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} IPC — Institute for Polymers and Composites

Mission
to contribute to the advancement of the science and technology of polymers and

composites, helping to generate added-value in industry and to promote in society the
awareness of the role and importance of polymeric materials.
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} Outline

* The OpenFOAM® Computational Library
* Industrial Applications
 Design of profile extrusion dies
« Extrusion Blow Molding
 Injection Molding
« Footwear Components/Soles
 Pacifiers
* Solvers/Numerical Developments
« Integral Viscoelastic Solver
« Improved Both Sides Diffusion (iBSD)
* Fiber Orientation
» Recent Works
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} The OpenFOAM® Computational Library

OpenVFOAM

‘Basic’ CFD codes
Incompressible flow
Compressible flow
e C++ Computational Library, Finite | Multiphase flow
Large eddy simulation (LES)
Combustion
Particle-tracking flows
N Heat transfer
» Multiphysics and Multiphase syste | Buoyancy-driven flows
Molecular dynamics methods
Direct simulation Monte Carlo methods
. Electromagnetics
- Parallelized Solid Mechanics

Viscoelastic
» Several pre-compiled solvers ave | Fimance

« Open source Field Operation Anc

meshes (and mesh generators)

(FSI, Eulerian-Eulerian, EuleriantlLagrangic

e
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} The OpenFOAM® Computational Library
A (very) brief history...

CRheo@IPC

1996 — Hrvoje Jasak PhD Thesis, Imperial
College

1998 — Weller, Tabor, Jasak, Fureby,
Computersin Physics

A tensorial approach to computational continuum mechanics
using object-oriented technigues

H. G. Weller and G. Tabor"
v

Depa it of Mechanical Engineering, Imperial College, London SW7 2BX. United Kingdom

onal Dynamics Limited. London W10 6RA. United Kingdom

rotection, National Defense Research Establishment (FOA),

2006 — 1t OpenFOAM
Workshop (Zagreb)

1989 — FOAM v1 — Imperial College
Henry Weller and Hrvoje Jasak

6
f]
! -

2000 —Nabla Ltd. Foundation
FOAM released as commercial CFD Toolbox

2004 —Nabla Ltd. Closure

OpenFOAM v1.0 released as open-source by OpenCFD

2010 — Foam-Extend v1.6

2013 — 15t OpenFOAM
Conference (Frankfurt)

2016 — 11th OpenFOAM Workshop (Guimaries)
4th OpenFOAM Conference (Cologne)

ATA

2006 —Trademarks OpenFOAM and OpenCFD registration

(to avoid misusage)

A

2016 — Discussions about “One OpenFOAM”
Creation of OpenFOAM Wiki

M=

2021 — The OpenFOAM Journal

OpenV FOAM®
Journal

2011 - Acquisition of OpenCFD by SGI and creation of
OpenFOAM Foundation (to assure the open-source nature)

2012 — Acquisition of OpenCFD by ESI

A

2018 — OpenFOAM Governance

Technical committees

Marine
Application

Optimization

Steering Committee 1
et
OpenVCFD® |

N
TOTALSIM

Volkswagen

/" Nuclear
Applications
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} The OpenFOAM® Computational Library
Downloads 2019-2025

Downloads

]

2019 2020 2021 2022 2023 2024 2025
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.




} The OpenFOAM® Computational Library
Downloads 2019-2025
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53,043

2019

432,955
]

2020

Downloads
6,679,783
2,351,938
2021 2022

11,022,661

2023

9,170,533

2024

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

8,757,035

2025
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} The OpenFOAM® Computational Library

Downloads during 2025

Belgium - 177k

The Netherlands - 163k

Germany - 529k

Canada - 154k \

=8.8 M

/

USA — 1M

/

Brazil - 286k

India - 553k

e

| China - 309k
UK - 301k / Spain - 169k Japan - 488k
Franee oM -~ Litaly- 212k /
Portugal - 60k

Singapore - 70k

iPC - | South Africa - 109k Australia - 83k
QW Computational Rheology with OpenFOAM®): From Code Development to Industrial Application
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} The OpenFOAM® Computational Library

Computational Rheology Lab @ UMinho 26" OpenFOAM

16t OpenFOAM Documentation OpenFOAM Workshqp in

S J Workshop in Guimaraes Technical Journal Guimaraes

t rt -—_ ; &g i 7 SBRA VT . )

Work?n ewith = Committee Open FOAM® g~ #& o0

9 U + o Journal | Lkt e

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
DIeS and Spanlsh » J. Miguel Nobrega - Hrvoje Jasak £(grx
Users Group OpenFOAM

Selected Papers of the 11th Workshop

g] 196k Accesses

FOAMlheria
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} The OpenFOAM® Computational Library

OpenVFOAM
Fluid Dynamics Solid Mechanics

Necking of a bar

00000000

000000000

Philip Cardiff

Time: 0 s —
PN Necking of a bar
ipc Fluidized Bed From Philip Cardiff’s Youtube channel - https://tinyurl.com/pcardiff

(Eulerian+Lagrangian)
Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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https://tinyurl.com/pcardiff

} The OpenFOAM® Computational Library

Equation mimicking

paa[; : V-(pUU)—,quUz—Vp

solve

(
fvm: :ddt (rho,U) + fvm::div(phi,U) - fvm::laplacian(mu,U) == -fvc::grad(p)

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A




Industrial Applications
(IA)

* O
1IPC
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} IA - Design of Profile Extrusion Dies

Saw
Haul-off

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

Extruder

1IPC

. Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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} IA - Design of Profile Extrusion Dies
Flow Balance

Die land cross-section Velocity contours Extrusion run

=
=
Q
Q
=
)
| |
2
=
-)
-~
Q
Q
| |
)
=)

S —

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A



} IA - Design of Profile Extrusion Dies

Methodology Employed ﬂ@»

Energy conservation equation (Steady State)

=

Solve Momentum balance
equation

Y

Solve Pressure correction
equation

Y

Correct Pressure and
Velocity fields

v

Solve Energy conservation
equation

k 1

V-(UT)-V.| —VT |=—17:VU

OpenFOAM Code

Solve

)

(

fvm : : div (phi, T)
- fvm : : laplacian (DT, T)
==(1/c,) * (tau && grad U)




} IA - Design of Profile Extrusion Dies

Case Study

Protection bar

profile

Aluminum bar
A
<>

Adap?’4 1.4

Profile Cross Section (dimensions in mm)
Transition
/ Zone
Pre- Parallel Zone
22" Parallel Zone

7
7

-’
-’
i ’,
-,
-,

Flow Channel Geometry

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

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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} IA - Design of Profile Extrusion Dies

Material characterization

100000 -
O 230° C (shift to 250° C)
1250 C

BOROOOO A ) A 270° C (shift to 250° C)
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} IA - Design of Profile Extrusion Dies

Methodology

ES1 1 -
ISli/
B 05 |

More balanced flow
ES3 /
152 l£s4 .-§ O~ ———=—r A~~~ = f == ==
m L

;‘ ————————————————— " -0.5 Unbalanced flow
[ J L] [ ] I

1 Objective Function . pd

| |

: Ui _ 1 : -1 . L

| Uav : ES1 ES2 ES3 ES4 IS1 IS2

W F obj,i U. |

| l |

: max (U ) 1) :

I av I
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b, A Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A




} IA - Design of Profile Extrusion Dies

Methodology

ES1
ISIM
ES3
1 - -
L 1S2 |ES4|
i >*Trial 1
05 r
U m/min
3.6 E
52.4
Trial 1 E
1.2

ES2 ES3 ES4 IS1 IS2

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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} IA - Design of Profile Extrusion Dies

Methodology Flow Separator (FS)
ES1 . \‘/
- 'm_/ EAR q
i 0=
<
ES3 E
Lr 152 g4 E gf%r

=kTrial 1 “@-Trial 2 --Trial 4 B-Trial 5

05T (FS)  (FS)
U m/min
3.6 E
Trial 1 Trial 2 24
‘ E__1.2
ol
Trial 3 Trial 4

ES1 ES2 ES3 ES4 IS1 IS2

A Rajkumar et al., An Open-source framework for the CAD of Complex Profile Extrusion Dies, International Polymer Processing, 33, 2018
Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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} IA - Design of Profile Extrusion Dies

Experimental trial

b, A Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A




} IA - Design of Profile Extrusion Dies

CRheo@IPC

Optimization in HPC systems

/

ER Windows

ubuntu®  wst

—
STL

-

\ Parameters File m
Nextcloud

\

—

/ OpenVFOAM@

DAKOTA
Create cases »
— .
5 b "
. . . e }3.: o o :c o
Objective Function Value " P s
&
H Pc 00 SCIlleralmniw 50 300 S0
Cluster

Computational Rheology with OpenFOAM®):

From Code Development to Industrial Application

Cloud

https://www.ff4eurohpc.eu/en/success-
stories/2023100218435592/high _performance _com
puting for profile extrusion

J. Miguel Nobrega et al.
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Optimization in HPC systems

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

__________________________________

: i E .. = : 5 . 5 Time i Costi
ID : Material Improvement | 5 ! ; ' ' !

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

! ] e N

: Reductlon of 30-40% on the product time to market © |
-« Reduction at least in 40% of the raw materials spentin -~
~ experimental trials o

Estlmated savings of 23 % in tools development

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

i | ) i i i
P3 | HDPE ! 2.3 ’//J}; oY1 512 1 409 i 23 i 115

U(m/min)
0.0019 1.0 2.0 3.0 40 5.0 6.3

- S 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

,(uéf

MICHELIN

1. Initial geometry is created with
1. Create proposed parameters combination

Geometry based on the dataSet provided in
ParetoOptimalParameters.txt

2. Uses cartesianMesh utility (cfMesh)
to generate mesh

5. Propose
New 2. Generate
Parameters Mesh
Combination

3. Run the simulation through Allrun
script

4. Analyze the results of outlet velocity
uniformity and total pressure drop

5. Proposes a new parameters
4. Analyze 3. Run Simulation combination and creates a 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 Modelling, Polymers. Accepted .

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.

CRheo@IPC


https://scikit-optimize.github.io/stable/auto_examples/bayesian-optimization.html
https://scikit-optimize.github.io/stable/auto_examples/bayesian-optimization.html
https://scikit-optimize.github.io/stable/auto_examples/bayesian-optimization.html
https://scikit-optimize.github.io/stable/auto_examples/bayesian-optimization.html
https://scikit-optimize.github.io/stable/auto_examples/bayesian-optimization.html

} IA - Design of Profile Extrusion Dies

;(ﬂuf?

MICHELIN

Dieinlet -~
325 mm
ES1 ES3 ES5 ES7 ES9 ES11

' N
< U
iPC
. Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Modelling, Polymers. Accepted .

b, A Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.




} IA - Design of Profile Extrusion Dies =

MICHELIN

A=4mm
B=36mm
C=20mm

E=16 mm

A=34 mm
B=6mm
C=30mm

E=20mm

J N
~-
I~ o/

1IPC

Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Modelling, Polymers. Accepted .

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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} IA - 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)

180 A

160 ~

=

=9

o
L

=

N

o
1

100 -

Average Velocity (mm/s)
@
o

60

40 -

20 A

5 6 7 8 9 10 11 12
Elemental Section (ES)

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

1IPC

&
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Objective Function Value

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

Bayesian Optimization Convergence

0.7 1

0.6 1

0.5 1

0.4 1

0.3 A1

0.2

o
o

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Trial

MICHELIN

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)

J. Miguel Nobrega et al.



} IA - Design of Profile Extrusion Dies

B”

MICHELIN
Outlet Velocity Distribution
Trial 6
Trial 25
Magnitude of Velocity (mm/s)
0.0 50 100 150 200 269.89
— o h—

|
|P

Wagner, G., et al. (2025). A Novel Approach to Automatically Balance Flow in Profile Extrusion Dies Through Computational Modelling, Polymers. Accepted .
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} IA — Design of Profile Extrusion Dies (Aluminum)
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} IA — Design of Profile Extrusion Dies (Aluminum)

PORTUGUESA DE ALUMINIO.LDA

7)) portalum

alExtFoam

2 e
] 0\ <H e
L/

i
B

e R e —
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} IA — Design of Profile Extrusion Dies (Aluminum)

7)) portalum

PORTUGUESA DE ALUMINIO.LDA

alExtFoam

Velocity field [m/s]

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.153

122 mm/s 92 mm/s

153 mm/s

65 mm/s1 122 mm/s




} IA - Design of Profile Extrusion Dies

Profile extrusion

* Material: Polycarbonate

Temperature:
*Inlet: 245 °C
«Adapter: 228 °C
Adapter *Die Land: 220 °C

Die Land How to model
this system?

|

omputational Rheology with OpenFOAM®: From Code Development to Industrial Application

Process Data

* Average linear outlet velocity: 3 m/min

Y

J. Miguel Nobrega et al. A



} IA - Design of Profile Extrusion Dies

Profile extrusion

=245 °C

Adapter

N
\/ J

1IPC

&

CRheo@IPC

< % Die Land

omputational Rheology with OpenFOAM®: From Code Development to Industrial Application

Flow Channel

|

277.5

270.0
265.0
260.0
— 2565.0
— 250.0
— 245.0

E 240.0

235.0
J. Miguel Nobrega et al.

Insulated?

230.0
225.0

Boundary Conditions

T [°C]

220.0 ‘



} IA - Design of Profile Extrusion Dies

Profile extrusion How is the temperature

controlled?
Heater Heater

Die Land Die Land

Adapter

<10 Themocouple | __‘ = ‘ Themocouplel
iPC Die Land C= Die Land

I . - '
. *@‘Dle Land :
b, A omputational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.




} IA - Design of Profile Extrusion Dies

Profile extrusion

Heater
Heater Die Land
Die Land \
M

Does 1t make any difference?
Ny AR

— 260.0
— 2650 _

— 2500
— 2450
= E 240.0 |
Themocouple| ‘w1 ¥ X Themocouple

Die Land Die Land

[
e ©® =
b, o omputational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A




} IA - Design of Profile Extrusion Dies
The new solver

OpenVFOAM

chtMultiRegionFoapl Solver
 Transient

* Multiple mompressible fluid and solid regions
« Turbulence-

e Heat transfer

* New Boundary Condition
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b

Case Studies

T=245 °C

Insulated

Conventional (CV)
1IPC ‘

&

CRheo@IPC

Boundary Conditions
* Heater BC
» Temperature continuity at
the fluid /solid interface
 External walls with
natural convection

Conjugate Heat

% Transfer (CHT)

T=245 °C

CV+CHT

Insulated

omputational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Results and Discussion
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CONV+CHT
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Results and Discussion
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Results and Discussion
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Results and Discussion
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Results and Discussion
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Case Study li

.pc Previously designed Flow Channel

. A Rajkumar et al., Differential Heating as a Strategy for Controlling the Flow Distribution in Profile Extrusion Dies, OFW11 Book, Springer, 2019
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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Case Study li

Test the effect of non-uniform temperature distribution

. A Rajkumar et al., Differential Heating as a Strategy for Controlling the Flow Distribution in Profile Extrusion Dies, OFW11 Book, Springer, 2019
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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Case Study Il — Design Iterations

T=245°C T=245°C T=222°C
T=245°C W W Too45°C T=230°C W W epasC Te0979C W W ooz
T=245°C T=245°C T=225°C

Fobjsl

Es12 Es13 Es14

Es4 Es3 Es2

|
Ipc Elemental Sections (ESs)

A Rajkumar et al., Differential Heating as a Strategy for Controlling the Flow Distribution in Profile Extrusion Dies, OFW11 Book, Springer, 2019
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Case Study Il — Design Iterations

Trial 1
U m/min
3.6 —E
24
1.2 .
Trial 4

A Rajkumar et al., Differential Heating as a Strategy for Controlling the Flow Distribution in Profile Extrusion Dies, OFW11 Book, Springer, 2019
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.




D IA - Profile Extrusion Dies

CRheo@IPC

Case Study Il — Experimental Trial

T=227°C

N :‘*T“

T=222°C

—

-

T=225°C

T=228°C

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application
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A Rajkumar et al., Differential Heating as a Strategy for Controlling the Flow Distribution in Profile Extrusion Dies, OFW11 Book, Springer, 2019
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.°°............°o‘o. Saw

+ | Calibration/ Cooling system °: Haul-off

Extrusion Die ®e .

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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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 ’

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.

CRheo@IPC



} IA - Extruded Profile Cooling Systems

|PC

CRheo@IPC

Methodology Employed

« Coupled approach
« Conditional Volume Averaging technique was used to derive an
equation for the mixture temperature T,

Final governing equation:

d(meP = ) + V- ( m.p?n.CP.,-;rn.'Tm) -V k:rn.V'T:rn- —

ot

kmVa, —afpafc (kP —E:C)(I%p — ;;%c )hn
h( +2¢)+Vapn

V.

OpenFOAM Code

Virfrn. - 11

J// Temperature eguation with jump
tmp<fvScalarMatrix= TEqn

(
fvm::ddt(rhoCp, T)
+ fvm::div(phi * rhoCpf, T, "div(phi,T)")
- fvm::laplacian(k, T, "laplacian(k,T)")

__ Subscripts
- fvc::div(sjump) p-polymer
E c-calibrator

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

A
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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 !

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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CRheo@IPC

Case Study |
Coupling OpenFOAM with

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

Study on the effect of the cooling channel location

36

initial 'popula'tion
35 | Pareto Frontier (final population)
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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

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

J. Miguel Nobrega et al.
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Case Study - Experimental Assessment

Natural convection
( calibrator exterior)

Adiabatic
_«— (outlet)

»

-
Temperature Imposed /
(inlet)

Natural convection
(calibrator and profile exterior)

Contact resistance

Adiabatic

(profile interior) Temperature Imposed
(Cooling channels)

A Rajkumar et al., Profile extrusion: experimental assessment of a numerical model for heat transfer in the cooling/calibration stage, PES, 2019

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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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 Extrusion 2) 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

b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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MOTIVATION
Available software

Ansys Polyflow
Simulates extrusion, clamping and inflation

B-Sim
Can only simulate clamping and inflation
(=] 3

B Weidien 22 - Baeld TFT
Gl Edi e (e pemovipefom] Popo [ooing [igiey Siecoe Hel

0 0.080 (m) T P —— 00, 7(mi)
— . — !
0.050 -

Adapted from “Fluid Flow Blow Molding of a cane using Anysys Polyflow”, by Sameera

Adapted from “Tutorial - Extrusion blow molding”, by Accuform,
Weeratunga, retrieved from https://youtu.be/ABRukstpIX8

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

iIPC Separate extrusion and mold clamping and inflation steps (Automatic optimization)

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.

CRheo@IPC
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" LOGOPLASTE
Extrusion Blow Molding Simulator

1) Parison Extrusiof§ 2) 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

b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Mold Clamping and Inflation LOGOPLASTE

Constitutive Models

Linear Elastic and Hyperelastic

» Linear Elastic Generalized Hooke’s law for plane stresses
* Mooney—Rivlin
« Total Lagrangian Approach

« Updated Lagrangian approach
c—j )h(1,1,) C' (¢)dt!

— m(t-t’) - linear- Vlscoelastlc memory function
— h(I,L) - damping function
— C;* - Finger tensor

J. Vlachopoulos, B.L. Koziey, M.O. Ghafur, SIMULATION OF THERMOFORMING AND BLOWMOLDING - THEORY
AND EXPERIMENTS, (1995) 321-383.

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nobrega et al.
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Mold Clamping and Inflation r:' LOGOPLASTE

Time evolution (Newton’s 214 Law):

pressure 1nterna1)

mass X acceleration=Z(Forcebody+Force +Force,

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Mold Clamping and Inflation r_" LOGOPLASTE

Case Study
Container Data for simulation

Parison

Mold Surface Mold Surface
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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Mold Clamping and Inflation g LOGOPLASTE

Case Study

Thickness Distribution
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2.200
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— 1.400
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0.025

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Mold Clamping and Inflation

Case Study . . . .
Thickness Distribution

" LOGOPLASTE
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Mold Clamping and Inflation r_" LOGOPLASTE

Parison thickness optimization — Methodology

Variables to consider

Moving mandrel . . o
< O Extrusion Die Ovalization

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Mold Clamping and Inflation g LOGOPLASTE

Parison thickness optimization — Methodology

Top view of halfring:
(half of the geometry)

(VA

Thickness of n layers (th) o

b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Mold Clamping and Inflation IZ' LOGOPLASTE

Parison thickness optimization — Case Study

Container Mould and Parison

Target thickness 0.9 mm / double symmetry / a; = a, = 45°

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A
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=
o
=

" LOGOPLASTE

Parison thickness optimization — Case Study

Initial trial

[ 1.4
12 -E
10 =
Los 8
0
[0.6 =

0.4

th; =3.95mm/t, =t, =0

1IPC

. Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nobrega et al.
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" LOGOPLASTE

Thickness (mm)

Parison thickness optimization — Case Study

.,

I..

[ 0.6
:

C.M@H,C Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Parison thickness optimization — Case Study

Parison

| -

J——
Thickness (mm)

(J'!CI

Flnal Part

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

" LOGOPLASTE

— 1.0
08

Thickness (mm)

06
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J. Miguel Nobrega et al.
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" LOGOPLASTE
Extrusion Blow Molding Simulator

1) Parison Extrusion| 2) 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

D 6

b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Parison Extrusion — Methodology

Numerical approach

« New multiphase solver in OpenFOAM

q | B
e Volume-of-Fluid Formulation
« Differential viscoelastic models
N 4

Diverging land Converging land

; Moving mandrel '
Polymer and air Polymer
- - I [
P

~ Computational Rheology with OpenFOAM®): From Code Development to Industrial Application

" LOGOPLASTE

J. Miguel Nobrega et al. A
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o o LOGOPLASTE
Parison Extrusion — Methodology n
Moving Mandrel
O gl
ipc Computational mesh

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nobrega et al. d
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“J LOGOPLASTE

Parison Extrusion

Typical run

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A
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Parison Extrusion "~ { LOGOPLASTE

Effect of density

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nobrega et al. A
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Parison Extrusion | LOGOPLASTE

Moving Mandrel

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nobrega et al. A
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Parison Extrusion "~ { LOGOPLASTE

Effect of elasticity

Low Moderate

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A
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" LOGOPLASTE

Link Extrusion and Inflation

269
26
— 25
1. Create 1gterface 2. Complete 3. Create faMesh —~
surface using the. parison surface (if with thickness —24 E
surface functionObject necessary) field £
— 23 0
=4
o
—22 £
2.1
2
124

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nobrega et al.

CRheo@IPC



} IA - Extrusion Blow Molding

Experimental Validation "/ LOGOPLASTE

a)zADa Thickness profile ML b) 2o Thickness profile LOL
ol " T o T
1.60 ! 1.60 P HH[ ]
}ﬂ fit W% ) R Mh”ﬂ § 10 ot e AUty

w 1.20 i - l J“{U{yy ”IJ 'H}H

o it p 1
A

= |

: 1f FHH ty
g 100 i : }{ i 1.00 HHH | E{HH}H{ ' - HH’
3 RVARL 3
€ o0.80 {}. £ 0.80
0.60 i 0.60
0.40 0.40
~— Numerical ~—— Numerical
0.20 0.20
« Experimental * Experimental
0.00 0.00
0. 0.10 0.20 0.30 0.40 0.50  0.60 0.80  0.90 120 150 180 210 240 270 300 330 360

Dimensionless perimeter 1(x)/L (-}

Profile Perimeter Angle(?)

Thickness profile LQ2 Thickness profile LQ3

c) 2.00 d) 2.00

1.80 1.80

1.60 "{_}‘ﬁ ;U‘u\ H 1.60
E 1.40 M] {ﬂy i E 1.40 { "“IHLJ,*“HH%
» 1.20 H ﬁ%l y a 1.20 f HH WW ! ﬁ\“
é 1.00 {1 H{H}} \L&&iu é 1.00 lf g ' "iﬁ
£ 0.80 £ o.80

0.60 0.60

0.40 0.40

2 ~— Numerical 0.20 — Numerical
o-20 Experimental ' * Experimental
0.00 0.00

30 60 90 120 150 180 210 240

Profile Perimeter Angle(°)

270 300 330

120 150 180 210 240 270 300 330 360
Profile Perimeter Angle(?)

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

J. Miguel Nobrega et al.



} IA - Injection Molding

openinjMoldsim Solver

» Compressible, non-isothermal, laminar cavity flow.

* Tait equation of state.

» Cross-WLF viscosity model.

» Specific heat and thermal conductivity may depend on temperature and pressure (tabular form).
« Elastic stress in the solid phase.

* Fiber orientation (openinjMoldSimF).

Current activities

« Starting a new implementation from the scratch in the framework of a PhD

‘\'/
‘|~

1IPC
. : : : : N. Mole, K. Krebelj, and B. Stok.. I ional J 1 of Ad d Manuf: i hnology,
I https://github.com/krebeljk/openinjMoldSim 06114124, 2017, DOT:hitpss 0L org/ 10,1007 500170 0170847 5. e

&

CRheo@IPC




} IA - Injection Molding
Case Study

! P
R
iIPC
J Pedro et al., Verification and validation of openInjMoldSim, an open-Source solver to model the filling stage of thermoplastic injection molding, Fluids 5 (2), 84, 2020
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nobrega et al.
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Case Study

y Evolution of inlet pressure

openinjMoldSim (M

openlnjMoldSim
openlnjMoldSim

Moldex3D®
Q
Moldex3D®

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

LN
< U t/tso

1IPC

J Pedro et al., Verification and validation of openInjMoldSim, an open-Source solver to model the filling stage of thermoplastic injection molding, Fluids 5 (2), 84, 2020

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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Case Study

L Evolution of inlet pressure
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J Pedro et al., Verification and validation of openInjMoldSim, an open-Source solver to model the filling stage of thermoplastic injection molding, Fluids 5 (2), 84, 2020

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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Case Study

» Evolution of inlet pressure
E E
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'—o' —_—
= =
= =
£ =
10 g g
T8
3
o
=3
g 6 A —_— .
a = =
(98] [an]
5 5
= =
s =
4 = =
2
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
e \/—\, t/tso

J Pedro et al., Verification and validation of openInjMoldSim, an open-Source solver to model the filling stage of thermoplastic injection molding, Fluids 5 (2), 84, 2020
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Case Study
Performance and accuracy
Difference

Software ?%X Nu(r:;l::; ol Run Time
@ M1 43.4 1 88 seconds
& M2 34.4 1 23 minutes

% M3 23.8 8 3.8 hours

= M4 8.41 8 24.5 hours

c M1 29.6 1 12.8 hours

3 M2 27.8 8 41 hours

% 48 98.5 hours

S M3 9.1 96 59 hours

> O g 192 34 hours

J Pedro et al., Verification and validation of openInjMoldSim, an open-Source solver to model the filling stage of thermoplastic injection molding, Fluids 5 (2), 84, 2020

CRheo@IPC

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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Case Study QﬂanQ

# Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nobrega et al. A
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8 — Footwear, Advanced Materials, Equipments —
and Software Technologies

DMNF Compression test

SAFETY SHOES

—a— Simulation curve —e— Experimental curve

5 s ey &

ool S/

ooy S

gooo4 -

FYplate [N]

4000

20004

DyDlate [mm]

g Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nobrega et al.
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8 — Footwear, Advanced Materials, Equipments —
and Software Technologies

DMNF Impact test

SAFETY SHOES
Time: 0 s

# Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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>

GREENSHOES 4.0

—\-

12 4

Sem Nervura - Calcanhar
——— Com Nervura - Frente

10 1

Forga (N)
(=)}

PROCALCADO

b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A
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S,

GREENSHOES 4.0

17.5 A
—— Nervura Frontal Maior
15.0 4 — Nervura Frontal Menor
\ ~———  Sem Nervura Frontal
=== 12.5
o g 10.0
S
S 7.5
I
5.0 1 —
254 S T
0.0 1
0 1 2 3 4
Deslocamento (mm)
S
P = PROCALCADO
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} IA — Design of Footwear Soles

~

GREENSHOES 4.0

Foot

Insole

FlotActiv

Grade Convencional

> O Sole
PROCALCADO
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} IA — Design of Footwear Soles

=,

GREENSHOES 4.0

1200 -

—&— GradeConvencional J

—&— Flotactiv
1000 A

800 -

600 -
FlotActiv

Forga, F; (N)

400 A

Grade Convencional

Deslocamento (mm)

PROCALCADO
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} IA — Manufacturing of Footwear Soles (additive)

111

: . . M, 0 ,» ' PROCALCADO
1IPC

b, A Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al. A




} IA - Pacifiers Assessment

"UK®

Development of a computational methodology
capable of predicting the newborn oral cavity
behavior during pacifier sucking

Nasal cavity
Hard palate

Tongue

Jaw
Epiglottis
Larynx

Trachea
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} IA - Pacifiers Assessment
Orthodontic Pacifier

Standard Pacifier

Conventional Pacifier

J N
iP
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} IA - Pacifiers Assessment

NUK®

NUK Genius Pacifier NUK Standard Pacifier Conventional Pacifier

b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al. A




} IA - Pacifiers Assessment

PR
9 ” --‘:.f:{:@;.?f.'{,?gx" X
h = L‘— r

, o - | h
- = N -

f DiSplacemen f Displacement
- . 100x

Orthodontic Pacifier Standard Pacifier Conventional Pacifier

\ | Displacement (um)
E2.5C|De-l-[:l'l

18.75

E.z_s

EG.ZS
0.000e+00
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} IA - Pacifiers Assessment

Beruhigungssauger: Die richtige Form ist entscheidend

Soother: The right shape is crucial

Druckeinwirkung  Krafteinwirkung  Verschiebung der Verschiebung der Gesamt-
SHOP Ingrid Lohmann, Hebamme aufden Gaumen aufdenGaumen  Schneidezihne lateralen Schneide- auswirkung
und Stillberaterin, BSc., und Backenzahne auf Gaumen
Springer Medizin Bad Gandersheim und Zahne

Experten-Roundtable
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Dr. Christof Metzler, Padiater,
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dv SN
orthodontischer 1

Prof. Dr. Jodo Miguel Nobrega, De- ' A = A A A A - P
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Solvers/Numerical Development
(SND)




} SND-Integral Viscoelastic Solver

Differential viscoelastic flow solvers in OpenFOAM

Multi mode constitutive models

Maxwell (L,E, Feta) PTT FENE-(P,CR)
Oldroyd-B Giesekus (S,D) XPP
White Metzner Leonov DCPP
D x/h I
wall 100F - —-a=-0.37 7
~ - b=-1.0
—-c=-20
—-d=-10.
— 50 —_— SMiﬁﬁnd T
outlet < " Gomma
‘“ 0
P - -50
) 80 h -
o O -1005 I1 — yé/h § 4
[ ]
|pc JL Favero et al. (Computer Aided Chemical Engineering, 2009, 2010 / Journal of non-Newtonian Fluid Mechanics, 2010/

Computers & Chemical Engineering, 2010)
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} SND-Integral Viscoelastic Solver

T = _:OM(t—t')f(Bt,)dt'

k7%
B, - UCM
f(Bt,) = 3 o B
\0(+,5]1 +(1—,3)[2 t - K-BKZ (PSM)

Deformation Fields approach

B,
%+V-(UB,.)—((VU)T ‘B, +B,-VU)=0




} SND-Integral Viscoelastic Solver

Stress Tensor Field Calculation

* Define cutoff time (s,,,.) and number of deformation fields (nf)
At each time step t:

1. Update velocity and pressure fields (PISO)
2. Transport all the previously created deformation fields (Bj=1 ,,f)

OB.

— +V-(UB,)-((vu)" B, +B,-VU)=0
Create a new deformation field (B,=I)

If required redistribute/interpolate the deformation fields

Compute the stress field

9P

1IPC




1

} SND_Integra OTpTenFOAM Code: -

volTensorField L = fvc::grad(U);

Stre

for (int fieldI = 0; fieldI <= nActFields ; fieldI++)

{
volTensorField SB = B[fieldI] & L;
° ] fvSymmTensorMatrix BEQn

(
fvm: :ddt (B[fieldI])
+ fvm::div(phi, B[fieldI], "div (phi,B)")

twoSymm (SB)
)7

BEgn.solve (mesh.solutionDict () .solver (“B")) ;

OB.

— +V-(UB,)-((vu)" -B,+B, -VU)
3. Create a new deformation field (B,=I)

4. If required redistribute/interpolate the deformation fields

5. Compute the stress field

0
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} SND-Integral Viscoelastic Solver

Couette Flow — UCM — Imposed Velocity and Pressure Fields

U, =cte

',

X

| wall

| wall

U,.,=0

wall

Analytical Solution

noe202( 1 ot r
) :{O <0 T =2ay°A [1 exp( /J(1+/1D
7y 120 Txy:aiy-(l_exp(_i)j

A
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} SND-Integral Viscoelastic Solver

Couette Flow — UCM — Imposed Velocity and Pressure Fields

100

%y (Pa)

Numerical O

Exact solution

0.1 100 ¢

0.0001 0.001 0.01 0.1 1 10
time (s)

Numerical ©

Exact solution

8 0.0001 (.].001 0.01 0.1 1 10
Ipc time (s)
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} SND-Integral Viscoelastic Solver

Couette Flow — UCM — Constant Wall Velocity

U._., =Cte

wall

[ wall

X | wall

UCM Integral (nf=100)
UCM Integral (nf=2000)

UCM Differential
1IPC




} SND-Integral Viscoelastic Solver

Couette Flow — UCM - Constant Wall Velocity
De = 0.1

25 , ,
20 ' a.‘;uum-'-"", G
A,‘*ﬁ:;l
P
P
15 - -
.w‘:f.‘
T ——  UCMDIff
Q. i
-:10 .. Nf =100 |+
iy o Nf = 2000
5 SR b -

v

0.25

0.2

0.15
=0
& i /

0.05 f

&
0 N F,

' —a— ucM F —a— ucMm |+
~ 7 \/\I — Nf =100 7.6 4% — Nf =100 [ — Nf =100
|~ - Nf = 2000 Nf= 2000 NF = 2000

0.05 : : 74 ; 18.9 : :
0 0.002 0.004 0.006 0008 0.01 0.012 0.014 0.136 0.138 0.14 0,142 0.144 0.146 0.148 0.1¢ 0.5 0.502 0.504 0506 _  0.508 0.51 0.512 0.514
i p c time (s) time (s) time (s)
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} SND-Integral Viscoelastic Solver
Case Study - 4:1 Abrupt Planar Contraction - K- BKZ

Solution of 5% wt. polyisobutylene (PIB) in Tetradecane(C14)

40H m Ak [s] ax[Pa]

i i 1 0.6855 0.0584
Smax = 1.5 2 0.1396 1.6648
He= 150 3 0.0389 14.5604
4 0.0059 99.1525
2| De=0.49 . =10
4 £=07
=0
L, II
U RIETEIEPETETEPE T S A
e LM Quinzani, RC Armstrong, RA Brown, Journal non-Newtonian Fluid Mechanics, 52, 1994
ipc  E Mitsoulis, Journal of Rheology, 37, 1993
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} SND-Integral Viscoelastic Solver
Case Study - 4:1 Abrupt Planar Contraction - K- BKZ

9

o]
I

-~
D
™
SN—
%
‘W
sl l
© Mitsouli
+(E itsoulis
Qc —_— Num. Result
w4} i
-
Q
)
<
g 2r *
Ly
0 —
_2 | | | |
< -15 -10 -5 0 5 10
el x/h
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} SND-Integral Viscoelastic Solver
Case Study - 4:1 Abrupt Planar Contraction - K- BKZ

60 T
50 | s
40 |- I -
"\
]
Q:,SO [ - Quinzani et al. a
l_? - — Mitsoulis
LY i Num. Result |
X
l_)
10 | s
0 :\_ N -y -

10 ] ] ] |
1
> -15 -10 5 0 5 10

iPC o




} SND-Integral Viscoelastic Solver
Case Study - 4:1 Abrupt Planar Contraction - K- BKZ

70

) — - |

50 | |

4a0r y/h=1.0 ]

Quinzani et al. y/h=0.5

VN NN N NN
7AN

E— Num. Result

Tyy (cf’a)

20 |

y/h =0.0

|~ 10 | | | |

ipc 1 10 - x/h 0 5 10




} SND-Differential Viscoelastic Solver Stabilization

Differential viscoelastic flow solvers in OpenFOAM

Multi mode constitutive models

Maxwell (L,E, Feta) PTT FENE-(P,CR)
Oldroyd-B Giesekus (S,D) XPP
White Metzner Leonov DCPP

sl wh
wall 100F - --a=-037 7
‘ —-b=-1.0
--c=-2.0
—-d=-10.
= SFCD -
— 30 —= MinMod
Q? — Upwind
outlet : o Gamma 1
W
L0
o
i . -50
80 h
I NNt | 1
-100 I 2 3 4
y/h
QO
lpc JL Favero et al. (Computer Aided Chemical Engineering, 2009, 2010 / Journal of non-Newtonian Fluid Mechanics,
i 2010 / Computers & Chemical Engineering, 2010)
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} SND-Differential Viscoelastic Solver Stabilization

Poiseuille Flow + UCM (Oldroyd-B n =0)

Re=0.01, De=1

U, /U

N
1IPC
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} SND-Differential Viscoelastic Solver Stabilization

The iBSD — Improved Both-Sides-Diffusion

Conservatlc  fym: :div(phi, U)
Origii - fvm::laplacian(etaStr/rho, U))

fvm;:div(phi:ﬁ)
- fvm: :laplacian(etaStr/rho, U))
BSD ——

- fvec::grad(p)
+ fvc::div(tau/rho)

iBS|
V- (pUU)-n*V*U=-Vp+V-t-V:(*VU)
> I

1IPC

Larger Stencil
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} SND-Differential Viscoelastic Solver Stabilization

Poiseuille Flow + UCM (Oldroyd-B h,=0)

Re=0.01, De=1

BSD U./U iBSD

1.49 '

) _

C Fernandes et al., Improved Both Sides Diffusion (iBSD): a new and straightforward stabilization approach for viscoelastic fluid flows, JNNFM, 249, 63-78, 2017
b, A Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.




} SND-Differential Viscoelastic Solver Stabilization

Case Study 1 — 4:1 Contraction (UCM)

L1:20H2 L2:50H2 .

. 9 N

| 111

Re-entrant corner
H, 11 '
Lt N

Lol |\ A A Vo 1 =,
Meshes

M1 — 228 Cells Re = 0.01

' M5 — 228128 Cells De = {09192939495}
1IPC
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} SND-Differential Viscoelastic Solver Stabilization

Case Study 1 — 4:1 Contraction (UCM)

Streamlines

Benchmark

—09

—08
0.7

—o4 —
—a0 B
—og\ —

e ' W | —

<L \/\, O U U S —— . ———
" B De =1
'pc MM Alves, FT Pinho,PJ Oliveira, J. Non-Newtonian Fluid Mech., 93, 2000

C Fernandes et al., Improved Both Sides Diffusion (iBSD): a new and straightforward stabilization approach for viscoelastic fluid flows, JNNFM, 249, 63-78, 2017
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} SND-Differential Viscoelastic Solver Stabilization

Case Study 1 — 4:1 Contraction (UCM)

Streamlines
Benchmark iIBSD
_Q
09 S )
08 e Ny o -
oT——— T~ 2\ :
06 — s T N\ =
05 - e S -
04 = e N— T ~
03 — By S S — m— = |
- ri—— ——— —
1 — B —— - - - = —
__09 _______________ o T ————
De =2 e =2
\’\4 \
— N\ ~ ‘
—o08- — .\ = o \
—0.7- ——— \ ~
06 — \?‘\\ \ I = ~
05— - — — — \\ <\ — ¥ .
— Y ——— ;;j\\;\ N RS ( E .
—0.3- —_—— N — —
(.2 ——————————— == ——— —— =
0 — e ——— — = — =
PN wrmedfpemcmimimimem o imimemm s E I an TUR Tt s 0 o TS TR TRR TR TR T S ————
< U De = De =
ipc MM Alves, FT Pinho,PJ Oliveira, J. Non-Newtonian Fluid Mech., 93, 2000
. C Fernandes et al., Improved Both Sides Diffusion (iBSD): a new and straightforward stabilization approach for viscoelastic fluid flows, JNNFM, 249, 63-78, 2017
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} SND-Differential Viscoelastic Solver Stabilization

Case Study 1 — 4:1 Contraction (UCM)

Streamlines

Benchmark iBSD

J N
~-

[
Ip MM Alves, FT Pinho,PJ Oliveira, J. Non-Newtonian Fluid Mech., 93, 2000

. C Fernandes et al., Improved Both Sides Diffusion (iBSD): a new and straightforward stabilization approach for viscoelastic fluid flows, JNNFM, 249, 63-78, 2017
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} SND-Differential Viscoelastic Solver Stabilization

Case Study 1 — 4:1 Contraction (UCM)
Primary vortex length (Xr=xr/H2)

Developed code in OpenFOAM®

De Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Extrapolated Difference (%)
0 1.438 1.479 1.492 1.495 1.496 1.4965 0.03

1 1.293 1.336 1.326 1.32711 1.32696 1.32694 0.002

2 1.207 1.200 1.130 1.101 1.091 1.0857 0.5

3 1.333 1.118 0.958 0.900 0.885 0.880 0.6

4 1.391 1.088 0.845 0.75 0.732 0.728 0.6

5 1.469 1.101 0.758 0.636 0.617 0.613 0.6

Alves et al. (2000)

De Mesh 1 Mesh 2 Mesh 3 Mesh 4 Extrapolated Difference (%)

0 1.472 1.488 1.494 1.495 1.496 0.1
1 1.349 1.371 1.349 1.339 1.335 0.3
2 1.631 1.259 1.154 1.118 1.105 1.2
3 1.517 1.266 1.014 0.946 0.923 2.5
4 1.644 1.337 0.087 - 0.87 13.4
> 5 1.687 1.517 1.127 — 0.997 13

ipc MM Alves, FT Pinho,PJ Oliveira, J. Non-Newtonian Fluid Mech., 93, 2000
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} SND - Fiber Orientation

Folgar Advani Phelps
, an%l and Warig et and
({ egfzfgr)y[ 1S] > Tucker > Tucker > (2368) > Tucker
(1984) (1987) [6] (2009)
[3] [5] (7]
No diffusion Isotropic rotary diffusion Isotropic rotary diffusion Reduced Strain Closure Anisotropic Rotary Diffusion
(diluted regime) (semi-concentrated/concentrated regime) Use of second-order tensors as macro Slow down orientation kinetics
Modeling a fiber as an inertialess Diffusion term to account for fiber-fiber descriptor for fiber orientation
rigid prolate spheroid suspended in a interaction.
Newtonian fluid Use of a probability distribution function as

meso descriptor for fiber orientation

MoldFlow Rotary Diffusion
91

Bakhare

t al.
(2018)

C.-H.

Kugler et.al,
Flow dependent formulation ) Tseng et
' (2020) [11] < al.

(2016)
(8]

C.-H.
Tseng et
al.
(2018)

improved Anisotropic
Rotary Diffusion and
Retarding Principal Rate

Diffusion [10]

LN
m o e . .
Ip c Models implemented in our utility principal Anisotropic Rotary

Computational Rheology with OpenFOAM®): From Code Development to Industrial Application J. Miguel Nébrega et al.
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} SND - Fiber Orientation

Incompressible solver

( )

[ Beginning of time step }
|
Assemble UEqn

A

yes

Solve: UEqn = —VP

|(—

Assemble and solve pEqn

Update flux

Update velocity

doo| OSId

'
< (7 yes
End of time step }— - ——

iPC [ | )

CRheo@IPC

User input

fiberOrientationModeling functionObject

bool execute ()
{
fiberOrientationModel_—>s olve () ;

return true; 1
1

|
1
-

Class diagram

[ fiberOrientationModel le

closureModel

J Hasa ©

A A
Isa Isa

[ Derived model ] [ Derived model ]

* FT * Hybrid
* FT-RSC * IBOF

* 1ARD-RPR * ORE

* MRD * etc

* etc ..

controlDict
functions
{
FiberModeling
{
type fiberOrientationModeling;
libs (libnewSolverFunctionObjects) ;
errors strict;
executeControl timeStep;
executelnterval 1;

fiberOrientationProperties
{
model <fiberModel>;
x1i 1;
closureModel <closureModel>;

<fiberModel>Properties

{
CI 0.01;

}

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

J. Miguel Nobrega et al.




} SND - Fiber Orientation

Single Phase - Steady state

0.82
2.89
2‘50 I: 0.70
— 0.60
— 2.00
_ —050
7] g
- 1.0 E — 0.40
Y = Y
1.00 0.30
o X 0.50 oZ & 020
0.11
0.00
Two phase - Unsteady l
|
0.87
0.80 [ | 0.86
| 0.80
0.70 - 0.70
1 L 0.60
— 0.60
- —050
— 0.50 :l: — 0.40 2
oY 0.30
— 0.40
< 0.20
0.30 AX 0.10
0.03
0.20

0.13  deling the Evolution of Fiber Orientation. OpenFOAM® Journal, 5, 17-37.
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} SND — Semi-Automatic Method of the Manufactured Solutions

Code Verification

Tor (2,y,t) = 150 (cos (2* + y* + wt) + 1.5)

1.0

0.8

0.6

y [m]

0.4

0.2

0.0

<l

1IPC

CRheo@IPC

375.0

348.4

321.9

-295.3

242.2

215.7

189.1

162.6

> 0.0 0.2 0.4 0.6 0.8 1.0

X [m]

Ramoba et al. (2022). A Semi-Automatic Approach Based on the Method of Manufactured Solutions to Assess the Convergence Order in OpenFOAM. OpenFOAM® Journal

1268.8 =

. Define a manufactured solution(s)
. Define the governing equation(s)

copy contents to fvOptions

. Compute the source term (scalar or vector)

Compute boundary conditions:

copy contents to corresponding primitive variables in 0/ |

* Dirichlet (codedFixedValue)

Neumann (codedMixed)

copy contents to functions section in controlDict |

. Create functionObject for analysis of error norms

OpenFOAM®
EI Run the case
Collect the results
Refine the mesh/ reduce At

Analyze order of convergence

[}

Computational Rheology with OpenFOAM®: From Code Development to Industrial Application

J. Miguel Nobrega et al.



Recent Works




} Recent Works

After Scan

Time: 0.00 I

Temperature (°C)

|
174 Melting point 236 5

[ ] SLS
IPC 3D Printing

. Computational Rheology with OpenFOAM®: From Code Development to Industrial Application J. Miguel Nébrega et al.
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} Recent Works

U (m/min)
a

Coupled solver
A, RS V[u] [o
% -V-[L, V] 0 }lr]|=]|b
0 Az )] (b,

20M cells / 1536 cores / 15 k core*h

Speedup

- X
|pc www.exafoam.eu 3
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} Recent Works
New Injection Molding Solver

W/

./j/l Viscosity [m ~ 2/s]
- 7.0e+02 800 900 1000 1100 1200 1300 1.4e+03
| |

| |
— O e—

Teme: 0s

https://www.linkedin.com/feed/update/urn:li:activity:7187341849596940288/ !
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Usually there is a steep learning curve, when one starts to learn OpenFOAM. An initiative was started in the OpenFOAM community to organize available teaching material into one

Main page collection.
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