoF
stack

Warren

Wi1_T

w2_T

2.8

2.6

4.7

3.7

3.1

2.6

11

1.0

4.6

4.4

2.1

1.9

2.0

1.9

2.3

1.8

Another way to look at the results and to summarize the evidence for the present work
was to disregard the models which have a lower performance or present uncertainties
and average the rest. The disregarded models were the DS Method because it
presented the worst performance when comparing to the other models for these study
cases and the ASHRAE HoF for the wind effect because of its unrealistically high
estimations of air change rates. This specific case is termed in this work as “MMP”
meaning multi method prediction. The results of this method are shown in Table 15.
A combination of the models takes into consideration the effect of both driving forces
and could give results with good agreement to the measurements. In these studied

cases it mainly underestimates the air change rates and gives a mean absolute
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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

ACR values [h'l]
€
£ & Average
[ .
. De Gi Relative
g -g Window setup M d Hansen epﬁlcl: & ASHRAE W value of the error [%]
=) ()
g 2 casured i 2078) e 12242) HoF Stack arren 1 4 models
= (MMP)
1 W1_HO 4.5 2.6 4.0 3.9 3.1 3.4 -24%
2 W1_FO 4.6 3.5 7.8 5.2 6.9 5.9 28%
3 W2_HO 4.0 1.2 4.2 1.8 4.8 3.0 -25%
4 W2_FO 8.5 4.6 9.8 6.8 11.0 8.0 -6%
5 W1_W2_HO 21.9 9.0 12.5 13.8 13.0 12.1 -45%
6 W1_T 3.1 1.1 2.1 2.0 2.3 1.9 -40%
7 W2 T 2.6 1.0 1.9 1.9 1.8 1.7 -37%
Mean absolute percentage error 29%

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

window setups and the ones calculated with the studied methods.

ACR [1/h]

ACR found by experiments and the calculation methods

25.0

15.0

10.0

5.0

0.0

W1_HO W1_FO W2_HO W2_FO W1_W2_HO w1_T w2_T
Window opening states
-~Measured Hansen (VDI 2078)  —De Gids & Phaff =~ -DS Method ~ -—ASHRAE HoF Stack —~—Warren = -~MMP
(EN 15242)

Figure 19 Air change rates found by experiments and studied calculation methods

Figure 20 compares the measured air change rates for the specific measurement

cases with tracer gas with the calculated air change rates obtained from each studied
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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.
Comparison between measured and Comparison between measured and calculated ACR
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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

ACR values [h] Relative error [%]
iy
o af . De Gids & De Gids &
§ : HInIOHSE? | easures (\;‘;nzs;;s) Phaff H/ZSFH;:cEk Warren Miﬁod MMP (vEnzsoe;s) Phaff HiSFHSisz Warren Mg:od MMP
g (EN 15242) (EN 15242)
1 W1_HO 4.5 2.6 4.0 3.9 3.1 3.6 3.4 -41% -9% -12% -31% -18% -24%
2 W1_FO 4.6 3.5 7.8 5.2 6.9 1.6 5.9 -23% 70% 13% 51% -65% 28%
3 W2_HO 4.0 1.2 4.2 1.8 4.8 0.6 3.0 -70% 6% -55% 20% -86% -25%
4 W2_FO 8.5 4.6 9.8 6.8 11.0 2.6 8.0 -46% 15% -20% 29% -69% -6%
5 | W1_wW2_HO 21.9 9.0 12.5 13.8 13.0 9.2 12.1 -59% -43% -37% -41% -58% -45%
6 wi1_T 3.1 1.1 2.1 2.0 2.3 - 1.9 -66% -34% -36% -27% - -40%
7 w2_T 2.6 1.0 1.9 1.9 1.8 - 1.7 -61% -29% -28% -31% - -37%
Mean absolute percentage error (all cases, except case 5)  51% 27% 27% 31% 60% 27%
Mean absolute percentage error (all cases) 52% 29% 29% 33% 59% 29%

It can be seen in Figure 21 that the method developed by Hansen (VDI 2078)
underestimates the air change rates in all the study cases. It needs to be mentioned
that when the measurements were done the effect of the wind was more dominant
than the temperature differences. The wind was blowing into the room which reduced
the influence of the stack effect and since the method from VDI 2078 considers only
stack effect, its performance was lower than the methods which consider the effect of
the wind. However, the calculation method for the stack effect by ASHRAE HoF had
a better performance than the one by VDI 2078 for this specific cases. The parameters
of these models for the stack effect which might create this differences in results are
the ones 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

Cb.
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Relative errors of the studied calculation methods
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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.
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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.

Performance of the studied calculation methods
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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
Co. 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)

Sensor / Device name or number Range Acouracy

Temperature/Relative humidity: Temp: -30°C to +70°C Temp: +#0.2 K at 20°C and wind
“Hygro- Thermogeber compact RH: 0 to 100% speed > 1.0 ms?

1.1005.54.1617 RH: +2%

Solar radiation: ,Pyranometer CM3 | 0 to 1400 W-m 2 Sensitivity =0.5%

by Kipp & Zonen 7.1415.03.000° Applied correction +2%
[luminance: “¥-Lambda 0 to 130 klx

Strahlungesensor 4.37

Wind speed: “Windgeber compact | 0.5 to 50 mes™! Accuracy + 3% or £ 0.5 ms!
4.3519.00.000 beheizt” Resolution 0.1 m-s

Wind direction: 0 to 3607 Accuracy £5°
“Windrichtungsgeber compact Resolution 11257
4.3129.00.0007

Precipitation: “Niederschlagsgeber | max 7 mm-Min™! (1.1 mm Precipitation
5.4032.30.007 ohne Heizung” 0"C to +60°C

Barometer: “Barogeber FTH100A 800 to 1600 hPa +20°C - 0.3 hPa
3.1158.0000737 0"'C to 40°C - 21 hl"a

-20°C to +457C - £1.5 hFa

—A0°C to +60°C - £25 hPa

Dhata logger: “Meteo LOG TDL Operating Range: +0.2% of measurement range

147 S30°C to +50°C Time Accuracy: not decisive
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B. Technical specifications Innova Gasmonitor 1312

1312 Photoacoustic Multi-gas Monitor

USES:

O Quantitarive analyis of up to 5 components and water
vapour in gas mixmres

O Occupational health and safety measurements

O Indoor air-quality and venrilation measurements

O Detection of acddental releases of gases/vapours

O Presentation of measurement data in spreadsheer,
darabase and word procesing programs

FEATURES:

O Selectively measures a wide range of gasesvapours
O Linear response over a wide dynamic range

O Extremely reliable due to self-testing procedures

O High stability (bow drift) makes calibration only necessary
about four times a year

O User-riendly procedures for calibrating the monitor,
presenting and analysing measurement data via the PC
user-interface

The 1312 Phowmoowstic Multigas Mondtor i
a highly accurate, rebable and stable quanti-
tative gas motitoning system. [ts messu rement
principle  hwed on the photoacoustic infra-
red detection method. This means that the
1312 can messure almest any gas which ab-
sorts infra-red light. Appropriate optical filters
(up 1o 5) are installed in the 1312 filer car-
asel 0 that it can selectively measure the
concentration of up 103 component gases and
water vapour in any air sample. The 1312%
detection limit & gas <dependent, but typically
in the ppb region.

Reliahility of measurement results can le
ersured by regulbar self-tests which the 1312
peroms. Accuracy 8 emsured by the 1312%
ability to comy any fox
temperature fluctuations, water-vapour inter-
ference and interference from other gases
known 1o be present.

The mnitoring system  easily operated

O Accurate — compensates for temperature fluctuations,
water-vapour interference and interference from other
known gases

O Seven Sample Integmation Tames to choose from — to
optimize the measurement system, providing faster
response times or lower detection limits

O Extremely low-volume flushing possible

O Operates immediately — no wam-up time necessary

D Collects samples from points up o 50m away

O Presents measurement data both in tabular and graphic
formats — up to 6 gas concentration graphs displayed,
simultaneously

O Uses Open Datahase Connectivity (ODB(C) — enabling
measurement data to be wed in other programs

O Pormble

O Operates also as stand-alone instrument

O Monitor can be used with one/two 1303 Multipoint Doser
and Sampler units + additional PC software for
ventilation efficiency measurements

N1 Phamasouste Mulegm Moot

viza PC or via the front-mnel push bunons
when using a stand-alone instrument config-
uration. Short explaratory text guide the wser
through each operating procedure. Therefore,
1o special training & required (0 operate the
B12

lhe [512PC soltware erables the wser o
calibrate the mondtor and lond the wer-de-
fined measurement setups prios 1O MOnItoAng.
During a monitoring task, real -time mesure-
ment data & presented on screen s both
graphs and tables, and the data & stored in

ramed databases. When a monitoring task i
completed, the 1312PC software can assist in
analysing the data. The meswrement data
stored in the databases & easily accessible, and
can be displayed an screen, printed out, and

AirTech Instruments

(47; INNOVA
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Eeacuramend Tystem of the 1312 Fhotoasouctio Mull-gas Montor

Megsurement Cyvcie

. The pump draws air from the sampling
point through rwa air-fikeers o fush our
the “old” zirin the messnremen: system
and replace it with a “new” air sample.

1. The “new” air sample is hamernically
sealed in the analysis cell by closing the
inler and cutler valves.

3. Light from an infra-red light source &

mdﬂuﬂumghmcn‘ﬂmqmm] fil-
ters in the filrer caroume L

4. The light ransmirted by the aprical filter i

mmd,n:numlgﬂlewlq:ﬂmmd‘ﬂepsm
increase. Hecame ﬂle]ght:u pulsating the
gas femperature incresses and dewesses,
causing an equivalent mcrease and decrease
in the pressure of the gas (an amousnc sgnal )
in the cloged cell

5. Two microphones mouned in the cell wall

musumﬂmn:m:n::wmliu:h::d:nﬁ:&r
propartionel 1o the concenmmation of the
manitored gas present in the cell

‘Coarse
AlrfHer

1
|eif— Alr Iniet
1

Sampiing
Tube Point

an1308_ e

A, The filter carouse] rums =0 thar light & mans-
mimed through the nesr oprical filrer, and
the new signal is messnred The number of
times this step is repered i dependent on
the number of gases haing messured.

The response dme s down o approx. 135
for 1 gas or warer-vapowr, or apprme 40 5 if
5 gases and warer vapour are messured.

exported w0 other spreadshesr, datbase and
worrd processor programs when requined.

If 2 samd-alone configuration is mequired,
the momitor G be operated wing the front
]m‘d ]m]l-‘mﬁ.ﬂwmwu:ull messual s are
stored i the monitors memory, and can
e u]:ﬂc':.ded 1o the PC or ]:lrinlu'] ata baer
Elage.

The 1312 o a sundy, dust-prood casiog w
e ils components. [t porable, and re-
CaEires 0 wWarin-up e of fe-calibration after
i — mreabd g it ickeal for shor term mon-
itorirgg of atf smples drown bom is dmmed -
ate emvimonment. For long-remn moni ioning,
the 1312 is placed indoors and collecs air
samyles for amabyss, via tobing, fom podats
up to 30m sy

The selectivity of the 1312 & determined by
the optacal filters e alled in s fler cmomsel.
A wide range of rarmow-dond optical flers is
avaitile from Innova AirTech hsimomens.
By studying the absorption spectm of the gases
1o e it @ well @ thoge of any obwer
gmses which may be fownd in the ambient air

inn the same anes, the most appaopriate optical
filers can be chosen. Plose mier 1o the G
Detecrion Limits chart for detadk.

Water vapour, which & neardy  always
present in ambient ar, absodbs inba-red light
at most wavelengths so thar, imespective of
which optical Blier & wed, water vaposr will
comitribute 10 the total acostic sigrmal in te
by cell. The higher the concenraton of
walter vapoaer in the cell, the mom it commb-
wtes 1o the messured dgral. However, a spe-
cial opical fileer & perromentdy rsalled in
the filer carmel of te 1312, which allows
water-vapour’s contribution 1o be measmed
:\e]m'.aldy during each mesurement r_'yde.
The 1312 & dus able 1 compensate for wa-
ter-yapsoar s inle derence.

Aary other mterferent g, which & known
1o be present in the amlxent ai can be com-
permated for in a smilar Bsbion. By rstalling
an optical filter wselectively measure the aon-
ceniration of the interferent gas, the wer can
set-up the 1312 w compensate for the mnter-
ferent gas's comtribution.

After the relevant optical fillers are in-
stalled, the momior muse be ealibraed.
Foner types of calibration are available: zems-
point, humidingintederence,  humidicy-
span and gas calibration. Regardless of the
calibradon wpe, the 1312PC software
makes it ensy. Setring up the clibrabon is
dore via the Bmiar Windows™05 emvi-
mmednt. The maw mesumement dara from
the monitor is tramsfemed w the PC where
it s displayed graphically, Using the cursors
in the graphic window, the best ranges can
be defived. The raw data in these arem is
wied 1o prodsce the offet caleulation val-
e 0 emmble humidity imederence and
O - QoM P Al ko . (}n]\_.' when Yo oare
satisfied with the sl are thee akul-
tom values downloaded w0 the momion

Dhee o the 1312% high swabdiry (low
drift), calibration is seldom mecessary more
than fowr dmes a year.
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The 1312 monitoring system B ewy o oper-
ate, either directly viaa PC or via the push-
lkeys on the monitor's front panel. This ema-
Hes the monitor 1o be operated s hoth an
e and stand-alose st nment.

Y¥ou define all the information necesary
w start a monitoning task. The PO umes
men bams and “index-card” hibelled win-
dows 1o divide the procedures in to logical
secticns. The front panel push-atons are
supported by shont explamtony exts, guid-
ing the operator through the procedire.

Settirgeup the Monitor
Each monitonng sk is given a distinc
rame. Under this mame, the setup option
enables o I define all the parameters
necesmary for the monitaring sk 1w be
Mnn]:kmd. The Sd:nﬁe J'meg_'rr.ln'rm Thrnes
BIT) ame defined here (e Fig.2). This
allows you o decide the meassrement ac-
curacy against the speed of the measure-
ments. The momitor cin be st o measre
at one of seven differert 3.1Ts (from 0.5s
o 508). The shortest 5.LTs erable many
memurements o be made qu't]d'y where
e aceuracy of the resulrs are not ensctal,
while the longest S1.Ts enable highly ac-
curate esults o be dbtained. A separate
SIT can be selected for each fler

This sensgp option alss embes you w
slect i emss-compensition for known in-
terferents and water vapour should ooeur,
a well s decide on the smn]ﬂi:q msde
fcomtinuos or fixed tme interval). The
imhing dme is also ser here. You decide
whether only the memurement chamber &

F e e T
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fhshed, wing a minieal ga sample, or
whether the chamber and sampling tubing
should be Mished and the length of tme
this should ake. Aless tvely, the monitor
can be setto find the optimal ﬂlﬂ:iug e,
autoimatically

Shoudd some form of waming ke neces-
Eary, Ij:e software embles L]:le wmer o sel
mintmum and maximeam alarm mgger kev-
els for each messured g, It i also possible
1o define what action is taken when an
alarm is imggerad.

Staring Mesuramen s

Once the selup paaamelers have been de-
fined, memmrements can be saned imme-
diaely. Alterratively, a delaved st dme
can be defined. The PC and the monitor
Tave syj:drm:izd loscks, a0 whether the
Mo or 8 operating on-line or sand-alone,
the meassrements will stan at the correct
time. The monitoring tak will contimsse
wntdl it is stopped mamully, or a stop dne
can be defined, erabling the system 1w nin
completely umattended.

Memory Mode
This option is available when the monitor
s operating @ a staad-alone dmimement.
Dhnng a monitonng task, all esdli are
stored in 2 memaory called Displey Memory.
Whik operating in Memory mode, dam in
this memaory can be copied into the 1312
ather flato e dedgmwnd Manmj} s
prevent it beirg overvritten by sl from
the next task.

[hata stored in Backgneod Memory can be
recalled 1o Dighley Memory and then can be
upladed wa PC

2 ERE R E

== 3 x4

B T TS M @5 W B M@ W M

Fig.! Caiibrafion curves, el

Indimg thelr cusors thowing the regions wed fo colewlme the cail-

bration factors, which can be downloaded to the manitor

APPENDIX |

Alarms

When on-line measurements are being
made, the software embles the wer o ser
rigges, mirdimum, and madmem alam lev-
els for each measured gas. It is also possible
o define what action is taken when an
alamn is irggered.

Oline Measunements

Measurement resulis are ramdered direct-
Iy 1o the PC. Here they can be displayed
o sereen as real-dme valees in bles and
grapha. The grapls cn be set up 1o display
only the desired gases, within defined con-
centmation ranges and mesuli from sadbs-
cal armbses.

Regardless of what is displyed on
sereen, all memurement data & stored in
imet-defined datalumes, in an WS- Acces®
fsrmat, This rrakes resulis readily svailable
1o view at a later stage for further analyses,
o for mclsion in other Emgmms. T ex-
ample, Excel™ or Word®, The 1312FC
soltware, with it Open Datalase Comnec-
dvity (ODBO), embles result dara o be
utilized by any programs wing this form of
data exchange.

Sand-alone Mesuremenis
Cras-memurement sz are displived on
the 1312% screen as soon as I.]:m_,' are avail-
able, and are cormamly updated. Dhering a
task, the 1312 perfonms a ruenning statisd-
cal analysis of measured gas concentratdon,
cakulating for each momomed gas the
Mean Value; the Sandard Deviation; and
the M and Mird measred
concentrations. The Mean Vale is the
ame = the TimeWeghted Average
(TWA) value during the wotal monioring
period.

The indivichsal resuls stored in LMLI}
Mememy can abo be amommically averaged
and ]:ltm:ll.td on the di.q]}ay.

Meanmement data stored in the 1312%
Dty Mesrory can be primted ot in list form
o iy stzmcdand tesprinter via the [EEE 458
or BS-132 inerfaoes.

If suy imteresting or wnesel event oo
during a monitonng sk, the measurement
being perormed an dhis dime can e *morked™.
This ercales the wer o amess the event's af-
fect on the monitoring sk .

When the monitor & once again oon-
nected toa PO, all the measurement resuls
can be upkaded. Theie canthenbe viewsad
and wed similar w the ondine B e
wrement retulia

Espaorting Drata

I memurement sl need w be wsed |:y
other irstruments in the proces, of by pro-
grams which can not we ODBC, data can
be exported as semicolon delimited ASCI

(=N
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Fig 2 Sening up the Sample Ftegration Times for the indfvidunl fiirers.

Belizbility can be ermmed by a seres of self-
tesits whiic b the moitor can pe o The self-
el which can be disbled ﬂ:u.]md..c]mdt
software, data integrity, and the components
of the 1312 1o ensure dhar they function prop-
ety If amy Bt i fend, it is reported in the
mearement ealls 40 that wmen can see

what, if arything, has afected the accuracy of
the memsuremenL

If there is an AC mais power-agpply
fathere, the 1312 wall motomatically stan-up
again when powet is restored. Memure-
ment data & stored in the moniwor’s mem-
ory and can be upkaded 1o the PC when
the software s been restarted.

APPENDIX |

The only main terorce taks nececry are cal-
ibration and charging the filles in the iner-
ral and extemal arfillranon it of the
1312, Foh tasks are My]m{ﬁlrld. ard ane
typically necesmary only four times a yer

v AvTech Irstruments abo offers two
addivioral application software programs, the
7300 Applicaton Software and the 7620
Agrplication Softwane.

Llsirgg the 7300, a eomputer can remotely
comtrol 2 1312 wpether with one 1309
Mudidpodrn Sampler for sequenttally mordior-
g air-rples from up o 12 loatiors,

Using the T620, a computer can contral a
1312 wogether with up o two 1303 Mushipoint
Sampler and Dioser Units. This ercbles up 1o
12 kescationa tos ke dosed with a tracer-gon and
air-zamdes 10 be drawn from each keaton
for arel s by the 1312, The soft ware wes the
resultant messurements o ckodlate the air-
dm:# o ventibiion efficency of each koca-
o,
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Specifications 1312
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WARNING! The 130 mwe nue be placed i amess
with [lemmable pase sapous i plinise concmengin,
0% b wind 0 monites o phsie oo of tse
Aba, mindhy of cotsn eHiE pEE, o d
high unmb.:ugln off wilier ﬁ.q us;] J.ln..t:ﬁ
1312, Ad i ke Tnsed: sepressitasioe for fuerthr
it
Al pems heing w0 gas ardysis ax inacoabioee
with ghe defrirhen et ast in the 150 kel
S dard K158
Yo kval leewwa mpmientaive will asdss @ -=
u.ﬁ’:..:ub\.:u?-a.ﬁt.g Dremaidias =p=mn..-
ed “Oyppical Flies® Prodoy Dra Shees and
the Gin Desevion Lisins wall dua

MML‘RM:\‘I‘ TECHNIQ UE

et gl

RESPONSE TIME
mbalieg chamber Suhing) & ix

& Mewsad dewoion Beic s @% 51T

INTERFERENCE:

1312 u.ﬂl:l:ii:u:\cu::F o o s
i .'w) e, and @n e b

e for b &
DATA STORAGE CAPACITE: (ke sesal shome)
Diepe ks oo the: mamabes of guics being meesasserd

Solfagentiie g 11-day somitoring sk, swedring §
o and wakes vapoes every 10min

GENERAL:

e i cotes

Heig

175 L&‘?'—I
‘?

Depe

Weighe 'hg i "a‘.bln.l.

Maxierum !R:lu. Wems (Huhing sam-
plingy mabe) and § o’ (Bebing seineesent dhas.
bl

Mlini Vidumie of Adr nagedsed

Eaegaten Sme (S1T) wnd e ek =

defiral The Gsra porse Sme b me s &

nd for § gms and waee vapeer 40, bt e de
examples belew:

e s
Power Reguirsment 100127V and 200- 240V
(50 - 40 Hz) +10% A Complis with BCHIG
Chiss | Safery Smmderds

Porwer Commumgaion: — [0VA

Dresection Limit: gos- u:pu::u::. b

Monitcr Saup [ Y . Volume of Air
51T “Normal® (%) ]
Aaiing e i —1%s 10 mple
P - ¥ gumes + waes —Th

Pixed Tieae I
S1T: Fax” (is) e v 1 Chumber 25, Tebe % e e
Plabary Tobe “OFF | | g L .
Ch 4 gmes + wars — 4% Fined Tome Lot j
Chombes 33, Tk “0FP® fresfampte
MEASUREMENT RANGE:»

COMPLUANCE WITH STANDARDS:

Aberm Reliy Secka: oo comeertion 1o one or o
aime redaps (viambiodi). Al kovels o cidh s
e e el d

Acvushe Sonsivily: oot Edeesced by enterul
sosnd

Vibration Sersdtivity: cosplis with IR0 8806
Sy vibmfons a J0H: cin el e dewaion

B Eddosm butery, Be-sse
dam aoeed in se sy, aed pow.

1 ik
OORMUNICATION:
The: = s b IEEE488 snd an RS- IR e

e, b dam exchange and zsor conted of
I3 The 1312PC commseric aes ming the RS-23L

1312 SO0 FTWARE

Sepplial on 15 ek daks

Cionmpter Riaguinem an e

Handwane

LT YIT N ————

Min LéMbgs of BAM.

Min 4 Mbjes of space awmildle o the bad dsk
WA memiee or beme

O RE-12 puot

Movse
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=SIT|o% ] 1 1 T || |50 (Fead mbices complance withe BMC Dixaive and Low Voluge DEase
Fam= | 3 |12 | L& | T |00 |0F |00 C€
Fiotec anm individui 8.1T. can be seiscied for sach fiter| Sukery BN G100-1 (199 & TBC I0M0-1 (1990)- Saky rageiremens for oo macal
ayapment b Scamcsent amtid and by me
blm—. Range: fve cales of magniade (Lo oppe
Imsin = 100000 imers ahee e cmioen lisin] T s snr: EMC Emision BN 50081 -1 (19%0: Grenesic cmission ssndial P 12 Roidensal comeedal and
o ghi wade dyroesie sange, spom - alibeation s =Y
b precimmand e e g o T EN 50081 -2 [1990): Genede cnsdon stndial Pat 1 Indosid covinement
CISPR LT (1990 Lissss anad secalhudi of sadio Bstadbance chacaiis o sdasaion
MA&L‘RM.‘M‘T UUNITS: (1312PC) ooy egepeent. (las B Lissits
;L_ ‘B*h PPb PO Clhos B Esds
T J L L P 3:?::;:.::'}9“; Creneric imssandey smnded Part & Roddengal, comssc il wnd
i:‘l'_;i':'_‘= Oyplealiy Sk Uhresrion RF imse iy Smplies tha s comoenmaion ndietoes peies than 0 Sses the
el ruse of remgemnre o £10% of dercmion ez o Bssin will be aflced by no sore dhan £ %% 51T
% BN 50082 -7 (1999 e imeseriyy stindird. Past & Indossld eminement.
ledoerax ._{F,.-;z e 200 of D son Esin ) RF imsaacesy _P\:: ko s G G N e e 00 Ssmes nhe
sbue e o Bmsiy will be A’!n.t.ih- no sore ghan £ 'Rnﬁ“n 1T
of W0 % desction i wa mad Noe: The abonve & goraneal ming aoesorio Eed i Paoxbos Dram shers omby
s sprcileaioen:
Rigeatability: 1% of scuasal valee e Temgreraun: BCEE -2 -1 & JBCH8 -1 -1 Eminemental Tosng Cobd and Dy Hea
Range Deih: £19% of meawmal wmbe per 1 Olpating Tempeatee: +550 o #4070 (+41F 1o + 1047
- Srewge Tempemnoe: —2% w0 + 80 FOF w +1KFL
leflazowee of respemmse 4 £0.1% of = d val-
T Humidity ECEE-2 -3 %% RH [noncomdensing = 0.
lefloreee of prosaser: — 000 of mewoaral valac/
b Enclmure B4 P10
Radrence comnditions:
® Meseed a J0°C, 100} mbug, and ebeive hosad- M i cal BCEE Tt Vibmion: O b e, 10mi”, 10500 Hs
1: '-“-H'-'?U-“_Lu_ R ECE-1-27: Sheok: 100047
& Measesd ax 1013 e aed RH: 800 RET |
e [ECES -2 2% Baspe 3000 bosgs ar 290 s

Windews 93,11.&.1{'& Aroan” azo regiviored taderorics of Microsoft Corporation.
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