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by Varying Infrared Heating Coefficients
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Stretch-blow molding process

Oven efficiency: ≈ 20% 

[Monteix 1998]
Heating time 〉〉〉〉〉〉〉〉
Blowing time ≈≈≈≈ 1s

Infrared heating 
step (from 20°C 
up to 110°C)

Preform
stretched and 

blown (air 
pressure up to 

40 bars)

Great influence 
on the blowing 

step
(mechanical 
and optical 
properties)
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Objective

� Radiative transfer modelling for participating 
media (PET polymer) using Ray tracing 
method

� Optimisation of the preform initial temperature 
distribution
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Blowing 

simulation

Temperature profile along theTemperature profile along the
preformpreform length length 

Temperature profile through the
preform thickness 

Blowing
parameters 

(without stretch-rod)

Heating 
parameters 

(output parameters)

Mass flow rate 

Nominal pressure

Material
parameters

Thickness distribution of the bottleThickness distribution of the bottle

Evolution versus time of the air pressure

Simplex

Constitutive parameters

Contact parameters friction 
& TCR

Global optimisation strategy 

Coupling between  heating 
simulation & blowing 

simulation
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Ovens 

Halogen 
lamps

Cooling system

PET preform

Irradiation 
convection 

In-lab infrared oven

0.6 - 61.22400 
Halogen 1kW 

(IRC)

Spectral band (µm)λmax (µm)T (K)

Preform

Halogen lamps

Back reflector

30 mm

Conductive, convective &

radiative transfers

Polymers = participating media

280 mm10 mm
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Outline

� Infrared heating modelling using ray tracing method

� Preform temperature distribution optimisation

� Future works
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Radiation heat balance equation 
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� Transmission mode: κλ � Specular reflection mode: ρλ

PET optical properties 
measurement FT-IR 1.3-25 µm

mirrors

Polymer sample

receivertransmitter

d

Opaque body?

PET Tergal T74F9 (IV=0.74)

λλ
ρ−=ε 1
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PET optical properties:
Planck mean emissivity

Planck mean emissivity of PET T74F9 
versus thickness sample

Opaque
Semi-

transparent

∆λ = 8-14 µm
T = 400 K

∫
∫

λ

λ

∆ λ

∆ λλ

λ

λε
=ε

d)T(L

d)T(L
)T(

PET

PET

PET o

o

Black body spectral 
intensity (Planck law) 1

T

c
e

c
L

2

5

1

−







λ

λ
=

−

λ

o



10March, 12 2009

Non-scattering cold
medium assumption
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Transmitted radiation Self-emission radiation

� Cold medium assumption

« Polymer self-radiation intensity is neglected regarding  
incident intensity

Beer’s law

�≈ 100W.m-².µm-1.sr-1

�(luminance du milieu)

�≈ 3500W.m-².µm-1.sr-1

�(luminance incidente)

�≈ 3,6.105W.m-².µm-1.sr-1

�(luminance incidente)

�Spectral intensity

�/

�0.96

�0.29

�Emissivity

�214 >> 1�≈ 2500 K 
�Halogen emitters

�(blow moulding process )

�/
�≈ 480 K 

�PET

�16 >> 1�≈ 970 K 
�IRL emitters

�(thermoforming process)

�Temperature 4
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FEM formulationFEM formulation
of radiation heat balance equationof radiation heat balance equation
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Shell mesh
for tungsten

wire

Shell mesh
for ceramic reflector

P
FEM element
for preform

Random ray tracing methodRandom ray tracing method

P

n

Angular emission

Diffuse reflection

Ceramic 
reflector

Tungsten Wire

Reflected rays
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FEM computation vs experimental data
(centre of PET plaque)

Source term (W.m-3)

T
em

p
er

at
u

re
(°

C
)

Time (s)

IR heating stop after 65 s

Computed

Error ≈≈≈≈ 2,5%

1kW lamp
(2400 K)
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Example of rotating preform IR
heating simulation

� 1kW lamps ×××× 5 – 100% power
� 15 s heating – 15 s cooling
� 2h45 mn CPU time

Under heated

part
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� Model

- Mass Flow Rate (MFR)

� Air pressure automatically computed

- Preform initial temperature distribution

- Thermal Contact Resistance polymer/mold

2D Axi-symmetric coupled temperature-displacement 

Mould: rigid 

surface at 

constant 

temperature

+ Thermal 

Contact 

Resistance

� Material behaviour

Viscoplastic G’sell law + WLF (user subroutine)

� Boundary conditions

- Sticking contact between polymer & mold:

Air mass flow rate

MEASURED

Preform: 100 quadratic solid 

elements (405 nodes)

FEM Abaqus® model for blowing 
simulation in 2D
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� Numerically stable

� Simple to implement

� Few constitutive parameters

� Takes into account strain rate 
dependence

� Good representation of the strain 
hardening

� Do not take into account the
viscoelasticity

� Small temperature and strain rate 
ranges

G’Sell law + WLF
thermodependency
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Stretch ratio (L/Lo)
(Y. (Y. MarcoMarco, 2003), 2003)

Tensile Tensile test test ––

PET Eastman KodakPET Eastman Kodak

9921W (IV =0.8) 9921W (IV =0.8) 
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In-lab blow moulding facilities

IR IR ovenoven

BlowingBlowing

stationstation

0,5 L 0,5 L 

mouldmould
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Mass flow rate and air pressure 
inside preform

Bronkhorst mass flow meter 

(hot wire)
Air pressure automatically calculated thanks to a 

thermodynamic model (ideal gas law)

69 mm

20.6 mm

Pressure sensor
Kulite LE 125

APT_PACK 18.5g preform and 

pressure sensor
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Blowing kinematics
(FEM simulation)

Inflation pressure versus time

Intermediate bottle shapes 

1 2 3 4
5

1

2

4

5

3

Measured

Automatically 
calculated

Qualitative 
agreement

Relative 

error: 

16%

CPU time: 26 min 

(Pentium 4 2.8 Ghz 512 Mo)



20March, 12 2009

Neck

Bottom

23 mm

Thickness distribution 
accurately predicted

26 mm

Thickness distribution & final 
preform shape

(The error bars show ± 1 standard 

deviation for a set of 3 trials)
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�� Optimisation procedureOptimisation procedure

Optimisation of the preform
temperature distribution

Objective: to achieve  most uniform thickness for bottle by modifying 

temperature profile along preform length 

� ParameterisationParameterisation

Temperature profile along the preform length

3 optimisation variables: 

T1, T2, T3

Piecewise Cubic Hermite

Interpolating Polynomial 

(PCHIP) 

1T 2T

3T

Preform neck: regulated at 80°C

� Automatic update of T1, T2, T3 at 
each iteration

� Rebuilding of the temperature 
profile using PCHIP

� Applying the temperature 
distribution as boundary condition

� Blowing simulation

� Cost function computation

SimplexSimplex

algorithmalgorithm
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Cost function: standard deviation 
of the computed thickness

Thickness uniformityThickness uniformity

0.02692.998.9110.7Final

0.134100100100Initial

F 
(mm)

T3

(°C)
T2

(°C)
T1 

(°C)

Cost function versus iteration

� Number of iterations: 5

� Number of cost function evaluations: 10

� CPU time: 3h 20 min

(Pentium 4 2.8 Ghz 512 Mo)

+ 80% of 
uniformity Simplex: slow convergence but 

do not need gradient of cost 
function
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Thickness distribution of the bottle vs 
Temperature profiles

Thickness 80% more uniform

Neck

Bottom

(Assumption for the optimisation: 
uniform temperature through the preform

thickness)

Initial temperature

Optimised temperature

Preform neck
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Before optimisation After optimisation

Final shape of preform

Bottle 
partially 
blown

Bottle fully 
blown with 

uniform 
thickness

T (°C) T (°C)
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Initial and optimised temperature profiles
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Future works

� Accurate validation of infrared heating of rotating
preforms using ray tracing method

� Introduce temperature distribution through the wall 
thickness 

� Full coupling between IR-heating and blowing 
optimisation
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Qualitative comparison 
(different preforms)

Typical blow moulding 
simulation 

Blow moulding video

(0,5 L bottle) 
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Mould

Sensor
The error bars show ± 1 standard 

deviation for a set of 9 trials

Sensor developed for thermal contact 

resistance measurement

(Results fully presented in ESAFORM 2007)

60 mm

4 mm

Heat transfer coefficient 
polymer/mould


