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Abstract

This thesis investigates the accyra€ industry standard calculation methods, and
two and threadlimensional numerical simulation techniques, to predict the thermal
resistance of a wall assembly containing vacuum insulation panels (VIPs) and thermal
bridges. The calculation methods and ntpa simulations were used to predict the
thermal resistance of a wall assembly that was tested in a guarded hot box. The calculation
methods and twdimensional simulation scenarios which did not include VIP edge
thermal bridges resulted in a minimum e&imation of 38%. Accounting for the thermal
bridges using the average joint width between panels reduced the minimum overestimation
to 13% (modified zone calculation method) and 20% {thivoensional simulations). The
threedimensional simulations ovetesated the thermal resistance by 14%. Overall, the
most reliable predictions of thermal resistance were determined through 3D simulations
and the modified zone method in combination with the thermal bridge effect due to the

average joint width between \BP
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1 Chapter: Introduction

Increasing financial and environmental costs of energy production have resulted in
many coutries seeking to decrease energy demands in all sectors. Currently in,Canada
there has been an increased desire to decrt
generation, as well as carbon emissions into the atmosphere.

The Canadian government hasently produced the Pan Canadian Framework on
Clean Growth and Climate Chan@@@anada, 20170 help the world meet the target of
limiting greenhous@as(GHG) emissions as outlined in tHearis Agreemen{Nations,

2015) The specific Canadian targetitlined in the Frameworks a 30% reduction in
national greenhouse gas emissions by 2030

Several sects wereidentifiedin the Famework as areas in which energy savings
are required, including deicing the heating and cooling load in buildinggstimates that
12% of national GHG emissions are accounted for in the heating and cooling of buildings
An even higher 17%s estimatedf emissiondrom electricity production are accounted
for in heatng and cooling losses.

Reduction of heating and cooling losses in buildings can be accomphsteckral
ways. The most common method is to increase the thermal resistance of the building
envelopeUnless the building hdstle or no insulationincreagg thermal resistance is
usually accomplished through eitl@ranginghe building insulation to higher performing
insulation materials cadding more insulation to the building enveloperxreasing the
thickness of the walls. Increased wall thickneas @resent problems for designers,
especially when the design incorporates windows, dout®ther thin elements that bridge

the building envelopeThe increased thickness also becomes an issue in areas in which



space is at a premiuniherefore, hin high-performancensulationtechnologies are likely

to see increased ubg designers either for retrofit applications, or new build designs where
space is at a premium. One thin insulation type that is currently being used in areas in
which space is at a prémm (such as Europe and Japan) is vacuum insulation panels (VIP)
(H.Simmler, 2005)

The VIPs thermal performancés derivedfrom an open cell microporous core
which is depresurized to gartial vacuum pressure of ~hbar(H.Simmler, 2005) The
core is wrapped in a gas barrier envelope which maintains the vacuum in atmospheric
conditions. The vacuum condition in the core material essentially elimirgees
convection and conductidreat transfer thragh the porous core materi@immler, et al.,

2005) Heat transfer is theslueto conduction through the solid core material and radiation
in the pores. Selection of low solid conductivity core materials and opacifier additives
decrease the contributions of the solid conductivity and radiatioch further increase
thethermal resistance of the VIP.

The quoted potential performanceof VIPs is quite remarkable, especially
considering the thickness to insulation ratio. It isneasted that most common insulation
materials would require-8 times the thickness of a VIP to achieve similar insulation
capacity(H.Simmler, 2005)However, his claimshouldbe investigated with caion as
the quoted perforance is idealizedsthec ent r e of panel t her mal c
(Van Den Bossche, Moens, Janssens, & Delvoye, 20@iBstigationof the technology
indicates thathe actual performance of \4fn an assembly is overesnated if the effect
of heat transfer around the perimeter of the panel imomuned for (Schwab, Stark,

Wachtel, Ebert, & Fricke, 2005The heat transfer rates at the edges of pdimelsiding



joints between panelsye sgnificantly higher than the centre ofel valuesThis is due
to thermal bridges caused bye materials in the gas barrier fiemd joints having higher
lower thermal resistandban the core materialhe thermal bridge heat transfer paths are

depicta for a representative wall construction containing VIFSigurel.
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Figure 1. Sketch depicting the thermal bridges that occur at theedgeof the VIP panel and joints
between panels in wall assemblieShe red arrows represent heat transferringalong the barrier film.
The green arrows represent the heat transferring through the air jointIn both cases heat transfer
occurs around the VIP core.

Unfortunately the best materials tceduce gas transmission across the barrier
envelopeare metalswhich have significantly higher thermal conductivities than the core
structureOpti mi zing the performance of VIPO&s re
metal portions, however this comes at a cost of higher rates of gas and moisture transfer

across théarrier.To minimize the metal component in the barrier film it is spray deposited



in several layers, which can leave microscopic gaps in which atmospheric gases are able to
permeate over tim@-igure?2). It is therefore expectatiatover time the thermal resistance

of a VIP decreasedue to the migration of atmospheric gases across the barrier envelope.
Atmospheric gas migratioincreass the pore pressure of the core materiahich
increases the heat transfer rate acrossdhesgy increasing gas conduction. Migration of
water vapouincreasse thesolid conductiorof the core materiadlue to the presence of
adsorbedmoisture (Brunner & Wakili, 2014) The time over which a VIP maintains

thermal peformance above a specified value is termed the service life.

Open cell microporous core
~1 mbar

Metallized barrier film

Figure 2: Representative vacuum insulation panel sketch, depicting the open cell microporous core
and barrier envelope. The pressure difference between the atmosphernd the partial vacuum
pressure in the core material drives atmospheric gases through microscopic gaps in the metal in the
barrier envelope.

The performance of VIP assemblies has been investigatsdveral studieso
demonstrate the effect of edgestba overall thermal performancéhese investigations
have been completaasing both field monitoring as well as laboratdegtingusing a
guarded hot box (GHB) test apparatusThe edge and joint effect on the thermal
performance of VIPs has also beendstigated on smaller scale tests using a heat flow

meter apparatu§imulations have also been conducted which account for and demonstrate



the increasedheat transfer at the edge effect omerall VIP thermal performance
(H.Simmler, 2005; Brunner, Stahl, & Wakili, Single and double layered vacuum insualtion
panels of the same thickness comparison, 2012; Lorenzati, Fantucci, Capozzoli, & Perino,
2014; Tenpierik, van der Spoel, & Cauberg, 2007; Van Bessche, Moens, Janssens, &
Delvoye, 2010)These studies indicate that the heat transfer effects due to thermal bridges
in VIPs cause significant lateral heat transfer effects which can not be captured with one
dimensional calculation method&tudieson thermal bridges have also indicated that using
onedimensional calculation methods to determine the thermal resistance of wall
assemblies containing thermal bridges can lead to significant overestid&tyr2007h

Morris and Hershfield Ltd., 2011However, regulatory energy codes, such as the National
Energy Code of Canada for Buildin@$RC, 2016) reference one dimensional calculation
methods as acceptable methods to determinehénmal resistance of wall assemblies.

The objective of this thesis is tietermineghe accuracy of usinghdustry standard
onedimensional calculation methods and two and thredimensional numerical
simulationsto determinghe steady state thermal since of a wall assembly containing
VIPs for building envelope designAdditionally, the thesis investigates methods to
increase the accuraof the calculatiorand numerical simulatiomethods by using VIP
effective thermal conductivities which accouat theincreased heat transfer rates at the
edges of the panel due to the metallized barrierdihth jointthermal bridges

To accomplish this, a representative wall assembly containing VIPsuigsand
the steady state thermal response of the waéinalsly was determined usingGHB.
Thereafter, the steady state thermal response of the wall assembly was characterized using

industry standard calculation methodsd two and three dimensionahumerical



simulations.The accuracy ogachcalculation methodh predicting the thermal resistance
of the wall assemblwas thercompared witlthe GHB test results

The VIPs investigated in this thesis weré¢hat beginning of their service lif@he
rate of decrease in thermal performance of VIPs due to gas migeatioss the barrier
envelope is not considereahd therefore service life of the wall assembly is not estimated
1.1 Thesis aitline

The work in this thesis is dded intothe following sections: the literature review
(which defines the calculation and exipgental methods used to characterize the VIP wall
performance), the results of the experiments, the results of the calculation methods,
comparison of the calculatiorsults to thexperiment results, and conclusions and future
work. Uncertainies of the experiment and calculatioresults are also analyzed and
presented in the results sections.
This thesids divided into the followinghapters:

1 Chapterintroduction

2 ChapterLiterature eviewand kackground

3 ChapterResults ofgyuarded hot borharacterization experiments

4 ChapterGuarded hot boexperiment set up andsults

5 ChapterGuarded hot boexperiment ncertainty

6 Chapterindustry standal calculationmethodresults

7 ChapterTwo and threaimensional numerical simulatiosst up

8 ChapterNumerical simulationasultsand uncertainty

9 ChapterConclusions anéluturework



2 Chapter: Literature r eviewand background

The literature review was focused on threagpalareas: vacuum insulation panel
(VIP) use in the building sectoguarded hot box testg, and theindustry standard
calculation methods available for building envelope designers to determine thermal
resistance of wall assemblies.
2.1 Vacuum insulation panels

This section prsents background information on the requirementsViéf
components in the building sector, followed by experiments that have been used to
demonstrate and characterize the performance of VIPs in building envalbpeimcludes
the methods by which thedge and joint effects cdre determinedfor use inindustry
standard and numerical simulation calculation methods.
2.1.1 Vacuum insulation technology for building applications

Vacuum technalgy for insulation purposeshase en used since the
(Fricke, 2005) In the earliestise vacuum technology was utilizéxy creating a vacuum
between the wadl of two concentric metal cylindel§ricke, 2005) The use of the
concentric cylinders allowed for the vacuum to be supported by the container wills, wi
no filler material This was possible due to the high failure limits of hoop stress in
cylindrical objectgFricke, 2005)Vacuum insulation panels have also been used in other

industries to insulate industrial furnaces dmtzers. The use of VIPs in these sectors is



not usually applicable to building technologies due to the tightly controlled environments
in which these items are built and are operéte@immler, 2005)

The use of cylinders ibuilding envelope design is limitethstead rectangular
structures are useectangular structures cannot depend on hoop stress to maintain the
structural integrity when a vacuum is applied and assuchreqquiré i | | er or Ocor
(Fricke, 2005»urrounded by an envelopenecessary

The requirements of a VIP core material trat it is open cellmicropowous, with
a fractal compositiomnd compressive strength high enough to maintain its shape w
under partial veuum (~1 nbar). The open ceknableghe removal of atmospheric gas
from the poresduring depressurization, which greatly reduces heat transfer due to gas
conduction and gas convection. The fractal composition of the solid structure interrupts
pathways fo solid conduction. The combination of these factors reduces the apparent
thermal conductivity of the core material.

Apparent thermal conductivitis defined aghe total thermal transmission rate
across a materiahccounting focombined effects afonductive, radiative, and convective
heat transfe(ASTM, 2010) Annex 39(Simmler, et al., 2005Jefines thecomponents of

theapparent thermal conductivity ) of a VIP withEquationi.



— - _ - _ Equation 1

1 - convection in the gas phase

1 - conductivity through the solid phase
_ 1 conductvity through the gas phase.
} -radiation

Caution must be taken when using the apparent thermal conductivity in
calculations, as representing the radiative and convective heat transfer mechanisms as
conduction is only valid for the specific temperatboundary conditions under which the
apparent thermal conductivity determined This is due to the dependency of radiation
and convection heat transfer rates on the surface temperatures of the corresponding faces
over which the heat is transferring.

It is generally estimated that a partial vacuum witdarin thecore material reduces
contributions of gaseous conduction and convection to negligible values, and the core
apparent thermal conductivity is duertmliation (~1*16 W/mK) and condugbn of the
solid structure(~3*10° W/mK) (Simmler, et al., 2005)

Thepartial vacuum in the core material is maintained in atmospheric conditions by
a gas barrier film. The gas barrier film is designed to limit the migration of atnmasphe
gases and water vapour to the interior of the core matemdbrtunately,currently the
best material$or reduction of gas and vapour transmissime metals. The metal in the
gas barrier film creates a significant thermal bridge around the edgles ¥iP, which
decreases the effective thermal conductivity of the VIP. The effective thermal conductivity

of the VIP includes the apparent thermal conductivity of the core material, and the

contribution of the thermal bridge due to the gas barrier fchwab, Stark, Wachtel,



Ebert, & Fricke, 2005)lt is conventional in the building industry to relate two dmee
dimensionalheat transfer effects (such as thoseuateg at the panel edges) tooae
dimensional heat trarsfr ef f ect on a uniform surface,

t hermal conductivitydé of the panel

2.1.2 Vacuum insulated panelperformance in the building envelope

While the use of metal decreases the rate of gas transmission across the barrier
envelopejt alsodecreases the thermal performance of the VIPs have a high centre of
panel thermal resistanckowever,overall thermalperformance of the panels cannot be
considered without accounting for the edgermal bridge effect due to the gas baffiler
and joint material betweemdividual VIPs (Van Den Bossche, Moens, Janssens, &
Delvoye, 2010; Schwab, Stark, Wachtel, Ebert, & Fricke, 2005; Lorenzati, Fantucci,
Capozzoli, & Perino2014; Brunner, Stahl, & Wakili, Single and double layered vacuum
insualtion panels of the same thickness comparison, 2012; Tenperik & Cauberg, 2007;
Wakili, Bundi, & B.Binder, 2004)The centre of panel thermal conductivity is defined as
the idealized ne-dimensional thermal conductivity through the centre of the panel (far
away from the edgeg)ndexcludes effects of edges and joints.

Testing has shown thate edgethermal bridgecan be dominant in the thermal
performance of a VIP system due to thestcadifference between thermal conductivity of
the core material (~4*1®W/mK) andthe thermal conductivity of the metal in the barrier
film (aluminum ~160 W/mK, steel ~1b67 W/nK) and joint materia{Sprengard & Holm,

2014) This discrepancgan result in ageffective thermal conductivitof the VIPseveral

1C



hundred percent higher than the centre of panel (&dewab, Stark, Wachtel, Ebert, &
Fricke, 2005)

Brunner efal. (Brunner, Stahl, & Wakili, 2012¢onductedGHB tess to compare
two wall assemblies with 40mm of VIP layer thicknddswever one layerconsisted o
double layeiof 20mm VIPs, and the othepnsisted of single40mmlayerof VIPs. The
test reaults indicated that the double layevall had approximately 13% less thermal
transmissiorthan the single layewall. The increase in performaneasattributedto the
decreased thermal bridge at the edges of the VIP panel in the double layer VIP wall
assenbly. The decrease was aoaplished by offsetting theecond layer of VIPs such that
the thermal bridges from the edge®d jointsdid not line up withedges and joints the
second layerThese results demonstrate the importance of designing to minifzsge
effects to increase thermal resistance of a wall assembly incorporating VIPs.
2.1.3 Vacuum insulated paneleffective thermal conductivity due to edge and joint
thermal bridge

Accurate calculation ahe thermal performance of a wall assembly incorpogati
VIPs for building desigmequires accounting fahe effective thermal conductivity of a
VIP in anassemblyincludingthe edge and joint effectalthough physical testing of VIPs
can be used to determine the effective thermal conductivitpdifidud VIP panels
(Alam, 2011; Lorenzati, Fantucci, Capozzoli, & Perino, 2014; Van Den Bossche, Moens,
Janssens, & Delvoye, 2010; Wakili, Bundi, & B.Binder, 2004 unlikely that building

designers will b able to conduct testing on all variety of ¥tRey wish to use in a building
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design. Therefore, a method is required by which a designer can calculate the effective
thermal conductivity ofhe VIP, and implement it in indust standard calculation metti®
Many snall-scale testand analytical methods have aimedptedict thethermal
bridgeeffecs of the joints and edgef VIPs on the effective thermal conductivity of the
VIP. Unfortunately, fully characterizing the edge and joint effect on the eféetttermal
conductivity of a VIP assembly is complex. To fully characterize the effective thermal
conductivity the following information would be required of each VIP used in the
assemblythe location of thebarrier film edge foldsthetype of edge foldgaps between
abutting panels which can be filled with air or various insulation tyg&sdepthandthe
core thermal transmittance rgi¢an Den Bossche, Moens, Janssens, & Delvoye, 2010)
The most common method to describgeaeral equation to represent the effective
thermal conductivity of a VIP pan@icluding edgethermal bridgegrom experimentss
through the thermal transmittance method. In thethod,the thermal transmittances
determined forthe edgeand joint per unit length, and this values multiplied by the
perimetedengthof the VIPto determine the effective thermal conductivity of the panel.
The thermal transmittance method has been used to detgraenfoemancef wall
assemblies incorporating thermal lyés through the summation of linear and point
transmittances of thermal bridges coupled with opaque wadll&e calculationn several
instances This method is well described by ISO 6980, 2007c) ISO 10211(ISO,
2007a) ISO 146831S0, 2007b)andMorris and Hershfielth ASHRAE RR1365(Morris
and Hershfield Ltd., 2014; ASHRAE, 201The linear and poirthermaltransmittances
are determined through use of benchmarked ttimensional heat transfer simulation

softwareor GHB testing The simulation softwarer tests areised to determine the effects
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of themal bridges by determining the-walue (total thermal transmittance rgtef a
structure with and without thermal bridges in place. The difference between thé- two
valuesdetermineshe normalized linear or point transmittance for that thermal bridge type
in the specific wall configuratiosimulated The general equation reémced for a wall
assembly containing thermal bridges is presentédjuation2. The thermal transmittance
method is used in this thesis to determine the effective thermal conductivity of the VIP,
considering heatransfer due to the thermal transmittance of the barrier foil and joint

material at the edges.

- Br Qzo B... ., .
Y [ o ,‘U Y Equation 2
0

Y i total thermal transmittance including anomalies [V¢KJh
[ Qi linearthermaltransmittance [W/(id)]

0 T characteristic length of linear transmittance

.1 point transmittance [W/K]

0 Tsurface area normal to direction of heat trarfisfgr

Y i clear field thermal transmittance (assembly) [WK)ih

The equationfor the effective thermal conductivity of VIPs using ttieermal

transmittancepproach ishown h Equation3 (Wakili, Bundi, & B.Binder, 2004)Corners
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are constdered to create a niggible thermal bridge compared to the edges, so are not
accounted for in the equati¢henperik & Cauberg, 2007)

¥ CQzor no Equation 3
= 0

i centre ofpanel thermal conductivity (W/K)

[ Qi linear thermatransmittance of the joint (W/)

Qi thickness of the VIP (m)

0 1 surface aregerpendicular to the direction of heat transfef)(m

N 6 perimeter of the panel (m)

Equation3 is used to determine the effective thermal conductivity of the VIPs
studied in this thesis to increase the accumddpdustry standard calculation methods in
predicting the thermal transmittance of a wall assembly containing VIPs. The linear
thermal transmittances used in this thésisnd inliterature for differing VIP joints are
provided in the following paragraph

Wakili et al. (Wakili, Bundi, & B.Binder, 2004y est ed VI PO6s with f
cores and various barrier films made up of both multiple layer metallizeddichsetal
foils for both centre of pan#hermal conductivityandeffective thermal conductivity of the
panel The centre of panel values were determined for 506na®0mm panels and the
edge effect was determined for two 500mm x 250mm panels.

The thermal transmittance of the edge for two panels with different thiskofes
aluminum in the metalized polymer barreme presented imable 1. These results were

determined from a numerical simulation which was benchmarked to the test results, for a

panel of 1m by 1m. The numericabaelling was conducted by combining the multiple
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thin barrier lyers (metal and polymers) intosingle layer and theeforeauthorscaution

the use ofhese results for VIPs of different barrier foil types

Table 1: Thermal transmittance of VIP edge as pr Wakili et al. (Wakili, Bundi, &
B.Binder, 2004)

VIP barrier Edgethermal transmittance
r B [WimK]
Aluminum 90nm total thickness 6.96(x1.63 *103
Aluminum 300nm total thickness 9.19(%1.63 *103

Otheruncertaintiesassociated with these results occur due to the air gaps present
bet ween abutt i ng hedtlitréhéferestigs Measurgment$ of theeal gpes
are notdescribedin thework. Inst ead the air gaps were Oac
simulations to tune the numerical results to theeexnent results. Thisould cause errors
in using these valuds assess VIP dapis as variations in the air gapould change the
linear thermal transmittanad the edge and joint

Tenperik et al (Tenperik & Cauberg, 2007present work on a method to
analytically calculate the corresponding edge thetraabmittance of VIPs. The analytical
equationassumessteady statéheat transferusing assumed boundary conditions. The
analytical model uses the following inputs to calculate the edge effect: the heat
transmission coefficient at the boundary surféfoethickness of the VIRhethickness of
the laminatethe thickness othe laminate at the panel edge dnethermal conductivity
of the laminate. This model assumes that the centre of panel thermal conductivity is equal
to zerg therefore |t only applieswhile the ratio of the centre of parteltheedge thermal

conductivities is very high. The analytical equation is compared to numerical modelling
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results and the accuracy is claimed at. 3%6wever no experimental comparisons are
completed. The modebés not account for air gaps that occur between two abutting VIPs.

The details required regarding the | am
investigated n this thesis, and as such Tenkérianalytical equation was not used to
determine effective thienal conductivity for the calculation methodgonetheless it is a
method that could be used to characterize the thermal bridge due to barrier foil at the edge
of a VIP panelif details of the barrier film are known.

Van Den Bossche et.gVan Den Bossche, Moens, Janssens, & Delvoye, 2010)
provide a review of the work completed by Wakili, Tenperik and many others on
guantifying the effectivahermal conductivity of VIPs when considering edteermal
bridges The work conducts gerimens to bothevaluate the accuracy tie analytical
equations proposed by Tenperik and to validate their own numerical heat transfer model
for quantifying effective thermal conductivity of VIPs. The experimental method consisted
of evaluating the cdnbution of the gas barrigfilm to the effective thermal conductivity
by separately evaluating the VIP and barierfilm. This was completed by enveloping
XPS (extruded polystyrenepanels of known thermal conductivityith the same barrier
foil as that onthe VIPs being tested. Testing was conducted on both XPS wrapipied
and without the barrier foil to determine the thermal transmittance contribution of the
barrier foil at edges and centre of panel. Centre of panel and thermal transmitieahge of
values were also reportdéor both XPS and VIP experiments, the air gap was varied and
results determined that models which do not take account of the air gap between abutting
VIPs are not reliable. Comparison of the experiment result§ édon p er i tlorlss e q u ¢

determined that the equatioogerestimated the thermal transmittance of the edge values
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by approximately 8%or a 20mm thick paneind 23%or a 30mm thick panelhe thermal
transmittance of the edge for the VIPs meadun this work was 0.007 Wi which
included thehermal transmittance due to a 4mm air space between panels.

Lorenzati et al(Lorenzati, Fantucci, Capozzoli, & Perino, 20B4pluated?0mm
VIPs with three different metallized barrieend four different materialsin the joint
between abutting VIRsThe joints evaluated includeddr, XPS, MDF and rubbeiThe
linear thermal transmittance of the edge and joints for each case were determined using
heat flow meter apparatubhe linearthermaltransmittancef variousair gapjoint widths,
plus the edge barrid¢oil determined by Lorenzati etl. are presented ihable2.

Table 2: Linear transmittance of VIP edge accounting forair gap thickness(Lorenzati,
Fantucci, Capozzoli, & Perino, 2014)

Air gap thickness r B
(mm) (W/mK)
1.97 0.0255
3.47 0.0284
5.6 0.0391
6.67 0.0519
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For applicatiorio various VIP sizeand air gap widthghe results were normadid
by perimeter to area ratiblormalized results for ¥IP measuring 600mmx1200m¢the
size used in the wall assembly investigated in this thasspresented ihable3.

Table 3: Lorenzati et al. (Lorenzati, Fantucci, Capozzoli, & Perino, 2014dge effect on
overall thermal conductivity of VIPs.

Air gap thickness (mm) % increase onf i when including edge
effects
1.97 22%
3.47 24%
5.6 30%
6.67 36%

These results, in combination with measurements of the air gaps bée#ien
panels in the wall assembly investigated in this thesis, were used to approximate the
effective tlermal conductivity of the combined VIP and air joint layer in the wall assembly.
The accuracy of using this method is evaluated by comparing industry standard calculation
methodsand numerical simulatiorfer determining thermal resistance of wall assee®li
to GHB test results.

2.2 Guarded hot box test nethod

The accuracy of usingndustry standard calculation methods, as well as two and
threedimensional heat transfer simulatipns determinethe thermal transmittance of a
wall assembly containing VIPs wasaduated by comparing the calculated results to results
of aGHB test.A GHB is a test apparatus which subjects a wall assembly to a steady state
temperature difference and determines the corresponding heat transfer rate through the

specimen. The temperaéudifference and heat transfer rate measured in the GHB test are
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used to calculate the thermal resistance of the wall assefi@dyGHB used in this thesis

was is owned by and resides at the National Research Council Canada, in Ottawa Ontario.
This GHB ha@ been extensively used in the past to conduct heat transfer research on walls
and windows(Brown & Stephenson, 1993; Brown & Ullett, 1992; Maref, et al., 2012;

Bowen & Solvasonl1987; Simko, Elmahdy, & Collins, 1998; Brown & Schwartz, 1987)

Figure 3: GHB at National Research Council Canada.

This section describgke use ofSHBs in evaluatinghe therma transmittance of
wall assemblies;alibraticn methodsthe GHB apparatus, and th&STM C1363(ASTM,
2013)test method.
2.2.1 Guarded hot box use fordeveloping and validatingcalculation methods

Due to the expense of physical testingngicant work has been conducted to
dewelop calculation methods which predict the thermal performance of building
components and assemblies. Calculation methods can either be developed from first
principles, or as correlations based on laboratory t€ggscally, the laboratory tests used
to develop correlations oralidate the calculation methods are completed GHB test

apparatus.
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Ullet etal. (J. M. Ullet, 1995used aGHB to compare parallel path and isothermal
planes calculation methods &HB test resultsdr steel stud wallsThe parallel path and
isothermal planes calculation methods are described in the industry standard calculation
methods sectionThe results of theGHB testingwere used taletermine an averaging
technique to d&cribe the thermal perforanceof wall assemblies containing steel studs.

Doran& Gorgolewski(S. Doran, 2002; Gorgolewski, 200d¢veloped a method
for BRE 465 to calculate the effect of steel studs on the thermal resistance of wall
assemblis, and compared it to tests completed iGHB. This method is also further
described in the industry standard calculation method section.

Kosny (Kosny, 1995)developed the modified zone method to calculate thermal
resistancesf wall assemblies that contain steel stud assemblies, by comparing it to a series
of GHBtests.The results fromth&HBt e st i ng were used to deter
over which the steel stud influences the thermal performance of the wall assembly.

Morris and HershfieldMorris and Hershfield Ltd., 2011; 20143edGHB testing
to validatethreedimensionaheat transfer simulation softwansed to determine thermal
transmittance ofthermal bridgesin buildings The software was used to develap
cataloguef thermal transmittance values tbermal bridges i variety of wall assembly
types. The thermal transmittances can be used in conjunction with the thermal
transmittance method to determine the effecthermal resistance of building envelopes
for whole building energy simulation softwailéhe thermal transmittance method has also
been compared witBHB tests in several ISO standaftSO, 207a; 2007b; 2007¢)

Energy code$ASHRAE, 2016; NRC, 2016efer toGHB as adirect method for

characterizing thermal resistance of building envelopes. The energy codes also require that
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any calculation methods ed should be validated witBHB test results. Additionally, it is
recognized that physical testing of assemblies uai@HB is required to characterize
thermal performance of building envelopgken calculation methods do not yet exist
especially in thease of new or novel insulation technologies.

These examples demonstrate the validity of uship test results to assetise
accuracy of thermal performance calculation methods, as was completed in this thesis.
2.2.2 ASTM C1363

The GHB test method followed iis thesisvasASTM C1363(ASTM, 2013)

This test method defines calibration and characterizations that are required to produce
reliable GHB results. The characterization tests are detailed in the following sections.
Although he type of measurements and information gathered from an ASTM C1363 test
may vary,ageneral test for any specimen is conducted in the following sequence:

1. Specimenis installed into the insulated mask, taking care to ensure that the wall
assembly is sealdd the specimen mask such that mass exchange between the
metering box and the cold side chamber is not possible.

2. Specimen surfaces (both warm and cold sides) are instrumented with
thermocouples. The pattern of thermocouples needs to be specificallyediesign
to capture the temperature variations that could occur across the specimen
surface.

3. Metering box and room side cham$are then sealed to the interior side of the
specimen.

4. Temperature control in each chamber is then initiafié@. control setpoints

consist ofroom side and metering box air temperatwie21°C, and cold side
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air temperatures 6R0°C, and-35°C in two separatests.Air temperature is
monitored in each chamber via thermocouples suspended in the air,
approximately 175 mm from the spexn surfaces.

5. The apparatus is monitored until steady staéemal conditions (ASTM C168)
have occurred-or the testing in this thesis steady state was assumed when the
averagesensor readings (heat input to metering box, surface temperature
thermocoupls, air temperature thermocouples) over three sepayagecutive
six-hour periods did not vary by more than the standard deviation of the sensors.

6. At steady stateonditions,the sensors are monitored for a period of six hours,
and calculations are compdel based on the average data for each sensor over
thatsix-hourperiod.

The following sections describe ehGHB apparatus andcharacterization
experiment methodisedin this thesis Additionally, the method by which the average
surface heat transfer coefents that occurduring the GHB tests ardeterminedis
described. Theoefficients are used as the boundary conditions in the numerical modelling
conducted in this thesis.

2.2.3 Guarded hot box

A GHB is a test apparatugesignedo determine the effective stdy state thermal
transmittance rate of a wall assembly by subjecting & temperature differencand
measuring the heat input required to maintain interior temperature conditfensteady
state thermal transmittance is represented as aliorensioml value, as the boundary
conditions during the test are averaged over the wall sgrfacel the heat transfer is

characterized to only include that which ocdilwreughthe wall assemblyA schematic of
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a GHB is presented ifrigure4. A detailed general description of a GHB is presented in

ASTM C1363(ASTM, 2013) a brief description of the GHB is included in this section.

Insulated mask .

Test specimen

(natural convection)

\ V4
Metering box \
(calorimeter) €--------
(21°0) S 4777, ;
o ¥ 1 Coldside
| ! ' (-20°C, -35°C)
Room side ClooEEEL
1 e
Vo |LadEEEE
Thermopile | | i Refrigeration coil and fan
| ' (forced convection)
@ v
Resistive heater —1_____ 7 | ~—~——"ctmomooos b

Figure 4: Guarded hot boxtest facility.

A GHB conssts of three environmentehambers designed to maintateady state
air temperature conditions on either side of a test specememmeasure trerresponding
heat transfer rate occurring through the wall assembly given that temperature difference.

Theresults from &GHB test are generally given as thiectiveonedimensionathermal

transmittance

for a given temperature differencEhe cold side (weather side) of the tapparatus is
designed to maintaiasteady state cold siger temperature The GHB used in this thesis
maintains the cold side air temperature using a screw pump compressor to cool a
refrigerant, which is then pumped through a refrigeration coil inbidedld chamber. A
fan circulates air over the coil to achieve the set point temperdtbeemetering box

(calorimeter) is designed to maintain a steady state intairidemperature and measure

r a teféectivethermal résidtancer o the test specimdn
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the corresponding heat input required to maintain thisittond The room side (warm
side)is designed to maintain steady state conditions which match those maintained on the
interior of the metering box.deally this creates an isothermal boundary between the
metering box and the room sidethermopile is wiredetween the interior (specimen side)
and exterior (room side) surfaces of the metering Bogu¢e4). A thermopile is aet of
thermocouplesvired in seriesvhich generate a voltage when subjected to a temperature
difference though the thermoelectric effect. The voltage generated by the thermopile is
minimized during a test to ensure as close to isothermal conditions between the room side
air and metering box ailhe thermocouple in the GHB used in this thesis consists of
twenty thermocouples wired in series, with the nodes spread out to account for all surfaces
of the metering box.

The effectiveonedimensionathermalresistance rate is expressed in two forms:
the fAair to airo effecti veurtfheteeiwathermale si st a
resistanceAn i I l ustration demonstrating the dair

resistances is shown Figureb.
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T heat transfer through the test specimen due to the temperature difference [W].
- specimen surface area perpendicular to the direction of heat trangfer [
r - metering box air temperature [°C]
i T weather side air temperature [°C]

isur f ac effecttvothersnal mresSistamee aetermines the thermal

resistance based on the average surface temperature of the interior andsexfades of

the specimerromFigure5 the surface to surface thermasistance is determineging

Equationb.
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: 0"y 4p .
Y — Equation 5

“Y;, 1 average specimen surface temperature on the metering box side [°C]

“Y; T average specimen surface temperature on the weather side [°C]

For wall assemblies, the more common me
transnittancerate as the surface temperatures of the specimen are tygmailariable to
allow the average surface temperature on each side of the specirbendetermined
(ASTM, 2013)

Theeffectivethermal transmittance (@ffective thermal resistance) represents the
summatiorof all the apparent thermal transmittamages(combined conduction, radiation
and convection effects exgssed only as conductionj each individual material to the
assembly thermal transmittandénerefore, the effective thermal transmittamesultsfor
an assemblgre accurate only for the temperatoomditionsspecified
2.2.4 Guarded hot box characterizatiors

The heatransfempaths during a test inGHB are shown irrigure6 (ASTM, 2013)
The GHB measures the heat transfer through a test specimen, given steady state boundary
conditions averaged over the interfararm) and exteriofcold) surfaces of the specimen.
The physicalmeasurements thatcur in aGHB test can vary, but at minimum consist of
measuring the air temperature in the metering box, the surface temperature of the specimen
on the metering box side, the surface temperature of the specimen on the weather side, the
air temperature omhe cold side, and the heat required to maintain the metering box

temperature.
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Figure 6: Heat transfer characterization in aguarded hot box

The heat required to maintain the metering box air tempeiatprevided through
a resistive heater, designated by in Figure®6. Ideally all the heat inputby the resistive
heater would be transferred through the specimen; however, some portion will transfer
between the metering box and the room side cleanamd between the specimen and the
mask.The blue arrows ifrigure 6 represent the heat transfer that can occur through the
metering box, referred to as the metering box loss. The green arrows represent the heat
transfer that aaoccurfrom the specimeto themask, referred to as the flanking loss.

As stated,lieair temperaturén the metering bois maintained through a resistive
heater. The rate of heat input to the calorimeter is monitored by measuring the voltage
dissipatian across a calibrated resis(determines the current being supplied to the heater)

in series with the heater, and the voltage drop across the heateMesasuirement of the
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current and voltage being supplied to tieaterallows calculation of the wktge being
dissipated by the heater througfuatione.

Y T Equation 6

0 1 is the heat inpub the metering boXW}/]
“Q current supplied to the hea{é
W7 voltage supplied to the heaf®f

To isolate the heat transftrough the specimefd ) from the tdal heat being
supplied by the heat¢d ), several heat transfer r@stare required to be characterized.
The heat transfer paths consist of the heat transfer that can occur between the metering box
and the guard{ ), between the specimen arttetmask(® , and finally through the
specimen{ ). The relationship between these heat flows are shouEyimtion7. The
methodby which these heat transfer paths are characteiszadsented in théollowing
section

0 0 0 0 Equation 7
2.2.5 Combined flanking and metering box heat transfer

Althoughideally the room side temperature matches the metering box temperature
exactly,in practice this is seldomossible,andsome heat exchange ocsibetween the
two chanters (ASTM, 2013) Likewise, although the insulated specimen mask ideally
eliminates flanking heat transfer, in practice some occhie.combined effect of the
meterng box heat transfer rate and flanking heat transferwate characterized for the
GHB used in this thesis. The characterization consisted of determining the heat transfer

ratesin relation tothe voltage generation tdiethermopile wired between the ligof the
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metering box which separate the metering box air and the room sidélhasr.
characterization methad described i\nnex A6 of ASTM C1363ASTM, 2013)

The characterization testquiresa homogenous test specimainknown thermal
propertiesobei nst al l ed in the GHB. This test spec
speci (ABTMO 2013) The characterization specimen thernm@boperties are
determined through testing a represéime section of the material in a heat flow meter or
guarded hot plate. For thibesis,a characterization specimen made entirely of XPS
(extruded polystyrene) was uséthe thermal resistance of this material for a variety of
mean temperatures had beetermined through previous testing not conducted during this
thesis(Kumaran, 2006)using a heat flow meter

A series of ASTM C1363 testgerecompleted on the characterization specimen.
Each testvasconducted with the meateg box and cold side air temperatures held at the
set point at which future spimens wuld be evaluated (21°C;20°C and -35°C
respectively). The room side chamber air temperature is then varied in each successive test
to induce heat transfer throudtetmetering box walls. Broom side chamber temperature
is varied to ensure that temperatures odmth above and belovhé metering box air
temperature This is dorte capture situations of heat transfer from the room side into the
metering box, and fra the metering box into the room side chambéis situation also
induces flanking heat transfer from the specimen to the insulated mask, as the temperature
profile through the insulated mask is expected to change slightly with changing room side
chambettemperature.

The resulting thermopile voltage, heat rate input to the calorimeter, metering box

air temperature, warm and cold side specimen surface temperatures, and cold side air
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temperature are all recorded during the steady state conditions at eachsic
temperature test. Since the characterized specimen thermal resistance is known, and the
surface temperatures of the specimen are monitored during each test, the rate of heat

transferring through the specimah () can be calculatedhe resultigy difference between

the total heat input to the metering box () and the heat transfer rate through the specimen
(0 ) equals the combined effect of the metering box and flanking heat transfer paths at
each condition of the metering box therntepioltage The slope of the differendetween
heat transfer through the specimen and heat input to the metering thex determined
for each conditionand used in future calculations to define the combined losses.

After the slope has been determinge, zero offset of the thermopile is determined.
The zero offset of the thermopilettse residual heat loss that occurs due to the combined
effect of metering box loss and flanking loss when the thermopile reads zero. The zero
offset for the thermuile is determined by subtracting the heat transfer rate measured when
the thermopile voltage is zeroed out from the expected ASTM C518.result
2.2.6 Surface heat transfer coefficients

The surface heat transfer coefficients represent the combined heat transfer effect
including the effects of radiation, conduction, and convection, that occur between the air
and specimen surfaces on hot and cold sides d&HiB during a test. The surface heat
transfer coefficients cdme required for several reasons. They can betosigtermine the
Asurface to surfaceo ther mal resistance
resistance measured in a GHB, or for boundary conditions for numerical modelling a GHB

test. Additionally, to fully comply with the ASTM C1363 standare, sharface heat transfer
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coefficients are required to be within a specified ranfjee surface heat transfer

coefficients Q ) for the warm and cold sidese determined usirfgguation8 andEquation

9.
Q 0 E ion 8
fosT Y v quation
0 0 Equation 9
I VA quation

0 - heat transfer through the specimen [W]

0 - specimen surface area perpendicular to the direction of heat trangfer [m

"Y  RY | -averaganetering ba (h) air and cold sidec] air temperatureSC]
"Y; BY; i average specimen metering box side surface and average cadrie
temperatures [°C]

The surface heat transfer coefficients are determined using the test results on the
characteization specimen at each specified exterior temperature required to be tested on
future specimend heaverage surface temperatures on the warm and cokldidieg the
test and the thermal resistance of the charaazgon specimen are known. Therefpheat
flow rate through the specimen is determined by sol#qgations for 0 . Area of the
specimen and the average air temperatures in the metering box and the cold side are also
known from the test result$he surface heat transfer coefficients based on average steady
state conditions on each side of the specimen durmgeft can then be calculated. The
averagesurfaceheat transfer coefficients are assumed to be transferratiie WP wall
assemblyandareusedas boundary conditions in the numerical modelling in this thesis.

2.3 Industry standard calculation methods

The purpose of this thesis is to investigate the accuracy of industry standard

calculation methods in predictingetteffective thermal transmittanoé a wall assembly

containing VIPsvhen compared to results@HB tests.This section describes the industry
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standard calculation methods that were evaluated in this tAdstscalculation methods
described in thisectionincludethe following

Parallel path method
Isothermal planes method
Modified zone method

BRE 465method

Thermal transmittance method

A

Parallel path method

The parallel path calculation method assumes théteall transfeoccurs parallel
to the interior to exterior temperature gradiéASHRAE, 2013) As such it does not
account for any twoor threedimensional hdatransfer including lateral heat flows that
occur in the wall.

In generglthe method consists of dividing the frontal areas of the wall into sections
based on their substructure differencesanticipated differences ithermalresistance
value (Rvalue) A onedimensional conduction resistance calculation is conducted based
on an analogous electrical circuit of resistorsenies for all materials along tkésision
paths (Incopera, 2006)The Rvalues of each wall divisiomre summated in an area
weighted average based on the wall divisions frontal area relation to the total frontal area.
The frontal area division used for thvall assembly investigatead this thesiss presented

in Figure?.
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Figure 7: Parallel path method.

2.3.2 Isothermal planes method

The isothermal planes method assumes that all heat transfer occurs primarily
laterallythroughout each lay@¢o form isothermsthen layer by layen the direction of the
themal gradient. The method consists of dividing the wall into isothermal planes
perpendicular to the interior to exterior temperature gradient. This method again uses the
analogous electrical circuit, but this time divides the wall into sections which rsakaf u
the summation of resistors in paralllicopera, 2006fpr each layer. The layers are solved
first to determine the overall thermal resistance for each plaea the planesare
summated as resistors in series to detegrthe overall wall thermal resistanéegure 8
depicts the isothermal planes methmdne divisiondor the wall assembly evaluated in

this thesis
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Figure 8: Isothermal planes method

2.3.3 Modified zone method

The modified zone calculation meth@¢bsny, 1995was developed to account for
the effects of steel studs on the thermal resistance of the wall asseminbges Ithe
fithermally effected zoreas the area for the pardlfgath calculation method rather than
just the physical area of the component. The thermally effected zone is determined as the
area to which the high thermal transmittance element effects the lower thermal
transmittance elements around it.

The modified pne () is a function of the stud flange siz#&),(the thicknes®f
material layers irthe section including stud<)), and the zone factoni|. Theequation

for the thermally effected zone is presenteBguation10.
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w 0 az Q Equation 10

0 - stud flange size [m]

'Q - thickness of material layers in the section including studs, sheathing board, etc. [m]

& - zone factor

The zone factois defined asthe ratio between the thermal resistivity of the
combined materials in tHast 25mm from the stitowards the exterior of the sheathing
material andhe thermal resistivity of theavity insulation The zone factor igiven inthe

ASHRAE Handbook of Fundamenta{fSHRAE, 2013) The zone factor in this work was

determined by transcribing this figure and fitting a curve to the resulting data, shown in

Figure9.
Zone factor- 90mm stud, transcribed ASHRAE
Handbook Fig 6 27.5
2.5
< 2
é 1.5
o 1 y = 1.5556%25%9
,3 0.5 R2=0.999
0
0 0.5 1 1.5 2 2.5 3

Average resistivity of 25mm sheathing materials/resitivity of
cavity insulation

Figure 9: Extrapolation of zone factor chart.

2.3.4 Building ResearchEstablishmentDigest465method
TheBuilding Research Establishme®RE) Digest 465method(S. Doran, 2002;
Gorgolewski, 2007)was alsodeveloped to detmine the thermal resistance of wall

assemlies containing steel studs. It consists of a weighted average method using the results
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from the isothermal planesY( ) and parallel pathY ) calculation methods. The
weighted average depends anweighting factor r{) that is used to determine the
contributons of the isothermal planes and parallel gaibulation methods to tedfective
thermal resstance of the wall assemblyhe estimated wall Ralue (Y ) for light steel
framing is determined frorBquationl1l.

Y onry p N2y Equation 11
The weighting &ctor(n) is a correlatiorthat was determined from the resultHaf

different wall configurations that were simulated using a validated simulation program.

The weighting factor is a function tfe thermal resistance as calculated by the isothermal

plares {Y ) and the parallel path methodr ( ), the flange width (), the stud

spacing(i ) and the stud depti€)). It is presented iEquation12.

n gz M M T TPz U
Y T
o Equation 12
, @ Tl B T Q
i p it
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3 Chapter: Results ofguarded hot boxcharacterization experiments

This section presents the results for the heat flow path characterization tests, and
the surface heat transfer coeféiots in the GHB.
3.1 Heat flow path characterization results

As discussed, the heat flow path characterization for heat transfer through the
metering box walls and between the specimen and méakingl o s s 0) wer e det ¢
in a combined fashion, followinttpe procedure detailed in Annéxf ASTM C1363. This
procedure consists of varying the room side temperature to produce different heat transfer
conditions across the metering box wallhe results are theworrelatedto the
corresponding voltagéEo) generated by the thermopile wired between the metering box
walls.

The correlationfor the metering boxheat exchange related to the thermopile
voltagefor each exterior temperature afeown inFigure 10 andFigure11. Plots of the

experimental data for each test condition are present&gdgandix A .
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Heat transfer through metering box (W)

Heat transfer through metering box (W)

Calculation of combined metering box and
flanking loss to thermopile voltage:

o .
. -20°C Exterior Temperature Table 4: Thermopile

14 ] characterization -20°C
12
10 Eo Power

8 [mV] W]

6 1.90 -3.46
4 1.92 -3.45

) A -1.86 3.34

0 o -7.67 13.69
-2 — ~o. 3.60 -6.48
-4 1.86 -3.22
-6 -

-8

8 7 6 5 -4 3 2 -1 0 1 2 3 4
Thermopile voltage (mV)
Figure 10: Thermopile voltage calibration, -20°C.
Calculation of combined metering box
and flanking loss to thermopile voltage:
-35°C exterior temperature

3 Table 5: Thermopile
5 characterization -35°C
1

Eo Power
0 [mV] W]
-1 2.93 -5.27
-2 -0.94 1.70
-3 -0.80 1.42
-4
5
-6
-1 0 1 2 3

Thermopile voltage (mV)

Figure 11: Thermopile voltage calibration, -35°C.
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The resultsshown inFigure 10 and Figure 11 for the relationship between the
combined metering box and flanking losses and the tha@hleneoltage are very close for
thetwo-differentexteriortemperaturesThis is expected for the metering box loss, as it is
much more dependent on the temperature differbateeerthe metering box air and the
room side air. The flanking loss should $ightly dependenbn exteriortemperature, as
the temperature profile across the wall speciarahthe maskhanges for varying exterior
temperature.

The difference between the ASTM C1363 test value, and expected result calculated
from theASTM C518 tesat each exterior temperatuseconsidered the zero off4&=0).

The results fothe zero offset at each temperature are shovanershown irrable6. The
difference in slopes is likely due to experimental erro

Table 6: Zero offset for combined metering box loss and
flanking loss at thermopile voltageEq=0.

Exterior temperature | Zero offset
W]
-20°C -1.6
-35°C 42

3.1.1 Combined metering box and flanking loss equations
The combined guation for the metering box and flanking loss characterization for
each exterior temperature is presente@iahle?.

Table 7: Metering box and flanking loss equation for each exterior temerature

Exterior t emperature Combined
metering box and
flanking loss
-20°C -1.79Eo) - 1.6
-35°C -1.8QEg) + 4.2
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3.2 Surfaceheattransfer coefficients

The surface heat transfer coefficients were determined using the procedure outlined
previously. It cosisted of conducting an ASTM C1363 test on a characterization specimen,
and calculating the surface heat flux coefficients for each side of the specimen based on
the difference between the surface and air temperatures, and the heat flow through the wall.
The resulting values for each temperature test are showabie8.

Table 8: Convection heattransfer coefficient calculation results

Convection heat transfer oefficient [m?K/W]
Exterior surface Interior surface
-20°C -60.8 8.9
-35°C -50.4 7.5

These average values are assumed to be consistent in the VIP wal¢esilues
areused as heat flux boundary conditions initisustry standard calculation methods and

the numerical simuteons to enable comparisonttte GHB experiment results.
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4 Chapter: Guarded hot boxexperiment set up and esults

This chapter describes the wall assembly that was tested in the GHB. The wall
assembly materials and configuration are first described, followedebipd¢htions in the
wall assenbly that were instrumented faemperature measurement. Following the
desciption of the wall assemblhe instrumentation locatiommdresults of th&sHB tests
are presented.
4.1 Wall assemblydescription andinstrumentation locaions

The wall assembly consisted of a 2@x 2.44m x 0.20m (8 ft x 8 ft x 8in)
specimenncludingb ot h st eel 3 hHe madterialssandddimenkidh$ sed in the
wall assembly are listed ifable9 and asketch of the layers of the wall assembly is shown

in Figurel12.

Table 9: Summary of wall assemblymaterials and dimensions

Layer Description

1 15.875 mm %/8in) gypsum board

2 10 mil polyethylene

3 Mineral fibre hsulation(89 mm, 3.50 in

4 26 awg Steel sud, with fiberglass clips for mounting VIP

sandwich panels.

5 XPSVIP-XPS sandwich panel (from interior to exterior)2.7

mm (1/2 in) XPS,25mm (1 in) VIP panel, 5anm (2in) XPS.
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Figure 12 Schematic of vall assemblylayers.

Figure12 layer 5 represents the XR8P-XPS sandwich layer, which were made
by adhering XPS to the interior and exterior side of 800 x 1200mm x 25 mm VIP
panels. The XBlayers were added to the VIP pateprotecthe VIP surfacérom coming
in to contact with sharp or abrasive surfaces in the wall assefii¥ge abrasive surfaces
included the surface and edges of the steel studs, the fiberglass clijisghtble panels in
placeand thefasteners from the exterior strapping or cladding.

The XPS panels were slightly oversized (>&@® high, >120Gnm wide) in each
sandwich assembly compared to the VIP dimensions to ensuradjhaentVIP edges

would not k& in contact in the wall assembly. Due to construction tolerances and the
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oversized XPS portions of the sandwich assembly, the butt jointed panels resulted in slight
air gaps. To eliminate the effect of the vertical air gap betw@Spanels, caulking was
added to theverticaljoints. The horizontal air gapsetweenthe rows of sandwich panels

were not filled and therefore air gaps remained during testing. All seams were sealed on
the exterior surface with tape to ensure that air exchange did not ooseebdhese air

joints and the exterior environméeduring testingRepresentative photos of the butt joint,

air gaps present in the assembly and the final taped exterior surface are skayunan

13.

Figure 13: Photos depicting the assembly air gaps that existed between XRH -XPS sandwich
panelsand the taped exterior surface to eliminate air exchange with the cold exterior.
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