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Abstract

INVESTIGATING THERMAL BRIDGING IN WINDOW SYSTEMS INSULATED WITH
MONOLITHIC SILICA AEROGEL
By
Fariz Dhalla, P.Eng.
Master of Building Science, 2015

in the program of Building Science at Ryerson University.

Windows typically account for 30% to 50% of heat losses through building envelopes. Monolithic silica
aerogel has thermal properties and physical characteristics which make it an attractive material for high
performance glazing. Optimizing the thermal performance of individual window components can
improve the thermal performance of windows insulated with monolithic silica aerogel. It is important to
consider how the thermal properties can be sustained, especially when in contact with other window

components such as edge and intermediate spacers and the window frame.

The purpose of this research paper is to analyze French style windows insulated with four panes of
monolithic silica aerogel and investigate the thermal bridging of edge and intermediate spacers and
window frame in order to assess how they collectively affect the centre of glass and edge of glass
regions. The research aims to determine the spacer geometry, materials, and window frame that

guarantee the best performing window system.



Acknowledgments

This research paper would not have been completed without the assistance and expertise of my
supervisor Professor Umberto Berardi. | would like to express my sincere gratitude for his contribution

and the direction given during the process and successful completion of this research paper.

| would also like to thank Professor Ramakrishnan Ramani for his input on the methodology of this
research paper and the audio visual team in the Architectural Science department for their technical

support.

Finally, | would like to thank my family, friends, and colleagues for their continuous support and

motivation throughout the MRP process.



Dedication

| would like to dedicate this research paper to my mother Nilufa Dhalla. Along with having faith and
standing by my decisions, she has taught me to be patient and to quietly work hard, allowing the results
to speak for themselves.



Table of Contents

N [ ) o oo [¥ ot d T o PP U PP PP PP PRTPRTUPPRPOR 1
P - ¥ Tl <=4 Lo U Te [ 2 =YY= ol TP PP SPR 3
2.1 FAY = o == U SR 3
2.1.1 Synthesis of MONOIThIC ABIOGEI ... .uviiiicieee et e e e bre e e e eaees 4
2.1.2 Thermal Conductivity Of ABIOZEI ......eeieuiiiieeee e e e 5
2.1.3 Light and Solar Transmissibility of A€rogel........coocueeiiiiiiiiiii e 7
2.1.4 Influence of Aerogel Insulated Windows on Space Heating.........ccccevvcieeeeeeiieeececiiee e, 10
2.15 Structural Characteristics Of AGIOZEI ....ccccuveeieeieee e 12

2.2 WiINOOW FramM@. .ottt ettt he e st sttt et e bt e s bt e sbeesateeaseebeenbeesbeesanenas 12
221 Solid Wood and Thermally Broken Wooden Window Frame.......cccccveevviiieeeeiiveeeeicineeenn, 13
2.2.2 Thermally Broken WiNndOW FIrame .......ccuueiiiiiiieiiciie et estee e eee e see e e vee e e 14

2.3 o F= L INY=T 1 [T Y-SR 19
2.3.1 o Fo YT | I 0o g Yo ToT Y=Y o1 (SRR 19
2.3.2 Thermal performance of EAges SEaAlS .......coocuiiiiiiiiiiccee e 21
2.3.3 Window Spacer and Edge Seal Considerations for Aerogel Windows..........cceceevvveeniiennne 24

3 Scope of Research and MethOdOIOZY ........coooccuiiiiiiciiiie ettt e et e et e e e e reeeeeeanes 28
3.1 Development of 3D Model in SolidWorks and COMSOL Multiphysics........ccoceeeiiieeeiccieeeeenneen. 29

4 RESUIES ittt st sttt e bt e b e sae e e bt e bt e bt e reesreesaeeeane s 38
4.1 Effective CONAUCTIVILY «.vveiiiieee et et e e s rtae e e s sbae e e s eabe e e e enbeeas 38
4.2 U-Value of WINAOW SYSTEMS....cccoiiiiieiiie ettt ettt eetee e e e e tee e e e ete e e e e e abee e e e eabeeaeenaneeas 41
4.3 Centre of Glass, Edge of Glass, and Window Frame Segments ..........cccccueeeeeciieeeecieeececiieee e 49
4.4 Thermographic Heat Transfer DIagram ..........ceecciiieeiiiiee et e e e 51

5  Discussion and CONCIUSION .....eeiuiiiiiiiiiiieeet ettt sttt e ne e b e e sreesmee e 60
Appendix 1 — Thermographic Heat Transfer Diagrams.........oocccueeieeciiiiee e ccteee e eevre e e ectee e e e are e e e e naaeaeas 63

Vi



Appendix 2

References

— Photographs Of PrOtOTYPE ......uviieiiiiiiecciee ettt et et e e abe e e e s are e e e e abae e e eareeas

Vii



List of Tables

Table 1 — Conductivity of various insulating materials (Taoning, 2014) ........cceceecieeeiiiieeeeciieee e 7
Table 2 — Effects of antireflective coatings and low iron glass on solar energy transmittance.................. 10
Table 3 — Energy consumption of a single family in a Danish climate (Schultz, 2008) ........ccccccceeevveeeennenn. 11
Table 4 - Material properties of WiNdOW COMPONENTS .......uuieiiiiiieiiiiiiieee e e e e e e aarareee s 30
Table 5 - Simulation model Identification Part @ ... 34
Table 6 - Simulation model Identification Part b........cc.eeeoeiiiii 35
Table 7 - Heat flux (W/m?) for window systems computed by COMSOL .........cvvreeurereereeeseerseeeeseseenens 43

Table 8 — Comparing performance of aerogel insulated window with air filled double glazed window ...46

Table 9 — U-value (W/m?k) comparison of results between 1D and 3D @nalysis ......coeeveveeereeeeeeeeeenrenen. 47
Table 10 - Heat flux (W/m?) and U-value (W/m?k) for frameless glazing computed by COMSOL ............. 48
Table 11 - Summary of results (U-value, and glazing segment proportions..........cccceecveeeeecieeeeecveeeeeennnen. 61

viii



List of Figures

=V I A € - T o [0 =T =TT o T= L= [P 3
= VTN A ¥ T Y aTo] [ d oY [olF- 1] o == TSP 3
Figure 3 — Comparing conduction through aerogel with a solid insulating material .........cccceevvvcveeiiicnennn. 6
Figure 4 — Light transmissibility of monolithic silica aerogel (Berardi, 2015) ........cccevveercieeencieesieeeiiee e 7
Figure 5 — Characteristics of various glazing systems (Buratti, 2011).......ccccceeviiriiirerieecciee e see e 8
Figure 6 — Prototype of aerogel glazed unit (Schultz, 2008)..........cccoueeiiieeciieriie e 11
Figure 7 — Traditional French style casement window (Berardi, 2015) ......cccceecveeriieeiieeciee e 12
Figure 8 — Segments of glazing unit (Van Den Bergh, 2012).......cceveeiiiee ettt e 13
Figure 9 — Solid Wood WINAOW framE .......ccuuiiiiiiiiee ettt et e e et e e e e are e e s e abe e e e enteee e eenrenas 14
Figure 10 — Thermally broken wooden Window frame............ococuiiiieiiiii e e 14
Figure 11— Section of generic air cavity (Asdrubali, 2013)......cccociiiieiiiiee e e e 15
Figure 12 — Section of thermally broken aluminum window frame (Asdrubali, 2013) .......ccccceeeevieeeennnenn. 17
Figure 13 - Thermal resistance for a series of cavities with high emissive surface treatment................... 18
Figure 14 - Thermal resistance for a series of cavities with low emissive surface treatment.................... 18
Figure 15 — Typical methodology for edge seal of insulated glazing unit (Van Den Bergh, 2012) ............. 19
Figure 16 — Cross section of edge seal detail (Van Den Bergh, 2012)......ccccceevvieeiiiieeiiieecciee e 20
Figure 17 — Edge seal and spacer configuration system (Van Den Bergh, 2012)........cccocevvieviivrvirneenieenne, 21
Figure 18 — Effects of edge seal system on glass surface temperature (Van Den Bergh, 2012) ................ 22
Figure 19 — Total U-value of spacer system as a function of A (Van Den Bergh, 2012) ..........cccveeeuveennee. 23
Figure 20 — Window frame R-value of various spacer system combinations..........ccccccvveviviieeicciieneceneen. 24
Figure 21 - Total glazing U-value as a function of window size with foil rim seal solution ........................ 25
Figure 22 - Proposed rim seal detail of aerogel glazed Unit (Schultz, 2005) ......cccceeeeiiiieieciiee e, 26
Figure 23 - Improved rim seal detail of aerogel glazed unit with polystyrene edge (Schultz, 2005) ......... 26
Figure 24 — Schematic of window showing elements analyzed ........cccceeeeciieicciiiie e 29
Figure 25 — Edge and intermediate spacer details (modelled using SolidWorks) .........ccccceeveeeeecirereennnnen. 31
Figure 26 — Window frame details (modelled using SOlidWOIKS).......ccceeeeeciiiiieiiiie et 32
Figure 27 — Boundary conditions for heat transfer analysis in COMSOL.........ccccccovveeeiiieececiiee e 37
Figure 28 — Effective conductivity of Window frames (Agfr)...cveeeereeeiiieiieeciie e 39
Figure 29 — Effective condUCtiVity Of SPACEIS (Agff)reeerrreerirereiireririeiiieeiteeeiteeesreesireeestreesreeeeseeessseessreeennnes 40
Figure 30 — Performance of Window Systems (3D ANAIYSIS) ...cccueeeiiieiieeeiiieciee ettt et 41

iX



Figure 31 — Performance of Window Systems (3D ANaAlYSiS) ....ccccuereeiiiiieeiiieee ettt et e e 44

Figure 32 — lllustration of frameless glaziNg .......ccueiieiiiiiecie e e e e e 48
Figure 33 — Centre of glass, edge of glass, and window frame segment percentages........cccceeeevveeeennnenn. 50
Figure 34 — Thermographic heat transfer diagram (Solid Wood Window) .........ccccceeeiiiiiiiiieeececciiee e, 52
Figure 35 — Thermographic heat transfer diagram (Thermally Broken Wooden Window)........................ 54
Figure 36 — Thermographic heat transfer diagram (Thermally Broken Aluminum Window)..................... 56
Figure 37 — Thermographic heat transfer diagram (Vinyl Window) ........ccccoeveviieriiinecieecee e 58



1 Introduction

Windows are irreplaceable features in buildings because they introduce daylight, fresh air, and provide
an outdoor view for building occupants. However, from a thermal point of view, windows are often a
weak point having a larger U-value compared to other building envelope components. Many previous
studies have investigated the energy performance of windows. Currently the most popular commercial
windows are double glazed, balancing both performance and cost. Windows insulated with monolithic
silica aerogel are a type of high performance window which may enhance the thermal performance of
building enclosures. Monolithic silica aerogel has favourable thermal properties and physical
characteristics with enhanced visible transmissibility compared to the granular form. The highly porous
lightweight material has a thermal conductivity less than still air. However, the fragile nature of the
material limits the maximum crack free size to 580mm x 580mm (Shultz, 2005), suggesting that they are

better suited for French style windows.

Optimizing the thermal performance of individual window components can improve the thermal
performance of windows insulated with monolithic silica aerogel. Studies indicate that insulated spacers
meet structural requirements, while have better thermal performance, compared to conventional metal
spacers. Low conductive materials with thin profiles can minimize thermal bridging around the
perimeter of the window. Studies have shown that edge spacers with effective conductivities less than
2W/mK can reduce the edge of glass region, inherently increasing the performance of a glazing unit

(Asdrubali, 2013).

This research paper focuses on investigating thermal bridging of edge and intermediate spacers and
window frame forming French style windows insulated with monolithic silica aerogel. The 0.5mm thick
edge and intermediate spacer profiles studied include ‘U’, ‘H’, ‘X’, and ‘T’ and the materials assessed
include aluminum, stainless steel, and PVC. Solid wood and thermally broken wood, aluminum, and vinyl
window frames along with the spacers were analyzed together to determine which window system
guarantee the best performing window with monolithic silica aerogel. Solid Works was used to produce
3D models of each window system and a finite element heat transfer analysis was undertaken using
COMSOL Multiphysics, to determine the overall heat flux, effective conductivities, and thermographic

heat transfer diagrams of each window system, simulated with winter conditions. Finally, results from



the 3D analysis were compared against a fundamental 1D analysis to show variations and to

demonstrate the advantage of a 3D heat transfer analysis.



2 Background Research

2.1 Aerogel

Aerogel is a material that has existed for over 80 years. It is a highly porous dried gel material which was
first developed by Dr. Samuel Kistler in the 1930s. Aerogel is lightweight and is derived from gel where
the liquid component of the gel is replaced with a gas. When the liquid is removed, the result is a highly

porous, low density, and puffy looking solid material.

There are two types of aerogels which could be used for high performance windows: granular and
monolithic. Granular aerogel as shown on Fig. 1, consists of small translucent grains of gel material
compacted together and would typically be placed between panes of glass. Monolithic aerogel as shown
on Fig. 2 is a solid transparent tile of gel material which could also be placed between panes of glass. As
aerogel is a low density material with over 90% porosity, it becomes difficult to handle larger sized tiles
due to its fragility. There are size limitations for monolithic aerogel tiles when compared to granular
aerogels, which are more favourable for larger glazing units. However, monolithic aerogel have better
thermal properties and better solar energy transmittance compared to the granular from, making it a
material of interest especially for glazing units in heating dominated regions of the world. Granular

aerogels are used today in windows, whereas monolithic aerogels are not as established.

Figure 1 - Granular aerogel Figure 2 - Monolithic aerogel

(Source: http://www.aerogel.org) (Source: http://www.aerogel.org )
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2.1.1 Synthesis of Monolithic Aerogel

The synthesis of silica aerogel involves three steps:

1. Gel Preparation
2. Aging
3. Drying

Gel preparation or sol gel process is a process in which solid nanoparticles dispersed in a liquid solution
agglomerate together to form a continuous three dimensional network throughout the liquid eventually
reaching what is known as the gel point (Baetens, 2010). Important characteristics of the sol gel process
such as growth rate, degree of cross-linking, and colloid size are controlled by factors such as polarity of
the solvent, ionic strength of the reaction medium, and temperature. The mechanical rigidity of the gel

is enhanced by the degree of cross linking of the nanoparticles (Shukla, 2014).

The purpose of the aging process is to provide sufficient time for strengthening the silica network. This is
achieved by controlling the pH level, concentration of particles, and water content of the covering
solution. After the aging process, all of the water must be removed before the supercritical drying
process. This is accomplished by washing the gel with ethanol and heptanes. Remaining moisture would

yield an opaque and very dense looking aerogel material.

Drying of the gel is the final and most critical step in the production process of aerogel. There are two
methods of drying: ambient pressure drying and supercritical drying. Ambient pressure drying causes
shrinkage and possible fracture because of small pores and resulting capillary tension. In order to
produce an effective aerogel material, the preferred drying process is supercritical drying where liquid
within the pores is removed while above its critical temperature and pressure, avoiding capillary
tension. Liquid within the pores must be replaced with air. If a liquid is held under a pressure greater
than its vapour pressure and the temperature is raised, the liquid will transform into a gas without two

phases being present at a given time (Baetens, 2010).

Low temperature supercritical drying with carbon dioxide is the method used to produce aerogel

materials for building applications. Aged gel is placed in an autoclave that is filled with non-flammable



liquid carbon dioxide at a temperature between 4°C to 10°C, at a pressure of 100bar (Baetens, 2010).
The vessel is slowly heated above the solvent critical temperature and pressure (i.e. T, = 304.2%, P, =
72.786atm) (Baetens, 2010). When all the solvents are replaced, the autoclave is heated to 313°K while
maintaining a pressure of 100bar. The fluid is then slowly depressurized. Finally, the autoclave is cooled
to room temperature at ambient pressure. If the drying process is carried out correctly, the result is a
highly porous transparent monolithic aerogel material with a density ranging from 70kg/m3 to 270kg/m3

(Fricke, 1987).

2.1.2 Thermal Conductivity of Aerogel

High performance windows with U-values below 1W/m’k can be constructed in several ways. The most
common approach is a triple glazed system using low emissivity coatings and noble gas filling of gaps
between the transparent glass layers. The benefit of increasing the number of glass panes in a window is
a higher thermal resistance with an inherent reduced U-value. However, the drawback for increasing the
number of glass panes is a low transmission of solar energy and reduced daylight transmission, both of
which would have a negative impact on the total energy balance of the window, especially in heating
dominated climates (Duer, 1998). Finally, increasing the quantity of glass would require a wider window
frame, increase the overall weight of the window assembly, and drive up production costs.

A monolithic aerogel pane placed in the air layer between glass panes could reduce the convection heat
loss between the panes of glass without compromising daylight and solar transmittance (Buratti, 2011)
Monolithic aerogel is a highly porous material with pore sizes ranging from approximately 10nm to
100nm (Schultz, 2005). The porosity is generally above 90% making it a highly insulating material with a
thermal conductivity lower than still air (<0.025W/mK). Aerogel has a thermal conductivity between

0.015W/mK to 0.02W/mK under atmospheric pressure (Duer, 1998).

Monolithic aerogel is made up of small three dimensional intertwined clusters which comprise of
approximately 3% of the volume (Aspen, 2014). As aerogel has a high porosity, the contact surface area
between the clusters is much smaller compared to the surface area of a typical homogenous solid
insulating material. Conduction through the aerogel material is much lower compared to the solid
insulation material. The inner skeleton structure has many dead ends, resulting in ineffective heat
transfer paths (Berardi, 2015). Figure 3 demonstrates how aerogel achieves a lower heat loss by

conduction when compared to a typical solid insulating material.
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Figure 3 — Comparing conduction through aerogel with a solid insulating material

The remaining 97% of volume in monolithic aerogel is comprised of air within nanopores. The air within
the nanopores has very little room to move, inhibiting both convection and gas phased conduction.
Thus, the heat transfers through the material mainly by conduction and radiation within the solid
skeleton structure. The skeleton structure, made up of 90% air voids, limits conduction. At a partial
vacuum with a pressure less than 5000Pa, the thermal conductivity could be further reduced to below
0.01W/mK (Duer, 1998). The thermal resistance of a 20mm evacuated aerogel tile would provide the
same thermal resistance of 100mm conventional mineral wool insulation (Duer, 1998). Table 1

compares the conductivity of various insulating materials.
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Table 1 — Conductivity of various insulating materials (Taoning, 2014)

2.1.3 Light and Solar Transmissibility of Aerogel

Figure 4 shows the average light transmittance of three samples. The dashed line describes the
relationship of a monolithic aerogel panel, the solid grey line describes the relationship of an air filled
glazing unit, and the solid black line describes the relationship of a monolithic aerogel panel sandwiched

between two glass panes.
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Figure 4 — Light transmissibility of monolithic silica aerogel (Berardi, 2015)
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Comparing results with the glass unit, monolithic aerogel transmits less light at shorter wavelengths,
within the visible spectrum, which is between 390nm and 700nm. However, the opposite holds true at
longer wavelengths (850nm < A < 1350nm and 1400nm < A < 1850nm) where the transmissibility
increases before dropping again. The transmissibility plot of the monolithic aerogel panel sandwiched
between panes of glass follows the profile of the monolithic aerogel panel but the light transmissibility is
generally less than the glass unit. This is because properties of the glass allow it to reflect and absorb
light, while at certain longer wavelengths; the aerogel also tends to absorb light, affecting the overall

light transmissibility of the monolithic aerogel glass unit.

Figure 5 compares the performance of various glazing systems characterized by the same 4mm pane of
float glass on the interior and exterior with various intermediate layers. The figure compares the visible
transmissibility (TV), solar transmissibility (g), and U-value (U) for various glazing systems. As noted on
Fig. 5, a conventional window is defined as a double glazed window with 4mm panes of float glass,

12mm intermediate air gap, and a 4mm low e coating (Burrati, 2011).
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Figure 5 — Characteristics of various glazing systems (Buratti, 2011)

The results on Fig. 5 indicate that developed aerogel glazing units have a total solar energy
transmittance higher than a conventional window and at the same time have approximately the same

8



heat loss coefficient of a triple glazed gas filled glazing unit. The above results also indicate that the
visible transmittance of an aerogel glazing system is approximately 27% less compared to the
conventional window. This is because of the scattering and diffusive properties of aerogel materials. In
theory, the small pore sizes make it possible to produce a perfectly transparent silica aerogel. However,
during the production process, local disorders in the material result in scattering of transmitted light
mainly in the blue part of the visible spectrum. The scattering of light gives a hazy look when observed
through aerogel but also changes colours in such a way that aerogel appears slightly bluish in a dark
background and a slightly yellowish in lighter background (Duer, 1998). The scattering of light is most

visible when the aerogel is exposed to direct sunlight.

Monolithic silica aerogel has a higher solar transmittance compared to the granular form. A 10mm thick
monolithic aerogel window can have a solar transmittance of up to 0.9, whereas a granular silica aerogel
window can have a maximum solar transmittance of approximately 0.5 (Berardi, 2015). Monolithic
aerogel is the only known material that has a good combination of high solar and light transmittance
and low thermal conductivity. These characteristics make it possible to achieve a net energy gain during
heating season for north facing windows in Europe or south facing windows in Canada. The utilization of
the passive solar energy passing through a window is an important factor in reducing the annual energy
consumption for space heating. This was the background for the HILIT research and development
projects (Shultz, 2005). The objective for this project was to improve the aerogel elaboration process
with respect to thermal and optical properties, improve the manufacturing process, and finally to
develop a glazing unit with a U-value lower than 0.6W/mK with a total solar energy transmittance

exceeding 75%.

Again, the advantage of aerogel glazing compared to other highly insulated glazing units is the high solar
energy transmittance value (g-value), which in cold climates has a large influence on the annual energy
consumption. The basic 15mm thick monolithic silica aerogel developed as part of the HILIT project had
a solar transmittance of 70%. It was found that after a subsequent heat treatment process at a
temperature of 425°C, the solar energy transmittance increased to 76% (Schultz, 2005). However, when
placing aerogel between two planes, the solar transmittance is reduced due to absorptive and reflective
properties of the adjacent glass panes. A common 4mm pane of float glass absorbs about 10% of the
solar radiation while the iron content tends to change the colour of the transmitted daylight. It was
concluded that float glass with low iron content could reduce the solar absorption to less than 1%,

9



independent of the glass thickness (Schultz, 2005). The reflection losses of glass panes amount to about
8%. SUNARC A/S, a Danish company, has developed a surface treatment which reduces reflection losses
to approximately 3% (Schultz, 2005). In summary, the calculated solar energy transmittance of a
monolithic aerogel glazing unit sandwiched between low iron content float glass, treated with SUNARC’s
surface treatment was estimated to be 82% (Schultz, 2005). Table 2 compares the total solar energy
transmittance for aerogel glazing and commercial low energy glazing with antireflective treated low iron
glass. All glazing units have a heat loss coefficient of approximately 0.6W/m?’kKand all the glass panes

have a thickness of 4mm while the aerogel pane has a thickness of 15mm.

Solar Energy Transmittance

Glazing type Common float glass (%) Anti reflective treated low iron glass (%)
Triple glazed unit 45 59
Aerogel glazed unit 67 82

Table 2 - Effects of antireflective coatings and low iron glass on solar energy transmittance

(Schultz, 2005)

The above figure demonstrates the benefits of using antireflective coated low iron glass for both aerogel
and low energy glazing units. There is an improvement of approximately 15% for both types of glazing. It
is interesting to notice that a low energy glazing unit, with low iron glass, treated with antireflective
coatings, yields a solar energy transmittance lower than an aerogel unit, which is not optimized with low
iron glass and antireflective coatings. An optimized triple glazed unit has solar energy transmittance of
59% while the solar energy transmittance of an aerogel unit without being optimized has a solar energy

transmittance of 67%.

2.1.4 Influence of Aerogel Insulated Windows on Space Heating

An analysis was performed on a single family home in a Danish climate. The analysis assumed an aerogel
glazing system with a U-value of 0.5 W/m?K and a total solar energy transmittance of 0.75. The thickness
of monolithic aerogel used was 20mm.The energy consumption was compared with a triple glazed argon
filled glazed unit with a U-value of 0.6 W/m?’K and solar transmittance of 0.46. Table 3 compares the
calculated annual energy demand for space heating for two houses insulated according to the Danish
building code and to the passive house standards installed with either triple glazed argon filled glazing or

with an evacuated aerogel glazed unit.
10




Building insulation level

Space heating demand (kWh/year)

Triple glazing Aerogel glazing
Building code 6220 5040
Passive house 2070 1380

Table 3 — Energy consumption of a single family in a Danish climate (Schultz, 2008)

Table 2 indicate that the energy demand is reduced by 19% for a house with evacuated aerogel glazing

built to the Danish building code (Schultz, 2008). The energy demand for a house built to passive house

standards is reduced by approximately 34% (Schultz, 2008). Figure 6 is a prototype of an evacuated

aerogel glazed unit.

Figure 6 — Prototype of aerogel glazed unit (Schultz, 2008)

Although aerogel glazed units are promising during heating season, measures should be taken to

prevent overheating during warmer summer months. This will reduce the cooling load, inherently

reducing the energy demand.

11




2.1.5 Structural Characteristics of Aerogel

Aerogel is very vulnerable to tensile stress and also to moisture. The material must be effectively
protected from the environment if used for ordinary building applications, especially as an insulating
material for windows. Aerogel is however very strong in compression. It is a material suitable for
sandwich construction and can be inserted between panes of glass (Duer, 1998). Due to the fragility of
monolithic aerogel, there are size limitations for handling and production purposes. The largest crack
free monolithic aerogel slab developed for HILIT project measured 580mm x 580mm with a thickness of
15mm. Further reinforcement and a larger autoclave for supercritical drying would be required to
develop larger sized aerogel tiles. Monolithic aerogel could be better suited for retrofitting traditional
French casement type windows as shown on Fig. 7. Smaller and structurally stable tiles could be

produced and installed at each section.

Figure 7 — Traditional French style casement window (Berardi, 2015)

2.2 Window Frame

The thermal performance of a window is important for energy efficient buildings. Although today’s
state of the art windows have considerably lower U-values compared to windows of the past, the heat
loss per area through windows is much greater compared to the opaque walls and roof of a building.
Windows typically account for about 30-50% of the transmission losses through the building envelope,

regardless of the window wall ratio (Gustavsen, 2011). Walls and roof of a building can easily achieve U-
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values ranging from 0.1W/m’k to 0.2W/m’k. U-value for windows typically vary between 0.8W/m’k to
2.4W/m’K, whereas commercial double glazed windows with low e coating and argon filling have a
thermal transmittance of 1.1W/m?k (Van Den Bossche, 2015). However, the best windows have a U-
value ranging from 0.6W/m’k to 0.8W/m’k (Gustavsen, 2011). Translucent aerogel insulated windows
have a U-value ranging from 0.3W/m’k to 0.5W/m?k. Figure 8 shows how a glazing unit can be broken

down into the following segments: window frame, edge of glass region, and centre of glass region.

edge-of-glass region

window frame

glass surface

sight line

Figure 8 — Segments of glazing unit (Van Den Bergh, 2012)

The edge of glass region is described as the perimeter of glass between the edge of the frame and the
point where the glass surface temperature is the same as the temperature at the centre of glass. The
edge of glass band can range from 63mm to 102mm (Van Den Bergh, 2012). Low temperature in this
region increases the potential for condensation, leading to mold growth, deterioration of window
frames, window seals, and wall sections in cold climates. A key energy strategy for window frames is to
use low conductivity materials and components, which would minimize the edge of glass band and the
thermal transmittance through a window, decreasing heat loss from the warm interior space to the
colder exterior during winter months, and vice versa during summer months. Therefore the design of

each single component of a window becomes an important task.

2.2.1 Solid Wood and Thermally Broken Wooden Window Frame

Aluminum window frames are typically chosen based on their cost effectiveness, durability, and their

minimal maintenance requirements. Wooden window frames however; have the potential to have a
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much lower thermal transmittance. Softwoods such as Cedar, Fir, Pine, and Spruce are better insulators
compared to hardwoods such as Ash, Birch, Maple, and Oak. However, softwoods are less durable and
more susceptible to premature deterioration but if shielded accordingly from the environment,
softwoods are still preferred (Van Den Bergh, 2015). Thermal performance of solid wood frames can be
improved by inserting a thermal break of polyurethane foam, in the middle section of the frame. Figures
9 and 10 show the cross sections of a typical solid wood and thermally broken wooden window frames

respectively.

Colour Legend

Light Blue — Glazing

Black — Rubber gaskets

Grey — Gas filled cavity

Green — Air cavity

Dark Blue — Metal closure plate
Brown — Wood components
Pink — Polyurtehane foam
thermal break

Figure 9 — Solid wood window Figure 10 — Thermally broken wooden
frame window frame

(Gustavsen, 2011) (Gustavsen, 2011)

2.2.2 Thermally Broken Window Frame

The purpose of a thermally broken window frame is to reduce heat loss by direct conduction. Particular
attention is given to metal frames which have a high thermal conductivity. The performance of a metal
frame can be improved by using thermal breaks and by introducing unvented air cavities (Asdrubali,
2013). The mode of heat transfer within the air cavities is a result of natural convection and radiation.
Several factors affect the thermal transmission through thermally broken frames, which include
geometry of the cavity, its position, and emissivity of solid surfaces. Thermophysical properties of the

gas including its thermal conductivity, specific heat capacity, thermal expansion coefficient, and dynamic

14



viscosity also affect the thermal transmission. The air cavity is typically treated as a solid component
with an associated equivalent conductivity. Figure 11 is a generic section of an air cavity, where (b) is
the width of the cavity, (d) is the depth of the cavity, (q) is the heat flux, and (€,) and (g,) is the emissivity

of surface 1 and 2 respectively.

Ay
/ /

/< b —»

Figure 11— Section of generic air cavity (Asdrubali, 2013)

The equivalent conductivity is therefore expressed with the following relationship, where R; is the

thermal resistance of the cavity in m°K/W.
Aeq = d/R; (1]
R; =1/ (h, +h,) (2]
The heat transfer occurring by conduction and convection inside the cavity can be described by the
following relationship, where C1 and C2 are constants for evaluating convection coefficients, and have

values of 0.025W/mK and 0.73W/m?*k*” respectively (Asdrubali, 2013).

h, = max {C,/d; C,AT*?} 3]
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The maximum is chosen between a value which depends on the cavity depth (d) or resistance by
conduction, and another value which is proportional to the temperature difference between the inner
and outer surfaces or resistance by convection (Asdrubali, 2013).

The heat transmission by radiation inside the cavity can be described by the following relationship

h, = 40T, ’EF (4]
Where,

o is the Stefan Boltzmann constant and it is equal to 5.67 x 10 W/m?k*;

T., is the average temperature in the cavity;

F is the view factor for a rectangular section and,

E is the emittance between surface 1 and 2.
Thermal transmission by radiation is influenced by the emissivity of the cavity’s inner surfaces. One low
emissive surface is enough to substantially reduce the heat transfer inside the cavity. Most cavities have
high emissive surfaces because of painted components. It is essential to determine the emissivity of
each metal surface treatment to assess the heat transfer through a window frame profile.
Window frames are typically designed with numerous air cavities confined by aluminum components or

by gaskets, forming thermal breaks. Figure 12 shows a section of a thermally broken aluminum window

frame with unvented air cavities.
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Figure 12 — Section of thermally broken aluminum window frame (Asdrubali, 2013)

Gaskets are used to minimize conduction heat transfer through metal components and to divide
cavities, reducing depth and, consequently reducing the equivalent conductivity of the window frame. In
order to simulate a typical profile for a window frame, a cavity of a total depth could be subdivided into
a variable number of cavities. The temperature on the extreme surfaces of the profile would be constant
while the temperatures of the faces of the single gaps are changed proportionally to the total number of
cavities. The optimal depth is equal to 20mm, assuring high thermal performance with reasonable sized

air gaps (Asdrubali, 2013).

Figures 13 and 14 show the convection and radiation heat transmission coefficients and the total
resistance as a function of the number of cavities for cavities with high emissive and low emissive
surfaces respectively. In summary when evaluating the combined influence of convection and radiation
heat transmission, the total resistance varies significantly with surface treatment. The thermal
resistance of high emissive cavities is dependent on the radiation coefficient. Low emissive cavities
increase the total resistance of the network of cavities, and variation of total resistance depends on the
convection coefficient, where cavity depth and temperature difference between surfaces become

critical variables.
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Figure 13 - Thermal resistance for a series of cavities with high emissive surface treatment

(Asdrubali, 2013)
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Figure 14 - Thermal resistance for a series of cavities with low emissive surface treatment

(Asdrubali, 2013)
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2.3 Edge Sealing

Insulated glazing units consist of multiple glass panes that are structurally held together along the
perimeter by various types of edge seal systems. A key function of edge seals is to maintain and keep
the glass panes separated at equal distance, while providing moisture and air tightness. Figure 15 shows

the typical geometry of and edge seal for an insulated glazing unit.

glass pane
interpane space filled with air/gas
glass pane

[VOSPEGEP. W, L

Figure 15 — Typical methodology for edge seal of insulated glazing unit (Van Den Bergh, 2012)

The width (W) of an edge seal typically ranges from 8mm to 12mm, while the thickness (t) typically
depends on factors such as number of glass panes, type of gas fill, and acoustical requirements. Most

commercial windows have thicknesses ranging from 6mm to 24mm.

2.3.1 Edge Seal Components

The edge seal consist of a spacer bar, desiccant, and a sealant. Figure 16 shows the cross section of a

single sealed (left) and double sealed (right) insulated glazing unit.
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Figure 16 — Cross section of edge seal detail (Van Den Bergh, 2012)

Spacer bars provide spacing of glass panes at a fixed distance. The width (W;) of commercial spacer bars
is typically between 4mm to 8mm. Spacer bars must be mechanically stable and provide tightly sealed
corner connections, which are achieved by metal or plastic corner keys or more commonly by bent

spacer corners.

Sealants structurally bond glass panes and spacer bars together, while providing air and moisture
tightness. Sealants also have a certain flexion characteristic to accommodate deflection from the glass.
Majority of the insulating glazing units are dual sealed. Synthetic rubbers such as polyisobutylene are
used as a primary sealer and are applied between the spacer and the glass panes. They are typically
0.2mm to 0.6mm thick and their function is to reduce moisture and gas permeability into the edge of
glass region of the glazing unit. The strength of thermoplastics such as polyisobutylene decreases as
temperature increase. Also, the seal’s adhesion to the glass and spacer is not resistant to continuous
water exposure. A secondary sealer is required to guarantee the structural integrity of a glazing unit.
The 4mm adhesive secondary sealer unites the glass panes and spacer bar, preventing movement under
fluctuating environmental conditions and mechanical stresses. The best secondary sealant available
today has a conductivity of about 0.24W/mK (Van Den Bergh, 2012). However, good adhesion and
durability are more important requirements for a secondary sealant, which may limit thermal

improvements that are realistically possible.

Desiccants are used to prevent fogging between panes of glass because of condensation from moisture
and organic vapours. Moisture can get trapped inside the interpane area during the manufacturing
process. Chemical fogging ours when organics react with glass surfaces within the interpane area,
leaving a permanent opaque deposit on the inside of the glass surface. Desiccants can prolong a

windows service life by adsorbing moisture and organic vapour until it is saturated. They can be
20



integrated in edges seals or used as a fill in hollow perforated spacer bars. Relative humidity and pores

sizes affect the adsorption capabilities of desiccant materials.

2.3.2 Thermal performance of Edges Seals

Spacer bars for glazing units were traditionally made of aluminum or galvanized steel. The thermal
conductivity of metal spacers increases thermal bridging at the edge of glass region. Edge seals have a
significant influence on the overall U-value of a glazing system. The use of insulated spacer bars and
thermally improved edge seals can considerably reduce heat loss through a glazing unit. Figure 17 shows

10 edge seal and spacer configuration systems.

A A A
v v v
) Fibreglass
//Fle)uble PVC spacer bar
Aluminum | —Aluminum spacer Steel
1 Desiccant | _—Steel Primary
| | —Thermal-break foam 1 sealant
| —Desiccant s Des s e Desiccant
-Sealant
| —Sealant <t {—Sealant | |Fae 2 o1 gg:lt;?‘?ary | —Sealant
Foam with desiccant
1G1 1G2 IG3 1G4 IG5
A., I\’ _Av
Rigid PVC | — Conventional F:de Folywrethane
A -1~ metal spacer aluminum Tape mastic Aluminum
Galvanized steel - ; shim with desiccant
, |12 rimary sealant Foam with Primary sealant
Desiccant ) desiccant e )
-Sealant 0 ¢ 'y Spscoart
| Secondary | 1~ Sealant » Eee;,lg?‘?ary
1| sealant L] | |
Sealant Butyl
1G6 IG7 1G8 1G9 1G10

Figure 17 — Edge seal and spacer configuration system (Van Den Bergh, 2012)

Numerical investigations show that a windows total U-value is reduced by 6% when traditional spacer
replaced with an insulating spacer in a standard double glazed wood framed window (Van Den Bergh,
2012). Triple glazed units or glazing systems with low emissivity coatings can reduce total U-value by
12% if insulated spacers are used over traditional aluminum spacers (Van Den Bergh, 2012). Figure 18
shows the effects of the various edge seal techniques shown on Fig. 17 above on the glass surface

temperature (warm side).
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Figure 18 — Effects of edge seal system on glass surface temperature (Van Den Bergh, 2012)

Insulated spacer bars lead to higher glass surface temperatures on the edge of glass region compared to
temperatures experienced when conventional metal spacers are used, inherently lowering the U-value

of a glazing unit.

Studies have shown that a frame and edge of glass U-value decrease with decreasing spacer
conductivity. Changing the effective spacer conductivity from 10W/mK to 0.25W/mK, decreases frame
U-value by 18% to 36%, depending on frames thermal properties (Van Den Bergh, 2012). The effective
spacer conductivity is found by converting the real spacer assembly into a simple homogenous solid. The
conductivity of the solid block is equal to the effective conductivity of the real spacer assembly. Spacers
containing aluminum or stainless steel have an effective conductivity between 2W/mK to 10W/mK and
0.3W/mK to 1W/mK respectively. Insulated spacers have an effective conductivity between 0.2W/mK to
0.3W/mK. Pure materials used as spacers such as aluminum, stainless steel, and insulating elements
have thermal conductivities of 160W/mK, 17W/mK, and approximately 0.2W/mK respectively
(Gustavsen, 2011). The effective conductivity of a spacer system cannot be directly compared to the

conductivity of a pure material.
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Studies have found a logarithmic relationship between the overall U-value of a spacer system and its
effective conductivity (Van Den Bergh, 2012). Figure 19 shows that the total spacer system U-value

curve flattens out for spacer systems with an effective conductivity greater than 2 W/mK.
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Figure 19 — Total U-value of spacer system as a function of A+ (Van Den Bergh, 2012)

Studies have been done to see how the 10 spacer systems shown on Fig. 17 affect the overall resistance
of window frames under laboratory conditions. The 10 spacers were placed between two clear 1.0m x
1.0m panes of glass, with air in the glazing cavity. Vinyl, thermally broken aluminum, solid redwood, and
foam filled fibreglass were the four window frame materials tested. Figure 20 compares the thermal

resistance of various window systems.
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Figure 20 — Window frame R-value of various spacer system combinations

(Van Den Bergh, 2012)

Although wood frames performed better, the results cannot be necessarily generalized. In this case,
relative performance is more important than the absolute resistance value because of differences in
design, detailing, and manufacturing processes of the window frames that were tested (Van Den Bergh,

2012).

2.3.3 Window Spacer and Edge Seal Considerations for Aerogel Windows

Using materials with low thermal conductivity, minimizing material thickness, and increasing the heat
flow path are effective ways to minimize thermal bridging (Schultz, 2005). An ideal rim seal should
provide sufficient gas and moisture tightness while structurally maintain the desired spacing between
the glass panes. In an aerogel glazing unit, the aerogel pane would have sufficient strength to serve as a
spacer between the panes of glass. The rim seal for an aerogel glazing unit does not necessarily need
structural strength, but more serve as a gas and vapour barrier. Glass is considered too fragile and the
only suitable options for rim sealing materials are metal and laminated plastic foils. Metal foils less than

0.1mm are not airtight due to pinholes. However, metal foils with a thickness greater than 0.1mm tend
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to be 100% tight against gas and moisture diffusion. Laminated plastic foils developed for vacuum
insulated panels also have a very low permeability and could be a sufficient material for a limited
lifetime. The Mylar 250 RSBL developed by DuPont is made up of several different plastic layers and a
13nm thick aluminum layer. With an overall thickness of 0.1mm, the Mylar plastic foil is sufficient to
maintain a 100% seal for at least 30 years if protected against water and UV radiation (Schultz, 2005).
Figure 21 shows the relationship between U-value as a function of window size with various foil rim seal
solutions. Line (a) is a plot for a window which has a 0.2mm stainless steel rim seal, line (b) is a plot for a
0.1mm stainless steel rim seal, line (c) is a plot for a 0.05mm stainless steel rim seal, and line (d) is a plot

for the Mylar 250 RSBL300 laminated plastic seal typically used in vacuum insulated panels.

Total glazing U-value as function of window size
and foil rim seal solution

T T T

1.0 1.5 2.0 2.5
Side length of square glazing [m]

T T T T

Figure 21 - Total glazing U-value as a function of window size with foil rim seal solution

(Schultz, 2005)

The results of the plot on Fig. 21 demonstrate that as the size of the aerogel glazed window increases,
the effects of thermal bridging at the rim seal is reduced. The plot also demonstrates that using
materials with lower conductivity and with a small thickness can also reduce the effects of thermal
bridging at the rim seal. Figure 22 describes the typical assembly process for applying and rim seal of an

aerogel glazed unit.
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Figure 22 - Proposed rim seal detail of aerogel glazed Unit (Schultz, 2005)

The assembly process above is referred as the self tightening principal for evacuated aerogel glazed
units. This is because during evacuation, the atmospheric pressure presses the glass panes against the
aerogel while the butyl sealant makes a firm airtight joint between the foil and the glass panes.
Furthermore, the permeability of both foil and butyl sealant is very low and leads to a theoretical
lifetime of 100 years for a completely perfect seal. However, temperature fluctuations lead to thermal
stresses to both the glazing and butyl sealant which combined with aging would reduce the glazing

lifetime. The lifespan is estimated to be between 20 to 25 years (Schultz, 2005).

The drawback to the above assembly technique is that the glazing unit will not be flat around the
perimeter. The bending of the glass pane would result in tensile stresses at the glass edges requiring the
use of tempered glass to avoid breakage. Furthermore, careful care must be taken while wrapping foil
around the edges of the aerogel as it is a fragile material to handle. Figure 23 shows an improved rim

seal detail.

Polystyrene

\

Figure 23 - Improved rim seal detail of aerogel glazed unit with polystyrene edge (Schultz, 2005)
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The HILIT project developed a detail where the foil is folded around a polystyrene spacer. The height of
the polystyrene spacer would be a few millimeters lower than the thickness of the aerogel,
accommodating space for the butyl seal. With this rim seal technique, a flat glazed unit is achieved while
handling the foil and application of the butyl sealant can be done without touching the aerogel edges.

However, the thicker edge seal would increase the thermal bridging effects and the likelihood of air

leakages around the glazing unit.
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3 Scope of Research and Methodology

Findings from the background research were the guidelines for investigating the thermal bridging in

window systems insulated with monolithic silica aerogel. The purpose of the research was to determine

the spacer geometry, materials, and window frame that guarantee the best performing window with

monolithic silica aerogel.

The research methodology was undertaken with the following steps:

1.

3D models of window systems including the edge and intermediate spacers and window frames
were modelled using SolidWorks. The foundation for designing the window systems was
developed from the background research, which focused on properties of monolithic silica
aerogel, window frames, and edge spacers;

The SolidWorks models were imported into COMSOL Multiphysics where a 3D finite element
heat transfer analysis was undertaken with defined boundary conditions;

The total heat flux of the window systems, effective conductivities of the spacers and window
frames, and thermographic heat transfer diagrams were produced using COMSOL;

A 1D heat transfer analysis was performed where the area weighted U-value was calculated for
each modelled window system;

Using the heat flux found from the 3D heat transfer simulation in COMSOL, a U-value was
determined and compared with the 1D analysis and,

Thermographic heat transfer diagrams were used to demonstrate the proportion of edge of

glass, centre of glass, and window frame regions of the modelled window systems.
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3.1 Development of 3D Model in SolidWorks and COMSOL Multiphysics

A number of applications were used to investigate the thermal bridging in window systems insulated
with monolithic silica aerogel. SolidWorks, a 3D CAD tool was used to produce 3D models of each

window system.

There are size limitations for monolithic silica aerogel because of their fragile properties. The maximum
crack free aerogel pane produced in the HILIT project measured 580mm x 580mm (Shultz, 2005). A
French style window was modelled in SolidWorks consisting of 4 quadrants. The size of the 6mm inner
and outer glass panes excluding the frame was 1040mm x 1040mm, while each aerogel quadrant was
499mm x 499mm. There is a perimeter edge spacer and intermediate edge spacers dividing the window
into quadrants. Figure 24 is a schematic of a window system showing the various elements that were

analyzed, and photographs of the prototypes constructed may be seen on Appendix 2.

‘U’ Edge Spacer

Glazing area

IH' g IX” & IT’

Window Frame Intermediate Spacer

Figure 24 — Schematic of window showing elements analyzed

The SolidWorks models were imported into COMSOL Multiphsyics, where a 3D finite element heat
transfer analysis was undertaken. The heat transfer module in COMSOL uses material conductivity (k),
density (p), and specific heat capacity (cp) for analyzing conduction through solid and fluid materials.
The material properties assigned to the various window components for simulating heat transfer

through the window systems are outlined on Table 4.
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Material k [W/mK] p [kg/m’] cp [J/keK]
Aluminum 160 2800 880
Stainless Steel 14.9 7900 477
XPS Foam Insulation 0.027 55 1210
Plastic (PVC) 0.19 1400 1050
Wood (hardwood) 0.16 720 1255
Wood (softwood) 0.12 510 1380
Float Glass 1 2500 750
Polysulfide 0.4 1700 1000
Aerogel 0.015 100 2100
Air 0.025 1.225 1000
Polyamide 0.25 1150 1600
Rubber 0.13 1100 2010

Table 4 - Material properties of window components

The material and geometry of edge and intermediate spacers was analyzed to determine which variable
reduces the edge of glass region, inherently improving the performance of the window system. The
spacer materials which were analyzed include aluminum, stainless steel, and polyvinyl chloride (PVC). A
‘U’ profile insulated spacer bonded with a polysulfide secondary seal was used as the edge spacer
forming the perimeter of the glazing unit. The intermediate spacer profiles were ‘H’, ‘X', and ‘T’. The
purpose of the intermediate spacer is to maintain distance between the glass panes, while also securing
adjacent aerogel panes. The logic behind selecting the geometry of the spacers was to lengthen the heat
transfer path between the panes of glass. The thickness of all spacers was kept constant at 0.5mm.

Figure 25 shows the spacers modelled using SolidWorks.
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Figure 25 — Edge and intermediate spacer details (modelled using SolidWorks)

Solid wood, thermally broken wood, thermally broken aluminum, and vinyl window frames were also

analyzed along with the spacers. Figure 26 shows the cross section of the 4 frames modelled in

SolidWorks.

31




26 [6mm GLASS,
14mm AEROGEL,
Bmm GLASS] 27

20

Solid Wooden Frame

Brown — Wood components
Light Blue — Glazing

Light Grey — Monolithic Silica
Aerogel pane

26 [Bmm GLASS,
14mm AEROGEL,
6mm GLASS] 35

20

90

83

Vinyl Frame

Orange — Vinyl components
Blue — Unvented air cavities
Green — Rubber components
Light Blue — Glazing

Light Grey — Monolithic Silica
Aerogel pane

26 Bmm GLASS, 26 Pmm GLASS,
14mm AEROGEL, 14mm AEROGEL,
Emm GLASS] 27 Emm GLASS] | . 83

20

Thermally Broken Wooden Frame

93

fo34 |, 48

102

Thermally Broken Aluminum Frame

Brown — Wood components
Pink — XPS foam thermal break
Blue — Unvented air cavities
Light Blue — Glazing

Light Grey — Monolithic Silica
Aerogel pane

Grey — Aluminum components

Red — Polyamide thermal break

Blue — Unvented air cavities

Green — Rubber components

Light Blue — Glazing

Light Grey — Monolithic Silica Aerogel
pane

Figure 26 — Window frame details (modelled using SolidWorks)
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The French style windows are symmetrical and heat transfer analysis was undertaken on one quadrant
to simplify the COMSOL solution. The result of the COMSOL heat transfer analysis was the total heat flux
(W/m?) and subsequently the U-Value (W/m’K) for each window system. The effective conductivity
(W/mK) of the edge and intermediate spacers and window frame was also determined using COMSOL. A
thermographic heat map of each window system was also produced to demonstrate the proportion of
the edge of glass, centre of glass and window frame regions. In total, 36 simulations were performed,

and they are coded and described on Tables 5 and 6.

33



Frame Model # Description
U Edge Spacer, H Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
UHWAG6146 W_AL Solid Wood Frame, Aluminum Spacer
U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
UXWAG6146 W_AL Solid Wood Frame, Aluminum Spacer
U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
UTWAG6146_W_AL Solid Wood Frame, Aluminum Spacer
g U Edge Spacer, H Intermediate Spacer, bmm Glass, 14mm Gap (Aerogel), 6mm Glass,
S UHWAG6146_W_SS Solid Wood Frame, Stainless Steel Spacer
3 U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
§ UXWA6146_W_SS Solid Wood Frame, Stainless Steel Spacer
) U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
3 UTWAG6146_W_SS Solid Wood Frame, Stainless Steel Spacer

UHWAG6146_W_PVC

U Edge Spacer, H Intermediate Spacer, bmm Glass, 14mm Gap (Aerogel), 6mm Glass,
Solid Wood Frame, PVC Spacer

UXWA6146 W _PVC

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Solid Wood Frame, PVC Spacer

UTWA6146_W_PVC

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Solid Wood Frame, PVC Spacer

Thermally Broken Wood Frame

UHWAG6146_TBW_AL

U Edge Spacer, H Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, Aluminum Spacer

UXWA6146_TBW_AL

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, Aluminum Spacer

UTWA6146_TBW_AL

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, Aluminum Spacer

UHWAG146_TBW._SS

U Edge Spacer, H Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, Stainless Steel Spacer

UXWA6146_TBW_SS

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, Stainless Steel Spacer

UTWA6146_TBW_SS

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, Stainless Steel Spacer

UHWAG6146_TBW_PVC

U Edge Spacer, H Intermediate Spacer, mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, PVC Spacer

UXWA6146_TBW_PVC

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, PVC Spacer

UTWAG6146_TBW_PVC

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Wooden Frame, PVC Spacer

Table 5 - Simulation model Identification part a
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Frame

Model #

Description

Thermally Broken Aluminum Frame

UHWAG6146_TBAL_AL

U Edge Spacer, H Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, Aluminum Spacer

UXWA6146_TBAL_AL

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, Aluminum Spacer

UTWA6146_TBAL AL

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, Aluminum Spacer

UHWAG6146_TBAL_SS

U Edge Spacer, H Intermediate Spacer, bmm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, Stainless Steel Spacer

UXWA6146_TBAL_SS

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, Stainless Steel Spacer

UTWAG6146_TBAL_SS

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, Stainless Steel Spacer

UHWAG6146_TBAL_PVC

U Edge Spacer, H Intermediate Spacer, bmm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, PVC Spacer

UXWA6146_TBAL_PVC

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, PVC Spacer

UTWAG6146_TBAL_PVC

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Thermally Broken Aluminum Frame, PVC Spacer

Vinyl Frame

UHWAG6146_Vinyl AL

U Edge Spacer, H Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, Aluminum Spacer

UXWAG6146_Vinyl_AL

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, Aluminum Spacer

UTWA6146_Vinyl AL

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, Aluminum Spacer

UHWAG146_Vinyl_SS

U Edge Spacer, H Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, Stainless Steel Spacer

UXWA6146_Vinyl_SS

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, Stainless Steel Spacer

UTWA6146_Vinyl_SS

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, Stainless Steel Spacer

UHWA6146_Vinyl_PVC

U Edge Spacer, H Intermediate Spacer, mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, PVC Spacer

UXWA6146_Vinyl_PVC

U Edge Spacer, X Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, PVC Spacer

UTWA6146_Vinyl_PVC

U Edge Spacer, T Intermediate Spacer, 6mm Glass, 14mm Gap (Aerogel), 6mm Glass,
Vinyl Frame, PVC Spacer

Table 6 - Simulation model Identification part b

The low thermal conductivity and high solar energy transmittance of monolithic silica aerogel are

beneficial qualities for passive solar heating of buildings in cold climates, potentially reducing annual

energy consumption. A winter scenario was simulated where the interior face of the window

experienced natural convection at a temperature of 293°K and the exterior face experienced natural

convection at a temperature of 253°K. The perimeter boundary faces of the window system were
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treated as adiabatic with no heat flux. The simulations do not take into account for natural convection
or radiation within the cavities of the thermally broken aluminum and vinyl window frames or air
cavities between the spacers and adjacent glass and aerogel panes. It was assumed that the depths of
the cavities are small enough that natural convection and radiation would be negligible. The simulation
only takes into account for conduction through solid objects. COMSOL has the ability to compute the
conduction through liquid / gas materials. All the unvented air cavities between the spacers and
aluminum and vinyl window frame were assigned this condition. The boundary conditions for the

simulations are shown on Fig. 27.
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(1)

1. The perimeter boundary faces (orange) of
the window were treated as adiabatic where
the heat flux (W/mz) was set to zero.

Inside Qutside

Conduction of
liquid/gas material

(3)

3. Air cavities within thermally broken
aluminum and vinyl window frames were set
to conduction through a liquid / gas material.
The properties of air are outlined on Table 1
above.

Internal Natural
Convection, T=293°K

External Natural
Convection, T=253°K

|
|
Inside Outside

()

The internal and external faces of the window
were assigned natural internal and external
convection at a temperature of 293°K and 253°K
respectively.

Inside Outside

Conduction of
liquid/gas material

(4)

Air cavities between spacer and adjacent glass
and aerogel panes were set to conduction
through a liquid / gas material. The properties of
air are outlined on Table 1 above.

Figure 27 — Boundary conditions for heat transfer analysis in COMSOL




4 Results

4.1 Effective Conductivity

It is difficult to conduct a 1D conduction heat transfer analysis of components with complex geometry.
The effective conductivity is useful as it converts the real conductivity of the spacers and thermally
broken window frames into a simple homogenous rectangular solid. The conductivity of the solid is
equal to the effective conductivity of the real assembly of the spacers and thermally broken window
frames and can be used to perform a 1D analysis. Figures 28 and 29 respectively provide the effective

conductivities of the window frames and spacers computed by COMSOL.
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“ o

Solid Wood Window Frame

Thermally Broken Wooden Window Frame

Aess = 0.101W/mK

Aets = 26.23W/mK

Thermally Broken Aluminum Window Frame

Aers = 0.062W/mK

Vinyl Window Frame

Figure 28 — Effective conductivity of window frames (A.¢)
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}\.eff (AL) = 1882W/mK
}\.eff (SS) = 179W/mK
Aess (PVC) = 0.046W/mK

‘U’ Edge Spacer

Aett (AL) = 16.76W/mK
Aett (SS) = 1.59W/mK
Aett (PVC) = 0.042W/mK

‘H’ Intermediate Spacer

Aers (AL) = 15.84W/mK
Aes (SS) = 1.51W/mK
Aert (PVC) = 0.041W/mK

‘X’ Intermediate Spacer

Aerr (AL) = 11.29W/mK
Aett (SS) = 1.079W/mK
Aetr (PVC) = 0.037W/mK

‘T’ Intermediate Spacer

Figure 29 — Effective conductivity of spacers (A.«)
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4.2 U-Value of Window Systems

A 1D analysis was initially performed to determine the overall performance of each window system. An
area weighted U-value calculation was performed, using the effective conductivities computed by

COMSOL. Figures 30 plots the U-values of the solid wood, thermally broken wooden, thermally broken

aluminum, and vinyl framed monolithic aerogel insulated window systems.

Performance of Window Systems (1D Analysis)
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Vinyl Frame

Figure 30 — Performance of Window Systems (3D Analysis)

The results shown on Fig. 30 indicate that the geometry of the spacer has less effect on the performance

compared to the material of construction. For all materials of construction, the ‘H’ and ‘X’ spacer

perform about the same while the ‘T’ spacer shows a moderately improved performance. The effective
conductivity of PVC spacers is much less compared to aluminum and stainless steel spacers. The best
performing window system analyzed in 1D, having a U-value of 1.13W/m’k was the thermally broken
wooden framed window with ‘T" intermediate and ‘U’ shaped edge spacers made of PVC. The thermally

broken wooden framed window systems perform better compared to the solid wood framed window
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systems. The thermal break reduces the thermal bridging at the window frame, reducing the U values by
approximately 2% to 5%. The U-values of the thermally broken aluminum window systems is much
higher compared to the U-values of the windows modelled with solid, thermally broken wooden, and
vinyl frames, potentially illustrating the limitation of relying on a 1D analysis. A better approach for
determining the U-value for the window systems involved taking advantage of the 3D finite element
heat transfer analysis by COMSOL and using the heat flux generated for each simulation. Using the heat
flux computed by COMSOL, and solving for the U-value, the equation governing heat transfer by

conduction was rearranged as shown below.

Qcond / A =Ux (TZ - Tl) [5]

Where,
Qcong / A is the heat flux in (W/m?)

Table 7 shows the heat flux values computed by the COMSOL'’s finite element heat transfer analysis.
Figure 31 plots the U-values of the solid wood, thermally broken wooden, thermally broken aluminum,
and vinyl framed window systems insulated with monolithic silica aerogel. The U-values were calculated

using the heat flux values generated by the COMSOL simulations.
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Solid Wood Frame Monolithic Aerogel Insulated Window System

Model # Heat Flux (W/m?)
UHWA6146_W_AL 74.97
UXWA6146_W_AL 76.21
UTWA6146_W_AL 71.91
UHWA6146_W_SS 65.54
UXWA6146_W_SS 66.04
UTWA6146_W_SS 62.03

UHWA6146_W_PVC 45,91
UXWA6146_W_PVC 45.81
UTWA6146_W_PVC 45.58

Thermally Broken Wooden Frame Monolithic Aerogel Insulated Window System

Model # Heat Flux (W/m?)
UHWAG6146_TBW_AL 70.67
UXWA6146_TBW_AL 71.89
UTWA6146_TBW_AL 67.47
UHWA6146_TBW_SS 60.35
UXWA6146_TBW_SS 60.38
UTWA6146_TBW_SS 57.22

UHWAG6146_TBW_PVC 39.70
UXWA6146_TBW_PVC 39.59
UTWA6146_TBW_PVC 39.36

Thermally Broken Aluminum Frame Monolithic Aerogel Insulated Window System

Model # Heat Flux (W/m’)
UHWAG6146_TBAL_AL 83.51
UXWAG6146_TBAL_AL 84.26
UTWAG6146_TBAL_AL 80.55
UHWAG6146_TBAL_SS 73.78
UXWAG6146_TBAL_SS 74.11
UTWA6146_TBAL_SS 71.06

UHWA6146_TBAL_PVC 56.57
UXWA6146_TBAL_PVC 56.72
UTWA6146_TBAL_PVC 56.66

Vinyl Frame Monolithic Aerogel Insulated Window System

Model # Heat Flux (W/m?)
UHWA6146_Vinyl AL 66.15
UXWA6146_Vinyl_AL 67.31
UTWA6146_Vinyl_AL 62.94
UHWA6146_Vinyl_SS 56.92
UXWA6146_Vinyl_SS 57.33
UTWA6146_Vinyl_SS 53.66

UHWAG6146_Vinyl_PVC 37.03
UXWA6146_Vinyl_PVC 36.85
UTWA6146_Vinyl_PVC 36.66

Table 7 - Heat flux (W/m?) for window systems computed by COMSOL
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Performance of Window Systems (3D Analysis)
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Figure 31 — Performance of Window Systems (3D Analysis)

The best performing window system analyzed in 3D was the vinyl framed window with ‘T intermediate
and ‘U’ shaped edge spacers made of PVC. The U-value was 0.92W/m’k, which is a 19.6% improvement
compared to the same window system analyzed in 1D. The 3D analysis also confirms that the material of
construction positively influences the performance of the aerogel insulated window system more than
the geometry of the spacer. Generally the ‘T’ spacer made of aluminum and stainless steel performs
better when compared to the ‘H" and ‘X’ spacers made of the same respective materials. However, the
‘T’ spacer made of PVC only performs marginally better compared to the ‘H’ and ‘X’ spacer made of PVC,
suggesting that the spacer geometry only impacts the thermal performance when conductive materials
are used. However, as the material conductivity decreases, the U-value converges and becomes

constant regardless of the spacer geometry.

For the solid wood framed window systems, the best performing spacer geometry improves the U-value
from 0.7% to 5.7%, depending on the material of construction. However, the material of construction

improves the U-value from 36.6% to 39.9%, depending on the spacer geometry. For the thermally
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broken wooden framed window systems, the best performing spacer geometry improves the U-value
from 0.8% to 6.1%, depending on the material of construction. However, the material of construction
improves the U-value from 41.7% to 44.9%, depending on the spacer geometry. The performance of the
thermally broken wooden framed window systems analyzed in 3D improve by 6% to 14% compared to
the solid wood framed window systems, depending on the spacers geometry and its material of
construction. For the vinyl framed window systems, the best performing spacer geometry improves the
U-value from 1% to 6.5%, depending on the material of construction. However, the material of
construction improves the U-value from 41.8% to 45.3%, depending on the spacer geometry. For the
thermally broken aluminum framed window systems, the best performing spacer geometry improves
the U-value from 0.3% to 4.4%, depending on the material of construction. However, the material of

construction improves the U-value from 29.7% to 32.7%, depending on the spacer geometry.

In general, the thermally broken aluminum window framed systems performed the poorest when
compared to the other window systems. However, the results cannot be generalized because the
window frame that was modelled may not necessarily be the most efficient frame available on the
market. The cavity depths exceed the optimal depth of 20mm (Asdrubali, 2013), which could be
impacting the performance. Although natural convection and radiation heat transfer modes were not
included in the analysis, increasing the number of unvented air cavities and using surface treatments
that reduce the surface emissivity would respectively reduce the convection and radiation coefficients,
inherently increasing the thermal resistance of the frame. However, considering the relative
performance of the window systems assessed, the thermally broken aluminum frame could be better
suited for larger windows. Increasing the glazing area will proportionally reduce the impact the frame

will have on the overall U-value of the window system, bettering its holistic performance

The vinyl framed window systems performed relatively better compared to the other window frames

accessed. Table 8 compares the performance of the vinyl framed aerogel window to a double glazed

window with the same window frame type but an interpane space filled with air.

45



Vinyl Framed Window Systems

U-value of Aerogel

U-value of Aerogel

WL Insulated Window Insulated Window G LU UL
UHWA6146_Vinyl_AL 1.65 1.73 -4.6%
UXWA6146_Vinyl_AL 1.68 1.76 -4.5%
UTWAG6146_Vinyl_AL 1.57 1.66 -5.1%
UHWAG6146_Vinyl_SS 1.42 1.51 -5.6%
UXWA6146_Vinyl_SS 1.43 1.53 -6.0%
UTWA6146_Vinyl_SS 1.34 1.44 -6.9%

UHWAG146_Vinyl_PVC 0.93 1.07 -13.1%
UXWA6146_Vinyl_PVC 0.92 1.07 -13.6%
UTWA6146_Vinyl_PVC 0.92 1.06 -13.8%

Table 8 — Comparing performance of aerogel insulated window with air filled double glazed window

The aerogel insulated window improves the U-value from 4.5% to 13.8% compared to the same double
glazed window with an air cavity. The magnitude of the percentage variation increases as the effective
conductivity of the spacer decreases. The aluminum and stainless steel spacers marginally reduce the U-
value from 4.5% to 6.9%. However, the PVC spacers have the lowest effective conductivity of all spacers
assessed and they improve the U-value from 13.1% to 13.8%. In order to make a stronger case for
aerogel insulated windows, low conductive edge and intermediate spacers should be used to better the

performance compared to less efficient window systems.

The 3D analysis improved the U-value by as much as 97% compared to the 1D analysis. Table 9 shows

the percentage variation in U-value, comparing the results obtained from the 1D and 3D heat transfer

analysis.
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Solid Wood Frame Monolithic Aerogel Insulated Window System

Model # U-Value (W/m’k) 1D Analysis U-Value (W/m’k) 3D Analysis % Variations
UHWA6146_W_AL 2.77 1.87 -32.33%
UXWAG6146_W_AL 2.77 1.91 -31.22%
UTWA6146_W_AL 2.72 1.80 -33.91%
UHWA6146_W_SS 2.15 1.64 -23.79%
UXWA6146_W_SS 2.13 1.65 -22.49%
UTWA6146_W_SS 1.99 1.56 -21.73%
UHWA6146_W_PVC 1.20 1.15 -4.36%
UXWA6146_W_PVC 1.19 1.15 -3.77%
UTWA6146_W_PVC 1.19 1.14 -4.25%

Thermally Broken Wooden Frame Monolithic Aerogel Insulated Window System

Model # U-Value (W/m?k) 1D Analysis U-Value (W/m’k) 3D Analysis % Variations
UHWAG6146_TBW_AL 2.71 1.77 -34.81%
UXWA6146_TBW_AL 2.70 1.80 -33.44%
UTWA6146_TBW_AL 2.66 1.69 -36.59%
UHWAG6146_TBW_SS 2.09 1.51 -27.81%
UXWA6146_TBW_SS 2.07 1.51 -27.07%
UTWA6146_TBW_SS 1.93 1.43 -25.88%
UHWA6146_TBW_PVC 1.14 0.99 -12.95%
UXWA6146_TBW_PVC 1.14 0.99 -13.18%
UTWA6146_TBW_PVC 1.13 0.98 -12.92%

Thermally Broken Aluminum Frame Monolithic Aerogel Insulated Window System

Model # U-Value (W/m?k) 1D Analysis U-Value (W/m’k) 3D Analysis % Variations
UHWAG6146_TBAL_AL 50.49 2.09 -95.86%
UXWA6146_TBAL AL 50.48 2.11 -95.83%
UTWA6146_TBAL_AL 50.44 2.01 -96.01%
UHWAG6146_TBAL_SS 40.30 1.84 -95.42%
UXWA6146_TBAL_SS 49.28 1.85 -96.24%
UTWA6146_TBAL_SS 49.14 1.78 -96.38%
UHWAG6146_TBAL_PVC 47.21 1.41 -97.00%
UXWA6146_TBAL_PVC 47.21 1.42 -97.00%
UTWA6146_TBAL_PVC 47.20 1.42 -97.00%

Vinyl Frame Monolithic Aerogel Insulated Window System

Model # U-Value (W/mzk) 1D Analysis U-Value (W/mzk) 3D Analysis % Variations
UHWA6146_Vinyl_AL 2.67 1.65 -38.06%
UXWA6146_Vinyl_AL 2.67 1.68 -36.97%
UTWA6146_Vinyl_AL 2.62 1.57 -39.94%
UHWA6146_Vinyl_SS 2.07 1.42 -31.26%
UXWAG6146_Vinyl_SS 2.05 1.43 -30.09%
UTWA6146_Vinyl_SS 1.91 1.34 -29.76%
UHWA6146_Vinyl_PVC 1.15 0.93 -19.50%
UXWA6146_Vinyl_PVC 1.14 0.92 -19.81%
UTWAG6146_Vinyl_PVC 1.14 0.92 -19.61%

Table 9 — U-value (W/m?k) comparison of results between 1D and 3D analysis

Depending on the spacer geometry it’s material of construction and window frame type, the U-values

generated from the 3D analysis improve anywhere from 3.8% to 97% compared to the U-values
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calculated in the 1D analysis, demonstrating the advantage and relevance of a 3D finite element heat

transfer analysis.

Table 10 shows the heat flux (W/m?) of the frameless glazing units computed by the COMSOL’s finite

element heat transfer analysis. Figure 32 is an illustration of the 1040mm x 1040mm frameless glazing

unit.

‘U’ Edge Spacer

Glazing Area

IH/' IX!’ & IT’
Intermediate Spacer

Figure 32 — Illustration of frameless glazing

Glazing with Aluminum Spacers (No Frame)

Model # Heat Flux (W/m?) U-Value (W/m’k)
UHWAG6146_AL 102.20 2.56
UXWA6146_AL 104.54 2.61
UTWAG6146_AL 96.37 2.41

Glaz

ing with Stainless Steel Spacers (No Frame)

Model # Heat Flux (W/m?) U-Value (W/m’k)
UHWAG6146_SS 85.18 2.13
UXWA6146_SS 86.125 2.15
UTWA6146_SS 79.183 1.98

Glazing with PVC Spacers (No Frame)

Model # Heat Flux (W/m?) U-Value (W/m’K)
UHWAG6146_PVC 49.04 1.23
UXWAG6146_PVC 48.84 1.22
UTWA6146_PVC 48.41 1.21

Table 10 - Heat flux (W/m?) and U-value (W/m’k) for frameless glazing computed by COMSOL
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You would normally expect more heat to escape from the more conductive window frame. However,
the heat flux of the frameless glazing units are higher compared to the heat flux of the 36 window
systems modelled in COMSOL. Depending on the spacer geometry and its materials of construction and
window frame type, the U-values of the glazing units are approximately 5.4% to 39.9% greater
compared to the U-values of the window systems analyzed in COMSOL. Most of the heat is lost around
the perimeter insulated ‘U’ edge spacer in the glazing unit. However, as illustrated on Fig. 26, 20mm of
the glazing unit including the insulated ‘U’ edge spacer is protected by the window frame, increasing
thermal resistance. Furthermore, the added area and depth of the window frame improves the overall

thermal performance of the window systems.
4.3 Centre of Glass, Edge of Glass, and Window Frame Segments

A key energy strategy for window frames is to use low conductivity materials and components, which
would minimize the edge of glass band and the thermal transmittance through a window, decreasing
heat loss from the warm interior space to the colder exterior during winter months, and vice versa
during summer months. Therefore the design of each single component of a window becomes an
important task. Figure 33 shows the percentage of each segment for the 36 window systems modelled.
For the solid wood and thermally broken wooden framed window systems, the window frame segment
is 26%. Therefore the maximum centre of glass region can be 74%. The window frame segment is 29.3%
for the thermally broken aluminum window frame, allowing a maximum centre of glass region of 70.7%.
For the vinyl framed window system, the window frame segment is 28%, allowing a maximum centre of

glass region of 72%.
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Centre of Glass, Edge of Glass, & Window Frame Proportion
Percentages

UTWA6146_Vinyl_PVC
UXWAG6146_Vinyl_PVC
UHWAG6146_Vinyl_PVC
UTWA6146_Vinyl_SS
UXWA6146_Vinyl_SS
UHWAG6146_Vinyl_SS
UTWA6146_Vinyl_AL
UXWA6146_Vinyl_AL

UHWA6146_Vinyl_AL
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M Edge of Glass M Center of Glass B Frame

Figure 33 — Centre of glass, edge of glass, and window frame segment percentages
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The results on Fig. 33 suggest that regardless of the geometry, all window systems using PVC spacers
have the maximum centre of glass region. The effective conductivity of the ‘H’, ‘X’, and ‘T’ spacers made
of PVC is 0.042W/mK, 0.041W/mK, 0.037W/mK respectively. These effective conductivities are close to
the conductivity of monolithic silica aerogel (0.015W/mK), minimizing the thermal bridging at the
intermediate and edge of glass region compared to the aluminum and stainless steel spacers. The PVC

spacers result in decreased heat loss from the warm interior to the cold exterior.
4.4 Thermographic Heat Transfer Diagram

In a 1D analysis, the assumption is that the heat transfer path is unidirectional, not fully taking into
account for the effects of a thermal break, which changes and lengthens the heat transfer path,
inherently improving the performance of a window system. Figures 34, 35, 36, and 37 respectively show
the thermographic heat transfer diagrams for the poor and better performing solid wood, thermally
broken wooden, thermally broken aluminum, and vinyl framed window systems. The diagrams below
showcases the advantage of a 3D finite element heat transfer analysis, demonstrating how the heat
transfer is not unidirectional and in fact takes on a three dimensional path avoiding low conductive

thermal breaks.
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Figure 34 — Thermographic heat transfer diagram (Solid Wood Window)

Detail 1 on Fig. 34 indicates that the exterior side of solid wood frame is at a temperature closer to the

exterior conditions (253°K < T, < 265 °K), while detail 2 shows signs of thermal bridging on the exterior

glass pane along the aluminum intermediate ‘X’ spacer, where temperature is closer to the interior

condition (275°K < Te, < 285 °K). Detail 3 suggests that the heat transfer through the solid wood frame is
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slow and that the heat is migrating upwards and escaping through the more conductive ‘U’ edge spacer.
The U-value of the solid wood framed window system with ‘X’ intermediate and ‘U’ edge spacers made
of aluminum is 1.91W/m’k. The effective conductivity of the ‘U’ edge spacer made of aluminum is
18.82W/mK, explaining the thermal bridging and heat loss shown on detail 1 along the edge of the
exterior glass pane just above the window frame. The centre of glass region is at 61.8% while the edge

of glass region is at 12.2%.

Detail 4 shows how the improved geometry of the intermediate ‘T’ spacer and thermal performance of
both the intermediate and ‘U’ edge spacer made of PVC slows down the overall heat transfer through
the window system. The ‘U’ edge and ‘T’ intermediate spacer made of PVC with effective conductivities
of 0.046W/mK and 0.037W/mK respectively reduce the U-value of the window system by approximately
40% compared to the poor performing solid wood framed window system with ‘X’ intermediate and ‘U’
edge spacers made of aluminum. Detail 4 shows distinct vertical temperature bands, suggesting gradual
heat loss through the window system. The exterior glass pane and window frame are at a temperature
near the exterior condition (265°K < Te. < 270 °K), explaining the improved performance of the solid
wood framed window system with ‘T’ intermediate and ‘U’ edge spacers made of PVC. The centre of
glass region is at the maximum 74%, visually indicating no significant thermal bridging in the better

performing window system.

Thermographic heat transfer diagrams for the remaining solid wood framed window systems may be

seen on Appendix 1.
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Figure 35 — Thermographic heat transfer diagram (Thermally Broken Wooden Window)

Detail 1 on Fig. 35 indicates that the exterior side of the thermally broken wooden frame is at a
temperature closer to the exterior conditions (253°K < Te < 265°K), while detail 2 shows signs of

thermal bridging on the exterior glass pane along the aluminum intermediate ‘X’ spacer, where
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temperature is closer to the interior condition (275°K < Te < 285 °K).-The effective conductivity of the
thermally broken wooden window frame is 0.101W/mK, approximately 16% less than the solid wood
frame. The thermal break slows down the heat transfer through the window frame allowing more heat
to migrate upward and escape through the more conductive ‘U’ edge spacer. The thermal break
marginally reduces the centre of glass region to 61%, increasing the edge of glass region to 13% when
compared to the solid wood framed window system with the same spacer geometry and material of
construction. The effective conductivity of the ‘U’ edge spacer made of aluminum is 18.82W/mK,
explaining the thermal bridging and heat loss shown on detail 1 along the edge of the exterior glass pane

just above the window frame.

Detail 4 shows how the improved geometry of the intermediate ‘T’ spacer and thermal performance of
both the intermediate and ‘U’ edge spacer made of PVC slows down the overall heat transfer through
the window system. The ‘U’ edge and ‘T’ intermediate spacer made of PVC with effective conductivities
of 0.046W/mK and 0.037W/mK respectively reduce the U-value of the window system by approximately
46% compared to the poor performing thermally broken wooden framed window system with ‘X’
intermediate and ‘U’ edge spacers made of aluminum. Detail 4 shows distinct vertical temperature
bands, suggesting gradual heat loss through the window system. The exterior glass pane and window
frame are at a temperature near the exterior condition (265°K < Te < 270°K), explaining the improved
performance of the thermally broken wooden framed window system with ‘T" intermediate and ‘U’ edge
spacers made of PVC. The centre of glass region is at the maximum 74%, visually indicating no significant

thermal bridging in the better performing window system.

Thermographic heat transfer diagrams for the remaining thermally broken wooden framed window

systems may be seen on Appendix 1.
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Figure 36 — Thermographic heat transfer diagram (Thermally Broken Aluminum Window)

Detail 1 on Fig. 36 indicates that the exterior side of the thermally broken aluminum frame is at a

temperature greater than the exterior condition (265°K < Te. < 275°K), while detail 2 shows signs of

thermal bridging on the exterior glass pane along the aluminum intermediate ‘X’ spacer, where

temperature is closer to the interior condition (275°K < T < 285 °K). The effective conductivity of the
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thermally broken aluminum frame is 26.23W/mK. However, the polyamide thermal break slows down
the heat transfer through the window frame allowing more heat to migrate upward and escape through
the conductive ‘U’ edge spacer. The effective conductivity of the ‘U’ edge spacer made of aluminum is
18.82W/mK, explaining the thermal bridging and heat loss shown on detail 1 along the edge of the
exterior glass pane just above the window frame. The wider window frame reduces the centre of glass

region to 58% while the edge of glass region is at 12.7%.

Detail 4 shows how the improved geometry of the intermediate ‘T’ spacer and thermal performance of
both the intermediate and ‘U’ edge spacer made of PVC slows down the overall heat transfer through
the window system. The ‘U’ edge and ‘T’ intermediate spacer made of PVC with effective conductivities
of 0.046W/mK and 0.037W/mK respectively reduce the U-value of the window system by approximately
33% compared to the poor performing thermally broken aluminum framed window system with X’
intermediate and ‘U’ edge spacers made of aluminum. Detail 4 shows distinct vertical temperature
bands, suggesting gradual heat loss through the window system. The exterior glass pane and window
frame are at a temperature near the exterior condition (265°K < Te < 270°K), explaining the improved
performance of the thermally broken aluminum framed window system with ‘T’ intermediate and ‘U’
edge spacers made of PVC. The centre of glass region is at the maximum 70.7%, visually indicating no

significant thermal bridging in the better performing window system.

Thermographic heat transfer diagrams for the remaining thermally broken aluminum framed window

systems may be seen on Appendix 1.
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Figure 37 — Thermographic heat transfer diagram (Vinyl Window)

Detail 1 on Fig. 37 indicates that the exterior side of the vinyl frame is at a temperature greater than the
exterior condition (265°K < T < 275°K), while detail 2 shows signs of thermal bridging on the exterior
glass pane along the aluminum intermediate ‘X’ spacer, where temperature is closer to the interior

condition (275°K < Tex < 285 °K).
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The effective conductivity of the ‘U’ edge spacer made of aluminum is 18.82W/mK, explaining the
thermal bridging and heat loss shown on detail 1 along the edge of the exterior glass pane just above
the window frame. The wider window frame reduces the centre of glass region contribution to 53.3%

while the edge of glass region is at 18.7%.

Detail 4 shows how the improved geometry of the intermediate ‘T’ spacer and thermal performance of
both the intermediate and ‘U’ edge spacer made of PVC slows down the overall heat transfer through
the window system. The ‘U’ edge and ‘T’ intermediate spacer made of PVC with effective conductivities
of 0.046W/mK and 0.037W/mK respectively reduce the U-value of the window system by approximately
45% compared to the poor performing thermally broken aluminum framed window system with ‘X’
intermediate and ‘U’ edge spacers made of aluminum. Detail 4 shows distinct vertical temperature
bands, suggesting gradual heat loss through the window system. The exterior glass pane and window
frame are at a temperature near the exterior condition (265°K < Te < 270°K), explaining the improved
performance of the vinyl framed window system with ‘T’ intermediate and ‘U’ edge spacers made of
PVC. The centre of glass region is at the maximum 72%, visually indicating no significant thermal

bridging in the better performing window system.

Thermographic heat transfer diagrams for the remaining vinyl framed window systems may be seen on

Appendix 1.
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5 Discussion and Conclusion

The research focused on investigating thermal bridging at the edge and intermediate spacers dividing
the French style window insulated with monolithic silica aerogel. The geometry and material of
construction of the spacers was analyzed to determine which spacer system coupled with the modelled
window frame effectively reduces the edge of glass region, improving the performance of the window
system. Aluminum, stainless steel, and polyvinyl chloride (PVC) were the materials assigned to the
spacers. A 3D finite element heat transfer analysis was undertaken using COMSOL Multiphysics, which
determined that the spacer geometry improves the U-value of the window systems from 0.3% to 6.5%
depending on the material of construction and window frame type. The material of construction
improved the U-value of the window systems from 29.7% to 45.2% depending on the spacer geometry
and window frame type. The results concluded that the best performing window system with a U-value
of 0.92W/m’k is a vinyl framed window system with ‘T’ intermediate and ‘U’ edge spacer made of PVC.
Table 11 summarizes the results of the 36 simulations, showing the U-value and glazing segment
percentages (i.e. centre of glass, edge of glass, and window frame regions) for the modelled window
systems insulated with monolithic aerogel. Although vinyl framed window systems performed better,
the results cannot be necessarily generalized. In this case, relative performance is more important
because of differences in design, detailing, and manufacturing processes of the window frames that

were modelled for this research paper.
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. Aluminum Spacer Stainless Steel Spacer PVC Spacer
-Ir:ame Spacer Geometry U-Value | GlazingSegment | U-Value | GlazingSegment | U-Value | GlazingSegment |% Variation
oL (W/m?k) Proportion % (W/m’k) Proportion % (W/m?k) Proportion %
Centre of Glass —62.1% Centre of Glass —64.7% Centre of Glass —~74%
H-Spacer 1.87 Edge of Glass —11.9% 1.64 Edge of Glass —9.3% 1.15 Edge of Glass —0% -38.8%
qé Window Frame —26% Window Frame —26% Window Frame -26%
© Centre of Glass —61.8% Centre of Glass —64.8% Centre of Glass —~74%
; X-Spacer 1.91 Edge of Glass —12.2% 1.65 Edge of Glass —9.2% 1.15 Edge of Glass —0% -39.9%
(=] Window Frame —26% Window Frame —26% Window Frame —26%
go Centre of Glass —65% Centre of Glass —65.7% Centre of Glass -74%
- T-Spacer 1.80 Edge of Glass —9% 1.56 Edge of Glass —8.3% 1.14 Edge of Glass —0% -36.6%
% Window Frame —26% Window Frame —26% Window Frame —26%
v
% Variation -5.6% -5.7% -0.7%
5 Centre of Glass —61% Centre of Glass —64.1% Centre of Glass =74%
3 H-Spacer 1.77 Edge of Glass —13% 1.51 Edge of Glass —9.8% 0.99 Edge of Glass —0% -43.8%
§ Window Frame —26% Window Frame —26% Window Frame —26%
Centre of Glass —61.8% Centre of Glass —67.6% Centre of Glass =74%
g o X-Spacer 1.80 Edge of Glass —12.2% 1.51 Edge of Glass —6.4% 0.99 Edge of Glass —0% -44.9%
xo g Window Frame —26% Window Frame —26% Window Frame —26%
o o Centre of Glass -63.3% Centre of Glass —68.1% Centre of Glass -74%
= T-Spacer 1.69 Edge of Glass —10.7% 1.43 Edge of Glass —5.9% 0.98 Edge of Glass —0% -41.7%
‘_E" Window Frame —26% Window Frame —26% Window Frame —26%
=
2 % Variation -6.1% -5.2% -0.8%
Centre of Glass ~58% Centre of Glass —61.6% Centre of Glass —=70.7%
H-Spacer 2.09 Edge of Glass —12.8% 1.84 Edge of Glass —9.1% 1.41 Edge of Glass —-0% -32.3%
5 g Window Frame —29.3% Window Frame —29.3% Window Frame —29.3%
Joﬂ © Centre of Glass —60.3% Centre of Glass —63.6% Centre of Glass —=70.7%
& frs X-Spacer 2.11 Edge of Glass —10.4% 1.85 Edge of Glass —7.1% 1.42 Edge of Glass —0% -32.7%
> £ Window Frame —29.3% Window Frame —29.3% Window Frame —29.3%
© E Centre of Glass —62% Centre of Glass —65.5% Centre of Glass —70.7%
g £ T-Spacer 2.01 Edge of Glass -8.7% 1.78 Edge of Glass —5.2% 1.42 Edge of Glass -0% -29.7%
g <_(= Window Frame —29.3% Window Frame —29.3% Window Frame —29.3%
% Variation -4.4% -4.1% -0.3%
Centre of Glass —51.8% Centre of Glass —52% Centre of Glass —=72%
H-Spacer 1.65 Edge of Glass —20.2% 1.42 Edge of Glass —20% 0.93 Edge of Glass —0% -44.0%
Window Frame —28% Window Frame —28% Window Frame —28%
Q Centre of Glass —=53.2% Centre of Glass —57% Centre of Glass —=72%
E X-Spacer 1.68 Edge of Glass —18.7% 1.43 Edge of Glass —15% 0.92 Edge of Glass —0% -45.2%
fre Window Frame —28% Window Frame —28% Window Frame —28%
> Centre of Glass —54.2% Centre of Glass —57.5% Centre of Glass -72%
-§ T-Spacer 1.57 Edge of Glass —17.8% 1.34 Edge of Glass —14.5% 0.92 Edge of Glass —0% -41.8%
Window Frame —28% Window Frame —28% Window Frame —28%
% Variation -6.5% -6.4% -1.0%

Table 11 - Summary of results (U-value, and glazing segment proportions

Moving forward, the results obtained from the 36 simulations could be further analyzed in a hotbox
apparatus. Prototypes of the window systems could be constructed and tested in a live simulation using
the same boundary conditions to determine the accuracy of the results obtained from the 3D finite
element heat transfer analysis. Results from a hotbox analysis could lead to further research on
optimizing the best performing spacer system. Playing with the dimensions including the thickness of
the ‘T’ intermediate and ‘U’ edge spacer could be performed to optimize the spacer system. Other
composite plastic materials being used for warm edge spacers could be tested to determine a more

optimal material of construction.
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Another area of focus could be researching on constructability of the modelled window systems and
investigate the impact on the performance of the window system. Constructability was not an area of
focus for this research paper. It is assumed that all PVC spacer systems would be casted as a single
assembly and inserted between the panes of glass, while metal spacer components would be formed
individually and be bonded together with an epoxy. The constructability analysis could also consider
exploring appropriate methods of handling and inserting the aerogel panes into the window systems
and perhaps research an effective way to make an evacuated window system. Lastly, modelling the
service life of a window system insulated with monolithic silica aerogel could help determine if it is

economically viable.

At present monolithic silica aerogel is at an experimental and demonstrative phase showing promising
qualities for application in glazing systems. Although many companies have developed structurally
stable translucent aerogel blankets, further research must be done to improve the structural strength,
without compromising the transparent qualities. Another potential research area could be to study and
compare the properties of aerogel from different suppliers. Properties such as visible and solar energy
transmissibility, thermal conductivity, light diffusion properties, and structural strength could be

analyzed to determine an optimal monolithic silica aerogel material and supplier for glazing applications.
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Appendix 1 - Thermographic Heat Transfer Diagrams

Solid Wood Framed Window Systems (Aluminum Spacers)

N

UHWA6146_W_AL — Solid wood
frame with ‘H’ intermediate and ‘U’
edge spacer constructed with
aluminum.

U-value = 1.87W/m’k (32%
improvement compared to 1D
analysis)

Centre of Glass — 62.1%
Edge of Glass —11.9%
Window Frame — 26%

UXWA6146_W_AL - Solid wood
frame with ‘X" intermediate and ‘U’
edge spacer constructed with
aluminum.

U-value = 1.91W/m’k (31%
improvement compared to 1D
analysis)

Centre of Glass — 61.8%
Edge of Glass —12.2%
Window Frame — 26%

UTWA6146_W_AL - Solid wood
frame with ‘T" intermediate and ‘U’
edge spacer constructed with
aluminum.

U-value = 1.80W/m’k (34%
improvement compared to 1D
analysis)

Centre of Glass — 65%
Edge of Glass — 9%
Window Frame — 26%

A 294
290
N 285
- 1 280
B 275
270
265

V¥ 263
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Solid Wood Framed Window Systems (Stainless Spacers)

UHWA6146_W_SS — Solid wood
frame with ‘H’ intermediate and ‘U’
edge spacer constructed with
stainless steel.
A 294

U-value = 1.64W/m’k (24%
improvement compared to 1D
analysis)
Centre of Glass — 64.7%
Edge of Glass —9.3%
Window Frame —26% 290
UXWA6146_W_SS — Solid wood L | 285
frame with ‘X’ intermediate and ‘U’
edge spacer constructed with
stainless steel.
U-value = 1.65W/m’k (23%
improvement compared to 1D L 4 280
analysis)
Centre of Glass — 64.8%
Edge of Glass —9.2%
Window Frame — 26%

[ 275
UTWA6146_W_SS — Solid wood
frame with ‘T" intermediate and ‘U’ 270
edge spacer constructed with
stainless steel.
U-value = 1.56W/m’k (22%
improvement compared to 1D
analysis) 265
Centre of Glass — 65.7%
Edge of Glass — 8.3%
Window Frame — 26%

’ Vv 263
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Solid Wood Framed Window Systems (Polyvinyl Chloride Spacers)

UHWA6146_W_PVC - Solid wood
frame with ‘H’ intermediate and ‘U
edge spacer constructed with PVC.

’

U-value = 1.15W/m’k (4.4%
improvement compared to 1D
analysis)

Centre of Glass — 74%
Edge of Glass — 0%
Window Frame — 26%

UXWA6146_W_PVC - Solid wood
frame with ‘X" intermediate and ‘U’
edge spacer constructed with PVC.

U-value = 1.15W/m’k (3.8%
improvement compared to 1D
analysis)

Centre of Glass — 74%
Edge of Glass — 0%
Window Frame — 26%

UTWA6146_W_PVC - Solid wood
frame with ‘T" intermediate and ‘U’
edge spacer constructed with PVC.

U-value = 1.14W/m’k (4.3%
improvement compared to 1D
analysis)

Centre of Glass — 74%
Edge of Glass — 0%
Window Frame — 26%
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290
-1 285
- 1 280
B 275
270
265

V¥ 263
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Thermally Broken Wooden Framed Window Systems (Aluminum Spacers)

UHWA6146_TBW_AL — Thermally

_ broken wooden frame with ‘H’
1 intermediate and ‘U’ edge spacer

constructed with aluminum.

U-value = 1.77W/m’k (35%
improvement compared to 1D
analysis)

Centre of Glass — 61%
Edge of Glass — 13%
Window Frame — 26%

UXWA6146_TBW_AL — Thermally
broken wooden frame with ‘X’
intermediate and ‘U’ edge spacer
constructed with aluminum.

U-value = 1.80W/m’k (33%
improvement compared to 1D
analysis)

Centre of Glass — 61.8%
Edge of Glass —12.2%
Window Frame — 26%

UTWA6146_TBW_AL — Thermally
broken wooden frame with ‘T’
intermediate and ‘U’ edge spacer
constructed with aluminum.

U-value = 1.69W/m’k (36.6%
improvement compared to 1D
analysis)

Centre of Glass — 63.3%
Edge of Glass — 10.7%
Window Frame — 26%

A 294
290
-1 285
- 1 280
B 275
270
265

V¥ 263
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Thermally Broken Wooden Framed Window Systems (Stainless Steel Spacers)

UHWAG6146_TBW_SS — Thermally
broken wooden frame with ‘H’
intermediate and ‘U’ edge spacer
constructed with stainless steel.

U-value = 1.51W/m’k (27.8%
improvement compared to 1D
analysis)

Centre of Glass — 64.1%
Edge of Glass —9.8%
Window Frame — 26%

UXWA6146_TBW_SS — Thermally
broken wooden frame with ‘X’
intermediate and ‘U’ edge spacer
constructed with stainless steel.

U-value = 1.51W/m’k (27.1%
improvement compared to 1D
analysis)

Centre of Glass —67.6%
Edge of Glass — 6.4%
Window Frame — 26%

UTWA6146_TBW_SS — Thermally
broken wooden frame with ‘T’
intermediate and ‘U’ edge spacer
constructed with stainless steel.

U-value = 1.43W/m’k (25.9%
improvement compared to 1D
analysis)

Centre of Glass —68.1%
Edge of Glass — 5.9%
Window Frame — 26%
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Thermally Broken Wooden Framed Window Systems (Polyvinyl Chloride Spacers)

UHWAG6146_TBW_PVC — Thermally
broken wooden frame with ‘H’
intermediate and ‘U’ edge spacer
constructed with PVC.

U-value = 0.99W/m’k (13%
improvement compared to 1D
analysis)

Centre of Glass — 74%
Edge of Glass — 0%
Window Frame — 26%

UXWA6146_TBW_PVC — Thermally
broken wooden frame with ‘X’
intermediate and ‘U’ edge spacer
constructed with PVC.

U-value = 0.99W/m’k (13.2%
improvement compared to 1D
analysis)

Centre of Glass — 74%
Edge of Glass — 0%
Window Frame — 26%

UTWA6146_TBW_PVC — Thermally
broken wooden frame with ‘T’
intermediate and ‘U’ edge spacer
constructed with PVC.

U-value = 0.98W/m’k (13%
improvement compared to 1D
analysis)

Centre of Glass — 74%
Edge of Glass — 0%
Window Frame — 26%
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Thermally Broken Aluminum Framed Window Systems (Aluminum Spacers)

UHWAG6146_TBAL_AL — Thermally
! broken aluminum frame with ‘H’
intermediate and ‘U’ edge spacer
constructed with aluminum.

U-value = 2.09W/m’k (95.9%
improvement compared to 1D
analysis)

Centre of Glass —58%
Edge of Glass — 12.8%
Window Frame — 29.3%

UXWA6146_TBAL_AL — Thermally

broken aluminum frame with ‘X’
intermediate and ‘U’ edge spacer
constructed with aluminum.

U-value = 2.11W/m’k (95.8%
improvement compared to 1D
analysis)

Centre of Glass — 60.3%
Edge of Glass — 10.4%
Window Frame —29.3%

UTWA6146_TBAL_AL — Thermally
broken aluminum frame with ‘T

intermediate and ‘U’ edge spacer
constructed with aluminum.

U-value = 2.01W/m’k (96%
improvement compared to 1D
analysis)

Centre of Glass — 62%
Edge of Glass —8.7%
Window Frame — 29.3%

A 294
290
E 1 285
L 1 280
E 1 275
270
265
v 263
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Thermally Broken Aluminum Framed Window Systems (Stainless Steel Spacers)

UHWAG6146_TBAL_SS — Thermally
broken aluminum frame with ‘H’
intermediate and ‘U’ edge spacer
constructed with stainless steel.

U-value = 1.84W/m’k (95%
improvement compared to 1D
analysis)

Centre of Glass — 61.6%
Edge of Glass —9.1%
Window Frame — 29.3%

UXWA6146_TBAL_SS — Thermally
broken aluminum frame with ‘X’
intermediate and ‘U’ edge spacer
constructed with stainless steel.

U-value = 1.85W/m’k (96%
improvement compared to 1D
analysis)

Centre of Glass — 63.6%
Edge of Glass —7.1%
Window Frame —29.3%

UTWA6146_TBAL_SS — Thermally
broken aluminum frame with ‘T
intermediate and ‘U’ edge spacer
constructed with stainless steel.

U-value = 1.78W/m’k (96%
improvement compared to 1D
analysis)

Centre of Glass — 65.5%
Edge of Glass —5.2%
Window Frame —29.3%

A 294
290
N 285
- 1 280
B 275
270
265

V¥ 263
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Thermally Broken Aluminum Framed Window Systems (Polyvinyl Chloride Spacers)

UHWAG6146_TBAL_PVC — Thermally
broken aluminum frame with ‘H’
intermediate and ‘U’ edge spacer
constructed with PVC.

U-value = 1.41W/m’k (97%
improvement compared to 1D
analysis)

Centre of Glass — 70.7%
Edge of Glass — 0%
Window Frame — 29.3%

UXWA6146_TBAL_PVC — Thermally
broken aluminum frame with ‘X’
intermediate and ‘U’ edge spacer
constructed with PVC.

U-value = 1.42W/m’k (97%
improvement compared to 1D
analysis)

Centre of Glass —70.7%
Edge of Glass — 0%
Window Frame —29.3%

UTWA6146_TBAL_PVC —Thermally
broken aluminum frame with ‘T
intermediate and ‘U’ edge spacer
constructed with PVC.

U-value = 1.42W/m’k (97%
improvement compared to 1D
analysis)

Centre of Glass — 70.7%
Edge of Glass — 0%
Window Frame —29.3%

A 294
290
. 285
- 1 280
B 275
270
265

V 263

71




Vinyl Framed Window Systems (Aluminum Spacers)

UHWAG6146_Vinyl_AL — Vinyl frame
with ‘H’” intermediate and ‘U’ edge
spacer constructed with aluminum.

U-value = 1.65W/m’k (38.1%
improvement compared to 1D
analysis)

Centre of Glass —51.8%
Edge of Glass —20.2%
Window Frame — 28%

UHWAG6146_Vinyl_AL — Vinyl frame
with ‘X’ intermediate and ‘U’ edge
spacer constructed with aluminum.

U-value = 1.68W/m’k (37%
improvement compared to 1D
analysis)

Centre of Glass —53.2%
Edge of Glass — 18.7%
Window Frame — 28%

UHWAG6146_Vinyl_AL — Vinyl frame
with ‘T’ intermediate and ‘U’ edge
spacer constructed with aluminum.

U-value = 1.57W/m2k (40%
improvement compared to 1D
analysis)

Centre of Glass —54.2%
Edge of Glass — 17.8%
Window Frame — 28%

A 294

290

1 285

- 1 280

B 275

270

265
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Vinyl Framed Window Systems (Stainless Steel Spacers)

UHWAG6146_Vinyl_SS — Vinyl frame
with ‘H’” intermediate and ‘U’ edge

spacer constructed with stainless
steel.

U-value = 1.42W/m’k (31.3%
improvement compared to 1D
analysis)

Centre of Glass —52%
Edge of Glass — 20%
Window Frame — 28%

UHWAG6146_Vinyl_SS — Vinyl frame
with ‘X’ intermediate and ‘U’ edge

spacer constructed with stainless
steel.

U-value = 1.43W/m’k (30.1%
improvement compared to 1D
analysis)

Centre of Glass —57%
Edge of Glass — 15%
Window Frame — 28%

UHWAG6146_Vinyl_SS — Vinyl frame
with ‘T’ intermediate and ‘U’ edge
spacer constructed with stainless
steel.

U-value = 1.34W/m’k (29.8%
improvement compared to 1D
analysis)

Centre of Glass —57.5%
Edge of Glass — 14.5%
Window Frame — 28%

A 294

290

1 285

- 1 280

B 275

270

265

V¥ 263
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Vinyl Framed Window Systems (Polyvinyl Chloride Spacers)

UHWAG6146_Vinyl_PVC - Vinyl frame
with ‘H’ intermediate and ‘U’ edge
spacer constructed with PVC.
U-value = 0.93W/m’k (19.1% A 294
improvement compared to 1D
analysis)
Centre of Glass —72%
Edge of Glass — 0%
Window Frame —28%
290
UHWAG6146_Vinyl_PVC — Vinyl frame N g5
with ‘X’ intermediate and ‘U’ edge
spacer constructed with PVC.
U-value = 0.92W/m’k (19.8%
improvement compared to 1D
analysis) L | 280
Centre of Glass — 72%
Edge of Glass — 0%
Window Frame —28%
B 275
UHWAG6146_Vinyl_PVC - Vinyl frame
with ‘T’ intermediate and ‘U’ edge
. 270
spacer constructed with PVC.
U-value = 0.92W/m’k (19.6%
improvement compared to 1D
analysis)
265
Centre of Glass — 72%
Edge of Glass — 0%
Window Frame —28%
V¥ 263
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Appendix 2 - Photographs of Prototype

‘U’ Edge and ‘H’ Intermediate Spacer (Framed) U’ Edge and ‘H’ Intermediate Spacer

‘U’ Edge and ‘X’ Intermediate Spacer (Framed) ‘U’ Edge and ‘X’ Intermediate Spacer

‘U’ Edge and ‘T’ Intermediate Spacer (Framed) ‘U’ Edge and ‘T’ Intermediate Spacer
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