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1. Introduction & Motivation
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1. Introduction & Motivation
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1. Introduction & Motivation

To develop a new solver, in the OpenFOAM® computational library, to

model the cooling stage in profile extrusion, using unstructured meshes

To validate the solver and to access its potential to facilitate the design of

industrially relevant profile calibrators
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2. Implementation & Verification

𝜕(𝜌𝑖𝑐𝑃,𝑖𝑇𝑖)

𝜕𝑡
+ 𝛻 ⋅ 𝐔𝑖𝜌𝑖𝑐𝑃,𝑖𝑇𝑖 − 𝛻 ⋅ 𝑘𝑖𝛻𝑇𝑖 = 0

Perfect thermal contact at the polymer-calibrator interface

 𝑇
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑝

−  𝑇
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑐

= 0

 𝑞𝑝 −  𝑞𝑐 ⋅ 𝐧 =  𝑘𝑝𝛻𝑇
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑝

− 𝑘𝑐  𝛻𝑇
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑐

⋅ 𝐧 = 0

Thermal contact resistance at the interface

 𝑇
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑝

−  𝑇
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒,𝑐

=
 𝑞𝑐 ⋅ 𝐧

ℎ

(1)

(2)

(3)

(4)



FOAM@PT, Guimarães, Portugal, July 2015 7

Thermal contact resistance at the interface

𝜕(𝜌𝑚𝑐𝑃,𝑚𝑇𝑚)

𝜕𝑡
+ 𝛻 ⋅ 𝐔𝑚𝜌𝑚𝑐𝑃,𝑚𝑇𝑚 − 𝛻 ⋅ 𝑘𝑚𝛻𝑇𝑚 =

−𝛻 ⋅

𝑘𝑚𝛻𝛼𝑝 − 𝛼𝑝𝛼𝑐 𝑘
𝑝

− 𝑘
𝑐 1

𝑘
𝑝 −

1

𝑘
𝑐 ℎ𝐧

ℎ
𝛼𝑝

𝑘𝑝 +
𝛼𝑐
𝑘𝑐 + 𝛻𝛼𝑝 ⋅ 𝐧

𝛻𝑇𝑚 ⋅ 𝐧 (5)

2. Implementation & Verification

Conditional volume averaging technique was used to derive an equation for 

the mixture temperature Tm [Habla et al., 2013]

Habla, F., Dietsche, L., Hinrichsen, O., 2013. Modeling and simulation of conditionally volume

averaged viscoelastic two-phase fows. AIChE Journal 59 (10), 3914-3927.
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2. Implementation & Verification

OpenFOAM code

where
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Boundary conditions (radiation & convection)

(6)𝛻𝑇𝑚|𝑏,𝑖 =
𝜖𝑖𝜎

𝑘𝑖
𝑇𝑚|𝑏,𝑖

4 − 𝑇𝑚,∞
4 +

𝛼𝑖

𝑘𝑖
(𝑇𝑚|𝑏,𝑖 − 𝑇𝑚,∞)

2. Implementation & Verification
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2. Implementation & Verification

Method of the Manufactured Solutions (MMS)  – code verification  

(detection of discretization errors) 

Analytical Solutions (two juxtaposed slabs and concentric cylinders)
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2. Implementation & Verification

Analytical Solutions - slab

perfect contact                            contact resistance
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2. Implementation & Verification

Analytical Solutions – cylinder

contact resistance
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2. Implementation & Verification

Two dimensional contact test case
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3. Case study | modeling | Geometry
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3. Case study | modeling | Geometry

600 mm

50 mm

50 mm

10 cooling channels (ø 10 mm) 
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3. Case study | modeling | BC & propert.

Thermal BC

Velocity (0.72 m/min)

Temperature

Imposed

(inlet 180ºC)

Free convection

(room temperature: 20ºC)

Contact

resistance

Adiabatic

(outlet)

Extrusion

Direction

Temperature

Imposed

(18ºC)
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3. Case study | modeling | BC & propert.

Properties

Metal

- thermal conductivity (𝒌𝒄): 14 W/mK

Polymer

- thermal conductivity (𝒌𝒑): 0.18 W/mK

- density (𝝆𝒑): 1400 kg/m3

- heat capacity (𝒄𝒑): 1000 J/kgK

Contact resistance at the interface (h): 500 W/m2K

Heat transfer coeff. – free convection: 5 W/m2K
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3. Case study | modeling | Mesh study

M1

Parameter for length 

divisions: 0.010 m

Cell maximum size: 0.032

Cell minimum size: 0.0024

Edges refinement:  0.0016 

(in all edges except in 

symmetry)

Number of cells:

286 770
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3. Case study | modeling | Mesh study

M2

Parameter for length 

divisions: 0.005 m

Cell maximum size: 0.016

Cell minimum size: 0.0012

Edges refinement:  0.0008 

(in all edges except in 

symmetry)

Number of cells:

2 294 160
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3. Case study | modeling | Mesh study

M3

Parameter for length 

divisions: 0.0025 m

Cell maximum size: 0.008

Cell minimum size: 0.0006

Edges refinement:  0.0004 

(in all edges except in 

symmetry)

Number of cells:

18 353 280
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3. Case study | modeling | Mesh study

M1 M3

M2
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3. Case study | modeling | Mesh study

Mesh Average

temperature (ºC)

Temperature standard 

deviation (ºC)

Simulation time (s)

M1 86.2581 34.4908 7

M2 88.8541 33.9741 96

M3 90.2010 33.8008 1521

Mesh Average

temperature 

difference (%)

Temperature 

standard deviation 

difference (%)

M1-M2 3.01 1.50

M2-M3 1.52 0.51

M2 was selected to proceed with this study
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4. Case study | optimization |One channel
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Parametric study of right cooling channel location
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4. Case study | optimization |One channel
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Parametric study of right cooling channel location
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4. Case study | optimization |One channel
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Parametric study of right cooling channel location

Average T T standard deviation
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4. Case study | optimization |All channels
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Parametric study of all cooling channels location
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4. Case study | optimization |All channels

28

Parametric study of all cooling channels location

Average T T standard deviation
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4. Case study | optimization |Multi-objective
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Multi-objective Evolutionary Algorithm

100 individuals population

10 generations

Maximum no. of channels – 5

Centre of the cooling channels

at a fixed distance to the profile surface 

(5 mm)

Overlap channels whenever their

centres’ distance in less than D+2 mm 
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4. Case study | optimization |Multi-objective
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5. Conclusions

A new 3D solver was developed, in the OpenFOAM® computational

library, to model the cooling stage in profile extrusion, using unstructured

meshes
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5. Conclusions

A new 3D solver was developed, in the OpenFOAM® computational

library, to model the cooling stage in profile extrusion, using unstructured

meshes

The solver is capable to compute the temperature distribution in a two

domain system (polymer & calibrator) and to account for a discontinuity

at the interface
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5. Conclusions

A new 3D solver was developed, in the OpenFOAM® computational

library, to model the cooling stage in profile extrusion, using unstructured

meshes

The solver is capable to compute the temperature distribution in a two

domain system (polymer & calibrator) and to account for a discontinuity

at the interface

The computational time required for performing one simulation showed

to be adequate for optimization purposes
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5. Conclusions

A new 3D solver was developed, in the OpenFOAM® computational

library, to model the cooling stage in profile extrusion, using unstructured

meshes

The solver is capable to compute the temperature distribution in a two

domain system (polymer & calibrator) and to account for a discontinuity

at the interface

The computational time required for performing one simulation showed

to be adequate for optimization purposes

A multi-objective optimization of the cooling channels layout was

performed for a realistic case study, resulting in final acceptable

solutions
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attention!


