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Abstract

In the northern prairieclimate of Manitobathe thermal resistanc@rovided by the
building envelope isan ongoing concern.To improve thermal performancsome
existing huildings need to be renovated. One common approach to achibigher
thermal resistancefor building enclosuress the addition of rigid insulatignsuch as
extruded polystyrene foam (XP.$®n the exterior side of a building without any changes
to theinsideof the structure. One challenge of this strategye possibility of having
damagd or absentapour barrierand the effect this may have tre building envelope
performance The fieldbased studypresented in this thesis wa®nducted on two
identical wood frametest buildings with different insulation materials inside the wall
cavities One hadiberglass batt andtherwith dense pack cellulos@he test program
was completect the Alternative Village at the University bfanitoba Combinations of
external rigid insulation angapour barrier systems were compared aatypical wall
assembly ovea heating seasomhree different indoor RH levelsere usedo compare
hygrothermal behavis andthe potential for condensation and mold growth witkie

wall cavity.

It was found that the addition of XPS in fiberglass and celluloseasatmbliesose the
outerwall cavity temperatureAlso, theouterRH within the wall cavity increased the

cellulose building, while the addition of XPS did not affeater RH in the fiberglass



wall assembly considerablif was found however that forthefiberglass buildingvith a
nonconsistent vapour barriethe averag®uter RH increased dramatically ®0% and

90% in mid and high levelsf indoor RH, respectivelySimilarly, in cellulose wall
assemblies with nenonsistenvapourbarrier, the averageuterRH in highlevd indoor

RH rose considerably 9% and 63% considering without and with XPS, respectively.
Therefore, the potential for condensation and mold growth on outside sheathing increased

in both buildings.

In terms of heat €fix density, both the addition of rigid insulation and having consistent
vapourbarrierimprovedthe thermalesistancef fiberglass wall assemblie$hat is,the

heat flux density througthewall assembly with noigconsistent vapour barrigras2.6to

2.8 times greater thathe value througtihe wall assembly with XPS and continuous
vapour barrier Furthermore even thoughvapourbarrier system did not affethe heat

flux noticeablyin cellulose enclosure, the heat flux density decreased considdtedity

theaddition of rigid insulation
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Chapter 1

Introduction

1.1 Context and objectives

In regions witha cold climée such asManitobg bothanairtight construction methoand

a high thermal resistance vakia a building envelopeare importantto reduce energy
consumption The city of Winnipeg in south central Manitoba, Canada experiences a
wide annual range of cliatic conditions. The design temperature is considered from a
low -35°C (heating season) to a high ®30in the summe(NBCC, 2010) However,
extreme rangehave beerreported from-45°C to +4TC without considering the wind
(Canadian Climate Normals 192000, Environment Canada, 201#)is eviden; then,

that for a city with such a harsh climate -gitu tests on different wall assemblies are
valuable As discussed by Straube et fiéld studiesare complementaryto laboratory

experimentgStraube, Onysko, & Schumacher, 2Q02)



Moisture @n potentiallyflow throughwall asemblies from different sources, including
ground water, rain, andoor watervapaur. The research presented in this thesisuses
on water vapaur migrationthrough a wall assemblyhis study was conducted on two
test buildingsat the Alternative Village at the University dfanitoba in Winnipeg
Canada Both structures were wood frame stwdlls, one with fiberglass batt and the
other with dense pack blown cellulose insulations. ie datareported in this study was

collectedoverthree periods betweelanuary & and March 162014(heating season).

Based on arassumption offour-personfamily within a home who take five-minute
showes every other day, makthree mealandwash dishegvery day, and occupy their
home 16 hours daily, the average moisture production (excluding the moisture created by
floor mopping, pets, plants, etc.) wdube about2000 litres of watewvapaur, annually
(Lstiburek & Carmody, 1991)Since a largeamount of water vapour is produced
annually in a residential building, there is a hidelihood of water vapour ngrating
through enclosures. Theossibility of mgration increases during the heating season
when the inside o building has minimal ventilation and is kept war8edlbauer stated
that nold fungi damages in Germany cost 200 million Buyser year according to the
report fromthe Federal Government dbermany in 1996. Insufficient ventilation in
airtight building envelopes causes increasmgisturerelated problems (e.g. mold
formation). However before the energy crisisa the 1970s ventilation was manually
operated by opening windowsToday, the practices of opening windows and
unintentional ventilation (e.g. leakagebave been decreased due tenergy saving

initiatives. Therefore,air humidity is trappedin the building and hence theelative



humidity increase would be an issw¢hichraisesthe risk of moisturerelated problems

not only in the buildingbut also in the wall cavitigsSedlbauer, 2001)

Moisture transfer through the building envelope occeitber due to exfiltration or
diffusion. Wall assemblieswith point defectson their warmside present moisture
accumulationoppositeto that point on the coldurface(Forest, 1989)Having non
consistentvapaur barries in building enclosuresare considerec defect andtreate a
passigeway for vapourthrough the wall assemblyy diffusion The water vapour then
condenseagainstthe cold surfaceand affecs the thermal value of théuilding envelope

as well.

One common approach to achieve l@gimsulation valugespecially forthe residential
buildingswith low enclosure thermal valuis the addition of aigid insulation laye(e.g.
extruded polystyrene fognon the exterior side of thenvelope One easy approach to
increase the thermal value of enclosuresld houses with no proper insulation within
the wall cavity is renovating fromthe outside rather thanthe inside The existing
insulation withinthe wall cavity (e.g. wood chipsktan beexchanged with blowsin
cellulose or fiberglass batt addition b exteriorrigid insulation. Tlesehousesnay not
have a intact vapaur barrier after renovation Furtheremoreyapour barriers are cut
around condu# or electrical outlet in order to repair themThese spots are not sealed
properlyafterward, which crate norconsistentvapourbarriers.lt should be noted that
the consequences of the extra rigid insulation layer addisach as changing the

moisture profile, risk of condensation, and the potential for mold gr¢aghthe most



critical moisture concednthrough the exterior wall assemblgre rarely taken into
account.In fact, the combination of novapourbarrier or norconsistentvapourbarrier
with rigid insulation is higher in old buildingsvhich are likely to be renovateAdding
an insulation layer toa building envelopemight modify the temperatureand moisture
profiles within wall cavity, therefore,if there is a potentialfor water vapourto flow
through, it may increase the potential of condensatitimn wall cavity. The quesbtn is
whether adding exterior rigid insulation incremgbe likelihood of moisturerelated

problemsin wall assemblies.

As summarized irthe literature review section, there amenumber oftudies regarding
hygrothermalbehaviar of different insulatios andvapourbarrier effects on building
enclosures. The present study was carried out dtleetiack of field-based researdhn
cold and harsh climasesuch asWinnipeg, comparison betweewarious building
envelopes at the same tirmensideringdifferentindoor RH levels, and residential wall
cross sections (itsad of laboratory tests on ortlye insulation) in real ambient outdoor

fluctuation

A common materialised as insulation iwood-frame residential buildirgyin Canadas
fiberglass battBlown-in celluloseis frequentlyusel to fill the wall cavity forrenovatiors
in old properties. & both insulatiortypesvapourbarrier onthe warm side of enclosures
IS a common solution to manage moisture transferstudy was conducted at the
Alternative Village at the University d/lanitobg where five identical test buildings with

different wall cross sectionsvere compared to each other. The testsowed that



fiberglass batt insulation and dense packed blownellulose had almost the same
energy casumption ovethe 209-day test period irthe heating seaso(Dick, Safavian,
& Rayner, 2014)Finally, asimulation softwareWUFI (Warme und Feuchte instationar)
was applied to model multayered wall components considerimgoisture and heat

migration under givemdoor and outdoor conditions.

The objectives of thiexperimertbased thesiwere:

1 To study heeffects of compromisingvapourbarrier on thermal performance and
moisture related problems of building envelope adeisng various wall
assemblies

1 To study be relationship between external rigid insulation layer and hygrothermal
behavior of building ertlosure with a combination of consistent and nron
consistenvapourbarrier, and

1 To evaluat of new systems and assemblies tested in the Manitoba climate



1.2 Thesis organization

Chapter 2 begins with an overview covering background information dholaing
envelope and thermal performance followed dyeview on moisture management.
Detailed explanation of test buildings, test setups and prototte, data acquisition
system, materials anthe methodsemployedto conduct the experiment for bothe
fiberglass and cellulose buildiagsdescribed irChapter 3The results of the fielthased
experiments and the analysith discussionon both fiberglass and cellulose wall
assembliesre covered ilChapter 4Finally, Chapter Jrovides a summary of the major
findings of the experiment withecommendations for future investigations arisingnfro

this project.



Chapter 2

Literature Review

A building envelope forra a physical separatiohy connecting individual componerits
enclose outdoor environment frothe interior of a building. The building eolosure
especially in old countriessuch asCanada is the key factor to improve the energy
efficiency and high performance of buildings and plapsimaryrole in maintaining and
protectingthe indoor environment from cold outdoor climatuilding envelopesnust
be strong enagh to meebuilding codes and bable toresist heat, mass, watair, light
(solar radiation) and noise transfer from inside of the buildingthe outside or vice
versa Different component# a building envelopeare considered to contrtdte above
parameterssuch asa vapourbarrier to controlvapourflow, an air barrier to prevent air
transfer, thermal insulation (e.g. fiberglass batt or blaweellulose) to control heat
flow, or a rain screen to protettte envelope form rain to come thugh. It is important to
accountfor how thecomponents are not independeheach other and may affect other
components. For instancie air barriewithin anenclosurewill be increased by using
vapour barriers as wellMoisture managemens complicaed due tothe interaction

betweenheat and airUncontrolled heat, air, and moisture flowithin a building



enclosure causeoisture accumulation aniticrease theisk of occurrenceof one or
more ofthefollowing problems aftevards(Kumaran, et al., 2003; Rousseau, 2003)
1 Reduction in the structural integrity of the component
1 Rotting and corrosion of materials due toaontrolled moisture accumulati@amd
condensation within wall cavities
1 Mold formationin wall assemblies
1 Chemical, mechanicabr biological deterioration of building materials
1 Reduction in durability and performance a&fystems andnaterials within wall
cavities
1 Increasing energy cast
1 Poor conditiors inside the building due tongortrolled interior environmentand

1 Unacceptable appearance of the building envelope

Field measurements are useful to model Wigole picture ofa building envelope in real
environmental conditian(Straube, Onysko, & Schumach2002) Field studies, by their
very nature, take into account more variableanthaboratory experiments since wind,

temperature, RH and solediationall affect a building in redl.

There are different forms of insulation materials includingdrigoosefill, batt or
blanket, foamed in place and reflective foflbdou & Budaiwi, 2005) Interaction
between different kinds of insulation iniilding enclosure (i.e., rigid insulatioon the

exterior side and looséll or batt insulation in wall cavity) and the method wpour



control (i.e., usg 6 mil. polyethylene asapourbarrier inside of building) may affect
hygrothermabehaviourof a building envelopeSome materials hawbe ability to absob
water called hydrophilicwhile otherscalled hydrophobiado not For instance, gypsum
wallboard (interior sheating of the wall assembly testeth this researchis a
hydrophilic, and theoreticallyable to absorb water untits pores entirely are filled.
Hygroscopic materials gain moisture (adsorption) wtienrelative humidity rises and
release moisture (desorption) when the relative humidity drbips.amount of water
absorked or releasetly a materiaht a constant temperature and equilibrium caoiodi is
recorded experimentally and called sorption isotherm (ASHRAE Handbook

Fundamentals, 2009)

2.1 Thermal performance

The amount of hedtowing through the building envelope must be minimized to make
theindoor conditiols comfortable and minimize the energy consumption of the building.
Light woodframe construction is the most common typke residential building in
Canadaconsideringmaterial with high thermal resistance (highv&ue) used within
exterior wall cavities. Wo of the common insulation materials used in Carladavood

frame buldingsarefiberglass batand blownin cellulose

There wadittle or no insulation in early wooeffame buildings in the 1920thereforeair
leakage was major problem in this kin@f constructionResearch on the effect of air

leakage ortheseenclosurest the University of Minnesotied to building paperdeing
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usedasacceptablaveathefresistive barrier. Hoever, thistype of barriers wagknown as
rain barrier and resistl wind washing anda lack of insulation materials wastill felt.
After furtherresearch conductday the University of Saskatchewan the 1920sto show
the importance of adding thermal insulationttve envelope insulationusewithin wall
cavities and atticnicreased in the 193Bomberg & Onysko, 2002)An emphasis on
well-insulated housewith airtightness and better thermal insulation materisgan
duringthe energy crisis in the mid970s(especially in Canada), and most focus was still

on theimportance ofapourdiffusion (Rousseau, 2003)

If water vapourcontacts a nofporous surfac¢éhathas a temperature lower thdre dew
point, condensatiomay appearon the surface. Alsof the moisture content rises within
wall assemblies, it malgavea negative impact on building enclosure thertehaviour
(ASHRAE Handbook Fundamentals, 2009he thermal insulation value dfuilding
components decreases withcreagd moisture contentKinzel, 1998) However, this
effect differs deperidg on the chosen insulation materidtor instance,hte impact of
moistureon thethermal value of looséll cellulose insulation(27 kg/m’ density)was not
considerablewithin hygroscopic range (moisture content in equilibrium with relative
humidity under 98%according to labratory tests conducted to shoellulose insulation
behavour in roof spacegSandberg, 1992)The same study also showed that 10% and
16% moisture content (mass based) warequilibrium with 61% and 84% RHIhe
effect of moisture on thermabnductivity of loosdill cellulose fibre (thermal resistance

per unit thickness of 3.7 RRffF/BTU) with adensity of 40 kg/mwastestedunder both
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fixed and cyclic moisture gradient conditions, and rémultsshowed that 10% increase
in moisture content of the insulation causedrly 15% decreasdan themal resistancef
the celluloseapplied inthe attic In addition it was seen that afténe drying the thermal
conductivitydecreasd again(Tye & Spinney, 1979)Another studyNicolajsen,2005)
presented that the thermal value of a celluloseddiisinsulation material applied in
wall assembly did not change considerabliziew moisture contentchangedunder

hygroscopic range (fewer than 20% wet basis).

Simonsonet al. studied fibeglass insulationn a slab usinga onedimensional transient
model. The study showed thatvhen assuming an RH of 97%, inside temperature of
+22°C, and cold boundary temperature-6fC, the heat fluxwas 4.9times greater than
the heat flux indry condition. However, moisture accumulation was only 1.9% by mass
causing an increase of the average thermal conductivity of just 3Bésefore, even
with small water accumulation, mass transfer had a significant impaitttedreat flux
(Simonson, Tao, & Besant, 1994)nother set of experimen{Abdou & Budaiwi, 2013)
was conducted on the effect of moisture tbhe thermal behaviourof fiberglass batt,
which showed that thermal conductivity of fibeags batt (27 kg/indensity) wast.0%
higherat 15% moisture content than a dry sample (&Cldperating temperature). Also,
thermal conductivity increased by 5.7% when operating temperature rose’Go 24
Operating temperaturaffects the thermabehaviourof the wall assemblyi.e. a higher
operating temperature causes higher thermal conductitgou & Budaiwi, 2005) For

instancetheabove study showed that in fiberglass batt insulation with 13.Tkdgnsity
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thermalconduct i vi ty equaViom@00033680.841433 T: operating
t emper at ur emednsthatg @ rangd ¢t st o, fd Bvergbe C 16erC
operating temperature increase, the thermal conductikalse just 4% or 8%,

respectively.

2.2 Vapour barrier and moisture management

Even though some people may sepavaigourretarder from air retarder completelf,
air retarder behaves asvapour retarder, itshould not be placed where it leads to
condensation(ASHRAE Handbook Futtamentals, 2009)Water vapour migration
through wall assemblies cools and may condens®erta water molecules that could
accumulate and cause mold formation and construction daagdke use of insulation
in building enclosures increasedgithout considering vapar barrier or its locationthe
potentialfor condensation within the wall cavity increaséthe vapourbarrier controls
watervapourflow from thewarm and humigideto the cold and dry side of the building
envelope ifdoor to outoor during heating seasom a cold climate). Watewapour
diffuses from higher partial pressure to lower partial pressure, and condensation occurs
on the surface¢hat hasa lower temperatur¢ghanthe dew point.The interior side ofan
exterior wall is the warmeside with normally highenapourpressurghan outside ira
cold climate. Thereforeyapourbarrier isapplied on the interior side dhe envelope to
retard diffusionand condensation withithe wall assemblyBomberg & Onysko2002)

In fact, control of moisture migration by diffusiols considerable in airtight buildings

(ASHRAE Handbook Fundamentals, 2009) the late 1950s and 1960s, researchers
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statedthat most of the watevapourmigraing throughthe building envelopsis due to

air leakage. Alsothe amount of moisture transferred through a wall assembly insrease
and causeproblens in buildings in whichvapourbarriersare not installedconsistery
(Kumaran & Haysm, 2000) In the mid1980s the function of air andrapourcontrols

were separated from each other, and the Airtight Drywall Approach anBxteenal
Airtight Sheathing Element were recognized as two strategies to control air leakage in

building envéope (Bomberg & Onysko, 2002)

Most building materials are justapour retardes and do rot stop moisture transfer
entirely.In fact, the rate of waterapourdiffusion drops after applyingvapourretarder in
building envelops (ASHRAE Handbook Fundamentals, 200¥apour retardershelp
keep insulation dryto prevent moisturerelated problemslif there is potential for
condensationthen rot, corrosion, or expansion of freezingter are issues that affect
structural stability. Even thoughvapour retarders araypically a thin plastic sheebr
coating,someconstruction materials magctas avapourretarderf(ASHRAE Handbook
Fundamentals, 2009polyethylends commonly used iouilding enclosureas avapour
retarderto slow moisture migration within wall assembli®alyethylenealsohas a very
low air permeance, sib behaves as botan air barrier and asapourbarrier. However,
installation or maintenance daéncies such asracks and holegreate the potentiab
allow watervapouror moistureto go through the wall cavities and caumseisturerelated
problems (Schwartz, 1991) Some typical leakagdocations are from plumbing
penetratios, electrical outlets, telephone and television wiritgSHRAE Handbook

Fundamentals, 2009Compromisingvapour barrier results in highemoisture profile
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within the wall cavity in cold climate. Thenoisture content of exteridayersincreases
by elevatingthe moisture load from indoor aifherefore exteriorsheating would able
to allow materials withinthe wall cavity to dry up before springwhenthe temperaturg
are higher and suitable for molgrowth (Simonson C. J., 2005k was seen that initial
moisture content dries faster ansouth wal than north wal due to solar radiation. In
addition, for the same reason the moisture content of the exterior soutraxeatisfew
percent (by mass) less than north wéBsmonson C. J., 2005Jhe key point to control
moisture (in thevapourform) in wall assemblies is keeping it arid away fronthe wall

cavity ard allowing it to dry up if it gets in(Trechset & Bomberg, 2009)

The ability of wood to safely aborb water is considerably less than masonry materials,
SO moisture management is an important issue in vir@made buildings.No indvidual
system omaterial cacmmanagemoisturerelated problems withia wall cavity by itself
(Rousseau, 2003)Control of moisture entry, accumulatioand removal are three
strategies in order to contraloisture in wall assemblieand the bst way to dsois

considering those strategies in combinafiostiburek, 2002)

Setting adesirablerange of relative humidityfor a comfortable environmenin a
residencedepends on the location of the home, construatiaterials, the time of the
year , and t he o casingpeative Buinidity ® mere thanw0% cpuld R
cause mold corrosigmlecay, and othenoisturerelated problemgLstiburek, 2002)The
occurrenceof mold growthis a function of temperature, relative humidity, and substrate

overaspecific period of timgSedlbauer, 2001 Condensatiomlue to moisture migration
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within woodframe wall cavities canause mold growthiviold formation woull occur if
the minimumtemperature@ f 0e C ( r e g witheensimdnOréeiive Ruirhidity
of 80% (r equi)rfar smoldata formis sustdinedfbrbag I€ast six weeks
(Hukka & Viitanen, 1999)A test on exterior walls with neapourbarrier was carriedut
in acold climate considering two different insulations in wall cavities (mineral wool and
cellulose). The results showed that in order not to satisfy the conditions pointed above for
mold giowth the interiorvapourdiffusion resistancenust be greater thathe exterior
value in wall assemblies by a factor of at least(Sitnonson C. J., 2005Another study
showed thathe following conditions are necessary andfisient for mold and other
biological growth on surfaes(Trechset & Bomberg, 2009)

1 Mold spores

1 Available nutrition

1 Temperature between 4@ and 37.7C; and

1 Adjacent RH more than 70%

Most sheating materialssuch as Orieted Strand Board (OSB) providke first two
conditionslisted above, sgreventing the other two conditiomsimportant.Moreover,

wood decay is anothanoisturerelated problem in building envelapeWood rot is
caused by a group of funginat feed oncellulose.Wood decay occurs when oxygen,
existence of water, wood decay fungus, and appropriate temperature in wood are evident.

The temperatussbetween 24nd33°C areoptimalfor wood decaywhile growth below
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10°C still occurs at a smaller scale. Alsmidelines limit the moisture contentf woodto

less than 20% to prevent wood de¢@sechset & Bomberg, 2009)



Chapter 3

Materials and Methods

The experimental programmed documented in this thes&és conducted at the
Alternative Village at the University dflanitobg wherehygrothermabehaviourof two
identical test buildinggfiberglass and celluloseyith different wall cross sectionsere
compared to each otheRata reported in this study wamllectedin three periods

between January 31 and March 16, 2014 (heating season).

3.1 Test buildings

During the summer of 2011seven test
buildings were constructed on th
Alternative Village site in order to

investigate building envelope performanc *

: - Cellulose

All of the structures were orientesimilarly : I3 6

with respect to the cardinalcompass

Figure 3-1: Fiberglass batt insulation test

directions andocated sules that their shadow buildi
uilding
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did not influence adjacenstructures This
study was conducted on two of these
buildingsinsulated with fiberglass bafsee
Figure 31) and dense pack blown

cellulose(Figure3-2).

test building
common roof and floor systems (see Figure
3-3). Eachis 4.87m by 4.87m with a footprinbf 23.72n%. The construction othe

foundation and roof were identical regardless of the wall systdmth buildings Each

structure has only one 812mm x 2032mm door opening at the centre of the north wall (no

4877 mm (16')

Roof/Ceiling
-28 ga. galv. metal roofing
-1x4 purlins @ 600mm o.c
-engineered trusses @ 600mm
oc
-RSI 7.04 (R40) Cellulose
-6 mil CGSB v.b.
=12.5mm (%") aypsum wallboard

O O X I O O O OO OO
S O O O O O

=

&

=

=

2x6 SPF .

Studs at =3
600 mm
o.c.

< — S

EPS SIPs

1 Built Up Beams ‘llll

Il
— o ‘ .I
AT e e e o T ﬁw L
Undisturbed soil
Concrete Pads

Figure 3-3: Typical cross section of wood frame buildings (source: Dr. K. Dick)
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windowswere installejl The following components were common to both besiidings.
Roof:

28 gauge galvanized metal roofing

Nominal 1x4 Spruc®ineFir (SPH (19x89mm) purlins at 610mm on centre
Engineered trusses at 610 mm on centre

RSI 7.04m*-K/W blowrtin cellulose insulation

6 mil (0.152 mm) polyethyleneapourbarrier

= =/ 4 4 4 A

12.5 mm gypsum wall board (GWB)

Floor:
Structural Insulated Panels (SIPs) made with:

1 11mm oriented strand boaf@SB)

1 Nominal 2x8 SPF No.1/2 joists at 610 mm on centre
1 184 mm of Expanded polystyrene foam (EPS)

! 11mm OSB

Foundation:

1 Multi-ply dimensional lumber bearis3-ply 2x10 SPF No.1/2
T 610mm x 610mm 250 mm concrete pads.

1 12.5 mm pressure treated plywood skirting.

Each building hd two power circuitsa 120V circuit for lighting and anothecircuit at
220V for a centrallylocated 2kW resistance baseboard heatstalled on the floor, to

maintain indoor of the test building temperature at a constant internal temperature
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3.1.1 Original w all sections

Both buildingsconsisted ofvood framesystems and wall cross sections wereded
based on common and typical sizes used in the local construction indusgrynost
common construction technique for residential buildings in Winnipeagsisg awood

frame

3.1.1.1 Fiberglass wall

A side view of a wall is shownin Figure 3-4. Fibreglass isulated structures are the
vernacular for residential construction in WinnipebeTwalls were framed with nhominal
2x6 (38x140 mm) dimensional lhber studs at 610mm on centre. The exterior was
sheathed with 11mm OSB. Owe@srning® fibreglass batt insulaih with a nominal
thermal resistance of R22 (RSI 3)8¥as installed in the cavity between the stidgen a
6mil (0.152mm)polyethylenevapourbarrier was attached and seaiesideto thestuds,
anda 12.5mmpapercovered gypsum wallboard was instalted top of thato finish the

indoor surfac€Figure3-4).

3.1.1.2 Cellulose wall

The cellulose building was constructed with the same wall @@stsonand exterior
claddingasthefiberglass batt building described in sectioh.B1. Two differencesexist
between thge twobuilding cross sectiond-irstly, a fabricmeshwasattached to theaner
stud face (behindrapour barrier) to contain the dense packed cellul(fSigure 3-4).

Secondly, the blowsm dense packed cellulosesulation was installed by a rtiéied
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contractor in accordance with the supplier

resistance oR20.37 (RSI 3.585)

Stud

Cellulose

Fabric mesh
L 2 Poly.

Exterior

Drywall

Figure 3-4: Fiberglass with rigid insulation and cellulose walls details
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3.2

Test setups

3.2.1 Wall assemblies

Each of the test buildings had two changeghe original wallconstruction addng

external rigid insulationXPS) andcreating anonconsistentvapourbarrierto a portion

of the wall Therefore, combinati@of the above two changew building envelops

providedfour different scenarioapplied in eaclest buildingas follows:

)l
T

Chamber 1: Baseline wall assembly

Chamber 2: Adding rigid insulation on original walsembly

Chamber 3Non-consistenvapourbarrier inoriginal wall section

Chamber 4The aldition ofrigid insulationassociated witimon-consistenvapour

bariierin originalwall assembly

Figure 3-5: Chambers 3 and 4 in fiberglass test building
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L i‘ 4877 mm —i
Each of the test buildings had two
| I I I I | T
chambers attded to thannerface of the || -/ i
eas wall (Figure 35) and two chambers H Chamber 2 Chamber 4 =
to the wat wall. Figure3-6 provides a [J Chamber 3 i :
conceptial sketch of how chamber i N  WieBox i 5
arrangements wereaccomplished. The @
— 1 =
east and west walls were chosen in orc |} I
to eliminate the solar effects dhe south | S S S — X
Cellulose Bldg. Plan
wall.
} 4877 mm i
1 I | || I I "
As seen in Figure-7, each chamber was £ J o
symmetricdly built over two adjacent [{ || Chamber2 Shomberd 1l 1
studsin the wall cavity The monitored | Wire Box I »
E
portion (572x57ehm) was centered N 5
betweenthe two studs and 267mrfrom @
i Chamber 1 Chamber 3 i
the top and bottom othe chamber. The L .
vapour barries of monitored portios e -~
Fiberglass Bldg. Plan

(572x572nm) were cut to make non

Figure 3-6: Arrangements of chambers in fiber-
consistentvapour barriess in chambers 3 glass and cellulose buildings
and 4. Alsorigid insulation (XPS)wvas addean the external wallsof chamlers2 and 4

(Figures3-1 and 3-2). EachXPSwas1220x1220<38mm andinstalledlevel with thetop

of the floor andsymmetric to the monitored portion (FigLg<l).
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3.2.2 Chamber specifications

All chambers were identical regardless of wall assembhbgh differed between
chambersThe kacksideof each chambeawasthe wall assemblythe bottom side wathe
original building floor (Figure 3-7) and the othefour sides were structural insulated
panels (SIP)which were onstructedas follows:

1T 11mmOSB

1 90mmPolyurethane Foam
 11mm OSB

The outside dimension @achchamber was 2ZZ0mm long by 120mm high by $9mm
deep (Figure3-7).

Studs
Insulation

B ql /Insulaﬁon OUTDOOR A d| INDOOR
W i o E N f e stud_| T Drywall
= 112——| - - |——112 e =
1 oss | 1
- Timm N\ 3
8mil Poly
13 HFS T

Chamber

-
7 =
// Fortion

a

s8] |—sr2—| |-ss od——wr—| e

Bl Section A-A Adl
HFS: Heat Flux Sensor

A

HFS

1220

x\\\ﬁ\\w

Floor level

—~{ 267 |——572——]

~ = |-

$

Section B-B

Figure 3-7: Typical chamber location and monitored portion
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3.3 Humidity control

A saturated salt solutionan be used toreatea particularrelative humidity in an ideal
condition. Therefore putting the same kind of salt solution in each chandueadl
considering the same indoor temperature contrahedelative humidity Three different
saturated salt solutions were chosen in ordexctoevethree different level of relative

humidity insidethe chambers.

In order to obtain saturated conditian a
certain amount of salt waslissolved in

distilled water. The standardsolubility of

each salt is summarizexs follows per 100g
of water( Lide, 2010) Figure 3-8: Calibration of RH sensors in
three different salt solutions

1 Potassium acetat& C2H302): 269.25¢g

1 Potassium carbonate (K2CO3): 111.25¢g

1 Sodum chloride (NaCl): 36.025g
Each saturated salt solution wasnitoredwith three randoity chosen relative humidity
sensorsin each desiccator (Figure-8. The average RH in each desiccator from
December 22 to 24, 20X8ver steady state period) was follows:

1 Low level RH: Saturategotassium acetatolutiongeneragd 23.7% equilibrium

RH atatemperaturef 21°C

1 Mid-level RH: Saturategpotassium carbonatolutioncreated43.1% equilibrium

RH atatemperaturef 24°C
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1 High level RH: Saturatedaium chloridesolutiongenerated7.3% equilibrium

RH atatemperaturef 21°C

Almost the same amount pbtassium acetate andtpssium carbonatlt solution was
used in each chamber over #eperimenin bothtest buitings. However, about 12009
of sodium chloride solution was used in each chamber over the last stage of the test

period(high level of RH)

The frst stage of the test with lelevel RH was started with about 750§ saturated
solution of ptassiumacetate in each chamber of both tastdings. That was sufficient

for the duration of the tesb create equilibrium condition at the desirable indoor RH.

As statedearlier, a fair amount ofpotassium carbonate was used to creaté5@g
saturated salt solutiofor each chamben second stage of the test (ri@vel RH) The
average temperature differential between indoor and outdoor was al3Gutr&@m Feb.
13 to Mar. 2 2014. Thereforethe partial pressurandoors was much higherthan
outdoorsconsidering the indoor and outwtoRH and temperatureo the potential for
moisture migratiorfrom inside to outsidevassignificant As seen in Figure-3, crystals
formed in the salt solution as water evaporated and migrated through the wall changing
the salt content. Additional wateras added to the solution on Felill@ay after testing
period began) at 10:30am to obtain 800g of solutibowever, after fivemore days it

was seen thairystalsformed in chamber3 and 4 in both buildingagain and the indoor
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RH could not go higherThus, more water
was addedo thesolution toobtain860g of
solution for each chmber to reacla higher
RH at 1@&m on Feb. 18 Finally, additional

amountof salt wereadded ineach chamber

in order to achievedesirable indoor RH ‘

131Qy potassium carbnate sk solution Figure 3-9: Crystal formation of Potassium
carbonate solution in chamber 3 of fiberglass

was placed at pm on Feb. 28 in each bldg.

chamber in both buildings.

The last stage with higlevel RH was staed with 1310gpf saturated solution obslium

chloride in each chamber in both buildings. However, the amount of solwtsn
increased to about 68g by adding more water apeh on Mar. 4 after the indoor RH
started to decrease due ttee amount of wate which had evapomated changing the

concentration o$alt in thesolution.
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3.4 Instrumentation and Data Acquisition System

The following equipmentvas used tomonitor RH

. . . Sensor
temperatureand relative humidity of indoor

conditions and in the wall assemblies of ea >

chamber Ambient external conditions wert Thermocouple

monitored witha thermocoupleand RH sensor HFS

mounted on the exterior side of north wal HOBO

/ Data logger
under aprotective plastic c@. A heat flux ;
onset

sensor(HFS) was attached to the cemrtiof the
monitored portion b drywall to measure the

heat flux density in each chambg&igure 37).

—

Pen
An ONSETHOBO logger was placed in eac D

chamber asa backup system to monitor \

temperature and RH. Thepecificatiors of each
Figure 3-10: Thermocouple, RH sensor,

piece ofequipment aras follows: HFS and HOBO data logger

1 Agilent 34972A LXI dataacquisitionsystem(Figure 35)

1 34901A 20Channemultiplexer

1 Honeywell HIH 4021 relative humiditysensor (Figure-30)

1 T-type thermocouple (Figure B))

1 HESA4 thin film HFS manufacturd by OMEGA (Figures 37 and 310)

T ONSETHOBOU12 Temp/RH datéogger (Figure 3L0)
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1 25W and 40W incandescent cleal
light bulbs (Figure3-11)

1 AC axial fan (800x800mm) Rated
Speed 2400/2800 rpm Maximum
Air Flow 0.679/0.837 CMM(Figure
3-11)

1 ThermostatA19 series hanufactured

by Johnson Controls)

Figure 3-11: Chamber 4 in fiberglass test
building after setting all sensors up

The data acquisition systesihownin Figure 35 was configured tdog the data from
sensos at 15-minute intervals. The data acquisitiorsystem(one in each buildinghad
three channel multiplexers with 20 channelshe#ctotal of 56 channels were connected
to each data acquisition systeflRigure 35). A resistance baseboard heater (2kW)
connected to a thermostatas installed on the floor of each test building to maintain a
constant internal temperature dapproximately 20.5C. There were a HOBO
temperature/RH data logger and 4dype thermocouple in each test building (outside of

chambes).

3.4.1 Instrumentation and equipment in each chamber

A plastic container including saturated salt soluta@s put in theeentreof each chamber
floor (Figure 311). Heat was provided with a radiambwsce, i.e.two 25W and 40W

incandescerntight bulbsconneted in parallel and mounted at a height of 300mm on the
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side walls of the chambefhe bulbswere connected to a thermostat to maintain the
chambertemperature at a desirable valdefan was mounted ahe same heighasthe

bulb in order to circulate @oorheat and humidity (Figurg11).

A HOBO temperature/RH data logger was attacteedhe drywall (monitored portion
area) as a backwgystemfor indoor temperature and RH. A thesoouple and RH sensor
was hung irthe chambeclose to thecentreof the monitored portiorto measure indoor

temperature and RH of chambers

3.4.2 Wall assembly Instrumentation

3.4.2.1 Fiberglass wall enclosure

Making a hole in fiberglass batt insulation might change the thebmebhviour of
insulation and make a path for heat and mass thrgogh, so it would affect the results.
Fiberglass batt insulation can be separated in layer in depth easily. Therefore, the drywall
of themonitored portion and itgapourbarrier were cut tallow thesensorgo be placed

behindthevapourbarrier andn two different layersvithin theinsulation.
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The fiberglass batt insulation was @itan
angle at the top of the monitored portio
and sensors wereut in place within
separated layers. Threpairs of sensors

(thermocouple and RH sensavgre put at

the centreof the monitored portionin three

Figure 3-12: Monitored portion and sensors
in chamber 4 of fiberglass building

different positions in depth of wall cavity t
measure one directionHRand temperature gradient. Opair of the above sensoro(ter
sensors) waplacedroughly 12mm from theinner face of the OSB arie secondbundle
(middle sensors) at the maepth of fiberglass. fie inner bundleof sensors (thirgair)
wasplacedexactly at thecentrepoint of the monitored portioron the inside face othe
fiberglass batt insulationF{gure 312). Another twopairs of sensors were put in place
261mm above and below the middle sens@se Figure 34) as backup and for

comparison with the middle sensors.

Vapour bariers in chambers 1 and a@nd the drywall in all four chambers were
reinstalled and all the way around the monitored portion on drywall tapsdafterward.
Then,a bead of caulkingvasused to cover the sensor wire holestoadrywall. Finally,
asFigure 311 shows a HFSwasattachedo thedrywall at thecentrepoint of monitored

portions in order to measure the heat flux density in each chamber.
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3.4.2.2 Cellulose wall enclosure

The drywall ofthe monitored portion and itgapourbarrier were cut ithambers 3 and 4
to createnon-consistentvapourbarries. The drywall wasthenput back and taped all the
way around A small hole was madgist in the drywall for each bundleof sensors
(thermocouple and RH sensore. five holes were madiroughthe drywall in each
chamber.Each pair of sensors was feth different deptk by slightly wiggling them
through the holes and wall cavityA bead of caulkingwas used to cover the holes
afterwards The drywall was then tapped gently, vibrating the celluiasalation to fill

possible voids around the sensors.

Three pairs of sensors were put at mfgkight of the monitored portion and in three
different locatiors in depth ofeach wall cavity to measure one direction RH and
temperature gradient. Ongair of sensors
(outersensors) was placetoutl2mmfrom
the inner face of the OSB and secopdir
(middle sensors) at the mdepth of
cellulose insulation(exactly at thecentre
point of monitored portion)third pair (inner
sensorswas placedllmmfrom the drywall

in order to make surthat the sensorsvere

placed inside the vapour barrier layer The

Figure 3-13: Chamber 1 in cellulose test
outerandinner pairs of sensors were place: building after setting all sensors up
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25mm in horizontal distance from the
middle sensors (sekigures 313 and 3
14). Two otherpairs of sensors were put il
place 261mm in height from theiddle
sensorsqee Figure 34). Then,as Figure
3-13 shows a HFS was attached orthe
drywall close tothe cente point of the
monitored portions in order to measure t

heat flux density in each chamber

3.5 Test Protocol

This research evaluate a range of
conditions in each of the tesuildings As

mentioned before, each teatilding had

four chambers which presented four
different wall assemblies Therefore, this
allowed all four building envelopes in
each test buildindo be evaluated at the
same time under the same ambient

conditions

OUTDOOR |>A INDOOR
0SB "
\_ Top Sensors
Outer Sensors 5‘705' Middle Sensors
£ i I—-12 [\_Inner Sensors
Bott. Sensors
- . /— Drywal
Ve
Floor level
o o -
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%‘ Bql
Stud
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Figure 3-14: Locations of thermocouple and RH
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As it waslisted in section 3.3, three levels (low, mid and high) of indoor RH were
considered in order to measure the impactelevating theRH profile on moisture
regimes and thermal performance through a wall cavity. Therefore, three levelsinf RH

each otthefour chambergrovided 12ifferentscenariosn each test building.

In order to have a&lear comparisonfour different wall assembliewere comparedt
each level of RHin section 4. Then,he results of three levels of indoor RH were
compared in each buildinginally, overall comparisons were made betw#wertwo test

buildings.

3.6 Cellulose density test

The contractor thainstalled the blownan cellulose in the test building did not provide
any documentation about the installed denSityerefore, ipsitu tests were done in all
four chambers inthe cellulose building to determine the dry densitytlod cellulose.As
mentiored in setion 3.2.1,the monitored portion withinthe wall cavity wasabout
572x572x140mm at 267mrabove
the floor However, the exaci
dimensiors of each cavity were

measured toobtain the accurate

chamber

Figure 3-15: Cellulose density test setup
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Before starting the test, temperaturedaRH within the wall cavity wereecorded.The
drywall wasthentaken off the wallssembly Hgure 315 shows tvo metal sheets were
used as trays dhe top and bottonof the sectionto limit the test portiorto the right
height by grooves cut in a wooden bdhe top tray wasput against the face dhe
cellulose and thgapourbarrier andhen thefabric mesh vascut Then thetop tray was
gently fed through a grooven the guide and pushed through the cellulws¢éhe wdl
cavity. The bottom tray was fedimilarly afteward The cellulose was dug ouf the
desired portion and weighed@he dimensions of the tegtortion betweerthe studs and
two trays vere measured individually for each chamberotatainthe exact volumeAll
samples were drieth anovenat 104C for at least 24 hounsntil no weight change was
recorded. Thealry-bass bulk densitywas determined using the dry weight and cavity

volume



Chapter 4

Results and Discussion

The resultshave been divided into three indoor relative humidity categories for each
chamber The categories aiidentified asdow, mid and high wh the average indoor RH

of roughly 25%, 4%6 and 65%, respectively. Data wasalyzed forthe following
timelines Jan.31% i Feb. 11", Feb. 18 i Mar. 2% and Mar. 4 i Mar. 16", 2014.
Temperature, relative humidity and heat flux data were averaged sixhour basis

representind.2am 6am, 12pm and6pm results.

Comparisons between chambers evdurther subdividednto three cases for both
buildings as follows:

1 Case 1- Effect of vapourbarrier: Comparing chambers witrapour barriers,
which are chambers 1 and 2 (without and with rigid insulation, respectively) with
chambers with nowgonsistentvapour barriers, whib are chambers 3 and 4
(without and with rigid insulation, respectively)

1 Case 2- Impact of external rigid insulationComparison between chambers

without rigid insulation whichare chambers 1 and 3 (with and without consistent
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vapour barriers, respectaly) and chambers with rigid insulationvhich are
chambers 2 and 4 (with and without consistexqgourbarriers, respectively).

1 Case 3i Effect of vapour barrier associatedwith external rigid insulation:
Comparison between the benchmark chamber 1 anmbzrad with both rigid
insulation and nowonsistenvapourbarrier.

The specification and chamber arrangements were explained in section 3.2.1. The
location of each sensor (e.guterandinnern was illustrated in Figure 3.14 in section

3.4.2.

4.1 Fiberglass batt insulation wall

4.1.1 Low level of indoor relative humidity

The first test stage was from Januaryt@February 11, 2014. As illustrated in Figure
4.1-1, it was seen that after two days of starting the low RH sesadystate conditions
inside the chambers were established by Febru¥rgrl lasted until February $1All

of the values (average, minimum and maximum) and comparisons presented were
considered over the steadtate conditions from Februaryld, which will be calledthe

Atest phefoliovdng sections.
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Figure 4.1-1: Indoor RH in fiberglass bldg. (Jan. 31-Feb. 11, 2014)

In addition to the overall trends, a snapshot was selected on 'Ebbtv@een 12am and

3am with high outdoor RHaverage 84%) associated with low external ambient
temperature-Q 6 € C) . The data was r et fminetevietelvalea nd av
between 12am and 3am to eliminate the effect of solar radiation on wall assemblies.
Moreover, Figuret.1-5 shows thathe outerRH (within the wall cavity) between 12am

and 3am on Feb!/%was consistent in each of the four chambers.

4.1.1.1 Moisture migration

The same salt solution was used in all four chambers to keep the relative humidity at a

specific level. Based on the data in Tabl& 1, the average indoor RH in the chambers 3
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and 4 (with norconsistentvapour barriers) dropped onl¥% and 3% compared to
chambers 1 and 2 (with consisterdpour barriers), respectively. It is proposed this
happened due to moisture escaping through the wall cavity. It was sednetimatoor
RH wasmaintainedapproximatelyat 27+2% for the chambers with consistergpour
barriers andat 23+t4% for the chambers with nesonsistentvapourbarriers, while the
outdoor RH fluctuated between 67% and 83% over the test péiigutes4.1-2, 4.1-3
and4.1-4 show the RH levels increased from inside to outside, and it was evidetitethat

maximum RH was in chamber 4 in all locations witthiewall cavity.

4.1.1.1.1 Case 10 Effect of vapour barrier

According to Figuret.1-4 and data in Tabld.1-1, the averageuterRH of wall cavity in
the benchmark chamber 1 with the intact walleadsly was 54%, while that value was
only 1% higher in chamber 3 in the same position by having acoosistentvapour
barrier over the test period. On the other hand, the effect of comprowagingrbarriers

in the chambewith rigid insulation (chambet) exhibits a considerable increase of 30%
in the average and maximuouter RH of wall cavity 68% and74% average and

maximumRH) compared to chamber 2 with 38% averagerRH.

Figures4.1-5 and 4.1-6 illustrate the averageuter RH (without rigid insulation) in
chamber 3 (55%) was even 4% less than chamber 1 (59%) on'Féet®&een 12am
and 3am). However, the same snapshot showed that in the chambers with rigid insulation

the averageuterRH of wall cavity considering neoorsistentvapourbarrier (70%) was
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28% higher than that with consistemaipour barrier (42%). It wasevident that the

snapshot had a similar tread the average over the test period (F&b12").

4.1.1.1.2 Case 2 0 Impact of external rigid insulation

Referring to Figure4.1-4 and the data in Table47.1-1, considering consisterapour
barrier, the averageuterwall cavity RH was 38% in the chamber with rigid insulation
and was 16% lower than without rigid insulation (54% RH). On the other hand, the
impad of rigid insulation in the chamber with n@onsisentvapourbarrier(chamber 4)
exhibited al3% increase in the averageofterRH to 68% compared to chamber 3 with

55% averageuterRH.

Also, Figures4.1-5 and 4.1-6 illustrate the averageuter RH of the wall cavity (with
consistentvapourbarrier) in chamber 2 (42%H) was 17% lower than chamber 1 by
adding rigid insulation on Feb™3between 12am and 3am). In the chambers with non
consistentvapour barrier, however, the averageiter RH was70% in chamber 4 and

15% higher than chamber 3 (without rigid insulation).

4.1.1.1.3 Case 3 0 Effect of non -consistent vapour barrier and with
external rigid insulation

Figure4.1-4 anddata inTable4.1-1 showa 14% increase imuterwall cavity RH from

54% in baseline chamber 1 to 68% in chamber 4 considering both havitgpmsstent
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vapourbarrier and the addition of rigid insulation. Similarly, the averagir RH in

chamber 4 was 70% and 11% higher than chamber 1 on 'Feltv@en 12am and 3am.

Overall, when theabove comparisons are considered, some unexpected resuite
outerwall cavity RH in charber 1 were see\part fromthe higherouterRH in thewall

cavity of chamber 1\@r the test period and snapshots, the B#lilts for the rest were
consistent The following comparisons were made in order to clarify the problem and
further discussion will b@resentedn section 41-3 to propose a possible reason for the
similar unexpected results. Figuréd-2 and4.1-3 showthat theinner and the middle

RH of chamber 1 were at the lowest level over the test period. Howeveytdr&®H of
chamber 1 was higher than chamber 2 and almost the same level as chamber 3 (Figure
4.1-4). Also, Figure4.1-6 shows howouterRH in chamler 1 crossed thBH profile of
chamber 2 in the graph and went higher than that from the middigdp which was not

expected.
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Table 4.1-1: Average indoor, outer and outdoor RH in fiberglass bldg. (Feb. 2-11)
Relative Humidity (%)
Indoor RH Outer RH
Outdoor
Chamber | Chamber [ Chamber | Chamber | Chamber | Chamber | Chamber | Chamber RH
1 2 3 4 1 2 3 4
Minimum 25 28 19 25 48 33 53 64 67
Maximum 26 30 22 27 62 44 59 74 83
Average 26 29 20 26 54 38 55 68 74
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4.1.1.2 Temperature gradient

Theindoor temperature of all chambers was maintained #2 205 ¢ C 4.1F). Thar e
ambient outdoor temperature fluctuated betwez ¢ C -1a2nedC o0 \e# periad,h e t
with an average of2 0 e C. outdr teraperature of thevall cavity followed a similar
pattern as ambient outdoor in all four chambers (Figute8). As mentioned in section

4, three casdsave beermompared in the following subsections.
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Figure 4.1-7: Indoor temperature in fiberglass bldg. (Jan. 31-Feb. 11, 2014)

4.1.1.2.1 Case 10 Effect of vapour barrier

Data in Table 4.1-2 shows tha the averageouter wall cavity temperature imon

consistentvapourbarrierchambers 3and was-8 e C and j 0e€ d4e&€ highe
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chambers 1 and 2, respectively. Therefore, as seen in Hdu8eand above results, the

vapour barrier had no signifent effect onouter temperatures of the wall section
regardless of adding rigid insulation or not. A similar result was seen over the snapshot as
well. For instance, Figurd.1-9r epr esents 5eC and 3a@ir i ncre
temperaturén chambers3 and 4, respectively on Feld® @etween 12am and 3am) by

making noRconsistentzapourbarrier.

4.1.1.2.2 Case 2 0 Impact of external rigid insulation

According to Figuret.1-8 and data in Tabld.1-2, the averageutertemperature of wall
cavitywass4 €@ and cbaelrs2 and 4 respectivedlyn d 8 e C hi gher t ha
1 and 3 due to adding external rigid insulation. In addition, the impact of putting rigid
insulation was considerable on the minimamter temperature over the test period,

which resltedin1 0 e C  minigidmeutertemperature (a9°C and-3°C in chambers

2 and 4, respectively). Likewise, according to Figdrg9, the average and minimum

outer temperature in wall cavity were considerably higher in the chambers with rigid

insulationthan others on Feb!3between 12am and 3am).

4.1.1.2.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation)

This scenario is a comparison between the benchmark chamber 1 and chamber 4 with
rigid insulation and noigonsistenvapourbarrier. Figure4.1-8 and Tablet.1-2 show that

the average and minimuoutert e mper at ure we-BeCupr ¢ ®p dcetCi va
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chamber 4, which were 12eC and 16eC higher
according to Figurd.1-9, similar results to test period could be seen on FébeBveen

12am and 3am.

Overall, comparing the above three cases it was evident that the earsay
temperature increased considerably just by adding rigid insulation on exterior side of the

wall assembly.
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Figure 4.1-8: Outer temperature in fiberglass bldg. (Jan 31-Feb. 11)
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Table 4.1-2: Average indoor, outer and outdoor temp. in fiberglass bldg. (Feb. 2-11)

Outdoor

Temperature (°C)
Indoor Temp. Quter Temp.

P P Outdoor

Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber Temp.

1 2 3 4 1 2 3 4

Minimum 19.6 19.7 19.8 19.8 -19 -9 -13 -3 -27

Maximum 20.0 20.2 20.1 20.1 -4 2 -2 4 -12

Average 19.8 20.0 20.0 20.0 -12 -4 -8 0 -20
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4.1.1.3 Heat transfer

Figure4.1-10illustrates that the heat flux density in all four wall assemblies followed an
inverse patternvith respecto the ambient outdoor temperature. For instance, when the
ambient outdoor temperature went up, the heat flux density declined and vice versa. A
direct relatioship was observed betwedhe outdoor and indoor temperature gradient
and the heat flux density changes. The three cases (as mentioned previously) will be

compared in the following subsections.

4.1.1.3.1 Case 10 Effect of vapour barrier

Figure4.1-11 shows that in the chambers without rigid insulation the heat flux density
considering the noeronsistenwapourbarrier (chamber 3) was 12W/mz2 and 5.2N/m?2
higher than chamber 1 (witrapourbarrier), while in the chambers with rigid inatibn
(chamber 4) that value was 6//mz2 and just 1.5W/m2 higher than chamber @vith
vapourbarrier) In addition, according to Figurk1-12, the average heat flux density on
Feb. 3 (between 12am and 3am) in chamber 3 was Wbz and 5. 7W/m2 highe than
chamber 1, while the values in chamber 4 wasVB/®12 and just 1.1W/m? higher than

chamber 2.

Therefore, it was seen frothe above results that nesonsistenvapourbarrier increased
the heat flux density by 69% in the chambers without rigidiaten over the test period,

while in the chambers with rigid insulation this impact was just 33% increase.
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4.1.1.3.2 Case 2 0 Impact of external rigid insulation

According to Figuret.1-11, the average heat flux density throudle wall assembly in
chamter 2 (4.6W/m? was 2.9W/m2 lower than chamber 1 considering the sarapour
barrier system buwith the addition of the external rigid insulation. However, that value
in the chamber with nenonsistentvapourbarrier (chamber 4) was 6\/mz2 just by

adding rigid insulation and considerably 6M#m2lower than chamber 3.

Figure4.1-12 shows the average heat flux density in chamber 20422 was 2.2V/mz?
lower than chamber 1 on FebB® Between 12am and 3am. &talue in chamber 4 (5.3

W/m?3 was 6.8WN/m2less than chamber 3.

Overall, both the snapshot atiie test period resulteflect thatthe effect of putting rigid
insulation was considerable in decreasing the heat flux density in both cases (including
consistent and neconsistentvapourbarrias). However, this impact was greater in nhon
consistentvapour barrier chambers (52% decrease) than the consigégtur barrier

(39% decrease) over the test period.

4.1.1.3.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigi  d insulation

According to Figure4.1-11, the average heat flux density through wall assembly went
down from 7.5W/m2 in chamber 1 tgust 6.1 W/m2 by having both noitonsistent

vapourbarrier conditiorassociated with external rigid insulation layer (chamd). Also,
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on Feb. 8 (snapshot), the average heat flux density wad\Br82in chamber 4 anlist

1.1W/mz2lower than chamber 1 (Figudel-12).

It was seen that even thoutite addition of rigid insulation had a considerable effect on
reducing the hat flux, having a norconsistentvapour barrier increased the heat flux
density Therefore, the combination of both (chamber 4) resuft¢aist 19% decrease in

heat flux density compared to baseline chamber 1 tinetest periodOverall, in terms

of hed flux, not only the addition of rigid insulation but also having consistapbur
barrier had considerable effect on reducing heat flux density, in other words, the above
results show that heat flux density in chamber 2 6¢#% less thathe value in chaber

3.
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4.1.2  Mid -level of indoor relative humidity

The second stage of tag} was between Feb. 18nd Mar. 2, 2014. Asndicatedin
section 33, water was added to salt solutiwvice (in the morning of Feb. 14 and Feb.

19" to compensate the amount of water evaporated.|fitlaé amount of salt solution
was increased to reathe desirable indoor RHrothe morning of Feb. 35as it could be
seen in Figure4.1-13. After increasing the amount of salt solution, the steady state

condition at desirable indoor Riwas achieved between Feb.!"28nd Feb. 2“7, which

wi || be called Atest periodo in following
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Figure 4.1-13: Indoor RH in fiberglass bldg. (Feb. 13-Mar. 2, 2014)
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In addition tothe overall trends, a snapshot was selected with the average ambient
outdoor temperature and RH-@°C and 71% on Feb. $between 12am and 3am. The
data was reteved and averaged based onnihute intervals. Moreover, Figude1-17

shows that theouter RH (within the wall cavity) was consistent in each of the four

chambers on Feb. 9between 12am and 3am.

4.1.2.1 Moisture migration

The same salt solution was used in all four chambemsaiatainthe relative humidity at

a specific level. Based on the data in Tahlk3, the average indoor RH in the chambers
3 and 4 (with norconsistenvapourbarriers) dropped 6% and 3% compared to chambers
1 and 2 (with consistentapourbarriers), respectivelyit was seen that indoor RH was
approximately 461% for the chambers with consistergpourbarriers and 41£.5%

for the chambers with neconsistentvapourbarriers, while the outdoor RH fluctuated

between 60% and 78% over the test period.

Figures4.1-14, 4.1-15 and4.1-16 show that chambers 1 and 2 had lower RH levels than
the others without consistemaipourbarriers in all three measured locations within the
wall cavities.Also, it was clearly seen that overall, the RH levels increased from imside t

outside of the wall cavity.
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4.1.2.1.1 Case 10 Effect of vapour barrier

According to Figure4.1-16 and Table4.1-3, the averageuterRH of wall cavity in the
benchmark chamber 1 with the intact wall assembly was 54% (59% maooteniRH).

The average R was, however, 28% higher at 82% (91% maximum RH) in chamber 3 in
the same position by having a Roonsistentvapour barrier over the test period. The
effect of compromied vapourbarrier in the chambewith externalrigid insulation was
considerable; th averageuter RH increased significantlyo 76% (80% maximum RH)

in chamber 4 and 40% higher than chamber 2 watlaverageouter RH of 36% (40%

maximum RH).

Figures4.1-17 and4.1-18 illustrate the averageuterRH in chamber 3 (91%) was 41%
greater than chamber 1 (50%) on FeHd" @etween 12am and 3am). Similarly, in the
chambers with rigid insulation the averageter RH of wall cavity considering nen
consistenwvapourbarrier (73%) was 37% higher than thathaconsistenvapourbarrier

(36%).

Overall, it was seen that the snapshot had a similar pattern as the average over the test
period (Feb. 2:28). In fact, making nowonsistentvapourbarrier in bothchambers (with
and without rigid insulation) increagehe averag®uterwall cavity RH to more than

75% over the test period.
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4.1.2.1.2 Case 2 0 Impact of external rigid insulation

According to Figure4.1-16 and data in Tabld.1-3, in the chambers with continuous
vapourbarriers, the averagruterwall cavity RH with rigid insulation was 36% and 18%
lower than without rigid insulation (54% RH). On the other hahd,addition ofrigid
insulation in the chambers with naonsistingvapour barriers (chamber 4) did not
impact significantly on theuterRH of wall cavity, i.e. the value was 76% in chamber 4

and just 6% lower than chamber 3.

Also, Figures4.1-17 and4.1-18 illustrate the averageuter RH of the wall cavity (with
consistentwapourbarrier) in chamber 2 (36%) was 14% lower than chamber 1 (50%) on
Feb. 27 (between 12am and 3am) by adding rigid insulation. The addition of rigid
insulation in the chamber with namonsistenvapourbarrier showed 18% decrease in the

averageouterRH from 91% inchamber 3 to 73% in chamber 4.

4.1.2.1.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation

This scenario is a comparison between the benchmark chamber 1 and chamber 4 with
rigid insulation and noftonsistentvapourbarrier. Figure4.1-16 and Table4.1-3 show

that the averageuterRH in chamber 4 went up to 76% by the addition of rigid insulation
and having noitonsistentvapourbarrier, which was 22% higher than blase chamber

1. Similarly, Figures4.1-17 and 4.1-18 show the comparable results as tgove
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comparison over the test period on Fed" Petween 12am and 3am), i.e. the average

outerRH was 23% higher in chaber 4 (73%) than chamber 1.

Overall, when theabovecomparisons were considered, some unexpected resihs
outerwall cavity RHin chamber 1 wer seenApart from thehigher RH value of the
outerwall cavity in chamber 1 @r the test period and snapshbe rest RH results were
consistent The following comparisons were made in order to clarify the problem and
further discussiomvill be led in section 41-3 to propose a possible reason for the similar
unexpected results. Figurdsl-14 and4.1-15 illustrate that thennerand the middle RH

of chamber 1 were at the lowest level over the test period. HoweveputeeRH of
chambe 1 was higher than chamber 2 (Figdré-16). Also, Figure4.1-18 shows how
outerRH in chamber 1 crossed the data line of chamber 2 in the graph and went higher

than that from the middle to outside, which was not expected.
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Figure 4.1-14: Ambient outdoor and inner RH in fiberglass bldg. (Feb. 13-Mar. 2)
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Table 4.1-3: Average indoor, outer and outdoor RH in fiberglass bldg. (Feb. 26-27)
Relative Humidity (%)
Indoor RH Outer RH
Outdoor
Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber RH
1 2 3 4 1 2 3 4
Minimum 45 45 39 42 49 30 75 73 60
Maximum 46 47 41 44 59 40 91 80 78
Average 46 46 40 43 54 36 82 76 66
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4.1.2.2 Temperature gradient

Thei ndoor temperature of all|l c hambrThe was m
ambient outdoor temperature fluctuated betwez ¢ C -1a8bnedC over t he t ec
with an average of2 1 e C. outdrteraperature of the wall cavity followed a similar

pattern ashe ambient outdoor in all four chambers (Figdr&-20).
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Figure 4.1-19: Indoor temperature in fiberglass bldg. (Feb. 13-Mar. 2, 2014)

4.1.2.2.1 Case 10 Effect of vapour barrier

Data in Table4.1-4 shows tlat the averag®uter wall cavity temperature for a nen
consistentvapourbarrier in chambers 3and4w&e C and 0eC, which we

than chambers 1 and 2, respectively. Therefore, as it was seen in £iydfeandthe
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above results, theapourbarier had no significant effect ahe outertemperatures of the

wall section regardless of adding rigid insulation or not. A similar result was seen over

the snapshot as well. For instance, Figlwk21l represent e C i ncrease of t
outertempeature on Feb. 7(between 12am and 3am) by having fomsistentapour

barrier.

4.1.2.2.2 Case 2 0 Impact of external rigid insulation

According to Figuret.1-20 and data in Tablé.1-4, the averageutertemperature of wall
cavitywas5e C and 0eC in chambers 2 and 4, resp.
1 and 3 due to adding external rigid insulation. Moreover, the impabeadddition of

rigid insulation was considerable on the minimauatertenperature over the test period,

which resultedin 1 2 e C  hempehawneat -10°C and-3°C in chambers 2 and 4,
respectively. Likewise, Figurd.1-21 illustrates that the average and minimauter
temperature in wall cavity were considerably higher (agprately 12C higher) in the

chambers with rigid insulation than others on Felf: @&tween 12am and 3am).

4.1.2.2.3 Case 3 @ Effect of simultaneous non -consistent vapour
barrier and external rigid insulation

According to Figuret4.1-20 and data in Tabld.1-4, the averag®utertemperaturgose
considerabt o 0eC (14eC higher than b-eomgstemhar k ¢
vapourbarrier condition associated with external rigid insulation (chamber 4). It was also

seen that the minimuroutertemperature ncr eased signiBe€antnly
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chamber 4. In addition, similar results to test period could be seen on Febet@@en

12am and 3am (Figure1-21).

Overall, comparing the above three cases it is evident that the avetageemperature
increased considerablyith the addition of rigid insulation othe exterior side of the
wall assemblyCompromising thevapourbarrier did not have the same impastrayid
insulationin terms of temperaturédowever, considering both naronsistentvapour
barrier and rigid insulation causstynificantincrease in the averagritertemperature

compared to baseline chamber 1 over the test period.
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Figure 4.1-20: Outer temperature in fiberglass bldg. (Feb. 13-Mar. 2)
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Table 4.1-4: Average indoor, outer and outdoor temp. in fiberglass bldg.(Feb. 26-27)

Temperature (°C)
Indoor Temp. Quter Temp.

P P Qutdoor

Chamber | Chamber | Chamber [ Chamber | Chamber | Chamber | Chamber | Chamber Temp.

1 2 3 4 1 2 3 4

Minimum 19.8 19.7 19.9 19.7 -22 -10 -15 -3 -26

Maximum 20.0 20.5 20.1 20.0 -7 2 -3 3 -15

Average 19.9 20.0 20.0 19.9 -14 -5 -9 0 -21
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4.1.2.3 Heat transfer

Figure 4.1-22 illustrates that the heat flux density in all four different wall assemblies

followed an inverse pattemmith respecto the ambient outdoor temperature.

4.1.2.3.1 Case 10 Effect of vapour barrier

Figure 4.1-23 shows that in the chambers without rigid insulation the heat flux density
considering the noenonsistenwapourbarrier (chamber 3) was 12/8/m2and 4.3W/m?2
higher than chamber 1 (witrapourbarrier), while in the chambers with rigid insulation
that vdue was 6.3V/m2in chamber 4 and 1¥//m2 higher than chamber @vith vapour
barrier) Similarly, according to Figurd.1-24, the average heat flux density on Fed" 27
(between 12am and 3am) in chamber 3 (V8/&? and chamber 4 (7.9//m? was 4.7

W/mzand 2.2N/m2 higher than chambers 1 and 2, respectively.

Therefore, it was seen frothe above results that nesonsistentvapourbarrier increased
the amount of heat flux density by 54% in the chambers withoutirigidation over the
test periodwhile with the addition of external rigid insulatipthis impact was 34%

increase of heat flux density

4.1.2.3.2 Case 2 06 Impact of external rigid insulation

According to Figuret.1-23, the average heat flux density throudle wall assembly in
chamber 2(4.7 W/m? was 3.3W/m? lower than chamber With the addition of the

external rigid insulatioio the consistentapourbarrierchamber However, that value in
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the chamber with nenonsistentvapour barrier (chamber 4) was 6.8v/m2 and
considerably lowerthan chamber 3 (6V/m2 lower) just by adding rigid insulation.
Likewise, Figure4.1-24 illustrates that the average heat flux density in chamber 2 (5.4
W/m?) was 3.7W/m? lower than chamber 1 on Feb.™Between 12am and 3am. This

value in chamber 4 (7 \8//m? was 6.2V/mz2less than chamber 3.

Overall, both the snapshot and test period reslitstrite that the effect of aig) rigid
insulation was considerablen @ecreasing the amount of heat flux density in both cases
(including consistent and narorsistent vapour barriers). However, this impact was
greater in norconsistentvapour barrier chambers (49% decrease) than the consistent

vapourbarrier (41% decrease) over the test period.

4.1.2.3.3 Case 3 0 Effect of simultaneous non -consistent vapour
barr ier and external rigid insulation

According to Figure4.1-23, having both nostonsistentvapour barrier conditions
associated with external rigid insulation (chamber 4) changed the average heat flux
density through wall assembly fromv@/m?2 (chamber 1) t&.3W/mz2 Also, on Feb. 27
(snapshot), the average heat flux density wad\Vifré2in chamber 4 and 1X8//m2 lower

than chamber 1 (Figure1-24).

It was evidentthat althoughthe addition of rigid insulation had a considerable effect on

reducing the heat fluxpaving a norconsistentvapour barrier increaed the heat flux
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density Therefore, the combination of both (chamber 4) resulted just 21% decrease in
heat flux density copared to baseline chamber 1 otlee test periodOverall, in terms

of heat flux, not only the addition of rigid insulation but also having consistgraur
barrier had considerablmpacton reducing heat flux density, in other words, the above

results Bow that heat flux density in chamber 2 v&@86 less thathe value inchamber
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Figure 4.1-22: Heat flux density and ambient outdoor temperature in fiberglass bldg. (Feb. 13-
Mar. 2)
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4.1.3 High level of indoor relative humidity

The third test stage wamsver March 416, 2014. As illustrated in Figu.1-25, it was
seen that after three days of starting the high RH test, sstaidyconditions inside the

chambers were established by Mardhand lasted until the end of the tesriod on

March 18". All of the values (average, minimum and maximum) and comparisons

presented were considered over the stesdaye conditions from Marchi I6, 2014,

which wil |l be called Atest periodo in
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Figure 4.1-25: Indoor RH in fiberglass bldg. (March 4-16, 2014)

In addition to the overalkénds, two specifidays were selected to provideapshat of

the performance; one was on March'between 12am and 3am with high outdoor RH

f
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(average 81%) associated with high external ambient tempera2uge @ ) whi ch
high partialvapourpressue overthetest period The second snapshot, on the other hand,
was on March 18 between 12am and 3am with high outdoor RH (average 79%) but
associated with low ambient temperaturg2 § ¢ C) whi ch c vapaurt e d
pressure. The dataene retrieved and averaged based on-bfute intervals between
12am and 3am to eliminate the effect of solar radiation on wall assemblies. Moreover, the
outerRH (within the wall cavity) btween 12am and 3am on bstiapshots (March ¥4

and 16" were almostonsistent in each of the four chambers.

4.1.3.1 Moisture migration

The same salt solution was used in all four chambers to keep the relative humidity at a
specific level. Based on the data in Tabl&5, the average indoor RH in the chambers 3
and 4 (with norconsistenvapourbarriers) dropped just 6% compared to chambers 1 and

2 (with consistentvapour barriers), respectively. It is proposed this happened due to
moisture escaping through the wall cgvit was seen that indoor RH was approximately
68+2% for the chambers with consisterdgpourbarriers and 623% for the chambers

with nonconsistentvapourbarriers, while the outdoor RH fluctuated between 59% and

94% over the test period.

Figures4.1-26, 4.1-27 and 4.1-28 show that chambers 1 and 2 (with consistegour
barriers) had considerably lower RH levels than the others without consrsieor

barrierswithin the wall cavitiesifiner, middle andouterlocationg. It was clearly seen
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that oveall, the RH levels increased from inside to outside of the wall cavity (Figures

4.1-26, 4.1-27 and4.1-28).

4.1.3.1.1 Case 1 0 Effect of vapour barrier

According to Figuret.1-28 and Table4.1-5, the averageuterRH of wall cavity in the
benchmark chambdrwith the intact wall assembly was 67% (74% maxinauterRH).

The average RH wabkowever, 23% higher at 90% (98% maximum RH) in chamber 3 in
the same position by simply having a rammsistentvapourbarrier over the test period.
The effect of compromisingapourbarriers in the chamber consisting rigid insulation
(chamber 4) exhibits simildrehaviar with a 35% increase to 88% averagéerRH of

wall cavity (92% maximunouter RH) compared to chamb@ with 53% averageuter

RH (62% maximurouterRH).

Figures4.1-29 and 4.1-30 illustrate the averageuter RH (without rigid insulation) in
chamber 3 (88%) was 20% greater than chamber 1 (68%) on Madfd¢heteen 12am
and 3am) with the high outdoowftial vapour pressure. Similarly, the same snapshot
showed that in the chamber with rigid insulation the avemager RH of wall cavity
considering noftonsistentvapour barrier (90%) was 40% higher than that with

consistenvapourbarrier (50%).

Overal, it was seen that the snapshot with high outdoor parpburpressure (March
14™ had a similar pattern as the average over the test period (M&t4"y In fact,

making nonrconsistent vapour barrier in both chambers (with and without rigid
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insulation) increased the amount of the averagterwall cavity RH to just about 90%

over the test period.

4.1.3.1.2 Case 2 0 Impact of external rigid insulation

According to Figure4.1-28 and Table4.1-5, in the chambers with continuowsipour

barriers, theaverageouterwall cavity RH with rigid insulation was 53% and 14% lower
than without rigid insulation (88 RH). On the other hand, putting rigid insulation in the
chambers with nowgonsistingvapourbarriers (chamber 4) did not impact considerably

on theouterRH of wall cavity.

Also, Figures4.1-29 and4.1-30 illustrate the averageuter RH of the wall cavity (with
consistentwvapourbarrier) in chamber 2 (50%) was 18% lower than chamber 1 (68%) by
adding rigid insulation on March T4(between 12am and 3am) with a high outdoor
partial vapour pressure. The addition of rigid insulation in the chamber with- non

consistenvapourbarrier did not show any significant effect thre outerRH.

4.1.3.1.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation

According to Figuret.1-28 and data ifable4.1-5, it can be seen th#te averageuter
RH in chamber 4 went up to 88by the addition of rigid insulation and having non

consistentvapourbarrier, whichwas 2% higher than basee chamber 1 with 8% RH.
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Similarly, Figures4.1-29 and4.1-30 show the comparable resuits March 14' (between

12am and 3angs the above comparison over the test.

Overall, when the comparisons above were considered, sompeatex results of the
outerwall cavity RH in chamber 1 werseenApart from thehigher RH value of the
outerwall cavity in chamber 1 over the test period and snapshots, the RH results for the
rest wereconsistent

The following comparisons were madeoirter to clarify the problem:

1 According to Figuret.1-25, chambers without consistevapourbarriers had the
lowest amount of indoor RH, which makes sense, since indoor humidity could
escape easier through wall assembly in this case. Moreover, chambers with rigid
insulation had slightly higher indoor RH values compared to chambers without
rigid insulation due to having extra external layer which retarded the wageur
to go out from wall assembly. Therefore, indoor RH of chamber 1 was in a logical
order compared to other chambers.

1 Figures4.1-26 and 4.1-27 show that thenner and the middle RHf chamber 1
were slightly lower (average RH over the test period was 5% lower) than the
values in the samlecatiors in chamber 2. Howeverjdure 4.1-28 illustrates that
theouterRH of chamber 1 was higher than chamber 2 (avevaggrRH over the
testperiod was 14% higher). Chambers 3 and 4, in addition, ethawimilar RH
pattern in the middle and outside of the wall cavity.addition RH increased
about 18% from middle touterposition in each chambers (chambers 2 to 4), but

this number jumpedyb39% in chamber 1 from middle twterposition.Finally,
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Figure4.1-31 shows howouterRH in chamber 1 crossed the data line of chamber

2 in the graph and went higher than that from the middle to outside, which was

not expected.
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Figure 4.1-26: Ambient outdoor and inner RH in fiberglass bldg. (Mar. 4-16)
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1-27: Middle RH in fiberglass bldg. (Mar. 4-16, 2014)
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Figure 4.1-28: Outer RH in fiberglass bldg. (Mar. 4-16, 2014)
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Figure 4.1-29: Outer and ambient outdoor RH in fiberglass bldg. on Mar. 14™ (between 12am
and 3am)
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Figure 4.1-30: Average RH profile in fiberglass bldg. on Mar. 14™ (between 12am and 3am)

Qutdoor



7l

100.0
90.0 -
80.0
70.0
60.0
g
T 500
e
40.0
30.0
20.0
10.0 -
0.0 T T T
S ] 2 3 )
= g 3 3 3
£ - s © 5
o
Positions within and out of wall cavity
—— Chamber 1 seesese Chamber 2 Chamber 3 =+ Chamber 4
Figure 4.1-31: Average RH profile in fiberglass bldg. (Mar. 7-16, 2014)
Table 4.1-5: Average indoor, outer and outdoor RH in fiberglass bldg. (Mar. 7-16)
Relative Humidity (%)
Indoor RH Outer RH
Qutdoor
Chamber [ Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber RH
1 2 3 4 1 2 3 4
Minimum 66 67 59 62 57 45 87 81 59
Maximum 68 70 62 65 74 62 98 92 94
Average 67 69 61 63 67 53 0 88 77
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4.1.3.2 Temperature gradient

Theindoor temperature of all chambers was maintaate€2l0 . 5 e C 4.182).gher e

ambient outdoor temperature fluctuated betwee® e C and +6eC over th
with an average of9 e C. oufehteamperature of the wall cavity followed a similar

pattern as ambient outdoor in all four chambers (lEigut-33). As mentioned irsection

4, three cases will be compared in the following subsections.
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Figure 4.1-32: Indoor temperature in fiberglass bldg. (Mar. 4-16)
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4.1.3.2.1 Case 1 0 Effect of vapour barrier

Table 4.1-6 shows that the averagmiter wall cavity temperature for a nesonsistent
vapourbarrier in chamber8 and 4 was 0eC and 7eC (just
and 2, respectively). Therefore, as it was seen in Figydr83 andthe above results, the

vapour barrier had no significant effect dhe outer temperatures of the wall section
regardless of addinggid insulation or not. A similar result was seen over the two
snapshots as well. For instance, Figdt#34r epresents 5eC increas
outer temperature on March Tgbetween 12am and 3am) by making fwomsistent

vapourbarrier.

4.1.3.2.2 Case 2 0 Impact of external rigid insulation

According to Figuret.1-33 andthedata in Tablet.1-6, the averageutertemperature of

wal | cavity was 4eC and 7eC in chambers 2
chambers 1 and 3 due to adding exterggd insulation. Moreover, the impact of putting

rigid insulation was considerable on the minimauatertemperature over the test period,

which resultedn 1 2 e C erbutegriinimum temperaturat-5°C and OC in chambers 2

and 4, respectivelyLikewise, according to Figurd.1-34, the average and minimum

outer temperature in wall cavity were considerably higher in the chambers with rigid

insulation than others on March™L@etween 12am and 3am).



80

4.1.3.2.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation)

This scenario is a comparison between the benchmark chamber 1 and chamber 4 with
rigid insulation and nowwonsistenwvapourbarrier. According to Figurd.1-33 and Table

4.1-6, having norconsistentvapour barrier condition associated with external rigid
insulation (chamber 4) resulted averaggert e mper at ure t o go up to
than benchmark chamber 1). It was also seen that the minoutartemperature jumped

by 17eC t o O0.drCaddition, acdordimgoeFigurdl-34, similar results to

thetest period could be seen on Marcl' bgtween 12am and 3am.

Overall, comparing the above three cases it was evident that the awartaye
temperature increased considerably just by agduid insulation on exterior side of the
wall assembly. Compromising thaapourbarrier did not have the same impact as rigid

insulation had on temperature in wall assemblies.
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Figure 4.1-34: Average temperature profile in fiberglass bldg. on Mar. 16" (between 12am and

3am)
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Table 4.1-6: Average indoor, outer and outdoor temp. in fiberglass bldg. (Mar. 7-16)

Temperature (°C)
Indoor Temp. QOuter Temp.
P P Outdoor
Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber | Chamber Temp.
1 2 3 4 1 2 3 4

Minimum 19.6 19.7 19.7 19.5 -17 -5 -12 0 -25

Maximum 20.1 20.5 20.1 20.0 11 12 10 14 6

Average 19.8 20.2 19.9 19.8 -3 4 0 7 -9




83

4.1.3.3 Heat transfer

Figure 4.1-35 illustrates that the heat flux density in all four different wall assemblies
followed an inverse pattern when compared to the ambient outdoor temperature. As
mentioned previously, two snhapshots were evaluated, but in terms of heat flux, the
snapshot (Mate 16" with low ambient outdoor (with the average ambient outdoor as
low as-25¢ C) rinehsghbelr heatdflux density and a greater heat flux density

differential between chambers than the other snapshot.

4.1.3.3.1 Case 10 Effect of vapour barrier

Figure 4.1-36 shows that in the chambers without rigid insulation the heat flux density
considering the nenonsistentvapourbarrier (chamber 3) was 8\W®/m2 and 2.9W/m?2
higher than chamber 1 (witrapourbarrier), while in the chambers with rigid instien

that value was 3.8V/m2 in chamber 4 and just 0¥//m2 higher than chamber 2. In
addition, according to Figurd.1-37, the average heat flux density on March™16
(between 12am and 3am) in chamber 3 was W2 (4.9 W/mz2 higher than chamber

1), while the values in chambers 2 and 4 were close to each other and just about 5.3

W/imz2

Therefore, it was seen frothe above results that nesonsistenvapourbarrier increased
the amount of heat flux density by 55% in the chammbathout rigid insulation over the
test period, while in the chambers with rigid insulation this impact was not considerable

(just 19% increase).
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4.1.3.3.2 Case 2 0 Impact of external rigid insulation

According to Figure4.1-36, the average heat flux daty through wall assembly in
chamber 2 (3.2V/m? was 2.1W/m2lower than chamber 1 considering the sarapour
barrier system and the addition of the external rigid insulation. However, that value in
chamber with noftonsistenwvapourbarrier (chamber 4yas 3.8W/m2and considerably

lower than chamber 3 (4W/mz2lower) just by adding rigid insulation.

Moreover, it was seen that the impact of rigid insulation was more outstanding on March
16" than March 1%. According to Figure4.1-37, the average hedlux density in
chamber 2 (5.8V/m? was 2.1W/mz2 lower than chamber 1 on March™Between 12am

and 3am. This value in chamber 4 (%/Im? was 7.3W/mz2less than chamber 3.

Overall, both the snapshot attte test period results illustrate that thdeet of putting

rigid insulation was considerable in decreasing the amount of heat flux density in both
cases (including consistent and rmomsistentvapour barriers). However, this impact
was greater in nenonsistenvapourbarrier chambers (54% decreashan the consistent

vapourbarrier (40% decrease) over the test period.

4.1.3.3.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation

This scenario is a comparison between the benchmark chamber 1 and chamber 4.

According to Figure4.1-36, having both noftonsistentvapour barrier conditions



85

associated with external rigid insulation layer (chamber 4) changed the average heat flux
density through wall assembly from 8/8/m2 (chamber 1) to 3.8V/m2 Also, on March
16" (snapshot), the average heat flux density wad\Brh2in chamber 4 and 2.W/m2

lower than chamber 1 (Figudel-37).

It was seen that evehdugh having a nenonsistentvapourbarrier increased the heat

flux density, the addition of rigid insulation simultaneously compensated that negative
effect and even caused 28% less heat flux density in chamber 4 than chamber 1 over the
test period Moreover, in terms of heat flux, not only the addition of rigid insulation but
also having consistentapour barrier had considerable effeon reducing heat flux
density;in other words, the above results show tin@theat flux density in chamber 2

was61% less tharthe value in chamber 3.
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Figure 4.1-35: Heat flux density and ambient outdoor temperature in fiberglass bldg. (Mar. 4-
16, 2014)
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4.2 Dense pack cellulose wall

4.2.1 Low level of indoor relative humidity

As it was stated in section 4.1.1, the first test was conducted between January 31 and
February 11, 2014. The steastate conditions in the chambers were established by
February 2 and lasted tilthe end of the test ded just likethe fiberglass building. All
comparisons conducted are over this period

following sections.
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Figure 4.2-1: Indoor RH in cellulose bldg. (Jan. 31-Feb. 11, 2014)
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The same snapshot as fibexgg building was chosen, and the data was logged and
averaged based on-biinute intervals between 12am and 3am. FiguB shows that

theouterRH in wall cavity was consistent in each of the four chambers on the snapshot.

4.2.1.1 Moisture migration

Data in Table4.2-1 illustrates that the average indoor RH in the chambers with non
consistenwapourbarriess (chambers 3 and 4) dropped 08%. Figure4.2-1 shows that
indoor RH was 281% in the chambers with consistespourbarrier and 262% in the
chambers with nortonsistenvapourbarriers, while the outdoor RH varied between 67%

and 83% over the test period.

Figures4.2-2, 4.2-3 and4.2-4 illustrate that RH within wall cavities were the lowest and
highest in chambers 1 and 4, respectively. Also, it was seen that RH increased from

inside to outside of the wall cavity.

4.2.1.1.1 Case 10 Effect of vapour barrier

According to Figure4.2-4 andthe data in Tablel.2-1, the averageuter RH of wall
cavity in chamber 3 (with nowonsistentvapourbarrier) was 25% and 6% higher than
the baseline chamber 1 in the same position. However, in the chambers with rigid
insulation, the averagauterRH was37% in chamber 4 and just 1% higher than chamber

2 with consistentapourbarrier.
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Figures4.2-5 and4.2-6 illustratethat the averag®uterRH (without rigid insulation) in
chamber 3 (27%) was 7% greater than chamber 1 on Egbe8veen 12am and 3am)
However, in the chambers with rigid insulation, the averager RH considering non
consistentvapourbarrier (39%) was just 2% higher than with consistegourbarrier

over the same snapshot.

4.2.1.1.2 Case 2 0 Impact of external rigid insulation

According to Figure4.2-4 and the data in Table4.2-1, the averageuter RH of wall

cavity with rigid insulation was 36% aralconsiderably 17% higher than without rigid
insulation in the chambers with continuowepour barrier. The effect of putting rigid
insulation in the chambers with naonsistingvapour barrier (chamber 4) exhibits,

similarly, 12% higher averagmuterRH in the wall cavity (37% RH) than chamber 3.

Also, Figures4.2-5 and4.2-6 show the averageuterRH (with consistenvapourbarriel)
in chamber 2 (37%) was 17% higher than chamber 1 on Ettbedween 12am and
3am). In addition, the effect of adding rigid insulation in the chamber witkcansistent
vapourbarrier (chamber 4 with 39% average RH) was 12% higher avetageRH than

chamber 3.
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4.2.1.1.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation

The worst case scenario was comparing the benchmark chamber 1 with the chamber
considering noftonsistentvapourbarrier but with rigid insuldon (chamber 4). Figure

4.2-4 and Tabled.2-1 illustrate that the averagmuter RH within wall cavity jumped by
18%,t0 37% in chamber 4 over the test period. Similarly, Figdr@s and4.2-6 show

the averageuterRH in chamber 4 (39%)as 19% higher than chambersn Feb. 3

(between 12am and 3am).
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Figure 4.2-2: Ambient outdoor and inner RH in cellulose bldg. (Jan. 31-Feb. 11)
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Figure 4.2-4: Outer RH in cellulose bldg. (Jan. 31-Feb. 11)
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Table 4.2-1: Average indoor, outer and outdoor RH in cellulose bldg. (Feb. 2-11)

Relative Humidity (%)
Indoor RH Quter RH
Outdoor
Chamber | Chamber | Chamber [ Chamber | Chamber | Chamber | Chamber | Chamber RH
1 2 3 4 1 2 3 4
Minimum 28 29 24 27 15 30 21 33 67
Maximum 29 30 26 28 23 11 31 42 &3
Average 28 30 25 27 19 36 25 37 74
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4.2.1.2 Temperature gradient

Theindoor temperature was consistentat3#9.6 8 e C i n al | .2H.dmber s (
ambient outdoor temperature varied betwezry ¢ C -1&2redC over the test
outertemperature of the wall cavity followed the analogous pattern to ambient ourtdoor

all four chambers (Figure 48). As mentioned in section 4, three cases will be compared

in the following subsections.
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Figure 4.2-7: Indoor temperature in cellulose bldg. (Jan. 31-Feb. 11)

4.2.1.2.1 Case 10 Effect of vapour barrier

Table 4.2-2 shows that the averagmitertemperature for nenonsistentvapourbarrier

were6eC and 11eB iamdcHanmnmuenr about 2eC highe
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respectively.Therebre, as it was seen in Figur&248 andthe above results, theapour
barrier had no significant influence on theterwall cavity temperature regardless of the
addition of rigid irsulation. Norconsistentapourbarrier had the similar effect as above

over the snapshot as well.

4.2.1.2.2 Case 2 0 Impact of external rigid insulation

According to Figure 4-8 and Table4.2-2, the averageutertemperature in wall cavity
was approxima | v 5eC higher (9eC and 11eC in chan
test period by the addition of the rigid insulatiormiarly, the averageutertemperature
was higher in the chambers with rigid insulation than others on EefheBveen 12am

ard 3am).

4.2.1.2.3 Case 3 0 Effect of simultaneous non -consistent vapour
barrier and external rigid insulation

Figure 4.28 and Table4.2-2 show thatthis case had the most effect on temperature
compared to other caseshel averageouter temperature incread by 8Ctol1 1 e C i n
chamber 4 compared baseline chamber 1. Alssimilar results to the test periadere

seenon Feb. ¥ between 12am and 3am.
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Figure 4.2-8: Outer temperature in cellulose bldg. (Jan. 31-Feb. 11)

Table 4.2-2: Average indoor, outer and outdoor temp. in cellulose bldg. (Feb. 2-11)





















































































































































































































