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Abstract

Insulating glass unit (IGU) is separated double or triple glass panes with closed cavities in
between, usually filled with argon to reduce the heat transfer. When a construction like this is
exposed to temperature variations the volume of the gas will change and pressure changes
will occur. The glass panes will bulge which will give displacements and stresses in the glass
panes. For large dimensions of the insulating glass along with large temperature variations
give a high bulge of the glass panes but the stresses are relatively small. For small dimensions
the bulging of the glass panes are smaller but the stresses can be so high that the glass must be
toughened. The change of atmospheric pressure can also increase the bulging of the glass
panes.

There is a demand for integrated blind in insulating glass. An integrated blind will not be in
the way and it would ease the cleaning but during a cold day the integrated blind may be
clamped between the glass panes due to the bulging. During an extremely cold day or a warm
and sunny day the stresses in the glass panes can instead be so high that the glass may crack.
There are many parameters affecting the bulging of the insulating glass e.g. the geometry,
glass type and the magnitude of the load. These parameters were investigated in this thesis
using modelling analyses and experimental analyses.

The temperature variation through the IGU was formulated with a 1D-FE model in the middle
of the IGU. The average temperatures in the cavities were calculated and used in a finite
element model made in Abaqus/CAE where the IGU was modeled. The difference from the
initial temperatures and the temperatures in the cavities when the IGU was installed gave the
pressure change calculated with the ideal gas law. The difference between the initial pressure
in the cavities and the atmospheric pressure were used as an external load. The finite element
model was used to determine the stresses and the displacements of the glass panes. The 1D-
FE model and the finite element model were verified with experimental analyses in a climate
chamber (Hotbox).

The temperature in the middle glass was approximately 1-2°C higher than the calculated
temperature with the 1D-FE model, which is due to the heat transfer change as an effect of the
bulging. When the IG units was exposed to cold temperature a remaining bulging occurred in
glass panes of 1-4 mm on each side of the IG units. The total bulging of the finite element
model was approximately 1 mm to high than the experimental tests neglecting the remaining
bulging.

A parameter study was made changing parameters such as the geometry of the IGU, glass
type and magnitude of the load. The choice of gas did not have a major effect on the bulging
of the glass panes but it did have a big influence on the insulating capacity. The thickness of
the glass panes was found out to have a big effect on the bulging. When the thickness of one
glass pane was increased the bulging of that glass pane decreased but the bulging of the other
two glass panes increased.

A regression model was carried out to fit a function to the modelled data which makes it
possible to change the affecting parameters as the user wants.
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Sammanfattning

Isolerglas bestar vanligtvis av separata 4tskiljda tva eller tre glas med slutna kaviteter
daremellan, ofta fyllda med argon for béttre isoleringsformaga. Da en sddan konstruktion
utsdtts for temperaturforandringar kommer gasen att andra volym och tryckfordndringar
uppstér. Glasen kommer dé att bukta vilket ger forskjutningar och spanningar i glasen. Vid
stora dimensioner pé isolerglaset tillsammans med hoga temperaturlaster blir buktningen av
glasen stora men spanningarna desto mindre. Vid sma dimensioner blir buktningen mindre
men spanningar kan bli sd hoga att glaset maste hirdas. Detta kan forvirras genom en dndring
av lufttrycket som ger ytterligare last pa konstruktionen och buktningen kan bli storre.

Efterfragan finns pa att ha en integrerad persienn i isolerglaset. En integrerad persienn skulle
inte vara 1 vigen och det skulle underlitta stadningen men under en kall dag kan persiennen
klimmas fast mellan glasen p.g.a. buktningen. Under en extremt kall dag eller en varm solig
dag kan spanningarna i glasen istillet bli sd hdga sa att glasen kan spricka. Manga parametrar
paverkar buktningen av isolerglas t.ex. geometrin, glastyp och lastens storlek. Dessa
parametrar undersokt i1 detta arbete med hjilp av modellering och experimentella tester.

Temperaturvariationen i isolerglas berdknades fram med en 1D-FE modell genom mitten av
isolerglaset. De berdknade medeltemperaturerna i kaviteterna anviandes i en finita element
modell gjord 1 Abaqus/CAE dér 1solerglaset modellerades. Skillnaden mellan gasens
temperatur vid tillverkning och temperaturen dé isolerglaset var i bruk gav en tryckfordndring
som berdknades med den ideella gas lagen. Skillnaden mellan gasens tryck vid tillverkning
och lufttrycket gav ytterligare last pa isolerglaset. Finita element modellen anvéndes for att
bestimma forskjutningarna och spanningarna 1 glasen. 1D-FE modellen och finita element
modellen verifierades med experimentella tester i en klimatkammare (Hotbox).

Temperaturen i mittenglaset visade sig vara ca 1-2 grader hogre dn den berdknade
temperaturen med 1D-FE modellen som beror pa att virmedverforingen dndras som en effekt
av buktningen. Efter att isolerglasen hade varit utsatt for temperaturlast i Hotboxen s& fanns
en kvarstaende buktning pa 1-4 mm pa vardera sida. Den totala buktningen berdknad med
finita element modellen visade ca 1 mm hogre buktning &n vad som maéttes upp, detta dd man
bortség fran den kvarstdende buktningen.

En parameterstudie gjordes dir parametrar sd som geometrin, glastyp, gastyp och storleken pa
lasten dndrades. Valet av gas visade sig ha en liten paverkan pa buktningen av glasen men
desto storre paverkan av isolerformagan. Tjockleken pa glasen visade sig ha en stor betydelse
pa buktningen. Nér tjockleken pa ett glas 6kades s& minskade buktningen av detta glas men
buktningen 6kade istillet for de tvd andra glasen.

En regressionsmodell gjordes dar en funktion anpassas till erhdllen modellerad data vilket gor
det mojligt for anvéndaren att sjdlv dndra de parametrar som har studerats.






Notations
IGU

Constants
g

g
Rc
Iy

Symbols
an

Atot1

Atot2

Qtot3
bspacer

Cp

d hspacer

fb;k

fg;d
fg;k
hcavity

hCC

hglass
h;

S

Q

<

r.space

spacer

3
e}
a

%)
=

<

S T R I B = M~ MR~ R~ R o

S
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Gravitational acceleration 9.81 [m/s?]
Stefan-Boltzmann’s constant 5.67-10" [W/(m’K")]
Gas constant 8.314 [J/(molK)]
Solar radiation intensity on the Earth surface 1090 [W/m’]
Absorbance for each glass [-]
Total absorbance of the first/outer glass pane [-]
Total absorbance of the second/middle glass pane [-]
Total absorbance of the third/inner glass pane [-]
Width of spacer [m]
Specific heat capacity for gas [J/(kgK)]
Displacement of spacer [m]
Characteristic value of bending strength of prestressed [Pa]
glass

Design value of strength of annealed/prestressed glass [Pa]
Characteristic value of bending strength of annealed glass [Pa]
Heat resistance in cavity (h..t+h,) [W/K]
Heat resistance of conduction and convection in cavity [W/K]
Heat resistance in glass pane [W/K]
Heat resistance on the inside [W/K]
Heat resistance in glass pane, cavity or outside/inside [W/K]
Heat resistance on the outside [W/K]
Heat resistance of radiation in cavity [W/K]
Heat resistance coefficient for radiation to outer space [W/m’K]
Height of spacer [m]
Factor considering load duration [-]
Factor considering the glass surface profile [-]
Factor considering the strengthening of pressed glass [-]
Pressure in cavity [Pa]
Heat flux [W/m’]

Reflectance for each surface
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Thickness for each glass pane
Transmittance for each glass
Distance of inner space

Distance of outer space

Coefficients considering a closed space
Young’s modulus of spacer

Force on spacer

Eftective solar intensity

Length of spacer

Molecular mass of gas

Nusselt number

Rayleight number

Transfer resistance on the inside
Transfer resistance on the outside
Mean temperature in cavity
Temperature in glass pane surface or outside/inside
Temperature difference

Total heat resistance

Angle of incidence for solar radiation
Heat resistance coefficient for convection
Heat resistance coefficient for radiation
Thermal expansion coefficient, 1/T,
Material partial factor for annealed glass
Material factor for surface prestress
Emissivity for each glass pane

Thermal conductivity for gas

Thermal conductivity for glass

Dynamic viscosity for gas

Density of gas
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1 Introduction

1.1 Background

Insulating glass (IG) is widely used today to increase the insulating capacity of buildings. An
insulating glass unit (IGU) is usually two or three separated glass panes with sealed cavities in
between. The cavities are usually filled with argon to reduce the heat transfer. When a
construction like this is exposed to temperature variations the volume of the gas will change
and the glass panes will bulge, see Figure 1. The change of atmospheric pressure will also
affect the bulging of the IG units.

To keep solar radiation out of the building a blind can be used. For insulating glass the blind
is usually on the inside of the IGU where it can be in the way for e.g. lamps or flowers.

A blind integrated into the IGU have several advantages since it is not in the way and it does
not require cleaning.

Problems may occur during a cold day where the integrated blind may be clamped between
the glass panes due to the bulging. For extremely low or high temperatures in the IGU, high
tensile stresses in the glass may occur and the glass can break. Since glass is more sensitive to
tensile stresses due to the micro-cracks in the material, the glass must be toughened if a risk of
too high tensile stresses exists.

<

N
N

N

” Z ” %

Figure 1. Inwards and outwards bulging of the glass panes.



1.2 Objective and Method

The objective of the study is to analyse the bulging of IG units for varying parameters such as
the geometry and the magnitude of the loads. The primary goal is to determine the possibility
of having an integrated blind in an IGU and to predict when the stresses become too high and
the glass must be toughened.

The temperature through the IGU is in the study determined with a one dimensional model.
Static load analysis will be carried out in the finite element program Abaqus/CAE from which
the bulging and the stresses are obtained. To verify the temperatures through the IGU and the
FE-model, experimental analyses will be carried out in a Hotbox where the temperatures in
the various glass panes and the bulging will be measured. A regression model with data from
the FE-model was made aiming at making it possible to determine the stresses and the
displacements in the glass panes for a specific IGU and load combination.

1.3 Limitation

When calculating the temperatures in the IGU with the one dimensional model is used, the
method is not taking into consideration the different heat transfer that occurs at the boundaries
of the IGU. When the glass bulge the heat transfer changes due to change in the geometry, an
effect that is not taken into consideration in the model.

The material properties of the sealants are varying with the temperature. The sealants in the
model are assumed to have a linear elastic behaviour independent of the temperature.

1.4 Outline

e Chapter 2: The components of an IGU and the manufacturing process is described.

e Chapter 3: The heat transfer in an IGU is described and a one dimensional FE model is
introduced to calculate the temperature distribution through the IGU. Further, the
finite element method, Abaqus/CAE, Python and the implementation of Python is
generally described. Furthermore the design strength of glass is calculated with the
European standard.

e Chapter 4: Experimental analyses are presented.

e Chapter 5: The FE model is described, a model to calculate the displacement and
stresses in the glass panes.

e Chapter 6: A comparison between the FE model and the experimental analyses are
carried out and a discussion about the compliance.

e Chapter 7: The parameter study is described i.e. the parameters that were changed and
analysed. Some examples of the parameter study are carried out and the results are
presented.

e Chapter 8: The regression model is generally described.

e Chapter 9: A discussion of the results is presented.

e Chapter 10: A conclusion of the work and some suggestions of further work are given.



2 Insulating Glass Unit

The basic components of an IGU are two or three panes separated by a spacer to create a
cavity between the glass panes. To avoid moisture in the cavity the spacer is filled with
desiccant. The cavity is filled with a gas, usually argon to increase the thermal insulating
capacity. To keep the gas in the cavity and prevent leakage a sealant with low permeability
called primary sealant is placed between the glass panes and the spacer. A secondary sealant
is placed between the panes, outside and around the spacer for the main bearing function and
to protect the primary sealant. The glass can have a low-emissivity (low-E) coating to increase
the insulating capacity [16].

Low-E coating

Filled gas
Glass

Spacer

Primary sealant

R e Desiccant

Secondary sealant

Figure 2. Basic components in an IGU with double sealed system.

2.1 Glass

The constituents of glass are quartz (silicon dioxide), flux and stabilization material. Quartz is
the most important constituent of glass; to make good glass the purity of sand is therefore
high. The function of the flux is to lower the melting point while the stabilization material
increases the resistance against chemicals and moisture. Glass has an amorphous structure
meaning that the atoms are arranged in an irregular pattern like liquid which gives the special
transparency ability [1]. Glass is a brittle material because of existing micro-cracks in the
material which makes glass sensitive to tensile stresses [6].



The material parameters for normal float glass is according to [8], density 2500 kg/m’,
Young’s modulus is 70 000 MPa and Poisson’s ratio 0.22.

The heat conductivity of glass is 0.81 W/(mK) and the specific heat capacity is 840 J/(kgK)
according to [1].

The glass types in an IGU can vary depending on the function of the IGU. Low-emissivity
glass is used for a better insulating capacity. Solar control glass is used to prevent solar
radiation transmitting through the building. Further, fire protective glass is also used in IGU’s
to resist a fire during a specific time. Furthermore, safety glass such as laminated and
toughened glass is used for special safety cases [11]. In this report the authors will investigate
the IGU focused on the insulating capacity i.e. annealed glass and low-E coatings will be
used.

2.1.1 Annealed glass

Nowadays the most common way of manufacturing annealed glass is by using the float
process. In the float process the raw materials are molten at a temperature of 1550°C. The
molten glass is thereafter floating on a plane bed of molten tin which the temperature is
lowered to 1100°C. When the molten glass has reached a temperature of 600°C it is slowly
cooled down to reduce built in stresses. With the floating process it is easy to control the
thickness of the glass. The glass is cut to preferred dimensions or delivered with large
dimensions of approximately 6x3 m to be cut later [11].

Manufactured glass has nominal thickness with tolerances according to EN 572-2 [9].

Nominal thickness | Tolerance
[mm] [mm]
2,3,4,5,6 +0.2
8,10, 12 +0.3
15 +0.5
19, 25 +1.0

Table 1. Nominal thickness and tolerance of annealed glass [9].

Annealed glass is the basic product of flat glass, used as a primal component for making other
products such as toughened glass or low-emissivity glass. When annealed glass breaks, sharp
shards with various sizes will appear and the risk of cutting is high. [2]

2.1.2 Toughened glass

Micro-cracks in glass decrease the tensile strength of the material. Glass is toughened to
reduce the effects of the micro-cracks. Toughened glass is annealed glass heated up to
approximately 600°C followed by a rapid cooling of the surface. When the inner portion is
cooling to room temperature compressive stresses emerge at the surface, balanced by tensile
stresses at the inner portion. With this process a higher bending- and tensile strength is
achieved. The Young’s modulus will be unchanged by this process. Toughened glass has a
higher resistance to unevenly distributed temperatures than annealed glass due to the built in



stresses. Toughened glass breaks into small and regular granules and the risk of cutting is
relatively small [3].

2.1.3 Low-emissivity glass

Infrared transparency is a problem in buildings. In the summer the indoor temperature
increases due to the IR radiation through the insulating glass. On the winter a thermal loss
from the building occurs through the insulating glass. Low-emissivity or low-E glass is
annealed glass glazed with a thin metallic coating on the surface, see Figure 2. A low-E
coating is designed to reflect IR radiation. This will reduce the thermal loss in the winter and
increase the reflections of solar radiation in the summer. Different properties of the IGU will
be obtained depending on the number of and where the low-E coating is placed [6].

There are two types of coatings, soft- and hard coating. Soft coating which is based on silver
is delicate and easily damaged, therefore its surface is always placed towards the cavity. Hard
coating is tin oxide sprayed on the hot float glass surface which gives, at least, as durable
surface as annealed glass and can therefore also be placed on the outside of the glass. A glass
with a hard coating could also be toughened with the same process as used for annealed glass

[3].

The emissivity factor for a typical low-E glass is 0.037 which describes how much radiation
the glass emits to the surroundings compared to a black body. Comparing with annealed glass
the low-E glass emits less energy to the surroundings. The emissivity factor for annealed glass
is 0.837 [32].

2.1.4 Choice of glass

Both annealed glass and low-E glass will be modelled in this work. Toughened glass is when
the stresses become too large in the glass. The material stiffness properties are the same for
these types of glass but the optical properties differ for between annealed- and low-E glass.

The nominal thickness of the glass is chosen to be 2, 4, or 6 mm depending on the
configuration of the IGU. Taking into consideration that the thickness could vary with the
tolerance when manufactured, the glass thickness to be used in the model is shown in Table 2.

Nominal thickness Thickness in model
[mm] [mm]
2 1.8
3 2.8
4 3.8
6 5.8

Table 2. Nominal thickness, thickness to be used in the model.

Perpendicular incoming solar radiation to an ordinary annealed glass surface results in a
reflection of the solar radiation by a certain percentage. The remainder will transmit through
the glass and absorb in the glass. With an increased thickness the glass will absorb more
energy and less will be transmitted, see Table 3.



Thickness | Transmittance | Reflectance | Absorbance
[mm] [Yo] [Yo] [Yo]
3 87 8 5
4 85 8 7
6 79 7 14
8 76 7 17

Table 3. Optical properties of annealed glass. [32]

The emissivity factor is lower for low-E glass than for annealed glass and the optical
properties changes when a low-E coating is placed on a surface. The reflectance and
absorbance is dependent on which side of the glass the incoming solar radiation hits but the
transmittance is independent of this. For direct solar radiation on the coated side, the optical
properties is shown in Table 4.

Thickness | Transmittance | Reflectance | Absorbance
[mm] [Yo] [Yo] [Yo]
3 63 28 9
4 62 28 10
6 59 27 14
8 57 27 16

Table 4. Optical properties of low-E glass when hit directly by solar radiation [32].

For indirect solar radiation on the coated side the optical properties is shown in Table 5.

Thickness | Transmittance | Reflectance | Absorbance
[mm] [Yol [Yo] [%o]
3 63 26 11
4 62 25 13
6 59 20 21
8 57 18 25

Table 5. Optical properties of low-E glass when hit indirectly by solar radiation [32].

2.2 Spacer

The spacer separates the glass panes in the IGU to form a cavity. Nowadays the most common
material of the spacer is stainless steel or a combination of plastic and metal. Since the glass
panes are connected at the edges through the spacer and the sealant, a large amount of heat
conduction occurs there. Stainless steel is better in reducing the heat conductivity compared to
the earlier aluminium spacer, but the plastic/metal combination provides an additional
reduction in heat conduction. Metals such as aluminium and stainless steel are gas-
impermeable while plastic is not. A stainless steel or aluminium foil is therefore used to make
the plastic/metal spacer gas-impermeable [16].

2.2.1 Choice of spacer

Some experimental stress-strain tests were made for the plastic/metal spacer with different
height [20]. The spacers had a length of 150 mm and a width of 6 mm. The spacers were
placed between two plates and pressed together. The test results are shown in Figure 3 for



some various height of the spacer. The initial stiffness of these spacers was found to be
independent of the spacer height.
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Figure 3. Force-displacement curve of plastic/metal spacer with various heights [20].

The spacer is assumed to have a linear elastic behaviour and the Young’s modulus can be
calculated with Hooke’s law [15].

_ _ Ospacer _ F.'spacer ’ hspacer _
Ospacer = Espacergspacer « Espacer = ~ 1 ~dh =
spacer spacer spacer
Fspacer * h'spacer (2.1)
bspacer ’ Lspacer ’ dhspacer
where

Fipacer = force on spacer [N].
hspacer = height of spacer [m].
bspacer = width of spacer, 6 mm.
Lgpacer = length of spacer, 150 mm.

dhspacer = displacement of spacer [mml].



Two points are taken on the curve in Figure 3 to decide the Young’s modulus of the spacer:
(1000 N, 0.54 mm) and (500 N, 0.35 mm)

With the above mentioned values inserted in Eq

(2.1) the Young’s modulus is obtained:

(1000 — 500) - Agpqcer
Espacer = 5006 -0.15 - (084 = 035)- 103 _ 2 " Mspacer GP2

(2.2)

The plastic/metal spacer consists of two materials but is assumed to be a homogenous
material with one Young’s modulus. The Poisson's ratio was assumed to be 0.3.

Moisture can be trapped inside the cavity when manufactured or permeate through the sealant
when the IGU is in use. Desiccants adsorb the moisture and are placed in the hollow of the
spacer, see Figure 2.

2.3 Sealant

The sealing of the IGU is performed with a single- or double- sealed method, see Figure 4. In
2003 85-90% of the manufactured IG units in Europe were with the double-sealed method,
single-sealed IG units are more common in North America. It is easier to have a longer
lifetime of a double sealed system since each sealant in this system is optimized for a specific
function. In a single sealed system the sealant must fulfill several properties and therefore it is
harder to make an IGU with good functionality [4].

Primary sealant

-\ Secondary sealant Secondary sealant

Figure 4. Single sealed system to the left, double sealed system to the right.

In dual-sealed IG units there are two types of sealant. The primary sealant is placed on the
edge of the spacer with the function to keep the gas in the cavity and prevent water molecules
to permeate through. The secondary sealant is placed in the hollow with the function of
protecting the primary sealant and bonds the two glass panes together. The secondary sealant
also reduces permeability of gas and water molecules. In a single-sealed system the secondary
sealant has to be gas-impermeable and hold the glass panes together [16].



The sealants in the IGU are of major importance for the lifetime of the IGU. During a lifetime
of'an IGU the sealants must withstand cyclical attacks from its surrounding: physical attacks,
chemical attacks and physical-chemical attacks [5].

2.3.1 Primary sealant

The permeability of the IGU system depends to a great extent on the primary sealant since the
metal in the spacer is gas-impermeable. The primary sealant has to be a barrier to moisture
and to gas-leakage. The most common primary sealant is butyl due to its good properties [16].

Butyl has a high resistance to light and heat ageing and has a low permeability for water
vapour and fill gases but the adhesion to glass is very sensitive to water exposure. Butyl is a
thermoplastic material, meaning that the strength of the material depends on the temperature

[5].

The Young’s modulus of butyl is dependent of the temperature and is approximately around
2.13-4.25 MPa [25]. The typical thickness is around 0.2-0.6 mm, but a constant thickness is in
this work assumed to be 0.3 mm [4].

Since butyl has a poor adhesion to glass when exposed to water a secondary sealant is
required to protect the butyl and ensure that the IGU works properly.

2.3.2 Secondary sealant

The secondary sealant’s main purpose is for the durability function of the system but it also
protects the primary sealant and decreases the permeability. During the service life of the IGU
the system have to resist cyclic attacks from the surroundings, as described in the previous
section. The most common secondary sealant is polysulphide or polyurethane due to their
good adhesive ability. If the secondary sealant is exposed to solar radiation silicone could be
used. Silicone has a better resistance to short wave radiation than both polysulphide and
polyurethane, but the adhesive ability is lower and the permeability is higher [16]. A
minimum thickness of the secondary sealant is 3 mm to protect the primary sealant from
moisture [4].The thickness of the secondary sealant is in this work assumed to be 6 mm.



The Young’s modulus of the secondary sealant is temperature dependent as shown in Figure 5
[18].
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Figure 5. Young’s modulus of some secondary sealants as a function of temperature.
PU=Polyurethane, PS=Polysulfide and Si=Silicone [18].

The Young’s modulus of two types of silicone is shown in Figure 5. The silicone has a typical
elastomeric behaviour with the Young’s modulus increasing with the temperature. The
polysulphide and the polyurethane on the other hand have a decreasing Young’s modulus with
elevated temperature. These organic sealants have a more thermoplastic behaviour and for
elevated temperatures these have the ability to stretch more compared to silicone and the risk
for moisture diffusion arise.

Three common types of secondary sealants are polysulphide, polyurethane and silicone which
will be described further below.

Polysulphide

Polysulphide is only used in a double sealed system, see Figure 4. Polysulphide is the most
common secondary sealant and its properties are well known. Polysulphide has a low
permeability for fill gases such as argon and the adhesion to glass is good. The disadvantage
of polysulphide is the sensitivity to short wave radiation and the high level of swelling when
absorbing water. Both mechanisms result in higher vapour diffusion through the sealant which
can affect the primary sealants adhesion to the glass [5].

Polyurethane
Polyurethane is only used in double sealed system as polysulphide. Polyurethane has a good
flexibility at low temperatures and has low water vapour permeability. The disadvantage of
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polyurethane is the high level of swelling and that it has a higher permeability for the filled
gas than polysulphide. Polyurethane is also very sensitive to short wave radiation [5].

Silicone

Silicone can be used in both single- and double sealed systems. It is also known for its good
resistance against short wave radiation. In a damp environment silicone absorbs a small
amount of water and the swelling is small compared to polysulphide and polyurethane. The
disadvantage of silicone is the higher permeability for the filled gas [5].

2.3.3 Choice of sealant

As a primary sealant butyl will be used in the modelling of the IGU’s. Polysulphide will be
used as a secondary sealant for its good adhesive ability and because it is the most used
secondary sealant. 73 % of the double sealed systems in Europe have polysulphide as a
secondary sealant [21]. The Poisson’s ratios for the both sealants were assumed to be 0.2.

2.4 Cavity

The cavity is filled with air or some noble gas like argon or krypton to improve the thermal
insulating capacity. The cavity is filled with a gas content to 90% and the most common gas is
argon since krypton is much more expensive [16].

2.4.1 Choice of gas
Table 6 show the linear equation coefficients as a function of temperature. The thermal
conductivity, dynamic viscosity and specific heat capacity as a function of temperature are

presented for the three gases air, argon and krypton. The molecular mass is presented as well.
The values are taken from Table B.1-B.4 [12].

Air Argon Krypton
Thermal conductivity A | a [W/(mK)] 2.873-107% | 2285-107% | 9.443-107*
[W/(mK)] .
A=a+ bT(K) b [W/(mK")] | 7.760-107° | 5.149-107° | 2.826-107°
Dynamic viscosity p a [Ns/m’] 3.723-107® | 3.379-107% | 2.213-107°
[Pa-s] b[Ns/m’K] | 4.940-10° | 6451-10~% | 7.777-107°
u=a+ bT(K)
Specific heat capacity a [J/(kgK)] 1002.737 521.929 248.091
¢ [J/(kgK)] b [J/(kgK? 1.232 1072 0 0
¢, = a + bT(K) [(keK)] '
Molecular mass 28.970-1073 | 39.948-1073 | 83.80-1073
[kg/mol]

Table 6. Properties of three different gases used in IG units [12].

If the cavity is filled with argon or krypton the aim is to have a gas content of 90% [16].

Therefore a linear interpolation of the values in Table 6 will be made with 10% air and 90%

filled gas.
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2.5 Integrated blind

SL22M is an integrated blind that can be used in an IGU. Possible height is between 300-2500
mm and possible width is between 300-2000 mm. This integrated blind is intended to be used
in a cavity with the space distance 22 mm. The bottom rail has a width of 14 mm which will
be the decisive width ensuring that the blind will not be clamped when the glass bulge. An
assumption is made in this work that if one of the glass panes around the blind bulges more
than 3.25 mm, the blind would be clamped. A light colour of the blind is assumed in this work
for its low absorption factor and high reflection factor to avoid excessive temperatures in the
cavity. S102 is the colour that will be used which has the absorption factor 0.31 and the
reflection factor 0.7 [23]. The emissivity of the S102 colour is 0.8 [24].

2.6 Manufacturing

The manufacturing of glass is described in Chapter 2.1. The glass panes are delivered in large
dimensions then put on a bench where they are cut into preferred dimensions. If the glass pane
has a low-E coating it must be mechanically removed before the cutting to increase protection
against corrosion and the bonding strength to the sealant. Different sizes are cut from each
glass pane to optimize the glass pane and reduce the waste material, and then placed in order
of size. However there is still some waste of the glass which will be recycled.

The spacer is bent to the form of a rectangle and filled with desiccant; the butyl is applied on
the edges on both sides of the spacer. The spacer is placed on a glass pane and a second glass
pane is placed on the other side. Before the glass panes are pressed together with the spacer
the cavity can be filled with a more noble gas than air to a minimum content of 90%. The
glass panes are then pressed towards the spacer. The same process is made one more time to
obtain a three glass IGU. Finally polysulphide is placed on the outside of the spacer and
between the glass panes to hold the IGU together [16].

The study of the bulging will be carried out varying different factors presented below:

e Width: 0.3-1.6 m

e Height/Width ratio: 1-3

e Glass thickness: 1.8, 3.8, 5.8 mm in different combinations in the three glass panes.

e Space distance: 8-27 mm for both inner and outer cavity. 22 mm in the inner cavity
when a blind is integrated in the IGU.

e Qas type: air, argon and krypton

e Position and number of low-E coatings: The low-E coatings were usually placed at
surface 2 and 5. When a blind was integrated in the IGU some analyses were made
with only one low-E coating on surface 2, see Figure 7.
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3 Theory

3.1 Heat transfer

The heat transfer through an IGU consists of convection, conduction and radiation [16]. In
Figure 6 these are illustrated with a low temperature on the left side and a higher temperature
on the right side which gives a heat flow from right to left.

N

|
> 2

\_/ o

Figure 6. Illustration of convection, conduction and radiation in an IGU.

Convection occurs when there is a temperature gradient in a fluid. A flow starts in the fluid
and in the interface to a surface, energy will be transferred either from a warmer surface to a
colder fluid or from a warmer fluid to a colder surface, see Figure 6 [10]. The convection is
reduced by a decrease of the space width and with higher density of the gas.

Conduction occurs when there is a temperature gradient in a material. The molecules transfer
energy to the surrounding molecules without significant movement to equalize the
temperature gradient [10]. The conduction occurs in the glass and the gas and is reduced by an
increase of the space width and a higher density of the gas.

Radiation occurs when there is a temperature difference of two bodies where the warmer body
emits energy to the colder body. In an IGU the radiation occurs between the glass panes, and
is reduced with a low-emissivity coating, as described in Chapter 2.1.3.

3.2 1D-FE model

To obtain the temperature distribution through the IGU and thereby the mean temperatures in
the cavities, which will determine the volume change of the gas and the bulging of the glass
panes, a one dimensional model is used.

13



To model the heat flow through the IGU a constitutive relation is introduced. Fourier’s law
for heat conduction gives the flux ¢ = —k Z—i, where T is the temperature and k is the thermal
conductivity. To include the effect of the convection and radiation a general heat resistance h

is introduced, where h = 1/k in Eq. (3.1). To read more about one dimensional heat flow, see
pages 48-63 and 157-205 in [15].

__Ldr G.1)
1= " hdx

A one dimensional linear element is modelled by the following equation:

-

where Q is the total flux, T is the temperature and h,, the heat resistance for the glass panes,
the cavities or the outside/inside which is described further in this chapter. An element can be
a glass pane, a cavity or a surface on the outside or inside, and all elements are assembled to a
global model, see Figure 7.

tgl tso th tsi tg3
— F— —

Outside Inside
TO: ho T'u hT
T1 * T T3¢ Ta Ts Te

q
Outer Inner
space space
£ & £3 €4 Eg &g

Figure 7. Model for a FE model in one dimension.T,, is the temperature, t, is the
thickness of the glass and spaces, &, is the emissivity of each surface.
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The calculation method to be used is described in [17]. The method is considering the
conductance, convection and radiation in the IGU.

3.2.1 Glass panes
In the glass panes, the heat transfer only consists of conduction. The heat resistance is
obtained by:

h _ Aglass (3-3)
glass — t
gn

where

Agiass = 0.81 W/mK
t,, 1s the thickness of the glass panes [m]

3.2.2 Cavities
In the cavities, the heat transfer consists of conduction, convection and radiation. The heat
resistance for the outer space is obtained by:

Nu- 2 T;+TZ) (T, +T 3.4
by = hoy 4 By = Vs (TEH TN 4 T5) (3.4)
tso €23
The convection and conduction part h.. is obtained by:
Agas 1s the thermal conductivity of gas, see Table 6. [W/(mK)]

tso 1s the width of the outer space, tg; is the width of the inner space. [m]

Nu is the Nusselt number describing the magnitude of convection in relation to the
conduction. If Nu = 1, only conduction will occur in the cavity. The Nusselt number for
natural convection in a closed space can be expressed by:

Nu = (1+ (C, - Ra% )&)1/G (3.5)
where
C; = 0.0227, C, = 0.438 and C; = 18 are coefficients considering a closed space.

Ra is the Rayleigh number considering the properties of the gas, the distance of the space and
the temperature difference between the surfaces.

Ra:pz'g'ﬁ'AT'tsgo'Cp (3.6)
u- Agas

where

g is the gravitational acceleration, 9.81 m/s”.

B is the thermal expansion coefficient, 1/T,, for ideal gases, where T, is the average
temperature in the gas. [1/K]
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AT is the temperature difference between the two surfaces in the closed space. [K]
cp is the specific heat capacity of the gas, see Table 6. [J/(kgK)]
u is the dynamic viscosity of the gas, see Table 6. [Pa-s]

p is the density of the gas. [kg/m’] The density is assumed to vary with the temperature.
From p = %, m = n - M and the ideal gas law pV = nR_.T [27], the density equation can be

rewritten as:

n-M:p M-p (3.7)

where

M is the molecular mass of the gas, see Table 6. [kg/mol]
p is the pressure in the gas. [Pa]

R, is the gas constant, 8.314 [J/mol-K]

The radiation part h,. is an expansion of Stefan Boltzmann's law, Eq.(3.8). For two parallel
surfaces it will give h,- which is expressed in Eq.(3.4), where T, are the temperatures on the

surfaces [K], €,3 = 1/ (8l + Ei — 1) where €,, €5 are the emissivity for the two surfaces
2 3

facing each other. € = 0.837 for annealed glass and € = 0.037 for low-E glass.
q-=¢€-0-T* (3-8)

where

q, is the flux of the radiation [W/m?].

o is Stefan-Boltzmann’s constant, 5.67-10° W/(m’K*).

€ is the emissivity.

T is the temperature [K].

All bodies in general receive and emit energy to other bodies. The radiation depends on
temperature differences of the bodies and the emissivity of the bodies. The emissivity is a
factor between 0 and 1 where an ideal black body would have 1. The intensity radiated from a
body is obtained by the Stefan-Boltzmann law [10].
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3.2.3 Outer and inner surfaces
At the outer and inner surface the heat transfer consists of convection and radiation. The heat
resistance is obtained by:

1
ho,i = ﬁ (3.9)
where R is the transfer resistance at the surface, on the outside R, = 0.04 m*K/W while on the
inside R; = 0.13 m°K/W [10]. These may change when the IG units are in the Hotbox due to
different magnitude in convection and radiation.

3.2.4 Solar radiation
Solar radiation heats up the IGU and the gas will expand which may lead to high stresses in
the glass panes, see Figure 1.

The increase of temperature due to the solar radiation depends on the incidence angle of the
solar radiation, the thickness of the glass panes and if there is a low-E coating on the surface.
In Table 3, 4 and 5 the absorbance, the transmittance and the reflectance are shown for
annealed glass and low-E glass. These factors are relatively constant for an incidence angle up
to 45° where they change rapidly. The rapid change occurs because an increasingly amount of
the solar radiation is reflected at the first glass pane surface [1].

The solar radiation that hits the atmosphere has an intensity of approximately 1370 W/m?
[22]. The incoming solar radiation to the Earth surface in Sweden on a clear day is
approximately 1090 W/m” since some of the radiation is reflected and absorbed in the
atmosphere [10].

The incoming solar radiation is divided into components and the component perpendicular to
the IGU's surface is designated as I.sf and calculated with Eq. (3.10) [10].

Isr = Iy - cos(a) (3.10)
where
I, is the solar radiation intensity on the Earth surface in Sweden, 1090 W/m’.
a is the angle between the sunbeams and the normal to the surface [°].

An assumption is made to always have the IGU towards the sun. Thereby the solar radiation is
only divided into vertical components.

When an IGU is exposed to solar radiation some energy will reflect, some will transmit and
some will be absorbed by the glass panes. In Figure 8 the transmittance, reflectance and
absorbance is shown for an IGU with two glass panes.
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Figure 8. Transmittance (t), absorbance (a) and reflectance (r) in a two layer glass pane.

The total absorbance of the glass panes can be calculated by adding the absorbance of each
hit as shown in Figure 8.

For a two glass IGU the first absorbance for the first glass is I - a;. The second absorbance
comes from reflected radiation at the second glass, Iosf - t17,a4). The next absorbance of the
first glass comes from the once more reflected radiation at glass number two. The third
absorbance is then I,z - t,r2a,,7y, see Figure 8. The total absorbance of the first glass pane
in a two glass IGU is obtained by:

ay = lppp - (al + ayptir (L4 1rypry + 15 17 + -+ 173 r2°°))

= Lefy (al +aptim; Z(ﬁbrz)k

k=0
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The absorbance for the second glass is the radiation transmitted through the first glass added
with the radiation reflecting between first and the second glass. The total absorbance of the
second glass is obtained by:

a, = Ieff “apty + Ieff “Ayty " TypTy t+ Ieff ' aztl(rlbrz)z + -+ Ieff

'a2t1(71b72)
= t ( )n =1 —1
= ‘a rynt ‘a
eff “2 1;:0 112 eff 427 0T (3.12)

When adding a third glass in the IGU the reflections become more but the absorbance can still
be calculated with the process in Eq. (3.11) and (3.12).

The main absorbance of the outer glass pane comes primarily from the direct solar radiation
but also from reflected radiation from the second and third glass panes.

The total absorbance of the first glass pane in a three glass IGU is:

_ + 417, + titiTs
Arot1 = eff 4 Qb 1-— Tr1pT (1 - T'lbrz)(l — T'Zbr3)(1 — tzzrlbr3) (313)

The absorbance for the second glass is the radiation transmitted through the first glass added
with the radiation reflecting between the two glass panes. The absorbance also comes from
reflected radiation from the third glass.

The total absorbance of the second glass pane in a three glass IGU is:

a, tors(azp + aytyrp) >

a = I " t +
totz = leff "l (1 —rpty (1 —1yp1) (1 — 173) (1 — t27,73)

(3.14)

The third glass will absorb energy from transmitted radiation through the second glass and
from reflective radiation between the second and third glass.

The total absorbance of the third glass pane in a three glass IGU is:

I titas
a =
fot3 eff (1 = 1yp12) (1 = 1pp13) (1 — tzzrler) (3.15)

To verify the calculations a comparison is made by formulations of the solar radiation
problem in [13]. The summation of the total transmittance, absorbance and reflectance will be
1. The total transmittance through the IGU is derived in [13] and obtained by:

T1T,T;
(1 — RypR;)(1 — RypR3) — TZR1,R; (3.16)

Tior =
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And the total reflectance on the outside of the IGU is obtained by:

TZR,(1 — RypR3) + TZTSR;
Rext = Ry + 2 (3.17)
(1 = R3R3,)(1 —R3Ryp) — Ty R3Ryp ’

As the summation of transmittance, absorbance and reflectance is equal to 1,Eq. (3.13)-(3.15)
were verified with the equations (3.16) and (3.17) in [13]. The value was almost the same
with only a deviation of 0.1 % which concludes that the equations for calculating the
absorption for each glass are good approximations. A bit higher deviation, 1% was found
when a blind was installed but the equations are still very accurate.

For each glass pane the total absorption is added as an external heat source in the 1D-FE
model.

3.2.5 Clear cold sky
On a cold clear night the warmer IGU will emit energy to the colder sky. The outer glass will
in this case reach a lower temperature than the outside temperature.

The outer space has a theoretical temperature of 0 K (-273.15°C). To take this into
consideration the IGU is assumed to have two thermal resistance factors on the outer surface.
R, = 0.04 m*K/W is the first, taking into consideration the convection and radiation on the
outside. The second is the thermal resistance considering the radiation to the outer space. It is
assumed that the IGU is affected by 50% of each. The heat resistance coefficient for the
radiation to outer space can according to [10] be approximately calculated with:

1 (3.18)
hr,space = R— =4, 05" Tr?z
space
where
1 .
€12 = 71— where £,=0.837 for annealed glass, ¢, is assumed to be 1 for the outer space.
€1 &2

T,y is the average temperature between the IGU and the outer space. [K]

The temperature is probably not that cold as 0 K and the emissivity is probably a bit lower for
the outer space. Therefore this is only the theoretical value of how much the IGU radiate to a
cold sky.

3.3 The finite element method

Physical phenomena could in engineering mechanics be complicated to solve by analytical
methods. These problems are modelled by differential equations assumed to hold over a
specific region. With the finite element method an approximate solution is carried out for an
entire region. Specific rules divide the region into smaller parts (finite elements) and an
approximated solution for each element is carried out. To receive a better solution of the
problem the region is divided into smaller elements; the collection of the finite elements is
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called mesh. With a finer mesh the approximated solution converges to the exact solution
[15].

3.3.1 Abaqus/CAE

Abaqus/CAE is one of five core software product in Abaqus FEA. Abaqus/CAE is used for
modelling and analysis of mechanical components and is also used for visualize the result of
the finite element analysis. [28]

The cavities are modelled as fluid cavities in Abaqus/CAE. The fluid cavity is specified with
a surface which has to entirely consist of finite elements. The boundary of the cavity is
specified using an element-based surface covering the elements that surrounds the cavity with
surface normals pointing inwards. The specified surface determines the volume of the gas and
for this volume the gas properties are introduced. The gas is modelled as an ideal gas which
means that the ideal gas law determines the pressure change of the gas due to the difference in
current temperature and the initial temperature of the gas [29].

To solve the problem the Newton's method is used. Shortly the Newton's method is used to
solve nonlinear equilibrium equations by iteration. To start the iteration a guess near the true
solution must be made, if the guess is good the solution after each iteration will converge to
the true solution. In Abaqus/CAE this method is applied when the NLGEOM command is
used for non-linear geometry. [30]

3.4 Python
Python is a programming language that supports multiple programming paradigms which
means that Python can support other different programming languages. [31]

All the analysing models are written as a Python script for the possibility of sending data
between the programs and run Abaqus/CAE through the script which makes it possible to do
multiple analyses consecutive.

3.5 European standard
The design values of strength for annealed and toughened glass are obtained by the European
standard. Characteristic values and factors are found in [8].

3.5.1 Design value of strength for annealed glass
The design value of strength for annealed glass is calculated by:

kmoakspfg:x (3.19)

Ym;a

fg;d =

where
fg;k 18 the characteristic value of bending strength for annealed glass, 45 MPa.
Ym.a 1s the material partial factor, 1.8 for annealed glass.

ks, is the factor for glass surface profile, 1.0 for float glass.
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Kmoa 1s the factor for load duration obtained by:

1
Kmoa = 0.663t™ 16 (3.20)

where
t is the load duration in hours.

t is assumed to be 3 hours. The maximum or minimum temperature, which is the factor
affecting the stresses in the IGU the most, is assumed to last approximately 3 hours in this
work. Inserting this into Eq. (3.20) gives:

1
Kmoq = 0.663-3 16 = 0.619
Insertion of values in Eq. (3.19) gives the design value of strength for annealed glass:

k. ko fo. 0619-1.0-45
fpa = 2 ook _ — 15.48 MPa
Ym.a 1.8

3.5.2 Design value of strength for prestressed glass
The design value of strength for toughened/prestressed glass is calculated by:

kmodkspfg;k n kv(fb;k - fg;k) (3-21)

Ym;a Ymv

fg;d =

where
fg:k> VM4 Kmoa and kg, has the same values and are described in previous section.
Ym.v 1s the material factor for surface prestress, 1.2 for surface prestressed glass.

bk 1s the characteristic value of bending strength of prestressed glass, 120 MPa for float
glass.

k., is the factor of strengthening of pressed glass, 1.0 horizontal toughening.

Inserting values in Eq. (3.21) gives the design value of strength for toughened glass:

ke ke for ko(For — Fo 1.0+ (120 — 45
mod S"fg"‘+ o(fo fg’k’)=15.48+ ( )=15.48+62.50

Ym;a YM:v 1.2
= 77.98 MP

fg;d =
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4 Experimental Analysis

Experimental analyses were made in a Hotbox which is a climate chamber with a wall of
cellular plastic dividing the Hotbox into two rooms, see Figure 9. The temperature in each
chamber was set to 22°C respectively -20°C. The cellular plastic wall had a hole with the
dimensions 1.2x2.4 m. The IG units were placed in the hole in the wall with the boundaries
sealed with cellular plastic to reduce the thermal bridge effect.

Warm
room

Cold
room

Cooling
unit

Cellular

plastic wall

Figure 9. Illustration of the Hotbox.

4.1 Manufacturing

IG units with different geometries were manufactured. Most of the IG units had the width and
height of 1.2 m to fit in the hole of the cellular plastic wall, but two were manufactured with
different dimensions. The glass thicknesses were mostly 4 mm (3.8 mm). But one was tested
with an outer glass thickness of 6 mm (5.8 mm). The space distances were varied for each
IGU. For most cases, one parameter was changed for the different IG units to study the effect
on the bulging and the temperature distribution through the IG units. The manufactured IG

units are shown in Table 7.

IGU | Dimensions Glass thickness' Space distance Gas content
[mm] [mm] [mm]
Height | Width | Outer | Middle | Inner | Outer | Inner Outer Inner
1 1200 | 1200 | 6LE 4 4LE 22 16 Air 90% Ar
2 1200 | 1200 | 4LE 4 4LE 24 24 90% Ar? | 90% Ar?
3 1200 | 1200 | 4LE 4 4LE 22 16 90% Ar 90% Ar
4 600 600 | 4LE 4 4LE 24 24 90% Ar? | 90% Ar?
5 1800 | 1200 | 4LE 4 4LE 22 16 90% Ar Air

Table 7. IG units manufactured for experimental tests.
'"LE=Low-emissivity glass, coating towards the space.
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To measure the temperature at the glass surfaces, thermocouple wire was used. The wire
consists of two threads which were peeled and soldered together in a connection point at the
end of the wire. At the other end a thermocouple connector is attached. This type of

thermocouple wire and connector is of type T, tolerance class 1 which means a tolerance of +
0.5°C is allowed [25].

The IG units were manufactured as described in Chapter 2.6 but with a thermocouple wire
attached on the centre of the middle glass pane. The thermocouple wire was attached with
transparent tape so that the radiation would not affect the temperature. A hole in the spacer
had to be done for the thermocouple wire which resulted in a gas content that was a bit unsure
due to a more complicated sealing process. A gas content of 90% argon was the aim but some
cavities might have less or were totally filled with air.

The atmospheric pressure on the manufacturing day was 100.9 kPa and the temperature in the
production site was 20°C [19] which was used as the initial values for the gas.

4.2 Performance of tests

The IGU was placed in the Hotbox, starting with the largest IGU and continuing with the
smaller ones. The rest of the hole was filled with cellular plastic and sealed with insulation at
the edges. Thermocouple wires were attached with transparent tape on the outer surfaces of
the IG units. The thermocouple wires were connected to a meter cabinet that was connected to
a computer that logged the temperatures, see Figure 10.

The temperature in the warm and cold room was set to 22°C respectively -20°C. These
temperatures were not reached exactly due to some leakage and that the cooling unit did not
have the full efficiency. When the temperatures were stabilised the bulging was measured
across both diagonals on each side of the IG units with an aluminium straight edge and a
digital calliper. The spaces between the glass panes in the IG units were measured with a
digital laser.
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Figure 10. Left: Meter cabinet for thermocouple wires. Right: Installed IGU in Hotbox.

Three tests were made in the Hotbox:

e Test 1: the IG units were placed in the Hotbox with different temperatures on each
side.
e Test 2: the IG units were placed in the cold room with cool temperatures on both sides.

e Test 3: the IG units were placed in the laboratory hall with room temperatures on both
sides.
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Figure 11 shows the temperature distribution in IGU 1 over the time when it was placed in the
cellular plastic wall in the Hotbox.

IGU 1
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Figure 11. Temperature distribution of IGU 1 when placed in cellular plastic wall.

The bulging was measured after approximately 14 hours for this IGU. The temperature
distributions for the other IG units are presented in Appendix A.

When the temperatures in the IG units stabilised for each test, the bulging was measured. The
total bulging as shown in Figure 12 was measured with the calliper and calculated from the
laser measurements. The total bulging was later compared with the FE-model.
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Figure 12. Illustration of the total bulging of the IGU.

The total bulging in the middle of the IGU is §; + &, as is shown in Figure 12.

Due to the time constraints while performing the experimental analyses the bulging of the IG
units were not measured in all tests.

When the IG units were in the cold room (Test 2) the thermocouple wires were calibrated.
The wires that were placed in the middle of the IG units and those two that were placed on the
surfaces were calibrated to the wire that measured the temperature in the cold room. The
temperatures measured by the thermocouple wires varied with approximately £0.5°C. Due to
the time constraints the thermocouple wire for the one in the middle of IGU 1 was not
calibrated, but this was assumed to not vary more than +0.5°C. For calibrated values see
Appendix A.

4.3 Results

4.3.1 Test1
In Test 1 the IG units were placed in the Hotbox with different temperatures on each side.

In Table 8 the testing time, the atmospheric pressure at the testing day and the stabilised
calibrated temperatures for the IG units are presented.

IGU | Testing Cold Cold glass | Middle | Warm glass Warm Atm. p.
time [h] | room [°C] | surface[°C] | glass [°C] | surface [°C] | room [°C] | [kPa]

1§ 14 -13.4 -11.6 1.6 13.7 17.0 101.7
2 64 -14.0 -12.1 3.7 14.6 17.7 101.4
3 5 -13.5 -11.9 1.9 14.3 17.7 101.2
5 21 -10.6 -9.2 5.6 19.3 23.2 101.3

Table 8 Converge temperatures of the IG units.
'Temperature not calibrated, could vary +0.5°C.
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The obtained displacement of the glass panes, the decrease of space distances and the total
bulging are presented in Table 9.

Calliper Laser
IGU | Glass displacement | Total bulging IGU| Decreaseof | Total bulging
[mm] in middle spaces [mm|] in middle
Outer Inner [mm] Outer Inner [mm]
1 3.1 5.7 8.8 1 5.5 2.7 8.3
2 6.3 4.5 10.8 2 9.3 1.8 11.0
3 6.0 5.1 11.1 3 7.7 2.7 10.4
4 4
5 6.7 3.4 10.2 5 6.5 3.3 9.7

Table 9. Displacement of glass, reduction of cavity and total bulging in the middle for
two measuring techniques, Test 1.

The standard deviations for the measurements were between 0.1-0.5 mm and are shown in

Appendix A.

4.3.2 Test2
In Test 2 all the IG units were placed in the cold room with -10.15°C where the atmospheric
pressure that day was 101.6 kPa [19].

The obtained displacement of the glass panes, the decrease of space distances and the total
bulging are presented in Table 10.

Calliper Laser
IGU | Glass displacement | Total bulging IGU| Decreaseof | Total bulging
[mm] in middle spaces [mm|] in middle
Outer Inner [mm] Outer Inner [mm]
1 1
2 8.1 7.0 15.1 2 9.5 4.7 14.2
3 6.8 6.3 13.1 3 8.1 4.8 12.9
4 5.9 5.7 11.5 4
5 7.0 5.8 12.8 5 7.0 5.1 12.1

Table 10. Displacement of glass, reduction of cavity and total bulging in the middle for
two measuring techniques, Test 2.

The standard deviations for the measurements were between 0.1-0.3 mm and are shown in
Appendix A.

4.3.3 Test3
In Test 3 the IG units were placed in the laboratory hall with 20.9°C where the atmospheric
pressure that day was 102.2 kPa. [19]

The IG units were covered by opaque plastic so that the temperature would not increase due
to the solar radiation. The temperature in the middle glass was measured to make sure the
temperature in the IGU had stabilised.
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The obtained displacement of the glass panes, the decrease of space distances and the total
bulging are presented in Table 11.

Calliper Laser
IGU | Glass displacement | Total bulging IGU| Decreaseof | Total bulging
[mm] in middle spaces [mm] in middle
Outer Inner [mm] Outer Inner [mm]
1 1.4 2.9 4.3 1 2.2 1.8 3.9
2 3.5 2.2 5.7 2 5.6 -0.2 5.4
3 4.3 2.5 6.8 3 4.5 1.8 6.3
4 1.6 1.6 3.2 4 2.1 1.8 3.9
5 3.1 1.5 4.6 5 2.5 2.0 4.5

Table 11. Displacement of glass, reduction of cavity and total bulging in the middle for
two measuring techniques, Test 3.

The standard deviations for the measurements were between 0.1-0.2 mm and are shown in
Appendix A.

4.4 Discussion of experimental analyses

Since the Hotbox was relatively sealed, the pressure in the cold room decreased due to the
temperature change but since the door was opened before the measurements were carried out
an assumption was made that the pressure in the Hotbox equalized and became the same as
the atmospheric pressure outside of the Hotbox.

When comparing the results from Test 1 some interesting findings were made. IGU 1 and
IGU 3 had identical geometry except that the outer glass thickness in IGU 1 was 6 mm instead
of 4 mm and that the outer cavity in IGU 1 was filled with air instead of argon. The outer
glass in IGU 1 had a smaller displacement than the inner glass. When the thicknesses were the
same for all glass panes in the IGU it gave a larger displacement of the outer glass which was
found for all of the other IG units in Test 1, see Table 9. When the thickness of one glass pane
was bigger it led to a larger bulging of the other glass panes in the IGU.

When the IG units were placed in the laboratory hall in Test 3 a quite large bulging was
measured, see Table 11. The temperature was a bit higher than the initial value of the gas
which would give an outwards bulging while the atmospheric pressure was higher than the
initial pressure in the gas but the difference was not large enough that the bulging would be
1-4 mm on each side of the IG units. A conclusion was that a remaining bulging occurred
after the 1G units had been in the Hotbox and exposed to temperature loads. Probably some
plastic deformations occurred in the sealant or the spacer but it has to be further investigated.
The bulging of the IG units should have been measured directly after manufactured, before
they were placed in the Hotbox and after they had been in the Hotbox.

If measurements like this will be made in the future a suggestion is to measure vertically and
horizontally with the aluminium straight edge and the calliper. The bulging measurements
will then be more accurate if the IG units are a bit skewed or curved. Also, the thickness of
the IG units around the edges should be measured to investigate the residual bulging.
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When the experimental analyses were compared to the model the residual bulging was
neglected.

4.5 Calibration of 1D-FE model

Since the inner and outer convection and radiation is unknown in the Hotbox, new R, and R;

were calculated from the temperatures in Table 8. The thermal resistance in the Hotbox could
be determined from the known temperatures in each room and the temperatures of the facing

surfaces.

The flux through the IGU was obtained by Eq.(2.25) in [10]:

_T,—T; (4.1)
q= ZR

where
T, and T; is the outer and inner temperature. [K]
Y R is the total transfer resistance. [m°K/W]

With constant flux through the IGU, the flux is calculated from known temperatures in the
outside room and on the outer glass surface, and the transfer resistance on the outside surface.

T, —-Ty (4.2)
=~z

q

With constant flux g and by combining Eq.(4.1) and Eq.(4.2) gives:
T, —T, _ T, — T
R,  XR

. 1
with U = - [10]:

To - T1 (43)
Ry= —— 1
U- (To - Ti)

Similar calculations on the inside, R; is obtained by:

p - LT (4.4)
' U'(TO_TL')

where
U is the total heat resistance. [W/m°K]

Since U is a function of R an iteration was done until the temperatures were the same as in the
measurements.
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The thermal resistance for the IG units in Test 1 became:

IGU R, R;
[m’K/W] | [m’K/W]
1 0.08 0.15
2 0.09 0.14
3 0.07 0.16
4
5 0.05 0.15
Average| 0.07 0.15

Table 12. R, and R; for the different IG units in the Hotbox.

Average outer heat resistance was 0.07 m?K/W for the cold room and the inner heat resistance
was 0.15 m>K/W for the warm room.

A comparison was made for these calculated values with the traditional used R-values outside
and inside (0.04 and 0.13 m*K/W). R; in the Hotbox was very close, only a bit higher. R, was
higher in the Hotbox and this was probably due to that the convection in the cold room is
lower than a normal day outside.

The thermal resistance of the external surfaces according to [10] is:

1
R = (4.5)
a, + a.

where

a, is heat transfer coefficient for radiation and «, is the heat transfer coefficient for
convection. [W/m?K]

The emissivity was unknown on both sides of the G units in the Hotbox. An assumption was
made that the emissivity was approximately 0.9 for the walls in the Hotbox. The average
temperature in the two rooms were assumed to be 290 K in the warm room and 260 K in the
cold room which it were for three of the tested IG units. From Eq.(4.5) a and «a, is obtained:

On the warm side the heat transfer coefficient is:

a, +a =l=L=6.6W/m2K
r 4= R 7015

According to [10] a4 is approximately:

A, =4-0, €, T3 =4-567-107%- .293% = 42 W/m2K

T 1

T 00

0837 -1

The heat transfer coefficient for convection is then:



1
A == = 6.6 — 4.2 = 2.4 W/m?K
l

On the outside (in the cold room) the heat transfer coefficient is obtained with the same
calculations:

ra =t 1 i36w/mk
@t e =pm=5oy = 136W/m

& = 4567107 — ——260% = 3.1 W/m?K
0837 to9 1

1
A== ar = 13.6 — 3.1 = 10.5 W/m?K

o

Comparing this with the calculated a, for natural convection in a room gives [10]:
a.=C-3T; —T, = 2-1.3 ~3W/m?K

The a, in the warm room was calculated to be 2.4 W/m”*K which was reasonable when
compared it with natural convection in a room which were approximately 3 W/m’K. However
the a, in the cold room was approximately 10.7 W/m”K which did not occur due to natural
convection. There had to be some forced convection e.g. from the cooling unit.

The temperatures in the middle glass were calculated with the 1D-FE model with the new R-
values, shown in Table 12 and the results are shown in Table 13.

IGU | Measured | 1D-FE model
temperatures | temperatures
[°C] [°C]
1 1.6 -0.6
2 3.7 1.1
3 1.9 0.7
4 - -
5 5.6 3.3

Table 13. Temperature in the middle glass, measured and modelled values.

For the larger IG units the measured values showed a higher temperature in the middle glass
than obtained from the 1D-FE model. When the glass panes bulged inwards in the Hotbox, the
heat flux through the IG units changed which increased the temperatures in the middle glass
for all IG units. This is probably due to the reduced space, that the convection, conduction and
radiation become different when the glass panes are bulging inwards. A conclusion was made
that the model without compensation for a decreased distance in the cavities shows a lower
temperature than the measured temperature.
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5 FE Model

A finite element model was created in Abaqus/CAE to determine the displacements and
stresses in the glass panes of the IGU. The FE-model was implemented as a Python script in
order to automate the calculations. Automatisation of the calculations made it possible to do a
large number of analyses of IG units with different configurations and loads. The computing
time for each analysis was therefore of major importance.

5.1 Geometry and material

The model was created as one part with cavities, with a simplified geometry and the cross
section can be seen in Figure 13. Partitions of the part were made to obtain the glass panes,
the spacers and the sealants. The thicknesses of the butyl layers were set to 0.3 mm and the
thicknesses of the polysulphide and the spacers were set to 6 mm. The other dimensions could
vary in the model. The cavities were defined as pneumatic fluid by specify the surfaces
around the fluid. A reference node was created for each cavity to set the initial values, and
later to obtain the temperature when the IGU is installed.

Buty
0.3 mm
X —
Spacer
6 mm
7.&
Palysulphide
6 mm
s

Figure 13. Geometry of model.

The materials used in the model are described in Chapter 2. The Young’s modulus of the
sealants had to be studied to see its effect on the bulging since the Young’s modulus can vary
with the temperature.

The Young’s modulus of butyl can vary between 2.13-4.25 MPa and the Young’s modulus of
polysulphide can vary between 1.6-2.7 MPa due to the temperature in the sealants, see Figure
5. A study was made to investigate the effect of varied Young's modulus in the sealants' on
the resulting deformations.
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A 1.2x1.2m” IGU was used when the change of the Young’s modulus was studied to see the
effect of the displacements on the glass panes. A 0.6x0.6m> IGU was used to see the Young’s
modulus effect on the stresses in the glass panes. Both the IG units had the inner space of 22
mm and the outer space of 16 mm. The temperature inside and outside was set to 20°C and -
20°C, and the atmospheric pressure difference was 3 kPa.

When the Young's modulus for both sealants was assigned the lowest value the displacement
in the outer glass was 3.27 mm and the stress in the outer glass was 16.0 MPa for the different
IG units. For the highest value of Young’s modulus for the sealants, the displacement and the
stress only became 0.01 mm and 0.2 MPa higher. These results concluded that the Young's
modulus in these ranges had a negligible influence on the displacements and stresses in the
IGU. The Young's modulus was therefore set to 2.13 MPa for the butyl and 1.6 MPa for the
polysulfide.

5.2 Finite elements
The displacements in the elements were assumed to vary quadratic therefore 20 node brick

elements with reduced integration were chosen. For further reading about element types, see
chapter 19 in [15].

5.3 Loads and boundary conditions

The loads which affects the bulging of the IGU originates from the temperature changes in the
cavities and the difference between the initial pressure in the cavities and the atmospheric
pressure. The pressure changes in the cavities are calculated with the ideal gas law. The
temperatures in the cavities were calculated in the 1D-FE model or from the calculated
average temperatures from the measurements. The pressure difference was acting on the outer
and inner surfaces of the IGU as uniformly distributed load, see Figure 14.
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Figure 14. Pressure on IGU.

The boundary conditions were set so no restraints were imposed on the deformations but the
rigid body displacements were constrained. The boundary conditions were imposed on the
middle glass in three points, see Figure 15.

Figure 15. Points for prescribed displacements in model
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The boundary conditions were set as in Table 14.

Point | Prescribed boundary condition
1 X,y- direction

2 X,y,z-direction

3 x,z-direction

Table 14. Prescribed boundary conditions.

5.4 Mesh convergency

As mentioned previously the computing time was of major importance. With a fine mesh the
solution, i.e. the displacements and stresses in the glass, will converge to the true value but
with the cost of computing time. A mesh convergence study was made by changing the
element size in the yz-plane while keeping the mesh in z-direction to one element for every
layer. Thereafter the mesh size in the yz-plane was kept constant and the element size in x-
direction was changed.

The stresses were checked from an IGU with dimensions 0.6x0.6m” and the displacements
were an IGU with the dimensions 1.2x1.2m”. Both distances of the cavities were set to 16 mm
and the glass thicknesses for all three glass panes were set to 3.8 mm. The inner temperature
was set to 20°C and the outer temperature was set to -30°C. A pressure of 3 kPa higher than
the initial pressure in the cavity was assumed to act on the 1G units.
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Figure 16. Displacement/time in the outer glass as function of mesh size.
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In Figure 16 the displacement in the outer glass is shown for the 1.2x1.2m* IGU when the
mesh size was varied in the yz-plane. As can be seen in the figure, there were small changes
for the displacement but the analysing time increased rapidly when an element size smaller
than 40 mm was used.
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Figure 17. Stress/time in the outer glass as a function of the mesh size.

In Figure 17 the stresses in the outer glass is shown for the 0.6x0.6m” IGU when the mesh
size was varied in the yz-plane. The analysing time increased rapidly for an element size
smaller than 20 mm.

The stress was decisive for the computing time, therefore the 0.6x0.6m> IGU was also
analysed when the element size in the x-direction was varied with the same load.

One element for all layers resulted in 17.846 MPa in the outer glass pane. With one element in
the glass panes and two elements in the spaces resulted in 17.854 MPa. With two elements in
the glass panes and three elements in the spaces resulted in 17.842 MPa. A larger number of
elements in the x-direction did not affect the result significantly, therefore one element in each
layer was chosen.

An element size in the xy-plane of 40 mm was chosen. The displacements converged for this
size and the stresses convergence was considered to be sufficient and the computing time was
still short.
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6 Comparisons with Experimental Analyses

To verify the model and to investigate its agreement with measurements, the IG units that
were tested in the Hotbox where modelled. The geometries and the atmospheric pressure that
were modelled are shown in Table 7. The average temperatures in the cavities used in the
model were calculated from Table 8 for Test 1. The temperature for Test 2 was -10.15°C on
both sides of the IGU and an atmospheric pressure of 101.6 kPa, 0.7 kPa higher than the
initial value of 100.9 kPa. For Test 3 the temperature was 20.9°C on both sides of the IGU
and an atmospheric pressure of 102.2 kPa, 1.3 kPa higher than the initial value of 100.9 kPa.

6.1 Results

6.1.1 Test1l
The bulging for each glass pane and the total bulging for IG units with differing temperatures
on the different sides are presented in Table 15.

IGU |Displacement [mm] | Total bulging in
Outer | Middle | Inner | middle [mm]
1 232 | -2.25 |-3.92 6.24
2 3.82 | -0.92 |-3.18 7.00
3 335 | -1.02 | -2.57 5.92
4 - - - -
5 3.64 | -1.09 |-2.80 6.44

Table 15. Displacement of the glass and the total bulging in the middle for modelled Test
1.

6.1.2 Test2
The bulging for each glass pane and the total bulging for IG units with -10.15°C on both sides
are presented in Table 16.

IGU | Displacement [mm] | Total bulging in

Outer | Middle | Inner | middle [mm]
1
2 570 | 0.00 |-5.70 11.41
3 4.77 | -0.60 |-4.49 9.26
4 4.08 | 0.00 |-4.08 8.15
5 4.83 | -0.59 |-4.51 9.34
Table 16. Displacement of the glass and the total bulging in the middle for modelled Test

2.
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6.1.3 Test3
The bulging for each glass pane and the total bulging for IG units with 20.9°C on both sides
are presented in Table 17.

IGU | Displacement [mm] | Total bulging in
Outer | Middle | Inner| middle [mm]
1 0.26 | -0.22 |-0.57 0.83
2 0.53 | 0.00 |-0.53 1.06
3 0.44 | -0.04 |-0.40 0.84
4 0.38 | 0.00 |-0.38 0.77
5 0.44 | -0.05 |-0.40 0.84

Table 17. Displacement of the glass and the total bulging in the middle for modelled Test
3.

When the FE-model was compared with the experimental analyses the difference between
Test 1 and Test 2 were made with Test 3 to neglect the residual deformations which were
obtained in the experimental analyses in Test 3.

IGU | Comparison |[FE-Model| Measured Difference
of tests [mm] |Calliper |Laser| |Model-Calliper | Model-Laser
[mm] | [mm] [mm] [mm]
1 | Testl-Test3 5.4 4.6 4.3 0.8 1.1
2 | Testl-Test3 5.9 5.1 5.6 0.8 0.3
Test2-Test3 10.3 9.4 8.8 0.9 1.5
3 | Testl-Test3 5.1 4.3 4.1 0.7 1.0
Test2-Test3 8.4 6.3 6.6 2.1 1.8
4 | Test2-Test3 7.4 8.3 -0.9
5 | Testl-Test3 5.6 5.6 5.3 0.0 0.3
Test2-Test3 8.5 8.2 7.7 0.3 0.8

Table 18. Comparison between model and the two measuring techniques calliper and
laser.

When the total bulging of the FE-model was compared with the experimental analyses for
each test a variation was found, see Table 18. The FE-model showed almost for every
comparison a larger bulging than the measured values.
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A calculation was made to obtain the offset that the FE-model had to be calibrated with to
consider the residual deformations. The differences of the total bulging in Test 1 between the
experimental analyses and the FE-model were calculated, likewise the difference in Test 2
and Test 3. The total bulging of the experimental tests are shown in Table 9-11 and the total
bulging of the FE-model for each tests are shown in Table 15-20.

Test 1 Offset [mm]
IGU | Calliper | Laser

1 2.6 2.0
2 3.8 4.0
3 5.2 4.5
4

5 3.7 33

Test 2 Offset [mm]
IGU | Calliper | Laser

1

2 3.7 2.8
3 3.9 3.6
4 3.4

5 3.5 2.8

Test 3 Offset [mm]
IGU | Calliper | Laser

1 3.4 3.1
2 4.6 4.3
3 5.9 5.5
4 2.5 3.1
5 3.7 3.6

Table 19. Difference between modelling analyses and experimental analyses, test by test.

As can be seen in Table 19, the offset was approximately 2-5 mm. The FE-model has to be
added with this offset to give the same values as the experimental analyses.

6.2 Discussion about the comparison

As shown in Table 18 the FE model resulted in higher total bulging than the measured values,
neglecting the residual deformations which occurred. Due to time constraints the model was
not changed after the experimental analyses to fit better to the reality.

The residual bulging is shown as the offset in Table 19 which probably occurred due to some
plastic deformations in the sealant or the spacer. However, the model was still used in a
parameter study and was not changed with this offset. In future work this offset might be
taken into consideration but need some further study.
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7 Parameter Study

The main program was written as a Python script with preferred input data for IG units that
were to be analysed. The 1D-FE model was also written as a Python script, it retrieved needed
data from the main program and calculated the average temperatures in the cavities i.a.
outside, inside temperatures and space distances. The main program received the temperature
in the cavities and the bulging of the IGU was analysed in the FE model. The displacements
and stresses in the glass panes were saved in a text file. The process is illustrated in Figure 18.
From the obtained results a regression model was made that is described in Chapter 8.

Input
data

b 4

2.

Main 31 1D-FE

program B________1 model
3.

Start over

again for 4.
the next

IGU

FE model 5—

Results:

Regression

Displacements, model

stresses in glass

Figure 18. Illustration of the analyse procedure.

7.1 Material properties

The materials which were used are described in Chapter 2 and used in the parameter study are
summarized in Table 20, 24 and 25.

Material | Young's | Poisson's | Density £ A Optical
modulus ratio [kg/m3] Annealed, | [W/mK] | properties
[MPa] low-E
Glass 70 000 0.22 2500 0.837,0.037 0.81 See Table
3,4and 5

Table 20. Properties of glass.

To reduce the emissivity the glass could have a low-E coating. The optical properties i.e. the
transmittance, the absorbance and the reflectance varies with the thickness and if the glass has
low-E coating, see Table 3, 4 and 5. Some of the glass panes were coated in the parameter
study.
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The Young’s modulus of the sealants and the spacer are shown in Table 21.

Material | Young's modulus | Poisson's ratio
[MPa]
Butyl 2.13 0.2
Polysulfide 1.6 0.2
Spacer 2900 - hgygcer 0.3

Table 21. Young’s modulus and Poissn’s ratio of the sealants and the spacer.

The Young's modulus of the spacer changes with the height of the spacer i.e. the space
distance of the cavity.

Material Gas type Properties
Gas Air, Argon, Krypton See Table 6
Table 22. Properties of gas.

The thermal conductivity, specific heat capacity and the dynamic viscosity properties of the
gases are varying with the temperature but the molecular weight was constant. When the
cavities are filled with argon or krypton a gas content of 90% was assumed i.e. 10% was air.

7.2 Loads

The sealant in the IGU is exposed to various load types as described in Chapter 2.3. But the
focus in this project was to determine the stresses and the displacements of the glass panes.
Wind pressure and accidental load are two load types which will not be further investigated.
Accidental loads on the IGU such as a ball hitting the glass pane or a child running in to the
glass pane may occur, and the solution would be to have toughened or laminated the glass
panes. The glass panes must also be of toughened glass if the glass panes' lower edges in a
building are mounted lower than 0.6 m from the floor or the ground [7].

The wind pressure in Sweden is approximately 1 kPa [14]. This is relatively small compared
to the variation in atmospheric pressure which is described further in this chapter. Therefore
the wind load was neglected in this study.

The loads affecting the IGU that will be further investigated are the variation of temperature
and atmospheric pressure. When the gas in the cavity has a lower pressure than it is outside of
the cavity due to lower temperature of higher atmospheric pressure than the initial values an
inwards bulging will occur. For the opposite load effects, the bulging of the glass panes will
be outwards, see Figure 1.

7.2.1 Temperature load
The initial gas temperature in the IGU when manufactured was assumed to be same as was in
the factory, approximately 20°C.

The temperature load will differ depending on the geographic location where the IGU is
installed and at what season of the year it is. The average 3-hour temperature has been
collected for the past 50 years from SMHI [19], with data from 1961 to 2011. A compilation
of the temperature occurrences was made for five different cities; Kiruna, Luled, Norrkoping,
Vixjo and Malmo. These cities were chosen to get an overview of temperatures over Sweden.
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Vixjo was chosen since it is located near Lenhovda, the place for manufacturing the 1G units
used in this study. The temperature occurrences for Vaxjo and Luled are shown in Figure 19.

7.2.2 Atmospheric pressure

When manufacturing the IGU the gas pressure was assumed to have the same pressure as the
atmospheric pressure in the factory that day. The average atmospheric pressure which occurs
the most in Vaxjo have been used as the initial value which was set to 99.5 kPa, see Figure
19. When the IGU is installed there may be a different ambient pressure than the pressure in
the cavity. The difference in pressure will give a low pressure or an excess pressure in the
cavity. A high pressure will give inwards bulging while a low pressure will give outwards
bulging of the glass planes. The pressure was chosen to give a higher bulging in the study,
both for inwards and outwards bulging.

As for the temperature, the atmospheric pressure has also been collected for five cities over a
50 year period.

The temperature and atmospheric pressure occurrence are shown in Figure 19 for the two
cities mentioned previous. For data regarding other cities, see Appendix A
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Figure 19. Temperature and pressure occurrence in Vixjo and Lulei.
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As shown in Figure 19 the atmospheric pressure in Véxjo is generally a bit lower than the
normal value of 101.3 kPa. In Luled the pressure is normally higher than Véxjé and quite low
temperatures can occur which would give significant bulging.

From collected data the maximum and minimum temperatures each year was extracted and is
shown in Figure 20 for Lule4. In this figure the probability that a certain temperature occurs in
the city can be found. Maximum and minimum temperatures for other cities is presented in

Appendix A
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Figure 20. The probability of minimum and maximum yearly temperature occurance in
Lulea.
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7.3 Parameters
The parameters that were changed in the parameter study and how they were changed are

presented below:

Parameter Values Comment

Width [m] 0,3-1,6 Both quadratic and rectangular dimensions were
chosen.

Height/Width 1-3 Most of the analyses were made with a height/width

ratio ratio lower than 1.5 but some were more elongated.

Glass thickness 1.8, 3.8, 5.8 Some varying combinations were made for the

[mm] three glasses but the normal combination was
3.8 mm for all the glass panes.

Outer cavity 8-27 Different combinations of the outer and inner space

[mm] distances were chosen.

Inner cavity 8-27 When an integrated blind was modeled the inner

[mm] cavity had a distance of 22 mm.

Gas type Air, Argon, The same gas in both cavities.

Krypton

Inner 20 and 25 The inner temperature was kept constant to 20°C

temperature [°C] except when an integrated blind was placed in the
inner cavity, an inner temperature of 25°C was
chosen.

Outer -40t0 0 The outer temperature was varied between -40°C to

temperature [°C] 20 to 35 0°C during a cold day and 20°C to 35°C on a warm
day.

Pressure [kPa] 0to7 The pressure difference between the initial pressure

and the atmospheric pressure was varied between
0-7 kPa.

Solar radiation

I, =1090 [W/m’]
a =30°

The effect of solar radiation was controlled which
increased the temperature in the cavities in the 1D-
FE model. The solar radiation was analysed when
the outside and inside temperatures were 25°C.

Integrated blind

Absorbance=0.31
Reflectance=0.7
£=0.8

The integrated blind was placed in the inner cavity
and assumed to be closed when it was 25°C outside
and inside and with the IGU exposed to solar
radiation which increased the temperatures in the
cavities.

Position and
number of low-

Two low-E on
surface 2 and 5

The low-E coatings were usually placed at surface 2
and 5, see Figure 7. But when an integrated blind
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E coatings One low-E on were modeled in the 1D-FE model some analyses

surface 2 were made when it only was one low-E coating on
surface 2.
Cold clear sky Extra R value An extra R value was defined on the outside. Only
e=1 theoretical value. The emissivity was assumed to be
T=-273.15°C 1 and the temperature of the outer space was

assumed to be -273.15°C.

Table 23. Parameters that were analysed are described.

If every combination of the parameters were analysed the total computing time would be very
long. Therefore the focus was a winter day i.e. when the outdoor temperature is low and
problems may occur where an integrated blind in the IGU may be clamped between the glass
panes due to the bulging. 7 parameters that affect the bulging the most were varied, i.e. width,
height/width ratio, outer cavity, inner cavity, outdoor temperature, atmospheric pressure and
glass thicknesses. To get a good approximation the 7 parameters were varied with 5-6 steps
each. One combination took around 1 minute, see Figure 17, if all combinations were
analysed the total computing time would be approximately 5,57 ~ 152 000 min ~ 100 days.
To reduce the computing time but still have 5-6 steps for each parameter, every 47th
combination was analysed. The combinations were chosen as random as possible. The
computing time was reduce to approximately 2 days and 3000 combinations of IG units were
analysed, which were enough to get a good third-degree approximation. More about this
approximation called regression model in Chapter 8.

7.4 Examples
Since many analyses were made, only some of the results will be presented here. These

examples are a winter day, winter night with clear sky, summer evening and summer evening
with blinds.

7.4.1 Winter day

In this example an IGU with an integrated blind is assumed to be installed in Lulea. Analyses
were made to investigate how cold it could be outside for the blind to not get clamped i.e.
when the displacement of the inner or the middle glass was 3.25 mm. The inner cavity with an
initial distance of 22 mm, made for an integrated blind was chosen. The initial values of the
temperature and pressure of the gas was taken from Vixjo in Figure 19 and were set to 20°C
and 99.5 kPa. It was assumed that the atmospheric pressure in Luled was 102.5 kPa, 3 kPa
higher than the initial value, see Figure 19. The distance of outer cavity was varied between
10-24 mm and the dimensions of the IGU varied between 0.8x0.8m” to 1.4x1.4m’.

Analyses of the maximum principal stresses in the glass panes were also carried out for some
IG units for the Luled conditions. The atmospheric pressure was set to 103.5 kPa, 4 kPa
higher than the initial value. The outside temperature was set to -30°C, see Figure 20 with a
probability of approximately 7% to occur during a winter. The inner cavity was set to 22 mm
while the outer cavity was varied between 10-24 mm and the in-plane dimensions were varied
between 0.4x0.4m’ to 0.8x0.8m’.
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The Lulea conditions cover many other places in Sweden for the winter load case since very
low temperature can occur while the atmospheric pressure can be high.

7.4.2 Winter night with clear sky

For a case with a clear cold sky, the warmer IGU will emit energy to the colder sky. This will
lead to a lower temperature in the outer glass with a higher risk for the glass to crack. The
surface value of the outside temperature to give the same stresses as for a winter day will be
calculated in this example.

The stresses in the glass were analysed for the Luled conditions on a cold night having a high
atmospheric pressure of 103.5 kPa.

7.4.3 Summer evening

In this example analyses of the maximum principal stresses in the glass panes were carried out
for some IGU assumed to be placed in Vixjo. During the evening when the sun is quite low
and when 1it still is 25°C outside, the temperatures in the IGU can be high. The indoor
temperature was set to 25°C and the incidence angle of the solar radiation was assumed to be
30°. The atmospheric pressure was varied and assumed to be 3 kPa or 1 kPa lower than the
initial pressure in the cavities. The dimensions were varied between 0.4x0.4m” to 0.8x0.8m”
and the outer cavity was varied between 10-24 mm.

To analyse the Vixjo conditions for a summer evening covers many other places in Sweden
since it may occur at most locations.

7.4.4 Summer evening with blind

To keep the solar radiation out during a summer evening the integrated blind could be
lowered and closed. But the blind absorbs more energy and the temperatures in the IGU will
increase and higher stresses in the glass panes may develop. In this example analyses were
made with the same geometries, temperatures and solar radiation as for the summer evening
but with the difference that an integrated blind was placed in the inner cavity. The pressure
was 3 kPa lower than the initial pressure in the cavities. The effect of the location of the low-
E coating was analysed to only have one low-E coating placed on surface 2, see Figure 7.

7.4.5 Overall analyses
Some overall analyses where when changing parameters such as glass thickness, gas content
and the height/width ratio was varied.

An IGU with the distances 22 and 16 mm in the inner and the outer cavities respectively and
with the dimensions 0.6x0.6m” were analysed when the gas type and glass thicknesses were
changed. The outside and inside temperatures were set to -25°C and 20°C and the pressure
was set to 3 kPa higher than the initial pressure in the cavities. The glass thicknesses 1.8, 3.8,
and 5.8 mm were analysed with some different combinations in the three glass panes. The gas
in the cavities were analysed with air, argon or krypton.

In the analyses where the height/width ratio was changed an IGU with the width of 1.2 m was
used and only the displacements of the glass panes were determined. For analyses regarding
the stresses smaller widths were chosen to 0.3, 0.4 and 0.6 m while the height was varied. The
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same temperatures, pressure and distances of the cavities were chosen as in the analyses when

varied the glass thicknesses and the gas type were varied. The glass thicknesses were set to 4,
4, 4 mm.

7.5 Example result
The results of the examples described above are presented below.

7.5.1 Winter day
The coldest outside temperature that can occur for an integrated blind to not get clamped in an

IGU is presented in Figure 21. The pressure is 3 kPa higher than the initial value and the
geometry varies.
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Figure 21. Minimum temperature for having an integrated blind for quadratic
dimensions when varying the outer space.

As an example, a blind that is not allowed to be clamped at an outdoor temperature of -20°C
only an IGU with an outer space distance of 10 mm could be chosen but the in-plane
dimensions could be chosen freely.
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The maximum principal stress, which occurred in the outer glass pane, for a pressure of 3 kPa
higher than the initial value and for an outside temperature of -30°C is presented in Figure 22.
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Figure 22. Stress in the outer glass on a winter day for quadratic dimensions when
varying the outer space.

7.5.2 Winter night with clear sky

To obtain the same stress level on a winter night with clear sky as on a winter day the outdoor
temperature could theoretically be 4-5°C higher. This is due to that the IGU emits energy to a
colder sky.

7.5.3 Summer evening

The highest principle stress in the glass panes occurred when the outdoor and indoor
temperatures were both 25°C. The analyses were made with an atmospheric pressure of 3 kPa
and1 kPa lower than the initial pressure and the incidence angle of the solar radiation was 30°.
The result is shown in Table 24.

Stress [MPa] Pressure [kPa]

Dimension [mz] -3 -1
0.3x0.3 15.2 12.5
0.4x0.4 19.8 16.3
0.5x0.5 20.2 16.7
0.6x0.6 18.0 14.9
0.7x0.7 15.2 12.6
0.8x0.8 12.5 10.4

Table 24. Stresses in the outer glass for a summer evening.
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The not bold marked values are glass panes that do not have to be toughened. The tensile
strength of glass was calculated to 15.48 MPa, see Chapter 3.5.

7.5.4 Summer evening with blind
When an integrated blind was lowered and closed, and when the number of low-E coatings
were changed the highest tensile stress became as presented in Table 25.

Stress [MPa] Low-E coating

Dimension [m?] | Surface 2,5 | Surface 2
0.3x0.3 34.4 26.7
0.4x0.4 40.8 329
0.5x%0.5 38.7 32.0
0.6x0.6 33.3 27.8
0.7x0.7 27.8 23.2
0.8x0.8 23.0 19.2
0.9x0.9 19.0 15.9
1.0x1.0 16.0 13.3

Table 25. Stresses in outer glass for a summer evening with an integrated blind.

The not bold marked values are glass panes that do not have to be toughened. The tensile
strength of glass was calculated to 15.48 MPa.
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7.5.5 Overall analyses

To see how different parameters effect on the displacement and principal stresses only one
parameter changing at the time. In figure 23 the absolute displacement for a windows with
different height/width ratio in-plane is changing. The width was kept constant to 1,2 m and
the height varied.
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Figure 23. Displacement in inner and outer glass when changing the height/width radio.

The maximal principal stress in the outer glass pane is presented in Table 26 for a small width
with varying height.

Stress
[MPa] Width [m]
Height [m]| 0,3 0,4 0,6

0,3 18,0
0,4 23,2 | 20,6
0,6 27,6 | 24,5 | 16,0
0,8 28,7 | 25,5 | 15,8
1,0 28,7 | 25,6 | 15,5
1,2 284 | 25,3 | 15,2
1,6 27,7 | 24,4 | 14,7
2,0 27,2 | 23,6 | 14,1

Table 26. Stresses in outer glass when varying the height and width.
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The displacements and stresses for some different combinations of glass thicknesses in the
three glass panes are presented in Table 27.

Glass thicknesses Displacements Stress

[mm] [mm] [MPa]
Outer |Middle | Inner | Outer |Middle |Inner| Outer | Inner
3.8 3.8 3.8 34 | -0.7 |-29| 16.6 | 13.9
5.8 3.8 3.8 1.8 -1.7 |35 12,7 | 17.1
3.8 3.8 5.8 3.9 0.1 |-1.5( 19.1 | 10.2
5.8 1.8 5.8 2.1 -1.2 | -2.0 145 | 13.9
5.8 3.8 5.8 2.2 -1.0 |-1.9| 154 | 13.2

Table 27. Analyses when changing the glass thickness.

The gas content in the cavities varied with the three gases air, argon and krypton. The stresses
and the U-value are presented in Table 28.

Gas Stress U
[MPa] | [W/m’K]
Air 19.0 1.03
Argon 18.9 0.82

Krypton| 18.8 0.77
Table 28. Analyses when changing the gas in the cavity.
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8 Regression Model

Multiple regression

The aim of a regression model is to find a function best suited for obtained data. A multiple
regression investigates the relations between the parameters i.e. the parameters which were
changed in the parameter study. If the system has more equations than solutions the system is
overdetermined. The system can be written as: [33]

Ax =y (8.1)

Where A4 is the different parameters matrix, x is unknown coefficients vector and y is the
result vector.

A has the dimension mxn where m is the number of rows and n the number of columns. The x
has to be a column-vector with the length n and y has to be a column-vector with the length
m. If n and m is equal the system is determined i.e. if det(4) # 0 the system has only one
solution. If m is greater than n the system is overdetermined. The solution to find the x-vector
for an overdetermined system with the least square method is as follows [33], where
det(4TA) # 0:

x=(ATA) ATy (8.2)

An example with two parameters which could be the height and the outdoor temperature with
a polynomial of the second order are described below.

[1 a1 a1z anaq, a11 ‘112]
[1 ay azz ‘121022 az, a,|
: ,21 l (8.3)

N :
|-1 An1 Q2 anlanZ apq izj

Where the second index in a;; denotes which parameter the point belongs to. The first column
only consists of ones which will give the first coefficient in X. Without this row the solution
would go through origo. The second column is a vector of points of the first parameter. The
third column is points of the second parameters. The fourth column is a product of the two
factors of column two and three. The fifth and sixth is a quadratic term of the different
parameters.

To calculate the coefficients in the X vector 5 to 6 arbitrarily points were chosen for every
parameter in a specific interval. Since 7 parameters were varied a very large number of
analyses would be necessary if all combinations were analysed. To reduce the number of
analyses only the 47th combination was analysed. Approximately 3000 combinations of IG
units were analysed which were enough to get a good function of the regression model. To
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receive a good function it was important for the combinations and there varying parameters to
be as random as possible. More combinations would give an even better approximation but
these 3000 combinations were sufficient. A regression model was carried out for the summer
and the winter loads. The best multiple regression was performed with a third-degree. The
calculated coefficients in the function were compared with new points between the original
points to verify that the regression model produce results with sufficient accuracy.
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9 Discussion

In Figure 21 it is clearly shown that for large in-plane dimensions of IGU and a wider outer
cavity, there is a higher risk for the integrated blind to get clamped. With larger dimensions,
the glass panes get less stiff and a larger bulging occurs. An IGU with small in-plane
dimensions will result in less bulging but higher stresses of the glass panes since the glass
pane gets stiffer. In Figure 21 and Figure 22 it is shown that the stresses and the
displacements increase with greater distance in the outer cavity. The reason for this is that a
larger volume of the gas shrinks by lowering temperature which increases the bulging.

The stresses in a glass pane were bigger for the 0.5x0.5m” than the 0.3x0.3m?, see Table 24.
This is probably due to that for dimensions smaller than 0.5x0.5m’ a large amount of the load
is carried by the spacers at the edges. For larger dimensions than 0.5x0.5m” the stiffness of the
glass panes decreases the principal stress decrease as well.

On a clear winter night the temperature in the IGU is lower than for a winter day, especially
for the outer glass surface. Calculated values indicates that the outdoor temperature must be 4-
5°C higher to result in the same stress levels as for a winter day, because of the radiation to
the colder sky. This is a theoretical value, the assumed temperature of the outer space is
probably a bit higher than -273.15°C and the assumed emissivity is probably a bit lower than
1.

When an IGU is exposed to solar radiation the temperatures in the cavities will increase.
When a blind is integrated in the IGU it will increase the temperatures in the cavities since the
blind absorbs a large amount of the solar energy. When the blind is lowered and closed the
result will be an increase of the principal stresses in the glass panes, compare Table 24 and
Table 25. The amount of and placement of the low-E coatings turned out to have a big
influence on the principal stresses as shown in Table 25. By approximately estimate the
maximal principal stress in advance, the glass panes exceeding the stress-limit can be
toughened in the production state to avoid the glass panes to break in service.

In Figure 23 the height/width ratio affecting the displacements in the glass panes is shown
with the constant width of 1,2 m. The worst ratio is found at 1.5. When a lower or higher ratio
is chosen a smaller displacement occurs. For a smaller ratio, all of the edges have a larger
influence to take the load. For a higher ratio, the IGU is more elongated and the smallest
edges will have a lower influence to take the load. With increased height/width ratio the
volume of the cavities increase, the cavities will work like springs and distribute the stresses
through the system of the IGU. As shown in Table 26 the principal stresses for the widths

0.3 m and 0.4 m also have pikes when varying the height. It is concluded that there is a worst
case ratio for the height and width for every specific IGU and need some further investigation.

The variations of the glass thicknesses were studied to see the affect on the displacements and
stresses, see Table 27. If for example a thicker glass is chosen in the outer glass the principal
stresses and the displacements decrease for that glass pane. However, the principal stresses
and displacements increase for the inner glass. If an integrated blind would be installed a good
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choice could be to increase the thickness of the inner glass pane, but that will result in high
stresses in the outer glass and a control must be made if the glass needs to be toughened.

In the experimental analyses the gas content was a bit uncertain. The choice of gas will
mainly affect the heat transfer through the IGU, see Table 28 but change of gas content did
not result in a large varying of the stresses and the displacements.
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10 Conclusion and further work

The objective of the study was to analyse the bulging of IG units for varying parameters such
as the geometry and the magnitude of the loads. The primary goal is to determine the
possibility of having an integrated blind in an IGU and to predict when the stresses become
too high and the glass must be toughened.

The 1D-FE model gave a lower average temperatures in the cavities compared to the
experimental analyses. The temperatures in the cavities were increased in the experimental
analyses due to the effect of the bulging which changed the heat transfer through the IGU.
With a small variation of the temperatures in the cavities a conclusion was that the 1D-FE
model can be used to give a good approximation of the temperatures. A suggestion of further
work is to find a way to take the bulging into consideration in the 1D-FE model.

The FE-model was compared with the experimental analyses and the model showed a bit
higher bulging, if the residual deformations were neglected. The residual deformations in the
IG units turned out to be quite big and some further study has to be done in this subject. No
changes were made in the FE-model after knowledge about the residual deformations, the
model was still used in the parameter study to give the bulging of the glass panes.

The regression model was carried out to fit a function for analysed data from the parameter
study. The regression model is used to easy obtain the displacements and stresses in the glass
panes varying the parameters as the user wants. The regression model is therefore a model
that can give a good perception of the bulging so that blinds can be integrated and glass be
toughened if needed. If the bulging sometimes becomes so big that the integrated blind gets
clamped it will not lead to failure of the IGU, it will just result in that the blind can’t be raised
which there must be tolerance for.

The affect of solar radiation in the IGU was only considered in the FE model, some
experimental analyses of this phenomenon can be made in a future work to get more
knowledge about this.
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12 Appendix A

12.1 Temperature distribution through tested IG units
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Figure 24. Temperature distribution through IGU 2.
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Figure 25. Temperature distribution through IGU 3.
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Figure 26. Temperature distribution through IGU 5.
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12.2 Calibration factors and standard deviation of tests

The thermocouple wires were calibrated to the temperature in the cold room that was -
10.15°C.

IGU 2 3 5 Wire W | Wire C
Logged temperature [°C] | -10.4 | -9.77 | -9.91 | -10.05 -10.09
Calibration factor [°C] 0.25 | -0.38 | -0.24 | -0.10 -0.06

After calibration [°C] -10.15 | -10.15 | -10.15 | -10.15 -10.15

Table 29. Calibration for the thermocouple wires.

Wire W and Wire C in was the thermocouple wires used on every IGU in the warm
respectively the cold room. And the others, number 3,4 and 6 represent the thermocouple wire
that where attached at the mid glass.

12.3 Standard deviations

Test 1| Standard deviation [mm]
IGU Calliper Laser
1 0.3 0.5
2 0.1 0.4
3 0.2 0.4
4
5 0.1 0.4

Table 30. Standard deviation Test 1.

Test 2 | Standard deviation [mm]
IGU Calliper Laser
1
2 0.1 0.3
3 0.1 0.3
4 0.1
5 0.2 0.2

Table 31. Standard deviation Test 2.

Test 3 | Standard deviation [mm]
IGU Calliper Laser
1 0.1 0.1
2 0.1 0.0
3 0.2 0.1
4 0.1 0.2
5 0.1 0.1

Table 32. Standard deviation Test 3.
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13 Appendix B

13.1 Temperature and pressure occurence
Temperature and atmospheric pressure occurrence in Kiruna, Norrkdping and Malmo.
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Figure 27. Temperature and pressure occurrence in Kiruna.
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Figure 28. Temperature and pressure occurrence in Norrkoping.

Malmé

]
(A 3]

— — %]
M L= [y L=
T T

Oeccurrence [%)

=
=

i
i
=
P
=

-10 0 10 20 30 40
Temperature [=C]

‘4 U T T T

30

20

10

Oceurrence [%]

0
95 96 97 98 95 100 101 102 103 104 105
Fressure [kFa]

Figure 29. Temperature and pressure occurrence in Malmo.
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13.2 Minimum and maximum temperature

Minimum and maximum temperature for Kiruna, Norrképing, Malmo and Vaxjo.
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Figure 30. Probability of minimum and maximum temperatures in Kiruna.
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Figure 31. Probability of minimum and maximum temperatures in Norrkoping.

71



COF: Malma
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Figure 32. Probability of minimum and maximum temperatures in Malmo
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Figure 33. Probability of minimum and maximum temperatures in Vixjo.
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