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} The OpenFOAM® Computational Library
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1IPC
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) The OpenFOAM® Computational Library
A (very) Dbrief historyeée

1996¢ Hrvoje Jasak PhD Thesis, Imperial ¢ 1989¢ FOAMv1 ¢ Imperial College
College —@— Henry WellerandHrvoje Jasak
1998¢ Weller, Tabor, Jasakureby P
Computers in Physics 6

A tensorial approach to computational continuum mechanics ' b7,

using object-oriented techniques

lechanical Engineering, Impertal College, London SW7 2BX. United Kingdom

m 2000¢NablalLtd. Foundation
FOAMreleased as commercial CFD Toolbpbx

rotection, National Defense Research Establishment (FOA),

2004c¢NablalLtd. Closure
OpenFOAM/1.0released as opesource byOpenCFD

| | 2006¢Trademark®OpenFOAMandOpenCFDegistration

2006¢ 1t OpenFOAM
Workshop(Zagreb) |

|
ATA

]
2010¢ FoamExtend v1.6 (to avoid misusage)
2013C 15 OpenFOAM |—>L 2011¢ Acquisition ofOpenCFy SGland creation of

OpenFOAM Foundatiofto assurghe opensource nature

ConferencdFrankfurt)| | €
2016¢ 11t OpenFOAM WorkshofGuimaraes - 2012¢ Acquisition 0cOpenCF by ESI
4t OpenFOAM Conferend€ologne ”

2018¢ OpenFOAM Governance

A

Technical committees

Y Steering Committee 4
HITE] Application:
OpenV/CFD® R &

2016¢5 A &4 Odza & A @ne®DpehFA Mzl | &
Creation of OpenFOAM Wiki ;)mf@'

Optimization

/i
>: < 7 m TOTALSIM m
- 2021¢ The OpenFOAM Journal > €=
|pc OpenV FOAM®
Journal
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) The OpenFOAM® Computational Library

Downloads 2019 -2025 in SourceForge

Downloads
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) The OpenFOAM® Computational Library

Downloads 2019 -2025 in SourceForge
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Downloads
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2,351,938
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) The OpenFOAM® Computational Library

Downloads during 2025 Belgium - 177k

a 8. 8

The Netherlands - 163k Germany - 529k

| | china - 309k
/ SIREIT - el Japan - 488k
" ltaly- 212K | /

/ Portugal - 60k /

Canada - 154k \ ST o
= % UK - 301k

Francel 1.9M

USAT 1M

/ ' India - 553k \ Singapore - 70k
Brazil - 286k )~

iPC - | South Africa - 109k Australia - 83k
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) The OpenFOAM® Computational Library

Computational Rheology Lab @ UMinho 26" OpenFOAM

16" OpenFOAM Documentation OpenFOAM Wor_kshcip in

s 3 Workshop in Guimaréaes Technical Journal Guimaraes

tarte - _ SRS .
Working with commitiee Open FOAM® Qi 8@ 0 -

+ o Journal —

OpenVFOAIVI OpenFOAM Wiki 4k views/month e

ofw21.foam.pt

Join UMinho Founded FOAM@PT Founded OFW16 Book Hosted
CAE of Profile Portuguese Users Group FOAM@Iberia FOAM@Iberia 2023
Extrusion + Portuguese
D|eS and Spanlsh »J.MiquelNdbrega-HrvojeJasak £(grx
Users Group | | ERLSERAYE
> O 5) 196k Accesses

FOAMlheria
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) The OpenFOAM® Computational Library

OpenVFOAM

Fluid Dynamics Solid Mechanics

Necking of a bar

00000000

000000000

i Philip Cardiff
Time: 0 s ucD

Necking of a bar

iPC Fluidized Bed From Phi | iYoutBachahrelf- htoss/tinyurl.com/pcardiff

(Eulerian+Lagrangian )
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) The OpenFOAM® Computational Library

Equation mimicking
pU

ut +D QQUU)- MU= -B

solve
(

fvm: ddt (rho,U ) + fvm: div (phi,U ) - fvm:: laplacian (mu,U) == -fvc :: grad (p)
);
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Industrial Applications
(1A)
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} |A - Design of Profile Extrusion Dies

Saw
Haul-off

: 0°® OO0 OGN ol Calibration/Cooling System
-: Extrusion Die |

Extruder

1IPC
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} |A - Design of Profile Extrusion Dies
Flow Balance

Die land cross-section Velocity contours Extrusion run
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} |A - Design of Profile Extrusion Dies

(" sn ) Methodology Employed (@V

>
\

y

SolveMiomentum balance
equation

v Energy conservation equation (Steady State)

SolvePressure correction

o

equation _ a N 6 1
) D QUT) - @/59 T g)— t:. U
oot W) ¢’ S = 5

v
SolveEnergy conservation O pe n FOAM COde

equation

I Solve

fvm : : div (phi, T)
-fvm : : laplacia{DT, T)
== (1/c,)* (tau && grad V)
)




} |A - Design of Profile Extrusion Dies

Case Study
Protection bar
profile

Aluminum bar

Pre - Parallel Zone

.2” Parallel Zone
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-’
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7
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Flow Channel Geometry

A Rajkumar et al., An Open-source framework for the CAD of Complex Profile Extrusion Dies, International Polymer Processing, 33, 2018
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} |A - Design of Profile Extrusion Dies

Material characterization
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} |A - Design of Profile Extrusion Dies

Methodology

ES1 1 -
ISLi ESZ\\\
N 05
- More balanced flow
ES /
IS2ES SogNy---—-———R -----4£--__-T
LL L

Unbalanced flow

rd

ES1 ES?2 ES3 ES4 IS1 1IS2
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} |A - Design of Profile Extrusion Dies

Methodology
ES1
|31§ ESZ\\\
ES
1 - -
L IS2|ES
I >¢Trial 1
0.5
U m/min
3.6 E
Trial 1 =
rial
»

ES1 ES2 ES3 ES4 IS1 1S2

A Rajkumar et al., An Open-source framework for the CAD of Complex Profile Extrusion Dies, International Polymer Processing, 33, 2018
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} |A - Design of Profile Extrusion Dies

Flow Separator (FS)

Methodology
= i
s 2N
Sy Esz O —
s ﬁ =
1o IS2IES E gff

>*Trial 1 -@Trial 2 -e~Trial 4 ®-Trial 5
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Trial 3 Trial 4

ES1 ES2 ES3 ES4 IS1 1S2

A Rajkumar et al., An Open-source framework for the CAD of Complex Profile Extrusion Dies, International Polymer Processing, 33, 2018
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} |A - Design of Profile Extrusion Dies

Experimental trial

LN
PR

1IPC
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} |A - Design of Profile Extrusion Dies

Optimization in HPC systems

4 N

== Windows \ Parameters File m
—
STL r_
,,,,,,, Cloud
Create cases
. 05 A : .
Eo.a .: - .'
. . . e }3.: ':‘ :c ..'v

< s Objective Function Value Pt s
” l -~ \_I 01 "
'p HPC | T https://www.ff4eurohpc.eu/en/success-
I stories/2023100218435592/high_performance _com

Cluster

puting_for profile extrusion
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Optimization in HPC systems

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

__________________________________

! . . : . I . Time | Cost |
ID . Material ! Improvement | ! : ! ! ! -

————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

M

45
A Reductlon of 30-40% on the product time to market ,
- A Reduction at least in 40% of the raw materials spentin -
' experimental trials .
A Estlmated savings of 23 % In tools development '

P3 HDPE 2.3 I//J) = ’ I 512 409 23 115
- e e T e o

H - i https://www.ff4eurohpc.eu/en/success-

stories/2023100218435592/high_performance _com
puting_for profile extrusion
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) IA - Design of Profile Extrusion Dies .

MICHELIN

1. Initial geometry is created with

1. Create proposed parameters combination
Geometry basedon the dataSetprovided in
ParetoOptimalParameters.txt

2. UsescartesianMesh utility (cfMesh)

5. Propose to generate mesh
New 2. Generate g

Parameters Mesh

Combination 3. Run the simulation through Allrun

script

4. Analyzethe results of outlet velocity
uniformity and total pressure drop

5. Proposesa new parameters
4. Analyze 3. Run Simulation combination and createsa new
Results geometry (Bayesian Optimization

scikit -optimize
https://scikit-optimize.qgithub.io/stable/auto _examples/bayesian-optimization.html

Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Mod elling, Polymers. Accepted .
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;(@f?

MICHELIN

Die inlet

(oLt oot

325 mm

ES1 ES3 ES5 ES7 ES9 ES11

Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Mod elling, Polymers. Accepted .
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) IA - Design of Profile Extrusion Dies .

MICHELIN

A=4mm
B=36mm
C=20mm
E=16mm
A=34 mm
B=6mm
C=30mm
E=20mm

Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Mod elling, Polymers. Accepted .
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} |A - Design of Profile Extrusion Dies

MICHELIN

Average Velocity per Elemental Section

Parameter Combinations (A, B, C, D, E)
= (13.36, 28.56, 17.92, 5.24, 22.46)
(32.90, 5.72, 8.08, 26.26, 19.22)
(37.86, 25.58, 13.64, 27.64, 6.96)
(30.92, 19.84, 17.48, 14.54, 25.08)
(11.78, 19.00, 20.36, 21.82, 8.10)
(3.06, 13.44, 20.98, 2.10, 2.56)
(23.18, 35.16, 38.50, 32.60, 7.02)
(13.90, 17.66, 7.02, 17.64, 35.54)
(36.94, 36.16, 6.24, 25.34, 18.20)
(6.82, 31.08, 10.88, 20.28, 39.58)
(40.00, 2.00, 40.00, 40.00, 12.18)
(40.00, 33.52, 40.00, 40.00, 40.00)
(40.00, 12.62, 2.00, 40.00, 25.10)
(40.00, 8.80, 15.42, 29.30, 23.82)
(40.00, 2.00, 40.00, 25.32, 35.16)
(23.50, 40.00, 40.00, 17.50, 40.00)
(40.00, 17.22, 40.00, 32.44, 30.90)
(40.00, 40.00, 2.00, 40.00, 40.00)
(38.50, 2.00, 2.00, 40.00, 2.00)
(32.42, 14.22, 2.00, 40.00, 17.74)
(40.00, 2.00, 9.50, 26.54, 24.34)
(37.10, 2.66, 40.00, 2.00, 28.56)
(40.00, 2.00, 2.00, 40.00, 30.72)
(40.00, 2.00, 2.00, 24.66, 18.58)
(40.00, 2.00, 2.00, 40.00, 16.16)
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1IPC

. Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Mod elling, Polymers. Accepted .
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} |A - Design of Profile Extrusion Dies

1IPC

&
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Bayesian Optimization Convergence
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Trial

MICHELIN

Parameter Combinations (A, B, C, D, E)
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(30.92, 19.84, 17.48, 14.54, 25.08)
(11.78, 19.00, 20.36, 21.82, 8.10)
(3.06, 13.44, 20.98, 2.10, 2.56)
(23.18, 35.16, 38.50, 32.60, 7.02)
(13.90, 17.66, 7.02, 17.64, 35.54)
(36.94, 36.16, 6.24, 25.34, 18.20)
(6.82, 31.08, 10.88, 20.28, 39.58)
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,(uéf

MICHELIN

Outlet Velocity Distribution

Trial 6

Trial 25

Magnitude of Velocity (mm/s)
0.01 50 100 150 200 269.89
—_— L h—

Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Mod elling, Polymers. Accepted .
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} |A - Design of Profile Extrusion Dies

Profile extrusion

Process Data
AViateria |: Polycarbonate
AAverage linear outlet velocity : 3 m/min
ATemperature:
Anlet : 245°C
AAdapter : 228 °C
ADie Land : 220 °C

Adapter

Die Land How to model
this system?

A
igh -Performance Computational Rheology at CRheoLab: Ten Years of OpenFOAM®Driven Research and Industrial Impact J. Miguel Nébrega et al.



} |IA - Design of Profile Extrusion Dies

Profile extrusion

T=245 °C

T=220 °C [
Adapter Insulated? E
|PC < Boundary Conditions
Die Land

&

CRheo@IPC
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Flow Channel

277.5

270.0
265.0
260.0
255.0
250.0
245.0
240.0
235.0
230.0
225.0

T [°C]

220.0 |



} |IA - Design of Profile Extrusion Dies

Profile extrusion How is the temperature

controlled?
Heater Heater
Die Land Die Land

Adapter

NN
rd

< O Themocouple \ 7 : Themocouple'
1IPC Die Land == Die Land

‘ I i : ]
& @Dle Land
o, igh -Performance Computational Rheology at CRheoLab: Ten Years of OpenFOAM®Driven Research and Industrial Impact J. Miguel Nébrega et al.
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Profile extrusion

Heater
Die Land

Heater

Die Land \

M




} |A - Design of Profile Extrusion Dies
The new solver

OpenVFOAM

chtMultiRegion  FoapieSolver
ATransient
AMultiple compressible fluid and solid regions
ATurbulence—
AHeat transfer

ANew Boundary Condition
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b

Case Studies

T=245 °C

1=220 °C

Insulated

Conventional (CV)
1IPC |

&

CRheo@IPC

Boundary Conditions
AHeater BC
ATemperature continuity at
the fluid /solid interface
AExternal walls with
natural convection

Conjugate Heat

w Transfer (CHT)

T=232 °C

T=245°C

CV+CHT

Insulated

igh-Performance Computational Rheology at CRheoLab: Ten Years of OpenFOAM®Driven Research and Industrial Impact J. Miguel Nébrega et al. A



} |IA - Design of Profile Extrusion Dies
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} |IA - Design of Profile Extrusion Dies
Results and Discussion

277.

270.
265.
260.

L 255.

— 250.

— 245,
R 240.
235.
230.
225.
220.

T [°C]

Insulated mandrel

IPC il CHT

&
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CONV+CHT
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Results and Discussion

CONV CONV+CHT

U W N

T [°C]
220. 230.235.240.245.250.255260.265.270. 277.

—

|PC<‘ ‘

CRhco!IPC
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Problems to solve: obtain the distribution of T

F Habla, et al., Development and validation of a model for the temperature distribution in the extrusion calibration stage, Applied Thermal Engineering, 100, 2016
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Case Study |

10 cooling channels (g 10 mm)

F Habla, et al., Development and validation of a model for the temperature distribution in the extrusion calibration stage, Applied Thermal Engineering, 100, 2016
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CRheo@IPC

Case Study |
Coupling OpenFOAM with

(https://dakota.sandia.gov/)

Study on the effect of the cooling channel location
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F Habla, et al., Development and validation of a model for the temperature distribution in the extrusion calibration stage, Applied Thermal Engineering, 100, 2016
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Case Study - Experimental Assessment
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A Rajkumar et al., Profile extrusion: experimental assessment of a numerical model for heat transfer in the cooling/calibration stage, PES, 2019
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Case Study - Experimental Assessment
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A Rajkumar et al., Profile extrusion: experimental assessment of a numerical model for heat transfer in the cooling/calibration stage, PES, 2019
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" LOGOPLASTE
Extrusion Blow Molding Simulator

1) Parison Extrusior2) Clamping  3) Inflation § 4) Cooling 5) Trimming 6) Final product

Heated plastic is Mould closes - Compressed air Parison Product is trimmed Finished product
extruded into hollow parison is gripped blown into parison fills mould and removed ready for next
tube (parison) in place which inflates from mould production stage

4 S 6

o, High -Performance Computational Rheology at CRheolLab: Ten Years of OpenFOAM®Driven Research and Industrial Impact J. Miguel Nébrega et al. A




} |A - Extrusion Blow Molding

MOTIVATION
Available software

B-Sim
Can only simulate clamping and inflation
(=] 3
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Adapted fromxfiTutsominalbl| oAccufoonl, di ngo,
Weeratunga, retrieved from https://youtu.be/ABRukstplX8

retrieved from https://www.t -sim.com/Refbsim/Example3.htm

iIPC Separate extrusion and mold clamping and inflation steps (Adutematic-eptimization-)
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