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Abstract in Czech

Nevytapény pudni prostor (chladny padni prostor) je z hlediska jeho tepelné-vlhkostniho
chovini v poslednich desetiletich jednim z nejproblematictéjsich prostorit ve stavebni praxi.
Problémy se tykaji zpravidla kondenzace, namrzini a risstu plisni na spodnf strané stresniho plésee.
Tyto problémy byly zaznamenany zejména na Gzemi Evropy a Severni Ameriky (vlhké chladné a
mirné klimatické oblasti). Za tcelem vyteseni téchto problémt bylo provedeno mnoho kvalitnich
studif. Ackoliv byla na jejich zdkladé¢ odhalena rada dtilezitych informaci, zd4 se, Ze nékterd zjisténi
nejsou ve vzijemném souladu a nékterd z nich se dokonce zdaji byt v pfimém rozporu. Z toho
davodu stile nelze stanovit jeden nebo vice designti padnich prostor, které by byly vhodné
(zejména vlhkostné bezpecné) pro celou cilovou klimatickou oblast.

Cilem této price je tedy zjistit, zda takovy design Ize najit nebo stanovit divody pro¢ to mozné
neni. Na zdkladé peclivé reserse publikovanych studii bylo vybrino 35 designt piidnich prostor
pro dalsi analyzu. Za G¢elem najit jejich potencidlni spole¢né rysy a logickd propojeni byly zvoleny
a vydisleny jejich klicové srovnavaci parametry. Naslednym srovninim téchto parametrii bylo
odhaleno nékolik novych poznatki, které vedly k n¢kolika doporuc¢enim pro ndvrh vlhkostné
bezpecného ptidniho prostoru. Na druhou stranu bylo také zjisténo, Ze studie ve svych vystupech
casto sdéluji velice malo o skute¢né vlhkostni bezpecnosti zkoumanych prostor. Dalsim zdsadnim
zjisténim bylo, ze pfes fadu provedenych studi, je stile nedostatek otestovanych designti piidnich
prostor, zejména téch, které by mely byt cilové z hlediska soucasné a budouci kvalitni a udrZitelné

vystavby.

Ve svétle zjisténych informaci byl vytvofen numericky tepelné-vlhkostni model (HAM
model) v softwaru Matlab. Model byl vytvofen pfedeviim pro vhodny popis riiznych variant
pudnich prostor, ale Ize ho vyuzit i pro jiné prostory. Model je dynamicky, jednodimensionilni a
implicitni, vytvofen pro vypocty zejména v ptlhodinovém nebo hodinovém ¢asovém kroku. Jeho
vypocetni jidro je postaveno na klasickém zékladnim baliku rovnic popisujicich pfenos tepla a
hmoty. Model je do znaéné miry variabilni pro pokryti $irokého rozsahu odlisnych pidnich
prostor. Model byl v rimci price tspésné verifikovin a validovan.

Abstract in Czech
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Abstract

An unheated attic space (so called “cold attic”) regarding its moisture performance is in last
few decades one of the most problematic spaces in building practice. Problems are associated
usually with condensation, frost formation or mould growth on lower surface of roof deck. These
problems were recorded mostly in Europe and North America (humid cold and temperate climate
zones). In order to solve these problems a number of quality studies were performed. Despite that
many important pieces of information have been revealed, it seems that some finding are not
always in agreement with one another and in some cases it appears that the studies are in clear
contradiction. Therefore it still cannot be stated one or more general cold attic design that would
be suitable (especially moisture-safe) for the whole target climate zone.

Aim of this thesis is therefore to find out whether such a design can be found or state reasons
why itis not possible. Based on the thorough review of published studies, 35 cold attic designs were
selected for further analysis. In order to find their possible common features and logical
connections, their key parameters were established and quantified. Based on their consequent
comparison, several new pieces of information were found leading to stated suggestions towards
moisture-safe cold attic design. On the other hand it was also found, that the studies often provide
an outputs that does not say much about real moisture safeness of the tested attic designs. Another
finding was, that despite the number of studies performed, there is still a lack of tested designs,
especially those which would be the most target ones in context of current and future good-quality
and sustainable building practice.

In the light of such a findings, a numerical hygro-thermal and airflow model (HAM model)
was developed in a Matlab software. Model was designed especially for suitable description of
various different attic designs, but can be used also for other spaces. Model is dynamic, mainly one
dimensional and implicit, meant to work in hourly or half-hourly time steps. Its calculation core is
based on traditional set of equations for heat and mass transfer. Model is quite versatile to cover
wide range of different attic designs, but can be used also for other applications. Model was
successively verified and validated.

Abstract
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Nomenclature

General

Symbol Quantity Unit
A area m?
AA area of the north inner-attic roof deck / gable wall surface m?
AB area of the south inner-attic roof deck / gable wall surface m?
Ac area of the east inner-attic roof deck / gable wall surface m?
AD area of the west inner-attic roof deck / gable wall surface m?2
A area of the attic floor m?2
A area of the inner-attic thermal mass constructions (e.g. wooden truss)  m?
b.., width of the roof-deck cavity (eave-wise) m
d thickness m
Ueay thickness of the roof-deck cavity (perpendicular to roof surface) m
O gravitational acceleration = 9.81 m/s?
m mass kg

gas amount of gas mol
p pressure Pa
p0 pressure of standard atmosphere = 101325 Pa
patm atmospheric pressure Pa
Rgas ideal gas constant = 8.314 J/( mol-K)
Rspec mass-specific gas constant (different for each gas) J/(kg'K)
Va volume of air m3
X position, the dimension of which is length m
0} slope of the roof deck (from inclined horizontal plane) °
1% density kg/m>
Po dry density kg/m>
P, density of dry air kg/m>
Dae exterior air density kg/m?
Pacav density of air within a roof-deck cavity kg/m?
T time s
AT duration of one computational time step s
W, open porosity -
Nomenclature
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Heat transport

Symbol Quantity Unit
Cheat heat capacity of material layer (material node) J/(m2.K)
Cp specific heat capacity J/(kg:K)
Cpa specific heat capacity of dry air J/(kg'K)
Fg coefficient characterizing the roof orientation to ground -

Fsky coefticient characterizing the roof orientation to sky -
h thermal conductance W/(m2K)
h thermal conductance between the equivalent outdoor temperature W/(m2K)
. m>
ee,gwall and first computational node of the gable wall
h thermal conductance between the equivalent outdoor temperature W/(m2K)
. m>
ee,roof and first computational node of the roof deck
Q heat flow rate W
Qc,gain convective heat gain to the attic space W
Qr,gain radiative heat gain to the attic space A\
q conductive heat flux (density of heat flow) W/m?
(Ve solar heat gain (flux) to sloped surface of specified absorptance W/m?
Osol, tot solar heat gain (flux) to sloped surface W/m?
q, radiative heat flux W/m?2
qr’m_sky radiative heat flux from outer surface to apparent sky temperature ~ W/m?
R thermal resistance m2K/W
T thermodynamic (absolute) temperature K
Ta thermodynamic (absolute) temperature of air K
a, convective heat transfer coefficient W/(m2K)
convective heat transfer coefficient on the surface of the atticinternal )
Qe pu . . W/(m?K)
’ thermal buffering constructions
a.. convective heat transfer coefficient on the external roof surface W/(m2K)
convective heat transfer coefficient on the lower surface of an upper
e e cav . : PP W/(m?K)
€ skin of the double-skin roof deck
A ftoor convective heat transfer coefficient on the attic floor W/(m2K)
convective heat transfer coefficient on the lower surface of interior
Q; " W/(m2K)
" ceiling
a., convective heat transfer coefficient on the internal roof-deck surface ' W/(m?2K)
o convective heat transfer coefficient on the upper surface of a lower W/(m2K)
m?
ereav skin of the double-skin roof deck
(07— convective heat transfer coefficient on the inner-attic surface W/(m2K)
a, radiative heat transfer coefficient W/(m2K)
radiative heat transfer coefticient between the two opposite surfaces )
Q ca . . W/(m?K)
’ in the roof-deck cavity
a radiative heat transfer coefficient between the external roof deck W/(m2K)
. . m?>
r9 surface and ground (surrounding environment) temperature
Nomenclature
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radiative heat transfer coefficient between the external roof deck

sk surface and apparent sky temperature W/ (m?K)
e radiative heat transfer coefficient on the inner-attic surface W/(m2K)
Qe equivalent heat transfer coefficient on the external roof surface W/(m2K)
& long-wave thermal emissivity -
& oof long-wave thermal emissivity of the roofing surface -
c long-wave thermal emissivity of the lower surface of the upper skin
se.cav of the roof deck
c long-wave thermal emissivity of an upper surface of the lower skin )
Sir.eav of the roof deck
Kieat heat capacity of zonal nodes / total heat capacity J/K
A thermal conductivity W/(m-K)
ﬂ‘a thermal conductivity of still air W/(m-K)
0 temperature in degrees centigrade °C
Hl,cav temperature of air in lower part of the roof-deck cavity °C
ez,cav temperature of air in upper part of the roof-deck cavity °C
Gae temperature of outdoor (exterior) air °C
Ha,flow temperature of an air that flows through the flow pathway °C
6’ai temperature of indoor (interior) air °C
Qar temperature of air in the attic °C
Hcav temperature of air within the roof-deck cavity °C
(99 equivalent outdoor temperature °C
eecav temperature of air in the eave zone (in “length2” roof part) °C
199 ground temperature °C
emr mean radiation temperature °C
Qref temperature at which the reference flow coefficient is valid °C
es,e,cav temperature of the lower surface of the upper skin of the roof deck ~ °C
asky apparent sky temperature °C
Hsmv temperature of the upper surface of the lower skin of the roof deck ~ °C
1930| solar absorptance -
o Stefan-Boltzmann constant = 5.67x1078 W/(m2K*)
Moisture transport
Symbol Quantity Unit
o parameter of sorption isotherm function -
Cmoist moisture capacity of material node kg/m?
G water vapour flow rate kg/s
g density of water vapour flow rate kg/(m?s)
Nomenclature
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k vapour permeance m/s
n_sor parameter of sorption isotherm function -
pv partial vapour pressure Pa
pv,sat saturated partial vapour pressure Pa
Ra gas constant of dry air = 287 J/(kg:K)
RV gas constant of water vapour = 462 J/(kg:K)
RH relative humidity -
Sd (water vapour diffusion-)equivalent air layer thickness m
U water content by mass kg/kg
um_sor parameter of sorption isotherm function kg/kg
W water content mass by volume kg/m3
¥ surface convective mass transfer coefficient m/s
water vapour permeability when the driving force is a difference of
0 * vapour p Y 8 kg/( m-s-Pa)
p partial vapour pressure
water vapour permeability of still air when the driving force is a
0 a . potl pet Y & kg/( m-s-Pa)
P difference of partial vapour pressure
5 water vapour permeability when the driving force is a difference of Y
. m2/s
v vapour concentration
S water vapour permeability of still air when the driving force is a by
. . m2/s
va difference of vapour concentration
K ot moisture capacity of zonal node / total moisture capacity kg
Y2 water vapour resistance factor -
v concentration of water vapour in air kg/ m?3
Vet saturated concentration of water vapour in air kg/ m3
@ water tank of material node kg/m?
o, water tank of zonal node kg
4 specific moisture (adsorption) capacity kg/kg
é: a specific moisture capacity of air kg/kg
Airflow
Symbol Quantity Unit
a.win q terrain constant -
DH hydraulic diameter m
C. wind pressure coefficient -
| flow coefficient m3/(s-Pal)
| of reference flow coefficient m?3/(s-Pal)
J d discharge coefticient for an orifice flow -
kwind terrain constant _
L flow exponent -
m mass flow rate kg/s

Nomenclature

7



M., mass flow rate through the roof-deck cavity kg/s
m, .., mass flow rate across the eave opening of the roof-deck cavity kg/s
My, cay mass flow rate across the peak opening of the roof-deck cavity kg/s
Mot ot mass flow rate from ecav space to attic (opening is denoted as eatt) kg/s
Mt ccav mass flow rate from attic to ecav space (opening is denoted as eatt) kg/s
m, mass flow rate across an eave opening to ecav space kg/s
m, mass flow rate across the peak (ridge) opening to an attic space kg/s
M, mass flow rate across the ceiling (from interior to attic) kg/s
M, mass flow rate across the ceiling (from attic to interior) kg/s

usselt number -
N Nusselt b
AP total pressure difference across an air pathway Pa
AP total pressure difference across an air pathway Pa
APU pressure difference across an opening forced by wind Pa
pm pressure at the chosen point of medium Pa
Pr Prandtl number -
PR reference pressure Pa
PR ext exterior reference pressure Pa
PR int interior zone reference pressure Pa
PR att attic zone reference pressure Pa
PR cav roof-deck cavity zone reference pressure Pa
PR ecav ecav zone reference pressure Pa
PT pressure gradient factor of the zone Pa/m
Re Reynolds number -

Yy
SU shelter coefficient -
U speed (magnitude of velocity) m/s
U10 wind speed at a height of 10 meters (reference wind speed) m/s
U cav airflow speed within the ventilated roof-deck cavity m/s
U 0 wind speed acting on an orifice (or equivalent orifice) m/s
V volumetric flux (density of air flow) 1/(m?s)
Wcav airflow velocity in ventilated roof-deck cavity m/s
7 height above ground m
Z0 height of an orifice above ground m
) air permeance 1/(s-m2Pak)
Hiyna dynamic viscosity of air kg/(m-s)
P density of fluid medium kg/m?
@ g, wind direction at a height of 10 meters °
Nomenclature

8




1 Introduction

1.1 Background

Cold attic, so called ,,cold roof* or ,,cold loft®, is a space surrounded by pitched roof decks,
gable walls and thermally insulated ceiling construction of the highest floor of the building.
Although there can be recorded quite high temperature within the cold attic, especially during the
summer time, the term ,,cold® is associated with heating season, which is usually the most critical
part of the year, in terms of attic moisture problems. As there is a minimal heat transport across
the insulated ceiling, the temperature within the attic is in cold season close to the temperature of
outdoor air [5] (see also section L5 Brief in-situ measurements). Low temperatures of inner-attic
surfaces are prerequisites for high surface relative humidity. Therefore the problems of cold attics
are mostly associated with condensation, frost formation or mould growth on lower surface of the
roof deck, or on its contact with rafters or wall beams (see Fig. 1). In some cases also other inner-
attic surfaces can experience similar problems (see Fig. 2). Formed condensate or melted frost can
be absorbed into the porous materials of roof deck or can drop or run down onto the attic floor or
construction joints. In all cases it often leads to an increase of moisture content of porous materials
which can cause changes of their mechanical properties or initiate consequent biodegradable
processes [65,66].

However the problems can appear even without any condensation. Sufficiently high relative
humidity in combination with suitable temperature (and few other factors) acting for a certain
time period can lead to mould growth [65,66]. Although moulds cannot cause any marginal
mechanical degradation to the structure, they can prepare a suitable conditions for decay fungi or
other biodeteriogens [70,71,72,65]. Presence of moulds within the attic furthermore leads to
higher concentration of mould spores within the attic air and consequently also within the interior
air, which can cause health problems to the occupants [67,68,69]. Those are the reasons why
mould growth is, as well as condensation, usually considered as one of the signs of improper hygro-
thermal conditions.

History of moisture problems within cold attics is quite long as one of the first studies
(maybe the very first) was presented in 1939 [35]. However a larger increase of such a problems
was recorded after the energy crises in 1970s that has led in many countries to a step-increase of the
thermal resistance and air-tightness of building envelope constructions (including a ceiling to an
unheated attic space) [39, 16, 12]. At the same time also many new or upgraded materials have been
presented to the building market. Around 1990 was introduced also the first vapour permeable
roof underlay felts (possibly the very first was presented in 1984 on Dach & Wand exhibition [51]).
These felts allowed to build the attic unventilated but vapour-permeable to the outdoor
environment. However the lack of experience with these new designs and materials in building
practice had led to a number of new hygro-thermal problems [39], and cold attics became one of
the most moisture-problematic space [16,18,36,40,41,45].

Introduction
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After a several decades a huge step forward was made and a lot of quality studies were
performed in order to solve the problems [1-25]. Although the studies tested a lot of different
designs and revealed some important pieces of information, few latest reviews pointed out, that
there is an apparent disagreement between some of the finding of different studies [21,25].

An example can be mentioned using, for instance, one of the most discussed parameter of
an attic design — the ventilation. In Czech Republic (Central Europe) and surrounding areas is the
ventilation by outdoor air a traditional and still the best-practice way to keep the attic moisture-
safe. Clear evidence can be found, beside others, in an agriculture buildings where the attics often
serve as a spaces for dry storage of hay, straw and other supplies. Although such a spaces were often
placed above a cattle sheds that provided some moisture load to the attic, stored supplies were still
kept sufficiently dry (although the “dryness” of ventilated attic is in any case limited by moisture
present within the exterior air itself [5]). Similarly some of the studies claim that the attic should
be ventilated [1,2,6]. Other studies however state that there is an optimal ventilation rate and the
attic should not be ventilated too much, nor too low [??]. On the other hand some studies found
out, that unventilated attics in climate of southern Sweden performs better than ventilated ones
[3,5]. Other study say that both designs (ventilated and unvented) performs similarly well in
climate of southern Finland [4]. An opposite statement can be found in study performed in
southwest coast of Canada, where a mould growth was found and also calculated within an
unvented and also ventilated attics [9]. Finally there are studies recommending sealed attic design
with mechanical adaptive vendlation [7,12,18,43].

It is obvious that if such a set of statements is obtained without any other context
information, it without any doubt looks that the topic is still not satisfactorily understood and
solved. It should be emphasised that this was only one property mentioned — the ventilation - from
the whole set of other parameters. However when all those parameters and context information
would be taken into account, it can be possibly revealed that the studies are in fact not disproving
one another, but on the contrary there could be possibly found some logical linkages between them
that give more clear picture about the topic.

a)

Fig. I: a) - mould growth on wooden sheathing; b) - condensate droplets on PE underlay foil and wetted mineral wool insulation

b)

Introduction
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Fig. 2: frost accumulation on wooden truss above improperly sealed crack in the ceiling vapour barrier

current practice typical
European roof-deck assembly

ceramic or concrete tiles A
battens and contrabatten (forming ventilated venfilation tile
roof-deck cavity) -

vapour permeable underlay foil -
(in many cases wooden board sheathing under the foil) /4
p

. . EXTERIOR
current practice typical et
North American roof-deck assembly 100f.clack cavi

gable vent
o

| insulated second hatch

asphalt shingles
roofing paper (tar paper, roofing felt)
wooden board sheathing

prefabricated ventilation baffle A / / N /
(installed between rafters forms typically 1 or 2 inch cavity)
T
¢ \
. |
A A hidden ladder
(CONDITIONED SPACE)
/ + thermal insulation
/ air- and vapour-tight foil (in many cases not installed)
- concrete ceiling
thermal insulation between ceiling joists -
air- and vapour-tight foil

gypsum board (drywall) -

Fig. 3 Glossary scheme of cold attic with depicted typical North-American and European roof-deck assemblies
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1.2 Goals and structure of the thesis

1) Aim of this thesis is to state if there can be found one or more cold attic design, that is
suitable (especially moisture-safe) for the whole or prevailing part of humid cold and
temperate climate zone (see section 13 Tuarget climate zome), what are possible
exceptions, or state reasons why it is not possible. This work is not focused on future
climate as it is based mostly on review of previous studies.

e To reach the goal a thorough review of credible studies was performed. Key
parameters of 35 cold attic designs were quantified and compared (see section
2. Review of studies). On sclected designs their moisture safeness was evaluated
(see sections 2.1.4 Quantification of values in moisture-evaluation charts and
2.3.2 Moisture risk evaluation) and all designs were sorted into groups
according to their similarities (see section 2.3.3 Grouping of similar designs).

2) Second goal of the thesis is to create sufficient HAM model for further numerical
analysis and optimisation of cold attics.

- Model was successively developed, verified and validated (see section

3. Development of HAM model).

Introduction
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1.3 Target climate zone

Most of the found studies dealing with hygro-thermal performance of cold attics were
performed in Cfb and Dfb climate zones (according to updated map of Képpen-Geiger climate
classification [73]), while some of the studies were performed also in surrounding areas such as
Cfa, Cfc, Dfa and Dfc (see Fig. 4). As the “C” states for “temperate” or “warm temperate”
according to [73, 74], respectively and “D” for “cold” or “snow”, while second character “f” for
“fully humid”, the whole target area we referred to as “humid cold and temperate climate”
(hereafter HCT zone). Looking at figure 4, it can be seen, that besides Europe and North America
also other locations are of similar climate conditions, such as part of South America, Africa and
Australia, whole New Zealand, part of China and prevailing part of Russia (see Fig. 5). It should
be mentioned that Képpen-Geiger climate classification [78,76,77] is based on temperature and
precipitation data instead of temperature and relative humidity, which could be more suitable for
purposes of this topic. However it is still a useful and illustrative tool for at least rough estimations.
Maps depicted in figures 4 and 5 is roughly redrawn from [73], where data from period 1951 - 2000
were used.

Note: Koppen-Geiger classification was firstly introduced by Wladimir Képpen in 1900 [78] as the
very first quantitative classification of world climates and was latter updated by Rudolf Geiger in
1954 and 1961 [76,77]. We adopted a map from year 2006 [73], which was the first update since
1961 (see Fig. 4).

kélaqisidis -

and Mattsson (2005) |

) 1 ///// 4 /
B{Jrch etal. (1996)

Essah etal. {@/ vy i

Fig. 4 Map divided into Kippen—Geiger climate zones with depicted locations of studied cold attic designs (roughly redrawn from
173))

Tab. I Kppen—Geiger climate classtfication (according ro [73])

Main Climate Precipitation Temperature
warm temperature cl. dry summer warm summer Csb I:l
warm temperature cl. tully humid hot summer Cfa D
warm temperature cl. tully humid warm summer Cfb D
snow climate tully humid hot summer Dfa -
snow climate tully humid warm summer Dfbf ]
snow climate fully humid cool summer Dfc

Introduction
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Fig. 5: World map with roughly depicted areas of HCT climate (roughly redrawn from [73])
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1.4 Causes of problems

As mentioned in previous sections, moisture-related problems within cold attics in HCT
climate are mostly associated with high moisture levels and mould growth on the lower surface of
the roof deck. One of the first-sight explanations of those problems could be that it is mainly
caused by lower temperatures within the modern cold attic compared to historical attics that were
more supplied with heat transmitting through the less-insulated ceiling. However historical attics
were usually well ventilated by leakages in tiled roofing (without any underlayment), by other
construction imperfections or by, often well-distributed, intentional vents (see Fig. 7, 8). Therefore
the temperature within the historical attics was as well as in modern cold attics close to the
temperature of outdoor air (see also section L5 Brief in-situ measurements).

Nevertheless low temperatures of inner-attic surfaces in heating season can lead to high
surface relative humidity levels and consequent moisture problems. This risk is closely bonded to
the moisture present within the attic air. If the attic is well ventilated and the inner-attic surfaces
are close to the temperature of outdoor air, relative humidity levels of such a surfaces are as well
close to the relative humidity of outdoor air. However during the cold clear nights the heat from
the exterior surface of the roof deck is transmitting out by a longwave thermal radiation to the
atmosphere and outer space which can be substituted by an imaginary body having an apparent
sky temperature. Since the apparent sky temperature (in case of clear sky) can be much lower than
the outdoor air temperature (in order of 10 °C), the roof-deck can be also cooled down below the
temperature of outdoor air. This undercooling of the roof deck can affect also its lower surface,
which consequently experiences an increase of relative humidity. Then in some cases a ventilation
of the attic by outdoor can cause a moisture problems [7, 9], (see also section 2.3 Discussion,).
However in most areas of HCT climate the ventilation by outdoor can be stated as not moisture-
risky, and on contrary it is often the best-practice recommendation for keeping the attic moisture-
safe (as can be found also in next sections). In any way if the inner-attic surface temperature falls
below the dew point temperature of an attic air, condensation or frost formation (desublimation
or deposition) takes place (see Fig. 1).

Usually the most critical moisture source for cold atticin HCT climate is the interior air that,
in cold season, contain more moisture compared to outdoor air (in Czech Republic, it is about
twice the amount), (see also section L5 Brief in-situ measurements). Interior moisture can be
transported into the attic by an airflow (convection) through leakages in the ceiling construction
and by diffusion. As the airflow is the dominant mechanism for moisture transport, regarding
ordinary constructions and pressure differences, ceiling air-tightness is the most recommended
measure in terms of attic moisture-safeness, while its vapour-tightness follows with lower priority
[5,11,6,8,3,28,22,37]. Main pathways for the air to come up to the attic space are leakages around
an attic staircases, around electric conduits, ceiling fixtures and around any other constructions
that penetrates the ceiling [1,6,32,37].

Another potential source of moisture can be a built-in moisture that should be avoided or
removed directly after erection of the building [11, 18].
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1.5 Brief in-situ measurements

To gain more insight into the usual hygro-thermal conditions within the attics in Czech
Republic, a set of 3 basic measurements in different attic designs were performed - historical attic,

well-performing cold attic, bad-performing cold attic. All attics were located near Prague.

In figures 9-11 can be seen a geometry and photo of one historical and two modern cold
attics. In figures 12-14 are compared courses of measured temperatures, vapour concentrations and
relative humidity within the attics in period of chosen 3 weeks of winter time. In table 2 are

summarized averages of measured Values.

Historical cold attic is situated under the upper part of mansard roof. Upper part of the roof
has a slope of 35 °. As there are 4 sloped roof segments their orientation is towards the cardinal
points. Roof deck is formed by a ceramic tiled roofing on a laths without any underlayment. The
ceiling construction below the attic is formed by the wooden beams with a gravel between them.

On top of the historical ceiling is performed 50 mm concrete layer.
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Roof deck

- ceramic tiles 12 mm

- battens 50 mm
140/140 mm

Ceiling

- conrete screed 50 mm

- separation foil

- timber boards 20 mm

- slag gravel between

wooden beams 200 mm
- timber boards 20 mm
- historical plaster 15 mm

Fig. 9 Geometry and construction assemblies of bistorical attic




Modern cold attic with gable roof depicted in figure 10 is slightly ventilated by intended
leakages in an unsealed overlaps of the vapour-permeable underlay felt. Roofing is made out of
concrete tiles on laths and contra-laths that formed ventilated roof-deck cavity. Roof slope is 40 °
and roof decks are oriented to south and north. Ceiling construction is formed by wooden beams
with a mineral wool insulation in between them, vapour tight foil from interior side covered by
the gypsum boards. There was observed during the construction process that the workmanship in
terms of the airtight quality of the air-barrier layer is very good. On the top of the ceiling there is
an OSB board forming the attic floor.

o
(<2}
N
(o>}
Roof deck
| - concrete tiles 12 mm
- battens 35 mm
- counter-battens 35 mm
SRS iy - vapour permeable felt
1607100 mm without sealed laps 0.5 mm
—A iestan Gable end wall
post
soromm fibre-board 18 mm
- gypsum =
3800 -EPS 160 mm
- acrylate plaster 2.5 mm
Ceiling
- OSB board 22 mm
- mineral wool
between beams 180 mm
- mineral wool 80 mm ?7?
- vapour-tight foil 0.2 mm
- gypsumboard 15 mm
- paint

Fig. 10: Geometry and construction assemblies of the modern cold attic with vapour permeable underlay felt
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Geometry and constructions of cold attic in figure 11 is quite similar to the previous one (see
Fig. 10). However instead of vapour-permeable underlay felt, there is a vapour-tight foil installed
in the roof deck assembly. In a not-sealed overlaps of the foil there are, under normal use, placed a
plastic bottles that keep the overlaps open in order to provide attic ventilation. This measure was
performed by owners when they found a condensation on the underlay foil. Attic ventilation that
was performed keeps the attic without condensation. However for purposes of measurement the
ventilation gaps in the foil were provisionally taped (sealed) to get worst case scenario (although
there were still some limited ventilation).

unheated space of

neighbouring house
N— e‘o};g{%ﬂ%:ﬂ??:&'egﬁg’:‘fwﬂ —c
% N
SRS
o
Yol
<f
<
\ additional 70 mm EPS
o
o
N
o™
attic access
@X Roof deck
- concrete tiles 12 mm
35° 35° - battens 35 mm
- counter-battens 35mm
- vapour-tight foil
1407120 mm with sealed laps
(imperfectly) 0.2mm
Gable end wall
- ceramic brick masonry 150 mm

Ceiling
RIS - additional EPS 70 mm
RARHRARINE - mineral wool
5 between beams 160 mm
. - timber boards 140x20
(a 600 mm) 20 mm
- vapour-tight foil
(imperfect instalation) 0.2mm
- srill air cavity 120 mm
4200 - gypsumboard 12.5 mm

Fig. 1I: Geometry and construction assemblies of the modern cold attic with vapour-tight underlay foil
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Tab. 2: Comparison of average values of temperature and vapour concentration from brief measurements on three different attic

designs
average temperature average vapour concentration
[°C] [g/m?]
0 _int 0 ext 0 _att (0_att- y_int v_ext y_att (v_att-
0_ext) v_ext)
historical attic 24.1 2.5 3.4 0.9 7.3 4.6 4.5 -0.1
modern cold ‘attic with vapour | ) , 05 2.4 1.9 8.8 3.9 40 0.1
permeable underlay felt
modern colc} attic with vapour-tight 209 11 40 2.9 76 48 55 28
underlay foil

As can be seen in figures 12-14 and table 2, the hygro-thermal conditions in historical attic
space are kept very close to the outdoor environment. It is due to the high ventilation rate of the
attic. Measured average temperature of attic air within the analysed 3 weeks is 0.9 °C higher that
the temperature of outdoor air. Average measured vapour concentration is practically the same as
in outdoor air (although there are quite massive air leakages from interior - through the attic
staircase and exhausted air from the kitchen hood that end in the attc).

The average temperature in modern, slightly ventilated cold attic with vapour-open roof
underlay is about 2 °C higher compared to outdoor air. Since the ceiling construction below the
attic is well insulated and has good quality of air-tightness, the reason for the temperature can be
twofold — small ventilation rate and high number of sunny days. As can be seen in a relevant figure,
the course of outdoor air temperature implies that there were a number of sunny days and thus
both reasons for high average temperature in attic are relevant. Small ventilation rate is confirmed
also by vapour concentration courses, where can be seen that although the average values of the
attic and outdoor air concentrations are the same, the attic concentration course has lower extremes
which means that inner constructions (mainly wooden) had a time to work with a moisture
(adsorbing and releasing). This effect can be also caused by the vapour-permeability of the
underlay foil which needs some tome to let pass the vapour through. Vapour concentration courses
also confirm good quality of air- and vapour-tightness of the ceiling as the concentration within
the attic is not affected by the higher concentration in interior.

In last case — modern cold attic with poor quality of ceiling air-tightness, low ventilation of
the attic and vapour-tight underlay foil — can be seen higher temperature and concentration rise
affected most likely by the airflow from interior to the attic space. Average temperature is 3 °C
higher than an outdoor air (also a lot of sunny days during measurement were present) while the
average measured vapour concentration was 2.8 g/m? higher compared to outdoor air. Since the
average attic air temperature was 4 °C while the saturated vapour concentration at that temperature
is 5.0 g/m?, the average measured concentration 5.5 g/m?® means that there was possibly often a
conditions for underlay surface condensation. Thatis confirmed also by figure 1b which was taken
in this attic space.

Based on presented data can be illustratively seen how the different attic designs affects their
hygro-thermal conditions in climate of Prague (Czech Republic).
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2 Review of studies

In order to gain a deeper insight into the problematic, the set of attic designs tested in the most
credible studies were compared. Processes of selection of the studies and attic designs that were
tested within them are described in following section.

2.1 Methods

2.1.1 Selection of studies and attic designs

A set of 25 quality studies dealing with hygro-themal performance of cold attics were
found [1-25]. Studies were published mostly in period 1996 — 2019 (except one from 1941), which
corresponds to historical development of new materials and assemblies, that was mentioned in an
Introduction section. From the studies were further excluded those that do not contain enough
information for further analysis. Also in cases where more than one study of the same authors
presented similar results, just one representative study was selected, while others were removed
from the list. Two more studies were later also excluded due to specific reasons — one of them was
found not to be located within a HCT climate [24] and second was found to be in essential
contradiction with all others and thus was labeled as an outlying study (similarly to outlying values
in statistical sample set) [21]. After the selection process, only 9 studies remained [1-9].

In next step a particular attic designs were selected from the studies for further analysis.
Not all the designs presented within all selected studies were taken, but only the representative
ones to cover the whole range of different attic designs within each particular study. If very similar
designs with similar behaviour were presented related to one study, just one representative was
picked. Finally a set of 28 designs was selected for further comparison process (see table 3). Another
7 designs (supplementary designs) are presented within the table as well. Those designs are not for
different reasons included in the main comparison, but are present within the table as they possibly
contain some supplementary pieces of information to possibly confirm some of the logical patterns
that will be found in the main comparison or seal some gaps in the overall picture of the
problematic. Reasons for not including those design are as follows:

e Designs 1-3 were excluded because of very short period of measurement in
moreover constant conditions (several days of measurement instead of at least 3
months as the shortest period according to all other selected designs)

o designs 22-24 were excluded from the main design set because of using mechanical
adaptive ventilation of the attic and thus were not comparable with others)

o design 35 was excluded because it is not actually an attic space, but just standalone
roof (without any dwelling below it) of a mailbox exposed to the outside
conditions.

Numbering of the designs within table 3 are ascending according to the year of studies
publication dates.
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2.1.2 Selection of comparative parameters

For an appropriate comparison of the selected attic designs it was needed to choose an
appropriate key parameters. Hygro-thermal performance of an attic space depends, in general, on
the two surrounding environments (interior and exterior) and on properties of an envelope
constructions. Therefore itis quite straight forward the state that the key parameters have to be an
air and vapour permeance and thermal resistance of an attic envelope constructions (thermal and
moisture capacities of those constructions are considered to not affect the overall hygro-thermal
conditions remarkably and thus are not included to the key parameters). Choosing a particular
physical quantities representing such a properties is however not that straight forward. Reasons
for their selection follows.

Ceiling air permeance

As mentioned in section “1.4 Causes of problems”, the most important parameter affecting
moisture performance of cold attic is an air-tightness of ceiling construction. This property is most
usually expressed as air permeance - ¢ [1/(ss-m2Pal)]. Since the most frequented reference pressure

differences for air permeance are 50 and 75 Pa, in this study is used reference value at 50 Pa pressure

difference ¢50,cei| [1/(s:m?-Pa%)]to be one of the key parameters listed in table 3.

Although the b, has an illustrative reference value that can be compared with other

constructions, it is not much informative in terms of real airflow rate across the ceiling under real
building operation or during the experiment or simulation. Reason is that the airflow through the
ceiling is affected, beside others, also by the air-tightness of an interior and attic space (of their
envelope constructions). If the envelope constructions of one or both of them (excluding the
ceiling) would be perfectly air-tight, no flow across the ceiling takes place, even when leaky (if not
considered parallel two-direction flow across the ceiling). Also if there would be a lower pressure
kept on the interior side of the ceiling (generated for instance by interior exhausted ventilation
system), there will also be no flow from interior into the attic space, even when the ceiling would
be leaky. Many other cases can be stated to confirm that the real airflow across the ceiling is quite
regardless of its reference air permeance value. Therefore for the purposes of further analysis is
needed to quantify the real density of volumetric airflow (volumetric flux) under the real pressure

difference across the ceiling vreal,ceil [1/(ssm?)]), that covers air-tightness and pressure differences

of all envelope and ceiling constructions in itself. However this parameter is still not sufficient
enough for purposes of designs comparison in table 3. That is because the attic moisture safeness
is not just related to the realistic amount of interior air (and so the moisture) entering the attic
space, but also related to the attic volume. Obviously there will be higher moisture risk within a
smaller attic than within a larger one having the same ceiling area and same air (and so moisture)
input. Therefore the second, but possibly the most important parameter chosen for comparison

of attic designs in table 3 is the attic air change rate related to the real interior-attic air flow ( Nygq ceil

[ach]). It should be emphasized that this quantity is evaluated regarding the attic volume instead
of interior volume.
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Ceiling vapour permeance

Ceiling vapour permeance is much less important regarding attic moisture safeness
compared to the air permeance (see section 14 Causes of problems). In any case the diffusion is a
mechanism of possible moisture transport to the attic and thus it should not be underestimated.
The more the ceiling construction is air-tight, the relatively much important role the vapour
permeability can play. Ceiling vapour permeance represented by equivalent air layer thickness

(Syceil [m])is therefore the third key parameter for designs comparison.

Ceiling thermal resistance

Thermal resistance of the ceiling construction affects temperature within the attic space,
which is directly linked to relative humidity and so with attic moisture safeness. However the
ceiling thermal resistances (in cold attics) are much higher (at least around 3.3 m?K/W according
to the selected studies) compared to the ordinary roof-deck construction (ca. 0.3 m*K/W), and
thus the temperature within the attic is in cold season only about 1-2 °C higher than outdoor air
temperature, even without attic ventilation (neglecting sky radiation effect). Therefore this
parameters seem to not be as important, however there is no doubt that it should be included in
the presented parameters as one of the general characteristic and due to its illustrativness. Thermal

transmittance (U [W/ (m2K)]) was used instead of thermal resistance value in table 3.

Roof-deck vapour permeance

There are many discussions about vent or not to vent the attic in distinct climates. Both
options seem to work satisfactorily, butin the same time both options recoded moisture problems.
If the attic is designed as unventilated (so called sealed) it is preferable to use a vapour-permeable
underlay felt under ventilated roof-deck cavity. However some studies tested an unventilated attic
designs using a vapour-tight PE underlay foils. Since there could be a difference in moisture

safeness according to this difference, an equivalent air layer thickness of the roof-deck ( Sy ek [m])

is stated as another key parameter in table 3. In case of double-skin roof decks with ventilated
cavities, si-value of just the lower skin is considered.

Thickness of ventilated roof-deck cavity

However this parameter can seem to not be much important, it is at first an illustrative
information to imagine the roof deck construction when looking at table 3. Second reason is that
such a ventilated cavity inhibits longwave sky radiation and so the solar radiation acting on the top
surface of the roof deck. Therefore it affects the inner attic surface temperature and thus this
information can be useful for further considerations about differences in moisture consequences.
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Attic ventilation air change rate and ventilation ratio

As mentioned above, there are many discussions about whether the attic should be
ventilated in distinct locations and how much. Therefore the attic real air change rate caused by

ventilation by outdoor air (N e [ach]) is another key parameter in table 3. Second parameter

according to the attic ventilation (that is evaluated in brackets) is what we call a ventilation ratio.
Regarding attic ventilation, there is a well-known ventilation rule (so called 1:300 rule or more
modern 1:150 rule). This rule was stated based on study from 1939 [35] and up to present it seems
still satisfactorily useful. It says that area of all attic vents should be ca. 1:300 of the attic floor area.
We accordingly state for most of selected attic design their ratios of an attic ventilation opening
area and attic floor area and called it “ventilation ratio™.

Moisture-related consequences

The most interesting information regarding a particular attic designs is obviously its
suitability for HCT climate (i.e. its moisture safeness in such conditions). However most of the
studies do not provide such an information. Nevertheless they provide an information about the
moisture performance that is described in last column of table 3. Although the different studies
adopted different parameters and approaches how to provide such an information, it can give some
clue in further considerations about moisture safeness.

More information about quantification of values that were not completely provided
within the studies and assumptions made in such a calculations can be found in following section.
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2.1.3 Quantification of parameters

I table 3 are listed values of key parameters of different attic designs. These parameters were
chosen for further comparison and their selection process is described in previous section.
Nevertheless almost none of the studies provided all the parameters sharply or in the specific way
that is intended to work with. Therefore some of the values had to be calculated based on other
pieces of information available.

According to table 3, values typed in black normals are exact values that were stated in
particular studies (i.e. values cited from the studies). Values typed in black italics are values that
were calculated directly according to the pieces of information presented within particular studies.
For example, if a figure of an attic floor plan with dimensions was provided, we calculated attic
floor area based on such a figure. Such a value is then written in black italics. The black italics were
used also when the values were calculated using commonly known properties of building materials.
For example, if a material layers of a ceiling assembly were provided without other information, an
equivalent air layer thickness was calculated using commonly known material properties. Since
such a values are not precise, they are all accompanied with “circa” (ca.).

Values typed in grey italics are still based on information presented within the original
studies, but more calculations and assumptions were made for their evaluation. Most common
assumptions related to such a calculations are listed in following text.

Ceiling air permeance

Nyeal ceil - this value is an attic air change rate corresponding to interior-attic airflow under

real conditions (more information can be found in previous section). If only an information about
ceiling air-tightness was provided in the particular study, this value is calculated considering an
interior overpressure 4 Pa (in adequate cases). Such a pressure difference value is in realistic range
for buildings and therefore also a value used for determination of an equivalent leakage area (ELA)
[57,58]. For the calculation a power law is adopted (see eq.(6)) with flow exponent L=0.67, which
is a common value for many building assemblies [for instance 58, 69]. Values calculated in such a
way are accompanied with upper index (7). For cases with well-sealed attics or interior spaces, the
calculation is made using 2 Pa interior overpressure. Those values are signed with (7).

If the study provides Mg cei OF Viga ceit» but not a reference Mgy or ¢50,cei| value, those

reference values were calculated based on the same assumptions about the real pressure difference
across the ceiling (if not provided more accurate information). Such reference values are signed

with ((0) and ().

All airflow calculations are performed using power law with flow exponent L =0.67 when
the flow takes place across an assembly and L = 1.0 when the flow takes place across a single material
without any joints.
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Ceiling vapour permeance

If the ceiling contains an air-barrier (e.g. PE foil), it is assumed that this foil has s¢-value
10 m. Since this layers is in most cases the dominant in terms of vapour resistance, the rest of the
layers are mostly neglected. In relevant cases is the values slightly adjusted with respect to other
layers. s¢-value of wood or wooden based sheathing without a specification of its thickness is
assumed to be 2.5 m. This value is in relevant cases adjusted based on information present in the
particular study. For all other calculations are assumed commonly known material properties.

Ceiling thermal transmittance

Value was calculated considering convective heat transfer coefficients evenly on both

surfaces equal to @ =7.7 W/(m2K). When the thermal conductivity value of thermal insulation

was not specified, value 0.04 was used. For other materials was used common material properties.

Roof-deck vapour permeance

Single-skin roof decks with asphalt shingles as a roofing is uniformly considered sd-value
equal to 200 m. In cases of double-skin roof decks with ventilated cavity just vapour resistance of
the lower deck was considered. Mostly the underlay s¢-value was specified. In cases where just an
information that PE foil was used as an underlay, sd-value = 10 m was considered.

Thickness of ventilated roof-deck cavity

When the cavity was formed by the battens and contra-battens, the cavity thickness was
considered as ca. 50 mm. No other cases was finally present.

Attic ventilation air change rate and ventilation ratio

This parameter was mostly, in some form, present within most of the studies. However
the value present in table 3 was calculated very differently using many different assumptions.
Those particular assumptions are described in the footnotes of table 3 (according to the index
labels). In relevant cases, the value was stated as an average within the heating season (as the critical

part of the year).

Moisture-related consequences

It was tried to provide short but complete information of the possible worst conditions
and their duration. As each study provided different quantity as the result of hygro-thermal
conditions within the attic space, the stated moisture consequences have different forms, units
etc.
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2.1.4 Quantification of values in moisture-evaluation charts

In order to get a deeper insight in attic designs moisture safeness, two charts for rough
graphical estimations were created (see Fig. 15 and 16). Charts are very similar, using weekly and
monthly averaged data of temperature, relative humidity and wood moisture content. Therefore
the designs whose moisture performance was characterized just by mould index or amount of
condensate were not displayed within the charts. However also some of the designs characterized
by relative humidity or roof sheathing moisture content did not provide all the data needed, most
often the temperature data. In this section are therefore describer an assumptions for
quantification of such a values. Assumptions are mostly very simple to keep the quantification
process as easy and clear as possible. More information about the moisture safeness assessment
based on mentioned charts are presented in section 2.3.2 Moisture-risk evaluation.

Temperature quantification

First set of assumptions is related to temperature values that were not described in original
studies. In those cases a temperature from a climate chart according to [79] was used. The average
temperature within a cold attic during heating season is commonly around 1 and 2 °C higher than
within an outdoor environment in ventilated and unventilated attic respectively. These values are
therefore added to the monthly averaged temperature value taken from climate charts. Moreover
regarding a weekly averaged values there could be obviously a higher temperature recorded within
an attic compared to monthly average. For weekly values we therefore added extra 3 °C as an
estimated maximal difference between the two temperatures. Adding instead of subtracting the
value is on a safe side as the conditions for mould growth are more suitable the higher the
temperature (in reasonable limits). The same 3 °C were added to monthly averaged temperatures
that were provided in original study (in order to get weekly averaged values).

In cases when the temperature values were provided as a courses within a chart, their weekly and
monthly averages were best estimated from the chart.

Relative humidity quantification

Relative humidity values were usually provided in charts regarding hourly or weekly
averages or in table providing usually monthly averages. To get a weekly values from monthly ones,
we add “just” 3 %RH because of two reasons. Fist is related to the weekly temperature — it is not
much likely to record maximal weekly average of relative humidity within the same week where
maximal averaged value of temperature was recorded. Second reason is that in high relative
humidity levels where we want to be more precise than in lower levels there is a higher and higher
sorption capacity of wooden truss (and also of most of other materials), that inhibits the rise of
relative humidity value.
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Wood moisture content quantification

Some studies provided a data of moisture content by mass of wood-based roof sheathing.
In such a cases the values were again best estimated from chart courses, if available. When just a
monthly averages were provided the values were firstly converted to equilibrium relative humidity
according to sorption isotherm of spruce wood described in [50]. Than a 3 % of relative humidity
were added to obtained value as well as in case of editing non-converted values of relative humidity
described previously.

Relation between the relative humidity and wood moisture content depicted on an
opposite axes in charts 15 and 16 is based on the same sorption isotherm description.

2.1.5 Uncertainties

There are many uncertaintes of different types within the results of this study. To be
realistically sceptical about the results, the main uncertainties are mentioned in following text.

At first, the uncertainties are bonded with the original studies themselves — e.g. uncertainty
of experimental design, of measurement and data processing or uncertainties of numerical models
and their simplifications. Other uncertaintes are bonded with boundary conditions as the
measurement would have been performed during an unusual weather conditions or in case of
numerical modelling there is an uncertainty of properly sclected weather dataset.

Uncertainties are bonded also with an original authors’ interpretations of the findings as
well as with our understanding to them. Finally there are uncertainties of our calculations and
possibly the largest uncertainties of our assumed values.

Despite all, if the sample set (dataset) will be sufficiently large, there should be possible to
find some logical patterns and common features between similar attic designs, which is the goal of

this study.
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2.2 Results

Tab. 3: Summary of selected cold attic set-ups

Study Attic Kuppen— Interior Attic design parameters Moisture-related
location Geiger conditions - consequences
o) ) climate N50,ceil Nyeal,ceil Sd,ceil Ukceil Sd_r.deck Ventﬂat? Nreal ext
é H& class. [ach] [ach] [m] (W/m%/K] | [m] (1 ‘kf()Of‘ [achl;
20 % zlccording (d)SO'CCil (V real,ceil (L'j\tl[y . :
g 2 to (73] (I/s/m2/ (I/s/m2]) thickness | (ventilation
& Z 50Par)) mm) | ")
28 | Essah etal. | C | United Cbe:I 0 0 ca. 0.15 0.02 ca. 50 2 kg/year
(2009) [8] Kingdom of condensate on the
attic underlay
no
intentional
openings
(roof leakage
nso = 5 ach flow rate is
(1 year several
sim.) orders of
magnitude
lower than
intentional
ventilation)
10 | Samuelson | E Bores, le:l ca. 17 - 24 0 0 0.077 ca. 2.5 max monthly avg.
(1998) (3] Sweden °C non- RH = 90 %
31-55 %RH ventilated (december)
(1 year
meas.)
11 | Samuelson | E Bores, le:l ca. 17 - 24 0 0 0.077 ca. 2.5 max monthly avg.
(1998) (3] Sweden °C natural eave RH = 93 %
31-55 %RH ventilation (december)
(1 year (ca. 1:84)
meas.)
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18 | Kalagasidis South-west 22 °C ca. 11 ca. 0.077 ca. 2.6 ca. 50 mean
and coastal area CFbD 40 - 70 0.1
Mattsson of Sweden | Wind %RH
(2005) [5] exposure (1 year (unventilated
- cty sim.) design)
exhaust-
supply
ventilation
(exhaust
120 m3/h
— supply
90 %)
27 | Essah et al. United Cbe:I ca. 0.15 moisture ca. 50 66 kg/year
(2009) [8] Kingdom depende of condensate on the
nt 0.6-4.6 attic underlay
no
intentional
openings
(roof leakage
nso = 5 ach flow rate is
(1 year several
sim.) orders of
magnitude
lower than
intentional
ventilation)
9 Samuelson Bores, le:l ca. 17 - 0.077 mechanical max monthly avg. RH
(1998) [3] Sweden 24°C 2 ach = 96 % (december)
31-55 %RH
(1 year
meas.)
21 | Hagentoft Gothenbur le:l 30-60 ca. 10 ca. 0.10 ca. 12 ca. 50 Mould index =
et al. g region, %RH; (130 ach at 1.35%
(2008) [7] Sweden - balanced 50 Pa p. dif)
ventilation (total of
(1 year 11 weeks in 90-100 %RH
sim.) and 0-5 °C;
5 weeks in 80-90 %RH
and 5-15 °C;

3 weeks in 70-80 %RH
and above 15 °C)
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26 | Essahetal. | C U_nited CfbD ca. 0.15 40 ca. 50 83 kg/year
(2009) [8] Kingdom of condensate on the
attic underlay
no
intentional
openings
(roof leakage
nso = 5 ach flow rate is
(1 year several
sim.) orders of
magnitude
lower than
intentional
ventilation)
25 | Essahetal. | C U_nited le:l ca. 0.15 40 ca. 50 0 kg/year
(2009) [8] Kingdom (ca. 1:170) of condensate on the
attic underlay
(28 ach at 50
Pa p.dif)
(20 mm
openings
nso = 5 ach along the
(1 year eaves)
sim.)
8 Burch etal. | C | Madison 7 20 - 24 °C ca. 2.0 ca. 0.24 ca. 200 N ca. 9 highest weekly
(1996) 12] (WD), Db [ ca. (1:300) MC of north roof
USA 20 — 60 % sheathing (within 1
(1 year year sim.)
sim.) =14 %
14 | Ojanen E Espoo, % 22 °C ca. 10 ca. 0.15 ca. 0.02 ca. 50 max weekly
(2001) [4] Finland Do ca. MC =18 %
35 %RH (no (6 months meas.)
(6 month intentional
meas.) vents)
20Pa
nterior
overpress.
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32 | Essah et al. United CfbD 0.9 ca. 10 ca. 0.15 40 ca. 50 43 kg/year
(2009) [8] Kingdom 0.24") (ca. 1:340) of condensate on the
attic underlay
(10 mm
openings
nso = 2 ach along the
(1 year eaves)
sim.)
33 | Essah et al. United le:l 0.9 ca. 10 ca. 0.15 40 ca. 50 4 kg/year
(2009) [8] Kingdom (0.24D (ca. 1:340) of condensate on the
attic underlay
(10 mm
openings
nso = 2 ach along the
(1 year eaves)
sim.)
20 | Hagentoft Gothenbur CfbD 30-60 0.3 0.22 ca. 10 ca. 0.10 ca. 12 ca. 50 Mould index
et al. g region, %RH; (0.09) (0.06) (130 ach at = 3.24%
(2008) [71 Sweden - balanced (annual 50 Pa p. dif)
ventilation average) (total of
(1 year 12 weeks in 90-100 %RH
sim.) and 0-5 °C;
6 weeks in 80-90 %RH
and 5-15 °C;
3 weeks in 70-80 %RH
and above 15 °C)
17 | Kalagasidis South-west CfbD 22 °C ca. 11 ca. 0.077 ca. 2.6 ca. 50 mean
and coastal area ) 40 - 70 0.1
Mattsson of Sweden | Wind %RH
(2005) [3] exposure (1 year (unventilated
- cty sim.) design)
exhaust-
supply
ventilation
(exhaust
120 m3/h
— supply
90 %)
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15 | Kalagasidis South-west CfbD 22 °C ca. 11 ca. 0.077 ca. 2.6 ca. 50 mean 2.2 total of
and coastal area ind 40 - 70 15 weeks in 90-100
Mattsson of Sweden win %RH (natural eave %RH
(2005) [5] exposure (1 year ventilation) and 0-10 °C;
- iy sim.) 4 weeks in 80-90
exhaust- %RH
supply and 0-10 °C;
ventilation 1.8 weeks in 80-90
(exhaust %RH
120 m3/h and 10-20 °C
— supply
90 %)
16 | Kalagasidis South-west le:l 22 °C ca. 11 ca. 0.077 ca. 2.0 ca. 50 mean 13.9 total of
and coastal area ind 40 - 70 11 weeks in 90-100
Mattsson of Sweden win ) %RH (natural eave %RH
(2005) [3] exposure (1 year ventilation) and 0-10 °C;
- open sim.) 7 weeks in 80-90
area exhaust- %RH
supply and 0-10 °C;
ventilation 4 weeks in 80-90
(exhaust %RH
120 m3/h and 10-20 °C
— supply
90 %)
29 | Essah et al. United le:l 2.2 ca. 0.15 0.02 ca. 50 17 kg/year
(2009) [8] Kingdom 0.6"D of condensate on the
attic underlay
no
intentional
openings
(roof leakage
nsp = 5 ach flow rate is
(1 year several
sim.) orders of
magnitude
lower than
intentional
ventilation)

Review of studies

38




31 | Essah et al. United CfbD 2.2 ca. 0.15 0.02 ca. 50 175 kg/year
(2009) [8] Kingdom 0.6 (ca. 1:170) of condensate on the
roof underlay
(28 ach at 50

Pa p.dif)

(20 mm

openings

nso = 5 ach along the

(1 year eaves)
sim.)
30 | Essah et al. United le:l 22 ca. 0.15 40 ca. 50 207 kg/year
(2009) [8] Kingdom (0.6D (ca. 1:170) of condensate on the
attic underlay
(28 ach at 50

Pa p.dif)

(20 mm

openings

nso = 5 ach along the

(1 year eaves)
sim.)

34 | Roppel and Vancouver CfbD 24.1 °C; ca. 0.38 ca. 10.5 ca. 0.12 ca. 200 N ca.1-8 Mould index
Lawton (BO), 30.7 %RH (ca. 0.1D (depending =ca. 4%
(2014) [9] Canada (winter on (observed and also

2011/2012 measurement calculated),
averages) method)
worst weekly
combination of
(1:232) temperature and
moisture content of
baffle vents east sheathing was
ca. 13 °C; 25 %MC

6 Burch et al. Madison 7 20 - 24 °C ca. 4.0 ca. 2.6 ca. 0.24 ca. 200 N ca. 1 highest weekly
(1996) [2] (WD), Dfb M ca. (ca. 0.372) by leakages MC of north roof

USA 20 — 60 % sheathing (within 1
(1 year year sim.)
sim.) =28 %
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13 | Ojanen E Espoo, 7 22 °C simulated ca. 10 ca. 0.15 ca. 0.02 ca. 50 max weekly
(21001) (4] Finland Do ca. 0.48 MC =21 %
35 %RH (0.1 (no (1 year meas.)
(1 year intentional
meas.) vents)
(simulated
moisture
gain —
water
vessel
within
attic)
12 | Ojanen E Espoo, P> 22 °C simulated ca. 10 ca. 0.15 ca. 10 ca. 50 max weekl
2001 (4] Finland Dbl | ca. 0.48 MC = 21 %
35 %RH (0.1 natural eaves (1 year meas.)
(1 year (+ridge)
meas.)
(simulated
moisture
gain —
water
vessel
within
attic)
4 Burch etal. | C Madison % 20 - 24 °C ca. 4.0 ca. 2.6 ca. 0.24 ca. 200 N ca. 9 highest weekl
(1996) (2] (WD, Dfb ca. (ca. 0.37%) (1:300) MCgof north roZ)f
Portland Csz 20 — 60 % sheathing (within 1
(OR), (1 year ear sim.)
Atlanta CfaIZl sirzlm) y= 16 %
(GA);
USA
5 Burch etal. | C | Boston % 20 - 24 °C ca. 4.0 ca. 2.0 ca. 0.24 ca. 200 N ca. 9 highest weekly
(1996) 2] (MA); Db ca. (ca. 0.379) (1:300) MC of north roof
USA 20 — 60 % sheathing (within 1
(1 year year sim.)
sim.) =18%
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7 Burch etal. | C | Madison % 20 - 24 °C ca. 4.0 ca. 2.6 ca. 0.24 ca. 200 N ca. 9 highest weekly
(19906) [2] (WD, Db 77 ca. (ca. 0.379) (1:300) MC of north roof
USA 45— 60 % sheathing (within 1
(1 year year sim.)
sim.) =25%

19 | Holm and E Holzkirche le:l 20 - 22 °C 1.25 0.22 ca. 50 in 11 certain time
Lengsfeld n, 50 — 60 (0.16) points (from Jan. to
(2007) [6] Germany %RH (non- March) a total of 138

continu 3 mm eave g of condensate was
(3 months ous openings and | wiped from an area
meas.) cavity) 20 mm ridge of 0.06 m2 of the
opening underlay foil
measured moisture
contents of wooden
rafters — in weekly
averages ca.
23 %MC in 4 °C;
22 %MC in 5 °C;
19 %MC in 8 °C;

3 Rowley et Conditione -21 °C constant. ca. 0.3 ca. 0.52 ca. 200 N ca. 52 g/m2/24h
al. (1941) . | d chamber (condi. 21 °C of condensate on
[1] § chamber) 40 %RH (no vents) underlay sheathing

' (19 mm
= (5 days plaster)
meas.)

2 Rowley et Conditione -21 °C constant. ca. 0.3 ca. 0.52 ca. 200 N ca. 12 g/m2/24h
al. (1941) . | d chamber (condi. 21 °C (ca. 1:98) of condensate on
[1] § chamber) 40 %RH underlay sheathing

' (19 mm
= (6 days plaster)
meas.)

1 Rowley et Conditione -21 °C constant. ca. 0.2 ca. 0.52 ca. 200 N avg. ca. 75 g/m2/24 h
al. (1941) d chamber (condi. 21 °C (ca. 1:98) of condensate on
[1] 5 chamber) 40 %RH underlay sheathing

< (19 mm
' (ca. 2 day plaster,
= meas.) leaky attic

stair well)
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24 | Hagentoft C | Gothenbur Cbe 30-60 0 0 ca. 10 ca. 0.10 ca. 12 ca. 50 Mould index =
et al. g region, %RH; + 1 ach when 0.00*
(2008) [7] Sweden - balanced adaptive
ventilation ventilation is . (total of
1 vear : 0 weeks in 90-100 %RH
(sirs;.) running and 045 °C;
. . 0 weeks in 80-90 %RH
(unintentiona and 5-15 °C;
[7:achat 50 | 0 weeks in 70-80 %RH
Pa p. dif.) and above 15 °C)
22 | Hagentoft C | Gothenbur le:l 30-60 0.3 ca. 10 ca. 0.10 ca. 12 ca. 50 Mould index =
et al. g region, %RH; (0.09) + 1 ach when 1.03*
(2008) [7] Sweden - balanced adaptive
ventilation ventilation is . (total of
(1 year : 8 weeks in 90-100 %RH
sir};l.) running and 0-5 °C;
. . 2 weeks in 80-90 %RH
(unintentiona and 5-15 °C;
11 ach at 50 &' 0 weeks in 70-80 %RH
Pa p. dif.) and above 15 °C)
23 | Hagentoft C | Gothenbur le:l 30-60 0.3 ca. 10 ca. 0.10 ca. 12 ca. 50 Mould index =
et al. g region, %RH; (0.09) +5 ach when 0.02#
(2008) [7] Sweden - balanced adaptive
ventilation ventilation is (total of
(1 year ; 1 weeks in 90-100 %RH
Sil}il’l) running and 0.5 °C;
' S 0 weeks in 80-90 %RH
(unintentiona and 5-15 °C;
ITachat50 | o weeks in 70-80 %RH
Pa p. dif.) and above 15 °C)
35 | Roppel and | I Vancouver Cbe exterior no ceiling | no ceiling no no ceiling ca. 200 N fully Mould index
Lawton (BO), Can conditions | (roof deck (roof ceiling (roof ventilated =ca. 4%
(2014) [9] ada ca. 3-10 exposed deck (roof deck (roof deck (observed and also
°C; 80-95 | to outdoor | exposed deck exposed exposed to calculated),
%RH cond.) to expose to outdoor
outdoor d to outdoor cond. worst weekly
cond.) outdoor cond.) ) combination of
cond.) temperature and
moisture content of
east sheathing was
ca. 9 °C; 24 %MC
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Study type:
C — computational study
E — experimental study
E-lab — experimental study under laboratory conditions
I — in-situ measurement

Parameters:

050, ceil - reference interior-attic air change rate at 50 Pa pressure difference (related to attic volume) [ach]

Nieal ceil - real interior-attic air change rate under real conditions (experimental, real or numerically simulated), (related to attic volume) [ach], (see sections 2.1.2 and 2.1.3)
Nieal ext - real attic air change rate by ventilation with outdoor air [ach]

@s0,ceil - reference air permeance across the ceiling construction at 50 Pa pressure difference [l/s/m2/50Pal]

V' real ceil - real volumetric flux across the ceiling construction under real conditions (experimental, real or numerically simulated) [I/s/m?2], (see sections 2.1.2 and 2.1.3)

Sd, ceil - equivalent air layer thickness of the ceiling construction [m]

Sd_r.deck - equivalent air layer thickness of the roof-deck construction [m]

Uceil - thermal transmittance of the ceiling construction [W/m2/K]

vent. ratio - well known rule for attic ventilation, commonly known as 1:300 or 1:150 rule firstly stated in [35]. It is a ratio of total area of all attic ventilation openings to an area
of attic floor

Other:

MC — moisture content [%]

simulated  — simulated by water vessels within the attic with controlled moisture evaporation rate
real. — realistic value

Notes:

* - according to VIT mould growth model (1999) [63]
- values calculated for 4 Pa interior overpressure using power law with exponent 0.67 (more information in section 2.1.3 Quantification of parameters)
- values calculated for 2 Pa interior overpressure using power law with exponent 0.67 (more information in section 2.1.3 Quantification of parameters)
- air change is calculated for wind speed range 2.5 m/s and wind pressure coefficients 0.25 and -0.5 on the opposite sides respectively (thus total pressure difference across
opposite attic vents is 2.8 Pa). Pressure difference across inlet openings is assumed to be half of the value (1.4 Pa). In case of orifice flow, discharge coefficient considered 0.6,
flow exponent 0.5 and air density 1.21 kg/m3 (than the airflow [m3/s] is ca. 0.9 times opening area [m2])

¢ - values calculated from Nyelceil OF V real ceil considering that “real” pressure difference is 4 Pa (interior overpressure) and using power law with exponent 0.67 (more information
in 2.1.3 Quantification of parameters)

9 - values calculated from Nreal ceil O V real ceil cOnsidering that “real” pressure difference is 2 Pa (interior overpressure) and using power law with exponent 0.67 (more information
in 2.1.3 Quantification of parameters)
“1 — estimated according to specified ventilation regime and values of other studies, taken into account particular experimental design of the study
b — evaluated for wind speed 2.5 m/s according to the chart provided in the study
— annual average of ceiling leakage is in the study quantified just for sealed attics — for well-sealed attics we consider ca. 0.5 of the values for sealed attic
=d — calculated by authors of this paper using data provided by prof. Sasic-Kalagasidis, (VIT mould growth model (1999) [63] was used for calculation)
“¢ — no information about vapour barrier found within the study
— calculated using power law with flow exponent 0.67 and pressure difference 1.4 Pa (ca. corresponding to surrounding wind speed 2.5 m/s), (see note )
“s— calculated based on equations and coefficients provided in the study
“i — based on assembly specification and found air permeance values of air-barriers without any joints [61]
i — calculated based on provided air-permeability data of the underlay, multiplied the value three times and use power law with flow exponent 0.67 and pressure difference 1.4
Pa
“I — evaluated based on chart provided within the study
& — calculated based on stated air change rate at 50 Pa pressure difference and using orifice flow equation for 1.4 Pa pressure difference (see note ™)
| — calculated based on set of equations provided within the original study (building air change rate = 5 or 2 ach; parameter b = 0.25)
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Table 3 contains 35 rows that represent 28 main and 7 supplementary cold attic designs
with evaluated key parameters (see section 2.1.3 Quantification of parameters). Alot of values were
not sharply stated within the studies and thus we evaluate them as responsibly as we were able to.
Values and text typed black normal are sharply stated in the particular. Values and text typed in
black italics are calculated based on direct data provided in the original studies. Values and text
typed in grey italics are calculated based on other assumptions that are described in sections 2.1.2
Selection of comparative parameters and 2.1.3 Quantification of parameters. Other assumptions are
assigned to each particular value as an upper index label while their explanation can be found in
note list below table 3.

Attic designs are numbered ascending according to the year of the study publication and
sorted from top to bottom according to the airflow from interior to the attic space, represented by
attic air change rate (nrealil). Values are sorted from the lowest to the largest. If multiple designs
have the same air change rate, they are sorted according to the vapour permeance of particular roof
decks from the most to the least permeable. If also the roof deck permeances are the same, cases of
the same roof deck permeability design are sorted according to the amount of ventilation air change
rate from the lowest to the largest.

7 supplementary designs are located below the 28 main ones and are distinguished by

grey-backgrounded cells.

From the main 28 designs are 7 performed by experimental measurement, 1 by in-situ
measurement and 20 by numerical computation.

Designs were performed in 6 countries — USA, Canada, Sweden, Finland, United
Kingdom and Germany.

6 designs are located in North America and 22 in Europe while 9 (32 % of all designs) are
located in Sweden. Another 9 designs are located in UK and 10 belongs to the rest of the countries.
Most of the main designs are located in Cfb climate zone (20 designs), while 7 designs are located
in Dfb and 1 in Cfa zones. However the designs are often located very closely to the border of two
climate zones and thus these numbers cannot be taken rigidly, and even less when taking into
running climate changes.

10 attic designs are non-ventilated while the rest 18 are considered to be ventilated.

Selected studies were published in years 1941 to 2014. Range of real interior-attic air change
rate (Nrealceil) within the main designs is 0 — 1.25 ach with average value 0.27 ach (related to attic
volume). Ceiling equivalent air layer thickness (sd.ceil.) is in range of 0.5 — 11 m with average value
6.5 m. Ceiling thermal transmittance is in range of 0.077 to 0.24 W/(m?K) with average value 0.14
W/(m?K) (within the main designs). In the other parameters there are huge differences according
to whether the attic should be sealed and vapour-permeable or ventilated, therefore an average
values are not relevant to present. Range of equivalent air layer thickness of the roof deck (sd,r.deck)
is 0.02 — 200 m, while the lower value represents an underlay felt of double-skin roof deck with
ventilated cavity and higher value roof deck made of construction boards with roofing paper and
asphalt shingles. The range of exterior-attic air change rate (nreal,ex) is in range of 0.1 — 32 ach under
realistic conditions. For non-ventilated attics it was mostly around 0.1-0.2 ach while for ventilated
attics mostly around 5-18 ach.
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2.3 Discussion

2.3.1 General findings

Although table 3 shows well-arranged values of key parameters and the attic designs are
sorted in special order to keep the table as much as possible understandable and useful, it can be
still quite difficult to orient within it on order to compare different attic designs. As the table takes
up several pages, it makes it even more user-unfriendly. However if one wants to work with precise
pieces of information, it can be found an appropriate.

By first observation there can be found some relative differences in moisture-related
consequences between similar designs related to single study. For instance non-ventilated design
10 thatis practically without any moisture input from interior and with medium vapour permeable
roof deck has highest monthly averaged relative humidity 90 %RH. The same, but ventilated
design 11 records 93 %R H. This difference may seem to be quite low butin those such a high levels
of relative humidity the line between moisture-safe and moisture-risky design can be very thin.
Anyway the unventilated design seems to be advantageous when there is no moisture input from
interior.

In case of more vapour permeable ceiling and less permeable roof deck an opposite
moisture consequence can be found — sealed attic design 26 records 83 kg of condensate within a
year while ventilated design 25 performs without any condensation.

Similar result can be found by comparing designs 3 and 2, where a huge decrease of
condensate amount is recorded within ventilated attic design.

If the air leakage from interior across the ceiling is present, ventilation of the attic can be
advantageous as well, as can be seen by comparing designs 17 and 15. A huge drop of mould index
is recorded, caused by attic ventilation.

However by simulating two times higher air leakage from interior under Finish (Dfb)
conditions, it was found that sealed attic with highly vapour permeable underlay felt has similar
moisture performance as ventilated design. It can be found by looking at designs 13 and 12.

Allin all based on those relative comparisons it can be stated, that with minimal moisture
input from interior, it is advantageous to let the attic to be unventilated but vapour permeable.
When the ceiling has low vapour resistance or there is an air leakage present across it, it is
advantageous to ventilate the attic (when the outdoor air does not have parameters suitable for
mould growth). Moreover it seems that the colder the climate, the more advantageous could the
ventilation be. However such a statements still contain large uncertainty since they are stated based
just on very few samples. However both statements can be found already presented in some of the
most credible studies [5, 18, 24].
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Regarding attic ventilation in cold climates, it can be furthermore advantageous as there
can be a long periods of snow cover in such an areas. Snow laid on the roof can remarkably increase
its thermal resistance and in case of non-ventilate attic the temperature within it can rise up,
preparing more suitable conditions for mould growth, when the amount of moisture is sufficient.
Higher temperature within the attic can also lead to formation of ice dams [28]. Problem with
increased temperature due to snow cover is higher in an attics with single-skin roof deck without
ventilation cavity. Although ventilation of the attic in snow or even polar areas can drift some
amount of snow into the attic via ventilation openings, but as revealed in [24] it should not cause
any moisture problems.

Another relative comparisons between the attic designs can be found related to a change
of interior moisture conditions. Comparing ventilated designs 33 and 32, there is a difference of
relative humidity ranges of interior spaces beneath them within one year period from 30-60 %RH
to 40-70 %R H with equal temperature 20-25 °C. Based on this difference of relative humidity, a
tenfold increase of condensate amount on the attic underlay foil was recorded. Affirmatively
ventilated designs 4 and 7 located both in Madison (WI), USA, that differ by their interior relative
humidity from 20-60 %RH to 45-60 %RH at 20-24 °C, cause an increase of highest weekly
averaged moisture content of wooden underlay sheathing from 16 %, which can be still considered
as moisture-safe to risky 25 %. It should be mentioned that all four mentioned designs have some
air-leakage from interior to the attic. Anyway it can be seen, that even quite small changes of
interior relative humidity can cause a difference between moisture-safe and moisture-risky attic

design.

Other relative comparison can be made between designs 4 and S, where just a locality of
the simulated attic makes the difference between the two. In design 4 are contained three different
locations and also climate zones (Csb, Dfb and Cfa) as the design behaved very similarly at all three
places (regarding weekly averages), (see the original study [2]). However the same attic design
located in Boston (MA), (design 5) recorded higher moisture content of wooden sheathing
underlay (18 % instead of 16 % recorded in design 4). It is questionable whether discussing this
difference is relevant, but as the values lay on a border of critical wood moisture content
(corresponding to ca. 79 — 83 %RH according to [50]), the difference can be decisive.

One more consideration according to designs 4 and 5 can be made. Although the design 5,
located in Boston, belongs to Dfb climate zone as well as one of the attics contained in design 4, it
recorded higher sheathing moisture content (as previously mentioned). This difference can be
caused by the Boston's maritime location, which could be more humid compared to inland area.
This consideration is based on findings from few other studies performed in maritime areas of
HCT climate, where the ventilation by outdoor air leads to moisture problems within an attics [7,
9] (as already mentioned in an introduction). Compared to design 4 containing three locations,
Madison (WI) and Atlanta (GA) and Portland (OR), it can be stated, that Madison and Atlanta
(GA) are inland cities where a different climate can be expected, but Portland (OR) is located quite
close to the coast as well as Boston. However Portland lays in Csb climate zone which does not
anymore belong to fully humid climates (and so to the stated HCT climate). Therefore, although
this location can be more humid compared to the rest of Csb climate, it is not more humid for the
HCT climates.
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Ventilated design 21, located in Gothenburg region in Sweden records mould index 1.35
during one year simulation, which means a mould growth (as mould index 1 refers to start of the
mould spores germination and therefore is suggested by the authors of the study to be the limit of
mould index dividing moisture safe and risky designs) [7]. The second study from Canada revealed
by in-situ observation and also by modelling a mould growth in ventilated attics located in Lower
Mainland in Vancouver (south-west coast of Canada). Visible moulds on roof sheathing and
calculated mould index ca.4 were recorded (see design 34). It was also found, that in this area the
exterior air itself provides a suitable conditions for mould growth on wooden roof sheathing.
Measurement was performed on a standalone roof exposed to the outdoor environment (see

design 35).

Based on all previous findings it can be stated that maritime areas of HCT climate are often
more humid and ventilation of the attic in such an areas can lead to moisture problems. Potentially
suitable design for such a climates can be an unventilated attic with vapour-permeable underlay
felt and sufficiently low moisture input from interjor space. This can be, with some uncertainty,
derived also by looking at design 18 (in table 3) that were performed in one of the potentially
problematic areas (South-west coastal area of Sweden), while resulting in mould index 0 (without
mould-growth risk). It should be however mentioned that this mould index value was not
provided by the original study, but calculated by authors of this paper, using data provided by
prof. Sasic-Kalagasidis. Another approach towards finding suitable attic design for humid
maritime areas is to combine previously mentioned design with an adaptive mechanical
ventilation, as suggested by authors of Swedish studies [7,12,43].
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2.3.2 Moisture-risk evaluation

Although in table 3 can be found some important pieces of information, there would be
much more to say, if there will be an information about moisture-safeness of each particular attic
design. Table 3 does not contain a column of such an information, because only a few studies
provided it. Studies often presented measured or computed data of different moisture-related
quantities, such as relative humidity, moisture content of wooden sheathing, amount of
condensate or mould index, however those mostly does not say much about the overall moisture
safeness of the particular attic design — on one hand, studies reporting an amount of condensate
on the roof sheathing within a year do not state what amount of condensate causes a moisture risk
(or any other supplementary information). It can be also pointed out that even if there is no
condensation on the inner-attic surfaces within a year and thus the amount of condensate is zero,
it does not exclude a mould growth. Therefore even the design with co condensation present
cannot most likely be stated as moisture-safe (without providing more information). On the other
hand, there are studies reporting mould index according to VI'T mould growth model [63,64].
However even when the mould index is sufficiently low for any mould growth (commonly < 1),
there is still a possibility of condensation or frost accumulation on the inner-attic surfaces,
especially in periods when temperature is below freezing point (at which a lot of mould growth
models consider no growth). In that case melted frost can consecutively run down onto and into
the construction joints or assemblies and cause local moisture problems (without causing a mould
growth within an attic space). Nevertheless this second case we consider quite low probable and
we still consider the mould index as the most relevant quantity for moisture safeness assessments.
Many other considerations can be made regarding proper approach of moisture safeness
assessment within an attic space, but such a topic would have taken whole another thesis.

Anyway in order to give just a bit deeper insight into the moisture-safeness of particular
attic designs, there was additionally tried to evaluate moisture safeness of some of the attic designs
using very simplified approach. There were generated two charts using an information and
equations from original VT'T mould growth model [63] and within them there were plotted an
averaged data of the worst combination of temperature and relative humidity or temperature and
wood moisture content (of wooden-based roof sheathing materials), (depending on study) of most
of the attic designs. One chart was generated using worst weekly averaged data (see Fig. 15) and the
second using worst monthly averaged data (see Fig.16). Left axis represents relative humidity while
right axes corresponding equilibrium wood moisture content. Relation between the two
quantities is determined by sorption isotherm of spruce wood presented in [58]. In some cases not
all the data was provided by the original studies. In those cases we quantified the values using a set
of assumptions that are described in section (2.1.4 Quantification of values in moisture-evaluation
charts).

In both charts (Fig. 15, 16) can be seen multiple lines. The bold one represents well known
critical relative humidity for mould growth as suggested by authors of VI'T model. This line
connects a set of conditions (combination of temperature and relative humidity) that are at least
needed for the mould growth if applied for an infinite time period. The area at the top right
represents a set of conditions more suitable for mould growth the more top and right are placed.
Dashed lines represent a set of points (combination of conditions) at whose the mould index 1
(starting mould germination) is reached in the labelled particular time period. It can be clearly seen
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that the more top and right the conditions are the shorter is the time period for reaching a mould
growth. Moreover in each chart is one horizontal line while the area above the line was suggested
to be an area of high condensation risk. As the worst weekly averages are obviously worse than
worst monthly averages, this line is placed at relative humidity 94 % in the first chart (Fig. 15) and
at 92 % at the second one (Fig. 16).

In both charts are presented values from 16 main designs (from total of 28) and 1
supplementary design (of total 7). In the first chart is just illustratively depicted also first 3 designs
that resulted in frost accumulation. Attic designs that reports mould index or amount of
condensate was not possible to include in the charts.

In the chart with weekly averages are shown mostly all weeks that belongs to the area of
mould growth conditions and area of high condensation risk. Moreover there are some more weeks
that was found to be close to the border. Designs that have no weekly averaged conditions located
in the risk area are represented mostly just by one worst week point.

It can be scen, that there is no week point inside the “1 week area” which would have by
any doubts confirm such a design to be moisture risky. The worst design regarding mould growth
risk seems to be design 34 that has 3 week points in the middle of the “1 month area” (which is
possibly around “3 weeks area”). But at least it does not confirm the design to be moisture risky as
those 3 weeks would have gone right after each other to form a continuous 3 week period.
Otherwise there can be no mould grow. Unfortunately the same can be stated according to the
design 17, where a large set of week points can be found in the risk area. However it can be quite
clearly stated that designs 4, 5, 8,12, 14, and 18 are mould growth- and condensation-safe.

Although the chart with weekly averages can be useful for some estimations, chart in figure
16, presenting monthly averages, revealed some more information. As can be seen, it confirmed
that the designs 34, 17 and 35 are mould growth-risky (which can be also seen in table 3 where an
evaluated mould indices can be found). Chart also suggests that designs 6, 9, 11 and 15 are
condensation-risky and designs 6, 7, 10, 16 moisture-safe.

By using this quite simple approach we were able to label most of the attic design as
moisture-safe or risky:

e  Attic designs that have the mould index already stated within their original study,
were evaluated accordingly (MI < 1 — moisture safe, MI = 1 — moisture-risky)

e Moisture safeness of studies that provided just an information about an amount
of condensate within a year or a certain time period, was stated based on another
set of assumptions that are not presented in this study. Anyway based on those
assumptions the dividing value of moisture-safe or risky was suggested to be
70 g/m?/year of condensate.

Finally all attic designs were stated as moisture-safe or moisture risky that was the first step
towards more detailed analysis.
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2.3.3 Grouping of similar designs

Although table 3 presents well-arranged list of designs according to their key parameters,
itis still not quite easy to find all similar designs to be compared as there are not stated any borders
of parameter values that could be considered as “similar”.

To group similar designs it was needed to state ranges of values of selected parameters. Here
we present the selection process of those ranges. To not have too much individual groups, just 3
parameters that we found to be the most relevant were selected - nireal,ceil, Sd,r.deck, Dreal.ext. Finally the
set of overall 36 possible attic designs was established (see table 2). In following text can be found
a brief information about selection of the ranges of each parameter.

Ceiling air permeance ranges

Based on ranges stated in studies [7,18,37] and on passive house requirements for an air-
tightness [52] together with pieces of information from in-situ measurements [33], ranges of
reference air change rates of the attic air due to the ceiling leakages at 50 Pa pressure difference were
stated. Evaluation process is not described within this study. Based on reference ranges at 50 Pa
pressure difference and by using power law with flow exponent 0.67, an air change rate ranges for
4 Pa pressure difference were evaluated. Those were considered as the ranges of attic air change
rates due to infiltration of interior air under usual building operation. It should be emphasized
that those ranges are not ranges of ceiling air-tightness (as this standalone parameter says nothing
about real air leakages during building operation), but ranges of real leakage to the attic including
all parameters that affect it. Chosen ranges are as follows:

extremely low leakage - Nreal,ceil = 0.00 — 0.04 ach
low leakage - Nreal,ceil = 0.04 — 0.10 ach
medium leakage - Nrealceil = 0.10 — 0.18 ach
high leakage - Nreal,ceil > 0.18 ach

Roof-deck vapour permeance ranges

According to already quite distinguished values of roof-decks s¢-values, ranges were chosen

as follows:
permeable - sdrdeck =0.02-0.3m
medium permeable - Sdrdeck =2.5-2.6m
vapour-tight - sdr.deck =10 m
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Attic ventilation ranges

According to the values of different designs and best assumptions the ranges were stated as follows:

unventilated (sealed) -

slightly ventilated -

ventilated -

Nrealext = 0.0 - 0.3 ach

Nrealext = 0.6-3.3 ach

Nrealexc = 4 ach

Tab. 4 Table of full range of possible attic design groups with filled the analysed 28 attic designs

ventilation regime

Attic design no._and

unventilated 28(0), 14(0)
permeable slightly ventilated
ventilated
medium | unventilated 10(0), 18(0), 27(3)
permeable | slightly ventilated
ventilated 112)
vapour- | unventilated 20,
tight slightly ventilated | 9(2)
ventilated 25(0), 8(0), 21(1)
unventilated
permeable slightly ventilated
ventilated
low medium | unventilated
leakage | permeable | slightly ventilated
ventilated
vapour- | unventilated
tight slightly ventilated
ventilated
unventilated
permeable slightly ventilated
ventilated
medium | medium |[unventilated
leakage | permeable | slightly ventilated
ventilated
vapour- | unventilated
tight slightly ventilated | 33(0.5), 32(3)
ventilated
unventilated 29(1.5), 13(0)
permeable slightly ventilated
ventilated 31, 193
heavy medium | unventilated 17(3)
leakage | permeable | slightly ventilated | 15(1)
ventilated 16(0)
vapour- | unventilated
tight slightly ventilated | 6(1)
ventilated 34(3). 30(3). 4(0). 5(0). 7(0). 12(0). 20 (3)
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2.3.4 Statistical evaluation

Table 4 shows 4 main attic design groups according to the interior-attic air leakage under
real building operation. As the “extremely low leakage” across the ceiling is in building practice
usually almostimpossible to achieve, itis assumed that building practice should target at the second
“low leakage” or, at least the third “medium leakage” group. However it can be seen that almost
none of selected attic designs has parameters to fulfil the criteria of such a ranges.

Mostly a numerically simulated designs (and one experimental design) were performed
with no (or negligible) interior-attic leakage — the first group. The rest of tested designs were found
to be on the other side with “heavy leakage” across the ceiling construction, leaving the two middle
groups almost empty.

In terms of statistical evaluation of the overall 36 groups of attic designs (see Tab.4), it can
be seen that only a few groups contain more than one sample and just 3 groups contain more than
two samples. Under those circumstances it could be quite difficult, to state any solid conclusions
or to find any linkages between the designs. Allin all it can be seen that although a lot of previous
studies were performed there is still place for further investigations, especially in a range of “low”
and “medium” leakage groups (according to the table 4).

2.3.5 Comparison of similar attic designs

As all designs are now evaluated according to the moisture-risk and sorted into groups,
there can be stated some moisture-related comparison. Looking at table 4 it can be seen that
unventilated design with vapour permeable roof deck and extremely low interior-attic leakage can
be moisture-safe since both of the two samples are without any moisture risk.
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2.4 Conclusions

Based on study review it was investigated whether there could be found one or more cold
attic design suitable for whole or prevailing part of the HCT (humid cold and temperate) climate.

Main findings were:

e Since the potentially highest moisture source for cold attics in HCT climate is usually the
interior air, the first key measure for designing a moisture-safe attic is to make the ceiling
construction as air-tight as possible, while its vapour tightness is also preferable but
considerably less important.

e Itwasalso revealed that seemingly quite a small change in interior moisture conditions can
cause a huge difference in an attic hygro-thermal performance. Therefore a reasonable
limits of interior humidity should be kept.

e Itwasfound that maritime (coastal) areas of HCT climate are often more humid compared
to inland parts of the climate zone. Exterior air in those coastal areas can cause moisture
problems if the attic is ventilated (e.g. Gothenburg (Sweden), Vancouver (Canada).
Therefore in those areas can be advantageous to use an unventilated attic with vapour
permeable roof deck (e.g. double-skin roof deck with vapour permeable underlay felt as
the lower skin) and indeed air- and vapour-tight ceiling construction.

e  Generally if the ceiling construction is not sufficiently tight, the attic ventilation is usually
advantageous (except the mentioned maritime areas). However if the ceiling is reasonably
tight it seems that both designs (ventilated and unventilated but with vapour permeable
roof-decks) perform similarly well (regarding moisture safeness). However it seems that
the more northern the attic is located (particularly Dfb and Dfc climates) the more
advantageous can be the use of ventilated design. It was proven that even in polar regions,
the snow that drifts into the attic via ventilation openings does not cause any significant
moisture problems. Accordingly in case of non-ventilated attics in areas with long-term
snow coverage, the snow laying on the roof deck can lead to an increase of temperature
within the attic, which together with possibly sufficient amount of moisture can lead to
mould growth problems.

e Itis mostlikely that the studies dealing with hygro-thermal performance of cold attics and
related problems were performed mostly in areas where the problems were recorded. If so,
it can be stated that in an inland areas of Central and Western Europe as well as in most of
the inland part of North America there were possibly not much of such a problems and so
the ventilation of cold attic (as mostly the best practice traditional measure) keeps in these
areas the attic moisture-safe (as well as it is for centuries in Czech Republic).
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In North America there is potentially higher moisture risk within an attics (compared to
Europe) because of the traditional single-skin roof deck assembly. The inner-attic surfaces
of such a roof deck are more prone to undercooling by sky radiation during cold clear
nights. The wooden-based roof sheathing has moreover some thermal capacity (compared
to an underlay felt as the lower skin of the common European roof-deck) which can help
to maintain lower temperature for a certain time period and thus can increase moisture
risks. Another potential disadvantage of traditional North American roof deck is its
vapour tightness that can also affect the overall moisture behaviour of an attic space.

On the other hand the typical European double-skin roof deck contains usually ventilated
cavity between the two skins that inhibits extremes of temperature acting on the upper
roofing. Moreover the lower skin can be vapour permeable (made out of underlay felt)
allowing some moisture transport between the attic and ventilated cavity.

It was revealed that although many studies were performed, a very few of tested attic
designs is in a range of what can be considered as the target attic design of current and
future best-practice. This finding on the other hand implies what the future studies can be
focussed on.
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3 Development of HAM model

3.1 Description of the model

For further hygro-thermal analyses of cold attics was developed a dynamic, mostly
one-dimensional and implicit HAM (heat air and moisture) model, built-up in software Matlab
R2018b [46]. Model is fitted especially for attics but can be used also for other spaces. It is also
quite versatile as there can be specified particular geometry, orientation, number of roof decks and
their slopes etc. Special attention was paid to the description of ventilated roof-deck cavities and to
cavities located within a pitched part of the ceiling above the heated space, that create ventilation
channels connecting exterior and cold attic (see Fig. 17).

exterior

1

>

—— heat conduction and moisture diffusion
— — airflow

Fig. 17 Simple geometrical scheme of the model

Basic geometrical scheme of the model is depicted in figure 17. There can be seen 5 nodes
representing an individual zones. Nodes also represent temperature and absolute humidity of the
ideally (perfectly) mixed air within the particular zone (so no stratification or local differences of
such a quantities are considered within the zone space). Although in the figure can be seen S zones
depicted, the number of zones can vary as there are maximum of 4 attic envelope segments (except
the ceiling construction) available to be set as roof-decks or gable walls. Thus in case of four roof-
decks a set of 14 zones are present within the model.

Regarding the airflow model (see the dashed line), roof-deck cavities (each containing two
zone nodes) are connected to the exterior by eave and ridge vents but are separated from all other
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zones, creating an individual airflow paths. On the other hand the attic node is linked to the rest
of zones making a net of 2 - 6 of them. Each interior wall (four walls) and each gable wall can
contain an opening to an exterior environment (however only one opening area can be determined
to each construction, representing an intentional vent or unintentional construction leakage).
Airflow opening within the ceiling construction can be specified in the same way.

The zones referred as “ecav” (eave cavity) represent the airflow ducts from exterior to the attic
space. If the attic is situated above an occupied loft, with inclined ceiling parts, such a cavities can
be quite long (ca. 2-4 m). Therefore the air within the cavity can be affected by the surrounding
environments (exterior and interior) before it enters the attic space. That is the reason why the
“ecav” spaces (ducts) were created within the model. As well as the roof-deck cavities, it is
considered, that the width of an “ecav” cavities is equal to the length of the eave. The length of
“ecav” space is characterized by “length 27 (see Fig.17) which is one of the geometrical inputs within
the model, while “length 17 is the length of the roof-deck in contact with the attic space. By
adjusting those two lengths a various attic designs can be modeled.

Except the airflow part of the model, it can be seen, that all zone nodes are interconnected by
thermal-conductances and water-vapour permeances between them (see the solid lines in the
scheme).

In the figure can be seen a square-shaped interconnection of four nodes (two roof-deck cavity
nodes, attic and ecav node). This is the only part of the model that is not calculated in an implicit
scheme. The airflow between lower nodes (cav_2 and ecav) and upper nodes (cav_1 and attic) is
calculated explicitly as that is a connection of two implicit matrices (one connecting the interior —
attic — cav_1 — exterior and second connecting interior — ecav — cav_2 — exterior) . Itis also the only
part of the model having 2D character.

In figure 18 can be seen more detailed geometrical scheme of the model with depicted some
of the options that are predefined within the model. For instance there can be easily chosen
whether the roof deck is with or without the ventilation cavity and if the underlay is formed just
by one thin foil (or felt) layer or there are some other layer (e.g. a sheathing layer). Also the gable
wall can be quickly set to be made of one or two layers and the top layer of the ceiling construction
can be easily set to be formed just by loosely laid thermal insulation or there is an extra layer on top

of it (e.g. the flooring).
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Fig. 18 Detailed geometrical scheme of the model

In figure can be also seen a computational nodes within the material layers. In most of the
layers the number of nodes can be adjusted and is automatically logarithmically distributed from
the more to the less important surface (mostly the attic- or ventilation cavity-facing surfaces). Foil
layers are set to contain no more than one node.

Each air zone includes in fact two nodes. One representing the air temperature and the
second the mean radiation temperature (areas-weighted average of surface temperatures of all
surrounding constructions). This two-nodal approach instead of using just one node has two
crucial benefits. First is that the surface temperatures are more precise as the model respects a
radiation heat exchange between the surfaces. This could be very important in terms of studying
surface condensation or mould growth. Second benefit is that the model outputs the air
temperature than can be easily compared to a measurement, instead of some combined air and
radiant temperature that results from one-nodal approach. Also obtained surface temperatures can
be easily compared with measurements.
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In figure 19 can be further seen a logical scheme of the model. The scheme is divided
traditionally into three main parts: Inputs, Calculation core and Outputs.

Geometry, orientation,
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Fig. 19: Logical scheme of the model
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Inputs

At first it is needed to provide to the model a set of computational parameters. It is mainly
the geometry and orientation of the attic space, landscape roughness and presence of close wind
obstacles (see also section 3.1.2 Airflow model). It should also be stated constructions assemblies
(type and thicknesses of material layers) and number of nodes within them. For this purpose there
is basic material database provided in the model (see Tab.5). It is therefore only needed to select a
material from the database that contains all the parameters needed for the calculation. It is also
possible to check or change the parameters. Finally there should be provided a boundary
conditions of exterior and interior environments, preferably in hourly or half-hourly time step.
Particularly the parameters needed are: temperature, relative humidity, wind speed and direction
at 10 metres, solar gain (for specific slope and orientation of each attic envelope segment) and
preferably also an apparent sky radiation (it can be also calculated within the model but with quite
high possible inaccuracy). Eventually also heat and moisture gains or losses can be inputted.

In terms of geometry, the user can work with maximum of 4 attic envelope constructions
(except the ceiling) that could be set as roof decks or gable walls. Although each envelope segment
can have different area, slope and orientation, all roof decks and also all gable walls are made out
of one assembly. There is quite high variability of the virtual attic geometry (see figure 2?), but
regarding the wind pressure coefficients acting on the different attic and house surfaces, there is
only one set of functions of such a coefficients that corresponds to the detached rectangular, two
story house with gable roof. Therefore there can be quite high uncertainty of the attic ventilation
when considering different attic geometry. However the coefficients can be adjusted by the user,
when the specific geometry is known.

Lo > >
<Q%v

Fig. 20: Cases of possible artic geometries that can be defined within the model
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Tab. 5: Material database of the model

po Py cp w 12 Fsol €

(kg/m’] | (W/(mK)] | U/kgK)] | [] | [kg/kgl | [ (-]
spruce 470 0.170 2510 -1 -1 0.85 0.90
OSB_board 470 0.170 2510 -2 -1 0.85 | 0.90
wood_fibreboard_low_dens_1 50 0.040 2100 1.5 -1 0.85 0.90
wood_fibreboard_low_dens_2 160 0.040 2100 3 -1 0.85 0.90
wood_fibreboard_med_dens 270 0.048 2100 5 -1 0.85 0.90
wood_fibreboard_high_dens 650 0.100 2100 17 -1 0.85 0.90
red_brick 1800 0.800 800 8 0.002 0.75 0.90
unburned_brick 1800 1.300 800 8 0.050 0.80 0.90
plaster 1600 0.900 840 9 0.010 0.60 0.90
concrete 2200 1.300 1020 20 0.018 0.80 0.90
reinforced_concrete 2500 1.600 1020 29 0.018 0.80 0.90
gypsumboard 710 0.310 850 8 0.008 0.70 0.90
gypsum_fibreboard 1150 0.320 1100 13 0.020 0.60 0.90
EPS 30 0.038 1270 55 0.014 0.65 0.90
mineral_wool 25 0.039 840 2 0.008 0.50 0.90
foil_diffusively_open 260 0.300 1000 40 0.001 0.80 0.90
foil_PVC 1400 0.160 960 16700 | 0.000 0.30 0.90
tiles_concrete_dark_grey 2200 1.300 1020 20 0.018 0.85 0.90

* - values that tells the model to use a more detailed calculation of such a parameters, values (-1)
refers to use a functions of moisture-dependent mu-value and moisture capacity of wood , and (-
2) moisture-dependent mu-value of an OSB board

Po - dry density

A - thermal conductivity

Cp - heat capacity

u - water vapour resistance factor
13 - specific moisture capacity

Fsol - surface solar absorptance

€ - surface thermal emittance
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Calculation core

Model is consisting of combined thermal and airflow model, moisture model and additional
mould growth model adopted from [63,64].

The physical core is based on traditional set of equations for such a purposes: thermal model
is based on Fourier's law (law of heat conduction) (eq.1) and Stefan—Boltzmann law (eq.2),
moisture model is based on Fick's law (law of diffusion) (eq.3), and airflow models on Bernoulli's
equation (eq.4), ideal gas law (eq.5) and power law for an airflow rate across an opening or
construction assembly calculations (eq.6). In all computational nodes also a mass and energy
balances are valid (eq.7).

No latent heat effects are considered within the model as well as no liquid water transport.
Amount of condensate and formed frost is buffered within the particular computational node and
can further accumulate or be dried according to the surrounding conditions. It also affects the
absolute humidity values of the layers the nodes represent.

The principles of the airflow models development were adopted from [31,34,56].

Empirical mould growth model was adopted from [63,64].

Fourier's law (law of heat conduction):

q:—z-gradez—i?j—f (1)

e Stefan—Boltzmann law

q, =¢oT" (2)

o  Fick's first law (law of diffusion):

dpv __5\/% (3)

:—6 =
g P dx

e Bernoulli's equation for an incompressible flow:

% o U%+ p,gz+ p,, =const. (4)

o ideal gaslaw:

pVv = Ny RgasT = mRspecT (5)
e power law for an airflow

m=p,|-AP" (6)
® mass/energy balance:

Income = Outcome + Accumulation (7)
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o Thermal and airflow model

As can be seen in figure 19, in the first part of the calculation core there is a combined thermal
and airflow model as temperature and mass flow rate are mutually affected by each other.
Therefore there is an iteration loop of such a quantities. As can be seen, the loop contains four
parts that are consecutively executed - Thermal model — ATTIC, Thermal model - EAVE
PARTS, Airflow model ROOF-DECK CAVITIES, Airflow model - ATTIC.

At the first part “Thermal model — ATTIC” are calculated temperatures of all nodes present
within an attic envelope constructions, and the attic node itself. This is done implicitly by solving
a system of equations. No mass flow across any vent is considered in the first time step.

The same is performed within the next part of the model “Thermal model - EAVE PARTS”.
There are possibly four cave parts (means parts of “length 2”7 or parts of sloped ceiling).
Temperatures of each part are calculated within its particular system of equations.

In next step the calculated temperatures of upper and lower part of ventilated roof-deck cavity,
together with exterior temperature, are provided to an airflow model of the cavities (Airflow model
ROOF-DECK CAVITIES), which provides the mass flow rate in each cavity. Except the thermal
stack, there are indeed taken into account the wind pressures acting on ventlation openings (see
also section 3.1.2 Airflow model).

Similarly the temperatures within an attic space and ecav spaces, together with exterior and
interior boundaries are put to the attic airflow model (Airflow model — ATTIC), where the mass
flow rates across all the openings related to the attic and interior space are calculated. Although
there are a power law equations used, a linear system solver is used for such a purpose (more
information can be found in section 3.1.2 Airflow model).

Al calculated mass flow rates are used in new iteration loop as an inputs to the “Thermal model
— ATTIC” and “Thermal model - EAVE PARTS”. Not more than 15 iteration cycles are needed

to obtain sufficiently accurate result.
o Moisture model

As the moisture model does not work with any liquid water transport or latent heat, it does
not affect the thermal model nor an airflow model. However it needs a temperatures in all nodes
and mass flow rates across all openings and constructions as an inputs to calculate a saturation
values of absolute humidity and amount of moisture transported by an airflow. Model is divided
in two parts, similar to the thermal model (as the eave parts are calculated using one system of

equations and the attic second). Similarly to the thermal model the part are “Moisture model —
ATTIC” and “Moisturel model - EAVE PARTS” (there can be from one to four eave parts).

o  Mould growth model

Mould growth model was adopted from [63,64]. Model requires temperature and relative
humidity courses of the space in which the analyzed surface is present. To use the model
sufficiently, the surface should be made out of spruce or pine wood. Results of the model is a
quantity called mould index (M [-]), which is a measure of mould growth activity on the surface
or ratio of surface coverage. It is in range 0-6, where values < 1 means no growth, 1 means starting
spore germination and 6 means that ca. 100 % of the surface is visually covered by the mould.
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Outputs

Outputs are temperature, absolute humidity and relative humidity courses in time. There are
also obtained courses of condensate (frost) amount within a virtual liquid and solid moisture
storage tanks that are bonded to each computational node, and finally a mould index courses on
inner attic surfaces.

By using such an output quantities many valuable analyses can be performed towards an attic
moisture-safeness assessments or its hygro-thermal optimisation.
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3.1.1 Thermal model

Preliminary calculations:

e Thermal conductances and capacities within material layers

Based on stated materials layers, their thicknesses and number of nodes within each of
them, a heat capacities of computational layers and thermal conductances between the
computational nodes are calculated. Heat capacity of each material layer (of each computational
node representing such a layer) is calculated according to equation (8), and thermal conductance
between two nodes within the same material is calculated according to equation (9). Often the
thermal conductivity between two nodes is not uniform (as there can be more than one material
layer having different properties between the two nodes). Since the total thermal resistance of the
set of layers is calculated by adding the individual thermal resistance values and thermal
conductance is an inverse value to the resistance, an equation (10) is used in those cases.

It should be also mentioned, that as the model is one-dimensional the heat capacity of ecach
material layer is expressed per square meter.

Cheat =d "o 'Cp (8)
h=A/d ©)
1 &1 1 1
R SR R+R+.+R d d d, 10

A4 Ay
e Thermal capacities of an air zones

The air zones with specified volume have to be calculated using heat flow rates instead of heat
fluxes that are related to squared meter. Therefore also the heat capacity of the zone has different
units and is calculated using volume instead of thickness:

Kheat :Va ’ pa ) Cpa (11)

e Equivalent temperature acting on the outer surface of the roof deck

For each of four roof segments is calculated its equivalent temperature acting on its exterior
surface. This temperature is a combination of outdoor air temperature, solar gain with respect to
roofing solar absorptance and thermal exchange due to the longwave radiation between roof to sky
and roof to ground with respect to orientation and slope of the roof.

Cee 'eae(i)+|:sky * O sky (i) 'esky(i) + Fg ReITT0) 'eg(i) * Uso1i)
+F-a

He(i)

e +Fsky &

r.sky (i) r.g(i)

Note: indexes in brackets states for loops: (i) for time step loop and (y) for iteration loop
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Sky temperature is calculated from measured outgoing heat flux using following equation
(however many other equations can be used depending on the data available — in those cases, the
sky temperature has to be put into the model as already calculated input):

qr, 0_sky (i) i
Ori {ij 4-273.15 (13)

Temperature of ground and other surfaces surrounding the attic is assumed to be very close
to the temperature of outdoor air, and thus:

Oy = Gy (14)

Convective heat transfer coefficient on external side of the roof is highly affected by the
wind speed by the surface, but in this model it was simplified using constant value.

o, = 20 W/(mK) (15)

Solar gains to roofing surfaces are calculated using roofing shortwave solar absorptance as
follows:
Osoicy = Gsottotiy * hol (16)

Radiation heat transfer coefficients on the external side of the roof are calculated as follows
(considering that external surface of the roofing is equal to the sky and ground temperature
respectively — keeping in mind that it is a radical simplification):

3
Aoy = 4"C"roof 'O'-(Qg(i) ‘|‘27315) )
3
ar,skY(i) = 4'gr00f ‘G'(@sky(l) + 273.15) (18>

Coefficients characterizing the roof orientation towards sky and towards the ground comes
from stated roof geometry and thus are calculated according to roof slope.

F, = 0.5(1-cosp) (19)
F, = 05(1+cosp) (20)
e Equivalent heat transfer coefficient on the outer surface of the roof deck

Except equivalent temperature acting on the outer surface of the roof deck 0., also an

equivalent heat transfer coefficient of the external roof surface, that combines convective and
radiative parts of heat transfer, is calculated:

ety = %ty Py T Prgiiy  Fy Pty (21)
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Thermal model — ATTIC

e Convective heat transfer coefficients within roof-deck cavities

Convective heat transfer coefficients of surfaces in ventilated cavities are calculated using
following equation:

a

Nu, - 4

a (eq.5.24 in [60]) (22)

c,r,cav(i) = D
H

Following relation between Nusselt and Reynolds number was chosen according to
references [60,48].

Re,, < 2300; Nu,, =8 (in [70]) (23)

Re,, > 2300} Nu; = 0.023Re(i)(0'8) pr® (pg-424 in [60]) (24)

Previous equation is valid only if 0.7 < Pr <16. Prandtl number for dry air in atmospheric
pressure and temperature between -20 and 100 °C varies approximately in range of 0.72 and 0.70
and therefore constant value Pr=0.71was chosen and thus the previous equation is valid.

Thermal conductivity of dry still air is in atmospheric pressure and temperature between -
20 and 100 °C approximately in range of 0.022 and 0.032 W/(m-K) [49]. Therefore a most

commonly used value A, = 0.024 wy (m-K) were employed.

Hydraulic diameter of ventilated cavity is calculated using relation for parallel plates flow:
DH = 2'dcav (25)
Reynolds number is defined as follows:

_ an cav (i) L

Re;, =
:udyn,a

(26)

For density of fluid (air) as well as for its dynamic viscosity were chosen constant values

P, =1.23kg/m? and Hana =17.8x10"° kg/(m's). Quantity L states for characteristic linear

dimension which is in case of ducts or parallel plates flow equal to hydraulic diameter D.,, thus:

Uu_.D
Re, _ Paeaviy B (27)

/udyn,a
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The airflow velocity within the cavity (Wcav(i)> is calculated from mass flow rate (see eq.

28). The mass flow rate is in first iteration step considered to be zero, in next steps it is an output
from the previous step of an airflow model. Value of mass flow rate is bonded with a sign that
characterizes the flow direction. Similarly the calculated velocity includes the same sign. However
for many purposes it is needed to express just the magnitude (scalar absolute value) of the flow

velocity vector (the flow speed). In this model it is referred as Ucav(i) . Such a quantity is useful for

instance for validation with measurement (see also section 3.3 Validation), expressing an average
flow speed within the cavity and also for an evaluation of the Reynolds number (see eq. 27).

VVcav(i) = rhcav(i,z) /(pa,cav(i) 'bcav ) dcav) (28)

bcav and dca\, are an input values, while bcav is the width of the cavity within 1 meter of cave length,

thus for instance if there are S0 mm-width rafters, one per each meter of eave length, bca\, is0.95 m.

Air density is calculated according to eq. 29.

_1.293.273.15

pa,cav(i) - (29)
Oz +273.15

Ucav(i) = abs’(Wcav(i)) (3())

Value of convective heat transfer coefficient of an opposite surface of the ventilated cavity

Qg e cav(iy 18 set to be the same as U iy -

e Radiative heat transfer coefficient within roof-deck cavities

Considering a geometry simplification to parallel plates, the radiative heat transfer coefficient
between the two surfaces is calculated as follows:

1| Gusiny + 27315)+ (0, sy +273.15) ’
2
ar,cav(i) = 1 1 (31)
+ -1
gs,e,cav gs,r,cav
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e Convective heat transfer coefficients on the inner-attic surfaces

Convective heat transfer coefficients of the inner-attic surfaces were set as constant values.
a,, = 3.2 W/(m2K)
- 2
e floor = 0.7 W/(m K)

ac,buff = 32 W/(m2K>

e Radiative heat transfer coefficients on the inner-attic surfaces

Radiative heat exchange between all inner-attic surfaces is simplified with the use of mean
radiation temperature (see also paragraph “Mean radiation temperature node” in following text).
The radiative heat transfer between the surface and all other surfaces is substituted by an exchange
between the surface and just one (mean radiation) temperature. The relation is similar as in case of

parallel plates (see eq.31).

e Convective heat transfer coefficients on the lower (interior) surface of the ceiling

ac,i =3 W/<m2K>

e OQOutermost thermal conductance

In the model there is no exterior surface node considered. Therefore the outermost
computational node of the roof deck or gable wall is placed in the middle of the outermost layer
(roofing or the outer gable wall layer). For an evaluation of the thermal conductance between the
equivalent outdoor temperature and the first computational node an equation for adding

conductances is used as follows:

heegy -1
_ e(i) ext_roof
hee,roof(i) - h h (32>
se(i) + ext_roof
hse h-h
_ (i) ext_gwall
hee,gwall(i) - (33)

hse(i) + hext_gwall
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e Nodal equations

For every node an energy balance is valid (see eq. 7), thus all incoming energy can only be
stored or released. In terms of thermal energy a following general relation can be expressed for each
time step (2):

s n Kheat '(‘9@) - ‘9(i-1))
ZQin(i),k = onut(i),j + A (34)
k=1 =1 T

o Material nodes

A typical situation is a material node within construction where only two heat-transfer
branches are connected to this node. Moreover one-dimensional transport can be related to one
squared meter of construction. Than a simplified version of eq. 34 can be expressed using heat
fluxes instead of heat flow rates:

Cheat : (H(i) - e(i—l) )
AT

qin(i) = qout(i) + (35)

If the thermal conductivities between the calculated node and neighbouring nodes are the
same, by substituting equation (34) with Fourier’s law (1) and with known distances between the

nodes, for node “z” we can get:
-A -A Crearz ‘(‘90) - g(i—l))
dz—l,z (gz(i) _92-10) ) = dz,z+1 (92+1(i) _gz(i)>+ AT (36)
By substitution with equation (9) or (10) it can be written:
Cheat,z '(gz(i) _gz(i—l))
hz—l,z (02—1(i) - ez(i)) = hz,z+1 (Hz(i) - 02+1(i) ) + (37)

AT

o Zonal nodes (air nodes)

Zonal nodes are representing an average temperature of air within the zone. Heat exchange
takes place between the air and surrounding surfaces by convection and also by mixing with
ventilation air. In the attic zone also direct heat gain to the air node can be attributed (e.g. chimney
wall, lights, heating device). It should be emphasised that just convective part of the possible heat
source Q__ . has to be attributed to the zone air node. General equation (34) can be than modified

to form:

n 0
ZQin,surface(i),k + zQin,airﬂOW(i),l + Qc,gain(i) =
k=1 1=1

4 d Kheat '(‘9(i) _9(i71)>
ZQout,surface(i),j + ZQout,airflow(i),p +
i = Az
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In the case of zonal nodes representing an air volume, the calculation has to be performed
using the total heat flow rates instead of heat fluxes (as in case of material nodes calculation). Thus
the final equation used in the model (for a general node “z”) is in following form (considering that
all surrounding temperatures including the incoming air has higher temperature compared to the

air within the zone):
[¢]

n
zac,k 'Ak (es,k(i) _ez(i))+ rh|,(i) 'Cpa (ea,l(i) _ez(i))+Qc,gain(i) =
k=1

=)
_ Kheat '(ez(i) _ez(i—l))
B AT

o Interface nodes

Nodes that are lying in the interface of two material layers representing a plane instead of
volume (as material or zonal nodes), have no heat capacity and therefore the general equation (34)
can be expressed in simplified form using heat fluxes:

Uingiy = Qoutiy (40)

Similarly to equation (37) the previous relation can be expand to form:

hz—l,z (92—1(i) - ‘gz(i) ) = hz,z+l (ez(i) - ‘9z+1(i)) (41)

o Surface nodes

Surface nodes are in contact with the air zones and as well as interface nodes have no heat
capacity. However except the conduction heat exchange with the material node that the surface
belongs to, the surface nodes have two more heat transport branches — convective and radiative.
Convective heat exchange takes places between the surface node and the zonal node (air node).
Radiative heat exchange takes place between the surface node and the mean radiation temperature
node of the zone (see next section “Mean radiation temperature nodes”). Such a radiation heat
transport branch, that is connected to only one other temperature, is a massive simplification
compared to the real situation, where the radiation heat exchange takes place between all the
surfaces that are exposed to the node, depending on individual surface temperature, area and
geometry of the space. Moreover there is a different radiation exchange taking place on every single
point of the surface that is represented by the node. Equation (34) can be for surface nodes
simplified to form:

Gingy = Aeoutiy T Aroutcy (42)

Final form used for the calculation (using general node “z”) is as follows:

hz—l,z (ez—l(i) - ez(i) ) = % 7 z0ne_air (ez(i) - ezone_air(i) ) + & (ez(i) - emr(i) ) (43)
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o Mean radiation temperature nodes

Mean radiation temperature is in every zone represented by one imaginary node that
averages all inner surface temperature values with respect to the surface areas. This node represents
no volume and thus has no heat capacity. However as it uses a surface areas for its computation,
the energy balance equation has to uses heat flow rates instead of heat fluxes. Equation (34) can be
therefore, for such a nodes, expressed as:

n m
er,in(i),k +Qr,gain(i) = ZQr,out(i),j (44)
k=1 j=1

Note: It should be empbasised, that there is quite large simplification as in the model the
mean radiation temperature is only one averaging all the surface temperatures and this one
temperature communicates (energy-wise) with all the surfaces. However the more realistic
approach would be to bave one imaginary mean radiation temperature for each surface to
communicate with — each of the radiation temperatures would have been calculated as an
area weighted mean of all inner-attic surfaces but indeed except the one particular surface
that it radiates with.

Equation (44) can be than written as:

Zar,k A <es,k(i) - er(i) ) + Qr,gain(i) =0 (45)
k=1
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e Expression of unknowns

From the set of nodal equations presented in previous part is built up a system of equations
having the same number of unknowns. Using an implicit scheme, there has to be created a left-side
matrix of the non-temperature parts of the terms bonded with particular unknown temperatures.
To keep all the equations correct, there has to be also a multiplicative vector of an unknown
temperatures present on the left side. On the right side there is a vector of the terms with known
values. To easily create such a matrix and vectors the following expression of the nodal equations

«_»

were performed (in all cases using general node “z

o Material nodes

C eat,z C eat,z
02—1(i) (_hz—l,z ) + ez(i) (hz—l,z + g—; + hz,z+1j + 02+1(i) (_hz,z+1) = ez(i—l) ’ g—; (46)
o Zonal nodes
gs,k(i) (_ac,k A ) + ‘9z(i) (Z(ac,k A ) + Z(ml,(i) “Coa ) + %j +
k=1 k=1 I=1 T (47)
5 Y K eal
+ — Ha,l(i) (_ml,(i) 'Cpa) = ez(i—l) 'ﬁ"’ Qc,gain(i)
o Interface nodes
ez—l(i) (_hz—l,z ) + ez(i) (hz—l,z + hz,z+1) + ez+l(i) (_hz,z+l) =0 (48>
o Surface nodes
Hz»l(i) (_hz—l,z ) + az(i) (hz—l,z + ac,z,zone_air + ar,z,mr ) + (49)

+020ne_air(i) (_ac,z,zone_air ) + Hmr(i) (_ar,z,mr ) =0

o0 Mean radiation temperature nodes

Zn:‘gs,k(i) (_ar,k A )+ emr(i) [Zn:(ar,k A )) = Qr,gain(i) (50)

k=1
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o Creating the system of equations using matrices

As previously mentioned, to let the Matlab solve the system of equations there have to be
determined a left-side matrix of the parts of the terms bonded with an unknown temperatures,
vector of an unknown temperatures and right-side vector of known values. Left-side matrix is
composed of a nodal equations of all five construction assemblies surrounding the attic space, and
the inner thermal-buffering constructions. As the user can vary the number of construction layers
and number of nodes within layers, building-up the matrix is quite complex. For that reason, there
are at fist formed an independent matrices of the particular constructions and consequently put
together with an addition of an attic air and mean radiation temperature nodes.

For each roof deck segment with cavity a preliminary matrix is formed as follows (let it be
denoted as matrix Alef):

C
Ry +—L+h, -h, 0 0 0 0 0 0
At
_hl,z hl,Z + ace,cav(i) + ar‘cav(i) _ace‘cav(i) _ar‘cav(i) 0 0 0 0
K
0 iy Qi) T+ Oy o Qi 0 0 0 0
ce,cav(i) ce,cav(i) Ar crcav(i) cr,cav(i)
0 _ar,cav(i) _acr‘cav(i) acr,cav(i) + ar.cav(i) + h4‘5 _h4‘5 0 0 0
C
0 0 0 _h45 h45+75+hﬁﬁ _hSG 0 0
' TOAr T ‘
0 0 0 0 0 0 h,+ ;_ +h, o L
0 0 0 0 0 0 _hn‘n+1 hn‘ml 0, +arr(i)

It can be seen, that first row (first equation) relates to node in the centre of the roofing,
that is connected to the outdoor equivalent temperature by conductance hee(i). Second row is
related to the upper surface of the ventilated cavity — there can be seen both, convective and
radiative heat transport coefficients, Qg cayiy and & ¢ (i) respectively. Last row is related to the

inner-attic surface of the roof deck, again with the radiative and convective heat transport
coefficients. It should be emphasised that there are two more unknown temperatures that have to
be present within the matrix — attic air temperature and attic mean radiation temperature. Those
are not forgotten, but will be added later in the final form of the overall attic-related left-side matrix
(described in following text). Down below can be seen a provisional form of the system of
equations for one roof deck construction using matrices.

o, c
(i) heat,1
I He(i) 'hee(i) +91(i—1) Az
gse,cav(i) 0
a.. . K,
cav(i) gcav(i,l) heat,cav
AT
A gsr,cav(i) 0
left * =
’ o, CheatS
S0 Osiyy '
At
an(i) 0 Cheat,n
n(i-1)
P At
sr(i) 0
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For gable walls and ceiling construction, where there is no ventilated cavity a simpler
version of a matrix can be formed (let it be denoted as matrix Blefr):

o+ Zvh, o, 0 0 0 0 0 0
At
G
-h, h,+—=+h,, -h,, 0 0 0 0 0
, 27 AL : :
C3
0 -h,, h,+—+h,, h,, 0 0 0 0
: 3TAr :
C4
0 0 -h,, h,,+—+h,; h, s 0 0 0
: Az :
Cs
0 0 0 -h,; h,.+ " +hg, —hee 0 0
0 0 0 0 0 0 h,+—"+h ., L
0 0 0 0 0 0 _hn‘n+1 hn,n+1 ta, + arr(i)

System of equations of such a construction, using matrices, can be then written as:

C

(910) ee(i) ! hee(i) + Hl(m) ?;
C
0, 0, 2
2(i) 2(i-1) Az
0, c
0 93(i—1)A7;
Oy C
Bleft . = 94@71) A;‘r
05(i) C
: gs(i—l)i
en(i) : c
0=~
i N A7

0

In the next figure can be seen simplified version of the full left-side matrix composed from
6 partial matrices (according to the 5 envelope constructions and thermal buffering inner-attic
construction) as can be seen above. Let the matrix will be denoted as Tacleft. Additionally in the
final matrix there are two last rows that represent nodal balance equations for an attic air node and
attic mean radiation temperature node. As both of the nodes link surface temperatures of all
surrounding constructions, last two rows of the matrix are filled with convective and radiative
surface heat transfer coefficients instead of zeros. If the more detailed form of the matrix would be
presented, there would be seen that all the rows and columns of all A-F matrices instead of only
one row and one column in the simplified version of the matrix below. In the detailed matrix
would be seen, that the mentioned conductance terms in the last two rows are related to the
particular last columns of each partial matrices A-F. The rest of the terms in last two rows of the
matrix would be zeros. The same situation occurs in the last two columns, where there are added
also a conductance terms to the rows belonging to the inner-attic surface nodal equations.
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As the air temperature and mean radiation temperature do not directly affect each other,

in the intersection of their rows and columns are zero terms.

© ©o o o o P

_acr,A AA

_acr‘B AB

o o o o [@o

—Oy,

o o o ()o o

Tl o ©o o o o

o o Jo o o
o [Tl o o o o

c Ai _acr,D AD _acr,E '% _acr,F AF

_arr,A(ifl)AA _arr,B(ifl)AB _arr,c(ifl)pb _arr,D(H)AD _arr,E(H)AE _arr,F(ifl)AF

—Qya ELTYE
Qg ~O i
Qg Y
Qg p Y
—Qyp (i
—Qyp gy

A At Oy At Ay A: +

UpPo + g e + e At

mealt_an,A(i,yfl) Cpt

meanﬁan‘B(i,y—l) Cpat

Mes ey *Cra ™ 0

meattian‘D(i‘y—l) Cpt

mp‘A(i,y—l) 'Cpa+mP,B(i,Y*1) Cpt

My ey Coa T Mopgiyn “Cra ™t

M atiyy *Coa

Ky | AT

(NG A+ arr‘B(ifl)A3 +
0 arr,c(i—l)A: + arr,D(ifl)AD +

arr,E(ifl)AE +arr,F(ifl)A=

The full system of equation in the matrix form is shown below. If such a form is put into

the software, it solves all unknowns, ready to the next iteration step and consequently also time

Sth.

T

a

tt left

mr(i)

gecav‘A(i,yfl) ! m

O Cos (Mg s iy Mooy ) oM sy Con

right
right
right
right
right

right

+0 -m

ecav,B(i,y-1)

eatt_att, A(i,y-1) ! Cpa eatt_att,B(i,y-1) ) Cpa + 0

[N Ant iy Agt e ciag) Act [T Ap+ arr,E(i—l)AIE + arr‘F(i—l)ALF + Qr‘gain(i)

ecav,C(i,y-1) ! mealliatt‘c(i‘yfl) ) cpa + gecav‘D(i.y—l) ! meaﬂfalt‘D(i,yfl) : cpa +

0

att!

i [AT+Q

c,gain(i)
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Thermal model - EAVE PARTS

As mentioned in some of the previous sections “EAVE PART” means the part of
cathedralized (inclined) ceiling that is characterized by “length 2” in figures 17,18. The thermal and
also moisture models compute each “ecave part” using its own separate system of equations.
However an approach to solve such a problem is similar to solving the attic-related system of
equations presented in previous section (see 3.1.1 Thermal model — “Thermal model - ATTIC”).
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3.1.2 Airflow model

The airflow model is directly bonded with the thermal model as the differences of an air
temperature within the zones drive the airflow and mutually the airflow affects temperatures.
Therefore there is, in the model, an iteration loop in every time step to find a balance between the
two quantities. There are two separate airflow models - model of an airflow within the roof deck
cavity and more complex model of an inter-zonal airflow between the interior, attic and eave cavity
(ecav) spaces. The process of building-up the airflow models was mostly based on the Walker and
Forest model presented in [34, 31].

Preliminary calculations:

e Wind pressure coefficients - Cp

Wind pressure coefficients on a building surfaces (and ventilation openings) are calculated
according to [34]. However there was found an error in presented equation 18, which was fixed
after an email consultation with Dr. Walker (author of the study) 20.7.2016.

Model presents a functions of surface averaged wind pressure coefficients on facades and
roofs regarding wind direction. The coefficients are presented for a detached (isolated) and also
undetached house with different roof slopes (however all for gable roofs). In the model presented
in this doctoral study the wind pressures on the soffit vents (openings to the attic space) and eave
vents of the roof-deck cavities are considered equal to the pressures acting on the facades below the
particular eave. The peak (ridge) openings of the attic space as well as the top openings of the
ventilated roof-deck cavities are considered to be exposed to the averaged pressure acting of the
gable roof segment. Wind pressures on gable walls are considered to be equal to the pressures acting
on the walls.

The empirical switching function (equation 18 in [34]) is, after consultation with the
author simplified and changed to the form for roof slopes < 30° and > 30 respectively to form
below. It has to be pointed out, that quantity symbols presented in following two equations
are in accordance with study [34] but not in accordance with symbols used in this doctoral
thesis. Therefore they ae also not numbered.

F(6)=cosd

F(6)=cos’ 0
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Airflow model - ROOF-DECK CAVITIES

As each roof-deck cavity consists of two parts, related to length 1 and length 2 (see schemes
in figures 17,18), the model at first calculates the mean air temperature within the cavity as a
weighted average of both lengths. Than the pressures across the eave and peak (ridge) openings are
calculated with respect to the buoyancy and wind pressures. Finally the mass balance within the
cavity is fulfilled resulting in the mass flow rate across the openings.

e Wind-forced pressure difference across an opening

Wind-forced pressure difference is calculated using following relation:

2

AP, =Coi -S,2- etll 4i 1
u(i) pi) " 2u P 5 (eq.4in [34]) (51)

Shelter coefficient SU is a coefficient that adjusts the wind pressure according to the wind

shelters nearby the house (openings). Coefficient can be in range from 0 to 1, while “0” means
totally sheltered surface (e.g. fagade of roof) where no wind pressure is taking place and “1” that
there is no wind shelter nearby an object. Shelter coefficient is more closely described in study [34]
and related studies.

Exterior air density is calculated in each time step as follows:

(52)

273.15
Pre(i) 1-293'[ ]

Oy +273.15

Wind speed at an orifice height is calculated from the reference wind speed at 10 m height
and terrain coefficients.

U,y =Yioei Kuing 7, Buind (pg. 2301in [57]) (53)

More information about terrain coefficients can be found in [57].

° Buoyancy—caused pressurc difference across an opening

Regarding the pressure difference caused by buoyancy (temperature differences) is

characterized by pressure gradient factor of the zone ( PT(i) ).

I:)T,cav(i,z) = gG : (pae(i) _pcav(i,z)) (Cq-lz in [34]) (54>
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® Mass flow rate across the openings
The mass flow rate across the roof-cavity openings is characterized by a power law:

m=p, | AP
(55)

The flow coefficient | is calculated from reference coefficient | ref as follows:

1[G +27315 L
g +273.15

ref

(eq.31in [34]) (56)

Reference flow coefficient for an orifice flow is calculated from following relation:

(eq.2-39in [31]; pg.277 in [59]; pg.22S in [57]) (57)

where Jyisa discharge coefficient for an orifice flow. Its value is considered to be 0.6 (according to

(pg.55in [31]; pg.276in [59]; pg.225in [S7]). P, e is reference density of air flowing across the
opening — in the model this density is calculated according to equation (52) considering reference

air temperature Qa’mf =10°C.

The flow exponent L for an orifice flow is considered to be 0.5 which is a common value
for orifice flow and refers to fully turbulent flow.

Total pressure difference across the flow opening is calculated as follows:

P

AR = Reav(i) AR 0 =20 Proay (58)

Rext

where the PR’ext and PR,cav( jyare a reference pressures for an exterior and the cavity space

respectively. The exterior reference pressure is considered to be 0 Pa, while the cavity reference
pressure is an unknown variable.

It may seem that the only variable is the cavity reference pressure, which can be calculated
as the only one unknown in the mass balance equation. However there are two more unknowns —
the densities of a flowing air across each particular opening. Moreover also the flow coefficients are
dependent on the air densities. If the air density would be considered constant, the solution will
be straight forward. However in the developed model an iteration loop using a bisection method
is used (such an iteration loop is denoted as (7) ).

Iteration process is based on the mass balance, where we search for the reference
pressure within the cavity to fulfil the balance (mass flow rates across all openings results in zero).
For the bisection method a two similar functions have been stated (see eq. (59 and 60). It can be
seen quite complicated expression of the mass flow rates in second equation (see eq. 60). However
there is a good reason for that. The value of total pressure difference across the opening includes a
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sign. A positive sign means that the pressure wants to drive the air to flow into the zone (into the
cavity), while negative sign means that the pressure wants to suck the air out of the cavity. Thus
the sign plays a very important role for solving the problem and needs to be preserved. However if
the value is negative, by powering it with the flow exponent L, it returns a complex number which
is not relevant. Therefore the pressure has to be powered as an absolute value. To keep also the sign
AP(J')
thatis bonded with the value, the division T——
‘ () ‘
result of such a ratio is the sign. This expression of the function can be moreover quite easily

is introduced within the equation since the only

derived (see eq.(65)), instead of using, for instance, the “sign” function for keeping the sign within

the value. This approach is adopted from [56].

fPR,cav( i = M caiy TMy cav) (59)
fPR,cav,Xa(j) =
| PR,ext - Xa +APUe cav e cav |DT cav X AP P L (60)
pa,e_cav(j) ' e_cav(j) ' ‘ Rext + Uecav e _cav Trev| T
PR‘ext - X + AI:)U ecav e cav |:)T cav
| PR,ext B Xa + APUp av p cav I:)T,cav P X AP P L
pa,p_cav(j) ’ p_cav(j) ’ ‘ Rext + Up_cav p cav ' Tcav
PR,ext - Xa + APUp cav p cav I:)T,cav

When the first function (59) would be extended to the form of the function (60), it would

be seen, that both are almost identical. The only difference is that the PR,cav( j)in the first equation
is replaced by the Xa( i) » which is a variable created for purpose of the iteration process. In fact
there are two variables ( X a(j) and Xb( i) )» whose initial values states the estimated maximal and

minimal value that the unknown variable ( Py cav(j)) can be. In this problem, the values in first step

are considered as Xa(l) 2000Pa and Xb(l) —2000 Pa, while for the unknown reference

pressure a following relation is valid in each iteration loop:

Xoes) — Xags
— (J) a(j)
I:)R,cav(j) - Xa(l) + 2 (61)

Results of both functions are than multiplied and if the result is negative, for the nextloop
a following conditions apply:

Xaiien = Xagh)
Xb(j+1) I:)R cav(])

if the result is positive values for next iteration loop are determined as:

X
X

a(j+l) — PR,cav(j)

b(i+1) = Ko()
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Airflow model - ATTIC-RELATED ZONES

A quite different approach is used in solving an airflow within the attic-linked system of
zones. An approach is inspired by the [34] and [56].

e Mass balance solver

The system of mass balance equations is used to solve an airflow through the attic-related
zones. Although the equations are not linear, the system of such an equations can be solved by an
iteration loop, where in each step a linear system is solved [56]. For such a purpose a Newton-

Raphson method is used.

As the unknown variable is a reference pressure of the zone, the general relation of the Newton-
Raphson method for one zone is:

f (P

Fri = Frap _W) (62)

R(J)

where (7)is the iteration loop number.

If the zone has just two openings to the exterior, the function f has a following form:

f (PR,z(j) ) =
Pooe — Paycy + AP P
o ( R,ext R,z(]) uUol ol T,z) .‘PR'eXt _ PR‘Z(J) + APU - 01 ] PTYZ L " (63)
PR,ext - PR,z(J) + APu o1~ Zo1” PT,z
(PR,ext - PR 2(j) + APu 02 " Lo” PT,Z) L
I02 ’ "PR,ext - PR,Z(]) + AI:)U 02 Lo I:)T,z
PR,ext P Rz(j) + AI:)U 2 Lo” I:)T,z

Such a function can be more compactly as:

f (PR,z(,-) ) -
L-1

Iol . ( PR,ext - I:)R,z(j) + AF)U,ol - Zol : F)T,z ) : ‘ PR,ext - I:)R,z(j) + AF)U,ol - Zol . F)T,z + (64)
L-1

I02 ’ ( PR,ext - PR,Z(]) + APU 02 " Lo” I:)T,z ) ’ ‘PR,ext - PR,Z(]) + AI:)U 2 Lo” PT,z
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The derivative of the function is than:

f '(PR,Z(,-)) -
2 L-3
_Iol L- ( PR,ext - IDR,z(j) + AI:)U,ol - Zol : I:)T,z) : ‘ PR,ext - I:)R,z(j) + AI:)U,ol - Zol : I:)T,z (65)
2 L-3
|02 : L(PR,ext - F)R,z(j) + APU,OZ - Z02 : PT,z) : ‘PR,ext - F)R,z(j) +APU,02 - Z02 : PT,z

It can be seen, that the terms within the brackets remained the same and thus the function and
its derivative can be written in an even more compact form as:

f (PR,z(j)): Iol 'Apol(j) '|A|:)01(j)|l__l + |02 'AR)Z(J') '|APo2(j)|L_l (66)
f ’( Pr(i) ) =l Ly - ARy ;) '|APol(j) |L73 — 1o Loy - AP, )7 '|AP02(J')|L73 (67)

For a system of interconnected zones a similar relation of Newton-Raphson method (as for
one equation that can be seen in equation (62) can be expressed:

f(P,,.
Pegioy = R(j)_% (68)
R(J)

Pr s a vector of all unknown reference pressures, f is a vector of mass balance functions related
to each zone and J is a Jacobian matrix including partial derivatives of the functions regarding the
unknown reference pressures.

To use a linear system solver, a left and right side of the system should be separated. It can be
performed as follows (suggested in [56]):

J(PR(J'))'Corr(m) =—f (PR(J)) (69)
where:
cortyy = Priiy —Prp (70)
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An example can be than explained. For instance, if only two zones would be connected — one
ecav space and the attic space, both of them having one additional opening to the exterior (ecav
space having eave opening — e, and attic space having peak opening — p), the following relation
would be performed in order to solve the system.

afecav( j) a‘I:ecav( j)
aF)R,ecav al:)R,att Corr‘ecav(j+1) _ fecav(j) (71)
afatt(j) afatt(j) Corratt(j+l) fatt(j)
aPR,ecav aPR,att
Which can be extended to final form:
2 L-3 2 L-3
_Ieatt ’ L ’ APeatt_ecav(j) ’ ‘Apeatt_ecav(j)‘ Ieatt ’ L ’ AI:)eatt_ecav(j) ’ ‘Apeatt_ecav(j)‘
I-L-AP, 2-|aP, |7
et =12 e()) ‘ e(j)‘
co r.r.ecav( j+1)
co rratt( j+1)
2 L3 oL APy i | AP |
|eatt . L~APean_att( i “Apean_att( j)‘ eatt eatt_att( ) eatt_att(j)
| -L-AP, 2|aP, |7
T 20 ‘ p(j)‘

o - AP,

L-1
eatt_ecav( j) ’ ‘Apeatt_ecav( j) ‘

P AP, ap [T
"A eatt_att(j)‘ + p'A p(j)"A P(J’)‘

eatt

+1.-AR;) "Ape(j)

‘L—l

l e - AP,

eatt ' eatt_att(j)

After the calculation the “new” values of reference pressures are obtained by adding the
corrections to the “old” values. The iteration loop continues until a prescribed conditions are not
fulfilled. In this model the iteration continues until the largest correction “ COIT ”of all the reference
pressures is not greater than 1E-6 Pa.
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3.1.3 Moisture model

As the Fourier's law of heat conduction (eq.1) and Fick's first law of diffusion (eq.3) are in
their form very similar, the calculation core of the moisture model is based on the same scheme as
the thermal model. However there is no airflow calculated and no radiation transfer, which makes
the model simpler. On the other hand, there are a few other problems that makes the model also
more complicated compared to the thermal model. At first, some materials (especially wood) have
highly moisture-depend properties that should be expressed more precisely to get an appropriate
results (in contrast with thermal model parameters such as heat capacity or thermal conductivity
where often a constant values are sufficient enough). Particularly the moisture capacity and vapour
permeability are representatives of such a moisture-dependent properties. Second common
problem with moisture model is the dealing with an amount of condensate or frost. The approach
to both problems is described in following sections.

Preliminary calculations

e Saturated vapour pressurc and concentration

At first, for an evaluation of relative humidity and amount of condensate, it is needed to state
partial vapour pressures at saturation or alternatively a saturated vapour concentration (saturated
absolute humidity), which characterizes maximal amount of water vapour that can be present
within an air of specific temperature and pressure. Those saturated amounts are stated for all nodes
and all dme steps as the temperatures of all computational nodes are already known from thermal
model. In the model is used an equation where only temperature dependence on such a quantity
is considered. Thus for partial vapour pressure and temperature < 0 °C:

9 12.3
Py (6,) = 4.689- (1.486 + 103()) (72)

For temperature < 0°C::

9 8.02
Po. (6,) = 288.68- (1.098 + 1oao] (73)

Although there should be held a limits for temperature ranges in which the previous
equations are valid (min -20 °C and max +30 °C), the model does not take such a limits into
account, since it is assumed, that the limits are exceeded just ion short time periods. However it
was revealed that in such a periods can be, for instance in the roof-deck cavities, reached
temperatures up to 60 °C — in that cases it would be more sufficient to use a better approximation
of the saturated vapour pressure in those high temperature ranges.

Although the more common is a usage of partial vapour pressures, the model works with
concentrations (absolute humidity) as more practically imaginable quantity. Relation between the
two quantities is as follows:

pv,sat

s TR, (6, +273.15) 74
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e Moisture capacities of the air nodes (of the zones)

Specific moisture capacity of an air within the zone is calculated as follows:

‘R
§a — pv,sat a (75)
RV ' patm
Then a moisture capacity of the air within the zone is:
Kmoist :Va ’ pa 'éa (76)

Moisture model - ATTIC

e Moisture capacities of the material nodes

For most materials is their moisture capacity considered as constant value (see Tab.5). However

for wood based a sorption isotherm of spruce wood is used for a quantification of the moisture
capacity in each time step. An isotherm for 23 °C measured at UCEEB CTU in Prague isused. An

A-D-L model (Aranovich-Donohue scheme combined with classic Langmuir model) was adopted

as suggested in [54]). An adsorption branch of the isotherm was used for the quantification of

specific adsorption capacity regardless of the muoisture evolution history (no hysteresis and

scanning curves considered). The isotherm used has a following form:

b RHwood
(1+b RHwood)-(l-RHwood)n‘sor

m sor

u

(77)

wood

where Uy, ¢, bsor and N_ SOr are parameters of the isotherm that for wood was quantified as:

Upy oo = 0.2784kg/kg ;s 0, =115, n_sor =0.17. (78)

Specific sorption capacity of wooden based layers is then calculated as a derivative of

sorption isotherm:

du

é:wood() ﬁ (79>

thus:

Cwood() =

um_sor 'bsor (1 RHWOOdI -1) )( = '(bsor n Sor- RHWOOdI -1) (n_sor_]')' RHwood i-1) +1) (80>
(bsor RHwood| -1) +1)
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Moisture capacity of material node is then calculated similarly as heat capacity (eq.8) as follows:

Cmoist = dpg (81>

e Vapour permeances

Similarly as moisture capacities, vapour permeances are mostly considered as constant values
(for most of materials). However for a wood based materials (particularly wood and OSB, that are
in the integrated in model material database) the water vapour resistance factor £ is variable. The
reason is that especially wood (perpendicularly to the fibres) changes its permeability considerably
according to its moisture content. Since the roof truss and sheathing is usually made out of such a
materials it is appropriate to describe its permeability more precisely (instead of using a constant

value). Based on literature survey and our measurement performed at UCEEB CTU for wood and
OSB respectively is considered:

RHspruce < 02: :uspruce =400

in higher values a linear interpolation between values is considered:

400-130

02 < RHspruce S 0351 /uspruce (O 35 RHSP"UCE )m +130

130-30
035 < RHspruce < 061 Hspruce = (O spruce )m *

30-6
0.6 < RH,,, <0.85; Haprce = (0.85— RHspmce)m +
RH,e > 0.85; Hegruce =8
For an OSB board:
RH s <0.3; Hoss =120
120-40

0.3<RHqg5 <0.8; Hoss =(0-8—RHogs ) o+ 40
RH; >0.8; Hoss =40
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Vapour permeances are than calculated similarly to the thermal conductances (eq.9) as:

5
d
(82)
where:
o)
5, =2 (53)

By substitution there can be written more common relation:

0, 0,
k:—%:s—“ (84)
H- d

If a total permeance of more different layers have to be calculated an Sy -value is calculated

as follows (similarly to ¢q.10):

n
Sd,tot:ZSd(l) =40+, Ay + ot g -d (85)
=1

The vapour permeability of sdll air (0, ) is considered to be constant having a value of

25-10¢ m?/s. Note that the subscript includes a symbolV, which represents an air permeability
value for a mass transfer calculated using a vapour concentrations instead of partial vapour
pressures. The relation between the two air permeabilities for different driving forces (difference
of vapour concentrations and difference of partial vapour pressures) is as follows:

0, =0, RT, (86)

Although in the model a constant value is used, equation (87) presents a Schirmer’s relation
(can be found in [55]), that can be used for more precise quantification.

. 2306x10°-p,( T, @7)
pa RT, P, \273.13

e Surface moisture transfer coefficients

All convective surface moisture transfer coefficients s are calculated according to the
convective heat transfer coefficient on particular surfaces following relation (88).

o

pana

(88)

p=
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e Nodal equations

Similarly to heat transport nodal equations that are based on energy balance, nodal equations
in moisture model are based on mass balance.

General mass balance relation for every node is:

n m ~(RH,.,—RH,.
ZGin(i),k = zGout(i),j + o ( 0 (I_l)) (89)
k=1 j=1 At

Since all calculation are performed using a vapour concentration as the unknown variable, the
equation can be written also in following form:

o Yo _ Vi
moist
. G N G Veaty  Vsat(i-y)
2 Gk = 2. Cauni

(90)
k=1 j=1 At

For even more simple version of the relation it can be considered that new saturated

concentration (Vg ) is very close to the old one (Vgi_y) ). Thus the final form used in the model is

as follows:

. . Kmoist '(V(i) _V(i—l))
zGin(i),k = ZGout(i),j + A (91)
k=1 = Vsat(i-y "BT
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e Expression of unknowns

Expression of unknown vapour concentrations are similar to the expression of the
«_»

unknowns within the thermal model (equations (46) — (49)). Thus for a general node “z” in
different positions within the model it is stated:

o Material nodes

c . c
oist,z (i-1) _ moist,z(i-1)
Vz—l(i) (_kz—l,z ) + Vz(i) kz—l,z + + kz,z+1 + Vz+1(i) (_kz,z+l) - Vz(i—l) ) A (92>
Vsat,z(i—l) ‘AT Vsat,z(i—l) AT
o Zonal nodes
N - &\ (M gy Kimoist,(i-1)
sz,k(i) (_ﬂk 'Ak)"'Vz(i) Z(ﬂk A<)+Z — |t ' +
k=1 k=1 =1\ Pa Vaazio1y) " AT
(93)
0 —-m, .. K. .
1LG) | _ moist,z (i-1)
+Zva,l(i) ( j =V + Ggain(i)
1=1 Pa Veatz(i-1) * At
o Interface nodes
V1) (_kz—l,z ) + Vz(i) (kz—l,z + kz,z+l) + Vz+l(i) (_kz,z+l) =0 (94>
o Surface nodes
Vz—l(i) (_kz—l,z ) + Vz(i) (kz—l,z + ﬂz,zone_air ) + (95)

+Vzone_ail‘(i) (_ﬂz,zone_air ) =0

e Creating the system of equations using matrices

Since the nodal equations are similar to the equations related to the thermal model, the same
calculation scheme is used for the calculation of unknown vapour concentrations (see also section

3.11 Thermal model — pg.75).
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e Amount of condensate

After the new vapour concentrations are calculated the model has to adjust some of the values.
Some of them can be found oversaturated (i.e. Vj) > Vgy(i) ) that are not physically acceptable and

indicates that some amount of water vapour changes its phase to liquid or solid. Such an amount
of water has not to be lost as the mass balance should still be valid. There are several different
approached to deal with such a problem. In the model presented in this study such an amount is
stored in virtual “water tanks” that are bonded with each individual calculation node. Water in
liquid or solid phase then remains in the tank until there are conditions suitable for its evaporation.
When the evaporation from the tank takes place, the model has to also adjust the calculated vapour
concentration values as the water from the tank rises up or saturates the calculation node. The
particular set of equations that solves such a situations follows.

If the oversaturated concentration value is found (Vpeiimei) > Vaiy )» it is set as saturated (
Vi) = Veai )-

The increase of water amount in the particular water tank is then, for material nodes:

C. ...
_ moist (i)
Awgy = '(Voversat(i) _Vsat(i)) (96)
Vsat(i-1)
and for air zone nodes:
K.
_ moist (i)
AC‘)K(i) = '(Voversat(i) _Vsat(i)) (97)

sat(i—1)

Then the new amount of water tank is:

D) = Oy +A), (98)

Similarly when there is found lower than saturated value of vapour concentration in the node
where there is some amount of water in the tank present, and if the amount is enough to saturate
the node, the model sets the concentration value as saturated and evaporates an appropriate
amount of water from the tank following next equation.

For material node:

C ...
— moist (i)
A = —'(Vundersat(i) _Vsat(i)) (99)
Vsat(i-1)
For zonal node:
K ...
— moist (i)
Aa)ff(i) - '(Vundersat(i) _Vsat(i)) (100>

Vsat(i-1)
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As the difference Aa)(i) has now a negative sign, new amount of water in the tank respects
equation (98) as well as in case of condensate formation.

Last case is when there is not enough water in the tank to saturate the vapour concentration.
In that case the calculated vapour concentration would be adjusted respecting the previous
relations as shown in relations 101 and 102. However it was not performed within the model and

more simple calculation (eq.103) was used since was considered that such a cases are quite rare
during the calculations.

For material node

Ay Ve

Viy == C *+ Vaa(iy (101)
moist (i)
And for zonal node
A, iy Ve
- 0] sat(i—-1)
Viy == * Vea(iy (102)
Kmoist (i)

Final form of the new concentration calculation when there is not enough water within the
tank to saturate it.

V(i) +Vsat(i)

Vg == (103)
By thorough analysis of the condensation and evaporation part of the model it can be revealed
that despite the effort the mass balance is not fully respected during such a processes. This analysis

is however not a part of this thesis.

It should be also mentioned that there are no water tanks bonded to the surface of interface
nodes and thus the model cannot quantify any amount of condensate on such a nodes. Although
there can be found some relations of surface condensate amount (e.g. [47]), this relation is not a
mass balance relation that should be valid for all nodes within the system, and thus it would make
even larger error in the overall mass balance of the system. The model created in this study can thus
only say the time period when surface relative humidity is equal to 100 %.

Moisture model — EAVE PARTS

Also the eave parts of the moisture model are calculated following the same approach as in
previous section. Therefore its description is not independently presented.
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3.2 Verification

Mathematical model was put to a set of simple tests to verify its proper functioning and
detect possible errors. Tests were performed from the simplest to the most complex ones. Thermal
model was at first tested without any airflow through the zones. Consequently a combination of
thermal and airflow models was put to the test and finally an independent moisture model was
tested as well. In total a 29 tests were performed.

All tests were accomplished successfully enough for the intended purposes of the model.

Full report from the verification can be found in “Appendix B”.
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3.3 Validation

3.3.1 Thermal model validation

Thermal model was validated using data from one of previous experiments performed at
University Centre for Energy Efficient Buildings under CTU in Prague. Experiment was
performed using a box containing heat source, that was placed in climatic chamber with varying
temperature. Box had dimensions ca. 0.75 x 0.75 x 1.2 m and was made out of gypsum board, XPS
and plywood (see Fig. 21,22). Envelope constructions were precisely connected and overlapped for
maximal elimination of heat losses through the joints. Heat source inside the box was well defined
providing combination of convective and radiative parts of heat transfer. A set of temperature
sensors was installed inside the box in different positions and on all surfaces (see Fig. 21). Data was
recorded in 2-minutes time step. Box was placed inside the climatic chamber that all its outer
surfaces were wind-washed by the conditioned air. Heat source was set to keep the mean inner air
temperature at 20 °C, but was repeatedly switched on and off.

Results of comparison between measured and calculated data are depicted in figure 23. It
can be seen quite reliable correlation between measured and calculated courses. Comparison was
made for average air temperature and average surface. For basic statistical comparison was adopted
an approach made in IEA Annex 41 project [53], where 13 models were compared with measured
data. Comparison was performed using box-whisker plots (see Fig.24), (see also following section
3.3.2 Moisture model validation).

Fig. 21 left: test box in front of climatic chamber; right: open test box with bygro-thermal sensors and beat source
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Fig. 22: Geomerry of test box
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Fig. 23: Measured and calculated mean air and surface temperatures in the test box, ambient temperature (in climatic chamber)
and one renth of imposed heat gain.
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Fig. 24: Box-whisker plot of comparison between measured and caleulared values of temperature

Tab. 6: Statistical data comparison between measured and calenlared data from validation of the thermal model

mean surface temp. avg. air temperature
measured data | math. model | measured data math.
model
avg.value 12.22 10.46 11.60 12.22
maximal value 20.11 20.42 20.24 22.71
minimal value -0.01 0.08 0.00 0.08
75% percentile 17.87 17.00 19.88 20.55
median 11.67 11.29 12.90 13.60
25% percentile 391 4.02 4.01 4.13

It can be found quite a good agreement between the measured and calculated data of
surface and also air temperatures. It can be seen that the calculated mean surface temperature is
slightly lower than the measured one. Oppositely the calculated average air temperature is placed
slightly higher compared to the measurement. It implies that if the ratio of convective and radiative
parts of the heat transfer would be adjusted, even better fit could be reached. All in all it can be
stated, that thermal model is successively validated.
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3.3.2 Moisture model validation

Moisture model was validated using data presented in project Annex4l - Subtask 1
(common exercise 3 — step 1 and 2) [53]. Calculated data of relative humidity was compared to
data measured in test room during steps 1and 2 (according to the original study). In step 1, all walls
and ceiling of the room were covered with aluminium foil and flooring was made out of PVC (so
no sorption within the space). In step 2 the foil was removed from the walls, allowing sorption to
the 12.5 mm thick plasterboards. Walls had an area of 50 m? while volume of the room was 50 m?.
Ventilation air change rate was held at 0.66 ach and temperature at 20 + 0.2 °C. Inner moisture
load was controlled simulating daily operation of 4-member family. Material properties of gypsum
board were provided.

Comparison of measured and calculated data can be seen in figures 25 and 26. At first sight
can be seen quite good correlation. It can be seen, how much the plasterboard layer on the walls
inhibits the daily range of relative humidity.

As already mentioned in precious section, in the original project Annex 41 [53] was used a
graphical presentation of statistical comparison using box-whisker plots. By adopting the same
approach at figure 27 can be seen a comparison of measured and calculated data. Table 7 presents
values of the charts. It can be seen that numerical model calculates slightly higher values in range
of approximately 2-3 %. Average deviation of the comparison of “step 17 is ca. 2.5 %RH and in
“step 2”7 ca. 2.7 %R H.
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Fig. 26: Measured and calculated courses of relative humidity in test room (step2 according to [53])
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Fig. 27 Box-whisker plot of comparison between measured and calculated values of relative bumidity

Tab. 7+ Statistical data comparison between measured and calenlated data from validation of the moisture model

step 1 step 2

measured data | math. model | measured data math.

model

avg.value 33.2 353 33.1 35.7
maximal value 71.9 78.2 65.4 69.0
minimal value 11.8 12.0 11.6 15.5
75% percentile 42.9 44.8 38.6 40.9
median 31.0 33.3 32.3 34.9
25% percentile 23.1 24.6 27.3 29.5
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3.3.3 Cavity-airflow model validation

Validation of an airflow model of ventilated roof-deck cavity was performed using data from
experimental roof (see Fig.28). Although the real cavity is not ideal as it contains battens and
contra-battens which affects the airflow pattern and also there are some air leakages through the
roofing forced by wind acting on the roof, it can be seen that calculated data fits quite accurately
to the measurement. Anemometer was installed in the level of contra-battens, where the main air
stream is assumed and in the middle of the battens spacing. At first sight it can be seen, that
measured data are placed higher compared to calculated ones. This difference can be attributed to
a lot of factors, including model inaccuracy, but also positioning of the airflow sensors. Such a
factors were not further analysed and the model was stated as sufficiently accurate for an intended
purposes.

Statistical evaluation follows the same scheme described in previous sections (see Fig.30 and

Tab.8).

Fig. 28 Experimental roof at UCEEB CTU

=
S

T
——U_cav_meas

=
ha

—U_cav_calc

gy
o

[=]
co
e

g

=1
.
|

=
'S

airflow speed - Ueav [m/s]

=
fo

0.0
1.12.2018 8.12.2018 15.12.2018 22.12.2018 29.12.2018

Fig. 29: Measured and calculated data of an airflow within the roof-deck cavity

Development of HAM model
100



-
=)

-
=
|

=
)

=
o
]

o
)

o
<

o
=~

o
o
.

airflow speed in cavity - Ucav [m/s]

o
=}

measured math.
data model
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Tab. & Statistical data comparison between measured and calculated data from validation of the airflow model

measured data | math. model
avg.value 0.34 0.21
maximal value 1.41 0.98
minimal value 0.00 0.00
75% percentile 0.51 0.31
median 0.31 0.18
25% percentile 0.13 0.08
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3.4 Conclusions
Numerical model was successively developed verified and validated.

Although the model represents a very useful tool for further cold attic analyses, it has still
some parts that can be improved:

e Model is divided in few implicitly computed matrices instead of just one
matrix. The linkages between the matrices are solved explicitly which is a
potental source inaccuracy and other problems. It is so due to the fact that the
cave parts of the model were implemented later during the model development
process.

e The mean radiation temperature within the attic space is represented by just
one value (area weighted mean of all inner-attic surfaces) instead of 6 values
differing for each surface that the mean rad. temperature communicates with
(energy wise).

e The surface and also interstitial condensation-related approach can be deeply
studied and the model consequently improved.
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4 Conclusions and outlook

The goal of this thesis was at first to find out whether it is possible to state one or more cold
attic design suitable (moisture-safe) for whole or prevailing part of the HCT (humid cold and
temperate) climate.

At first a thorough review of previous studies was carried out.
Few major problems were found towards the subject.

1) Itis mostlikely that the studies dealing with hygro-thermal performance of cold attics were
performed mostly in an areas where a moisture problems were recorded. Therefore it is
possible that there is not well-distributed sample set across the whole HCT climate and
consequent lack of information from other than the problematic areas. In an areas where
there was no study found, is possibly a low number of moisture-related problems by using
traditional attic designs (as it is also in Czech Republic, where an attic ventilation is usually
enough for keeping the attic moisture-safe).

2) Within an analysed credible studies there were many different attic setups (designs) tested.
After grouping those tested designs into “similar” groups, it was found that there are not
enough samples (attic designs) in particular groups to draw any statistically relevant
conclusions (see also section 2.3.3 Grouping of similar designs). Moreover the evaluated
moisture safeness of designs within an each individual group were found to mostly not
correspond (i.e. two similar designs in one group - one evaluated as moisture-safe while the
other moisture-risky — see section 2.3.5 Comparison of similar attic designs and Tab. 4).

3) When looking at the suggested groups of similar attic designs, it was found that the groups
of possible current and future best-practice are mostly empty (there were mostly no such a
designs tested within the studies), (see section 2.3.5 Comparison of similar attic designs).
Therefore this gap represents a well-defined room for potential future studies.

Despite the previous statements during the thorough analysis of previous cold attic studies,
there were found many important general recommendations for moisture-safe cold attic design in
HCT climate. Also there were stated some exception areas, where a different approach toward a
suitable cold attic design should be used. Also the comparison of traditional European and North
American roof decks, in terms of their affection of moisture-related problems, were stated and
discussed (see section 2.3. Discussion).

It can be roughly summarized that:

It seems that moisture-safe cold attic design for an inland areas of HCT climate can be
the ventilated cold attic with air- and vapour-tight ceiling construction. Preferable would be
a double-skin roof deck with vapour permeable underlay fele. When such a roof-deck
construction is used, also an unventilated cold attic design can perform similarly well.

In more humid maritime (coastal) areas of HCT climate is potentially advantageous to use
an unventilated attic design with vapour permeable double-skin roof deck and tight ceiling.
The more northern (colder climate) the more it is suitable to use a ventilated attic design.
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For the purposes of further cold attic analysis a numerical HAM model was build-up in
software Matlab 2018b. The model was successfully verified and validated. Full report from of the
verification process can be found in 4nnex B. Validation was performed using three different
reference measurements related to the thermal, moisture, and airflow parts of the model (see
section 3.3 Validation).
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Appendices

Appendix A — Overview of analysed attic designs

Rowley et al. (1941) — USA. [1]

Full-scale experimental house inside a conditioned room was used to study
condensation of moisture and its relation to building construction and operation. Beside other
constructions a risk of condensation and frost accumulation in cold attics under sloped roof-
deck were studied using different ventilation regimes and boundary conditions.

Design no: 1

General information:

study type: experimental
design: full-scale bungalow
(one storey + attic) placed in
conditioned chamber

Aceil,real =ca. 35 m2

Vattreal = Ca. 48 m°

roof slope: 45 °

roof orientation: not specified
(in climatic chamber)
ventilation: 3 gable openings,
area of each 1:290 of attic
floor area — thus ca. 1:100 in
total

other: attic stairwell leaky -
test labelled “40-9-2”
according to the original study

Roof-deck assembly:

e asphalt shingles
e pine shiplap 1x8"
(25 mm)
Sd_r.deck = Ca. 200 m

Ceiling assembly:

e mineral wool between
wooden joists
3 5/8” (92 mm)

e metal lath

e 3/4" (19 mm) plaster

Sd_ceil = Ca. 0.3 m
Uceil = ca. 0.52 W/m#/K

- leaky attic stair well
- ceiling construction

- equivalent ceiling air
permeance

Indoor conditions:
e 70°F(21°C)
e 40 %RH

Outdoor conditions:
around -7.9 °F (-22 °C)
humidity not specified

Design no: 2 (test labelled “40-9-3” according to the original study)

- same as 1 with following exceptions :

o air-sealed attic stair well
o outdoor temperature changed to — 4.8 °F (-20 °C)
Design no: 3 (test labelled “40-9-4” according to the original study)

- same as 1 with following exceptions :

o air-sealed attic stair well

o no attic ventilation

o outdoor temperature changed to — 5.8 °F (-21 °C)
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Design no: 4

Burch et al. (1996) — USA. [2]

An upgraded version of mathematical model called MOIST was used to analyse the
effectiveness of practices of moisture control in cold attic spaces. Moisture content of
plywood sheathing of north-sided roof-deck was studied using sensitivity analysis of selected
attic parameters. Than a set of various attic designs in different locations in USA were
compared.

General information: Roof-deck assembly:

study type: computational e asphalt shingles
design: ceiling height 2.44 m (solar abs. = 0.8)
Aceil = 130 m? e asphalt roofing paper
e exterior-grade

plywood 12 mm
roof slope: 14° % Sd_rdeck = €a. 200 m
roof orientation: south-north
ventilation: gable end walls and Ceiling assembly:
roof constructions were fitted e 180 mm glass fibre
with vents of net free open area of insulation — 3.9
1:300 of the floor area, m2K/W
unintentional leakage area e 0.15 mm kraft paper
assumed as 1/10 of vents area (i.e. (vapour retarder)
ELA: geck = 434 cm?) (ss=ca.2.1m,in50
else: % RH)

e 13 mm gypsum board

Sd_ceil = Ca. 2.6m
Uil = ca. 0.24 W/m?/K
Qso.ceil = ca. 0.3 I/s/m?/50Pa

Indoor conditions: Outdoor conditions:
e natural ventilation — 0.48 ach when wind e Madison (WI),
speed v = 4.9 m/s and temperature Portland (OR),

difference AT = 16.7 K

e non-humidified interior - relative Atanta (GA);
humidity vary approx. between 20/ 60 USA
% (summer / winter)
e 20-24°C e  before 1996
Design no: 5

- same as 4 with following exceptions :
o location of the attic — Boston (MA); USA

Design no: 6
- same as 4 with following exceptions :
o no attic ventilation opening (ventilation just by leakages — ca. 1
ach at 2.5 m/s wind speed)
o location of the attic — just Madison (W1); USA
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Design no: 7
- same as 4 with following exceptions :
o humidified interior — min RH =45 %
o location of the attic — just Madison (WI); USA
Design no: 8
- same as 4 with following exceptions :
o totally air-tight ceiling
o location of the attic — just Madison (WI); USA
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Design no: 9

Samuelson (1998) - Sweden. [3]

Study deals with measurement of temperature and relative humidity in six attic designs
differing in used thermal insulation at the ceiling level (mineral wool, cellulose fibres) and
ventilation systems (non-ventilated, naturally and mechanically ventilated). Subsequently a
team of researchers tried to fit their numerical models to measured data.

General information: Roof-deck assembly:
study type: experimental e concrete tiles
design: (8) 6 testing sections of e PE film

an attic above a flat roof of
office building

each section:

Aceil = ca. 23.5 m? (estimated
from a drawing)
Vatt = ca. 28 m? (estimated from a

Ceiling assembly:
e 500 mm mineral

.

roof slope: approx. 1:2 (i.e. 26

° - estimated from drawing) e secondary spaced
boarding

roof orientation: not specified

= AN\\

ventilation: * gypsum plants
mechanically ventilated (2 ach)
else:
essentially totally airtight - Uceil = ca. 0.077W/m?/K
ceiling and a negative pressure _ Qs0,ceil = 0 I/_s/m2/50Pa
kept on interior side of the (since the interior
ceiling (no moisture input to underpressure provides no
the attic from interior) flow from interior into the
attic)

Indoor conditions: Outdoor conditions:

e Office building o Swedish weather (Boris) - 1994-

e ca l7-24°C 1995
e 31-55%RH
e underpressure (related to attic space)

Design no: 10
- same as 9 with following exceptions :
o plywood instead of PE foil underlay was used
o no attic ventilation
@)
Design no: 11
- same as 9 with following exceptions :
o plywood instead of PE foil underlay was used
naturally ventilated - 50 mm openings by the eaves (i.e. ventilation
rule ca.1:84)
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Design no: 12
Ojanen (2001) - Finland. [4]

Experimental attic with five sections was used to compare a hygro-thermal performance
of traditional Finish ventilated attic using plastic foil underlay and non-ventilated attic design
with the use of highly permeable underlay foil. Concrete tiles and steel plates were compared

in both options. Three different tests during three heating seasons were performed.

General information:

study type: experimental
design: 5 attic sections (1.2 m)
above 6 m wide bungalow (one
storey)

Acil = 7.2 m?

roof slope: 1:2 (ca. 26°)
roof orientation: south-north

ventilation:
eaves (+ridge)

other:
test period 1 (reference with
concrete tiles)

—air-tight ceiling and water vessels
in the attics (controlled moisture
load 1 g/h/m?- per ceiling area),
corresponding to continuous air
inflow 0.1 I/s/m?from interior
space. It means total 7.2 g/h
moisture load.

/

Roof-deck assembly:
e concrete tiles
e ventilated cavity 50
mm
e reinforced plastic foil
Sd_r.deck = 10m

Ceiling assembly:
e 250 mm glass wool
(150 + 100 mm batts)
o perfectly airtight PE
foil
Sd_ceil = Ca. 10 m
Uceit = ca. 0.15 W/m%K

simulated moisture input
chil,sim =ca. 0.1 I/s/m?

Indoor conditions:
o 22°C; 35 %RH

Outdoor conditions:

Finish weather (Espoo) - 1998-1999

Design no: 13 (test period 1 — according to the study)
- same as 12 with following exceptions :
o no attic ventilation openings (sealed attic)
o vapour permeable flash-spun HDPE underlay foil

-54<0.02 m;

- airflow permeance < 3.3-10-6 m®/s/m2/Pa

O Sd_rdeck =0.02m

o

Design no: 14 (test period 2 — according to the study)
- same as 13 with following exceptions :
o no simulated moisture gain (i.e. air-tight ceiling and roof deck)

o steel plate roofing above ventilated roof-deck cavity
o 20 Paindoor overpressure
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Design no: 15

Kalagasidis and Mattsson (2005) - Sweden. [5]

Using numerical modelling the study investigated an impact of the wind and air infiltration
from a living space to moisture conditions in cold attic. Ventilated and non-ventilated attic
designs with tight and leaky ceilings in an open and city areas (regarding different wind speed
conditions) were compared. The aim was to find out whether the ventilation of the attic may
help in removing convectively transported moisture through the attic floor.

General information: Roof-deck assembly:

study type: computational e concrete tiles

design: “VCL” design — e ventilated cavity
ventilated city-located with leaky e roofing felt

ceiling e roof-decking (spruce)
(from 9 attic designs above one 19 mm

storey family house 8x12 m, eave Sq rdeck = Ca. 2.6 M

height 2.5 m)
Aceit = 96 m23 Ceiling assembly:
Var =110 m e 500 mm loose-fill

roof slope: 30 °
roof orientation: south-north

ventilation: ventilated — eave
openings + leakages through
gable ends

ca. 0 - 8 ach, mean 2.2 ach
other: airtightness of the house —
0.8 I/m?/s/50 Pa (3.5 ach)

insulation
e air barrier
e gypsum board

Sq ceil = Ca. 11 m
Uceit = ca. 0.077 W/m?/K

leaky ceiling:
Indoor conditions: Outdoor conditions:
o 22°C e south-west coastal area of Sweden
o 40 -70 %RH (wintertime / summertime) (mild winters and summers, heavy and
e exhaust-supply ventilation (exhaust 120 lengthy rainy periods throughout the
m3/h — supply 90 % when the climate do whole year)
not influence ventilation system)

Design no: 16 (design labelled “VOL” according to the original study)
- same as 15 with following exceptions :
o located in open area instead of in city which results in:
- Natt,ceilreal = Ca. (-0.5) — 0.5 ach (summer / winter respectively)
- Nattextreal = Ca. 0 — 30 ach, mean 13.9 ach

Design no: 17 (design labelled “UCL” according to the original study)
- same as 15 with following exceptions :
o unventilated attic - Nattextreat = Mean 0.1 ach

Design no: 18 (design labelled “UCT” according to the original study)
- same as 15 with following exceptions :
o unventilated attic - Nattextreat = Mean 0.1 ach
o tight ceiling - Qso.ceil = 0 1/s/m2/50Pa
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Design no: 19

Holm and Lengsfeld (2007) - Germany. [6]

Experimental study from Germany compares condensation risk on the underside of vapour
open underlay felt of three ventilated cold attic designs. Controlled airflow from interior to

each attic space was introduced.

General information:
study type: experimental
design: 3 ventilated attic spaces
above one storey conditioned
interior, each roof has area
approx. 2.5x4 m
Aceil = 10 m2
Var = ca. 4.5 m?
roof slope: 24 °
roof orientation: south-north
ventilation: 3 mm slots at the
eaves and 2 cm slot at the ridge
other:
o ceiling with controlled
leakage from interior
135 m®/day (equivalent to
possibly leaky staircase)

Roof-deck assembly:
e concrete tiles
e battens (no contra battens)
e vapour open underlay (two
different types)
(permeance
925 ng/(Pa's'm?))

Sd_r.deck = Ca. 0.22 m

Ceiling assembly:
e thermal insulated

(thickness estimated from the
figure to 0.3 m, estimated
conductance of ceiling construction:

Uceil, estim, = 0.13 W/mZ/K)

(no information about vapour- or
air-barrier in the ceiling level — but as
it was mentioned, that the air leakage
across the ceiling was well controlled,
it is assumed that there was some air-
and vapour-barrier, and thus:

Sd_ceil, estim. = Ca. 10 m)

well controlled 135 m3/day
leakage (simulation of leaky attic
staircase) — by using power law with
flow exponent 0.67 and by estimating
some realistic pressure difference
4 Pa, it is assumed that airflow across
simulated staircase

Qs0.staircase = Ca. 8.5 1/s/50Pa

and no other leakage assumed,
thus for the ceiling construction:

Qso.ceil = ca. 0.85 1/s/m?/50Pa

Indoor conditions:
e 20-22°C
e 50-60 %RH

Outdoor conditions:

Germany (Holzkirchen) — Dec. 2003 -
March 2004
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Design no: 20

Hagentoft et al. (2008) — Sweden. [7]

Based on validated computational model a several cases of regular (leaky) and sealed roof
designs with controlled (adaptive) ventilation were compared regarding mould growth risk
within the attic space. Study also investigates cases with different tightness of the ceiling
construction as well as of the attic space.

General information: Roof-deck assembly:

study type: computational e concrete tiles

design: e bitumen felt (vapour
Aceil = 74.8 m? tight)

Vat = 80 m?, / e 22 mm wood

A deck = 189 m?

roof slope: 28 ° Sd_rdeck = Ca. 12'm

roof orientation: south-north

ventilation: W Ceiling assembly:

regular attic - nso = 130 h e 400 mm mineral wool

Uil =ca. 0.1 W/mle

medium tight ceiling -
24 m®/h at 50 Pa p.dif.

QSO,ceil = ca. 0.09 I/s/m%50Pa

Indoor conditions: Outdoor conditions:
e 30 %RH (if outdoor temperature -10 °C); e  Gothenburg region (Sweden)
60 %RH (if outdoor temperature 20 °C)
(corresponds to moisture supply 3g/m?)
e hbalanced ventilation

Design no: 21
- same as 20 with following exceptions :
o ideally tight ceiling (i.e. Qso.ceit = 0 1/s/m?/50Pa)
Design no: 22
- same as 20 with following exceptions :
o well sealed attic — unintentional air change rate nso.att = 1 ach
o controlled (adaptive) ventilation of the attic (1 ach when running)
Design no: 23
- same as 20 with following exceptions :
o well sealed attic — unintentional air change rate nso.att = 1 ach
o increased controlled (adaptive) ventilation of the attic (5 ach when
running)
Design no: 24
- same as 20 with following exceptions :
o ideally tight ceiling (i.e. Qso.ceit = 0 1/s/m?/50Pa)
o sealed attic — unintentional air change rate nsoatt = 7 ach
o controlled (adaptive) ventilation of the attic (1 ach when running)
Appendices

118



Design no: 25

Essah et al. (2009) — U.K. [8]

Computational study based on non-validated model compares condensed quantities on
different types of roofing underlays (high-resistance, relatively vapour-permeable and two
highly permeable) within the cold attic located in UK. Study presents a results of four cases
that differ in number of occupants, airtightness of ceiling and whole house and ventilation

regime of the attic.

General information:

study type: computational
design: 6.8 m x 9.7 m attic above
two storey family house, eave

height 5.1 m
Aceil = 66 mZ,
Vat = 64.7 m3

house airtightness nso = 5 ach

roof slope: 30 °

roof orientation: not specified
ventilation: ventilated (20 mm
openings along the eaves) — ca. 28
ach at 50 Pa p.dif.

other:

Roof-deck assembly:
(reference attic)
o tiles
e ventilated cavity
e bituminous felt
(200 MNs/g; sq = 40
m)

Sd_r.deck = 40m

Ceiling assembly:
e 250 mm of insulation

Uceit = ca. 0.15 W/m?/K

Qso.ceil = 0 I/s/m?/50Pa

Indoor conditions:

[ Nsg =5 ach

e determined from EN 15026:2007
e moisture load from 5 persons - ca (6 — 15) kg/day

Outdoor conditions:
e UK. weather

Design no: 26

- same as 25 with following exceptions :
o no intentional attic ventilation (leakages are several orders of
magnitude lower compared to intentional leakages)

o

Design no: 27

- same as 25 with following exceptions :
o no intentional attic ventilation (leakages are several orders of
magnitude lower compared to intentional leakages)

o moisture dependent underlay foil (s¢ = 0.6-4.6 m)
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Design no: 28
- same as 25 with following exceptions :
o no intentional attic ventilation (leakages are several orders of
magnitude lower compared to intentional leakages)
o vapour permeable underlay foil (s¢ = 0.02 m)

Design no: 29
- same as 25 with following exceptions :
o no intentional attic ventilation (leakages are several orders of
magnitude lower compared to intentional leakages)
o vapour permeable underlay foil (s¢ = 0.02 m)
ceiling leakage flow rate
Design no: 30
- same as 25 with following exceptions :
ceiling leakage flow rate
Design no: 31
- same as 25 with following exceptions :
o vapour permeable underlay foil (s¢ = 0.02 m)
ceiling leakage flow rate
Design no: 32
- same as 25 with following exceptions :
ceiling vapour tightness, s¢ = ca. 10 m
whole house leakage flow rate nso = 2 ach
ceiling leakage flow rate
attic ventilation by 10 mm openings along the eaves
Design no: 33
- same as 25 with following exceptions :
ceiling vapour tightness, s¢ = ca. 10 m
whole house leakage flow rate nso = 2 ach
ceiling leakage flow rate
attic ventilation by 10 mm openings along the eaves
normal house occupancy (according to mentioned standard — 20-
25°C; 30-60 %RH)
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Design no: 34

Roppel and Lawton (2014) — Canada. [9]
In-situ measurement of four in cold maritime climate of VVancouver - Port Moody (British

Columbia).

General information:
study type: in-situ
measurement

design: (test unit 1)
east — west sloped roof
orientation

Aceil =57 m2

Vat = 59 m®

roof slope:

roof orientation: east-west
ventilation: ventilated by baffle
vents

other:

Roof-deck assembly:
e asphalt shingles
e underlayment

Sd_r.deck = ca. 200 m

Ceiling assembly:

e 12" fibreglass blown
insulation

e PE foil

sumboard
leaky attic hatch * gyp

leaky attic hatch

Sd_ceil = Ca. 10.5m
Uceil = ca. 0.12 W/m%/K

Qreal (tracer gas) = Ca. 23

m3/h
=0.11 I/s/m?
Indoor conditions: Outdoor conditions:
e average of winter 2011/2012 e Vancouver — Port Moody (BC),
24.1 °C; 30.7 %RH Canada — winter 2011/12

(winter 2011/2012 averages were
6.9 °C; 84.4 %RH)

Design no: 35
- same as 34 with following exceptions :

o standalone roof deck built above mailbox — thus there were no
ceiling or conditioned interior space. Lower surface of the roof
deck were fully ventilated as was exposed to outdoor conditions

o one sheathing plywood was installed with additional 25 mm
extruded polystyrene on its upper side (both cases have the same
results)
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Appendix B — Verification of the model — full report

Thermal model

At first a verification of thermal model was performed using following assumptions and attic

gCOIIlCtI'y:

time step = 30 min

ground temperature (Tg) and apparent sky temperature (Tsky) are set equal to the
temperature of outdoor air (Tae)

no solar gains considered

attic volume (Vi) 70 m3

area of each of four roof segments (A12,3,4) set at 10 m?

attic floor area (Afloor) 10 m?

ceiling construction is made out of 50 mm thick gypsum board

roof deck assembly consists of 50 mm thick gypsum board, S0 mm unventilated roof-deck
cavity and 10 mm gypsum board on the external side

volume of thermally active constructions that are present inside the attic space (Vinside)
0.25 m3 (i.e. 50 mm thick gypsum board with exposed area (Ainside) 5 m?)

all ventilation openings to all zones and cavities are closed

equivalent thermal conductivity of the air within the unventilated S0 mm cavides is
considered to be Aaeq = 0.4 W/(m?K).

gypsumboard 10 mm
air cavity 50 mm

;EF gypsumboard 50 mm
Arzae=10m2 I:|Am;m=
Var=70m3 Ld5m2

Acsi = 10 m2
}

Tai I— gypsumboard 50 mm

Fig. 3I: Geometrical scheme of an attic space used for a verification of the thermal model
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1) Steady state

- Initial and boundary conditions were set constantly equal to 20 °C. No ventilation and no

heat gains present.
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Fig. 34: Ver.Step 1 - Zonal mass balance

Although all temperatures should be held constantly at 20 °C, in figure 32 can be seen that all
of them (except boundaries) reaches slightly lower values (as well as many others not-shown
courses of other calculated nodes). However the maximal deflection is in the order of twelfth
decimal number. Therefore the results can be considered as sufficiently accurate. This error can be
attributed to an explicit character of the thermal model.
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Although all ventilation openings are considered to be closed (no airflow), the solving airflow
matrix must not to be singular, and thus there has to be always at least one vent opened to each
zone. One opening still results in no airflow as the model does not allow simultaneous inflow and
outflow across one opening. However the iterative character of the airflow solver results in a slight
sapparent® flow across the north eave opening (m_e_1 = ca. - 0.003 kg/s) which is an error of the
model. The same error reflects also in the total mass balance of the zone (see Fig.34). This
inaccuracy is associated with an iterative character of the airflow solver. Solver stops the iterative
cycling when the maximal difference of all zonal reference pressures (PRi) (unknown variables) is
less than le-6 Pa. More precise results of mass flow rates can be reached by tightening this
requirement.

Although the model has 6 zones, in the figure 33 can be seen no other course following the
same error as m_e_1. That is because other openings that were left opened to other zones were just
not shown in the chart, however they were checked and follow the same trend.

2) Different initial temperature

- Boundary conditions were kept at 20 °C as well as in previous case, but initial temperatures

of all nodes were set 0 °C. No ventilation and no heat gains present.
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T att
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Fig. 35: Ver.Test 2 - Temperature courses

As can be seen, all courses start at 0 °C and limit to boundary value 20 °C. As the external layer
of the roof deck is formed only by 10 mm gypsum board, the air temperature within the roof-deck
cavity (T1_cav_1) has the steepest course (just one course out of four representing four roof-deck
cavities is shown). Second and third steepest course represents a surface temperature of the attic
floor (T _sfloor) and inner surface of the roof deck (T_sl). The temperature of the floor surface
rises faster due to the lower thermal resistance of the ceiling construction compared to the
construction of the roof deck. Air within the attic (T _att) is heated up only via convection from
surrounding surfaces (no ventilation in this case) and therefore its course rises subsequently.
Finally the surface of thermal mass located within the attic (T_sinside) is heated up by radiation
between the surrounding surfaces and by the air within the attic. Therefore its temperature rise is
slowest.
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3) Enlarged volume of attic air

- Same case as 2) but considering ten times higher attic air volume (Vae = 700 m3).
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Fig. 36: Ver.Test 3 — Temperature courses

Compared to case 2) a slower response of temperature courses to the boundary conditions can
be scen as the higher volume of the attic air means also higher thermal capacity of the zone. It can
be also seen that surface temperature of the buffering mass (T_sinside), heated also by radiation,
goes hand in hand with convectively heated attic air (T _att).

4) More mass of attic inner constructions

- Same case as 2) but considering ten times higher mass and exposed area of the inner attic
buffering mass (Vinside = 2.5 m3; Ainside = S0 m?).
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Fig. 37 Ver.Test 4 — Temperaturte courses

When compared to case 3) it can be seen, that ten times higher volume and exposed area of the
thermal mass in the attic inhibits the rise of air temperature even more than ten times higher
volume of the attic air. It corresponds to the total thermal capacities (C_air_700m? = ca. 0.9

MJ/K), (C_gypsum_2.5m? = ca. 2 MJ/K).
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5) Higher thermal capacity of gypsum board

- Same case as 2) but considering two times higher thermal capacity of all gypsum mboard

lavers (cp = 2120 J/keK).
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Fig. 38 Ver. Test 5 — Temperature courses
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Comparing result with case 2) it can be nicely seen that proportions between the courses
remained the same but with two times slower response to boundary conditions.

6) Roof segments are sct as gable walls

- All roof segments were considered to become gable walls instead of roof decks. Walls were

made out of 50 mm gypsum boards without any cavities and therefore form the same

construction as the ceiling.
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Fig. 40: Ver.Test 6 — Comparing different courses of (T _s1) and (T _sfloor)
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Compared to case 2) the temperatures reach the equilibrium faster thanks to lower heat
resistance of gable walls compared to roof decks, where additional 50 mm air cavity and external
10 mm gypsum board layer is present.

Although the gable walls and the ceiling construction form (in this case) the same
construction, it can be seen that their surface temperature courses are not fitting precisely one on
another. Difference is caused by different convective and radiative surface heat transfer coefficients

(SHTC).

To check if all constructions behaves idendcally, in the next test (case 7)) were all SHTC
values set uniform for all surfaces.

7) Test of constructions

- Eleven versions of the same case as 6) were performed, but in each case using different areas
of attic surrounding constructions. Total area off all constructions was in all cases
maintained at 50 m2.

o Atfirst all constructions were considered as gable walls (each construction with an

area of 10 m?).
o Than each gable wall area was separately set to S0 m? while all others were kept
Zero.

o Subsequently all gable walls were changed back to roof decks, each with an area
10 m?, as well as the ceiling construction.

o Then each roof deck arca was set separately to 50 m? while all others kept zero.
Finally the ceiling construction was tested separately as well having the area SO m2.
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Fig. 41: Ver.Test 7 — Temperature courses
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Even in a closer look (see fig. 41) can be seen, that all constructions and their combinations
gives the same result (some courses are not shown in the chart to keep the figure and legend more
clear). Before the execution of the calcualtion some modifications of the model were performed:

1) all convective and radiative SHT'C were unified (all with value of 5 W/m?K),

2) large openings to the ventilated roof-deck cavities and high windspeed (25 m/s) were
performed to set the temperature in the cavity as fastest as possible close to the
temperature of outdoor air,

3) the radiative part of heat exchange between the surfaces in the ventilated cavities was
almost eliminated by setting the transfer coefficients equal to 0.0001 W/(m?K).

8) Heat source

- Same case as 2) but 200 W heat gain was performed within the attic. 60 % of the gain was
assigned to the node of the attic air (convective part) and 40 % to the node of mean attic
radiation temperature (radiative part).
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Fig. 42: Ver. Test 8§ — Temperature courses

Heat source caused a rise of an attic air temperature above the temperature of boundaries.
Surface temperature of the internal thermal mass (T _sinside) reached the second highest level as is
surrounded only by the attic air. However there is still a radiation heat exchange of this surface
with all other surfaces surrounding the attic space and since all these surfaces are always colder
(cooled by the boundary temperatures), T_sinside will not reach the attic air temperature.
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9) Dynamic boundary conditions

Same case as 2) but exterior and interior boundary temperatures are determined by diurnal
sinusoidal function with mean value 20 °C and amplitude 5 °C.
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Fig. 43: Ver.Test 9 — Temperature courses

After first 48 hours is the diurnal average value of each temperature course the same as the
average of boundaries. Calculated temperatures are dampened and shifted in time respecting their
thermal capacities and positions. From the depicted courses, the highest amplitude has a
temperature of air within the roof-deck cavity (T1_cav_1) and lowest temperature the surface of
inner thermal mass (T _sinside). Precise analysis unfortunately revealed, that none of quasi-
stationary diurnal average values is precisely equal to 20 °C. Maximal recorded difference was ca.
0.02 °C. This inaccuracy is caused mainly by radiation SHTCs - when all SHTCs were set uniform,
maximal difference recorded was than ca. 0.0001 °C. It is possible that computational inaccuracy
in the order of 0.02 °C can be essential in some special cases, but in most of building physics
applications it can be still assumed as sufficiently low.

10) Constant but different boundary conditions

- Same case as 2) but exterior air temperature (and so ground and apparent sky temperature)
was set equal to ( - 15) °C.
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Fig. 44: Ver.Test 10 — Temperature courses
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As can be seen in figure 44, temperature courses are logically distributed between the two
boundary temperatures. Temperature course of the floor surface (T_sfloor) is located nearest the
interior boundary (T_ai) and temperature of the air in roof-deck cavity (T1_cav_1) nearest to
exterior boundary (T _ae). Ceiling construction has lower thermal resistance compared to roof
deck, and thus a slight temperature rise during the first few hours can be seen. Although the roof
deck has higher thermal resistance, total area of all four roof decks is four times higher than the area
of the ceiling - that is the reason why floor surface temperature (T_sfloor) drops lower after

reaching first peak.

11) Random exterior boundary

- Same case as 2) but exterior boundary temperature was set random between -10 and -20 °C
to check stability of the model.
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Fig. 45: Ver.Test 11 — Temperature courses

It can be seen that as the average exterior temperature is the same as in case 10) (i.e. -15 °C),
temperature courses follow the same trends. It can also be seen that the courses are more stable the
closer they are to the interior boundary. Even if the exterior temperature is changing between two
time steps up to 10 °C, the model is stable.
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Thermal + airflow model

This section presents a verification of the combination of thermal and airflow models. For
this and following section an extended attic geometry is considered (sce fig 46).

Constructions of the attic space remains the same as shown in figure 31 but lower parts of
roof decks are prolonged and form a cathedral ceilings above interior space. This geometry also
creates a new cavities that are placed in between the roof decks and pitched parts of the ceiling -
these cavities represent an airflow ducts between outdoor environment and attic space (each cavity
represents an independent zone and is in further text denoted as ,ecav® — eave cavity space). All
ecav spaces are S0 mm thick as well as the roof-deck cavities. Width of all ecav spaces is 10 m as well
as width of roof-deck cavities (as 10 m is a considered length of all four eaves).

Each zone has at least two orifices - at each boundary and interzonal connections. Roof-deck
cavities have a lower opening “e_cav” (eave cavity opening) and higher opening “p_cav” (peak or
ridge cavity opening). Each ecav space has a lower opening “e” (eave opening) and higher “eatt”
opening (interface of ecav and attic space). Attic space has four “eatt” openings to four ecav spaces,
four “p” (peak) openings and one opening on the interface with interior space - “c” (ceiling
opening). Finally the interior space has a ceiling opening to attic zone and four window openings

denoted as “w”.

As can be seen in figure 46, each roof deck is divided vertically in two parts (lengths) - part
above attic space — ,length 1 and part above cathedral ceiling — ,length 2% In following
computations both lengths are set equal to 2.5 m. In figure 46 can be also scen the heights of
openings above ground level that are important in terms of thermal and also wind driven airflow.
Slope of all roof-decks is 40°.

Although the scheme in figure 46 scems realistic, it should be mentioned that this attic
geometry is, in fact, unreal - for instance considered areas and slopes of constructions surrounding
the attic space cannot contain considered air volume. Also in terms of ventilation, the cavides are
considered to have a constant width (horizontal dimension) in their entire vertical length — if
considered four roof decks all with the same slope, it is obvious that this assumption cannot be
tulfilled. Despite these facts the models verification can be successfully performed.

gypsumboard 10 mm

T © > air cavity 50 mm

] A gypsumboard 50 mm
Arzsa=10m2 ., air cavity 50 mm

r=70m3 Ldam2 gypsumboard 50 mm

42

Agi = 10 m2

I— gypsumboard - 50 mm

9.2

21

T

50

Fig. 46: Geometrical scheme of an attic space used for a verification of thermal + airflow model
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12) Opened roof-deck cavities

- Same case as 10) but with opened roof-deck cavities. All other openings are considered to
be closed — no attic ventilation. Total area of each cavity opening is 0.5 m? (0.05 m x 10 m).
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Fig. 47: Ver. Test 12 — Temperature courses
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Fig. 48 VerTest 12 — Derail of differences of air rermperatures within the roof-deck cavity
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Fig. 49 Ver.Test 12 — Mauss flow rates accros roof-deck cavity openings

As the roof-deck cavities are now ventilated by outdoor air all temperature courses are
(compared to case 10)) shifted closer to the exterior boundary. Biggest difference is obviously
recorded by the cavity temperatures (T1_cav_1 and T2_cav_1) where ,T1_* stands for the upper
part of the cavity (in ,length 1“) and ,,T2_ for the lower part of the cavity (in ,length 2).
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As the air within the cavity is moving upwards the temperature in the lower part (T2_cav_1)
is placed slightly lower than the temperature in the upper part (T1_cav_1). In figure 47 can be seen
the two temperature courses in a closer look. Two more courses can be seen in the figure -
temperature of the air entering the lower part (T2_in_cav_1) and temperature of the air entering
the upper part of the cavity (T1_in_cav_1). Since to the lower part comes the exterior air the
incoming temperature is equal to the exterior boundary. Similarly the temperature of the air
entering the upper part of the cavity is equal to the temperature of the air within the lower part of
the cavity — it also proofs that the air in the cavity is flowing upwards.

Figure 49 shows a mass flow rate across the eave and peak (ridge) openings. Inflow is denoted
with plus sign and outflow with the minus sign. Courses again confirmes that the air in the cavity
is moving upwards. Also can be seen that the same amount of mass that is entering cavity via the
eave opening (m_e_cav_1_m) leaving the cavity through the peak opening (m_p_cav_1_m) -
index ,,_m* at the end of the mass flow designation means, that the mass flow [kg/s*m] is related
to one meter of cavity width (horizontal dimmension of the cavity).

13) Opened roof-deck cavities with dynamic boundaries

- Interior and exterior boundary temperatures were determined by diurnal sinusoidal
function with mean value 20 °C and amplitude S °C.
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Fig. 50: Ver.Test 13 — Temperature courses
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Fig. 5I: Ver.Test 13 — Closer look ar the roof-deck cavity temperature courses
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Fig. 52: Ver.Test 13 — Mass flow rates accros roof-deck cavity openings

As the air from exterior now flows through the roof-deck cavities the amplitudes of all courses
are placed higher, compared to case 9).

In figure 51 can be seen more detailed view of the cavity temperatures. Regarding upper part
of the cavity it can be seen, that when the outdoor air temperature is higher than an average
temperaturte within the cavity, the air flows downwards and thus the incoming air in the upper
part (T1_in_cav_1) is the exterior air. When the outdoor air temperature is lower, flow direction
changes and the air from the lower part of the cavity is the incomming one to the upper part.
Similar behaviour can be seen also looking at the courses of the lower part of the cavity.

In figure 52 can be clearly seen how the mass flow rate changes in time accros the eave and peak
(ridge) openings of the roof-deck cavity. Positive values represent a mass flow rate into the cavity
and negative values out of the cavity.

14) Wind on cavities

- All temperatures were set constant including the initial temperatures. Windspeed at the

height of all openings was kept evenly equal to the reference widn speed at 10 m

(Uio = 3 m/s). Wind dirrection changes every time step by two degrees starting at 0° (wind
normal to north side). Last value is 384° thus durint this experiment wind fully rounds the

attic.
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Fig. 53 Ver.Test 14 — Muss flow rates across openings of differently oriented roof-deck cavities (unifrom wind speed)
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It can be seen a nicely shaped mass flow rate courses of differently oriented cavity openings.
Courses mutually changing their position as the wind direction rounds the roof. These results are
basically a consequence of the difference of wind pressure coefficients (Cp) (calculated based on
[34]). For visual clarity the results of west cavity (_4) are not shown in the figure.

In the following figure can be seen results of the same test but using calculated wind speed at

each height of the openings (this is the default set-up of the model). Compared to figure 53 it can
be seen much flattened courses.
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Fig. 54 Mass flow rates across openings of differently oviented roof-deck cavities (calculated wind speed)

In figure 55 can be seen a comparison of mass flow rates across differently oriented eave
openings calculated using uniform (Uto) and calculated wind speed at different opening heights.
North is the upwind side (denoted as ,,_1%). Denoted as ,,_2%, ,,_3“ and ,,_4" are south, east and
west respectively.

It can be surprising how different can the results be — especially the east cavity mass flow rate
(denoted as ,,_3%) that changes even the flow direction.
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Fig. 55: Mass flow rates across eave openings of differently oriented cavities (unifrom and calculated wind speed)
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15) Opened all flow pathways, except ceiling vent + attic heat source

- All openings to the attic zone, interior zone and ,.ecav® zones are open excepting the ceiling
vent. Total free area of each opening is 0.05 m? including roof-deck cavity openings (note
that the areas are ten times lower than in all other cases). Exterior and interior air
temperature is kept constantly at (- 15) °C. Attic space is provided with heat gain 200 W.
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Fig. 56: Ver.Test 15 — Temperature courses
0.04
By m_e 1
0.03 i
™ m_p_1
:é 0.02 ......... m_eatt_att_1
'E' 0.01 ‘ ............................................................................................................................ — m_c_att
u - =
= 0.00 f= m_w_1
= ]
]
E X R - - - - - J
= Ve
@ ! LT
g 002 o
] -
0.03 1},
'
-0.04
0 12 24 36 48
time [h]
Fig. 57 Ver.Test 15 — Mass flow rate conrses
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Fig. 58 Ver.Test 15 - Zonal mass balance

As the attic is heated, its temperature is placed highest (after reaching equilibrium) followed
by others. Whereas the temperature within the attic is higher than the exterior boundary, the
airflow through the attic takes place in upward direction. In Fig. 57 can be seen that flow across
eave opening (m_e_1) is positive, which means inflow to ecav space. The same amount or air which
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enters the ecav space is released to the attic via the eatt vent — from the attic point of view it is an
inflow and thus m_eatc_att_lis also positive following the same course as m_e_1. The mas sis than
released from the attic via the peak opening and so the m_p_1 following the opposite trend.

As the ceiling opening is considered closed, there is no airflow present across it. And since there
is neither wind pressure nor temperature difference across the windows, no mass flow is present
even across these openings.

As there is an upward flow in the roof-deck cavity, the outdoor air is sucked into the lower part
of it as well as into the ecav space. And since these two cavities are together surrounded from both
sides by boundary temperatures (T_ae and T_ai) which are the same (-15 °C), they reach
equilibrium at the same level (-15 °C) (see Fig. 56).

16) Opened all flow pathways, except ceiling vent + different boundaries

- Same case as 12) but now all flow pathways are opened except the ceiling vent — each
opening has a total area 0.5 m?.
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Fig. 59: Ver.Test 16 — Temperature courses
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Fig. 60: Ver.Test 16 — Mass flow rate courses
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Fig. 61 Ver.Test 16 — Zonal mass balance

As the attic is now ventilated by outdoor air via the ecav ducts and peak openings, its
temperature is closer to the exterior boundary (compared to case 12)).

Although there is now a temperature difference across the window openings, still no mass
is present. That is because all openings are at the same level and therefore there is the same pressure
acting on each of them which results in no flow.

In figure 62 can be seen mass flow rates in case that one of the openings (window 2) is
placed one meter above the others. It can be seen that mass flow out of window 2 is now three
times higher than the inflow of the other three windows, which corresponds to zonal mass balance.
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Fig. 62: Ver.Test 16 — Mass flow rate courses with different window 2 position
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Fig. 63 Ver.Test 16 — Zonal mass balance with different window 2 position

17) Opened all flow pathways

- Same case as 16) except that all flow pathways are now opened including the ceiling vent
wich area is the only that differs with its value 0.1 m?. All other openings have each the area
0.5 m2.
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Fig. 64 Ver.Test 17 — Temperature courses
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Fig. 65: Ver.Test 17 — Mass flow rate courses
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Fig. 66: Ver.Test 17 — Zonal mass balance

Compared to case 16) it can be seen that temperatures of the attic air and surrounding
surfaces are placed higher which is caused by the inflow of warm air comming from the interior via
the ceiling opening.

Looking at the mass flow rates it is obvious that the mass entering the attic space via the
ceiling opening (m_c_att) is four times larger than to the mass entering the interior zone through
one window (since the interior has four identical window openings). Mass that enters the attic
space through the ceiling vent as well as masses incomming throught the ecav ducts (m_eatt_att)
leaves the space through the peak openings (m_p), and the mass balance is conserved.

18) Opened all flow pathways with dynamic boundaries

- Qutdoor boundary temperature is determined by diurnal sinusoidal function with mean
value 20 °C and smplitude 5 °C. Interior temperature is constantly held at 20 °C. All

openings opened — ceiling opening 0.1 m?, all others 0.5 m?2.
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Fig. 67: Ver.Test 18 — Temperature courses

Appendices
140



o
=]

m_e 1
- 48— |- m_p_1
g 02 me e m_eatt_att_1
E
@ o1 ——m_c_att
g 00 "
3 -— PP m_w_1
B e
; 0.2
E]
£
0.4
0.6
0 12 24 36 48
time [h]
Fig. 68 Ver.Test 18 — Mass flow rate courses
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Fig. 69: Ver.tesr 18 — Zonal mass balance

In figures 67 and 68 can be clearly seen how the direction of the airflow through the zones
changes with the change of temperatures. When the exterior air is warmer while the interior air is
colder than the air within the attic, the direction of the overall airflow is downwards — air enters
the attic via peak vents and then leaves the space partly through the acav ducts and partly through
the ceiling. Air that enters the interior space through the ceiling ventleaves it through the windows.

An interesting moment occurs when the attic space has the highest temperature above
outdoor and so the indoor spaces. In that situation the air within the attic wants to flow upwards
while sucking the mass from exterior using the ecav ducts, but the indoor air has lower temperature
than exterior one and thus it wants to leave the space through the lowest located opening (window
openings). In those moments the air is sucked into the attic via the ecav ducts and than splitted in
two parts, one leaving through the peak vents and one through the ceiling. First of these moments
can be seen around the eleventh hour and repeats every 24 hours. An opposite situation occurs
periodically after every twelve hours.

It can be seen higher inaccuracy of the zonal mass balance compared to all previous cases -
15), 16), 17).
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19) Wind on the attic

- Allinitial and boundary temperatures are kept constantly at 20 °C. All openings opened —
ceiling opening 0.1 m?, all others 0.5 m?. Reference wind speed (U1o) 3 m/s and wind
direction changes every time step by 2° starting from 0° which means north is the first step

upwind side.
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Fig. 72: Ver.Test 19 — Zonal mass balance
Again a nicely shaped courses of mass flow rates can be seen in figure 71. All temperatures

are very precisely held at 20 °C. It can also be seen that zonal mass balance is much more stable
compared to case 18).

Appendices
142



Moisture model

For verification of the moisture model was used the same attic geometry as for the thermal
model (see Fig. 31).

20) Steady state
- Constant temperature 20 °C and constant relative humidity 50 %.

2.64148002982386
v_ae
m B.E64148002932384 .
E ————_ai
—
% 364148002982382 v_att
>aed14mo02082380 | S0 (MW v_ecav 1
£
E 564148002982378 vieav 1
ﬁ v2_cav_1
S B.64148002982376
-]
£ 564148002082374 -
=5
3.64148002982372
0 20 40 60 B0 100 120
time [h]
Fig. 73 Ver.Test 20 — Absolute humidity courses
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Fig. 74: Ver.Test 20 — Relative humidity courses
Appendices

143



21) Different initial concentration
- Temperature 20 °C, initial relative humidity 30 % and boundaries kept at 50 % RH.
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Fig. 75: Ver.Test 21 — Absolute bumidity courses
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Fig. 76: Ver.Test 21 — Relative bumidiry conrses

22) Enlarged volume of attic air

- Same case as 21) but considering ten times higher attic air volume (Var = 700 m3).
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Fig. 77: Ver.Test 22 — Absolute humidity courses
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Fig. 78 Ver.Test 22 — Relative humidiry courses

23) More mass of attic inner constructions

- Same case as 21) but considering ten times higher mass and exposed area of the inner attic
buffering mass (Vinside = 2.5 m3; Ainside = S0 m?).
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Fig. 79 Ver.Test 23 — Absolute humidity courses
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Fig. 80- Ver.Test 23 — Relative humidity courses
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24) Higher moisture capacity of gypsum board

- Same case as 21) but considering two times higher moisture capacity of all gypsum board
lavers (£ = 0.016 ko/ko).
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Fig. 8I: Ver.Test 24 — Absolute humidity courses
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Fig. 82: Ver.Test 24 — Relative humidiry conrses
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25) Roof segments are set as gable walls

- All roof segments were considered to become gable walls instead of roof decks. Walls were
made out of 50 mm gypsum boards without any cavities and therefore form the same
construction as the ceiling.
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Fig. 83 Ver.Test 25 — Absolure humidity conrses
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Fig. 84: Ver.Test 25 — Relative humidity courses

26) Test of constructions

- Eleven versions of the same case as 25) were performed, but in each case using different
areas of attic surrounding constructions. Total area off all constructions was in all cases
maintained at S0 m?.

o Atfirst all constructions were considered as gable walls (each construction with an

area of 10 m?).
o Than each gable wall area was separately set to S0 m? while all others were kept
Zero.

o Subsequently all gable walls were changed back to roof decks, each with an area
10 m?, as well as the ceiling construction.

o Then each roof deck area was set separately to SO m? while all others kept zero.
Finally the ceiling construction was tested separately as well having the area SO m?.
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Fig. 85: Ver.Test 26 — Absolure humidity courses

27) Moisture source

- Same case as 21) but 0.03 g/s moisture gain was performed within the attic.
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Fig. 86: Ver.Test 27 — Absolure humidity courses
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Fig. 87: Ver.Test 27 — Relative humidity courses
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Fig. 90: Ver.Test 28 - Relative bumidity courses
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29) Constant but different boundary conditions

- Relative humidity was set in exterior equal to 20 % and in interior equal to 70 %.
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Fig. 91 Ver. Test 29— Absolute humidity conrses
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Fig. 92: Ver.Test 29— Relative humidity courses
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