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Principle of mechanical tempering



Large scale defects

Convex and saddle-shaped
tempered glass

Roller waves and
edge lifts

White haze and local optical failures on glass surface



Broken annealed glasses





Visual defects

Typical stress pattern of flat tempered glass 
seen through polarized filters

• Uneven heat transfer causes 
visual defects known as 
anisotropy 

• In our presentation the 
connection between 
anisotropy and residual 
stresses is shown

Longitudinal patterns (Henriksen & 
Leosson 2009).



Heating of glass

 

Thermal conduction and internal radiation 

Radiation 

Radiation 

Convection 

Convection 

Contact 
heat transfer 

Roller 

Glass 

Heating glass in tempering furnace 
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Temperature distributions during heating and cooling
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1Thickness

Temperature (C)

Bottom

Clear glass 4mm     Low-e glass 4mm

Forced convection
top: 65 W/m2C, 100 W/m2C

bottom: 50 W/m2C

Time-step is 5 seconds

Top
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No forced 
convection

With forced 
convection



Heat transfer coefficients of different jets



Black body radiation



Behavior of incident radiation



Absorption coefficient in glass 



Calculation of Strains and stresses
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Iteration of T, 
k, cp, S 

Iteration of 
Tf, f

Calculation of 
x, G, K, eth
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Absorption of radiation

0 % 10 % 20 % 30 % 40 % 50 % 60 % 70 %
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Simplified treatment of radiation in glass 



Surface residual stress

Required heat transfer coefficient vs. initial glass temperature. Parameters: glass 
thickness (2 mm left, 6 mm right) and compression surface stress (MPa)



Impinging jet heat transfer

• Existing correlations are functions of 
Re, r/d, H/d, and Pr

• Measurements and CFD simulations 
show that temperature affects the 
results

• Mach number also affects the heat 
transfer

• Correlations are superior to CFD in 
design optimization because of their 
speed and reliability





Modeling of jet convection with OpenFOAM 





Effect of nozzle distance vs. diameter, H/d

Second Peak

!
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• The closer the nozzle the better 
heat transfer, usually.

• The closer the nozzle the more 
difficult to model

• The closer the nozzle the more 
non-uniform heat transfer



Measurements

• Existing correlations do not take into 
account the wall temperature or Mach 
number

• Measurement of local heat transfer by IR 
camera and inverse analysis to calculate 
heat transfer coefficient

Nozzle
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Stresses and strains
Iteration of T, 
k, cp

Iteration of 
Tf, f

Calculation 
of s
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Calculation of 
x, G, K, eth





Residual stress development during cooling

Time-dependent stress on the surface and mid-plane during the 
cooling. 



Input 
layer

Hidden
layer

Output 
layer

!
"
#
"

Re

Ma

Nu

*+ = 10100
/0 = 0.075
H/" = 3

*+ = 20100
/0 = 0.30
H/" = 2

*+ = 94300
/0 = 0.71
H/" = 4

Neural Network by Kaj Lampio, TUT





• Wall heat transfer coefficient is 
calculated using CFD

• The calculation is done for one 
periodic part of a quenching machine

• Takes about 6h with 12 cores

• Estimated time to model the whole 
geometry is 1200x6h=300d

Cooling heat transfer in tempering process

Schematic of the nozzles (a) and 
locations in nozzle plate (b).

Distribution of heat transfer coefficient



Effect of nozzle locations on heat transfer

Illustration of periodic locations of nozzles and heat transfer 
coefficients. (a) Schematics. (b) Heat transfer coefficients. 
Dimensions are in mm.



Residual stresses

• Using calculated heat transfer coefficients a 
separated residual stress simulation is made

• Results of Case 1 is shown on the right

Stress difference σx-σy at the surface



Connection between residual stress and anisotropy

• Similar horizontal 
stripes

• Other defects also 
visible

Typical stress pattern of flat tempered 
glass seen through polarized filters

Stress difference σx-σy at the surface



Heat transfer coefficients and residual stresses



The anisotropy distribution of 585x800 mm tempered 
glass plate. In the enlarged area on the right the 40x40 
mm is marked to present the similar area



• Residual stresses and anisotropy are related each other
• Numerical values between variations of residual stress and heat transfer coefficient are similar
• Visual observations with polarized light give similar patterns as calculated residual stress

Conclusions
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