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temperature, i.e., decreasing Reynolds number. Theoretically predicted and measured temperatures 
were found to be in reasonable agreement. An extended method for furnace designer and operator for 
solving heat transfer in a heat soak furnace was developed with witch was found that in a very narrow 
channel the heating time increased dramatically because the air temperature at the end of such a 
channel was almost as low as glass temperature, i.e., heat from the air was already transferred to glass. 
The heating time also increased with the glass flow-wise length and thickness, although the total mass 
of the glass loading remained the same. 
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the ANR-method are compared with the results of other methods. In Chap. 11 the radiative properties 
of low-emissivity coated glass are presented. It is shown that the modelling of radiation in a low-e 
coated glass is a much more complicated problem than in a clear glass. Chap. 12 handles an air jet 
from its development to the convection heat transfer it creates on a glass surface. The chapter 
continues with the research of the forced convection under an array of jets. The contact heat transfer 
between glass and rollers in tempering furnace is discussed in Chap. 13. Some results of the 
theoretical modelling relating to tempering process are presented in Chap. 14. Chap. 15 describes the 
heat-soak process, where hot air flow in channels between glasses transferring heat to glass. Both 
laminar and turbulent solutions for such a forced convection in a channel flow are presented. The 
solution method is applied to an actual heat soak furnace. The chapter contains measured data and 
results of theoretical modelling. Chap. 16 contains conclusions. 
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Table 2.1. Main functions of sputtered low emissivity coatings. [14] 
 

Conventional low-e High visible and solar transmission 

Low visible reflection 

High reflection of mid- and far infrared (room heat) 

Low absorption of energy 

Low emissivity 

Solar control low-e Reduced visible and solar transmission 

Double silver-layer low-e High visible with low solar transmission 

 

Heat loss through a window (without frames) can be calculated by multiplying its heat-transmission 
value (U-value) with the temperature difference over the window. The major purpose of a low-e 
coating is to reduce the U-value. As shown in Table 2.2, in addition to the coating, U-value depends 
on the number of glasses in the window, the widths of the gas-gaps between glasses and the gas inside 
them. In practice, the U-value depends also on the wind speed (convection) outside. 

In Table 2.2 the emissivity 0.837 is valid for clear glass, emissivity 0.16 is a typical value for CVD-
coated low-e glass (for instance, Pilkington K-glass), and emissivity 0.04 is typical value for the 
MSVD low-e coating containing two silver layers. Conventional MSVD low-e coating contains one 
silver layer and has an emissivity of 0.08. Also, three silver layer containing MSVD coated glass is 
available. 
 
Table 2.2. U-values as W/(m2K) for insulating glass window. [16] 

 
 

Usually, low-e coating is only at one glass surface in a window. To keep solar heat out of the house 
in hot climates, low-e coating should be applied to the outside pane of the window (IG-unit). In Figure 
2.4 low-e coating on the inside pane of a window reduces the infrared radiation from a warmer pane 
of glass to a cooler pane, thereby lowering the U-factor of the window, which cuts down the net heat 
loss from 108 to 70 W/m2. Windows manufactured with low-e coatings typically cost from 10% to 
15% more than regular windows, and they reduce energy loss through window by as much as 30% to 
60%.  
 

Glass number Gas-gaps Gas / Emissivity Gas / Emissivity Gas / Emissivity
Air Air Air Argon Argon Argon Krypton Krypton Krypton

layers mm 0.04 0.16 0.837 0.04 0.16 0.837 0.04 0.16 0.837
2 9 1.9 2.2 3.0 1.6 1.8 2.8 1.1 1.5 2.6
2 12 1.6 1.9 2.8 1.3 1.6 2.7 1.1 1.4 2.5
2 15 1.4 1.7 2.7 1.1 1.5 2.6 1.1 1.4 2.5
2 18 1.4 1.7 2.7 1.2 1.5 2.6 1.1 1.5 2.6
3 9 1.2 1.3 2.0 0.9 1.1 1.9 0.6 0.8 1.7
3 12 0.9 1.1 1.9 0.7 0.9 1.7 0.5 0.7 1.6
3 15 0.8 1.0 1.8 0.6 0.8 1.7 0.5 0.8 1.6
3 18 0.7 0.9 1.7 0.6 0.8 1.6 0.5 0.8 1.6
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Figure 2.4. Performance of clear and low-e coated glass in a double glass window. 
 
Other products that are commonly made with large coating units are mirrors of various kinds. A 
normal light and solar reflectivity of a clear glass surface is about 4%, which can be reduced with so-
called anti-reflective coatings (SiO2 and TiO2 layers on glass surface). Anti-reflective coated glass is 
used for example in solar panels, monitors and picture frames. The glass used in photovoltaics solar 
panels is coated with electrically conductive transparent coating. In addition, there is a wide range of 
coatings used on the surface of glassware to improve the case-specific feature [15]. Anti-abrasion 
coatings are used in containers, defogging coatings in supermarket freezers and water repellent 
coatings in aircraft windows. 

 

 
Clear glasses

Outside Air gap 12mm Inside room

-18°C -13°C 8°C 21°C
wind 6 m/s

Heat flux through window 108 W/m2

One surface is Low-E coated (
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Figure 3.1. Typical thickness-wise stress profile inside annealed, heat strengthened and tempered 
glass. 
 
In actual practise, what breaks a glass is tension stress at the glass surface. Annealed glass withstands 
about 30 MPa surface tension stress. In tempered glass high residual compression stress exists on 
glass surfaces. Strength depends directly on the surface compression level, while an external load 
must first overcome the surface compression before tension stress occurs at the surface. For this 
reason, tempered glass can endure many times more load than annealed glass. Tempered glass will 
sustain shock to the extent that it can be repeatedly struck by a hard object without breaking. It will 
also sustain a much higher thermal shock and sharper temperature gradients than ordinary annealed 
glass. Microfractures and scratches on glass surfaces have a significant effect on the strength of glass 
and they vary between glass plates. The strength of glass is a statistically predefined value. Standards 
define the testing methods for the strength of glass. As an example the Modulus of Rupture (MOR) 
strength of glass is determined by bending strength tests defined in standard ASTM C 158. The 
probability of breakage of annealed glass in 60 second load duration is 0.8% (typical design modulus 
of rupture), when the load is 19 MPa, and 50% (mean modulus of rupture), when the load is 41 MPa. 
Table 3.1 defines bending tensile strength and stress at breaking according to standard DIN EN 1288. 
The experimental relation between the strength of tempered glass and residual compression stress at 
glass surface is widely discussed in [19]. 
 
Table 3.1. Bending tensile strength and stress at breaking according to standard DIN EN 1288. 

 
Stress at break due to impact Annealed Heat 

strengthened 
Tempered 

Characteristic tensile bending 
strength, static load (MPa) 

45 70 120 

Permissible bending stress with 
impact load (MPa) 

80 120 170 
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The most popular device for glass surface stress measurement is the polarimeter called GASP, which 
is a registered trademark of Strainoptics Technologies Inc. Scattered light polariscope SCALP 
manufactured by GlasStress Ltd. is another device used for glass residual stress measurement. The 
accuracy of the measured surface stress depends on the device and its calibration. At best the accuracy 
is ± 3%. 

Because of the internal stresses, tempered or heat strengthened glasses cannot be cut or drilled. 
Tempered glass plate will break instantly and totally into small fragments. These fragments are 
harmless differently as big sharp bits, which are formed when annealed or heat strengthened glass 
gets broken. This safe fragmentation, shattering, is the second main benefit of tempered glass. Thus, 
tempered glass is also called safety glass together with laminated glass. Laminated glass cannot fall 
apart into sharp fragments because of the tough film layer, which keeps fragments together. As 
described in Figure 3.2, cracks in heat-strengthened glass travel instantly to the glass edges, 
differently from annealed glass, where the propagation might even take years depending on external 
load. This difference in fracturing behaviour is due to different residual stress levels. The crack 
propagation and fracturing of tempered glass is widely discussed in [20]. The relation between 
particle count (see Table 3.3) and residual stress is studied in [21][22]. Surface compression needed 
for the same particle count decreases with glass increasing thickness. Also the shape of the thickness-
wise stress profile in glass affects fragmentation. In [23] it was observed that the particle count is 
dramatically decreased if the depth of the compressive layer is less than approximately 20% of the 
glass thickness. The propagation speed of cracks in tempered glass is about 1466 m/s [24].  

 
Figure 3.2. Fragmentation of annealed, heat strengthened and tempered glass. 
 
Several standards have been developed for commercially used tempered glass, particularly for safety 
glazing in automobiles and buildings. Standards specify, for instance, tolerances, edgework, physical 
and mechanical characteristics, test methods, and fragmentation of tempered glass. Some important 
European standards are listed in Table 3.2. Tempered glass can be classified as safety glass if it 
fractures as standard EN 12150-1 defines. In tempered glass which has been fractured with a pointed 
steel tool the largest permitted length of the longest particle is 100 mm. In addition to that, the amount 
of particles in all 50 × 50 mm sized squares excluding border strip and the area near the impact point 
should be at least as high as Table 3.3 defines. In calculation of the fragment count each particle fully 
within the square is one, and each particle partially within the square is one half. 

Different continents or countries have different standards. ANSI Z97.1 and JIS R 3206, for example, 
are the standards used for specifying tempered glass in the United States of America and in Japan. 
Glass should be broken with a certain pendulum according to the American (ANSI) standard, and the 
weight of the ten largest crack free particles should weigh no more than the equivalent weight of 10 
square inches of the original specimen. Standard EN12600 specifies the European version of the 
pendulum test. The Japanese standard JIS R 3206 includes pendulum and ball drop tests. In practice, 
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the fulfilling of the EN-12150 standard demands higher residual stresses for tempered glass as the 
other standards above. Thus, it demands a stronger cooling rate in a chiller.  

In general, the demands for automotive safety glass are clearly tighter than for architectural safety 
glass. In standard tests for automotive glass the breakage point is in the centre of glass, which gives 
clearly fewer fragments than breakage near the edges. 
 
Table 3.2. Some important European standards.  
 

EN 1863-1 Glass in buildings - Heat strengthened soda lime silicate glass - 
Part 1: Definition and description 

EN 12150-1 Glass in buildings - Thermally toughened soda lime silicate 
safety glass - Part 1: Definition and description 

EN 14179-1 Glass in buildings - Heat soaked thermally toughened soda lime 
silicate safety glass - Part 1: Definition and description 

EN 1288 1-5 Glazing in buildings - Determination of the bending strength of 
glass 

EN 12600 Glass in buildings - Pendulum test - Impact test method and 
classification for flat glass 

 

Table 3.3. Minimum particle count values of fractured safety glass according to EN 12150-1. 
 

Glass type Nominal thickness 
in mm 

Minimum particle count 
inside 50 × 50 mm area 

Float and drawn sheet 3 15 
Float and drawn sheet 4 to 12 40 
Float and drawn sheet 15 to 19 30 
Patterned 4 to 10 30 

 

3.2 Range and use of tempered glass 

Nowadays the range of different thicknesses to be tempered varies from a little below 3 mm to 19 
mm. Also thinner tempered glasses down to 2.0 mm are coming onto the markets due to the newest 
inventions relating to tempering machines. The most common thicknesses of glasses to be tempered 
are 4 and 6 mm. Coating or paint on the glass surface is not an obstacle for tempering if it itself 
withstands high temperatures. The uncoated side is always placed in contact with rollers on the 
tempering line.  

The glass size varies from small pieces to large sheets. The smallest temperable glass size is 
practically dependent of the roller pitch, which is typically 120 mm in a tempering line, where glass 
contact continuously with three rollers is a must. The largest temperable size is dependent on the 
furnace width and length. Today, the maximum furnace width is about 3.3 m. Thus, a jumbo sheet 
fits in the biggest furnaces. 

Tempered glass is used in applications where safety and durability are important. Such applications 
are defined, for instance, in building regulations, which vary in different countries. Tempered glass 
is used in architectural windows, cars, facades, shower doors, solar panels, glass roofs, doors and 
rails, furniture, refrigerators racks and bus stop walls, to mention just a few. In many cases also 
laminated glass can be used instead of tempered glass. 
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3.3 Chemical strengthening 

The chemical strengthening of glass is widely discussed in [20]. In chemical strengthening normal 
small ions are replaced with larger ions on glass surfaces. Due to ion exchange surfaces try to expand, 
which is not allowed by bulk glass and produces high compressive stress at the surfaces. In soda-lime 
silica glass the ion exchange of sodium ions (Na+) in the glass surface with 30% larger potassium 
ions (K+) has been found to give sufficient compressive stress at glass surfaces, but the time required 
to get a sufficiently thick (at least 0.1 mm) compression stress layer is relatively long. The 
strengthening is done by placing the glass in a hot bath of molten potassium nitrate. 

Chemical strengthening has several advantages over thermal strengthening. Much thinner glass and 
unusual shapes can be strengthened. The strength of chemically strengthened glass can be even 
fivefold greater than in thermally strengthened glass. Chemical strengthening does not develop 
noteworthy tension stress to glass interior like thermal strengthening, and due to that it shatters into 
large sharp fragments like normal annealed glass. Thus, chemically strengthened glass cannot be used 
as a safety glass without lamination. Chemically strengthened glass is used, for instance, as 
windshields in high-speed trains and aircrafts, screens, laboratory pipettes, lenses and architectural 
panels. 
 

  





17 
 

to contract more, which is not possible because of the stiff surface layers. This creates a parabolic 
stress profile in the glass. There is a high compression stress in the surfaces and a high tension stress 
in the mid-plane.  Due to the fact that residual stresses depend on the temperature difference between 
glass surfaces and mid-plane, a thin glass has to be cooled through the transition range much more 
rapidly than a thick glass. Cooling at the glass (whole thickness) temperatures below 480°C has not 
much effect on the tempering stresses. Thus, in practice tempering stresses in a thin glass are formed 
during the first few seconds of cooling. 

Bartenev [27] introduced in 1949 the concept of instant freezing, which is the simplest method for 
calculating tempering stresses in glass. According to the assumption, the glass freezes instantly at an 
empirically determined temperature Tf, which is about 550°C for soda-lime glass. Above the freezing 
temperature the glass is characterized as a liquid with a zero viscosity. Thus, the glass above Tf offers 
no resistance to the distortion and is incapable of supporting any stress. Below Tf, the glass is treated 
as an elastic solid. A one-dimensional calculation method for tempering stresses using the instant 
freezing assumption is presented in [28]. The calculation method gives the basic understanding how 
stresses develop at glass temperatures above Tf and gives a rough estimate of the residual stress profile 
obtained in tempering. More sophisticated methods with practical results are presented in the 
literature [29][30][31][32]. The transient stresses during cooling at glass temperatures below Tf in a 
glass slab can be solved when the instant freezing method is coupled together with Eq. (4.1).  

 
 
Figure 4.1 Transient thickness-wise temperature (left, white line) and stress (right, black line) 
distributions in 6 mm glass during tempering. 

Figure 4.1 shows an example of the development of temperature and stress profile in a glass slab 
during tempering cooling. Just before cooling both temperature and stress profiles are straight lines. 
At the very first moments at the beginning of the cooling transient tension stress occurs on glass 
surface the level of which depends on the cooling rate, glass thickness and glass initial temperature 
[33]. It might even break the glass if the cooling speed is too fast or glass is too cold for tempering. 
After 2 seconds cooling the 6 mm glass in the Figure 4.1 is still at the transition temperature and the 
stresses are small. At temperatures just below the transition range the glass has still a full thickness-
wise temperature distribution, which generates stress distribution to glass in the opposite direction to 
tempering. Thus, the total transient stress distribution has still quite a low-gradient, while stress 
distributions weaken each other. Finally, temperature distribution disappears and the full magnitude 
of residual stresses is exposed. 
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invention presented in [36] air velocity on the surface of the C-type resistor can be accelerated and 
shared evenly to whole length of the resistors. This intensifies and evens the heat transfer from air 
jets to glass and decreases resistor temperature, which gives more lifetime to it. In new furnaces in 
the market resistor types A and C are used. The manufacturing of furnaces equipped with type B 
resistors was common for a long time. Though this ended a few years ago such furnaces are still 
common in the world. 

In the simplest tempering furnaces the heating of glass is based on thermal radiation exchange 
between resistors and glass, and in addition to radiation also natural convection and contact heat 
transfer from rollers to glass occurs. When low-e glasses appeared in the market at the end of the 80s, 
the use of forced convection in tempering furnaces became necessary. The low-e coated glass surface 
can reflect as much as 90% of the thermal radiation emitted by the furnace resistors. With forced 
convection the heating of the coated side of glass can be intensified to keep the glass flat in the 
furnace. Usually, the forced convection is arranged with air jets, which are focused to impinge on the 
glass surface. Nowadays, forced convection is used together with radiation to intensify heat transfer 
even for clear glass. In a radiation-convection furnace thermal radiation is clearly the main heat 
transfer phenomenon. In a typical radiation-convection furnace the convection is arranged by blowing 
compressed air coming from an air compressor outside the furnace toward the glass surface through 
holes in pipes. This kind of convection is flow-through air convection, because the same amount of 
air blown into a furnace is also blown out from the furnace.  
  

 
Figure 5.2. Basic principle of circulating air forced convection system. 
 
In a high-convection furnace the idea is to heat glass as much as possible by hot air convection rather 
than by radiation. In a typical high convection furnace fans blow hot air through nozzles toward the 
glass surface and heat input is arranged with air heating resistors inserted in air channels as in Figure 
5.2 or in nozzle-boxes. This kind of convection is called circulating air convection, while the same 
air flow is circulated in the furnace. The functioning of a circulating air convection furnace is dealt 
with in detail in [37]. Particularly when low-e coated glasses are heated, the convection heat transfer 
rate must be much higher on the top side than on the bottom side of glasses. Circulating air convection 
is typically stronger than flow-through air convection, but on the other hand a circulating air 
convection system clearly costs more than a flow-through air convection system. This fact has been 
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them flat during heating and cooling. After the main recipe is chosen, an operator makes changes if 
needed. The operator can change the control temperatures, convection pressure-time curves, heating 
time, and some other factors. If a new recipe is worth saving, then the operator saves it in to the recipe 
library. More details concerning the heating control system can be found in [45].   
 

 
Figure 5.7. Thermal image of glass loading just after heating. [109] 
 

 
Figure 5.8. Operating panel of modern tempering furnace. [109] 
 
An advantage of longitudinal resistors is that heat transfer can be profiled with them according to the 
glass width. This means that the control temperatures of resistors next to each other can be different. 
For instance, if glass lateral edges tend to be heated more than other glass width, then the control 
temperature of the resistors just above and below the lateral edges could be decreased to prevent 
overheating.        
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In a boost tempering system compressed air is used in addition to the fans to intensify forced 
convection [46]. In that case an air compressor with a compressed air tank is a part of the cooling 
section, as in Figure 5.9. The main nozzles are rounded holes in nozzle boxes, and as seen in Figure 
5.10, compressed air discharges from a small diameter nozzle via the main nozzle towards to the glass 
surface. A typical boost system enables the tempering of 3 mm glass.  
 

 
Figure 5.10. Structure of boost tempering nozzle. 
 

  
Figure 5.11. Nozzle boxes viewed from the side. 
  
Escaping air is guided out from the cooling section via channels between nozzle boxes, which have 
flow guards between them (see Figure 5.11). The function of the flow guards is to block escaping air 
flow to the same extent as the rollers do on the glass bottom side. Without them the air static pressure 
below the glass would be higher than that above the glass and glass would be lifted off from the 
rollers. The whole cooling section is inside the hood, which blocks off uncomfortable outflows and 
noise from the factory hall. Sometimes glasses get broken in the chiller, because of too low tempering 
temperature or failure in the glass. For that reason it is important that glass crumbles have enough 
space to drop down, although it usually requires laying down bottom nozzle-boxes. When the glass 
is cooled enough for handling it is conveyed to an unloading table. 

5.6 Quality of tempered glass 

Annealed glass on the loading table of a tempering furnace is flat, smooth and its optical quality is 
excellent. It is impossible to maintain the same flatness and optics when glass is tempered, but still 
the quality of tempered glass can be very good. Most of the optical and mechanical defects in 
tempered glass are caused by improper heating. Quality defects caused by tempering are handled in 
[47][48]. Gravity tends to keep glass flat on the rollers, but in spite of that the glass can bend when it 
is conveyed into a tempering furnace. The bending is due to too unequal heating of the upper and 
lower surfaces. As an example, if heating of the glass top surface is less efficient than on the bottom 
surface, glass bends in convex shape in relation to the rollers. Bending focuses the total weight of the 
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Air jets
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scaping air
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glass on a small area, which causes white haze and local optical failures on the glass bottom surface 
as is seen in Figure 5.12.  

 
Figure 5.12. White haze and local optical failures on glass surface. [109] 
 
If the tempering cooling is not balanced on both sides, it results in bended glass. The bending can be 
local or the whole glass might get a symmetrically bended shape as shown in Figure 5.13.  
 

  
Figure 5.13. Convex and saddle-shaped tempered glass. [109] 
 
Temperature differences in a glass area during cooling through the transition range between 600 to 
480°C yield differences in residual stresses. The variation of stresses leads to variation of light 
refraction and polarization when it goes through glass. The phenomenon is known as mechanical 
birefringence or photo-elasticity [49]. Stress differences can be seen extremely well when polarised 
light coming through a glass is observed through a polarization filter. In Figure 5.14 lower stresses 
are located on the darker area. As shown in Figure 5.14, lower residual stresses lead to bigger 
crumbles, when tempered glass shatters. If the local crumble size is larger than the standard 
determines, glass cannot be used as a tempered safety glass. A common reason for the non-uniform 
stress distribution over the glass area is uneven heat transfer in a tempering furnace. The temperature 
of the glass in Figure 5.14 has been locally too cold for tempering, which can be seen as longitudinal 
stripes in the stress pattern (left) and biggers fragments in the broken glass (right).    
  

   
Figure 5.14. Same glass viewed through polarization filters (left) and after shattering (right). 
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roller waves are very eye-catching as in the left glass in Figure 5.17, where also a clear frame effect 
typical of certain low-e coatings can be seen. The frame effect is formed when the side edges and 
ends of glass bend towards the coating side, i.e., the edges bend upwards [53].  
 

 
Figure 5.16. Roller waves and edge lifts (direction of glass movement is marked with arrow). [109] 
 

 
Figure 5.17. Roller waves in overheated (left) and quite sufficiently heated low-e glass (right).[109] 
 
A common way to control the glass quality in a tempering process in addition to direct ocular control 
is to observe light coming from the light panel with a black net via reflection from tempered glass, as 
in Figure 5.18. The operator makes the necessary control actions if he observes problems in the 
straightness of the glass.  

 
Figure 5.18. Illuminated grid board and reflection of it via properly tempered 3 mm glass. [109] 







34 
 

An automatic measurement device enables fast and systematic quality control, which leads to 
substantially smaller quality costs of a glass tempering line.  

In addition to the quality defects mentioned above, at least a coating burn or spots may appear on 
glass surface in a tempering process. 

The circumstances in a furnace depend on the recent production history. For instance, after a break 
in production the temperatures of the surfaces in a furnace are higher than when production has been 
on. Such a variation of temperatures will cause variation of heat transfer and might even cause quality 
defects in the glass. Thus, good repeatability of a heating cycle is very important feature for the 
furnace in avoiding quality problems caused by over-, under- or unbalanced heating. 
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Figure 6.2. Glass on ring mould. [109] 
 
A schematic of an energy efficient windscreen bending line particularly suitable for varying 
production (spare part windscreens), is shown in Figure 6.3. It consists of different chambers, which 
all have a wagon carrying glass on a mould within. After a cycle time all the wagons move ahead to 
the next chamber. Bended glass is lifted off from the mould and one new glass is placed on the empty 
mould.     

 
Figure 6.3. Schematic of modern windscreen bending line (a) and glass temperature during process 
(b). [109] 
 
In the bending line in Figure 6.3 the energy saving is utilized in a special way. The fans circulate air 
between the upper (forced convection pre-heating) and lower (forced cooling) chambers with the 
result that heat is transferred from the warmer wagon, bending mould and glass to the ones in the 
colder chamber. After the last forced convection pre-heating chamber a glass moves in to a radiation 
chamber in which electrical resistors radiate heat to the glass. In the bending chamber focused 
radiation is used for glass heating in order to achieve the designed glass shape. More radiation is 
focused on the glass edges and particularly on the glass area at which the desired bending shape has 
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Figure 6.5. Glass-film sandwich before de-airing. 
 
In a flat glass de-airing conveyor glass-film sandwiches are located on rotating rollers and conveyed 
through a heating chamber in a continuous flow. There is a roll nip before and after the furnace. Even 
lines without the first roll nip exist. The air from glass-film interfaces is pulled out when a sandwich 
goes through the nip. Air removal is important because air prevents adhesion. The major function of 
the de-airing conveyor in addition to sticking and air removal is edge sealing, which prevents air re-
penetration into a sandwich. In a flat glass de-airing conveyor the sandwich is heated up to a surface 
temperature of approximately 60-70°C. Usually heating is arranged with conventional resistors 
located near the ceiling and roof in a heating chamber. Also hot air jets are used to activate the heating 
and in such a way increasing line speed. Clear and low-e coated glass-film sandwiches can be 
processed with a same speed, when hot air jets are used.     

Both materials, i.e., glass and PVB have low thermal conductivity. So, it takes time to transfer heat 
in to the inner film in a multi-film layer laminate, when at the same time the overheating of the outer 
film must be avoided. That limits the heating speed of multi-film layer laminates. As to heat transfer, 
an interesting detail is that glass and PVB are semi-transparent for thermal radiation, and both 
materials have their own spectral absorption properties. In theory, the most efficient means for heating 
the multi-film layer sandwich is to use near- or mid-infrared radiation, which penetrates through glass 
but is absorbed into film. In practice, the matter is not as simple, as it is difficult to realize theoretically 
determined radiation conditions. 

So-called quartz tube heaters, in which a very hot resistance wire is inside a quartz tube containing 
shielding gas, emit near- and mid-infrared radiation. Quartz tube heaters are used in some flat glass 
de-airing conveyors or before them for preheating the glass-PVB sandwiches to about 35°C, which 
is the optimum temperature for air removal [58].  

The most common application of laminated glass is a car windscreen, where two thin and curved 
glasses are laminated together with PVB. In a windscreen de-airing conveyor shown in Figure 6.6 
glass-film sandwiches are placed upright and hot air flows between them. Air removal from the 
sandwich is arranged by placing suction rings over the glass edges. In a windscreen de-airing 
conveyor glass is heated up to approximately 90°C.   

In de-airing the transparency of glass-film sandwiches increases. Particularly windscreens are 
transparent after de-airing, because they are heated in a higher temperature. Next, the chemical bond 
between glass and film is stabilised in an autoclave, which is a hot pressure chamber. High pressure 
minimizes the size of the remaining air bubbles between layers and presses layers tightly together, 
which stimulates the bonding between layers. Autoclaving presses and breaks remaining air bubbles 
smaller and then dissolves them into the film. Autoclaving is a fairly time- and energy-consuming 
process. Therefore, some PVB-producers have tried to develop special films and some machine 
manufacturers or private inventors have tried to develop autoclave-free flat glass laminating processes 
[59]. Autoclave-free large scale laminating is still, and has already been for a long time, one of the 
biggest visions in the flat glass laminating industry. 
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Figure 6.6. Windscreen de-airing conveyor. [109] 
 

 
Figure 6.7. Glass loading in autoclave. 
 
In the autoclave glasses are vertically located in a glass track as in Figure 6.7. Typically, the air gap 
between glasses where hot air flows is about 15 mm. Glasses are heated by circulating air through 
heating resistors and glass chamber. In the biggest autoclaves the total mass of one glass load can be 
even 20 000 kg. When considering the energy consumption, incomplete loadings as in Figure 6.7 
should be avoided, because in addition to glass also the steel structures and air inside the autoclave 
must be heated. Also pressurization and cooling consume energy. 

Figure 6.8 presents typical temperature and pressure curves as a function of time in an autoclaving 
process, when the total thickness of sandwiches is between 6 and 9 mm. The heat treatment process 
in Figure 6.8 requires 30 minutes holding time at a temperature of 140°C and overpressure of 12 bar. 
Thicker sandwiches need longer holding times. Glasses are cooled from 140°C to 40°C by circulating 
air through glass chamber and water cooled heat exchanger. Cooling water can be taken from the tap 
or there can be a closed water circuit with a refrigeration unit or/and cooling tower. In autoclaving 
the air density changes very substantially during the process, which has a significant effect on 
convection.  



40 
 

 
Figure 6.8. Typical autoclaving temperature and overpressure for two 3 mm or 4 mm glass and 0.76 
mm PVB-film between them given by [58]. 
 
Autoclaving is not necessarily needed when special laminating films such as ethylene-vinyl acetate 
(EVA) and SentryGlas® are used. In that case the de-airing is done, for instance, in a huge circulation 
air oven similar to the heat soak oven discussed in Chap. 15, and removal of air from the glass-film 
sandwiches is arranged by inserting them in vacuum bags. Also PVB is used as a film in this kind of 
low scale production of laminated glass, but then some air bubbles might appear in laminate 
particularly when PVB pre-handling is not as it should be.  

Laminating makes glasses tough, strong and secure, because it keeps sharp fragments together if the 
glass gets broken. In special applications such as a transparent floor and bullet-proof glass the 
laminated sandwich contains several glass- and film layers. 
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For solving the equations above initial and boundary conditions are needed which couple 
temperatures together. The glass plate can experience different types of heat transfer depending on 
the type of furnace. Convection, either natural or forced, is always present and it is the same with 
radiation. Unlike radiation heat transfer, the convection and contact heat transfer occur only at the 
surfaces of the glass. 

In the upper surface of glass, radiation and convection are taken into account as 
 

    (7.3) 

 
In the lower surface heat transfer is composed of three components: radiation, convection, and contact 
heat transfer between glass and rollers. It can be expressed as 
 

   (7.4) 

 
The initial condition is T(x,0) = T0.  

In order to solve Eq. (7.1), which is the general form of the heat transfer problem to be solved in the 
thesis, the equations for heat fluxes in Eqs. (7.3) and (7.4) are needed. Especially an equation for 
radiative heat flux qr is difficult to formulate. Convective heat flux qc can be easily specified using a 
convection heat transfer coefficient and temperature difference between air and glass surface

)( TThq ac . The evaluating of the correct value of the convection heat transfer coefficient is often 
difficult. A similar type of difficulty also exists when the contact heat transfer coefficient is defined 
between glass and the roller. Heat flux with contact heat transfer qct is a product between contact heat 
transfer coefficient and temperature difference between roller surface and glass bottom surface

)( TThq rctct . The contact heat transfer between a roller and a point at glass bottom surface occurs 
only during the contact time tct = lct/u, which is a very short period of time. Next contact heat transfer 
pulse starts after time (Lrp - lct)/u, when the point in glass bottom surface contacts the next roller. The 
contact heat transfer coefficient cth  above is the average value over the time period Lrp/u, lct is the 
contact length, Lrp is the roller pitch and u is the glass velocity.   

Chaps. 8-11 are relating to solution of the radiative heat flux qr. Chap. 12 is relating to solution of the 
convective heat flux qc and Chap. 13 to solution of the contact heat transfer heat flux qct. 

  





























56 
 

 

 
Figure 9.4. Spectral absorption coefficient of clear soda-lime glass according to [60]. 

 

 
Figure 9.5. Refraction of radiation beam in air-glass and glass-air interface. 
 
The travel of a radiation beam when traversing through glass is already shown in Figure 9.1. In 
addition to that, some other changes occur, which are described in Figure 9.5. The beam in the glass 
has a wider cross-section than the beam in the air. This means that the transmitted energy is spread 
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Figure 9.7. Hemispherical total emittance of various clear soda-lime glass thicknesses. 
 

 
Figure 9.8. Effect of iron oxide concentration on hemispherical spectral emissive power of 4 mm 
glass. 
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Figure 10.4. Calculated temperature profiles in glass plates heated in radiation furnace.  

 
Figure 10.5. Calculated temperature difference between the surface and mid-plane for glass heated 
in radiation furnace. 
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Gardon also solved the tempering cooling and slow cooling problems, in which the initial temperature 
of the glass was 707°C and it was placed in the ambient [67]. During tempering the forced convection 
heat transfer coefficient was 209.35 W/(m2K) and during slow cooling 12.56 W/(m2K). Air and 
ambient temperature was 27°C and the rest of the initial data was as in the heating problem above. 
The new results for the problems are given below. 

 
Figure 10.6. Calculated temperature difference between the surface and mid-plane for glass during 
tempering cooling. 

 
Figure 10.7. Calculated temperature difference between the surface and mid-plane for glass during 
slow cooling. 
 
The results for the opaque glass plotted in Figure 10.6 and Figure 10.7 match perfectly the results 
presented in [67], but the results for clear glass differ slightly. Apparently, the difference is due to 
ignoring of the net radiation between glass volume elements, and due to that the ANR-method slightly 
over-predicts the temperature difference (max. error is 6%). In both problems the glass initial 
temperatures and particularly in tempering also the temperature differences in glass were high, thus 
the net radiation between glass volume elements had convenient conditions to even out the thickness-

-200

-160

-120

-80

-40

0

0 100 200 300 400 500 600 700 800

Surface temperature, Tu (°C)

T
em

p
er

at
u

re
 d

if
fe

re
n

ce
, T

u
-T

5 
(°

C
)

Clear glass

Opaque glass

Quenching 
time (s)

10

8 6

4

2

20

40

 





74 
 

 
Figure 10.9. Temperature difference between glass front surface and mid-plane during cooling. 
 

 
Figure 10.10. Comparison of the temperature profile in the middle of the glass calculated by different 
methods. 
 
A cooling problem of glass slab in normal ambient conditions is theoretically solved in [70]. The 
glass initial temperature was 600°C and it was placed in the surroundings with black walls and at 
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whole spectrum must be divided in such wavelength bands, with the help of which the spectral 
properties of both glass and coating can be comprehensively tabulated. 

In Figure 11.2 the spectral reflectivity of low-e coated glass surface is presented at various 
temperatures. Temperature has a clear effect on the spectral radiative properties of low-e coating, 
which should be taken into account in detailed heat transfer calculations, for example when the 
development of glass temperature during tempering process is solved.  

Wavelength band 4.8 to 5.3 µm is a common response range in pyrometers used to measure the 
temperature of the glass escaping from the tempering furnace. The selection of this response range is 
reasonable while emissivity is independent of glass thickness (glass is opaque for these wavelengths), 
clear glass emissivity is near its maximum and glass at temperature of 640°C emits a significant 
fraction at these wavelengths. In Figure 11.2 the reflectivity at the wavelength band is 0.94 at 27°C 
and 0.88 at 627°C. Equivalent values for emissivity are 0.06 and 0.12. Only the emissivity at room 
temperature is generally published by glass manufacturers. The use of small and wrong emissivity as 
a set value in a pyrometer leads to a totally invalid measuring result. Thus, it is especially important 
to consider the reflectivity change in set values for emissivity in pyrometers, although the radiative 
temperature measurement is often too inaccurate when surface emissivity is low. From the point of 
view of measuring accuracy the temperature of a coated glass should be measured from the uncoated 
bottom surface. 
  

 
Figure 11.2. Normal spectral reflectivity of low-e coated (one silver layer) glass surface at various 
temperatures. Data is from [71]. 
 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 2 4 6 8 10 12 14 16 18 20

N
o

rm
al

 s
p

ec
tr

al
 re

fle
ct

iv
ity

, �
! n

(��
)

Wavelength, ��, (��m)

27

427

627

Temperature (ºC)

�î�ó�ö��

�ò�î�ó�ö��

�ð�î�ó�ö��











82 
 

 
Figure 11.7. Normal total emittance of various thicknesses of low-e coated (one silver layer coating 
on front surface) soda-lime glass. 

 
Figure 11.8. Normal total emittance of various thicknesses of low-e coated (one silver layer coating 
on back surface) and clear soda-lime glass. 
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Table 11.2 is an example of the input data defining the radiative properties of a low-e coated glass, 
when glass temperatures during heating were solved. In the case the top surface of a glass was coated 
and temperature dependence of the radiative properties of the low-e coating was taken into account 
by using average values on a temperature range from 20 to 600°C. For the coatings in question the 
effect of direction, from the glass side or the air side, of incoming radiation to reflectivity and 
absorptivity of the coating was rather low. Thus, it would have been totally acceptable to use only 
one value per wavelength band for them as in previous equations. 
 
Table 11.2. Tabulated radiative properties of low-e coated glass in heat transfer modelling program. 
 

 
 

On the basis of the facts presented in this chapter it can be concluded that the exact modelling of 
radiation heat transfer into a low-e coated glass during the tempering process is a very challenging 
task. Particularly, it must be noticed that the data presented above is unique and in practise it is very 
difficult to obtain similar data for different coatings in the market.  

GLASS RADIATIVE PROPERTIES air-glass surface glass-air surface film absorptivity film absorptivity
wavelength band absorption reflectivity reflectivity air-glass glass-air

coefficient top bottom top bottom top bottom top bottom
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  (12.9) 

 
In Eq. (12.9) it is assumed that the density of a jet is the same as in the surrounding air. This is true 
when the temperature of discharging and surrounding air are the same. In other cases the density 
assumption is more valid when x/D increases. 
 

12.1.3 Measurement of jet momentum 

Figure 12.3 is a schematic view of an air jet blowing against the surface of a weighing disk, which 
gives the weight m on the screen of the weighing machine. The jet causes the force F2 = mg to the 
disk. The momentum equation of the impinging jet in Figure 12.3 is: 
 

2FApumAp vcvcvcvcvc    (12.10) 
 
Combining that with Eq. (12.7) gives J = F2 = mg. Thus, an electric weighing machine can be used 
to measure the jet momentum. 

During the measurements it was discovered that the distance affected the force so that it dropped 
clearly at a distance of less than 20 mm, because the surface-orientated air velocity (wall jet in Figure 
12.1) lowered the static pressure on the surface of the weighing disk and produced a lifting force. Due 
to that the surface of the weighing disk surface was equipped with flow blocks to prevent the 
development of wall jet.  

 

 
Figure 12.3. Schematic view of jet hitting the surface. 
 
Table 12.1 shows some examples of measured and calculated momentums. The main inaccuracy in 
measured momentums arises from inaccurate measuring technique. The main inaccuracy in 
calculated momentums arises from the inaccuracy of nozzle diameters (± 0.05 mm) and discharge 
coefficient. The type names for orifices and values of discharge coefficients CD at the vena contracta 
for calculations were taken from [87] and it was assumed that Cv = 0.98 at the vena contracta in all 
cases. 

 

pvc, uvc, vcm�� , Avc p
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Figure 12.7. Experimental local heat transfer coefficients for various nozzle-to-surface distances. 
 

   
 
Figure 12.8. Experimental local heat transfer coefficients for various nozzle diameters.  
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the jet with smaller D, when r = 40 mm. The result is 35% higher than the equivalent experimental 
result. At longer distances from the stagnation point the measured data agree better with the results 
of the correlation.  

 
Figure 12.11. Calculated mean heat transfer coefficients of two single jets with same momentum and 

comparison with new measured data.  

 
Figure 12.12. Measured and calculated local heat transfer coefficients.  
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As presented above, heat transfer from a single jet to glass depends on the discharging velocity of an 
air jet, orifice diameter, nozzle type, distance between the orifice and glass, the angle of incidence of 
a jet to heat transfer surface, and the thermal properties of air. In addition, the heat transfer of jet 
arrays depends on the number of nozzle orifices in a given area, the distances between orifices, and 
of the free space through which air can escape from the heat transfer area after jet impingement.  

Martin [74] has developed the following equation for surface averaged heat transfer under an array 
of round jets in square or triangular arrangement. 
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In Eq. (12.16) the free area Af is defined as a ratio of orifice area to surface area. The free area is for 
a square arrangement 

 
2

4
   (12.17) 

 
and for a triangular arrangement 
 

2

32
   (12.18) 

 
Eq. (12.16) is valid with a uniform surface temperature condition and for good outlet flow conditions. 
It does not contain a variable taking outlet flow conditions into account. The back pressure of a jet 
increases with narrower outlets of escaping air, which decreases the pressure difference with which 
the jet discharges from the nozzle. In this way the velocity and mass flow of the discharging jet 
decreases. Also the average temperature difference between a jet and heat transfer surface decreases 
due to bad air removal. According to [74] it is important to remove the exhaust on the shortest possible 
path to provide better uniformity and higher heat transfer coefficients. A clear free removal path 
between the nozzles is the most favourable. 

The heat transfer coefficients for different jet arrays can be solved with numerical modelling or 
experimentally. Commercial CFD-codes are useful for heat transfer designers and a professionally 
skilled designer can achieve good results for many practical problems. Figure 12.15 shows an 
example of heat transfer coefficients on the glass surface between rollers in a tempering furnace. 
CFD-calculations are adapted to forced convection in glass tempering as an example in [92]. 

Experimental work is usually very important when heat transfer problems are solved. Experiments 
give an important contact with reality for a heat transfer process designer. Sometimes it is difficult to 
trust the results of theories or CFD-calculations without experimental data. Local heat transfer 
coefficients can be measured with the test apparatus described previously on page 89. Figure 12.16 
shows an example of the temperature distribution of a constant heat flux plate. In the figures above 
the stagnation points of the jets are in the middle points of the circle-shaped patterns. Convection is 
weakest at the midway between stagnation points, where wall jets hit each other. In Figure 12.16 the 
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hottest point is where convection is weakest, which is in the white area inside the red circle. The 
measurement of the surface averaged heat transfer coefficient is described in the next section. 
 

 
Figure 12.15. Local convection heat transfer coefficients on glass surface given by CFD. [108] 

 

 
Figure 12.16. Thermal image of constant heat flux plate under array of impinging jets in laboratory 
measurement. 
 

12.3.1 Measured mean heat transfer coefficients under jet array 

Above in Sec. 12.2.1 forced convection on the plate surface under an air jet was handled. It was 
noticed that air jets with the same momentums and nozzle-to-plate distances produced rather 
equivalent local heat transfer coefficients. Next, a similar study is done for jet arrays. 

In the experiment a hot thick copper plate was cooled under a jet array, which had a similar structure 
to the jet array in a real tempering chiller. The dimensions of the copper plate were 130 mm × 135 
mm with a thickness of 46 mm. Only the upper surface was cooled with air jets, while other surfaces 
were insulated. As is seen in Figure 12.17, the jet array consisted of three nozzle boxes and the 
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Figure 13.3. Convection heat transfer coefficient on glass bottom surface between rollers. [108] 
 
 

 
Figure 13.4. Schematic of air temperatures in stationary and transient (actual) conditions. 
 

Radiation heat transfer between the glass and roller at and near the contact area is not an important 
factor in contact heat transfer, because it has no extra effect on the radiation heat transfer in a 
tempering furnace. Thus, in a tempering furnace between glass and roller rh = 0 in Eq. (13.1).  

Solid spot conductance between glass and rotating steely rollers (in a float line) is theoretically studied 
in [95]. When the glass is assumed to be an elastic plate the contact force per unit width between glass 
and rollers is 
 

rpg gSLF     (13.3) 

and the contact length is 

 Glass 

Roller 
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Figure 14.7 Development of glass temperature in tempering cooling. Clear glass thickness is 4 mm.  
 

 
 
Figure 14.8 Heat fluxes by different modes away from glass during tempering cooling. Clear glass 
thickness is 4 mm. 
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Figure 14.10 Temperature difference between glass bottom and top surface in tempering furnace as 
a function of effective contact heat transfer coefficient between glass and rollers. 
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Figure 15.8. Effect of channel width on glass temperature at x = 210 cm. 
 

 
Figure 15.9. Effect of glass thickness on glass temperature at x = 210 cm. 
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Figure 15.10. Effect of flow velocity on glass temperature at x = 210 cm. 
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