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Abstract
Natural ventilation is the dominating ventilation process in ancient buildings like churches, and also in most domestic buildings in Sweden and
in the rest of the world. These buildings are naturally ventilated via air
infiltration and airing. Air infiltration is the airflow through adventitious
leakages in the building envelope, while airing is the intentional air
exchange through large openings like windows and doors. Airing can in
turn be performed either as single-sided (one or several openings located
on the same wall) or as cross flow ventilation (two or more openings
located on different walls). The total air exchange affects heating energy
and indoor air quality. In churches, deposition of airborne particles causes
gradual soiling of indoor surfaces, including paintings and other pieces
of art. Significant amounts of particles are emitted from visitors and from
candles, incense, etc. Temporary airing is likely to reduce this problem,
and it can also be used to adjust the indoor temperature. The present study
investigates mechanisms and prediction models regarding air infiltration
and open-door airing by means of field measurements, experiments in wind
tunnel and computer modelling.
In natural ventilation, both air infiltration and airing share the same driving forces, i.e. wind and buoyancy (indoor-outdoor temperature differences).
Both forces turn out to be difficult to predict, especially wind induced flows
and the combination of buoyancy and wind. In the first part of the present
study, two of the most established models for predicting air infiltration rate
in buildings were evaluated against measurements in three historical stone
churches in Sweden. A correction factor of 0.8 is introduced to adjust one of
the studied models (which yielded better predictions) for fitting the large single zones like churches. Based on field investigation and IR-thermography
inspections, a detailed numerical model was developed for prediction of air
infiltration, where input data included assessed level of the neutral pressure
level (NPL). The model functionality was validated against measurements
in one of the case studies, indicating reasonable prediction capability. It is
suggested that this model is further developed by including a more systematic calibration system for more building types and with different weather
conditions.
Regarding airing, both single-sided and cross flow rates through the
porches of various church buildings were measured with tracer gas method,
as well as through direct measurements of the air velocity in a porch opening. Measurement results were compared with predictions attained from four
previously developed models for single-sided ventilation. Models that include terms for wind turbulence were found to yield somewhat better predictions. According to the performed measurements, the magnitude of one hour
single-sided open-door airing in a church typically yields around 50% air
exchange, indicating that this is a workable ventilation method, also for such
large building volumes. A practical kind of diagram to facilitate estimation
of suitable airing period is presented.
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The ability of the IDA Indoor Climate and Energy (IDA-ICE) computer
program to predict airing rates was examined by comparing with field measurements in a church. The programs’ predictions of single-sided airflows
through an open door of the church were of the same magnitude as the
measured ones; however, the effect of wind direction was not well captured
by the program, indicating a development potential.
Finally, wind driven air flows through porch type openings of a church
model were studied in a wind tunnel, where the airing rates were measured
by tracer gas. At single-sided airing, a higher flow rate was observed at
higher wind turbulence and when the opening was on the windward side
of the building, in agreement with field measurements. Further, the airing
rate was on the order of 15 times higher at cross flow than at single-sided
airing. Realization of cross flow thus seems highly recommendable for
enhanced airing. Calibration constants for a simple equation for wind driven
flow through porches are presented. The measurements also indicate that
advection through turbulence is a more important airing mechanism than
pumping.
The present work adds knowledge particularly to the issues of air infiltration
and airing through doors, in large single zones. The results can be applicable
also to other kinds of large single-zone buildings, like industry halls, atriums
and sports halls.
Keywords: Natural ventilation, Airing, Air infiltration, Single-sided ventilation, Cross flow, Large single zones, Historical Churches, Model evaluation/
optimization, Field measurements, Wind tunnel, Indoor climate and energy
simulation, IDA-ICE, Tracer gas technique, Pressurization test.
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Sammanfattning
Naturlig ventilation är den dominerande ventilationsprocessen i äldre byggnader såsom kyrkor, och även i de flesta småhus i Sverige och övriga delar
av världen. Luftinfiltration och vädring utgör viktiga komponenter i naturlig
ventilation, där luftinfiltration är luftflöde genom oavsiktliga läckage i byggnadsskalet, medan vädring är avsiktligt luftutbyte genom stora öppningar
såsom fönster och dörrar/portar. Vädring kan i sin tur ske ensidigt (genom
en eller flera öppningar belägna på samma yttervägg) eller som tvärdrag
(genom två eller flera öppningar belägna på olika ytterväggar). Det totala
luftutbytet påverkar värmeförluster och inomhusluftens kvalité. I kyrkor
orsakar avsättning av luftpartiklar en gradvis nedsmutsning av invändiga
ytor, inklusive väggmålningar och andra konstföremål. Betydande mängder
partiklar avges från besökare, tända ljus, rök-else, o.d. Tillfällig vädring kan
minska detta problem, men även användas för att justera innetemperaturen.
Föreliggande studie analyserar mekanismer och predikteringsmodeller
gällande luftinfiltration och dörrvädring genom fältmätningar, vindtunnelförsök och datorsimuleringar.
Luftinfiltration och vädring har samma drivkrafter, d.v.s. vind och termik
(inne ute temperaturskillnader). Båda dessa drivkrafter är svåra att predicera,
särskilt vindinducerade flöden och kombinationen av termik och vind. Två
av de mest etablerade modellerna för luftinfiltrationsprediktering i byggnader har utvärderats via mätningar i tre kulturhistoriska stenkyrkor i Sverige.
En korrigeringsfaktor av 0,8 föreslås för bättre prediktion av den ena modellen (som gav bäst resultat) gällande höga en-zonsbyggnader såsom kyrkor.
En detaljerad numerisk modell är utvecklad för luftinfiltrationsprediktering,
där indata baseras på fältundersökningar, inkl. IR-termografering och uppmätt av neutrala tryckplanet (NPL). Modellens funktionalitet har validerats
via mätningar i en av fallstudierna och pekar på tämligen god prediktionsprestanda. Vidare utveckling av modellen föreslås, inkl. ett mer systematiskt
kalibreringssystem, för olika typer av byggnader och väderförhållanden.
Gällande vädring mättes både ensidigt flöde och tvärdrag genom portar
i olika kyrkobyggnader med hjälp av spårgas samt direkta lufthastighetsmätningar i portöppning. Mätresultaten jämfördes med erhållna prediktioner
från fyra tidigare utvecklade modeller för ensidig ventilation. De modeller
som tog hänsyn till vindturbulens gav något bättre resultat. Enligt utförda
mätningar medför en timmes ensidig portvädring i en kyrka cirka 50 % luftutbyte, vilket indikerar att detta är en tillämpbar ventilationsmetod, även för
så pass stora byggnadsvolymer. Ett särskilt vädringsdiagram presenteras,
som syftar till att underlätta uppskattning av erforderlig vädringsperiod.
Vidare studerades predikteringsprestanda hos IDA Indoor Climate and
Energy (IDA-ICE) simuleringsprogram avseende vädring, där simuleringsdata jämfördes med fältmätningar i en kyrka. Programmets prediktion av
ensidigt luftflöde genom en öppen kyrkport var av samma storlekordning
som det uppmäta; dock klarade programmet inte av att hantera inverkan av
vindriktning så väl, vilket pekar på en utvecklingspotential.
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Avslutningsvis undersöktes vinddrivet flöde igenom portöppningar i en
kyrkmodell i vindtunnel, där luftomsättningen mättes med hjälp av spårgasmetoden. Vid ensidig vädring observerades högre flöde vid högre vindturbulens och när öppningen var på vindsidan av byggnaden, i överensstämmelse
med fältmätningarna. Dessutom var vädringsflödet vid tvärdrag i storleksordningen 15 högre än det vid ensidig vädring. Det verkar alltså som att man
kan öka vädringstakten avsevärt om man kan åstadkomma tvärdrag. Kalibreringskonstanter presenteras också för en enkel ekvation för vinddrivet
flöde genom portar. Vindtunnelstudien indikerar vidare att advektion genom
turbulens är en viktigare vädringsmekanism än pumpning.
Föreliggande arbete bidrar med kunskap speciellt kring luftinfiltration och
vädring genom portar i höga en-zonsbyggnader. Resultaten kan även vara
tillämpliga på andra typer av höga en-zonsbyggnader såsom industrihallar,
atrier/ljusgårdar och idrottshallar.
Nyckelord: Naturlig ventilation, Vädring, Luftinfiltration, Ensidig ventilation, Tvärdrag, Höga en-zonsbyggnader, Kulturhistoriska kyrkor, Modellutvärdering/optimering, Fältmätningar, Vindtunnel, Inomhusklimat och
energisimulering, IDA-ICE, Spårgas teknik, Trycksättningstest.
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Nomenclature
Latin Symbols
Symbols

Description

Unit

A
Aproj
B
b
B0
C
C1
C2
Cd
CD
Ce

Opening area
Projected area
Thickness of construction
Door width
Specific permeability of a material
Power law flow coefficient
Flow resistant coefficient
Flow resistant coefficient
Discharge coefficient
Drag coefficient
An empirically attained coefficient
for the buoyancy driven flow through
large openings
Flow coefficient
Wind surface pressure coefficient
Depth of the crack
Hydraulic diameter
The amount of exchanged room air
Drag force
Geometry factor
Froude number
Gravitational constant
A certain vertical height along
the opening or façade
Opening height
Height of wind speed measurement site
Height of building
Height of crack
The height of neutral pressure level (NPL)
Crack flow coefficient
Length of crack
Building air tightness value

m2
m2
m
m
m2
m3s-1Pa-n
Pa m-3s
Pa m-6s2
-

Cf
Cp
dcrack
Dh
E
F
f
Fr
g
h
H
H´
Hbuilding
hcrack
HNPL
k
L
l50

vii

m
m
%
N
m0.5
m s-2
m
m
m
m
m
m
m3s-1m-1Pa-n
m
Ls-1m-2

Symbols

Description

Unit

m
n
Ps
Pw

Correction factor
Flow exponent
Buoyancy or stack pressure
Wind surface pressure relative to outdoor
static pressure of the undisturbed flow
Wind surface pressure inside the building
envelope relative to outdoor static pressure
of the undisturbed flow
Flow rate
The ratio between the flow resistant coefficients
Reynolds number
The average temperature between the
indoor and outdoor temperatures
Duration of airing
Indoor temperature
Outdoor temperature
Undisturbed wind speed at the building height
Mean velocity of air through the porous
material or through the opening/aperture
Undisturbed wind speed at the height
of the measurement site
Volume of indoor space

Pa
Pa

Pw,i
Q
r
Re
T
t
Ti
To
U
u
U´
Vol

Pa

m3s-1
K
h
K
K
ms-1
ms-1
ms-1
m3

Greek Symbols
Symbols

Description

Unit

α
β
γ
λf
μ
ξ
ρ

Terrain parameter
Interaction Coefficient in the AIM-2 model
Terrain parameter
The Poiseuille flow friction factor
Dynamic viscosity of air
Entry and exit loss term
Density of air at a reference temperature
and pressure
Indoor air density
Outside air density

-

ρi
ρo

viii

-

Pa s
-

kgm-3
kgm-3
kgm-3

Abbreviations
Letters

Description

ACH
AIM-2
CFD
C.I.
HVAC
IR-Thermography
LBL
NPL

Air change rate per hour
Alberta air infiltration model
Computational fluid dynamics
Confidence interval
Heating, ventilation and air conditioning
Infrared thermography
Lawrence Berkeley Laboratory air infiltration model
Neutral pressure level. The height above ground
where the static pressure is the same on the indoor
side of the building as on the outside.
Particle image velocimetry
Standard deviation

PIV
SD
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Glossary
Explanation of some terms used in the present study.
Air change rate, ACH (h-1): Airflow rate in a zone divided by its interior volume.
Air infiltration: Unintentional airflow through adventitious leakages in the building
envelope. Air infiltration can be caused by buoyancy, wind effect and the pressure
induced by mechanical ventilation.
Airing: Intentional air exchange through large openings such as windows and doors.
Airing can be either single-sided or cross flow.
Buoyancy effect: Also called stack or chimney effect, caused by thermally induced
pressure difference between inside and outside. A temperature difference between
indoor and outdoor air causes a density difference which results in the pressure
difference, which varies with height.
Cross flow ventilation: Airing in which openings are located on two different walls;
in this study being opposite to each other.
Draught lobby: Extended porch volume after the entrance, constituting “corridor”
extending into the building, intending to reduce the inflow of cold outdoor air.
During airing, both the porch and an inner door of the draught lobby need to be open.
Gravity currents: Also called buoyancy or density currents are primarily horizontal
flows generated by small density differences (due to the temperature difference between the streaming flow and the stagnant body of fluid). As an example, a gravity
current can be generated in a house by opening a front door and letting the incoming
outdoor (colder) air propagate over the floor (Etheridge and Sandberg, 1996).
Guesstimated leakage distribution: An educated guess about likely leakage distribution, with the help of using different leakage identification techniques, including
IR-Thermography, visual inspection, NPL assessment, and tracer gas measurements.
Leakage: Adventitious openings in the building envelope of which the size, shape
and position of inlet and outlet are unclear and direct measurement of the opening
area is not possible. Cracks and gaps in walls, floor, ceiling and at window and door
frames are examples of the leakages.
Natural ventilation: Airflow through purpose provided opening such as open doors,
windows and grilles (ASHRAE, 2013a). Natural forces such as the buoyancy and
wind effect are used to introduce and distribute the outdoor air into the building
(WHO, 2007).
Neutral pressure layer (NPL): The height above a reference plane in which there
is not any indoor-outdoor pressure difference, and consequently no local air flow
exchange between inside and outside at that height.
Open-door airing: Airing through outer doorways, either in the form of single-sided
ventilation or cross flow.

x

Opening: A space or gap or an aperture in a building envelope that allows airflow
passage. It can be divided into purpose provided and adventitious openings. Here, for
the purpose provided ones, the size and position is known. Examples include windows, doors, porches, vents, stacks, chimneys, etc.
Porch: The door opening of a church or other monumental building.
Semi-empirical air infiltration or airing model: An analytical (or semi-analytical)
superposition model, which is based on the fundamental flow equations that relates
the flow to pressure, such as Bernoulli equation. Semi empirical models relate the
total air infiltration or airing flow rates to each buoyancy and wind induced flowrate
with help of empirical coefficients, gained from statistical fits of infiltration rate or
airing data for some specific houses.
Single zone models: Models, in which the interior of the building is described by a
single zone at uniform temperature and pressure, constituting a well-mixed pressure
node.
Single-sided ventilation: Airing in which opening(s) are located on only one outer
wall of a building. There can be one or several openings located on the same outer
wall; however, here in this study single-sided ventilation is studied through only one
opening (door) on the outer wall.
Superposition model: Once each wind or buoyancy induced flow rate is calculated,
the total flow is often not a simple addition. Calculating the exact flow prediction is
impossible and neither is it possible to measure the wind and stack induced flow rates
separately. Therefore, the total flow is gained by the superposition equation or models
aimed for combing the buoyancy and wind-induced airflows. The models can be then
tuned by comparing the predictions with the measurement data.
Wind effect: Wind induces an indoor-outdoor pressure difference which causes air
flow through possible openings in the building envelope. Wind effect is caused not
only by the average wind speed but also by the fluctuations in the wind speed, i.e.
wind turbulence.
Zone: A bounded or unbounded indoor space. Buildings can be divided into singleand multi zone spaces, where only one or more than one zone, respectively, are
present within the building envelope.
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1. Introduction
1.1. Natural ventilation history and application
Air exchange between indoors and outdoors can be separated into ventilation and infiltration. The main task of ventilation is to provide fresh air and
remove air contaminants from the interior volume. As a completion to the
ventilation system, heating and/or cooling systems can keep the air quality
and thermal comfort at an acceptable level. Ventilation itself can be divided
into mechanical, or forced, and natural ventilation. Mechanical ventilation
supplies fresh air with the help of fans, ducts, inlet and outlet openings or
vents. In case of natural ventilation, there is no mechanical fan but the outdoor air is brought in through purpose provided openings such as slots at
windows, open doors and windows, grills, chimneys or stacks, wind towers
and other intentional passages.
Natural ventilation is the oldest and most widely used sort of ventilation
throughout the history. Even in ancient times, people had come up with ideas
on how to capture the wind and buoyancy effect in order to maintain thermal comfort and ventilate their buildings. For example, the famous wind
catchers “Baadgir” (BĀDGĪR), literally “wind-catcher”, in many regions in
Iran such as the historic city of Yazd (inscribed on UNESCO's world heritage list), are brilliant examples of employing natural ventilation, especially
wind driven airing. A typical wind catcher and the famous wind catcher
of “Dolatabaad” garden are depicted in Figure 1. Such wind catchers are
open in, one, two, four or eight sides at the top of the tower (Roaf, 1989),
so that wind can push the air into the building in the windward side and
exhale it out in the leeward side. Thus, they could capture the breeze from
any direction. Normally, the airflow rates are mixed with the conducted
air from water storages under the building and consequently a pleasant
humidified air is introduced into the rooms. These types of wind catchers
were commonly used in regions with hot arid climate. There are also some
lids below each channel of the wind catcher in order to control the magnitude of the airflow. In addition, in these buildings the roof was normally
built in semi-spherical (dome) forms, so that it was half-shaded most of the
time. Beside there are some openings implemented in the top so that the
extra overheat could be removed from the interior by stack effect. In addition, the wind catchers perform as stack chimneys; when there is not enough
wind, and the walls of the wind catcher are warmed up by sun, the air is
pushed up into the wind catcher and then ventilated out because of the buoyancy effect and instead cooler air is extracted from the basement or water
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storages under the building. Moreover, the water reservoirs were chilled by
the ventilation air through evaporative cooling. For more information on
these type of wind catchers, see e.g. (Karakatsanis, Bahadori and Vickery,
1986; Bahadori, 1994; Montazeri and Azizian, 2009; Montazeri et al., 2010;
Eiraji and Namdar, 2011; Montazeri, 2011; Ahmadikia, Moradi and Hojjati,
2012; Boloorchi and Eghtesadi, 2014).

Figure 1: Typical wind catcher “Baadgir” (left); the right picture shows “Dolatabaad”
garden and the baadgir is positioned on the roof. Both baadgirs are located in the historic
city of Yazd (inscribed on UNESCO's world heritage list), Iran. Photo with courtesy of the
Administration of Cultural Heritage, Handicrafts and Tourism Yazd, http://ch.yazdcity.ir/.

Modern examples of combing natural and mechanical ventilation, i.e. hybrid
ventilation (Heiselberg, 2002), can also be found; for instance commercial
buildings in Osaka, Japan, in which wind and buoyancy driven ventilation
is used when the outside weather is appropriate. Examples include high-rise
office buildings in Umeda (Osaka), Japan (Sekkei, 2017).
1.2. Pros and cons of natural ventilation
Advantages of natural ventilation are that it is most of the time available
and it saves energy by omitting fans in an alternative mechanical system
and/or by providing cooling air. In a way, it is more sustainable as well.
Another advantage by using natural ventilation is to temporarily achieve a
high transient ventilation in order to remove particles emitted from people
and lit candles (for instance in churches) or even from renovation activities
in buildings (WHO, 2007).
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Bearing in mind that the natural ventilation is very dependent on the outside
condition, there is lack of control over its magnitude, except by opening or
closing purpose provided apertures. On the other hand, in case the outside
weather is too hot or cold, then costs of heating or cooling should be added
as well.
Air flow rates and directions through building envelope vary a lot in an unpredictable manner. The flow rate through an opening depends on the wind
speed, wind direction (which determines the wind pressure coefficient), and
temperature differences between indoor and outdoor and the operating area.
In fact, all of the above parameters are time dependent and the resulting flow
rate changes in magnitude and direction, i.e. it becomes inward or outward.
Moreover, all the individual flow rates depend on each other, i.e. the system
is sensitive and design errors are difficult to correct. In natural ventilation,
there is no need of space for ducts and HVAC (Heating, Ventilation and Air
Conditioning) systems, while there may be needed some space for chimneys
and stacks. However, there is lower investment, maintenance and operational costs in natural ventilation (WHO, 2007). In mechanical ventilation systems, flow rates are kept constant in magnitude as well as their direction and
they are independent of each other considering negligible envelope leakage
(Etheridge, 2012). The noise due to fans or air handling units is not present
in a natural ventilation system; however, depending on the conditions in the
outdoor environment the ingress of the outside noise (and also pollutants)
might be an issue, e.g. due to nearby industries or vehicle traffic.
In natural ventilation, there is lower need for capital and operating costs
regarding both maintenance and energy, i.e. the electricity for running an
equivalent mechanical ventilation system is saved. However, in a mechanical ventilation system, a part of the heating energy can be conserved via heat
exchangers implemented in the exhaust air system. Natural ventilation can
be a reasonable system not only for residential houses but also for larger
commercial buildings like atriums, shopping malls and airports. In such
commercial buildings, natural ventilation can be used at least occasionally
or in a mixed-mode together with other HVAC system. Because in nondomestic buildings other issues are of more importance such as maximizing
the use of floor area, including ventilation system with heating and cooling,
and precise control of processes and equipment. If the system is properly
designed, it can be used in order to save energy and provide thermal comfort.
1.3. Motivation of this study
Historical and monumental buildings like churches in Sweden and other
countries are mostly naturally ventilated by air infiltration and airing through
the doors, porches or windows. The adventitious air infiltration happens unintentionally and possibilities of opening windows are often limited. Therefore, open door airing is often the only way to deliberately increase the ventilation. In old churches, air infiltration has a great impact on energy usage
especially during the heating season. These buildings are often leaky and
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there are limited possibilities of air tightening due to preservation and esthetical considerations. Due to the same reasons, possibilities to add mechanical
HVAC installations to this kind of buildings are also limited. Even in case of
having such systems available, the encountered natural ventilation and the
air tightness characteristics are needed in order to tune the system.
Due to moisture generation from visitors and lit candles in a church, it can
sometimes also be practical to extract humid air from the interior, because it
might end up with material deformation, microbial growth and cause damage
to art pieces, such as paintings and furniture. Studies have also shown
that high candle emissions can affect the health of especially regularly
present staff (Chuang, Jones and BéruBé, 2012). The concentration of
indoor airborne particles and other contaminants are also affected by the
magnitude of the natural ventilation flow rates. The gradual soiling of particle
deposition can deteriorate the esthetical monuments on the interior surfaces.
Especially in churches with limited air infiltration rates, extra fresh air can
be introduced by venting (airing) the interior through open windows or doors
and removing the particles emitted by people and lit candles. Airing is also
mentioned as an important parameter for removing other indoor pollutants
such as radon (Gerken et al., 2000).
Therefore, the magnitude of air infiltration and airing flow rate should
be predicted accurately to have a better assessment of the energy saving,
thermal comfort, preservation of the cultural heritage and also implementing appropriate renovation measures. Little guidance on this exists for large
single-zone building envelopes like those of old churches. The airflow predictions can also have importance for residential and commercial buildings,
which are ventilated by pure natural ventilation or in mixed-modes together
with mechanical ventilation. Even in modern airtight buildings, airing can
be used as a complementary system to save energy, provide thermal comfort
and maintain a more sustainable system since no mechanical resources are
needed.
1.4. Aim
The present study aims to increase knowledge on the issues of air infiltration
and open-door airing in large single-zone buildings, with particular focus
on historical churches. The historical churches are here thought to represent
the vast number of old and relatively leaky churches and other buildings
of similar construction, that are without mechanical ventilation and where,
hence, little control is given regarding air change rate and effects on heating energy, air quality and humidity. Improved possibilities to calculate and
control these qualities require enhanced knowledge of the mechanisms involved in air infiltration and airing. The study also intends to evaluate existing prediction models in this regard and possibly to improve them, but also
to test an idea of a locally developed air infiltration model. Regarding airing,
practically all previous studies concern airing through windows, whereas
the present study focuses on doors, i.e. usually constituting somewhat larger
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openings, placed at bottom level. One objective is to assess the practicability
of open-door airing in such large spaces as churches, and to provide practical
airing guidance.
1.5. Research process
The natural ventilation is investigated by field investigation, analytical model studies, numerical model investigation and wind tunnel model studies.
Comprehensive literature study based on previous field and wind tunnel investigations and analytical model studies of air infiltration and airing are also
compiled and included in the research. The measurement data are collected
and recorded at different geographical positions and weather conditions.
Because such measurements are costly and difficult to measure at longer
periods, related analytical models for prediction of airing and air infiltration
are investigated. Then, input from measurements is needed, and some of
the results of this study can be used as template values to be used in similar
buildings. An air infiltration model, developed based on detailed field observations, is also presented in this study. The models for airflow through large
openings, used in IDA-ICE energy simulation program, are also examined
here and compared with the field measurement of one of the case studies.
Finally, the wind tunnel model studies are conducted for wind driven airflow
through door openings. Based on the wind tunnel studies, tuning constants
for a simple model for wind driven airing through doors are presented.
1.6. Methods
The current study is based on field measurements including pressurization
tests, the so-called Blower door method, tracer gas decay method for quantifying the airtightness and airing flow rates. IR-Thermography and other leakage identification methods are also tested and utilized. Weather parameters
are monitored and in one of case studies, a permanent weather mast is
installed in the vicinity of a church as well as inside the church. Direct airflow velocity and smoke visualization is also measured during open-door airing in Hamrånge church. Different analytical air infiltration and airing model
predictions are evaluated by comparing with field measurement in different churches. Some corrections are presented for the current air infiltration
model improvement. Besides, an air infiltration model is being developed
and a version is presented. The IDA-ICE indoor climate and energy simulation program is used in this study and its model for airflow through large
openings is examined. Wind tunnel model studies including tracer gas and
hot-film anemometry are performed for wind driven airing measurements. In
addition, smoke visualization is used for analyzing the flow patterns.
1.7. Limitations
Field measurements are often costly and the measurement methods for air
infiltration and airing suffer from some uncertainty. In addition, finding
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appropriate time for the measurements regarding the availability of the
investigation site, i.e. the churches, equipment and the technician staff was
also limited, especially because the church buildings were in frequent use.
Uncertainty sources include wind effect; extrapolation to realistically low
pressure differences in pressurization tests; incomplete air mixing and air
shortcutting in porch area during tracer gas tests. Analytical models suffer
from great uncertainty because they are not designed for large, leaky single
zones like churches but rather for normal residential buildings. Uncertainties
in the input to the models also affect their predictions, for instance, exact
estimation of the leakage distribution is impossible with the current measurement methods. However, the leakage estimation is in this study improved
by field investigations including IR-Thermography. Regarding weather
uncertainties, local weather masts have reduced these, although there is
always some uncertainty in what the conditions are in the very vicinity of the
buildings, and of open porches in particular. Reliable air change rate values
from tracer gas decay method requires that the indoor air is well mixed.
By measuring in several positions it became clear that this was practically
always the case, since almost all measurements were performed when some
indoor heating was taking place, yielding strong, natural convective air mixing
currents. In a case with no heating, mixing was ensured by installing some
powerful mixing fans during the measurements. Also in the wind tunnel
model measurements, a small mixing fan was used to ensure the air mixing
inside the model.
1.8. Outline of the appended papers
Confer “List of appended papers”
Paper I: The LBL and AIM-2 air infiltration models are examined and
evaluated for large single zone building envelopes like churches. Both wind
and buoyancy induced airflows are taken into account in the models. The
model predictions are compared with tracer gas decay measurement in three
different churches. Field measurement include pressurization tests as well as
direct measurement of the weather parameters such as air temperature and
wind speed at the buildings site. IR-Thermography was also used in order to
locate the leakage and have a better guesstimation of the leakage distribution
by field audit. Various versions of the models were used considering the
position of Neutral Pressure Layer (NPL) as well as the crawl space in the
model. A correction factor of 0.8 is also suggested in order to improve the
model prediction, adjusting to large single zones.
Paper II: A numerical infiltration model is developed based on the NPL
position. Both laminar and turbulent flow is considered via using the
Poiseuille flow equation to model leakages. The model was calibrated by using
NPL and pressurization test data. After calibration, the model was used in
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order to predict the air infiltration rate within three different occasions, totally
covering 90 hours period. The model functionality is proved by validating
the model with measurement in one of the case studies.
Paper III: Wind induced ventilation and infiltration through the opening is
investigated by Particle Image Velocimetry (PIV) measurements and wind
tunnel model studies using a 1:200 scale model. The drag force induced by
wind over the tested model, of a church, as well the wind blockage by the
building body was investigated. It is shown that the number of stagnation
point depends on the wind direction. The complexity of wind induced flow
through an opening is investigated by showing that wind can flow through or
around the opening. Pressure distribution on and around the building model
is also monitored, because the distribution of the air streaming out over the
windward façade depends on the distribution of the stagnation points over it.
Paper IV: Single-sided ventilation through porches of five different churches
is investigated by field measurements including tracer gas decay method,
direct air velocity measurement at the porch (in one of the cases) as well
as air temperature and wind speed measurements. Flow pattern within the
porch during the airing period is also illustrated by smoke visualization.
The most common airing models for single-sided ventilation through large
opening are examined and evaluated in this study. A practical diagram is also
presented for buoyancy driven airing flows, which indicate the percentage of
the exchanged air after a particular period of airing in a church with specific
volume.
Paper V: The models used in IDA Indoor Climate and Energy (IDA-ICE)
regarding the airflow through large vertical openings are examined by comparing with field measurements of single-sided airing through a porch of
an ancient church. Such airing flows directly affect the thermal comfort,
energy usage and the climate condition of the interior, and therefore should
be predicted precisely by simulation programs. The simulated single-sided
airflows through a side door of the church were of the same magnitude as
the measured ones; however, the effect of wind direction was less present in
the simulations.
Paper VI: Wind driven airing flow through porch openings is investigated by
wind tunnel model studies. Tracer gas method was used in order to measure
the flow rates and the method proved useful even in small scale models, set
in the wind tunnel. The effect of a draught lobby and terrain roughness on
the flow rates is also investigated. Fluctuations of the wind stream along the
opening, flow pumping and the relative turbulence intensity is illustrated by
smoke visualization in order to explain the driving mechanisms of the windinduced flow. Tuning constants for a simple equation for wind driven flow
through porches are presented.
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1.9. Co-author statement
Confer “List of appended papers”
Papers I, IV and VI
The study was organized and planned by the author, Abolfazl Hayati, together
with the supervisors, Associate Professor Magnus Mattsson and Professor
Mats Sandberg. The field measurements and data collection were performed
by the author together with Associate Professor Magnus Mattsson regarding
Papers I, IV. The wind tunnel measurements and data collection were performed by the author regarding paper VI. Abolfazl Hayati did the literature
review, analyzed and interpreted the data, presented the modelling results,
wrote and revised the papers under supervision of the supervisors. Abolfazl
Hayati is the corresponding author of the articles.
Paper II
The study was organized and planned by the author, Abolfazl Hayati, together
with and based on an initial idea of Associate Professor Jan Akander. The
field measurements and data collection were performed by the author
together with the Associate Professor Magnus Mattsson. Abolfazl Hayati
did the literature review, analyzed and interpreted the data, presented the
modelling results, wrote most of the article and revised the paper under the
supervision of the co-authors. Abolfazl Hayati is the corresponding author
of the article.
Paper III
Abolfazl Hayati contributed in data collection, writing and revision of the
paper.
Paper V
The study was organized and planned by the author, Abolfazl Hayati. The
measurements were performed by the author together with the Associate
Professor Magnus Mattsson. Abolfazl Hayati did the literature review,
analyzed and interpreted the data, performed the numerical simulations,
presented the results, wrote the article and revised the paper. Valuable
advices and comments were given by Associate Professor Magnus Mattsson,
Professor Mats Sandberg and Associate Professor Jan Akander. Abolfazl
Hayati is the corresponding author of the article.
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2. Literature review
2.1. Natural ventilation modelling
Natural ventilation, as the most available sort of ventilation, is the outdoor
flow penetrating into a building through purpose provided openings on the
building envelope. Generally there are different types of natural ventilation
including single-sided ventilation, cross ventilation and stack ventilation
(Awbi, 2008). Other sorts of natural ventilation are also found in the literature, such as corner ventilation but these are a kind of cross flow when the
openings are located on the adjacent facades (Daish et al., 2016). In all sorts
of natural ventilation, the size and characteristics of the opening is known
and there is the least control over the flow, i.e. by closing or opening the
vents otherwise it is totally driven by the climatic conditions (Awbi, 2003).
Openings used for natural ventilation purposes can be divided into windows,
doors, stacks, vertical flues, roof ventilators or wind catchers and other
purpose provided/designed openings (ASHRAE, 2013a).
Airing, including both cross ventilation and single-sided ventilation, is
inexpensive and often available. However the lack of control of natural ventilation system is also a major factor, the airflow rates are fairly uncontrollable due to high dependence on the outdoor conditions. The only controlling
mechanism is to open or close the openings since there is no control over the
outside weather conditions. In this regard, some references refer to building
height/width ratio as a crucial parameter. According to Awbi (2003), singlesided ventilation through a simple opening like window is effective over
an inner zone that stretches a distance of about 2.5 times the ceiling height.
BRE Digest 399 (Building Research Establishment, 1994) recommends
a window area of 1/20 floor area and room depth of up to 2.5 times the
ceiling height for single-sided ventilation. The same reference recommends
cross ventilation for depth of more than 2.5 H and up to 5 H, because wind
pressure can provide larger flow rates (Awbi, 2003).
Stack ventilation is driven by the temperature differences between inside
and outside and the cold outside air penetrating inside is extracted through a
chimney or atrium or any other vertical path (Stabat, Caciolo and Marchio,
2012). Awbi (2003) has stated that the stack ventilation is mostly suitable for
cold and windy conditions but in milder weather conditions it must be also
provided with a form of single-sided ventilation, for example windows, in
order to provide enough airflow rates.
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Instead of using mechanical ventilation, in some buildings there are some
openings implemented around windows in order to take benefit of natural
ventilation driven by wind and temperature difference between inside and
outside. Here by airing it means opening of windows or doors temporarily
in order to refresh the inside air. Airing is an effective way to remove the
air pollution from inside and it has an effect on the energy usage in case if
it is needed for warming or cooling. Thus, it is more suitable for moderate
climate not the cold ones regarding the energy point of view otherwise the
incoming air should be warmed up. However, it can be used in any climates
in order to refresh the inside air and remove the contaminants.
Airing is commonly used during summertime in milder climates for
escaping overheating and taking benefit of natural colder air in order to save
energy for cooling and maintaining thermal comfort (Stabat, Caciolo and
Marchio, 2012). Cooling by natural ventilation especially diurnal airing is
investigated by Barnard & Jaunzens (2001) and van Moeseke, Bruyère, &
De Herde, (2007). Cooling capacity of the single-sided ventilation is lower
than the cross ventilation since it provides less air change rate than the cross
ventilation, but it is much more common especially in office buildings and
cellular buildings which have the openings only in one side. Moreover, due to
privacy and security concerns, fire safety requirements and control of air
velocityit is difficult to implement cross ventilation despite its higher
efficiency (Stabat, Caciolo and Marchio, 2012).
The driving forces for natural ventilation are the buoyancy effect, also
called stack effect, and the wind effect. Air infiltration has these driving
forces but deals with adventitious flow through leakages in the building
envelope. Both air infiltration and natural ventilation are highly dependent
to the weather conditions. Therefore, there are also mixed-mode or hybrid
ventilation systems, which take benefit of natural ventilation when available
for saving energy.
Different parameters can affect the natural ventilation flow rates like
building height, location and the surrounding terrain, opening size and its
position on the envelope, air tightness and the leakage distribution, weather
conditions, wind characteristics such as speed, turbulence and direction. The
building itself also affects the wind flow pattern around it. Besides, ingress
of pollutants and noise can affect the natural ventilation strategy.
The largest difference between infiltration and airing is that air infiltration
is the adventitious amount of air entering to the interior volume, whereas
airing is done deliberately by opening a window or door and letting the fresh
air come into the building. However, they are both affected by the building
shape and governed by the weather conditions both inside and outside.
Adventitious ventilation such as air infiltration can be reduced by making
the building envelope air tight, which is too challenging and often esthetically
impossible in case of cultural heritage buildings. On the other hand, if the
building is too tight, moisture and contaminant concentrations can increase
and may cause health problems and mold problems. Especially in large
single zone buildings like churches when occasionally there are many people
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inside, for example in religious aggregations, it may be of extra importance
to remove the air pollutants and introduce fresh air to the interior volume.
A study performed by (Awbi, 2015) has shown that indoor pollutants can
be noticeably increased in airtight buildings, leading to worsen indoor air
quality; thus in turn it can cause health problems, especially with those
suffering of asthma.
The mechanical ventilation is more common in the new buildings but
especially in older buildings, natural ventilation dominates. According to an
AIVC (Air Infiltration and Ventilation Centre) survey, carried out by using
samples from 14 developed countries, the most dominating ventilation
system in domestic buildings was natural ventilation (Limb, 1994; Awbi,
2003). Moreover, airing can be a completing solution also for mechanically
ventilated buildings.
Airing has historically been treated for different purposes, for example
minimizing energy use for cooling effect in moderate climates by opening the windows; refreshing the interior volume and maintaining thermal
comfort in the offices exclusively in moderate climate or during summer
conditions; providing fresh air in school rooms and maintaining the acceptable CO2 level in classrooms. Airing is also studied as a supplementary to
mechanical ventilation to fulfill the regulation demands regarding thermal
comfort and CO2 levels. In milder climates, window opening (both singlesided and cross flow) is often practiced to supplement the ventilation
requirement (Awbi, 2003).
According to current literature, airing is mostly studied as airflow through
windows, but in rare cases through internal doors, through which the flow is
only thermally driven. Airing can also be conducted via controllable trickle
ventilators, which are apertures or slots incorporated into window frames
or other components of the building envelope. Airing through windows is
likely to be practiced more often than through external doors, though doors
might be used for occasional intensified airing. Particularly in multi-zone
buildings like offices, schools and multi-family houses, windows are directly
connected to the outside air, while there may be no direct external door.
One of the earliest reported studies on airing was performed by Rydberg
(1945), who imitated airing through windows by using a scale model with
saline water as working fluid. Eftekhari (1995) studied the thermal comfort
by measuring the temperature and velocity at different positions in an office
provided with single-sided ventilation through a window and found that the
fresh air is generally well distributed and thermal comfort can be achieved
during most of the summer days in small offices.
Heiselberg, et al. (2001) studied the characteristics of airflow through open
windows, in particular the importance of window arrangement and its effect
on draught and thermal comfort. They concluded that the top or bottomhung windows are better for single-sided ventilation in winter for cold
climates due to thermal comfort issues. In summer, however, side hung windows are preferable to provide enough airflow rate since the indoor-outdoor
temperature difference (buoyancy force) is low. Stabat, Caciolo et al. (2012)
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also studied single-sided ventilation through different type of windows; they
tested horizontal and vertical sash window and top hung window.
There are several studies pointing out the necessity of window opening
as a complementing method for airing at schools, for example (Liese and
Usemann, 1980) concluded that without presence of mechanical ventilation,
windows should be opened every 15 minutes in order to keep the CO2 level
in acceptable levels of below 1000 ppm during pupils’ attendance. According
to Swedish standards, concentration of CO2 should not exceed 1000 ppm in
schools and other work places (AFS 2009:2, 2009). Some studies have been
performed in Sweden and also other countries in Europe in order to measure
CO2 level at schools. They frequently mention that the amount of ventilation flow rate is too low in schools during occupancy of pupils (Andersson
and Sverdrup, 1992; Sundell and Kjellman, 1994; Nilsson, 1996; Harrysson,
1998; Wargocki et al., 2002). Nordquist (2002, 2007, 2008) found window
airing a practicable complement to mechanical ventilation in schools.
Different methods are found in the literature for measuring the amount
of incoming air both in air infiltration and airing cases. The concentration
decay method measures the flow under the natural conditions (Magnus
Mattsson, Lindström, Linden, & Sandberg, 2011; Abolfazl Hayati, Mattsson,
& Sandberg, 2017). Besides, pressurization tests can give a value of the total
leakage, i.e. the effective leakage area ELA, although the method suffers
some uncertainties due to wind and stack effect (Mattsson et al., 2013).
There are also methods for identifying the position of the leakage on the building envelope of churches, such as IR-Thermography (Mattsson et al., 2011a).
Tracer gas is a possible method for measuring the airing flow rate, in which
the concentration of a tracer gas in the ventilated space is measured before
and after airing, i.e. before and after opening and closing of the window or
door; this has been practiced e.g. by (Nordquist, 2002). Another method is
to measure air velocities at several positions in the opening, and multiply by
associated sub-areas of the opening, thus giving the total amount of airing
(Caciolo, Stabat and Marchio, 2011).
Blomqvist (2009) did measurements on buoyancy-driven air flow through
indoor openings, both vertical openings as doors and horizontal openings
as stairwells. Gravity currents propagate horizontally driven by the density
difference. They propagate either as cold gravity currents along floors or as
warm gravity currents along ceilings. Further, he performed both model tests
with saline water as operating fluid and full-scale tests in an apartment of
70 m2 floor area with the volume of 175 m3. He concluded that the buoyancy
driven bidirectional flow through vertical internal doorways often are greater
than the flow rate generated by a mechanical ventilation system. Blomqvist
concluded that in order to change the bidirectional flow into a unidirectional
flow the flow rate generated by the ventilation system must at least be three
times the flow rate through the door generated by buoyancy.
The general trend is to build more and more airtight buildings, and the
need for airing as a complement to even mechanical ventilation is obvious
regarding refreshing the interior volume. Therefore, the prediction of airing
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flow is of extra importance for the natural ventilation design. Besides,
prediction of the natural ventilation is also essential for calculating energy
saving values, thermal comfort as well as for designing and tuning ventilation systems.
The indoor-outdoor pressure difference is a combination of the buoyancy
and wind induced pressures in case of natural ventilation. The indoor pressure is also regulated by the total indoor-outdoor pressure difference maintaining a flow balance between the total air in- and exfiltration (Walker and
Wilson, 1993). Therefore the total airflow through a leakage or an opening,
as a result of the relation between the pressure difference over the opening
or leakage, is dependent on the magnitude of the driving forces and also the
shape, size, and position of the openings (ASHRAE, 2013a). The buoyancy
induced pressure difference is dependent on the height of the opening relative to the position of the neutral pressure layer (NPL), at which there is no
pressure difference in the absence of wind (ASHRAE, 2013a).
Different studies have been performed on the combination of wind and
buoyancy effects, based on wind tunnel, tracer gas and PIV measurements,
and also mockup or full-size model studies. Especially regarding airing
through large openings, measured quantities include wind velocity, air velocity through entrance, turbulent intensity, air temperature, air change rate
and air velocity inside the room (for thermal comfort purposes). Furthermore, Computational Fluid Dynamics (CFD) simulations considering wind
and/or buoyancy effect are also found in the literature (Awbi, 1996; Cook,
Ji and Hunt, 2003; Wang and Chen, 2012). For instance, Caciolo (2010)
performed on site measurements including PIV measurements of the flow
up till mid-height of a window and he realized that the averaged velocity
field has a similar pattern to the buoyancy driven airflow. Different empirical
models are found in the literature regarding combining buoyancy and wind
effect. The models normally contain some empirical coefficients and correlations based on wind tunnel and or onsite measurements. Such models are
fairly easy to use and implement in the building energy codes. For instance,
De Gids and Phaff (1982) developed an equation for predicting what they
call the effective air velocity and airflow through windows considering both
buoyancy and wind effect based on field measurements from 33 buildings;
their model is used in European standard, EN15242 (BSI, 2007).
Based on a similar study, Larsen and Heiselberg (2008) derived a rather
more complex equation for combining airing flow due to buoyancy and
wind including wind direction. They found that the most dominating force
depends on the wind direction; for example on the windward side of the
building wind is the dominating force while it is the temperature difference
on the leeward side. They introduced three categories of constants in their
model based on three different intervals of wind direction, i.e. windward,
leeward and parallel to the building.
Caciolo (2010) developed a model for wind driven flow. Caciolo, Stabat
et al. (2011) concluded that combination of the wind and buoyancy effect
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depends on wind direction. They also concluded that wind velocities higher
than 1.5 m/s can indeed increase the total air change rate.
Further, Chu, Chen and Chan (2011) investigated the effect of wind angle
and concluded that the maximum air change rates can occur having wind
directions between 45° and 67.5° oblique to the façade. On the other hand,
having the opening on the leeward position, i.e. wind angles between 112.5°
and 157.5°, leads to the minimum airflows.
2.1.1. Wind induced pressure

Wind induced pressure can be calculated by Bernoulli equation assuming
that there is no pressure losses or height change (ASHRAE, 2013a), see
Equations 1-4.
(1)
(2)
(3)
(4)
where Pw (Pa) is the wind surface pressure relative to the outdoor static
pressure of the undisturbed flow; ρo (kg/m3) is the outside air density and
can be assumed as 1.2. Subscripts “i” and “o” refer to the parameters for
inside the building and outside the building respectively. U (m/s) is the
(undisturbed) wind speed and Cp [-] is the wind surface pressure coefficient.
The magnitude of Cp at a point on the building surface depends on the building shape and geometry, wind speed and direction relative to building, building position and the topography and terrain roughness around the building
(Awbi, 2003). In a building with sharp edges, flow separation occurs at the
sharp edges and therefore the Cp value is independent of Reynolds number,
i.e. wind speed. Typical values for the pressure coefficient can be gained in
the literature (Liddament, 1986; ASHRAE, 2013b).
2.1.2. Wind speed

If the wind speed data is not gained by direct measurements at the building
site, then the data from the weather station should be used. However, wind
speed data are normally measured at the height of 10 meters above the floor/
ground level. Therefore, the wind speed data should be converted to the position and height of the building considering the related terrain characteristics.
For instance, Equation 5, which is a power law type formula, can be used:
(5)
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where Hbuilding and H´ (m) are height of building and wind speed measurement site respectively. α and γ are terrain parameters; primed values indicate
parameters of the weather station and unprimed ones are for the location of
building. Values for α and γ adjust the wind speed measured at the weather
station to the related parameters at the specific terrain of the building
location and can be gained from Table 1.
Table 1: Terrain parameters for standard terrain classes (Sherman and Grimsrud, 1980a).
Class

γ

α

Description

I

0.10

1.30

Ocean or other body of water with at least 5 km of unrestricted expanse

II

0.15

1.00

Flat terrain with some isolated obstacles (e.g. buildings or trees well
separated from each other)

II

0.20

0.85

Rural areas with low buildings, trees, etc.

IV

0.25

0.67

Urban, industrial or forest areas

V

0.35

0.47

Center of large city

2.1.3. Stack induced pressure

The buoyancy, or stack induced pressure, Ps (Pa), is based on the height
difference relative to the position of the neutral pressure layer, NPL, and can
be calculated using Equations 6-9, assuming colder air outside:
(6)
(7)
(8)
(9)
where To and Ti (K) are the outdoor and indoor temperatures, ρi (kg/m3) is
the indoor air density, g (m/s2) is the gravitational constant, h (m) is a certain
vertical height along the opening or façade and HNPL (m) is the height of the
neutral pressure level above reference plane, occurring without any driving
forces except buoyancy.
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2.2. Flow through individual opening or leakage
In general, air infiltration flows have relatively low values of Reynolds number, suggesting that viscous effects are dominant. However, flow through
individual openings can be laminar or turbulent. Flow is laminar when
velocity field does not have random components and just some random
components from boundary conditions may arise. An example for the steady
laminar flow is the buoyancy driven flow through an opening in the building façade. Laminar unsteady flow can also occur if the pressure is induced
by turbulent wind. The turbulent flow can occur when the velocity pattern is
unsteady and with variations around the average value. If the wind speed and
direction is kept constant, the variation part will be also constant and then the
turbulent flow is steady.
The airflow through an opening or a leakage in the building envelope is a
complicated phenomenon and depends on the size and position of the leakage path as well as the pressure difference over them. By solving the air mass
balance through the whole building envelope the total air inflow and outflow
can be calculated. However, based on the opening type and type of the flow,
being laminar or turbulent, there are some previously developed equations
for calculating the flow rates (Awbi 2003).
Large openings
If the opening has a relatively large area, it can be considered in the category
of the large opening, such as windows, doors, large vents, large cracks or
holes in thin construction. Flow inside such opening tends to be approximately turbulent allowing for normal pressures. In such openings, flow is
related to the square root of the pressure difference across the opening and
the so called orifice equation, i.e. Equation 10, can be used (Awbi, 2003):
(10)
where, Q (m3/s) is the airflow rate, Cd [-] is the discharge coefficient, A (m2)
is the opening area, ρ (kg/m3) is the density of air at a reference temperature
and pressure. ∆P (Pa) is the pressure difference across the opening. For a
single opening, ∆P can be assumed as the superposition of wind and stack
induced pressures, i.e. the sum of Equations 4 and 9 (Awbi, 2003).
In case of sharp edge orifice flow, the discharge coefficient Cd is independent of Reynolds number and Cd can be assumed as 0.61 (Awbi, 2003).
However, for building openings, the discharge coefficient is dependent on
the geometry of the opening and the variation in pressure difference between
inside and outside. According to the BS 5925 (BSI, 1991), Equation 10 is
recommended for calculating the air flow through openings with a diameter
larger than approximately 10 mm.
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Small openings
The Couette equation can be used for laminar flow in very narrow openings
like cracks with deep flow paths (Awbi, 2003), see Equation 11:
(11)
where L (m) is the length of the crack, hcrack, (m) is the height of the crack,
dcrack, (m) is the depth of crack in flow direction, μ (N·s/m²) is the dynamic
viscosity of air.
For wider cracks, in which flow is in the transition region, the crack
flow equation can be used, i.e. Equation 12, which is a form of power law
equation (Awbi, 2003):
(12)
where k (m3s-1m-1ρα-n) is the crack flow coefficient, which is a function of
crack geometry and the values can be chosen from tables in the literature
(BSI, 1991). ∆P (Pa) is the pressure difference across the leakage. n [-] is the
flow exponent and depending on the flow regime it can have a value between
0.5 (for fully turbulent flow) and 1 (for fully laminar flow). In practice, the
value of n for cracks and adventitious leakages is between 0.6 and 0.7.
Mass flow through porous materials
Airflow through porous material is laminar and can be calculated by Darcy’s
law (White, 2011), see Equation 13:
(13)
where u (m/s) is the mean velocity of air through the porous material or the
aperture, B0 (m2) is specific permeability of a material, and
(Pa/m) is the
pressure gradient over the porous material.
Airflow in cracks/cavities
The other equation for the airflow through cracks and cavities is the Poiseuille equation (White, 2011), see Equation 14, which is a form of quadratic
equation and contains terms regarding both the laminar and turbulent flow:
(14)
where ξ [-] is the entry and exit loss term and can be set to 1.5, B [m] is the
thickness of construction (or the crack depth), Dh (m) is the hydraulic diam-
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eter, λf [-] is the Poiseuille flow friction factor which represents the laminar
part of the flow. λf depends on the shape of the aperture or the leakage path
and it can be set to 64/Re if the aperture is circular and 96/Re if the aperture is
rectangular with infinite length. Re is the Reynolds number, see Equation 15.
(15)

2.3. Air infiltration prediction and modelling
The air infiltration in the building cannot be gained only by visual inspection
or from the building age. There are methods such as pressurization tests and
tracer gas method in order to quantify the total amount of the air tightness
and air infiltration (Cooper et al., 2011a). There are also some other leakage
detection methods such as IR-thermography, using smoke as an indicator, or
using particle counters (Mattsson et al., 2011a).
The other issue is that air infiltration is dependent to the weather conditions and the results of the pressurization or even tracer gas tests are limited
to the measurement period. There are even passive tracer gas techniques,
which can give a value over a time span of up to many days, but again the
air infiltration result is an average over the whole period. Such methods are
costly and the ability to perform the measurements over a larger time span
is limited also due to fact that the building are in use, for example the doors,
the windows or the ventilation ducts cannot be closed all the time for air
tightness measurements.
The pressurization test, “Blower door”, does not give a value for the air
infiltration during natural conditions, because the building is pressurized to
much higher levels than normally occurring. The value can be extrapolated
to lower pressure differences, bearing in mind high uncertainty of extrapolating the Blower door test results to lower pressure differences of around
4 Pa (Mattsson et al., 2013). There are other pressurization tests such as pressure pulse method, in which the building is pressurized up to lower pressure
differences of around 4-6 Pa, which is closer to natural conditions (Cooper et
al., 2011a, 2011b). The pressure pulse method has been in the research level,
however, the method is being developed and also commercialized by introducing more practical and portable equipment (Build Test Solutions, 2017).
In fact, air infiltration is a dynamic phenomenon and can vary a lot depending on the weather conditions. Therefore, some equations are developed
based on the pressure flow relation considering both buoyancy and wind effects. These methods are not purely analytical and contain some coefficients
by fitting the equation into the measurement data. Therefore, they are called
the semi empirical models, intended to be used in order to predict the amount
of the air leakage over longer periods. These models do need to be fed with
some input data, such as the wind and temperature data, the leakage characteristics and their distribution on the building envelope, pressure distribution
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and wind pressure coefficient (Awbi, 2003; ASHRAE, 2013a). Some models
take also into account the mechanical ventilation, if the building is not only
naturally ventilated. Some of the inputs are difficult to access, and therefore
some assumptions may be assigned which affects the accuracy of the air
exchange rate predictions (ASHRAE, 2013a). These sort of models are
appropriate for adjusting the size of cooling and heating plants (Awbi 2003).
The air infiltration models can be divided into single-zone and multizone models (Awbi 2003). The common method for multi-zone models is
the so-called nodal methods, in which each zone is considered as a separate
temperate and pressure node and the nodes are connected in serial or parallel
to each other, and there is the assumption that air is well mixed in each zone.
The power law, or quadratic equation, i.e. Equations 16 and 17 respectively,
are used for the air-pressure relation. The air infiltration is gained by solving
the pressure of each zone considering the mass balance between the air
in- and exfiltration in the nodal network. Multi-zone or multi cell models are
used in airflow calculation programs like CONTAM and COMIS (Feustel,
1999; Dorer et al., 2001; Haas et al., 2002; Dols and Polidoro, 2015).
In single-zone models, the interior of the building is defined by a uniform
temperature and pressure, i.e. air is considered as well mixed. The pressure
node inside the zone is connected to the external pressure nodes. The wellmixed assumption implies that there is ignorable airflow resistance inside the
zone and air can freely move inside (Awbi, 2003). In fact, single-zone model
uses some functions for combining the wind and stack induced flow and
often have some empirical coefficients based on special type of buildings.
There are some examples of single zone models like the models developed
by the Building Research Establishment (BRE) (Warren and Webb, 1980),
the Lawrence Berkeley National Laboratory (LBL) (Sherman and Grimsrud,
1980a, 1980b), the University of Alberta (AIM-2) (Walker and Wilson,
1990). Other examples include British Gas model (VENT), ENCORE
(Norwegian Building Research Institute model), Gas Research Institute/
Institute of Gas Technology model, Reeves, McBride, Sepsy and NRC
(National Research Council Canada) air infiltration models (Liddament and
Allen, 1983; Shaw, 1985; Reardon, 1989).
For the LBL and AIM-2 models, there are basic and enhanced versions,
resp. (ASHRAE, 2013a). The basic versions uses the effective air leakage
area at 4 Pa, estimated from an ordinary whole-building pressurization test.
The enhanced models use pressurization test results to characterize the air
leakage by the pressurization flow coefficient C and the flow exponent n, see
Equation 16. Both versions also need input of assessed leakage distribution
over the building envelope as well as weather parameters and information
about wind shelter and terrain pattern around the building. The enhanced
versions tend to yield better prediction accuracy, typically ±10% when the
parameters are well known (Sherman and Modera, 1986; Palmiter and Bond,
1994; Walker and Wilson, 1998). All mentioned single-zone models can be
sensitive to the input values, and these are sometimes difficult to determine.
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Regarding air infiltration there are two widely used equations coupling the
relation between indoor-outdoor pressure difference and flow rate:
•

Power law equation:
(16)

•

Quadratic equation:
(17)

where C (m3s -1Pα -n) is the pressurization flow coefficient, in turn being equal
to the total kL value in Equation 12. C1 (Pa m-3s) and C2 (Pa m-6s2) are flow
resistance coefficients in which C1 Q represents laminar flow and is more
significant at low flow rates and C2 Q 2 represents turbulent flow and is more
significant at large flow rates. C1 and C2 can be gained experimentally for
each opening and suggestions of their values can be found in the literature,
see e.g. (Baker, Sharples and Ward, 1987).
The flow exponent, n, in the power law equation, Equation 16, can vary
between 0.5 for fully turbulent flow, such as orifice leakage types, and 1 for
fully laminar flow, such as the flows inside long and narrow leakage openings. A value of 0.67 has been suggested when there is a large variety of
leakages of unknown nature (Walker and Wilson, 1993). Both laminar and
turbulent terms are included in the quadratic equation, making it similar to
the Poiseulle equation, Equation 14.
Equations 16 and 17 are used to extrapolate the leakage data of a pressurization test to actually encountered pressure differences, typically below
10 Pa. Some studies have used these equations to predict the air infiltration
rate and compared results with measurement data. For instance Liddament
(1987) reported that for a single family building in normal conditions, the
two equations give similar results for pressure differences of more than 20
Pa, whereas for low pressures the power law equation gives better results.
The validity of the power law equation has been tested through laboratory
measurements, theoretical analysis of crack flow and field measurement of
building envelopes, and it is indicated that the power law equation is valid
for extrapolating the leakage data to ordinary (low) pressure differences
(Walker, Wilson and Sherman, 1998).
However, David Etheridge compared the extrapolation results (using
Equations 16 and 17) with CFD calculated leakage flows and reported that
the quadratic equation, i.e. Equation 17, is preferable for extrapolating
pressurization test results to lower pressure differences (for example 4 Pa)
(Etheridge, 2012). Etheridge has also combined openings in parallel and in
series and found indications of that the resulting flow characteristics were
not quadratic for parallel leakages, and not according to the power law equation for either cases in series or in parallel (Etheridge, 2012).
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Both forms of crack flow equation, i.e. the power law and the quadratic, are
used in the models that use network of nodes for openings relating the external and internal pressure. An iterative process then solves the equations
until the developed pressure difference satisfies the flow equation and yields
a flow balance for the building.
Typically, the stack and wind induced pressures are determined via the
formulas above and the total pressure is calculated by simple summation
of the two pressures as well as the fan induced pressure (if available), see
Figure 2. However, this is not the case regarding the total flow rate. Once
each wind or buoyancy (or fan) induced flow rate is calculated by pressure
flow relations (power law or quadratic form), the total flow is not a simple
summation, see Figure 3. Sherman (1992) compared different superposition
models and showed that the sum of stack and wind induced flow rates is
always greater than the actually occurring total air infiltration rate. He
suggested that in order to get the total flow rate caused by wind and stack
effect, between 0 to 85%, on average 35%, of the lowest flow contribution
should be added to the larger one.

Figure 2: Total indoor-outdoor pressure difference across an opening or leakage resulting
from summation of both stack, wind and fan induced pressures (Awbi, 2003).

Figure 3: Total flow rate through an opening or leakage resulting from summation of both
stack, wind and fan induced flow rates (Awbi, 2003).
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Calculating the exact flow prediction is impossible and neither is it possible
to measure the wind and stack induced flow rates separately. Therefore,
different superposition methods have been developed to determine the total
flow rates. In these, each wind and buoyancy (stack) induced flow, i.e. (Qw)
and (Qs), is calculated separately with the help of power law or quadratic
equation, i.e. Equations 16 and 17, and then the total flow, Qt, is gained by
the superposition. The models can be tuned by fitting to measurement data.
Below, five common superposition methods are presented:
1) The simple linearity method: The total flow is gained by the linear addition
of the flow rates due to wind and stack effect (which will cause some over
prediction and great errors), see Equation 18.
(18)
2) The quadrature method: Adding wind and stack driven infiltration flow
rates in quadrature (The stack and wind induced pressures are simply added,
and then they are replaced with their equivalent flow rates, using power law
equation with the assumption that flow is fully turbulent), see Equation 19.
The method is also used in Lawrence Berkeley Laboratory (LBL) model
(Sherman and Grimsrud, 1980a).
(19)
3) The simple pressure method: Pressure addition was used by Shaw (1985)
for a variable n model, the process is similar to the quadrature method but the
flow exponent of n, gained from pressurization (Blower door) test is used in
the equation, i.e. Equation 20, instead of using the fixed value of 0.5 for the
flow exponent in the quadrature method, i.e. Equation 19.
(20)
4) The method including interaction between stack and wind effects: interaction method or the AIM-2 model (Alberta Infiltration Model), see Equation 21:
(21)
in which, the β(Qs Qw ) term identifies the interaction term between the
wind and stack effect. β is a constant factor and is suggested a value of -0.33
(Walker and Wilson, 1990, 1993).
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In case when either stack or wind effect dominates, β disappears, and if they
both have identical infiltration effects, Equation 22 can be used:
(22)
5) Etheridge’s model (Etheridge, 1977; Walker and Wilson, 1993), see Equations 23-24:
(23)
(24)
where r [-] is the ratio between the flow resistance coefficients C1 and C2,
see equation 17; r can be set to zero in case of fully developed turbulent flow
and is undefined for fully developed laminar flow since (C2 = 0), in the latter
case r should be set to one. Etheridge by using two reference pressures of 1
and 10 Pa, suggested that r can be gained via Equation 25:
(25)
Walker and Wilson (1993) compared different superposition models including Linear addition, Pressure addition, Quadrature (i.e. LBL model) and
AIM-2. They concluded that the simple pressure addition, i.e. the LBL model
is the best choice because it is simple and physically realistic. They compared the prediction results with air infiltration measured at two test houses
and showed that the prediction errors for both LBL and AIM-2 models were
up to 10% while for the simple addition method the error was up to 50%.
The Lawrence Berkeley Laboratory (LBL) model and the Alberta air Infiltration Model (AIM-2) are the two most advanced air infiltration models
based on input from pressurization (blower door) test. The input to the LBL
and AIM-2 models are flow coefficient and flow exponent gained from a
pressurization test, the temperature inside and outside, building height, wind
velocity and an estimation of the leakage distribution over the building envelope. Especially the latter is a great source of uncertainty in the models
because there are no direct measurement methods for quantifying individual
leakages in the building envelope. However, pressure measurements and IRthermography can be useful to get an idea of the leakage distribution. More
details on the LBL and AIM-2 models, and comparison with field measurements in churches, are given in (Hayati, Mattsson and Sandberg, 2014).
The leakage distribution is according to the effective leakage area in LBL
model, while in AIM-2 model, it is according to the total flow coefficient
gained from pressurization test. The AIM-2 model is a bit more developed
because, for instance, the flow exponent of the power law equation, i.e.
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Equation 16, is used in the AIM-2 superposition model, i.e. Equation 21,
while in LBL model, the simple quadrature method with fully turbulent flow
assumption, i.e. n=0.5, is used in the superposition equation, i.e. Equation
19. Further, an interaction term regarding the wind and buoyancy induced
flows is considered in the AIM-2 model while the LBL model does not include such a term. In addition, flues are included as separate leakage site in
the AIM-2 model, and separate pressure coefficients are allotted for crawl
space and attic.
Some studies have validated the LBL and AIM-2 models. For instance,
Sherman and Modera (1986) compared air change rate measurements from
15 building sites with LBL model prediction results. They conducted tracer
gas and weather parameter measurements and found that the predicted air
infiltration rates were on average within 2% of the measured ones with a
standard deviation of about 20%. Another study on detached houses in central North Carolina showed well agreement between the LBL air infiltration
model predictions with measurements (Breen et al., 2010). Liddament and
Allen (1983) also compared different air infiltration models, including the
LBL model, (the AIM-2 model was not included) with the measured air
infiltration results from three different houses and found good agreement
between the LBL prediction with the measurement data.
Other studies have pointed to better prediction results of the AIM-2 model
(Wang, Beausoleil-Morrison and Reardon, 2009). These compared air infiltration data from 16 detached houses and stated that AIM-2 model predictions showed 5% underestimation, while the LBL model had 7-15% overestimation. Their study showed that the models are significantly sensitive
to the input data and the predicted results can significantly vary depending
on the tested kind of house. Other studies have also pointed to the overprediction of the LBL model (Persily & Linteris, 1983; L. S. Palmiter, Brown,
& Bond, 1991). Francisco and Paltimer (1996) also examined the LBL
and AIM-2 model predictions with air infiltration data from ten residential
houses. They showed that the AIM-2 model had slightly better predictions in
comparison with the LBL model. They also pointed to the over prediction of
the LBL model especially for the wind induced air infiltration.
2.4. Airing modelling
Airflow through large openings like windows and doors –airing – is a complex
issue. It is driven by the average pressure differences between inside and
outside, generated by temperature difference (buoyancy), average wind
speed and also wind turbulence. Figure 4 illustrates what the air velocity
pattern at an open window might look like (Awbi, 2003). There are several
previous studies regarding thermally driven airflow through large openings;
buoyancy effects are more well-known than wind effects. Recently, Andersen
has done a literature study on semi-empirical models of buoyancy driven
natural ventilation (Andersen, 2015). However, as to wind effects, it is not
only the average value of the wind velocity that drives a flow but also wind
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direction and turbulence plays a significant role (Allard and Utsumi, 1992;
Fürbringer and Van Der Maas, 1995; Stabat, Caciolo and Marchio, 2012).
Wind turbulence impact has in turn been divided into turbulent diffusion,
occurring in a mixing layer, and pressure fluctuations, generating a pulsating
flow at the opening, see e.g. (Haghighat, Rao and Fazio, 1991; Haghighat,
Brohus and Rao, 2000; Larsen and Heiselberg, 2008; Stabat, Caciolo and
Marchio, 2012). One of the first studies regarding the effect of the predominating wind and/or buoyancy effect on the total air change rate is performed
by Dick (1950). Also, it appears that wind can both boost or weaken buoyancy induced flow, see e.g. (Li and Delsante, 2001; Larsen and Heiselberg,
2008).

Figure 4: Buoyancy and wind induced flow pattern through a large window (Awbi, 2003).

Purely wind driven airing can occur in the absence of temperature difference, even if there is only one opening, i.e. single-sided ventilation. The
mechanisms of wind driven single-sided ventilation are due to the mean
airflow rates as well the fluctuation part. As just indicated, the fluctuation
part consists of pulsation and the penetration of eddies (Malinowski, 1971).
Pulsation is caused by fluctuating air pressure at the opening, which induces
a back-and-forth because of the compressibility of the air inside the room.
Therefore, the pulsation flow is dependent on the magnitude of fluctuating
wind and the opening. Cockroft and Robertson (1976) studied the pulsation
flow via single-sided ventilation through a single opening and concluded
that a part of the incoming air is exhausted directly and therefore not all of
the incoming air affects the air change rate of the whole indoor space. Based
on their measurements, only 37% of the incoming air contributes to the air
change rates. However, the ratio can vary depending on the frequency spectrum of the incoming turbulent air stream.
A mixing layer theory deals with eddy penetration into the openings. If
the wind is turbulent or turbulence is produced within the opening area, then
the external airflow can be conveyed indoors by eddies penetrating into the
building, or, vice versa, the internal air can be extracted from the building
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(Malinowski, 1971). Eddies penetrating the openings are of a smaller scale
than the opening size and are less dependent on air compressibility according to (Haghighat, Brohus and Rao, 2000). Wang and Chen (2012) used CFD
simulation to develop empirical models for wind driven single-sided ventilation. They used spectrum analysis and showed that with wind parallel to the
opening surface, the flow is governed more by the eddy penetration. They
found that with zero wind incidence angle, i.e. wind directly (perpendicularly) towards opening, the eddy penetration is zero since there is no parallel
element of the wind.
Assuming only buoyancy driven airflow, Equation 26 can be used, which
is very similar to the orifice flow Equation, i.e. Equation 10, considering
only buoyancy induced pressure (Blomqvist, 2009):
(26)
Where H (m) is the opening height, Ce is an empirically attained coefficient
and T (K) is the average temperature between the indoor and outdoor temperatures, i.e. Ti and To. Different values for Ce are suggested in the literature, gained from full scale and model studies; for example Van der Maas
(1992) obtained 0.15 from several test arrangements. Allard, et al. (1990)
performed full scale laboratory tests and gained 0.27. Lane-Serff (1989)
performed model studies using saline water and gained 0.207 0.005 for
Ce. Kiel and Wilson (1989) performed a test arrangement with two adjacent
rooms and reported 0.13 + 0.0025∆T for Ce.
Considering only wind driven airing, a simple equation was introduced by
Warren (1977) based on the mixing layer theory. That theory assumes an air
exchange due to the mixing layer between the outside and inside air at the
opening, and that the flow can be defined by Equation 27:
(27)
where Cf is a flow coefficient. Equation 27 expresses the fraction of the flow
towards the opening (AU) that flows through it and therefore is a so-called
catchment model (Sandberg et al., 2015). Different values are suggested for
Cf; for example, Warren (1977) investigated the single-sided flow through
one window by wind tunnel studies and field measurements using tracer gas,
and suggested 0.025, if a reference wind speed at the standard height is used,
and 0.1 if the wind speed within the vicinity of the window is used in Equation 27. He also showed that the flow coefficient could vary between 0.0230.026, without having a turbulence-producing grid, and 0.034-0.035 in case
of having such a grid. The value of 0.025 is used in the empirical model of
the British standard model, BS 5925, for the single-sided flow through one
window (BSI, 1991).
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Kato and colleagues (2006) studied single-sided ventilation by model studies in wind tunnel using tracer gas; they found that the flow coefficient is
equal to 0.015 for the case of one square window, located in the middle of the
facade parallel to the wind when the porosity of the opening (opening area
divided by façade area) was 6.25%. They also reported 0.020 for the same
case but with a larger opening, with the porosity of 12.25%.
Yamanaka, et al. (2006) investigated single-sided flow rates through a
window opening via wind tunnel model studies, CFD simulations and PIV
measurements. The window opening had a circular shape and was located in
the middle of a façade, having the porosity factor of 1.40%. They concluded
that the pulsation theory is not applicable to all wind directions because
of the ignorance of the wind incidence angle. Instead, they advocated the
existence of a mixing layer. Based on the wind tunnel measurements, they
suggested 0.06 for Cf, with the local wind speed along the facade as the
reference U.
Other (rule of thumb) values are found in the literature (Wouters, P., De
Gids, W. F., Warren, P. R. and Jackman, 1987; Riffat, 1991), suggesting 0.1
to 0.25 for Cf in case of single-sided ventilation and 0.4 to 0.8 for cross flow
through windows, having the wind speed at the building height as the reference U.
A common theoretical approach to fluid flow through openings is based
on the Bernoulli equation and the assumption that the so-called orifice equation, i.e. Equation 10, is valid (Awbi, 2003). The total pressure difference
over an opening is considered being a superposition of the wind and buoyancy induced pressures, i.e. Equations 4 and 9 (Awbi, 2003). Based on the
same equations, there are also some models for calculation of the airing flow
rates considering both wind and buoyancy effects, designed especially for
single-sided ventilation. These models include some empirically attained coefficients for trying to fit Equation 10 into measured airing flow rates. The
most referred models are presented in Table 2. Further explanation of the
models and test of their applicability to large single zones like churches are
presented by (Hayati, Mattsson and Sandberg, 2017).
Table 2: Models for prediction of single-sided ventilation flow rates through large vertical
openings.

Model developers

Main equation

British standard model BS 5925
(BSI, 1991)
De Gids and Phaff (1982)
Larsen and Heiselberg (2008)
Caciolo (2010)
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3. Method
In this part, the field study objects, i.e. the studied churches, and the conducted field measurement are presented. The methods used in the wind tunnel studies are explained thereafter. The validated analytical air infiltration
and airing models are mentioned in the next part as well as the developed
numerical air infiltration model. And last, the IDA-ICE simulation model is
presented.
3.1. Field study objects
The field study was conducted in five historical stone churches located in
Hamrånge, Söderfors and Valbo, all in Gävleborg County, Sweden, as well
as Ludgo, south of Stockholm in Nyköping County, and Visby cathedral
located in Visby, Gotland island, Sweden. The churches were constructed
in the 13th century (Valbo), 16th century (Ludgo), 1792 (Söderfors), 1851
(Hamrånge) and mid-12th century (Visby cathedral). However, minor or major renovations have been conducted in all churches. All studied churches
constitute hall churches with thick stone walls, plastered on both inside and
outside, and with double outer doors to enter their large halls. They have
gable roofs and inner ceilings that are plastered on the inside and insulated
on the outside towards a naturally ventilated attic. The windows are doubleglazed and weather-stripped. All churches are naturally ventilated without
any flues and Hamrånge church has furthermore a naturally ventilated crawl
space underneath a wooden floor, consisting of double boards with a ~15
cm layer of lime sand in between. Söderfors, Valbo and Ludgo churches and
Visby cathedral all have stone slab floors, with some wooden inlays (Hayati,
Mattsson and Sandberg, 2017).
Hamrånge church, Figure 5, located on top of a hill and much exposed
to wind, has its main porch facing North but also one porch in the middle
of each long side, facing West and East, respectively. Ludgo church has a
main porch that is highly wind exposed, Figure 6. Söderfors church, Figure
7, has a main porch facing South and Valbo church, Figure 8, has a main
porch facing North, as well as a side porch in the main hall, facing East. In
addition, these churches are fairly wind exposed. Visby cathedral has a large
main hall, with inner doors to some side rooms. The cathedral has, besides
the main porch, several side porches, including a large (“wedding”) porch
door; the latter was used for airing in this study, Figure 9. Visby cathedral is
surrounded by 2- and 3-storey buildings, but there is some open space
surrounding it, making also this church fairly wind-exposed. For the wind
direction of the measurements, the horizontal distance between the cathedral
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and the surrounding houses was around 10 times the height of those buildings; thus, the rooftop wind direction ought to be sensed also in the porch
area (Hayati, Mattsson and Sandberg, 2017).
All church constructions are naturally ventilated without any flues. The
churches differ significantly in volume and height/floor area ratio; additional
information in this regard is summarized in Table 3. The interior zone
of the churches is not perfectly cuboid since the ceilings are vaulted and
resemble semi cylindrical or semi-spherical shapes. As a result, the ceiling
height is not a fixed value, which the studied models presuppose. Therefore,
an average ceiling height is used in the calculations relating to building envelope areas. The average height is attained by using the quotient “Room
volume”/”Floor area”. The calculation of building volumes and envelope
areas was complicated due to the structure of ceilings and walls. In case of
Hamrånge church, 3D Laser scanning is used for volume calculation, which
showed 0.5% discrepancy with the calculated one (Hayati, Mattsson and
Sandberg, 2014).

Figure 5: Hamrånge church, side porch visible centrally
(Hayati, Mattsson and Sandberg, 2014).

Figure 6: Ludgo church, main porch on tower
(Hayati, Mattsson and Sandberg, 2017)
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Figure 7: Söderfors church, main porch on tower
(Hayati, Mattsson and Sandberg, 2017).

Figure 8: Valbo church, main porch on tower
(Hayati, Mattsson and Sandberg, 2017).

Figure 9: Visby cathedral, side porch used for airing visible
on the right (Hayati, Mattsson and Sandberg, 2017).
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In Table 3, the properties regarding the size of the studied churches are
presented.
Table 3: Dimensions of the studied churches and their porches
Porch size

Volume
(m3)

Floor
area
(m2)

Ceiling
area
(m2)

Max
ceiling
height
(m)

Average
ceiling
height
(m)

Porch
position

Hamrånge
(60°55�37��N,
17°2�20��E)

7620

695

862

13.7

11.0

Ludgo
(58°54�58��N,
17°7�60��E)

1960

302

410

9.5

Söderfors
(60°23�6��N,
17°13�56��E)

4564

350

494

Valbo
(60°39�52��N,
17°4�12��E)

2631

349

Visby
(57°38�30��N,
18°17�51��E)

11080

902

Location
(Latitude,
Longitude)

Area
(m2)

Height
(m)

Porch
direction
(°)

Side
porch

5.47

2.92

250

6.5

Main
porch

5.38

3.02

290

14.5

13.0

Main
porch

5.04

2.32

260

523

9.7

7.5

Main
porch

3.83

2.44

286

1936

14.2

12.3

Side
porch

7.28

3.57

180

The “Porch direction” in Table 3 is the horizontal angle of the normal of the
porch’s outer surface against North, in clockwise direction. Having the wind
and porch direction, the incidence angle can be calculated, i.e. the difference
between the porch direction and wind direction. That is, at an incidence
angle of 0 degrees the wind is perpendicularly towards the porch surface,
while at 180 degrees the surface is on the leeward side of the building.
3.2. Field measurements
Weather data was recorded at a portable weather station (WXT520, Vaisala
Oyj, Finland), placed within one km of the church, with the weather sensor
at the approximate height of the church roof, see Figure 10. Weather data
used in this study was outdoor air temperature, wind speed and wind
direction, recorded at 5 min intervals. For Visby cathedral, however, wind
data was attained from a 4 km distant weather station of the Swedish Meteorological and Hydrological Institute (SMHI). In addition, air temperature
and humidity was measured with a logger (SatelLite TH, Mitec Instrument,
Sweden) placed within 50 m from the church, at about 2 m height above
ground.
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Figure 10: Portable weather mast, with Valbo church in the background
(Hayati, Mattsson and Sandberg, 2014).

Indoor air temperature was measured using gold-sputtered NTC thermistors
(Ø 0.47 mm, 4 mm long) distributed at different heights centrally in the
church hall. At the airing calculations, the height weighted average temperature between floor and porch height was used to represent the indoor air
temperature (Hayati, Mattsson and Sandberg, 2017). For air infiltration
calculations, the height weighted average temperature (floor to ceiling) was
used to represent the indoor temperature, although an analysis of the impact
of a noted temperature stratification proved this to have an insignificant
effect (Hayati, Mattsson and Sandberg, 2014). The temporarily installed
measuring mast set inside the Hamrånge church is shown in Figure 11. In
case of Hamrånge church, another, permanent, measuring mast was also
installed.
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Figure 11: Measuring mast set inside the Hamrånge church. Photo: M. Mattsson

Leakage characteristics of the churches’ building envelope were attained
through pressurization tests, “blower door” (European committee for standardization, 2000) (using two 2200-Fans with DM-2A manometers, Retrotec Energy Innovations Ltd.), with the fan-screen placed in a smaller outer
doorway, see Figure 12. These measurements have an estimated uncertainty
of about 10%. Additional, more precise measurements of the indooroutdoor pressure difference were performed using a separate manometer
(FCO44, 0-60 Pa, Furness Controls Ltd, East Sussex, UK). During long term
logging (several days) with this manometer, occasions with very low wind
speed were identified, which, together with simultaneous indoor-outdoor
temperature data could be utilized to assess the NPL (Neutral Pressure Level)
(Hayati, Mattsson and Sandberg, 2014), see Figure 12.
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Figure 12: Blower door test setup with the side porch of Valbo church.
Photo: M. Mattsson.

The air change rate, ACH, caused by air infiltration was measured by the
tracer gas decay method (see e.g. ISO 12569 (European Committee for
Standardization, 2012)), i.e. by spreading an instantaneous dose of tracer
gas (in this case SF6) inside the churches and measuring the concentration
during the decay caused by infiltrated outdoor air. In general, the natural
room air mixing proved good enough for using one- or two-hour portions
of the decay data to calculate time-resolved air change rates. More details
on these measurements can be found in (Mattsson et al., 2011b; Hayati,
Mattsson and Sandberg, 2014). An example of the tracer gas measurement
setup in Hamrånge church is shown in Figure 13.

Figure 13: Tracer gas measurements set-up in Hamrånge church.
Photo: M. Mattsson.

34

Tracer gas decay method was also used for determining the air change rate
during the airing. The method involved spreading of an instantaneous dose
of tracer gas (SF6 ) inside the churches, awaiting well mixing with the room
air, and measuring the concentration in the room air just before and after the
airing period. From the change in concentration, calculation was enabled of
how much fresh air had entered during the airing period. In general, heating
units such as radiators and/or bench heaters tend to cause large enough convective air movements in church halls for tracer gas to be well mixed into a
uniform concentration (Mattsson et al., 2011b). This was confirmed in the
present study. Importantly, good room air mixing (homogeneous tracer gas
concentration) was observed just before the airing periods, and again fairly
soon after the airing periods. During non-heating conditions in Hamrånge
church, however, three powerful (1500 W) mixing fans were utilized temporarily to attain good air mixing before and after the airing (Hayati, Mattsson
and Sandberg, 2017).
In Hamrånge church, the airflow in the open porch was also measured
temporarily by 21 omnidirectional constant-temperature anemometers (CTA
88, Swedish National Institute of Building Research), distributed over a vertical plane in a 7x3 array, as shown in Figure 14. The measurement range of
the anemometers was 0.05-3 m/s and their response time 0.2 s at a 90% step
change (Lundström et al., 1990). After being newly calibrated (in air flowing perpendicular to the sensor shaft), the uncertainty of the anemometers
was estimated at ±5% (95% C.I.). Some directional sensitivity adds another
±10% for non-perpendicular airflows; flow visualization by smoke (Figure
31) indicated, however, that the flow was essentially perpendicular in this
test case (Hayati, Mattsson and Sandberg, 2017).

Figure 14: Anemometer installation at the porch in Hamrånge church, in front of the inner
doors of the draught lobby. (Hayati, Mattsson and Sandberg, 2017).

35

Other conducted field measurements include IR-Thermography, CO2 concentration, relative humidity inside and outside, the crack size at some leakages and electricity power used for heating (bench heating and radiators).
3.3. Wind tunnel model studies
The experiments were carried out at the closed-circuit wind tunnel of the
University of Gävle (see Figure 15), having a working section 3.0 m wide,
1.5 m high and 11 m long, and with a maximum wind speed of 27 m/s. The
tested building model was mounted on a 2.85 m diameter turntable, the center
of which was located 8.5 m downstream of the entrance to the test section.
Besides varied wind speed, the tests included two levels of air turbulence,
attained with and without roughness elements placed in the wind tunnel; see
Figure 16. The roughness area in the working section of the wind tunnel was
7 m long, starting with five upstream spires, followed by W*D*H=50*50*80
mm3 cubes, which, after about 1/3 of the roughness area, were substituted
by 30*30*30 mm3 cubes. The horizontal areal density of the roughness
elements was 6.4%. The distance between the final row of roughness
elements and the center of the model was 1.4 m.
The wind tunnel studies were performed on a 1:100 scale model of an
existing church, Hamrånge, situated in mid Sweden. For simplification, the
model consisted of the main hall of the church, but the tower was omitted,
see Figure 16. The model had a pitched roof and one or two opposing porches as the only opening(s). Each porch opening had the area of W*H=19*29
(=551) mm2, and the whole façade area was 683.40 cm2; thus the net porosity
– the ratio between the opening area and the area of the façade in which the
opening was located – was 0.81%. The porches in the model were equipped
with removable draught lobbies, visible in the lower picture of Figure 16.
These mimicked existing draught lobbies in Hamrånge church, and it was
hypothesized that they might affect airing through the porches. Such draught
lobbies are common in Swedish churches, but also elsewhere, and serves
to prevent cold outdoor air from coming in; an additional door at the inner
end of the lobby completes the construction. The models’ internal volume
was 9342.5 cm3; see more measures in Figure 16. The walls were of 3 mm
thick Plexiglas and the draught lobbies were 20 mm deep, extending into the
building. The ratio between the wall thickness and the hydraulic diameter
of the opening area was 1.00 for the case with the draught lobbies and 0.13
for the case without the draught lobby. Thus, the current study includes four
different configurations of with and without the draught lobby and roughness elements in the wind tunnel. In addition, four different wind speeds
were attained by varying the speed of the wind tunnel fans, including 100,
200, 300 and 400 revolutions per minute (RPM). By rotating the turntable,
nine different wind directions were tested: 0, 22.5, 45, 67.5, 90, 112.5, 135,
147.5 and 180°; where 0° is streamwise direction in the wind tunnel. Further,
the undisturbed wind stream Reynolds number, assuming hydraulic diameter of the porch (approximately 23 mm) as the characteristic length and the
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wind speed at 15 mm above the floor (approximate mid height of the porch
opening) as the characteristic speed, was 2100, 4400, 6700 and 9200 for the
different wind speeds in the wind tunnel, with the roughness elements.
Without the roughness elements the corresponding Reynolds number was
3000, 6500, 10400 and 14100.

Figure 15: Schematic view of the wind tunnel located in Gävle, Sweden.

Figure 16: Tested model in the wind tunnel. The draught lobbies are indicated with dashed
lines in the right upper picture. The red arrow points at the sampling tube. Roughness
objects visible: Blue cubes and orange spires.
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Tracer gas decay method was used for determining the air change rate during
airing experiments. The method was conducted by spreading an instantaneous dose of tracer gas (N2O) inside the model and measuring the concentration decay with a gas analyzer, (Binos 1.1), by sampling at different heights
in one horizontal position during the airing period; see Figure 16. The
decay method is widely used in field and model studies (Warren & Parkins,
1977; Etheridge & Sandberg, 1996; Yamanaka et al., 2006; Kato et al., 2006;
Larsen & Heiselberg, 2008; Abolfazl Hayati et al., 2017). A small electric
fan was used inside the models in order to mix the air inside the interior volume and create a uniform concentration of the tracer gas. The fan, visible in
Figure 16, was positioned on one sidewall, blowing air horizontally along
the ceiling, with no direct air jets directed towards porch areas. Pre-measurement of the concentration at different heights and positions in the model
indicated that the air was well mixed during the airing period.
The vertical wind speed profile was measured in the wind tunnel by using
a hot-film anemometer (TSI 1054B, with a 20 µm wire, platinum deposited
on quartz substrate). This was done without the building model in place, both
with and without roughness elements, in order to characterize the airflow
that the building model and its openings were exposed to. The anemometer was pre-calibrated, yielding an uncertainty of about ±3% (95% C.I.)
for wind speeds over 0.5 m/s, excluding directional error. The anemometer
wire was oriented horizontally, perpendicularly to the main flow direction,
and since smoke visualization indicated an airflow with insignificant lateral
components (when no model was present), the directional error is considered
marginal.
The drag force of wind on the model was also attained by measuring the
vertical component of wind-induced force on the model, i.e. F (N) in Equation 28. Drag coefficient, CD , is a dimensionless number defined as the
ratio between the drag force and (the stagnation pressure (0.5pU 2 ) times
the projected area (Aproj)) and can be calculated by Equation 28. The drag
force measurements were conducted without having the roughness elements
inside the wind tunnel and also within different wind directions toward the
model.
(28)

Flow visualization in both horizontal and vertical center plane of the model
was performed to detect the flow direction and turbulence pattern in- and
outside the models. The laser beam then used as light source had λ=523 nm
wavelength and 9.25 mW power. Smoke was injected both inside and outside the model, and pictures were taken for different configurations of both
single-sided and cross flow cases.
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3.4. Semi-empirical (analytical) model studies
3.4.1. Modeling of air infiltration in large single-zone buildings

In order to use the LBL and AIM-2 infiltration models, two different
assumptions of the leakage distribution at the building envelope were tested;
one assuming even distribution (the uniform case) and the other with “guesstimated” leakage distribution. The leakage value or flow coefficient, in the
uniform case, was proportional to its area for each building envelope. An
educated guess about likely leakage distribution, in the case of guesstimated
leakage distribution, was done by using different leakage identification
techniques, including IR-Thermography, visual inspection, NPL assessment,
and tracer gas measurements. For instance, previous studies showed that the
wooden floor in Hamrånge church is a major leakage area (Mattsson et al.,
2011a). Examples of IR-Thermography pictures are provided in Figure 17.
The assumed leakage distributions in the studied churches are presented in
Table 4.

Figure 17: IR-Thermography pictures showing the leakage around the windows in Valbo
church under pressurization test.

Table 4: Assumed leakage portion (in percentage of the total leakage area)
(Hayati, Mattsson and Sandberg, 2014).
Location
Hamrånge
Söderfors
Valbo

Leakage assumption

Floor

Ceiling

Walls

Uniform

25

25

50

Guesstimated

50

25

25

Uniform

20

20

60

Guesstimated

5

25

70

Uniform

30

30

40

Guesstimated

0
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57
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Froude number is used to investigate the dependency on prediction errors of
wind and stack dominated conditions. The Froude number, Fr [-], indicate
the relationship between kinetic vs. buoyancy forces of fluids, i.e. the ratio
between the wind speed and a buoyancy-defined velocity, see Equation 29:
(29)
In addition, a correction factor m, see Equation 30, is introduced to the AIM-2
final superposition equation, according to Equation 21, for tuning the model
results for large single zone buildings like churches.
(30)
3.4.2. A developed numerical air infiltration model

A proposed numerical single zone air infiltration model consists of a cuboid
on top of a crawlspace, including a leaky floor towards a naturally ventilated
crawl space. The air temperature inside the crawlspace was assumed as the
outdoor air temperature. Some leakage areas were identified and put into the
model and the flow due to each leakage was calculated. The total pressure
difference caused by buoyancy, wind or/and fans, was calculated as a function of NPL. The NPL was gained by solving the continuity equation for the
total flow, so that the sum of all in- and exfiltrating air of the zones become
zero. The wind pressure coefficients at the facades have been measured in
wind tunnel experiments (see e.g. Mattsson et al., 2013).
The Poiseuille’s equation, i.e. Equation 14, was used for the air leakage
paths considering both laminar and turbulent flow. The leakage characteristics, such as the size and position, were detected by field audit and IRThermography. The leakage assumed in the simulation model are presented
in Table 5. The neutral pressure layer at natural conditions was also used for
model calibration. The leakage lengths were adjusted by comparing the simulated neutral pressure layer with the measured ones (Hayati, Akander and
Mattsson, 2016). Two sets of blower door tests were used (where the vents
of the crawlspace were sealed and opened, resp.) in order to tune the model.
In order to improve correspondence between simulated and measured results, hydraulic diameters and lengths of the leakages were varied in multiple
runs. These variations (“calibrating” input data to improve accuracy) were
not performed in a systematic way; they were made on basis of trial and error
with guidance of flow characteristics as described above. Table 5 shows final
input data. After implementing the calibrations above, the developed model
was used for prediction of air infiltration.
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Table 5: Leakage characteristics used in the developed numerical air infiltration model
(Hayati, Akander and Mattsson, 2016).
Envelope
component

Description

Amount

Height
(m)

Length
(m)

Thickness/
depth (m)

Width/
radius
(m)

Low
position
(m)

Southern wall

Gap around
door

2

2.9

1.70

0.10

0.006

0.0

Circular
opening

1

0.10

0.005

1.5

Gap around
door

1

2.9

1.7

0.10

0.006

0.0

Gap around
window

12

4.7

1.0

0.10

0.001

2.0

Circular
opening

1

0.10

0.005

1.5

Gap around
window

12

4.7

1.0

0.10

0.001

2.0

Gap around
door

1

2.9

1.7

0.10

0.006

0.0

Gap around
window

12

4.7

1.0

0.10

0.001

2.0

Circular
opening

1

0.10

0.005

1.5

Horizontal
gaps

2

0.15

0.003

11.0

Ceiling

Circular
opening

15

0.15

0.0075

11.0

Floor

Horizontal
gaps

1

0.045

0.002

0.0

Western wall

Northern wall

Eastern wall

65.0

220.0

3.4.3. Modeling of airing through porches

Four models of single-sided ventilation were evaluated against measurement
data, i.e. the models developed by British standard (BSI, 1991), De Gids and
Phaff (1982), Larsen and Heiselberg (2008) and Caciolo (2010), as listed in
Table 2. Besides, examples of practical airing diagrams are presented in this
study, considering buoyancy driven airing. The aim is to facilitate for e.g.
building caretakers to estimate how much time that is needed to refresh a
certain percentage of the building volume. The practical diagram is based
on the size characteristics of the building, summarized in a geometry factor,
(m1/2); where Vol (m3) is the church volume, b (m) is the door
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width and H (m) is the opening (door) height. Here, T is assumed as 288 K.
Having calculated the geometry factor, f, Equation 26 can be transformed
into the following equation 31 for assessing the air change rate that results
from airing, indicated by ACHAiring:
(31)
where Ce is the above mentioned empirical coefficient based on the discharge
coefficient, here taken as 0.15; this is indeed the average value obtained also
when fitting measurement data of the present study into Equation 26. The
practical diagram shows the amount of exchanged room air, E, in percentage
of the whole volume, see Equation 32. Assuming fully mixed room air yields:
(32)
where t (h) is the duration of airing.
3.5. IDA-ICE simulation of the airing flow rate
A model of Hamrånge church was built in IDA-ICE simulation program version 4.6.2. The IDA-ICE model for airflow through large opening was examined by comparing with tracer gas measurement of two different airing occasions, when the porch was located in the windward and leeward side. The
model was consist of six different zones, including main hall, crawl space,
main entrance and the tower, sacristy, attic room and the storage room, see
Figure 18. The allocated leakage area, presented in Table 5 is also considered
and put into the simulation model (Hayati, Mattsson and Sandberg, 2016).
The weather data were gained from a portable weather station, placed
within one km of the church, with the weather sensor (WXT520, Vaisala
Oyj, Finland) at the approximate height of the church roof. Weather data
used in this study were outdoor air temperature, relative humidity, wind
speed and direction, recorded at 5 min intervals. The data for solar radiation
and relative humidity as well as the data for the rest of the year was gained
from Swedish Meteorological and Hydrological Institute (SMHI) available
at (Lundström, 2016).
The 0.85 m thick external walls consist of stone with an assumed U-value
of 0.4 W/(Km2) and the rest of the walls were taken as default walls for roof,
floor and inner walls in IDA ICE. Each window is 2.6 m times 4.7 m large
and has three panes with assumed U-value of 1.9 W/(Km2), solar heat gain
value of 0.68 and solar transmittance value of 0.6. The side porches used for
airing are 1.9 m long and 2.9 m wide. The building is quite wind exposed.
The default values of pressure coefficient (varying with wind direction) for
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wind exposed building in the program were used in this study, gained from
handbook data set of the Air Infiltration and Ventilation Centre, see e.g.
(AIVC, 1984; Orme, Liddament and Wilson, 1998).

Figure 18: Hamrånge church model in IDA-ICE (Hayati, Mattsson and Sandberg, 2016).

The occupancy schedule for the main hall was set as 20 people present on
Sundays from 10:00 to 12:00 and 2 people present during the rest of the
days from 8:00 to 16:00 with half an hour lunch break. The activity level
was assumed as 1 MET and clothing was assumed as 0.85±0.25 Clo for all
occupants. No occupancy was assumed for the rest of the zones. The only
heating units were in the main hall consisting of 20 electrical bench heaters
with 120 kW total power. The heaters were controlled by thermostats working between 15 and 16 °C. Total lighting of 2 kW and equipment of 1 kW
power was set for the main hall with the same schedule as for the occupants.
For sacristy and storage room 0.5 kW electric heaters as well as 0.2 kW
lighting was assumed (Hayati, Mattsson and Sandberg, 2016).
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4. Results and discussion
Results are divided into two major parts, i.e. for air infiltration and airing. In
each part, the results from field measurement are brought forth following by
model prediction. In the part for airing, results from IDA-ICE simulations
and wind tunnel studies are also presented.
4.1. Air infiltration
4.1.1. Typical air tightness of church envelopes

Air tightness, measured by pressurization (Blower door) tests in different
church buildings are presented, in Table 6. In the table, the building envelope air tightness is presented both as air change rate per hour (ACH50) and
as air tightness value l50 (L/s·m2); the latter is defined as how many liters of
air infiltrate the building envelope per second and per square meter of the
enclosing building envelope area at a pressure difference of 50 Pa (Bankvall,
2013). With enclosing building area, in the denominator of l50, means the
enclosing parts/walls, which confines the heated interior against the outdoor climate, i.e. roof ceiling, floor and the surrounding walls of a building
envelope.
Table 6: Typical values of air tightness for the studied church buildings.

Location

q50
(L/s)

Enclosing
area (m2)

Volume
(m3)

Flow
coefficient, C
(m3/(sPan))

Flow
exponent,
n

l50
(L/s·m2)

ACH50

Hamrånge

6770

2745

7620

0.550

0.64

2.47

3.20

Hamrånge
(closed crawl
space openings)

4220

2745

7620

0.284

0.69

1.54

1.99

Söderfors

1119

1900

4564

0.088

0.65

0.59

0.88

Valbo

959

1527

2631

0.087

0.61

0.63

1.31

Bomhus

4240

1000

2000

0.238

0.74

4.24

7.63

44

According to Table 6, high discrepancy regarding air tightness can be observed in the churches; varying from 0.59 (L/s·m2) (equivalent to 0.88 ACH)
to 4.24 (L/s·m2) (equivalent to 7.63 ACH) at 50 Pa pressure difference
between inside and outside. The leakiest church, Bomhus, is of wooden construction; i.e. more leakages could be expected. From Table 6, an average air
tightness of 1.89 (L/s·m2) is gained regarding the studied church envelopes,
which can be compared with 0.3 (L/s·m2 with 50 Pa indoor-outdoor pressure difference) for the passive house (Passivhuscentrum, 2012). The flow
exponents gained from the blower door test, are very similar for different
churches, varying from 0.61 to 0.74 (0.67 on average). This is in agreement
with previous studies that point to an average flow exponent of 0.65 for the
residential buildings (Orme et al., 1994). The attained value of 1.89 (L/s·m2)
can also be compared with the airtightness demand of 0.6 (L/s·m2 with 50 Pa
indoor-outdoor pressure difference) for detached houses and non-residential
premises (with heated (more than 10ºC) floor area of < 50 m2) according
to the Swedish building regulations (Boverket, 2016). For other types of
buildings and buildings with larger heated floor area there is not any specific
air tightness demand but the building should be tight enough to fulfil the
requirements for building specific energy use and installed electric input for
heating (Boverket, 2016). However, the Swedish Building Regulation also
states that air tightness should not affect the moisture level, thermal comfort,
ventilation and the heat loss of a building. There are extra air tightness rules
to prevent the spread of fire (Boverket, 2016).
The NPL height depends on the leakage distribution over the building
envelope. With the help of pressure measurements, in relatively wind still
conditions the NPL level is measured as approximately 25%, 50% and 75%
of the ceiling height, above the floor, for Hamrånge, Söderfors and Valbo
churches, representing three different churches with low, intermediate and
high NPL position. This gives a hint on the leakage distribution, which can
be complemented by field investigations such as IR-thermography. For
instance, the lower NPL position in Hamrånge church implies that there are
larger leakage areas in the lower parts of the building; for example, obvious
leakage were observed in the wooden floor of Hamrånge church.
4.1.2. Examples of measured air change rates and weather data

An overview of the pairwise temperature and wind data with the related air
infiltration rate is shown in contour diagram of Figure 19, for Valbo church.
In general, a positive correlation between the wind speed, temperature
difference and the air infiltration rates, measured by tracer gas can be
observed, however with some variations, perhaps due to uncertainties like
different wind directions.
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Figure 19: Pairwise wind and temperature data (dots) attained at Valbo church and
contours for measured ACH. Color scale indicates the ACH (1/h).
(Hayati, Mattsson and Sandberg, 2014).

4.1.3. Validation of the air infiltration models

The LBL and AIM-2 model and their other variants, considering NPL
(LBLNPL) and crawlspace (AIM-2Crawl), are validated and presented in this
part. As the model predictions are dependent on the leakage distribution,
two different scenarios are assumed, a uniform distribution and one with a
better, “guesstimated” leakage distribution (see Table 4). Table 7 indicates
the model prediction error, comparing with the tracer gas measurements for
Hamrånge, Söderfors and Valbo churches.
Table 7: Median ACH prediction error (%) of the four tested models, assuming the
uniform and guesstimated leakage distribution assumptions (Hayati, Mattsson and
Sandberg, 2014).
Hamrånge
Infiltration
model

Söderfors

Valbo

Uniform

Guesstimated

Uniform

Guesstimated

Uniform

Guesstimated

LBL

+38

+33

+43

+37

+60

+50

AIM-2

+28

+36

+39

+31

+46

+22

AIM-2Crawl

+22

+22

-

-

-

-

LBLNPL

+17

+14

+13

+10

+15

+19
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According to Table 7, air infiltration is overpredicted by all models. However, inclusion of the crawl space in the AIM-2 model for Hamrånge church
slightly improves the prediction. The LBLNPL model generated slightly
better predictions together with the AIM-2 model; however, because NPL
measurements are rather cumbersome, the AIM-2 model is preferred. Bearing in mind that to get better results, measurement of the NPL position is
recommended.
The reason for the observed overprediction in the models can be because
of the fact that the models are not developed for such large single-zone building like churches but instead they are based on data from normal residential
buildings with ceiling height of up to 3 m (Walker and Wilson, 1990).
An example of the time-history diagram of the measured weather parameters and the measured air infiltration rates, with tracer gas decay method,
is shown in Figure 20 for Valbo church. The weather parameters include a
3.5 day span including wind speed and the temperature difference between
the interior and the outside, which are the driving forces for the air infiltration. The resulting air infiltration rates are the one-hour moving average of
the air change rates together with other curves demonstrating ± one standard uncertainty. Moreover, the prediction results of the LBL, LBLNPL (the
LBL model assuming the NPL level) and AIM-2 model are also depicted
in Figure 20, assuming guesstimated leakage distribution. Apparently, the
models show consistent overpredictions comparing with the tracer gas measurements.
The standard uncertainty for the air infiltration rates, measured by tracer
gas, was in average 3% for Valbo and Söderfors churches and 9% for Hamrånge case. The quite low uncertainty is corroborated by the strong positive
correlation with the driving forces, especially with the temperature difference.
The models do not consider wind direction, while, in practice, the pressure
difference induced by wind is dependent on the wind direction. Finding exact value of the leakage distribution is also an impossible mission. Another
uncertainty source is the temperature stratification in the churches, while
only a single room temperature can be fed to the models. A temperature
difference of up to 3 K, between the ceiling and floor was measured inside
the studied churches, with larger stratification close to the floor. However,
the temperature stratification inside the church is assessed to cause minor
error in air infiltration predictions, if the height averaged temperature is used
in the calculations, as was the case in this study.
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Figure 20: Time history of measured and modeled air change rate in Valbo church,
and the corresponding climate data (Hayati, Mattsson and Sandberg, 2014).

4.1.4. Prediction dependency on wind vs. buoyancy forces

The relation between the model predictions and the relative effect of the
driving forces, i.e. wind and buoyancy effect are examined here. The ratio
between the predicted and measured air infiltration rates are depicted versus
the Froude number and the difference between the wind and buoyancy
induced infiltration terms (QW - QS), in Figures 21-22 respectively. The AIM-2
model predictions with guesstimated leakage distribution are presented in
the figures. The difference between wind and buoyancy (stack) induced air
infiltration rate in the abscissa of Figure 22, i.e. (QW - QS), is gained from the
related terms predicted by the AIM-2 model (using guesstimated air leakage
distribution), see (Hayati, Mattsson and Sandberg, 2014). Noticing Figure
22, the negative (QW - QS) values indicate a dominate buoyancy induced
infiltration term. In order to fit high values of Hamrånge church in the same
diagram, its (QW - QS) values have been multiplied by a factor of 0.5 in Figure 22, and the Fr numbers in Figure 21 have been multiplied by a factor of
0.125. The trend lines in both figures shows that the air infiltration prediction
for the Söderförs church is more affected by the difference in the wind and
buoyancy induced air infiltration, especially larger overpredictions can occur
with higher wind speeds. A tendency to similar trend can be observed for the
Hamrånge church, but on the whole the prediction dependency on the wind/
buoyancy ratio seems rather small.
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Figure 21: Modelled ACH predictions vs. Froude number
(Hayati, Mattsson and Sandberg, 2014).

Figure 22: Modelled ACH predictions vs. difference in wind and stack induced
air infiltration (Hayati, Mattsson and Sandberg, 2014).
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4.1.5. Model adjustment for better predictions

Based on the measurements and analyses of the present work, the AIM-2
model is tuned for better prediction for large single-zones like churches. The
interaction term β used in the AIM-2 model, i.e. Equation 21, is fixed at -0.33
and the flow exponent, n, in the same Equation is fixed at 0.64, 0.65 and 0.61
for Hamrånge, Söderfors and Valbo church gained from individual “Blower
door” tests, see Table 6. The correction factor m in Equation 30 is tested for
model tuning. The optimum m are 0.84 (Hamrånge), 0.75 (Söderfors) and
0.86 (Valbo) respectively, for an average of 0.82. AIM-2 model predictions
with the correction m-factor of 0.8 and the guesstimated leakage distributions are shown in Figure 23. The air infiltration rate for Hamrånge church,
shown in Figure 23, are predicted by the AIM-2Crawl model, i.e. the AIM-2
model considering a crawl space.

Figure 23: AIM-2 model predictions with correction factor m = 0.8
(Hayati, Mattsson and Sandberg, 2014).

According to Figure 23 the model predictions are improved by introducing
the correction m factor of 0.8. The median prediction error is 0% in average,
having -2% (Hamrånge), +4% (Söderfors) and -3% (Valbo). However, the
trend lines are not perfectly overlapped with the perfect prediction line; and
the median of the absolute prediction errors is 11% in average, having 10%
(Hamrånge), 5% (Söderfors) and 17% (Valbo), which indicates the approximate error of a single predicted value. According to Table 7 the averaged
absolute prediction error is 25% before adjusting with the m-factor. Thus,
the AIM-2 model overprediction is significantly reduced by introducing the
correction factor of m=0.8, however there is still potential for the improvement of the prediction patterns.
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4.1.6. The developed air infiltration model

As explained in section 3.4.2, a numerical model is developed by allocating
leakage in various parts of the building envelope. The leakage allocation,
presented in Table 5, is based on visual inspection and IR-thermography
observations. The air change rates predicted by the developed air infiltration
model are presented in this part. In order to calibrate the model, the blower
door air change rates are also predicted by the model for Hamrånge church.
The results are depicted in Figure 24.

Figure 24: Blower door and prediction results for two cases: the vents of the crawlspace
are opened and closed, resp. Power law relationship between pressure difference and
airflow rate are presented for each case (Hayati, Akander and Mattsson, 2016).

According to Figure 24, higher flow exponents (steeper slopes) are predicted
by the model in comparison with the pressurization (Blower door) test. One
reason for this can be that the shape of the modelled leakages and gaps are
assumed straight and smooth, while this is not the case in reality. In field,
flow is more turbulent and the related flow coefficient is likely to be closer to
0.5. Another reason can be the discrepancy between the total modelled leakage area, 1.15 m² (of which 38%, 34% and 28% are distributed on floor, ceiling and surrounding walls, respectively,) and the effective leakage area with
4 Pa, 0.32 m². This is due to Poiseuille’s equation, Equation 14, used in the
model, which consists of non-linear entry and exit pressure loss terms, and
a linear pressure loss inside the leakage. The effective leakage area, gained
from Blower door test, does not include a linear pressure loss term and
therefore is smaller than the one calculated with Poiseuille’s equation, see
(Hayati, Akander and Mattsson, 2016). A part of the calibration is to com-
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pare the NPL level from the program with measured NPL during a nonwindy day. If the program’s NPL is lower than the measured, the leakage
below NPL is too large and must be redistributed above NPL whilst fulfilling Blower door results. The redistribution can be made on basis of crack
lengths (which are difficult to assess); however not by relocation (since the
location has been observed during audits and Bloower door tests).
After model calibration, the developed model is used for prediction of air
infiltration. The measured air infiltration rates during three different periods,
including 90 hours in total, are compared with the model prediction, see
Figure 25. The predicted air infiltration rates are almost evenly distributed
around the perfect prediction line with a coefficient of determination (R²value) of 0.61. The model performance is in agreement and even somewhat
better, comparing with the AIM-2 and LBL model predictions, because they
normally overpredicted the airflow rates, see Table 7. However, with calibration (m=0.8), AIM-2 predicts slightly better (R2=0.73) according to Figure
23. An advantage of the model developed here is that it is based on assumptions that are physically correct and the model is still being developed and
evaluated with larger weather data variations.

Figure 25: Predicted (simulated) and measured infiltration rates during 5-7 May,
21-22 June and 14-15 October. Data from 5-7 Maj adapted from
(Hayati, Akander and Mattsson, 2016).
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4.1.7. Energy loss due to air infiltration

Air infiltration in churches depends on the type of the construction; for
instance, a church with wooden façades can be significantly leakier than a
church with stone walls, as was shown in Table 6. Typically, according to
previous tracer gas measurements, a church has an air infiltration rate of
0.1 ACH (1/h), considering a temperature difference of 15 °C and wind still
conditions (Sandberg et al., 2014). However, air infiltration rate varies
depending on the temperature difference and also wind speed.
The quite low air infiltration has its benefits regarding the energy usage,
because less air volume should be heated. The tuned AIM-2 model is used
for a church (with stone structure) with 2600 m3 volume, to predict the air
infiltration assuming two different inside temperature of constant 20 °C during the weekdays or with intermittent heating of 10 °C during the weekdays
and 20 °C during the weekends when the church is in use. In addition, it is
supposed that the church is located in different positions in Sweden thus has
different outside weather conditions. For the energy calculation, weather data
gained from Swedish Meteorological and Hydrological Institute (SMHI) is
used from 2004 to 2014 for Nattavaara (north), Örebro (mid) and Hörby
(south).
Predicted air infiltration and the related heating demand are depicted in
the upper and the lower diagrams of Figures 26-27 for a stonewall church
with 2600 m3 volume, placed in Hörby, Örebro and Nattavara the inside
temperature is considered as 20 °C. In the first case with the constant inside
temperature during the whole year, Figure 26, on average 20600 kWh is
gained for the annual energy usage. Tightening of the leakages might halve
the energy usage and lead to an annual energy saving of around 10000 kWh
for a typical Swedish church. Assuming the total 3500 churches in Sweden
this might lead to around 35 GWh in total energy saving. However, intermittent heating is common in churches, with inside temperature kept at e.g. 10
°C during the weekdays, when the church is not in use, i.e. Figure 27. Thus,
the annual energy usage and the related energy saving potential is decreased
by 40-50%, so that a total energy usage of 10 GWh is assumed reasonable
by tightening Swedish churches (Sandberg et al., 2014). However, higher
energy saving potential can be expected in windy conditions as wind can
induce even more air infiltration and result in more energy losses, which is
neglected in the presented numbers.
According to Figures 26-27, stronger variation is observed in energy
rate than in the air infiltration because the outside temperature affects the
temperature difference, which is directly proportional with the energy
usage, while the air infiltration is roughly proportional to the square root of
the temperature difference.
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Figure 26: Predicted air infiltration (the upper diagram) and the related heating demand
(the lower diagram) for a stonewall church with 2600 m3 volume, placed in Hörby, Örebro
and Nattavara. The inside temperature is considered as 20 °C (Sandberg et al., 2014).
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Figure 27: Predicted air infiltration (the upper diagram) and the related heating demand
(the lower diagram) for a stonewall church with 2600 m3 volume, placed in Hörby, Örebro
and Nattavara. The inside temperature is considered as 10 and 20 °C during the weekdays
and weekends respectively (Sandberg et al., 2014).
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4.1.8. Examples of leakage detection methods

Besides quantifying the air infiltration, different methods can be used in
order to detect the leakage positions. IR-Thermography is a common method
of detecting the leakage, thermal bridges, and even moisture damage in
building context. One way to distinguish the problems is to get pictures both
before and after a pressurization test, trying to see traces of the incoming
colder flow rates, which point to a leakage problem. Examples of such
pictures are provided in Figure 28; the leakages can be clearly identified in
the pictures (on the right hand side) during the pressurization test, i.e. the
incoming colder flows are visible by the darker tails around the window
frame.
IR-Thermography, as a non-destructive method, can give a hint on the
location of each leakage and perhaps some idea of its size, which can be
helpful for allotting leakage distribution in the prediction models. This also
points to the ratio between the buoyancy and wind effects on the total air
infiltration. For instance, detecting more leakage on windows, porches and
the surrounding facades suggests that the wind induced flows are dominating.
On the other hand, if more leakage is detected on the floor or ceiling, then
buoyancy induced flow might be more dominating. However, exact size
characteristics of the leakage still cannot be measured. To get a clearer IRPicture, it is important also that the outdoor be cold enough, maintaining
enough in- and outdoor temperature difference to be detected by IR-camera.

Figure 28: IR-Thermography pictures showing the leakage around the windows in
Hamrånge church before and during depressurization test (the left and right pictures,
respectively). Photo: S. Lindström & M. Mattsson.
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One can also emit particles with help of e.g. a lit candle and look after leakage
positions with the help of a portable particle counter device. For example,
lighting ten candles over a ten minutes period is typically enough for producing small-scale particles (<0,1 µm) (Sandberg et al., 2014) in concentrations
well above the outdoor level. Sufficient air mixing can be achieved either by
the help of mixing fans or by the operating heating system inside the church.
Then the places where it is suspected that air is leaking in can be investigated
by checking if the particle concentration is lower around those positions, see
Figure 29.

Figure 29: Looking after leakages with particle counter,
Photo: M. Mattsson
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4.2. Airing
The results of open-door airing are divided into measurements and modelling. The IDA-ICE simulation results are brought next, and at last the results
of wind tunnel model studies are presented.
4.2.1. Tracer gas measurements

The tracer gas results and the related weather data for all studied churches
are summarized in Table 8.
Table 8: Open-door airing results from tracer gas measurements and the related conditions
during the airing experiments (Hayati, Mattsson and Sandberg, 2017)
Duration
of Airing
(min)

ΔT
(°C)

Wind
Speed
(m/s)

Wind
Incidence
Angle (°)

Pressure
Coefficient,
Cp

Air
Infiltration,
ACH

Airing
Rate, ACH

Hamrånge

30

3.1

2.4

29

0.33

0.06

0.49

Hamrånge

25

2.6

2.7

188

-0.23

0.06

0.22

Ludgo

57

10.0

0.0

-

-

0.08

0.99

Söderfors

60

14.8

2.0

0

0.56

0.07

0.81

Valbo

60

11.5

3.9

34

0.27

0.06

0.52

Visby

30

9.2

7.0

210

-0.36

0.05

0.62

Location

The positive values of the temperature difference, ∆T in Table 8, indicate
warmer air indoors than outdoors in all the studied churches. The studied
cases include a wide variety of windward and leeward airing cases with different duration and weather parameters such as temperature difference and
wind speed. The results presented in Table 8 show that opening of a porch
in a large single zone like a church typically lead to an air change rate of
0.2-1 ACH, depending on the conditions; an average of 0.6 ACH is attained
here. Comparing the two airing cases at Hamrånge church shows that with
almost the same temperature difference and wind speed, having the porch
positioned windward can lead to double flow rate in comparison with the
leeward positioned porch. Table 8 indicates that single-sided open door airing through a porch results, on average, in a 9-fold increase in the air change
rate (range: 4-12), compared to the air infiltration rate when the porches were
closed. Thus, open-door airing seems to be an effective method to refresh the
interior and remove particles and other contaminants produced e.g. by many
people and lit candles during church services. Furthermore, inserting the
averaged 0.6 ACH into Equation 32 shows that almost 50% of the indoor air
is exchanged after one hour airing through an external porch.
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An example of open-door airing measured by the tracer gas decay method
for the Valbo church is depicted in Figure 30.

Figure 30: Tracer gas decay in Valbo church (Hayati, Mattsson and Sandberg, 2017).

The overlapping of the tracer gas concentration at different positions indicates it is well mixed before opening the porch, see Figure 30. Then, during
the airing period, there are larger variations in the gas concentration, with a
substantial drop at lower levels. Moreover, the quick drop in tracer gas concentration at lower levels shows that the fresh outside air reaches these lower
levels first, which is as could be expected since the incoming air is colder
and therefore heavier than the inside air and thus presumably flows over the
floor as a gravity current. After closing the porch, the concentration curves
converge again, and a homogeneous concentration appears to be attained
after around 20 min. This rather fast mixing is likely to occur due to convective air currents at the heating units inside the church (or due to the mixing
fans, in case of Hamrånge church). The room-average gas concentration at
the moment of the door closing was assessed by extrapolating backwards the
decay curve after the 20 min point where the concentrations were homogeneous again.
Moreover, the height averaged tracer gas concentration (using “Middle”
data) which is shown by a green line in Figure 30 is close to the exponential
decay curve, i.e. the red line (calculated by fitting an exponential curve to
the average concentrations before and after opening the porch). Thus, the
exponential decay assumption seems reasonable for measuring the airing
flow rates by using the tracer decay method. The overall uncertainty in the
airing measurements, using tracer gas concentrations before and after airing,
is estimated at ±10-15% (95% C.I.).
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4.2.2. Air velocity measurements in porch opening

Air velocity measurements in the porch of Hamrånge church, during the
same time of the tracer gas measurements (presented in Table 8), are
presented here. The installation of thermal anemometers is shown in Figure
31 and the red dashed line in Figure 31 indicates the position of the Neutral
Pressure Layer (NPL), where there is a change in flow direction. The airflow
pattern and direction is visualized using smoke as it is depicted in Figure 31.
According to the picture, there is inflow at the lower part and outflow at the
upper, indicating bidirectional airflow through the porch.

Figure 31: Smoke visualization of open-door airing, with the indoor-outdoor temperature
difference of around 5 °C and wind speed of 1 m/s (blowing from the leeward side).
Red dashed line indicates approximate height of the Neutral Pressure Layer, NPL
(Hayati, Mattsson and Sandberg, 2017).

The recorded air velocity profiles are depicted in Figure 32 for both windward and leeward case. As the sensors were omnidirectional, flow direction
(inflow or outflow) was evaluated from the smoke visualizations together
with temperature measurements of the anemometers. The average temperature between the highest and lowest point is used as threshold; comparing
with the threshold temperature, flow rates with lower temperature are considered as inflow, having a temperature closer to the outdoor air. Vice versa,
the airflows with higher temperatures are considered as outflowing air,
having a temperature closer to the indoor air. The bidirectional flow depicted
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in Figures 31-32 does show that flow through the porch is significantly
governed by buoyancy. The horizontal fluctuation bars in the middle of
Figure 32 indicate high turbulence engaged with the in- and outflow interface, which can be caused by the shear stresses in that region.

Figure 32: Air velocity profiles (average ±one standard deviation) in the porch of Hamrånge
church; windward and leeward case, resp (Hayati, Mattsson and Sandberg, 2017).

The air velocity measurements are used to calculate the airing flow rates,
by summing up all air velocities times their related subarea of the porch
opening. The resulting porch-airing flow rates are presented in Table 9:
Table 9: Airing rates at the two single-side test cases in Hamrånge church, assessed
from air velocity measurements (Hayati, Mattsson and Sandberg, 2017).
Duration of airing (min)

In-flow (m3/s)

Out-flow (m3/s)

Airing rate, ACH

Hamrånge Case 1
(windward)

30

1.368

0.517

0.65

Hamrånge Case 2
(leeward)

25

0.477

0.639

0.30

The difference in the in- and outflow rates are due to air in- and exfiltration
through the adventitious leakages in the rest of the building envelope; with
the open porch on the windward side, more exfiltration than infiltration can
be expected, and vice versa with the porch on the leeward side. Therefore,
the resulting air change rates are calculated based on the highest values
between in- and outflows. Comparing airing flow rates in Table 9 with the
tracer gas ones in Table 8, both indicate that airing in the windward case
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is almost double the leeward one. In addition, the airing flow rates gained
by tracer gas method are 33% and 36% lower comparing with wind- and
leeward cases of Figure 32. One reason for the overprediction of the airing
flow rate assessed from the air velocity measurements in the porch, i.e. the
Σ(velocity x sub-area) method, is the shortcutting of the incoming air with
the entrance; i.e. a part of the incoming air might be withdrawn from the interior by the outgoing flow at the porch area due to a non-perfect air mixing
inside the church or due to turbulence at the porch. Another reason is that
a perfect result with the direct air velocity measurement method using the
omnidirectional anemometers would require the flow to be perpendicular
to the anemometers, which might not be always the case. Shortcutting of
the airflow in the opening area is reported by previous studies; for instance
(Cockroft and Robertson, 1976) also reported that only 37% of the incoming
flow through the opening contributed to effective air change rate.
4.2.3. Air temperature variations during airing

Air temperatures during an airing occasion, measured at different heights
from 0.1 m to 8.0 m over the floor, are depicted in Figure 33, for a windward
case in Hamrånge church (Hamrånge Case 1 in Table 9).

Figure 33: Time history of measured air temperatures at different heights in
Hamrånge church, during 30 min single-sided airing test, windward case.
Outdoor temperature = 12.2 °C (Hayati, Mattsson and Sandberg, 2017).

A clear temperature stratification can be seen during the airing period in
Figure 33, with colder air in the lower levels and warmer air close to ceiling.
However, the temperature stratification is more or less eliminated just before
and after the airing period, owing to the mixing fans. As soon as the mixing fans are turned off, the stratification tends however to be reestablished
fairly quickly. The outside temperature was 12.2 °C pointing to the limited
in-outside temperature difference, however it is clear from Figure 33 that the
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temperatures below the porch height of 2.9 m are the most affected ones by
the incoming colder airing flows.
4.2.4. Results from modeling

Models for airing through large openings are evaluated by comparing
with the tracer gas measurements. The studied models are mentioned in
Introduction, see Table 2, and include the British standard model BS 5925
(BSI, 1991) (model 1), the model developed by De Gids and Phaff (1982)
(model 2), the model presented by Larsen and Heiselberg (2008) (model 3)
and the model by Caciolo (2010) (model 4). Figure 34 shows predicted vs.
measured airing data, including a line indicating perfect agreement between
the measured and predicted airing flow rates, plus two dashed lines showing
a range of ±25%.

Figure 34: Predicted vs. measured open-door ACH for all the case studies
(Hayati, Mattsson and Sandberg, 2017).

Figure 34 shows that there is a positive correlation between predictions and
measurements, with three cases of under-prediction by all models and three
cases of over-prediction. Modelled airing rates deviate from measurements
by a factor of between 0-2.6. The predicted flows are in the same range
for all models, with exception of the model 4 results for Ludgo and Visby
churches. Therefore, the results from model 4 may have lower reliability.
Highest predicted values are observed for the British standard model (BS
5925) while the lowest predicted airing are observed for the model developed by Larsen & Heiselberg. The largest modelling deviation is observed
for the airing in Ludgo church, where there was not any wind effect and
the airing was purely buoyancy driven. There is no apparent tendency for
the prediction deviations to be due to wind direction, i.e. windward/leeward
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positioned porches. Airing flows predicted by the models developed by De
Gids & Phaff and Larsen & Heiselberg, are within the ±25% region in half of
the cases and display the smallest prediction deviations. The slightly better
predictions of these models can be due to including terms for wind turbulence, which are based on wind tunnel studies and site measurements. The
current study indicates viability of the models for rough estimation of open
door airing, although they are not specifically developed for airflow through
doors but through windows or openings in general. However, the residuals in
Figure 34 indicate a potential for model improvement.
4.2.5. The practical airing diagram

Practical airing diagrams, as described in Method, are presented in Figures
35-37 showing the magnitude of the exchanged room air (in percentage of
the church volume), i.e. Equation 32. The diagrams are based on size characteristics of the church, indicated by the geometry factor
and are
depicted for different in- outdoor temperature differences, i.e. ∆T (considering warmer inside air). For instance, f equal to 500, see Figure 36, represents
a typical church with the volume of 5000 m3 and a door size of 5.8 m2.
If several openings are opened simultaneously, their size term, i.e. bH 3/2,
can be added in the denominator of the formula for f. The diagrams do however not include wind cross flow effects, and in those cases, larger flow rates
can be expected. The practical diagrams, Figures 35-37, also include a line
for typical air infiltration of 0.1 ACH in churches (Sandberg et al., 2014)
for the sake of comparison between the airflow through leakage and via the
porches.

Figure 35: Practical diagram of airing for a church with geometry factor f=200.
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Figure 36: Practical diagram of airing for a church with geometry factor f =500
(Hayati, Mattsson and Sandberg, 2017).

Figure 37: Practical diagram of airing for a church with geometry factor f =1000.

It is shown in Figures 35-37 that the percentage of exchanged air decreases
with increasing geometry factor. In other words, it takes more time for the
air in a larger church with smaller opening to be exchanged through airing,
as would be expected. For instance, approximately one hour airing is needed
in order to refresh more than 40% of the interior space of a church with f
equal to 500. As another example, in case of having a geometry factor equal
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to 200, practically all the air in the interior volume will be exchanged after
2-3 hours, depending on the temperature difference, while this would take
almost double the time for a church with a geometry factor of 500. Further,
according to Figures 35-37, open-door airing can provide larger airing flows
comparing with only air infiltration, also for a relatively large building with
small door. Thus, given a specific geometry factor for a specific church, one
can use Equations 31-32 to calculate the airing rate, or interpolate between
values attained from Figures 35-37.
As mentioned, wind effect is not considered in the practical airing diagrams, i.e. Figures 35-37. Therefore the airing rate in windy conditions are
underestimated calculating with the diagrams; consequently the calculated
airing period for exchanging a certain amount of interior air is the maximum
airing periods needed.
As the modern buildings are equipped with tight façades, occasional airing can be a complement to the mechanical ventilation system, especially for
removing the extra contaminants produced by people and lit candles like in
churches or during breaks at schools. Especially churches, but also most of
the existing dwellings, are however only naturally ventilated. Therefore, the
results of this study can be useful, for providing airing guidelines. Singlesided ventilation through doors or windows is mostly available and extra
ventilation can be provided in case it is needed and appropriate regarding
comfort aspects and outside air quality conditions. The heat loss during the
airing occasions of Table 8 is roughly calculated as 1-13 kWh (6 kWh on
average) for one hour airing; which can be considered as a relatively small
portion of the total energy use.
Assuming 600 people at the same time in a church, which is the maximum
capacity of Hamrånge church, and an initial indoor CO2 concentration of
400 ppm (=outdoor concentration), the guideline value 1000 ppm is reached
within 26 minutes, assuming 0.1 ACH ventilation due to air infiltration only;
this seems to be a typical value in historical Swedish churches (Sandberg et
al., 2014). In the assumption it is supposed that the only CO2 emission source
is by people and each person releases 18 L/h (Awbi, 2003). In such building,
where there is no mechanical ventilation or the possibilities of adding that is
limited, the only way to introduce fresh air is opening the porches or if possible the windows. In case if implementation of cross flow is possible, even
larger flow rates can be gained. Thus, airing is recommended after or sometimes during each aggregation in churches and similar buildings especially
if naturally ventilated via air infiltration. The risk of draught must however
be considered when airing during occupation. Further, in churches and other
spaces that have culturally and esthetically valuable artefacts, airing may
be especially motivated for removing particulate contaminants released by
visitors, candles, incense, etc, which otherwise will cause surface soiling.
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4.2.6. A discussion on pressure and flow distributions

As noted above, the air change rate inside a church can be significantly
increased by airing, in comparison with air infiltration. Because the area of
the door or windows in general is much larger than the total leakage area
of a building envelope. In case it is colder outside, the outside air flows in
through the lower parts of the porch and the indoor air flows through the
upper parts of the porch, as it is illustrated by smoke visualization in Figure
31. Therefore there is bidirectional flow and assuming a relatively tight
building, opening a porch (single-sided ventilation), the NPL will be positioned around half the porch height (Sandberg et al., 2014), see Figure 38.
However, a far as the opening area is far larger than the leakage area, the
flow exchange through the porch is the dominated flow and depending on the
leakage distribution over the rest of the building envelope, the NPL position
can be shifted somewhat up or down around the middle of the porch height.

Figure 38: Schematic view of the buoyancy induced in- and outdoor pressure difference
(the blue arrows) and the airflow (the red arrows) in a single-sided ventilation case, the
porch on the left side is opened (Sandberg et al., 2014).

In a cross flow case, when two opposing porches are opened simultaneously,
the airflow will be one directional through the porches, i.e. air enters through
the whole area of one porch and exits via the other porch, see Figure 39.
Obviously, there will be a minor air exchange also through the leakages,
but the absolutely dominating flow is the cross flow through the porches.
Cross flow rates are normally much larger than the single-sided ventilation,
because wind induced flow is more effective and can be peneteratd into the
building in a much easier way. Therefore, in order to provide a given amount
of extra ventilation, shorter airing periods are needed copared with singlesided ventilation (Sandberg et al., 2014).
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Figure 39: Schematic view of the buoyancy and wind induced in- and outdoor pressure
difference (the blue arrows) and the airflow (the red arrows) in a cross ventilation case.
Both porches on the right and left side are opened and wind is blowing from leftside
(Sandberg et al., 2014).

4.2.7. A discussion on dryness and condensation risks

In a church, humidity is emitted to the air from people and lit candles.
Consequently, the relative humidity can be increased with condensation
risks if the surface temperatures are low enough, i.e. lower than the related
dew point. The relative humidity can often be even higher in the attic space
because the humid warmer air will issue up into this space. During the winter
season, when the outside air is drier, it is advised to keep the airing relatively
short, otherwise the indoor relative humidity might be too dry, which can
cause deformation of valuable wooden constructions and different pieces of
art. On the other hand, during spring and early summer, the relative humidity is higher outside, and airing in these seasons can lead to condensation on
interior heavy surfaces like thick stone walls which still are bit cold. This is
an important issue in churches and similar cultural heritage buildings, where
condensation might destroy wall paintings, furniture or other artefacts. In
order to assess the condensation risks, the maximum dew point for five
different regions in Sweden is calculated throughout the year. The dew point
data are mean values of the monthly registered maximum temperature over a
ten-year period, between 2004 and 2014, gained from Swedish Meteorological and Hydrological Institute (SMHI). The regions include Nattavaara in
the North, Göteborg in the Southwest, Hörby in the South, Gävle in the East
and Örebro in the mid region of Sweden. The dew points are presented in
Table 10. Thus, condensation might occur if the surface temperatures
are lower than the dew point temperature during an airing occasion in a
particular position and month, given in Table 10. Airing in such circumstances should be avoided. The porches in churches are often opened before
the services in order to welcome people. Therefore, in case of condensation
risk, the church should be warmed up in an appropriate time before each

68

occasion, so that the surface temperatures does not fall below the dew point
temperatures. The data given in Table 10 can be useful for such estimations
in these situations (Sandberg et al., 2014).
Table 10: The maximum dew point temperature (°C) of the outdoor air at different cities in
Sweden; mean of ten-year period (Sandberg et al., 2014).
Gävle

Hörby

Göteborg

Nattavaara

Örebro

Jan

3.2

5.5

8.2

-0.7

4.3

Feb

2.3

5.5

9.4

-0.4

3.4

Mar

3.2

7.9

15.8

0.4

5.2

Apr

8.5

10.1

21.7

2.9

9.4

May

12.9

15.4

23.0

9.7

13.6

Jun

16.2

17.2

24.9

14.1

15.2

Jul

18.6

19.6

25.5

16.7

17.4

Aug

18.8

19.3

24.0

16.0

17.6

Sep

13.9

14.8

19.5

11.0

12.7

Oct

10.3

12.3

14.7

6.6

10.2

Nov

7.0

9.2

10.7

2.1

7.1

Dec

3.9

6.7

8.3

0.5

5.1

During services in Swedish churches, the indoor temperature is usually close
to ordinary indoor conditions, or a few degrees lower, typically around 18-20
ºC. Especially in intermittently heated stone churches, surface temperatures
are often a bit lower than this. Still, when comparing with the dew points in
Table 10, the overall condensation risk appears small. An exception is the
Göteborg region, next to the sea, where the outside humidity often is high;
there it seems sensible to be particularly attentive to condensation risks.
4.2.8. The IDA-ICE computed results

The wind- and leeward airing cases for Hamrånge church, as shown in Table
8, were simulated with the IDA-ICE software for the same airing periods.
The measured weather parameters as well as the simulated indoor air temperature and the airing flows are depicted in Figure 40.
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Figure 40: Weather and airing data for the windward airing case of the Harmånge church
(Hayati, Mattsson and Sandberg, 2016).

“Outflow” and “Inflow” in Figure 40 are the total airflow, flowing out from
or into the main hall of the church. The average Perpendicular component
of the wind, perpendicular to the façade, is shown in Figure 40. Besides,
the minimum and maximum wind variations are also shown in the figure
pointing to the wind dynamics. “Delta Tin-out” and “Delta T Simulated”
are the measured and simulated temperature differences between inside and
outside respectively. The model verification is proved by having good agreement between the simulated indoor air temperature and the measured ones,
particularly during the airing period. The simulated airing flow rates are
rather constant or have minor increase because the driving forces are almost
constant; i.e. there is slightly increase in the wind speed while the temperature is constant during the airing period.
The simulated airing flow rates are depicted in Figures 41-42. Both in- and
outflows through the porch and through the envelope leakages, i.e. airing
and air in- and exfiltration are depicted. Besides the wind- and leeward cases
of Hamrånge church, other cases are simulated with No wind, Fixed wind
(2.4 m/s wind speed and 29° wind incidence angle) during the whole simulation period. All the simulated cases share the same outside temperature.
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Figure 41: Air inflow to the main hall (Hayati, Mattsson and Sandberg, 2016).

Figure 42: Air outflow from the main hall (Hayati, Mattsson and Sandberg, 2016).
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The green bars in Figures 41-42 depict the measured airing flow rates when
the porch was located in the wind- and leeward side. These values are the
purging or effective air change rates gained by tracer gas and include airflows both through the side porch as well as through the adventitious leakages in the building envelope. The simulated total air in- and outflow for
the Windward, Leeward, with No wind at all and with Fixed wind are not
varying significantly. The reason can be that the driving forces for airing,
i.e. wind speed and the temperature difference do not differ dramatically
between the cases. However, the percentage of air infiltration show a discrepancy between different cases; for instance for the windward cases,
air infiltration is lowest and flow through the porch is mostly dominated.
Because, there is a positive pressure inside the church, in the windward case,
caused by the incoming airflow that increases the air exfiltration through the
leakages. In the leeward side, airflow is pulled out from the interior, which
makes a negative pressure inside and cause infiltration through the leakages.
IDA-ICE program has been validated generally in different studies, which
have tested the program’s reliability and functionality (Achermann, 2000;
Kropf and Zweifel, 2001; Kalamees, 2004; Sahlin et al., 2004; Moosberger,
2007; Hilliaho, Lahdensivu and Vinha, 2015). The functionality of the program is also considered reasonable here since, according to Figure 41, the
simulated airing flows are of similar magnitude as the measurement data.
However, the measured windward airing flow is almost double the leeward
flow and this is not well predicted by the simulation. The reason can be
the turbulence ignorance in the models used in IDA-ICE, and, as will be
shown in Ch. 4.2.11, turbulence appears to be important at open door airing.
Further, there are more options for the air rather than penetrating into the
opening: it can be blown around the façade walls or the roof (Sandberg et
al., 2015), which is ignored in the orifice equation, i.e. Equation 10. The
orifice equation, used in IDA-ICE, is more aimed for airflow in ducts, where
air does not have any other options. Other reasons for the discrepancy can
also be the inaccuracy of input data such as the leakage allocation over the
building envelope.
4.2.9. Drag force measurements on wind tunnel model

The drag force over the wind tunnel model used for airing measurements,
i.e. Figure 16, was measured in the wind tunnel and the resulting drag
coefficients, calculated by using Equation 28, is presented in Figure 43. The
wind tunnel was not equipped with the roughness terrain in these measurements.
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Figure 43: Drag coefficient over the model with different wind directions and fixed wind
speed of 14 m/s at the model height.

According to Figure 43, drag coefficient variates somewhat within different
wind directions, i.e. different projected area, and in average 0.70 can be
gained. In other wind tunnel studies, when there was not any opening, the
measured discharge coefficient, Cd was attained as 0.73 (with the wind
speed of 14 m/s, blowing perpendicular towards the porch façade). The
same cases were repeated having the porches with different opening sizes
and the attained drag coefficient was in averaged 0.74, showing that having
the porches opened or closed has practically no effect on the drag coefficient.
4.2.10. Smoke visualization of the wind driven airing flow in wind tunnel

Examples of smoke visualization of the wind driven airing through the
porch(es) of a model, set in wind tunnel, are presented in Figures 44-46 for
single-sided and cross flows.
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Figure 44: Smoke visualization (side view) of the single-sided Windward flow (left) and
cross flow (right). Wind blowing from the right. Wind tunnel is equipped with the
roughness elements, and fans’ speed at 100 RPM.

Figure 45: Smoke visualization (top view) of the Cross flow case (both pictures,
openings visible), with smoke injected upstream. Wind tunnel is equipped with the
roughness elements and fans’ speed at 50 RPM.

Figure 46: Same as Figure 45, but without the roughness elements.

Wind flow behavior regarding an opening is a complicated phenomenon and
wind flow can be conducted through the opening and/or around the envelope. As can be observed in the smoke visualization Figure 44, there is a
vertical standing vortex in front of the windward façade, with a diameter of
about 75% of the façade height; and some part of the flow is clearly directed
around the building and above the roof. The flow through the porch openings
is however hardly discernable in the figures. The fraction of the wind that is
conducted via the openings depends on many parameters, such as building
shape, the opening size and position on façade, wind characteristics including turbulence, speed and direction, and location of the openings relative to
the location of the stagnation points (Sandberg, Mattsson et al. 2015).
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As indicated in Figure 45, the case of higher upwind air turbulence (with
roughness elements) involved a more unsteady flow at the building model,
with a greater proportion of the oncoming air alternating between flowing
to the right and to the left of the building. However, for the case without the
roughness elements, see Figure 46, the flow was more steady and distributed
more evenly around the building. More oscillations of the wind stream at the
opening, when the wind tunnel was equipped with the roughness element,
can lead to more flow pumping at the opening, and as a result, more air
can penetrate into it. In Hayati, Mattsson and Sandberg (n.d.), a calculated
pumping volume of about 1.03 cm3 (for wind tunnel fan speed of 200 RPM)
is compared with the porch volume of 12.67 cm3 with draught lobby, and
1.65 cm3 without the draught lobby, resp. That is, the assessed pulsating volume is of the same magnitude as that represented by the wall thickness, but
less than 1/10 of the draught lobby volume. This suggests that, especially for
the draught lobby case, other mechanisms than pulsation are likely to dominate the air transfer, like advection by turbulence vortices.
4.2.11. Airing flow coefficient based on tracer gas measurements in wind
tunnel

The vertical profiles of the free wind stream and the relative turbulence are
presented in Figures 47-48 for both cases with and without the roughness
elements (see Figure 16). The cases include different fan speeds of 100, 200,
300 and 400 RPM in the wind tunnel.

Figure 47: Vertical profiles of free wind stream (mean velocity) both with and without
roughness elements at different wind tunnel fan speeds. The dashed line indicates the
cases without having the roughness elements in the wind tunnel.
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Figure 48: Relative turbulence intensity profiles of free wind stream both with and without
roughness elements at different wind tunnel fan speeds. The dashed line indicates the
cases without having the roughness elements in the wind tunnel.

In practice, the boundary layer gets thicker in case of having the roughness
elements in wind tunnel. According to Figure 47, the wind speed becomes
constant approximately above 170 mm height in cases without having the
roughness elements in wind tunnel. While, according to measured wind profiles (up to 900 mm height), in case with having the roughness elements, the
air velocity increases even beyond mid-height of the wind tunnel, i.e. 750
mm due to a thicker boundary layer. Comparison with patterns given in the
guideline VDI 3783/12 (VDI, 2000) indicates that the relative turbulence
intensity is equivalent to rough terrain for the case with the roughness elements and slightly rough terrain for the case without the roughness elements.
The flow coefficient, Cf, explained in Equation 27, is assessed based on
the tracer gas measurements performed in the wind tunnel. The vertical profiles of the free wind stream and the relative turbulence are presented in
Figures 47-48 for both cases with and without the roughness elements. The
fan speeds 100, 200, 300 and 400 RPM were used in the cases without the
roughness elements, while with the elements, the fans were speeded up a bit,
to yield the same mean air speed at mid-height of the façade of the building
model. This was done in order to better detect the effect of turbulence level
on airing. The resulting flow coefficients are presented in Figures 49-50 and
Table 11.
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Figure 49: Flow coefficient, Cf, related to wind speed at mid-height of façade,
calculated for single-sided airing. Cases with/without roughness elements in the wind
tunnel are indicated with filled/hollow lines, cases with/without draught lobby are
indicated with filled/hollow markers, and the windward/leeward cases are indicated
with solid/dashed lines.

Figure 50: Flow coefficient, Cf, related to wind speed at mid-height of façade,
calculated for Cross flow airing. Cases with/without roughness elements in the wind
tunnel are indicated with filled/hollow lines, cases with/without draught lobby are
indicated with filled/hollow markers.
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Figure 49 indicates that, at single opening airing, a higher turbulence level
(with roughness elements) on average yields higher airing rate, and that the
existence of a draught lobby results in lower airing rates. Also at cross-flow,
Figure 50, the higher turbulence level tends to yield a bit higher airing rate,
whereas there is no apparent effect of the draught lobby. The area used at
the cross flow coefficient calculations is that of only one opening, and the
two openings are equally large. The flow coefficients, presented in Figures
49-50, are calculated considering the wind speed at mid-height of the model
façade, while the results in Table 11 include Cf -values attained also at height
averaged wind speed up to both the façade and porch height. The data in
Table 11 are averaged over both turbulence conditions (with and without
the roughness elements) and only includes the cases without draught lobby.
“Windward cases” and “Leeward cases” means strict wind- and leeward
direction, i.e. wind incidence angles of 0° and 180°, resp.
Table 11: Flow coefficient, Cf -values, calculated from the tracer gas measurements at the
model in the wind tunnel.
Reference wind speed definition
Mid facade

Facade height averaged

Porch height averaged

Windward cases

0.025

0.024

0.029

Leeward cases

0.018

0.015

0.019

Crossflow cases

0.325

0.334

0.401

From Table 11, as an average, a flow coefficient of 0.022 for the single-sided
cases and 0.325 for the cross flow can be gained. This indicates that only
2% of the free stream wind flow contributes to the induced single-sided flow
while the ratio is 33% for the cross flow. Noticing Table 11, the flow coefficients are quite similar considering different wind speeds as the reference
in Equation 27. Thus, using wind speed measured at the mid-height of the
façade seems reasonable for prediction of the wind driven flows.
Regarding single-sided ventilation the attained flow coefficients here can
be compared with 0.025 (Warren and Parkins, 1984), 0.015 and 0.020 for
parallel single-sided flows and opening porosity of 6.25% and 12.25% (Kato
et al., 2006) and 0.0175 (Chu, Chen and Chen, 2011). Regarding cross flow,
a value between 0.4 to 0.8, as a rule of thumb, is suggested by Riffat (1991).
The difference in the coefficients can partly be due to the fact that other
studies are performed for window type of the opening, while flow through
porches and the effect of the draught lobby is investigated in the current
study. Another reason can be differences in type of flow at the façade. For
instance, some studies have only considered that flow attaches to the building and therefore only the flow that is parallel to the opening is considered
developing the flow coefficient.
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5. Conclusions
The present study has penetrated the issues of air infiltration and open-door
airing in large single-zone buildings, with particular attention to historical
churches. These represent old and relatively leaky buildings without mechanical ventilation, where the air change rate affects heating energy, air quality
and humidity. In addition to health concern, the air quality issue includes
in these buildings the critical problem of particle deposition, which causes
gradual soiling of indoor surfaces, including paintings and other pieces of
art. Some of the soiling particles are infiltrated, but significant amounts are
also emitted from visitors and from candles, incense, etc. Enhanced knowledge of air infiltration and the possibilities to temporarily enhance ventilation through airing is of importance for these reasons. The current study
investigates these air flow matters regarding mechanisms, prediction models
and possibilities in open-door airing. The study methods involve field measurements, experiments in wind tunnel and computer modelling. Below,
conclusions regarding air infiltration and airing are presented separately.
5.1. Air infiltration
Two of the most established models for predicting air infiltration rate in
buildings were evaluated against measurements in three historical stone
churches. The two models were the Lawrence Berkeley Laboratory (LBL)
model and the Alberta air Infiltration Model (AIM-2). These were originally
developed mainly for dwellings, and their applicability to church-like buildings was tested. The somewhat more developed AIM-2 model yielded slightly better predictions than the LBL model. There is also an AIM-2 model that
includes a parameter for the existence of a crawl space, this model yielded
still a bit better results for the church having such a crawl space. However,
an LBL version that allows inclusion of the Neutral Pressure Level (NPL)
of the building envelope produced even better predictions, and also proved
less sensitive to assumptions on air leakage distribution at the building envelopes. All models yielded however significant overpredictions of the air infiltration rate, when compared to tracer gas measurements in the field. Since
NPL may be difficult to attain in practice, the AIM-2 model was chosen for
model modification to improve predictions. Tuning of this model by varying its original coefficients yielded however unrealistic model behaviors
and the eventually suggested modification implied introducing a correction
factor of 0.8. This reduced the median absolute prediction error from 25%
to 11%. Thus, especially when the NPL is not at hand, this modification of
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the AIM-2 model may suit better for air infiltration assessment of churches
and other buildings similar to the tested kind. The biggest challenge in
using these air infiltration models is to estimate the leakage distribution parameters, allotting leakage area between floor, ceiling and the surrounding
walls. Guesstimated leakage distribution was achieved by field audit, using
IR-Thermography and pressure measurements for assessing NPL. However,
these measures only marginally improved the model predictions (Hayati,
Mattsson and Sandberg, 2014).
Guesstimated leakage distributions, achieved in field audits similar to
above, was used in combination with blower door measurements to develop a
numerical model for computerized air infiltration calculations. The physical
relationships for the flow through leakage paths, i.e. Poiseuille’s equation
(Equation 14), were used in the model, and the pressure difference caused
by buoyancy and wind were considered as a function of NPL. Summation
of all inflows through each modelled leakage path should equal the total air
infiltration; this is solved iteratively. After initial calibration of the model,
comparison with field measurements indicated reasonable prediction
(R2=0.61) of the airing rates recorded during totally 90-hours. A more
systematic calibration process is however being developed, as well as testing of the model with various types of buildings and weather data.
5.2. Airing
Similar to the air infiltration study, some previously developed models for
single-sided airing were investigated and validated through field measurements in five historical churches, where open-door airing was practiced.
Tracer gas was used for measuring the airing rates and the results were compared with model predictions. Of the tested models, those developed by De
Gids and Phaff (1982) and Larsen and Heiselberg (2008), which are more
developed and include terms for wind turbulence, yielded somewhat better
predictions than the other. Of those two, the model by De Gids and Phaff
(1982) is judged preferable due to its relative simplicity to use.
It is concluded that single-sided open-door airing is a workable method to
enhance the ventilation rate, even in large single zone buildings like churches. In the test cases of the present study, measurements of airing rates indicated that one hour single-sided open door airing in a church yielded around
50% air exchange, being almost 10 fold the air infiltration rate at the same
conditions. For buoyancy induced open-door airing, practical diagrams to
facilitate estimations of appropriate airing period for a particular situation
are presented in this study. Airing can also be useable in atriums, sport halls,
schools and similar mechanically ventilated buildings, where temporarily
extra ventilation might be needed.
Air velocity measurements and smoke visualization were found useful
together with tracer gas measurements to determine the in- and outflows
during airing occasions. According to the current study, the neutral pressure
layer, NPL, is not necessarily located at mid height of an opened door; it
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might be shifted a bit vertically due to wind effect together with considerable air leakages in the rest of building. Further, the airing rate measured at
windward positioned open porch indicated higher airing flows than when
the same porch was located on the leeward side. Therefore, wind direction
should be included in airing models.
The airflow at airing affects thermal comfort and energy usage and needs
to be reliably treated by numerical simulation programs. Therefore, the airing models used in IDA Indoor Climate and Energy (IDA-ICE) simulation
program were examined. A church model was then simulated in IDA-ICE to
evaluate the flows through large vertical openings, such as doors. Measured
weather data at the site of the real church were used in IDE-ICE and the simulation results were compared with tracer gas measurements of the singlesided airing flow via the church porch. Compared with the measured airing
rates, the simulated ones were overall of the same magnitude. However, the
effect of wind direction seemed not to be well predicted in the simulations. A
possible reason for this can be the ignorance of wind turbulence in the simulation model; and turbulence appears to be important according to the wind
tunnel tests presented below.
Further investigations and model improvement is recommended for
the models used for airing and air infiltration predictions. For instance,
implementing turbulent related coefficients can be useful regarding the flow
through large vertical opening on a building envelope. Such coefficients
can be gained via wind tunnel model studies. The key values of the field
and modeling studies performed here is that they add knowledge on airing
through external porches, and considers both buoyancy and wind effects with
the focus on large single zones, like historical churches.
Finally, the airing studies included wind driven airing through external
porches of a church model in a wind tunnel. Here, the effect of wind direction, turbulence level (roughness elements in the wind tunnel) and the existence of a “draught lobby” at the porch were investigated. Tracer gas method
proved useful in measuring the airing flow rates also in such scale (1:100)
models. For single-sided airing, the results pointed at higher flow rates with
a windward positioned opening in comparison with a leeward positioned;
thus in agreement with field measurements. With a draught lobby (extended
entrance space) the airing rate was somewhat lower.
Analysis of the pumping effect entailed by wind fluctuations outside the
single opening indicated that this effect is comparatively small, especially in
case of a draught lobby, and it is suggested that advection through turbulence
is a more important airing mechanism. More investigations of wind driven
airing mechanisms are intended in future studies.
For rough estimations of wind induced airing flow rate, Q (m3/s), a simple
formula seems useful: Q=Cf AU, where Cf is a case-dependent flow coefficient (-), A (m2) is the opening area and U (m/s) is wind speed. Averaged
over wind directions, the present study suggests Cf ≈0.022 for single-sided
airing and Cf ≈0.32 for cross flow. This suggests that the airing rate is on the
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order of 15 times higher at cross flow than at single-sided airing. Realization
of cross flow thus seems highly recommendable for enhanced airing. It must
however be kept in mind that in practice buoyancy (indoor-outdoor temperature differences) often will be at least as important as wind as airing driver,
especially in single opening cases and especially in large (high) single zone
buildings. The buoyancy mechanism was however outside of the scope of
the wind tunnel study, but is recommended to be included in future studies,
including CFD simulations.
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6. Future research
The current study is one of the first of its kind regarding investigation of
the air infiltration and airing flows in large single-zones like churches. The
methods include analytical and numerical model studies, field measurements
and wind tunnel model studies. However, there are always need for continuing the current research and correspond to the remaining questions. For
instance, the current measurement methods, especially for air infiltration,
should be developed. Still there is no direct measurement method for charactering the leakage properties and estimations are uncertain. However, efforts
like using radar systems, IR-Thermography or developing pressure pulsation
methods might shed new lights over this topic.
The current study can be developed in numerous ways. Regarding air
infiltration, more field measurement for various building types in different
weather conditions can be performed in order to make a national air infiltration database. Such data could be used in providing guidelines for energy and
indoor climate calculation, especially for historical buildings and renovating
projects. The presented air infiltration model in this study is being developed and seems very promising if a more systematic calibration method can
be implemented. Furthermore, more precise infiltration and airing models
are also recommended in energy simulation programs. A further step to continue this study is to investigate the multizone models for predicting the air
infiltration rates.
Airing through external porches in large single zones like churches is investigated in this study, probably for the first time, considering both wind and
buoyancy effects. The literature includes airing mostly through window type
of opening, placed in more modern buildings. Further field measurements
are needed to evaluate the airing models for different types of buildings and
weather conditions. Moreover, wind tunnel studies with different types of
openings and building structures, and comparison with field measurements
are suggested for further investigation and development of the models. Especially, further fundamental research should be performed in order to explore
the wind induced flow via various types of openings and envelopes.
The current study of airing flow rates recognizes the great potential of
natural ventilation to be used alone or in mixed mode ventilation systems.
This can result in energy savings, e.g. by reducing cooling demand, while
providing thermal comfort and fresh air. More detailed guidelines for practicing airing can be developed with the help of the current results. Further
studies are however recommended considering the outdoor environmental
conditions, besides weather also infiltration of outdoor pollutions and noise.
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Another issue is draft – thermal discomfort that needs to be prevented.
Moisture content and condensation are other concerning issues, especially in
historical buildings like churches, where wall paintings, furniture and other
artefacts might be deteriorated. The issue is addressed to some extent in
the present study, but further research about these issues is needed, including more detailed guidelines regarding airing practices. Also the presented
kind or practical airing diagrams of this study would be good to develop by
considering also the wind effect, so far it only includes buoyancy driven
flows.
As measurement procedures are costly and cumbersome, computational
fluid dynamics (CFD) simulations are often used to study ventilation in
buildings. The complexity of air infiltration and airing calls however for an
elaborate validation work against measurements to increase reliability in
these numerical tools.
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Natural Ventilation and Air Infiltration
in Large Single Zone Buildings –
Measurements and Modelling with
Reference to Historical Churches
Natural ventilation is the dominating ventilation
process in ancient buildings like churches, and also
in most domestic buildings in Sweden and in the rest
of the world. These buildings are naturally
ventilated via air infiltration and airing. Air infiltration
is the airflow through adventitious leakages in the
building envelope, while airing is the intentional air
exchange through large openings like windows and
doors. Airing can in turn be performed either as
single-sided (one or several openings located on the
same wall) or as cross flow ventilation (two or more
openings located on different walls). The total air
exchange affects heating energy and indoor air
quality. In churches, deposition of airborne particles
causes gradual soiling of indoor surfaces,
including paintings and other pieces of art.
Significant amounts of particles are emitted from
visitors and from candles, incense, etc. Temporary
airing is likely to reduce this problem, and can also
be used to adjust the indoor temperature. The
present study investigates mechanisms and
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driven air infiltration and open-door airing by means
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of field measurements, experiments in wind tunnel
and computer modelling. The results of the study
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can be applied also to other kinds of large
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