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Abstract

Although vacuum-insulated glazing (VIG) has been proposed as a promising solution towards developing
energy-efficient buildings, VIGs have not become popular in the market due to several technical challenges
including the complexity of the fabrication process. In particular, the edge-seal is a key component that
significantly affects the thermal insulation and mechanical performance, and the development of edge-seal
with adequate thermal insulation, mechanical strength, and reasonable processing cost is essential to
overcome such technical issues in VIG. For this purpose, effects of edge-seal design parameters on the VIG
performance should be identified. In this research, we analyzed the edge-seal for thermal transport as well
as structural stresses to study the effects, and then identified and evaluated the material mixes for the edge-
seal requirements. The finite element simulations showed the significance of VIG corner calculation on
overall thermal transmittance and the importance of seal conductivity below 1 W/m.K. The experiments
with the flexible seals with different ratios of fine glass powder demonstrated that the measured shear
strength values for the seal with less than 30% glass powder were more than 10 times larger than the
calculated shear stress values. Based on these simulation and experimental results, a flexible sealant was
developed using a proprietary mix of ceramic materials that meets the requirements of the designed VIG
edge-seal, including structural as well as thermal stress resistance and a low conductivity. Moreover, the
sealant is self-curing under atmospheric conditions, and thus it does not require costly inline process of

laser curing or oven baking.
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Nomenclature

A area, mm?

C areal thermal conductance or heat transfer coefficient, W/m2.K
E elastic modulus, MPa or GPa

G shear modulus, MPa or GPa

h gap (seal or pillar) height, mm

k thermal conductivity, W/m.K

P pressure, N/m?

0 heat flow, W

q heat flux, W/m?

R areal thermal resistance, m2.K/W

r pillar radius, mm

U overall heat transfer coefficient, W/m2.K
Greek letters

£ emissivity

A pillar spacing, mm

% Poisson’s ratio

T shear stress, MPa

Subscripts

in indoor

out outdoor

max ~ maximum

seal  sealant

pa pillar

EPDM ethylene propylene diene monomer
rad radiation

vac vacuum



1 Introduction

Conventional windows used in most buildings are comprised of glass panes that are separated by air or inert
gas to limit the heat transfer between them. Vacuum-insulated glazing (VIG) offers the promise of superior
performance by taking advantage of vacuum to limit the conduction and convection between the layers of
glass.['l Even though windows occupy between 10-15% of the total envelop area of a home which is
exposed interacts with outside environment, they account up to 30% of the heat loss ], i.e., windows are
responsible for more than five to six times of energy loss, compared to walls. Therefore, the development
of improved insulating glass units, such as VIG, has gained significance in recent years 3-31, and the building
retrofitting including the application of VIG can effectively contribute to the reduction of greenhouse gas
emission.l! VIG is an assembly of two or more glass panes separated by pillars and hermetically sealed
along the periphery to maintain the vacuum in the gap between the glass panes.l”! For more effective thermal
insulation or higher thermal resistance (R-value), air needs to be evacuated to a level that prevents
convection in the cavity, typically lower than 10 Torr (0.133 N/m?) B, VIG, if successfully deployed in
the market, will be a promising replacement of single pane glazing which can minimize heat loss while

maintaining visibility and daylighting.

Windows in which VIG is installed are exposed to harsh environmental conditions, e.g., wind pressure,
rainwater, and temperature fluctuations. For VIG to be thermally insulating (!9 and durable ['-12] the
optimized design of the gap region, including edge-seal, support pillar array, and vacuum is important as
the thermal resistance of the gap region is dominant in the overall heat transfer. Various design parameters
of the support pillars have been intensively studied, demonstrating their effects on thermal and mechanical
performance of VIG [13-16], In addition to the study of pillar materials and geometry, the location of the low
emissivity coating has also received attention ['7-'8], On par with the significance of the support pillar design
shown in these previous studies, the edge-seal design is also expected to be critical to the VIG performance,
and material and design parameters of the edge-seal need to be comprehensively investigated for their

optimal design. Exposure to the harsh environmental conditions also makes it critical to implement an edge-



seal design that will be able to withstand such conditions. Failure of the edge-seal would reduce the thermal
resistance of the VIG from R-10 (U-value of 0.1 W/m2.K) to R-3 (U-value of 0.33 W/m2.K), which

substantially degrades the thermal insulation of windows.

Along with the pillar design, the edge-seal design plays a significant role in controlling the thermal transport
and providing stress resistance, and therefore, improving the seal design can help enhance the thermal and
mechanical performance of the VIG. Research has shown that nearly 50% of the overall heat transfer occurs
through the edge-seal part [1°, and depending on its design parameters, this ratio can be even larger.
Therefore, the goal of the effort described in this paper is to understand the correlation between edge-seal
design and VIG performance, particularly in terms of the seal material parameters, which would be

beneficial to improve the thermal and mechanical performance of VIG.

Since 1980, investigations of how edge-seal materials affect the performance of regular windows and
evacuated windows were carried out by many researchers [!%23], In these studies, the focus was mainly on
choosing a material to improve both mechanical and thermal performance of VIG using experimental tests.
However, the experimental method has undesirable disadvantages in terms of the high cost and low
efficiency, and each test requires preparation of several different materials and fabrication of many VIG
samples. Another drawback is the difficulty in testing the effect of changes in the seal geometry in the VIG

sample, which requires a redesign of the sample each time.

To overcome these disadvantages, computational methods have been applied to complement the
experimental studies, which allowed for changes to the material properties and geometry to be evaluated
much more quickly and efficiently through simulations. Since the 2000s, researchers began to study the
edge-seal effect using computational methods 2%, For example, by investigating the effect of seal size with
the finite element method (FEM), the research found that reducing the width of the seal could lead to a
thermal transfer reduction of around 20% ['3); an alloy-seal was evaluated using both experiment and FEM

to determine its advantage and disadvantage for sealing application [>!; and the effect of different seal layers



mixed with metal wire on the VIG performance was investigated using experimental and computational

methods [22.23],

The previous efforts related to the study of edge-seal effect have focused on specific materials for the edge-
seal, and mainly on the thermal performance of the VIG. In this work, for the first time, the effects of several
edge-seal material parameters on both the mechanical strength and the thermal insulation of VIG were
examined using 3D finite element method (FEM) simulations and experiments. FEM simulations were used
to guide the selection of the required material parameters for the desired thermal and mechanical response
of the VIG. An important contribution of the work presented here is that the performance of several flexible
seals was evaluated experimentally, which differs from the more rigid seal materials used in earlier studies,
with the consequence of shear stress reduction due to the low modulus of the flexible seals. This study is
organized as follows. In Section 2.1, the computational methodology including the generic VIG geometry,
the material properties, and the simulation conditions is presented. The experimental methodology for the
fabrication and mechanical testing of flexible seal mixes is described in Section 2.2. In Section 3.1,
simulation results of the VIG thermal performance are presented with discussions on the effects of various
edge-seal parameters. In Section 3.2, the results of experimentally measured mechanical strength and
sealing tightness are presented for flexible seal mixes, and in Section 3.3, numerical thermo-mechanical
simulation results are presented for several values of the seal elastic modulus. Based on the combined
experimental and simulation analyses, a flexible seal material has been developed, which satisfies the

desired thermal and mechanical performance requirements of the VIG.

2 Methodology

2.1 Computational Approach

Simulations were carried out in this work using the finite element method to examine how edge-seal design
and material properties affect the thermal and mechanical performance of the VIG. The modeled VIG

consists of two panes of glass separated by an array of regurlarly spaced pillars, which prevent the glass



panes from collapsing into each other when vacuum is introduced in the gap between them (Fig. 1). The
vacuum is maintained by two layers of sealant material around the edges of the VIG. The top and bottom
glass panes of the modeled VIG were assumed to be exposed to the outdoor and indoor environment,
respectively. The dimensions of each glass pane were taken to be (1,000 x 1,000 x 3) mm?, and the the top
glass pane was assumed to have a low-emittance coating (emissivity ¢ = 0.018) on its inner surface. The
pressure of the gap (Py,.) was set to 10-* Torr (0.133 N/m?), which is very similar to the vacuum pressure

value in conventional VIG products.

A baseline configuration of the VIG unit was considered for the study of edge-seal effects, and it consisted
of cylindrical pillars with a height of # =1 mm and radius of » = 0.5 mm placed in the gap between the two
glass panes. The pillars were arranged in the form of a square array with a pillar spacing (1) of 50 mm. At
the outer edges of the glass panes, the thickness and width of a primary seal were 1.4 mm and 5 mm,
respectively, and those of a secondary seal were 1 mm and 7.5 mm, respectively. The primary seal thickness
is more than the secondary seal thickness to accommodate the groove which prevents vacuum loss. The
secondary seal is used to limit shear stress due to thermal expansion of the outer pane of glass exposed to
extreme weather and to ensure vacuum retention for longer period. To simulate the installation of the VIG
within a window frame, ethylene propylene diene monomer (EPDM) rubber with thermal conductivity
keppm = 0.25 W/m.K was included on the surfaces of both glass panes along the outside edge to span the
width of the primary and secondary seals of the VIG (12.5 mm). Material properties employed in the FEM
model are summarized in Table 1. It should be noted that the elastic modulus and thermal conductivity
listed for the primary seal are nominal values, and these parameters were varied to study their effect on the
VIG performance. The pillar thermal conductivity listed below corresponds to a ceramic composite material,
and has a thermal conductivity similar to that of glass. The pillar thermal conductivity was also varied in

some of the simulations discussed later.

Because of the symmetry of the modeled VIG, a quarter section (500 x 500 x 3) mm? of the full unit was

used in this work, which includes all the different components, including the primary and secondary seals



and the EPDM. A schematic of the quarter VIG unit is shown below (Fig. 1), along with the arrangement
of the seals, where the primary seal is in contact with the vacuum gap while the secondary seal is in contact
with the outside air. The two seals are joined to each other, and are perfectly bonded to the top and bottom

glass panes, which serves to ensure that there is no loss of vacuum from the gap between the glass panes.

Table 1. Material properties of VIG components used in the finite element simulations of this study

Thermal

Densit Elastic Poisson’s Specific expansion Thermal
Component @ /cmg modulus ratio heat coEfﬁcien ¢ Conductivity
E (GPa) v J/kg.K) (x10° K1) k (W/m.K)

Glass 2.5 73 0.22 800 8.6 1
Pillar 35 280 0.22 800 8.6 1
Primary seal 2.5 75 0.22 800 20 1

Secondary seal 1.54 3.5 0.33 1,000 50 0.136

EPDM 1.4 2.5 0.47 1,000 80 0.25

The FEM simulations were used to investigate the effect of changing the thermal and mechanical properties
of various components on the response of the VIG. Through mesh-convergence tests,!'! we identified
optimal meshing conditions for the accuracy and computational efficiency of the FEM simulations, where
all the element sizes were smaller than 10* mm?. Parameters that were varied in the study include the
thermal conductivity of the primary seal and the pillars, the width of the primary seal, and the elastic
modulus of the primary seal. Effects of changing these parameters on the overall heat transfer coefficient
(U-value), the heat flux distribution, and the stress distribution in the VIG unit were examined. The
commercial program ABAQUS 4 was used to carry out all of the FEM simulations for thermal and

mechanical analysis.
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Figure 1. A quarter-section model of the VIG unit showing the location of various components.

Vacuum space

Thermo-mechanical analyses of the VIG unit were carried out to determine the displacement and stress
fields in the various components under combined thermal and mechanial loads. A pressure load of 1.01 x
105 N/m? (1 atm) was applied to each glass pane on its outer surface, and the gap pressure between the glass
panes was assumed to be 10-3 Torr (0.133 N/m?). Symmetry boundary conditions along the x and y
directions were employed for the two sides of the model corresponding to the centerline of the full VIG,
while the top and bottom surfaces of the EPDM frame were restrained to have no displacement, as shown
in Fig. 2. Interaction between the top glass pane and each pillar was modeled assuming frictionless contact,
while a cohesive interface condition with a stiffness value of 103 N/mm? was employed between the bottom
glass pane and each pillar. In order to simulate two extremes for the weather conditions, cases with 60°C
and —30°C were considered for the outdoor temperatures, while 23°C were used for the indoor temperature,
for each case in accordance with ASTM E2188 2’1 and E2190 [2°] durability test conditions. Heat transfer
coefficients over the outer surfaces of the top (outdoor, C,,,) and bottom (indoor, C;,) glass panes were 8
W/m?2.K for the thermo-mechanical simulations. The emissivity value of 0.84 were used for all glass

surfaces except the inner surface of the top outdoor glass whose emissivity was assumed to be 0.018 to



model a low-emittance coating.

XIYIZ=0 EPDM

15m Outdoor (T,,,.. = -18°C/-30°C/60°C)
3 mm

——

mm ir conduction or no
Z+
3 mm
Y
Indoor (T, .. = 21°C/23°C) X

Contact heat transfer (same conductance as the Glass/Pillarinterface)

[ Text represents Structural Boundary Conditions [l Text represents Thermal Boundary Conditions

Figure 2. Modeling specification for thermal and structural analysis.

In addition to the thermo-mechanical analysis described above, simulations involving only thermal analysis
were carried out to study the thermal insulation of the VIG, which is evaluated by examining U-value, i.e.,
the overall heat transfer coefficient. These simulations assumed steady-state conditions, with a standard
temperature condition of —18°C for outdoor air and 21°C for indoor air. 29.41 and 6.67 W/m2.K were
employed as heat transfer coefficients on outer surfaces of the top outdoor and bottom indoor glass panes
(C,oue and Cy,), respectively, and the emissivity values at the inside surfaces of the glass panes were the same
as those described above. These boundary conditions were based on guidelines in the ASTM C1199 [27]
testing procedure. It was assumed that the pillars and seal were in perfect contact with the glass surfaces,
leading to zero thermal resistance at these interfaces. Because of the symmetry, adiabatic boundary
conditions were applied along the sides normal to the x and y axes. The overall heat transfer coefficient or
U-value was calculated as

U=0/ Ay AD), (1)
where Q is the total heat transfer rate across the glass panes from one side to the other of the VIG model,
Ay 1s the effective in-plane area for the VIG model (using the area of the model when viewed from the
top/bottom), and AT is the difference in temperature between outdoor and indoor environments. Q is
evaluated by integrating the heat flux from the FEM simulation output over the effective surface area (Q =

>q:A;). Table 2 provides details of the VIG configuration used for the benchmark simulations.



Table 2. VIG configuration and properties for baseline simulations

Parameter Value
VIG glass dimension (width x height) (mm?) 1,000 x 1,000
Glass pane thickness (mm) 3
Emissivity/Low emissivity coating 0.84/0.018
Vacuum gap or pillar height (mm) 1
Pillar radius (mm) 0.5
Pillar spacing (mm) 50
Pillar thermal conductivity (W/m.K) 1
Primary seal (width x height) (mm?) 5x14
Secondary seal (width x height) (mm?) 7 x1
Thermal conductance of vacuum (W/m?2.K) 1.0679 x 103

2.2 Experiment

Fabrication of Flexible Seals and Samples

Various flexible seals were prepared by adding different amounts of glass powder to a proprietary flexible
ceramic seal, considering their eventual application as both primary and secondary seals. The powder grain
size was less than 0.2 mm, and the volume fraction of the added glass powder in the flexible seal mix ranged
from 0 to 50%. Addition of glass powder increases the viscosity and reduces the fluidity of the sealant, as

Fig. 3 shows. Also, greater resistance to gas permeability was expected from the glass powder addition.

(a) (b) (© (d)
Figure 3. Flexible seal mix with different volume ratios of glass powder smaller than 0.2 mm. The volume
fraction of (a) 10% glass powder; (b) 30% glass powder; (c) 40% glass powder; and (d) 50% glass powder.

Using the prepared flexible seal mix, three types of samples were fabricated to evaluate the performance of

the glass seal. For the first type of sample, two 38.1 mm x 76.2 mm (1.5" x 3") glass panes with thickness
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of 3 mm were aligned with a 5 mm shift and bonded by applying a single line of flexible seal mix. The gap
between the glass panes was maintained by four glass pillars with 1 mm height, and the applied seal width
is 5 mm, as shown in Fig. 4a. This type of sample was mainly used in the shear strength test. To test the
effectiveness of the sealing of two glass panes, we employed two square glass panes of size 76.2 mm % 76.2
mm (3" % 3") and applied the flexible seal on the peripheral region with 5 mm width, as shown in Fig. 4b.
Lastly, for the VIG demonstration, sealing of two 152.4 mm x 152.4 mm (6" % 6") glass panes was achieved,

including nine glass pillars and the flexible seal, along with the installation of a vacuum valve (Fig. 4c).

Glass pane 1
76.2mm or 38.1mm

Glass pane 2 ° ®\
Glass Hillar
\ 76.2 mm
(3inch)
o o
5-10 mm 5 mm

T e
L

=,

i
LA\
¥

+
?b J

(b)
Figure 4. Three different samples for experimental tests (a) 38.1 mm X% 76.2 mm (1.5" x 3") glass with
single line flexible seal, mainly used in shear stress test, (b) 76.2 mm x 76.2 mm (3" x 3") glass with flexible
seal, and (c) 152.4 mm x 152.4 mm (6" % 6") glass with flexible seal.

The vacuum valve (patent pending) is placed in the plane of the glass pane, and then the edge sealant is
applied, following which the second glass pane is positioned, and the assembly is formed by applying

pressure and allowing it to dry. Upon drying, vacuum is drawn from the VIG using a conventional high
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vacuum pump, and once the desired vacuum (pressure level < 10 Torr) is achieved, the vacuum valve is
welded and then the pump is detached. This allows the vacuum to be retained in the VIG. This process
was tested to confirm vacuum retention and prevention of leaks. Vacuum level of 10-* Torr (0.133 N/m?)
was kept in place for 6 days to confirm retention, followed by helium test to ensure that there were no leaks.
In all three cases, the sealant between the two glass panes was cured for 24-48 hours at room temperature

for the vulcanization of the sealant.

Seal Evaluation

To assess the mechanical performance and product reliability of VIG, airtightness and maximum shear
strength were measured. Immersion in a water container and placement of the sample in a freezer were used
for determining the airtightness, while a tensile testing machine was used for the shear stress test, as shown

in Fig. Sa.

\
(b)
Figure 5. (a) Tensile testing machine (Model QC-TECH B5000) with a sample inside, and (b) Water
leakage test.

12



To guarantee its efficiency in fabrication and accuracy in the test, type 1 samples with a smaller dimension
of glass and controlled single line of seal were employed for the shear strength measurement. After a shear-
lap sample was vertically aligned and clamped in a tensile testing machine (Model QC-TECH B5000
system), increasing compressive force was applied until the seal was broken. The force and glass
displacement were recorded, and using the recorded data along with the seal geometry, stress-strain curve
was plotted for the measurement of the seal shear strength. Additionally, type 2 samples with flexible seal
mix were used for the water leakage test to ensure its sealing performance. The samples were dipped into
water of 9 mm depth for 48 hours, and then checked to see if any water leakage or water vapor is observed,
as shown in Fig. 5b. Thermal conductivity of the edge seal material was determined by preparing and testing
a 100 mm by 100 mm sample using ASTM C518 test procedure 281, The test results obtained are presented

in Table 3 and showed that the conductivity of the flexible edge sealant was 0.136 W/m.K.

Table 3. Thermal conductivity measurement of the flexible edge seal

Test # Thick Temperature Thermal Conductivity
est ickness o
; > | (External HFTs), °C External HFTs), W/m.K
ASTM C518 Specimen mm ( ) ( )
Upper Lower Upper Lower | Average
694 Edge Seal Flex | ¢ 5 16.6 316 | 0148 | 0125 | 0.136
Sealant

3 Results and Discussion

In a recent paper ], the computational approach using ABAQUS described earlier has been validated by
comparing the computed center-of-glass U-value against experimental measurements on a VIG sample, as
well as against a simple one-dimensional analytical calculation. The analyses described in this paper have

been carried out using this validated FEM model.
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3.1 Effect of Seal Parameters on the Thermal Response

As mentioned earlier, while the pillar array between the glass panes serves as the main conduit for heat
transfer in the region near the VIG unit center, the regions near the edges comprised of the primary and
secondary seals and the frame account for a significant fraction of the overall heat flux across the VIG unit.
A comparison of the U-values computed for the full VIG unit with those from a unit cell model that excludes
the edge effects showed that there is a substantial increase in the U-value for the full VIG I3l This change
in U-value is dependent on the properties of the primary and secondary seal materials. Therefore, it is

important to understand the effects of these seal properties on the overall response of the VIG unit.

Effect of Primary Seal Thermal Conductivity

The effect of the primary seal thermal conductivity on the overall heat transfer across the VIG unit was
investigated using the FEM simulations. Figure 6 shows the variation of the U-value of the full VIG with
respect to the seal thermal conductivity, k... For each value of k., the variation of the U-value was also
examined for different pillar themal conductivity values, k,,. To clearly identify the influence of k,,, the
pillar conductivity was varied up to 999 W/m.K, considering it as an extreme case. The results in Fig. 6
show that for a given value of k,,, the U-value increases with k., with the rate of increase being quite high
at low k..., and the U-value curve flattening out at higher values of k.. The overall shape of the U-value
curve is the same for different k,, values, except for a shift to higher U-values with increase in k,,. This
shift is much greater at low £, values, but becomes considerably smaller beyond about k,, = 16 W/m.K.

Thus, the following thermal simulations discussed later also employed k,, = 16 W/m.K as one extreme

(close to thermal conductivity of stainless steel) in addition to 1 W/m.K listed in Table 2.

It can be deduced from the above results that for a given pillar thermal conductivity, the thermal influence
due to the seal diminishes at higher values of the seal thermal conductivity and reaches a plateau for values
of k.. larger than 1 W/m K. If we consider flexible seal materials, most of them have a thermal conductivity
value below 1 W/m.K 21, and therefore, it is necessary to consider their effect on the overall VIG thermal

performance.
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Figure 6. U-value of the full VIG for different thermal conductivities of seal and pillar, with k., varying
from 0.05 W/m.K to 10 W/m.K, and £, varying from 1 W/m.K to 999 W/m.K.

Heat Flux Distribution

In order to study the seal thermal effect in greater detail, the heat flux (HFL) distribution from the edge to
the center of the VIG was examined. We chose two different paths close to one of the symmetry planes of
the VIG. While path 1 at the symmetry plane on the top surface of the outdoor glass pane goes through the
xy locations of the center of the support pillars, path 2 is shifted by a distance of A/2 relative to path 1, so
that it does not go through any of the support pillars. The schematic illustration of the two paths is shown

in Fig. 7a, and the results of heat flux distribution are presented in Figs. 7b and 7c.
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Figure 7. (a) Schematic of VIG FEM model showing two different paths, with path 1 along the center of
the VIG, and path 2 shifted by 25 mm (A/2) from path 1. (b) Heat flux distribution along path 1 and (c) that

along path 2 with k., =1 W/m.K and k,, = 16 W/m.K.

Based on the results, it is observed that the heat flux variations along the two paths show considerable
differences. Along path 1, which includes the effect of the pillars, there are local peaks in the heat flux at
the locations corresponding to each pillar, whereas the heat flux distribution along path 2 shows minimal
effect due to the pillars. After the initial decrease in the heat flux past the edge region, the heat flux
distribution becomes more dependent on the pillar properties, and beyond about 100 mm, the effect of the
edge section becomes negligible. Therefore, to better understand how the thermal conductivity values of
the seal and of the pillar affect the heat flux distribution, we chose a 0-100 mm section of path 1 and path
2 as the new test range to study the influence of different values of k,, and k.. The results are shown in

Fig. 8.
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Figure 8. Heat flux distribution along two different paths for different k., and k,,: (a) heat flux distribution
along path 1 with k., = 1 W/m.K and k,, = 1-999W/m K; (b) heat flux distribution along path 2 with k.
=1 W/mK and k,, = 1-999W/m K; (c) heat flux distribution along path 1 with &, = 0.05-10 W/m.K and
k,q =16 W/m.K; (d) heat flux distribution along path 2 with k., = 0.05-10 W/m.K and k,, = 16 W/m.K.

We calculated the heat flux distribution for different values of the pillar thermal conductivity £,, (1-999
W/m.K) along a portion of path 1 (0-100 mm) and path 2 (0-100 mm), with the thermal conductivity of seal
kept fixed at k.., = 1 W/m.K. From the plots that are shown in Figs. 8a and 8b, the heat flux around the seal
has a high value and generally decreases beyond 12.5 mm, which represents the extent of the seal. The
pillar thermal conductivity has an effect on the distribution of the heat flux along path 1 when the distance
is larger than about 35 mm, which is almost three times longer than the width of the seal. The local peaks

in the heat flux at the pillar locations increase with &

a» although this increase becomes much smaller for £,
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larger than 16 W/m.K. Along path 2, the pillar thermal conductivity effect is also observed beyond about

35 mm, although the differences are very minimal for different &, values.

In Figs. 8c and 8d, we show the heat flux distribution for different seal conductivity values k., (0.05-10
W/m.K), while the pillar thermal conductivity is fixed at k,, = 16 W/m.K. The thermal conductivity of the
seal does not have a significant influence beyond about 35 mm, as noted above. Along path 2, when the
distance is larger than 35 mm, the heat fluxes for different k.., values show only a slight difference, and
this difference disappears beyond 70 mm. For both paths, the maximum heat flux difference is at the edge
of the seal, which shows a 25% decrease when £k, is reduced from 1 W/m.K to 0.1 W/m.K, and a 20%

decrease when £, 1s reduced from 0.1 W/m.K to 0.05 W/m.K.

Edge-seal Size Effect on VIG Thermal Performance

1.05
1.004 Increasing &, ,
£ 0.95
£ 0.901
2
= 0.851
=
S 080 [Seal thermal conductivity &,
D 0.75- |+1(00W/m~K ——0.1
—— )‘
0.70- |10 005
)
5 6 7 8 9 10 11 12 13

Edge Seal Width, ' (mm)

Figure 9. Variation of U-value (W/m2.K) with edge-seal width (W, mm) and thermal conductivity of the
seal (kyeal).

We also calculated the effect of the edge-seal width, which was varied from 6 — 12.5 mm, on the overall
heat transfer coefficient (U-value), for different values of the edge-seal thermal conductivity ranging
between 0.05 W/m2K to 10 W/m2K, which are typical values for edge-seal materials available in the
market. These calculations were carried out using the WINDOW B9 software program mainly for

convenience and expediency. The thermal conductivity of the pillars was kept fixed at k,, = 999 W/m.K,
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and a vacuum of 10-3 Torr (0.133 N/m?) was assumed. From the plots that are shown in Fig. 9 and the data
presented in Table 4, the U-value is found to increase with increase in edge-seal width, and the observed
difference is 0.11 W/m2.K between 6 mm and 12.5 mm, and this difference is the same for different values
of k.. It is concluded that the edge-seal width in the range of 6 — 12.5 mm does not have a significant

impact on the U-value of the VIG unit.

Table 4. U-values computed for different values of edge-seal width and thermal conductivity of the seal

Seal Width U-values (W/m2.K) for different k

(mm) 10 W/m.K 6 W/m.K 1 Wm.K 0.1 W/m.K 0.05 W/m.K

12.5 1.011 1.009 0.997 0.936 0.893

10 0.966 0.964 0.959 0.897 0.854

8 0.934 0.934 0.921 0.862 0.819

6 0.898 0.897 0.886 0.825 0.782
Max. U/Min. U | 1.011/0.898 1.009/0.897 0.997/0.886 0.936/0.825 0.893/0.782

Max. — Min. 0.113 0.112 0.111 0.112 0.112

Corner Effect on VIG Thermal Performance

The windows industry currently uses a two-dimensional (2D) simulation tool (THERM Bl) to determine
the edge-of-glazing thermal transmittance (U-Value). The analysis using THERM was carried out for a
cross-section in the middle of the VIG unit, as shown in the schematic in Fig. 9, and the effects of the corner

in the full VIG unit are ignored.

In this study, we investigated the impact of the corner on the U-value using the three-dimensional (3D) VIG
model. The U-value was calculated using Eq. (1) over a specific region of 100 mm % 100 mm area at
different locations, two of them closer to the middle of the VIG and one at the corner, as shown in Fig. 10a.
The temperature difference given by AT =21+18=39°C was considered to compute the U-Value of each
zone. The heat flux Q for the area under consideration was obtained directly from the ABAQUS results. It
is observed from Fig. 10a that the U-value at the corner (region 1) is considerably higher than at locations
away from the corner (regions 2 and 3), indicating that the heat flux is influenced by the location along the

periphery of the VIG. This non-uniformity between the corner and the straight edge of the VIG is also
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evident from the temperature field of the top glass outer surface shown in Fig. 10b.

= = = = U-value = 2.80 W/m?.K

= = = = [-value = 1.871 W/m2.K

— = = = U-value = 1.871 W/m2.K

(a) (b)

Figure 10. (a) Calculation of U-value over an area of 100 mm x 100 mm at different locations across the
VIG, showing the effect of the corner on the thermal transmittance, and (b) temperature distribution in a
section of the top glass pane close to the corner of the VIG unit.

Table 5. Comparison of U-values computed using ABAQUS and WINDOW/THERM (W/T) models for
different values of the edge-seal thermal conductivity.

U-values (W/m2.K) for different k.,
0.05 W/m.K 0.1 Wm.K 1 W/m.K 10 W/m.K
ABAQUS 0.921 0.974 1.050 1.064
W/T-100 mm EG 0.893 0.936 0.997 1.011
W/T-63.5 mm EG 0.892 0.935 0.994 1.006

The importance of including the corner effect becomes evident when the results for the full 1 m x 1 m VIG
unit are examined. A comparison of the U-values calculated using the ABAQUS 3D model with the 2D
calculations based on WINDOW/THERM is presented in Table 5. For these calculations, the pillar thermal
conductivity was assumed to be k,, = 999 W/m.K, which is the default value in the WINDOW software,
and different values of the edge-seal thermal conductivity were considered. It is observed that the 2D results
using WINDOW/THERM underpredict the U-Value, while the ABAQUS results lead to a higher U-value
due to the inclusion of the corner effect. Even if the edge-of-glass region is taken as 100 mm instead of the
currently used 63.5 mm (industry standard), the WINDOW/THERM results show minimal change. It was
also observed that as the edge-seal thermal conductivity 4., increases from 0.05 W/m.K to 10 W/m.K, the

deviation in U-value increases between the 3D and 2D simulation results.
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3.2 Experimental Measurement of Mechanical Strength and Sealing Tightness

As the fraction of glass powder increases, the flexible seal mix loses its fluidity before curing. With the
ratio larger than 40%, the seal mix does not have sufficient fluidity to make an adequate sealant; therefore,
the flexible seal mix with glass powder fractions below 40% (0%, 10%, 20%, and 30%) were tested to

investigate the shear strength and airtightness.

All the tested samples of flexible seal mixed with 10-30% ratio of glass power presented no water leakage
or any water vapor after 48 hours of sinking in water, demonstrating an effective sealing performance. No
water leakage was observed in the sealing of 152.4 mm X% 152.4 mm (6" x 6") glass panes either, which

indicated that larger size of glass panes can also achieve the seal airtightness.

The mechanical properties of the flexible seal samples were measured using the shear stress test, where the
applied compressive force and the displacement were recorded until the seal was broken (Fig. 11a). As
observed in Figs. 11b-11d, increasing the ratio of glass powder in the flexible seal mix results in lower
maximum shear stress [= (maximum load)/(seal area); pure flexible seal: 1.18 GPa, seal with 30% of glass
powder: 1.17 GPa, and seal with 35% of glass powder: 0.98 GPa]. When the ratio of mixed glass powder
increased from 0% to 30%, the maximum shear stress t,,,, decreased by 1.1%, however, when the ratio of
glass powder increased from 30% to 35%, the 7, decreased by 16.5%. That is, up to 30%, the fraction of
glass powder does not have a significant effect on the mechanical strength of the seal, while a content larger
than 30% deteriorates the strength. Using the measured shear stress and strain, the shear moduli (G) [=
(shear stress)/(shear strain) in the linear region] of the flexible seal samples were also evaluated, and then
the elastic moduli (E£) were estimated [E£ = 2G(1 + v)] as 3.71 MPa for the pure flexible seal, 3.78 MPa for
the 30% glass powder sample, and 4.29 MPa for the 35% glass powder sample. It is noted that the Poisson’s
ratio v was assumed to be 0.5 for the elastic modulus estimation, which is a conservative assumption, and
a lower Poisson’s ratio value would result in even lower elastic moduli than shown in Fig. 11. The shear

and elastic moduli increase with the content of glass powder. However, the increase is minor (less than 2%)
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for 0% to 30% glass powder content, although the change is significant above 30% of glass powder (Figs.

11b-11d).

Pure Flexible Seal
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Figure 11. (a) A sample of glass with flexible seal for shear stress test using tensile testing machine. Shear
stress test results for glass with three different seals: (b) pure flexible seal, (c) flexible seal mixed with 30%
glass powder, and (d) flexible seal mixed with 35% glass powder.

3.3 Effect of Primary Seal Elastic Modulus on the Mechanical Response

Thermo-mechanical simulations were carried out using the quarter-window model as described earlier, in
order to determine the displacement and stress fields for various components of the VIG under combined
mechanical and thermal loads. The temperature difference between the outdoor and indoor environment
causes the glass panes to have out-of-plane displacement, which is maximum at the center of the window,
but still within the acceptable limit [!3]. Stress values were examined at various locations of interest within

the glass panes and the pillars ['5], and also within the primary and secondary seals.
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Figure 12. (a) Path for shear stress measurement, (b) xz component of the shear stress along a path that
goes from the inside surface of the bottom glass pane to the outside surface of the top glass pane through
the primary seal for different primary seal elastic modulus values between 100 — 150 GPa and (c) those
between 20 — 100 MPa.

Simulations were carried out using different values for the elastic modulus of the primary seal. Values
typical for the seal material used in conventional VIG units were considered initially, in the range of 100 —
150 GPa. The resulting plot of the shear stress along a path that goes from the inside surface of the bottom
glass to the outside surface of the top glass is shown in Fig. 12a, with the xz component of the shear stress

ranging from —12 to 1 MPa across the primary seal (Fig. 12b). It is observed that the maximum (negative)
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shear stress becomes smaller with reduction in the elastic modulus of the primary seal.

In order to limit the shear stress in the primary seal, it was decided to use a flexible seal material as discussed
above, with a modulus value that is considerably lower than conventional seal materials. The simulations
were repeated with the primary seal elastic modulus varying between 20 — 100 MPa, with the corresponding
results shown in Fig. 12¢. The maximum shear stress values across the primary seal for different moduli
range from 0.09 — 0.42 MPa, and these results are 2—10 times smaller than the maximum shear strength of
the flexible seal from our experimental measurements (see Fig. 11). Moreover, the measured elastic moduli
of flexible seals (Fig. 11) were lower than 5 MPa, which leads to a lower maximum stress than the values
shown in Fig. 12. Therefore, it can be deduced that the flexible seal developed during this research is stable

enough to maintain adequate vacuum conditions even in a I m X 1 m working VIG system.

4 Conclusions

The effects of edge-seal design on the mechanical strength and thermal insulation of VIG were studied
using FEM simulations and experimental tests, including airtightness test and shear stress test. Through this
research, the influence of the seal thermal conductivity and elastic modulus were evaluated for effective
performance and optimal design of VIG, and flexible ceramic sealants were developed and tested for the

VIG application.

The thermal insulation performance of VIG was evaluated using FEM simulations under different seal and
pillar thermal conductivity values to study the influence of the seal on the thermal transport. Based on the
analysis of FEM results, it was found that a lower seal conductivity k., results in a lower U-value of the
VIG system. The extent of this influence depends on the range of k,..; for k.., > 1 W/m.K, the influence in
lowering the U-value is less significant, with only 5% difference in U-value from k., = 1 W/m.K to k., =
10 W/m K. The heat flux distribution indicated that the region affected by the seal can extend to about three
times the width of seal, and that when k., <1 W/m.K, the impact on lowering the U-value is much greater.

The results also indicate that the pillar conductivity &, does not have a significant influence on the sealing
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effect.

A comparison between 3D and 2D simulations showed the importance of including the effect from the
corner of the VIG unit in the calculation of overall thermal transmittance. Since the commonly used 2D
simulations cannot account for the corner effect, they underestimate the U-value of the VIG. The higher
temperatures at the corner can lead to higher stress variations, and therefore, special care should be taken

while designing the corner constrution of the the VIG for long term durability.

The flexible seal with different ratios of fine glass powder was tested in our experiments. When the volume
fraction of the glass powder in the flexible seal was below 30%, it performed very well during the test, with
no water leakage. However, when the ratio was larger than 40%, the seal material would lose most of its
fluidity and could not be used to adequately bond and seal the glass panes. In addition, the higher volume
fractions of glass powder also led to considerable deterioration of the shear strength. Comparisons with
FEM simulation results showed that the measured shear strength values for the seal with < 30% glass
powder were more than 10 times larger than the calculated shear stress values, which provides confidence
in the ability of the flexible seal developed in this work to withstand the thermal and mechanical loads, and

maintain adequate vacuum conditions during service, even in a 1 m x 1 m working VIG system.
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