


— /
/ \\

Shahrood
University.

. z el el
Technology o0 dlgo (59l 58 i

Advanced Modeling and Simulation of Mineral
Processing Systems

VFV olo poge


mailto:m.jahani1983@gmail.com

So9bd 9 Wladsd pode D y139 (Sl e g

\

4.7', Slaas

B Syl ot € )

SN v a5 pley (5l dads 3 (55l Jia
caclos aloss e dae 55808 glo e

& A axly gy
FA
oyl O oylacdes LSS 558l Advanced Modeling and Simulation
ol Lnji 0 o5 I le piaw of Mineral Processing Systems

co3d (A5 Slaal

L s e (sladoly b st g isbior 3 5ty s o tals 5 JAUS itna i (5,913 (Slniial b o3l (5t Jaa by el

wiime Alge (55018 Sl 0 ul, e lea

d.i.:..u J‘_.;,.e

Las gladils I Slb 5 gile dnd au )8 L 2ty alit]

Ly

4




G50 5 SIS S SR B

—_—

e J..né_,.-:

g ety il At g il Js
S eylal s -
] 6-}'3] >

PY -

R -
gle= dal> b -
IEERE
bliae ubis -
N
W0 W EPC LI T EO N e L
wotena Slee ol 2 a5 il e D el fa s eslas o el gl Bl S L LS -
PEC3D ; MODSIM it
b ) Jazos 035 S cdogipe o) 5 b sal eals Sjpe) 5k Sl LB (o cenl bty gty &




- QIS BB P
1- “Finite Element Modeling for Stress Analysis”, R. D. Cook, John
Wiley & Sons, 1979.
2- “Fundamentals of Finite Element Analysis”, D. V. Hutton, 1%
edition, Mc Graw Hill, 2004.
3- “The Combined Finite-Discrete Element Method”, Antonio
Munjiza, 15t edition, John Wiley & Sons, 2004.

4- “Introduction to Finite Element Methods™, Carlos A. Felippa, 1%

edition, University of Colorado, 2001.






- P She ey
9- “Concepts and Applications of Finite Element Analysis”, R. D.
Cook, D. S. Malkus, M. E. Plesha, R. J. Witt, 4" Edition, John Wiley &
Sons, 2002.

10- “The Finite Element Method in Engineering”, Singiresu S. Rao,
At Edition, Elsevier, 2005.

11- “Introduction to the Finite Element Method”, Evgeny Barkanov,

Riga Technical University, 2001.



- QIS BB P
12- “COMSOL 5 for Engineers”, M. Tabatabaian, Mercury Learning
and Information, David Pallal, 2016.
13- “Multiphysics Modeling using COMSOL - A First Principles
Approach”, R. W. Pryor, Jones and Bartlett Publishers, 2011.
14- “The Finite Element Method and Applications in Engineering
Using ANSIS”, 2" edition, E. Madenci & |. Guven, Springer, 2015.

15- “Smoothed Particle Hydrodynamics — a meshfree particle

method”, G. R. Liu & M. B. Liu, World Scientific Publishing Co., 2003.






- P She ey
19- “Fluid Simulation using Smoothed Particle Hydrodynamics”,
Burak Ertekin, MSc Computer Animation and Visual E
ects, Bournemouth University, 2015.
20- “Application of the Smoothed Particle Hydrodynamics model
SPHysics to free-surface hydrodynamics”, Alejandro Jacobo Cabrera
Crespo, PhD Thesis, UNIVERSIDADE DE VIGO, 2008.

21- “Lagrangian Fluid Dynamics Using Smoothed Particle

Hydrodynamics”, Micky Kelager, University of Copenhagen, 2006.



a0 S P
/ -
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 Physicochemical Problems of Mineral Processing (PPMP)
 Engineering Computations

O Applied Mathematical Modelling

 Engineering with computers

 Granular Matter
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1 Computers & chemical engineering

U International journal for numerical methods in engineering
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HOME NEWTON | OVERVIEW | PRICING | DEMO TUTORIALS | CURRENT VERSION EXAMPLES | FAQ

Newton Overview

Newton is a general purpose Discrete Element
Method (DEM) simulation package used to quickiy

: @ Newton DEM Software
and accurately model three-dimensional behavio

of granular flow. A variety of conslitutive modelsmet

have been inciuded to model a wide range o §
material properties including wet, sticky, cohesivel !
material. Material degradation, surface wear, A
impact damage, energy dissipation, and othe
fundamental parameters can easily be analyzed

1]

AT TR A S Y R T AT BT S AN

Newton is extremely flexible and can handle a wide
variety of material properiies and geometries
including conveyor transfer chutes, apron feeders,
chain feeders, bucket elevators, and more. It is
developed and maintained by the engineering
group at AC-Tek

WOATTETER
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U.S. MINNEAPOLIS
Itasca Regions CONSULTING SOFTWARE LEARNING EVENTS ABOUT Q

PFC" versioN 7.0

General Purpose Distinct-Element
Modeling Framework Request Help

PFC7.0 Documentation

®© Order PFC

> PFC

Software Support

> Why Choose PFC?

> Distinct Element
Method in PFC

s PECSystem Documentation
Requirements . ¢ Software Forum
> New in PFC7.0 FAQs
o Coitact Mbdals Find Software Agent
* Rigid Blocks and Training
Clumps Applied Examples
* Particle Inlets 3
Tutorials
® Multi-Threaded FISH s .
Utility Files
> Features in PFC SRR
Description
User Interface in PFC ‘ . & 4 .
Shssitiiattats PFC (Particle Flow Code) is a general purpose, distinct-element modeling (DEM) framework that is PFCUPDATE
S Saanictbn e available as two- and three-dimensional programs (PFC2D and PFC3D, respectively). PFC Suite  PFC7.00 Update
* FISH Scripting in PFC includes both PFC2D and PFC3D. PFC2D can also be purchased separately. * Itasca Linux 7.00 Update

a DL e NN lindata
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Particle Flow Code In three dimensions
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OFTIONS NEW IN 4.0
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Partficle Flow Code in two dimensions

(G N (7 ™ (@

CVERVIEW OPTIONS NEW IN 4.0

ITASCA”™ PFC2D™
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Universal Distinct Element Code

CVERVIEW CPTICME MEW IN 5.0 SUMMARY
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Three Dimensional Distinct Element Code

F

h

OVERVIEW OPTICMS

i

v ITASCA™
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Why Ansys +  Products & Services +  Leam - /Ansys

Home > Products > Fluids > Ansys Rocky

Particle Dynamics Simulation
Software

Ansys Rocky is the industry-leading discrete element method (DEM) software used
for simulating the motion of granular and discontinuous material.

FREE TRIAL » CONTACT US »
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@ronoo

A free C++/Python discrete Element
workbench

Learn more

What is GranOO ?

GranOO is not a software, GranOO is a collection of C++ libraries and tools that help users for

building a specific DEM simulation. Python bindings have been recently released to improve
user experience.
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http://www.applieddem.com/software/what-is-dem.aspx

?Applied DEM SOFTWARE TRAINING CONSULTING COMPANY BUY NOW

BULK FLOW ANALYST™ WHAT IS DISCRETE ELEMENT MODELING?
WHAT IS DEM
TRY IT!

PRE-PROCESSING Introduction

o CAD OPTIONS to the
= AUTOCAD Discrete nt Method
« DXF
« SOLIDWORKS
« BFAMODELER

o MATERIAL
CHARACTERIZATION

= ADVANCED SHAPES

= MATERIAL
CHARACTERIZATION
SIMULATIONS

o MOTION
CHARACTERIZATION Discrete Element Method, (DEM), is a set of modeling techniques and equations specifically used to solve
problems in engineering and applied sciences that exhibit gross discontinuous mechanical behavior. DEM
EXECUTION explicitly models the motion and mechanical interactions of each object in the physical problem throughout a
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Aspherix® solver and GUI LIGGGHTS® CFDEM®coupling Forums Contact DCS Computing

';_ 3;, TN T T

ANNOUNCEMENTS

-
o . . 2 Aspherix® and CFDEM®coupling Training in
CFDEM ncs - y X - April / May 2023

Register for 4th Aspherix® and CFDEM®
Conference in Linz / Austria in April 2023

Aspherix® Basic - easy-to use, lightweight &
inexpensive DEM!|

Open PhD position at Johannes Kepler
University

More about Aspherix®, the successor of
LIGGGHTS®
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Aspherix® solver and GUI LIGGGHTS® ~ CFDEM@®coupling CFD Forums Contact

DCS Computing

LIGGGHTS® OPEN SOURCE DISCRETE ELEMENT METHOD PARTICLE
SIMULATION CODE

DEM stands for Discrete Element Method.
Wikipedia article on DEM

WHAT IS LIGGGHTS®?
LIGGGHTS® is an Open Source Discrete Element Method Particle Simulation Software. It can be used for the simulation of particulate
materials, and aims to for applications it to industrial problems LIGGGHTS® is currently used by a variety of research institutions and

companies world-wide.

LIGGGHTS®-PUBLIC features:

ANNOUNCEMENTS

Aspherix® and CFDEM®coupling Training in
April / May 2023

Register for 4th Aspherix® and CFDEM®
Conference in Linz / Austria in April 2023

Aspherix® Basic - easy-to use, lightweight &
inexpensive DEM!

173 different countries have visited this site. 236 flags collected. View all details »

@l China 15.0%

B United States 16.0%

Others 27.4%
Hong Kong 1.8%

9 Gerrmnany 11.8%

#® |apan 6.3%

e INcdia 4.7%

(& custralia 4.1%

e Austria 4.0%

2i3 United Kingdom 3.9%
[*)] Canada 2.5%

[ JFance 2.4%

=3 Brazil 2.3%

e Tran 1.9%

= Metherlands 2.0%
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Yade | Documentation » modules | index
Welcome to Yade - Open Source Discrete Element Method

_BF
:*. V The Yade project is a strong community based entirely on peaceful international cooperations. This diverse foundation has bound us to many

el

brilliant scientisits from Ukraine and Russia who are unjustly affected by the current hostilities perpetrated by Russia on Ukraine. We, the
Yade developers and users, hope for the immediate cessation of agression followed by the prompt restoration of peace in Ukraine. We stand
with the people of Ukraine, the citizens of Russia, and the thousands of Russian scientists who vehemently protest this war. As these
scientists point out, this unlawful invasion puts many innocent lives at risk in both Ukraine and Russia. Without a doubt, we will continue to

Quick search keep these Ukranians and Russians in our thoughts as we await a peaceful conclusion ahead.

Yade is an extensible open-source framework for discrete numerical models, focused on the Discrete Element Method. The computation parts are
written In c++ using a flexible object model and allowing independent implementation of new algorithms and interfaces. Python is used for rapid and
concise scene construction, simulation control, postprocessing and debugging.

Yade is located at yade-dem.org, which contains this documentation and wiki. Development is kindly hosted on launchpad and GitLab ; they are used for
source code, bug tracking and source downloads and more. Building, regression tests and packages distribution are hosted on servers of the Grenoble
Geomechanics group at Laboratoire 3SR, UMS Gricad and Gdansk University of Technology.

Yade supports high precision calculations (following this publication) and Python 3 (see backward compatibility for Python 2). The development branch is
on GitLab.

This documentation describes Yade version 2024-02-09 git-Oa8af55, see changelogs. You can also download a PDF version of this documentation.

Acknowledging Yade

Please make sure you read the "Acknowledging Yade" section if you plan to use Yade for publications.
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Figure 10. Validation of simulation results of the laboratory-scale SAG mill by comparison with experimental
results at the same operating conditions at different mill rotation speeds (rpm).
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Born George Gabriel Stokes
13 August 1819

Known for Stokes' theorem
Navier—Stokes equations
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Stokes shift

Stokes number
Stokes problem
Stokes relations
Stokes phenomenon
Stokes parameters




/ e

https://blog.faradars.org/navier-stokes-equations/

») JSb L @las g 6F5 Code L ) )15 Jluw jI olex)s 5k jd a5 0A ahw Coluws L Jw gladl SO o 3)ly (xbw (69,0

39;4)(_,40 831> Ul.uu

3)lg A Abw y dgac g0 a3 a5 Cauwl OF, Jgl Chramwd D90 JuSuiS Caamd dw I 0F w0 031> lin YU JSi > a5 jghilan

INVRT.V:TS )SJ.SSJ »9 .xj)lo )|)§ 0A Gb.w L LS)|9‘° Oyg0 a5 Abwd 9y Ogl )'l (_,.3|}._>| oF, 9 oF (A Pow § PgD Caaund .)94.0(_,.0



https://blog.faradars.org/navier-stokes-equations/

\\

35 duwl=e yoj ddal) 1 eslaiiwl Ly dedo 0 3)lg Ao (pl a5 (Mormal Stress) “gdgac din ylei e pulul

i oF,
1, = =
i d4A—0 0A
Jalgi spdaw p 0Fy g 0F) (glmgyu Jlac] dzuis j5 a5 (Shear Stresses) «dp o iid» legige Yo dly wliwe (juicuad

35 ol ) ey ) Wigdi e

" oF),
.= hm —
i aAd— 5;‘-'!.
_ OF,

T = hm —
T sa—0 OA

JE EH'HL-"-] Culeid salatiwl LJ.L.U-JJ grLe 9 L]L-n;,; (R LJ.A.L]-I.M I:EI.H L_.-!._J._.I-J_:I Q4 TgO0 l._.ulJLu: :.39.&'}{_3.& a3 Liss WL J:'J__JIEJ )3 d.f;gbjl.nm

il glmeyd jl salaiwl b phwaw j= cpl (o |y Adow d=lg pogp0 ledoe dil jasibe @huwsw j= So Gy g Caolue 45 (e
M)&@JQHJLMMM!JUMMJJJLMGIEJ)SLPRMGJ}QEWEL:MJJ




ms"’i‘uw‘ Se 2 &S @200 Sgy5 (o) 4 Aslo )°D

S JS..» O g9 -L9-,"5) d.’l.bo ‘QL"J‘ 6Lmo)‘5,{o > OMQ)‘s Lgl.au».u o> 4 Lms).u U"‘

2




R

OVl )3 5> Ghihans dsles GIS ©)8 g 095 KB )d gy 5 pp2 ahl) ()1l b calgs )

050 ) ) S5

o, My 07, du du du du
(1 B eyl Sl i 1 | oot ST | Tl 2 e S
ox dy 0z ot ox dy az

pg, + -+ + = gl T YT W

Ity dOy, 0T, (a'v v av)
0x ady 0z ot ox dy az

PR + oo —p ) e YW
" ox dy dz ot ox dy Jz

-

©

I7,. d Tyz do .. ((')w ow ow ()w)




S gl 9ol OV olke
/ \\//
oS gl p2gb OYolro 9 z 3 (L >
aes opl ol o LS Ced o a5 S o Leddlias gladole 380 ) LU
Al SYolae 095 olawd 5l i SYolee (pl )0 09z ge SV gpmme olowd a5 g, 0

B9 &hgs Ol g ojly g Jlow S G by b ggoge cnl 05

CE g 9 e (s adil
S g G o b Sse 4 lg e ) S oS 15 B d g g OVl ol U
ui:‘—il-Q.; )-i). ‘.)S-&i‘ d-f Q%).S)Lf Q:)l.«a:-?‘b@ )Q CA.C).MJ LSLQ ’é", o o 9 LSQW R Q—:—" 4.]0_3‘) .w)s_;

Dol oo 0l



sl pj Oyg0 W (5235,5 Olaize )3 Cucyw oG g wp s o dal) uices

ou ov

= e = MGy e
(r’)’v N (')w)

. == — e
¥ y M 0z ay

(8w (')u)
2 Xz -3
ax az

=
|

3
I
~
I




/ e

&

O

4,
Jc

X 1
i §(O-.u-+ O, t 0::)

DS (a0l Oyeo 1) Hlid a5 Cund L plplo saibus luss b)g)o Z g Y X gliwly aw )d (g3g9ac s 23 OVbw (gl
ol By &5 Jbwe plyp )L.)SJ L Lwly dw jd (g3gac LS 23 jae OVl glp a6 lo YU JSb 4 walisze (gliwl) dw > (g3gac

A o SVl Suoliwl ks




oS giwl- )39l Ydlee

3950 0315 (lid 5 S5 4 Z g ¥ X (gliwly dw jd aS)S A OYdlee ol (2l )8 eSS0 LS)IK_{L? (a8 Caoand

(8u " du - du " au> ap - " (62u " o’u 4 8214)
e e e A | e [
R e T .

ax Z 9y 97
(av N v - v B, a'u) ap L N (821) g 0%V N a%)
e = = W :
¢ ot dx dy 0z dy 2 a8

aw aw ow ow ap
pYl=—h. =P W =<
ot Jx ay dz Jdz

4 (a3w 9w azw)
P8 T K

- -
A

Ao lis 5 JSb @lae by Z g Y X (gliwl) )d Cacypw aubys o W g Ve U Jlg)y (ol )




S gl 9ol OYolke
/ K\\//
Comw O od)‘g 6&9)& 9 o o O &_JLW aS wloalds Ms.a LS“L’; L Yl.a Yo leo D
Ll €S giwl o> SYoles lgie o OYolre (ol cacll 04290 dolee ol
Mg g0
sl S5 5l delS Chogi cigh S ) aolre b dloleo aws pl a5 S50 o H
yo o 8 L LS o ailes ey o515 BB e g e Jlw SO 0L lase il
Well-) «ass ji55» B sl alins ol 4 cnlpls sanlo P Lad 9 Z 5y X slewl, o
plpy 0SS L DYt g OYolao olawd mog g Jluw jo 09d o axas (posed
J= slilo b b vl e w ‘Q-‘ 30 b e slap S jpas 4 axgi b SYoleo oyl d
ple )0 S92 g0 (goae la by, Sl gl o sl 9w @80 (230,
Glai g wloals anslie 2,50 Lgud:%uj ol b s oYl o OYoleo (ol als H
2,5 Ol ST JB e (55 sla L


https://blog.faradars.org/continuity-and-conservation-of-mass/
https://blog.faradars.org/computational-fluid-dynamics/
https://blog.faradars.org/finite-difference-method/
https://blog.faradars.org/finite-volume-method/

(CFD)  Jlwlome ¥l by 3

\\

<, (Direct Numerical Simulation ) (DNS) puiiime s g5lwanis U

—

A S gl SYolre o] jo a5 canl Slasbre DYl Slino o gileans g,

Ngd oo J> atill by gilw]ao digSaad (19 9 GO0 )0

S igelS 0azg pac Lo A g, ol sl eolaill b gileas oMo olas ans U d

Jdo e 4y 0l udiiie alal ey due ® guw oled L gsloas ol plxil a5 EI

b jalon) slesae jo 5 cuwl Vb jlws (ol julgn, glasse o s> Gy, ol anie

.W ).i&.inS.O‘




(CFD) Slwlbre OY b <Colo s
| s ——
Me Eddy Simulation) (LES) S,y sbals,s gjlwans U

2 Sey s wlde ¥l 5 wisd o Jo didwd (555 G9lo &5 SHp b whie

Dei oo il oo Sy sl wlido

G99y & Siltd 5 e o038 (giludnd by e Gy, onl anje Sl iU
Syl 18 S gl - gl Sl s,y (6,8 1 Sleo
nl Ngd oo Jo oo yabay (3l > Sy g pwldie by, ol o &S bl U

— 9l OYolao jalein, (6,5 ke (hg, 4 (g3l ho, I P390 slews g,

25mm 35mm 45mm




(CFD) Slwlbre OY b <Colo s




(CFD) Jlwlbro OYlw <Swls s

A simulation of the Hyper-X scramjet vehicle in operation at Mach-7

https://www.ansys.com/products/fluids

A computer simulation of high velocity air flow around the Space Shuttle during re-entry.
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ANSYS Fluent:
J ANSYS Fluent software i1s the most-powerful computational fluid

dynamics (CFD) tool available, empowering you to go further and

faster as you optimize your product's performance.

d Fluent includes well-validated physical modeling capabilities to
deliver fast, accurate results across the widest range of CFD and
multiphysics applications.
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Non-equilibrium Thermal Model
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Coupled Discrete Phase Modeling
including Thin Wall Films
Macroscopic Particle Model
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D ptc

N
PRODUCTS & SOLUTIONS EDUCATION & SUPPORT TRY & BUY —- English »

Pro/Engineer is Now Creo

Pro/ENGINEER is now PTC Creo, but it's not just a name change it's so much
more! Creo is a suite of solutions offering integrated 3D CAD/CAM/CAE

software.

TRY TODAY



https://www.ptc.com/en/products/cad/pro-engineer

(CFD)  Jlwlome ¥l by 3
e

D7S SOLIDWORKS Products & Solutions v Choosing SOLIDWORKS v Community v Support v How to Buy v

Licensing Issues? How to use SOLIDWORKS from home during COVID-19

SOLIDWORKS 2020 | Empowering Design
Innovation

SOLIDWORKS 2020 adds new capabilities and enhancements to the SOLIDWORKS®
portfolio of solutions to help you maximize the productivity of your design and
manufacturing resources, while empowering you to deliver innovative products faster.



https://www.solidworks.com/
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/\ AUTODESK O/ |SEARCH O| SIGNIN @ UNITEDSTATES == MENU

Inventor © CONTACT SALES “ || &. DOWNLOAD FREE TRIAL “
ﬂ S :

INVENTOR .‘ ‘HT‘W;*

’ - y ﬁ‘,v‘ i 111

See what's new in Inventor i
Watch the video, download a trial, or talk to an expert. » L f
CONTACT US > ‘ © PLAY VIDEO (1:32 MIN.) m"
AN i
L

GET FREE TRIAL 2>

FEEDBACK

I i L5 i % SEN O\ |

TALK TO A SALES REP: 1-844-691-9198 > , L i !
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Autodesk
Mechanical Desktop: 2009

Autodesk



ps:// www.plm.autonm@crba’rfem‘pﬂm

SIEM ENS = Search for... o,

Siemens Digital Industries Software » Products » NX

NX Cloud Connected Products offer the next generation of flexibility for product design

NX <

Siemens NX software is a flexible and powerful integrated solution that
helps you deliver better products faster and more efficiently. NX delivers
the next generation of design, simulation, and manufacturing solutions
that enable companies to realize the value of the digital twin.

Supporting every aspect of product development, from concept design
through engineering and manufacturing, NX gives you an integrated
toolset that coordinates disciplines, preserves data integrity and design
intent, and streamlines the entire process

Start Free Trial >



https://www.plm.automation.siemens.com/global/en/products/nx/
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OpenVFOAM The open source CFD toolbox e\/]

Home . Products ) Senvices Download ’ Code Documentation Community ‘ News |

About us Contact Jobs Legal FOLLOW US ON bwitter

MainNews
OpenFOAM v1712 Released Gth OpenVFOAM e £ Oy RN

Download OpenFOAM October 23-25 2018: Registration

is now open. Venue: Radisson Blu

Conference 2018 Hamous A ol Germeny
OpenFOAM Training

ESI OpenCFD releases
OpenFOAM Support

Germany OpenFOAM-v1712
23-25 October e‘n ESI-OpenCFD is pleased to

announce the release of

OpenFOAM v1712 of the
OpenFOAM Development OpenFOAM open source CFD
S y g toolbox
Engineering Services Dec 215t 2017
‘ & ESI OpenCFD releases
More information OpenFOAM-v1706

ESI-OpenCFD is pleased to
announce the release of

OpenFOAM History

OpenFOAM v1708 of the
Official Documentation OpenFOAM open source CFD
toolbox
OpenFOAM Community Jun 30th 2017
Tutorial Wiki Main News Archive...

Report a Bug
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O About OpenFOAM
0 OpenFOAM is the free, open source CFD software released and developed

primarily by OpenCFD Ltd since 2004. It has a large user base across most
areas of engineering and science, from both commercial and academic
organizations.

d OpenFOAM has an extensive range of features to solve anything from complex
fluid flows involving chemical reactions, turbulence and heat transfer, to
acoustics, solid mechanics and electromagnetics.

d OpenFOAM is professionally released every six months to include customer

sponsored developments and contributions from the community. It is
independently tested by ESI-OpenCFD's Application Specialists, Development
Partners and selected customers, and supported by ESI's worldwide

infrastructure, values and commitment.
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d About OpenFOAM

O Quality assurance is based on rigorous testing. The process of

code evaluation, verification and validation includes several

hundred daily unit tests, a medium-sized test battery run on a

weekly basis, and large industry-based test battery run prior to
new version releases. Tests are designed to assess regression
behavior, memory usage, code performance and scalability.

d OpenFOAM releases are scheduled every six months in June and

December.
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HOME / PRODUCTS ; FLUIDS / ANSYSCFX

ANSYS CFX:

ANSYS CFX is a high-performance computational fluid dynamics (CFD) software tool
that delivers reliable and accurate solutions quickly and robustly across a wide range of
CFD and multi-physics applications. CFX is recognized for its outstanding accuracy,
robustness and speed with rotating machinery such as pumps, fans, compressors, and
gas and hydraulic turbines.
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SIMULATION OF
EXISTING MIXER

Existing Design Proposed Design

Mixing was improved with a reduction in power consumption.
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Velocity vectors for initial (left) and final design showing improved mixing performance. In the improved design, the
curved cone and the impeller rotate as a single body, achieving better mixing. The proposed impeller generates stronger
downflow than the existing design.
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FLOW X\ Science’

Products FlowSight Industries Sales Support Resources Academic Program Workshops

- FLOW-3D The Next Generation of

Ci s I Casting Simulation Software

ALL NEW
vo RELEASED

Learn More
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O Optimize product designs and reduce time to market with FLOW-3D, a highly-accurate
CFD software that specializes in solving transient, free-surface problems. FLOW-3D's
complete multiphysics suite includes our state-of-the-art postprocessor, FlowSight.

O FLOW-3D provides a complete and versatile CFD simulation platform for engineers
investigating the dynamic behavior of liquids and gas in a wide range of industrial
applications and physical processes. FLOW-3D focuses on free surface and multi-phase
applications, serving a broad range of industries including microfluidics, bio-medical
devices, water civil infrastructure, aerospace, consumer products, additive
manufacturing, inkjet printing, laser welding, automotive, offshore, energy and
automotive.

O A uniquely powerful, multiphysics tool, FLOW-3D provides the functionality, ease-of-
use and power that helps engineers advance their modeling objectives. Built for the
highest level of performance, FLOW-3D seamlessly scales from standard workstation
solutions to hundreds of CPU core solutions on high performance computing cluster
solutions.

O High Performance Computing: In-House and on the Cloud

O Need the highest performance? Faced with massive simulations? Overcoming runtime
challenges? FLOW-3D seamlessly transitions from desktop workstation solutions to
high performance on-demand cloud computing and cluster solutions to cater to the
industry’s most demanding simulations.
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One-way coupling e/

(e.q., particle rotate by vortex) e
i
107 Ef~;i}f

Two-way coupling | |
|

Above plus particle motion affects ||
continuous-fluid motion | |
(e.qg., particle wake increases dissipation) ||

1072 _|_

’.I.'
Three-way coupling ', /
= |
Above plus particle disturbance of the fluid |
locally affects another particle’s motion \
(e.q., drafting of a trailing particle) | |.k
| |\
Four-way coupling | |. .
Above plus particle collision affects | '..
motion of both particles ..
(e.g., particle reflection) .-“' .
10° - A ”' |

Y

Solid volume

fraction

L]
Continuous-fluid affects particle motion /; J{;f ff

CFD s DEM _J;¢5

11 Various coupling strategies
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the Dirac delta function (8 function)

Paul Dirac /dr reek/
OM FRS

Paul Adrien Maurice Dirac

12 rr|1l||r|11|lrr|1||lr|11||rr]1|||r|11

1.0 j— A

0.6 =

_':I_-)_IILlIIIIIIJIIIII.IIIIIII]IIIII.JIIIII.IJII_

-2 -1 0 1 2

Schematic representation of the Dirac delta function by =2
a line surmounted by an arrow. The height of the arrow is
usually meant to specify the value of any multiplicative
constant, which will give the area under the function. The
other convention is to write the area next to the
arrowhead.


https://en.wikipedia.org/wiki/Help:IPA/English
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Smoothed Particle Hydrodynamics
Quick review

Note: SPH particles are not actual particles!
e They are really fluid samples of constant mass
Particles are placed inside a container to represent a fluid

Every particle is then assigned a set of initial properties

After every time step (a few milliseconds), update the

properties of all particles

Use interpolation methods to solve the Navier-Stokes
equation to find force contributions, then integrate to

find new velocity and position



SPH
Particle Properties

Support Radius (constant)

»> Minimum interaction distance between particles
Mass (constant; ensures Conservation of Mass explicitly)
Position (varying)
Surface normal (varying)
Velocity (varying)
Acceleration (varying)
Sum of external forces (varying)
Density (varying due to constant mass and varying volume)
Pressure (varying)

Viscosity (constant)



Smoothed Particle Hydrodynamics
Solver pseudocode

while animating do
for all 2 do
find neighborhoods N; ()
for all 2 do
compute density p;(7)
compute pressure p;(t)
for all 2 do
compute forces FP" 9% (¢)
for all 2 do
compute new velocity v;(t + 1
compute new position x;(t + 1

_— 0 D 00~ ™ n B L D e

_—— —_




Smoothed Particle Hydrodynamics (SPH)

Some particle properties
are determined by
taking an average over
neighboring particles

The fluid is
represented by a
particle system

Fluid dynamics

o ° 1. Only neighbors contribute to the average

. 2. Close particles should contribute more than
* distant particles

' | S

In the average: Use a weight function
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Before we consider the detalls...

How do we describe our particle system?
Each particle is specified by a state list:

mass, velocity, position, force,
density, pressure, color

Particle | wmmp (mi’ Vi, Ii Fp Pir P, C|)
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The Goal

The acceleration of a particle Is

dvi _ a pressure

E_i

+a

viscosity
i

+a

Interactive
i

+a

gravity
i

Let us now learn how to set up the particle list...
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Particle mass

In our simulation we choose to have the same mass for
all particles, m, =m

The mass m is calculated by

o (Density of fluid )-(Total volume)
Total number of particles

Note! Do not change the mass during the simulation



Let us now go back to the weighted averages...

How do we determine the density of a particle?

pizzmjw(rij) .

IS

Weight function or o o
Kernel function

;;;;;;;;;

*The density calculation is done every
time step

*The neighbor list must be updated
every time step




Surface tracking

It IS not trivial to know where the surface should be...

> We can find the surface by monitoring the density

> If the density at a particle deviates too much compared
to expected density we tag it as a surface particle
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Pressure

We get the pressure from the relation:

P = Csz(pi _Po)

where c. Is the speed of sound and p,
IS the fluid reference density



Let us take a look on the particle property
list again

m

Vi, 0L FELpll Rl G)

> The next property we focus on is the force

> Velocities and positions are calculated from the forces in a
way similar to an ordinary particle system

> But before we go into that we need to learn more about
taking averages...



In SPH we formally define averages in the following

way:

(A(r)) = j A(r W (r —r')dr’

In practice we use a discrete version of this:

A) — AW(r
(A, =3 LA
(VA) = > ‘AVW()
i Pj
(V2A) = 2 LAV,

V = (Del Operator)

=

Example

(p); = 22

Meshless method!!




Velocities and Forces

dv = - V-o'—kiFeXt

Motion equation in elasticity:
dt  p P

We also had: o=C¢
Now we instead use: o =—pl+ ué

All this together produces the following fluid
equation called Navier-Stokes equation

d—V:—EVerﬁV-VVJri F..+0

a  p P p
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» Our task 1Is now to convert each term on the RHS
(Right Hand Side) in Navier-Stokes to SPH-averages

> First term (pressure) becomes:

<——Vp> Z VW (I,

where P, __mj( pi P ]
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> The second term (viscosity):

<—ﬁV -Vv> ~ > V,VW(r,)
P i j

m (v, V.
where V, =-u J[V'Jr 12]
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Summary
The acceleration of a particle can now be written:
62}3' _ z.pre&s'ure n a.viscosz'ty .im‘eracﬁw n a.gravit‘y
A

pr essure ~ Z VW(

vrscoszfy ~ Z V W(

interactie 1 interactiwe
~ F

~

P
afghavffy ~ (0,0,—g)

]
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B / .
For each time step:

>

>

k

———

Find neighbors to each particle and store in a list
Calculate density for each particle
Calculate pressure for each particle

Calculate all type of accelerations for each particle,

and sum it up

Find new velocities and positions by using the same

Integration method as before...




(SPH) slgon O3 <Kl dg 0

The color property?

What is the use of this property?

« We can use it to detect the position of the surface of
our fluid

e We can also use it to find the normal vectors at the
surface (Important for rendering!)

« The normal vectors allow us to implement surface
tension

o By adding several color fields we can for example
Implement a simple model of flame propagation
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The color field

> The color parameter is a quantity that is zero everywhere
except at the particle where it has a finite value

» Similar to how we calculated density we now calculate
the average color at particle | as

C) =TI

> Deviations of the color field show us where the surface is,

and this case we choose to study the derivative of color
field
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> The gradient of a color field is

(VC), =X =e v ()
i P

> When the magnitude of the gradient is
larger than a certain value, we tag the
particle as a surface particle
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Surface tension

he force that tends to make surfaces
smooth (like a drop of liquid) can be
modeled in the following way'

a_tension _ <V2C>

oy

_ 2 J 2
where n;=(vC) and (vC) ~» —C,VW(r))
i P
Note: If the magnitude of n; is small we can get numerical problem in the

division above. To avoid thls we only calculate N, /\n ‘ If the magnitude of
n, exceeds a certain threshold.
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« Algodoo is a 2D simulation framework for education using SPHE

pysphe! Open Source Framework for Smoothed Particle Hydrodynamics in Python (New BSD License)

« DualSPHysicsE is an open source SPH code based on SPHysics and using GPU computing

» Fluidixe is a GPU-based particle simulation APl available from OneZero Software

« FLUIDS v.1& is a simple, open source (ZIib), real-time 3D SPH implementation in C++ for liquids for CPU and GPU.
« GADGET [1]& is a freely available (GPL) code for cosmological N-body/SPH simulations

« GPUSPHE SPH simulator with viscosity (GPLV3)

« SIMPARTIXE is a commercial simulation package for SPH and DEM simulations from Fraunhofer WM

« SPLASH® is an open source (GPL) visualisation tool for SPH simulations

s SPH-flowg

» SPHysicsE is an open source SPH implementation in Fortran

« SYMPLERE: A freeware SYMbolic ParticLE simulatoR from the University of Freiburg.

« Physics Abstraction Layere is an open source abstraction system that supports real time physics engines with SPH support
« Pasimodod? is a program package for particle-based simulation methods, e.g. SPH

« Puntod? is a freely available visualisation tool for particle simulations

AQUAgpUsphe is the free (GPLV3) SPH of the researchers, by the researchers, for the researchers




https://github.com/pypr/pysph SPH w0 ) 99 =43 &0 élh)'f'ﬁf
\\\/

PySPH Particle Viewer
Live mode: | Ep I B @ @ EEZ®@ 2 ok C] H &

Saved Data Connection

Directory: |
Current file: | elliptical_drop 40.npz

File count: 0 = ———— 11 |2

Play: [ Loop: [ | Refresh |

Solver

Current time: | 0.00103366403433
Time step: | 5.48989983076e-05

Iteration: | 40
Pause solver: | |

Interval: 0.5 & ———= 20.0 2.0

Particle arrays | Interpolator '

Visible:
Show hidden arrays:

Scalar:

Show legend:
Show time:

Frrrrr- B Time = |.034e-03
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UniversidagVigo MANCHESTER

1824

The University of Manchester

DualSPHysics is based on the Smoothed Particle Hydrodynamics model named
SPHysics (www.sphysics.org).

O The code is developed to study free-surface flow phenomena where Eulerian
methods can be difficult to apply, such as waves or impact of dam-breaks on

off-shore structures. DualSPHysics is a set of C++, CUDA and Java codes

designed to deal with real-life engineering problems.
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Log in f create account

L] Gol seorcr ]

d (_h _h}VaWaEJ
& Choices ] b Pa  Pb

PV, ) + o, Z o} Z[pa + .o &® (ng' e (xy., t))] VIV, = oS,

SPHYSICS Home Page

(Redirectad from Main Page)

SPHysics - SPH Free-surface Flow Solver
Open-Source Smoothed Particle Hydrodynamics code
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O SPHysics is a platform of Smoothed Particle Hydrodynamics (SPH)
codes inspired by the formulation of Monaghan (1992) developed
jointly by researchers at the Johns Hopkins University (U.S.A.), the

University of Vigo (Spain), the University of Manchester (U.K.) and the
University of Rome La Sapienza (Italy).

 Developed over a number of years primarily to study free-surface flow

phenomena where Eulerian methods can be difficult to apply, such

as waves, impact of dam-breaks on off-shore structures.

(d We are excited to announce that there are 3 codes available: Code
Features, while future versions can be found under (Future

Developments & Releases).
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What is Fluidix?
> Fluidix is a flexible CUDA-based parallel particle simulation library which can be used to

create practically ANY particle-based model in high performance using the GPU.
> A development environment combines ease of compiling, running, and learning to allow you
to build both large and small-scale simulations quickly, with only a working knowledge of C

programming required.
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Qm A Fast, Open Source, Fluid Simulator (2009)

d Fluids wvi2 is a simple, easy-to-understand, efficient

implementation of Smoothed Particle Hydrodynamics on the
CPU. Fluids simulates breaking waves, vorticies, turbulence, and
flows. Designed to allow developers to easily explore and

understand SPH methods.
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©64 GPUSPH  v41 released 84 J @ o3 lecnam Wiy
About _B/L&T/Sll_

0 1.5
Features

Downloads

Documentation

Gallery

References
The Smoothed Particle Hydrodynamics (SPH) method is a Lagrangian method for fluid flow
Contact simulation. In SPH the continuous medium is discretised into a set of particles that interact with
each other and move at the fluid's velocity.

O GPUSPH was the first implementation of Weakly-Compressible Smoothed Particle
Hydrodynamics (WCSPH) to run entirely on GPU with CUDA.

O The initial version was developed by Alexis Hérault (INGV, CNAM), Giuseppe Bilotta
(DMI, INGV) and Robert A. Dalrymple (JHU).
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Aquaplaning simulation
with SPH
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NEXTFLOW Software

. Pushing the limits of fluid flow simulation

We provide Computer Aided Engineering (CAE) solutions and services to help
companies design, develop, validate and operate better products faster.

We are breaking the barriers of traditional Computational Fluid Dynamics (CFD): for the past 9 years our
research engineers have been partnering with Centrale MNantes Engineering School Fluid Dynamics
Laboratory to develop new algorithms to solve advanced physics while ensuring ease of use and easy
access to simulation for any user profile. As a result our solutions can be used from concept phase shape
optimization to final design validation and operation simulation independently from the complexity of the

physics to be simulated.

On top of state-of-the-art fluid flow simulation tools using finite volume or finite element approach we are
able to address highly non linear behavior of fluids with advanced methods like Smooth Particles
Hydrodynamics (SPH). SPH pushes the limits of CFD by providing fast and accurate results on very
complex and highly dynamics flows like in tire aquaplaning or gear box oiling, spraying, or in any
environment with free surface, liquid film, droplets, particles, bubbles that interact with static or moving

solids.
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Download .zip l_b Download .tar.gz View on GitHub

Data privacy statement (Datenschutzerklarung)

*

FREIBURG INSTITUTE FOR ADVANCED STUDIES
ALBERT-LUDWIGS-UNIVERSITAT FREIBURG
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O Why a SYMbolic ParticLE simulatoR (SYMPLER)?

( Because you are in need for a unified flexible and modular
simulation tool allowing for the investigation of structural,
thermodynamic, and dynamical properties of fluids and solids
from microscopic over mesoscopic up to macroscopic time and
length scales with suitable particle based simulation methods
such as molecular dynamics, dissipative particle dynamics or
smoothed particle hydrodynamics. The user should be enabled to

define her/his own physical models without the need for recoding

or code extensions.
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Physics
Abstraction
Layer"

The Physics Abstraction Layer (PAL) provides a unified interface to a number of different physics
engines. This enables the use of multiple physics engines within one application. It is not just a simple
physics wrapper, but provides an extensible plug-in architecture for the physics system, as well as
extended functionality for common simulation components.

PAL provides a number of benefits t!game and simulation developers. First of all PAL is very easy to
use, so you can easily integrate physics into your application. Secondly, it does not restrict you to one
particular physics engine. This gives you more flexibility, allowing you to easily upgrade your physics
system if you decide to pursue a commercial engine, select different engines for alternative platforms,
or swap to another engine if the physics engine developers stop development and support for their
engine. This flexibility allows you to choose the engine that gives you the best performance for your
application. Finally, PAL has an extensive set of common features such as simulating different devices
or loading physics configurations from XML, COLLADA and Scythe files.
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Dr .Antonio A.Munjiza

= Google Scholar

Antonio Munjiza

Professor of Computational Mechanics, University of London
Verified email at gmul.ac_uk

Computational solids Computational fluids — Artificial Intelligence  Robotics  Biomechanics
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Boris Grigoryevich Galerkin

Galerkin was born on
March 4 1871
in Polotsk, Vitebsk

Governorate, Russian

Empire, now part
of Belarus.

Boris Galerkin o


https://en.wikipedia.org/wiki/Polotsk
https://en.wikipedia.org/wiki/Vitebsk_Governorate
https://en.wikipedia.org/wiki/Russian_Empire
https://en.wikipedia.org/wiki/Belarus
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Walther Heinrich Wilhelm Ritz

(22 February 1878 — 7 July 1909) was a
Swiss theoretical physicist. Walther Ritz

39y vy U

Alma mater University of Gottingen

Known for Ritz method
Ritz ballistic theory
Ritz-Galerkin method
Rydberg—Ritz combination
principle
Rayleigh—Ritz method

Awards Leconte Prize (1909)

Born 22 February 1878
Scientific career Sion, Switzerland
Fields Physics Died 7 July 1909 (aged 31)

Géttingen
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% Static analysis
= Deflection o= % Heat transfer analysis
= Stresses = Temperature
= Strains = Heat fluxes
= Forces = Thermal gradients
= Energies = Heat flow from Convection faces
L yob
% Dynamic analysis _ _
= Frequencies “* Fluid analysis
= Deflection (mode shape) " Pressures
= Stresses = (Gas temperatures
= Strains = Convection coefficients
= Forces = \elocities

= Energies
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X utomotive industry

Static analyses
Modal analyses
Transient dynamics
Heat transfer
Mechanisms
Fracture mechanics
Metal forming
Crashworthiness

395 Hleedd yo 3l cladlore 10 9,095 (6 pdud o b8

/

«* Architectural

Soil mechanics
Rock mechanics
Hydraulics
Fracture mechanics

LPRE 45‘}".‘ o9 oﬁ)b‘ D

Aerospace industry

Static analyses
Modal analyses
Aerodynamics
Transient dynamics
Heat transfer
Fracture mechanics
Creep and plasticity analyses
Composite materials
Aeroelasticity

Metal forming
Crashworthiness

creep: >
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W COMSOL

Y0 COMSOL REQUEST A LIVE DEMO CONTACT NORTH AMERICA 9 LOG IN Q

PRODUCTS VIDEO GALLERY WEBINARS BLOG SUPPORT

Now available: COMSOL Multiphysics® and
COMSOL Server""I Version 5.3a

Vlew the 5 3a Release nghllghts :

BLOG: How to Solve a Classic CFD Benchmark: The
Lid-Driven Cavity Problem
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What's New in Abaqus 2018

Product simulation is often performed today by engineering groups using niche
simulation tools from different vendors to simulate various design attributes. The use of
multiple vendor software products creates inefficiencies and increases costs. SIMULIA
delivers a scalable suite of unified analysis products that allow all users, regardless of
their simulation expertise or domain focus, to collaborate and seamlessly share
simulation data and approved methods without loss of information fidelity.

The Abaqus Unified FEA product suite offers powerful and complete solutions for both
routine and sophisticated engineering problems covering a vast spectrum of industrial
applications. For example, in the automotive industry engineering work groups can
consider full vehicle loads, dynamic vibration, multibody systems, impact/crash,
nonlinear static, thermal coupling, and acoustic-structural coupling using a common
model data structure and integrated solver technology. Best-in-class companies are
taking advantage of Abaqus Unified FEA to consolidate their processes and tools,
reduce costs and inefficiencies, and gain a competitive advantage.
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LS Dyna

LS-DYNA is a general-purpose finite element program capable of simulating complex

real world problems. It is used by the automobile, aerospace, construction, military,

manufacturing, and bioengineering industries. LS-DYNA is optimized for shared and

distributed memory Unix, Linux, and Windows based, platforms, and it is fully QA'd by
LSTC. The code's origins lie in highly nonlinear, transient dynamic finite element

analysis using explicit time integration.
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) ® www.mscsoftware.com/product/msc-nastran B - 9 %

MSC A Software Americas v

SOLUTIONS v PRODUCTS SERVICES & TRAINING v PARTNERS v ACADEMIA v RESOURCES v ABOUT US v SUPPORT v

N\ MSC Nastran

(1 NASTRAN is a finite element analysis (FEA) program that was
originally developed for NASA in the late 1960s under United

States government funding for the aerospace industry.
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% MSC Nastran

 The eventual formal name approved by NASA for the program,
NASTRAN, is an acronym formed from NASA STRucture

ANalysis. The NASTRAN system was released to NASA in 1968.
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ttps://caeai.com/ansys-software-support/ansys-software/mechanical-simulation-software

I\NSYS Careers Academic Customer Portal Resource Library % v G+ Follow 5.8k

Structural analysis for every application
and experience level

WATCH VIDEO

CONTACT

The goal of this book is to provide students with a theoretical and
practical knowledge of the finite element method and the skills

required to analyze engineering problems with ANSYS®, a
commercially available FEA program.
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Careers  Academic  Customer Portal Resource Library =~ p=p== » G+ Follow 5.8k

Structural analysis for every application
and experience level

WATCH VIDEO

ANSYS structural analysis software enables you to solve complex structural
engineering problems and make better, faster design decisions. With the finite
element analysis (FEA) tools available in the suite, you can customize and
automate solutions for your structural mechanics problems and parameterize
them to analyze multiple design scenarios. You can connect easily to other physics
analysis tools for even greater fidelity. ANSYS structural analysis software is used
throughout the industry to enable engineers to optimize their product designs
and reduce the costs of physical testing.
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Careers Academic Customer Portal Resource Library

Maxwell

Products Solutions Services Support About ANSYS | search B

HOME / PRODUCTS / ELECTROMAGNETICS / ANSYS MAXWELL

pes ANSYS Maxwell ARTICLES
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https://www.plaxis.com/

PLAXIS INDUSTRIES SOFTWARE SERVICES COMPANY SUPPORT CONTACT w ﬂ Q
Modelling complex geo-
engineering projects made

easy =

Enhance your workflow with PLAXIS

{ LEARN MORE v ] TRY DEMO =
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J PLAXIS is the leading geotechnical finite element software

developed specifically for deformation analysis of soils and rock.

Renowned for ease of use and accuracy, it will help you optimize

your designs more effectively than applying traditional

conservative calculation methods.
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DIANA FEA

https://dianafea.com/

: = D IANA F EA NEWSLETTER SIGNUP LOGIN / CREATE ACCOUNT Q

PRODUCTS - SERVICES - SALES SUPPORT - LICENSING - ABOUT - EN

Fa
hy

Original author(s) THNO

Developer(s) DIANA FEA BV N
Initial release 1972, 46 years ago
Stable release 101

Development status Actively developed

Operating system  Microsoft Windows

Linux
Platform Windows/x86-64
Linux x86-64
Type Computer-aided

engineering, Finite
Element Analysis

License Proprietary commercial
software

Website dianafea.come?
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O DIANA (acronym DIsplacement ANAlyser) is a Finite Element Analysis (FEA) solver
developed and distributed by DIANA FEA BV (previously TNO DIANA BV) and several
other resellers worldwide. The software is utilised at both ends of the market, by small
consultancies and global engineering consultants, research institutions and is utilised
by many highly respected educational institutions worldwide in both civil and
geotechnical engineering courses. DIANA is equipped with very powerful solvers which
enables the analysis of a wide range of structures, large and small - with basic or
advanced analyses. A large selection of material models, element libraries and analysis
procedures are available within the package which gives DIANA a large degree of
flexibility.

0 The main fields of use of DIANA include design and analysis of dams & dikes; tunnels &
underground structures; oil & gas[1] & historical constructions and large reinforced
concrete structures.[2] Some of the specialised analyses available in DIANA for these

fields of use include seismic analysis;[3] fire analysis and young hardening concrete.|4]
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ASKA (Abklrzung fur: Automatic System for Kinematic Analysis)

0 The program system ASKA (abbreviation for: Automatic System for Kinematic Analysis)
was one of the first universally applicable computer programs for calculations according
to the finite element method.

O The development of ASKA began at the beginning of the 1960s at the Institute for Statics
and Dynamics of Aerospace Constructions (ISD) at the University of Stuttgart under the
direction of John Argyris.

O The first version, ASKA 105, was developed in assembly language Sleuth on a UNIVAC
1107. After the installation of another CDC 6600 supercomputer in 1968, a new version
of ASKA was developed in the Fortran programming language. In the years between
1970 and 1983 ASKA was ported to other computer systems, z. Univac 11/8o IBM 360/370,
Amdahl, Cray, Prime and VAX.

O The first applications with ASKA came from the field of aerospace engineering.

O A non-linear application was the calculation of the roof structure of the Olympic
Stadium in Munich by Frei Otto.
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< A D I N A ) Custom Search
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DYNAMIC

m NCREMENTAL
N ONLINEAR
ANALYSIS

back stop next

electromagnetic effects (EM) Qo d bbb

Thermo-mechanical coupling (TMC)

The Comprehensive Finite Element System for
Structures *Thermal *CFD «EM « FSI « TMC « Multiphysics
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ADINA R&D, Inc. was founded in 1986 by Dr. , a

., and associates. The exclusive mission of the
company is the development of the ADINA System for linear and
nonlinear finite element analysis of solids and structures, heat
transfer, CFD and electromagnetics (EM). ADINA also offers a
comprehensive array of multiphysics capabilities including fluid-
structure interaction (FSI) and thermo-mechanical coupling (TMC).
Some of the nonlinear structural analysis capabilities of ADINA are
offered as Solution 601/701 of NX Nastran by Siemens PLM
Software.
ADINA offers a wide range of capabilities based on reliable and
efficient . For this reason, ADINA is often
selected for applications where reliability is of critical importance,
e.g., dynamic analysis of bridges for earthquake, biomedical

applications, design of nuclear reactors, studies for safety and
!


http://www.adina.com/relnotes_94.pdf
http://meche.mit.edu/people/faculty/index.html?id=10
http://www.uct.ac.za/dailynews/?id=8528
http://www.adina.com/theory/theory14.shtml
http://www.adina.com/newsgrp.shtml

NISA Software

A trusted FEA tool with flexible
purchase options.

Leam More #
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https://nisasoftware.com/

&) SOFTWARE &

Latest News

PreSys for NISA 2017 R1
NISA V19 Released
Geomagic/Alibre
Integration with VPG

#= SERVICES # INDUSTRIES &

Case Studies

View an array of industry related
NISA Case Studies

Case Studies #

W coMpany @ P LOGIN &

NISA Support

Find out more about NISA suppori
or request support

Support #




(FEM) 890w (s3> 509
/* T

- https://nisasoftware.com/

NISA is one of the most comprehensive engineering analysis suites
available to address the Automotive, Aerospace, Energy & Power, Civil,
Electronics and Sporting Goods industries. NISA has been an engineer’s
favorite for more than 35 years.

NISA features a completely integrated pre/post- processing environment
within a state-of-the-art GUI, seamless interoperability with leading
commercial CAD software, excellent technical support and flexible

purchase options.
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Engineering analysis and design software

NEW SOFTWARE RELEASE

*I-USAS Versmn 1 6

c:hcl?Q 0.4 wsft‘the‘\let;i“n { ni
[ . IR R

LUSAS version 16 now released : visit the version 16 microsite at www.lusas16.com
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COSMOS/M

0 COSMOS/M is a complete, modular, self-contained finite element system
developed by Structural Research and Analysis Corporation (SRAC) for
personal computers and workstations.

O The program includes modules to solve linear and nonlinear static and
dynamic structural problems, in addition to problems of heat transfer, fluid
mechanics, electromagnetics and optimization. Modules for such special
analysis options as fatigue are also available.

O The system is constantly developed and maintained by using state-of-the-art
techniques and up-to-date hardware capabilities. This chapter introduces
the COSMOS/M product line and outlines the features of its various

modules.
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Patran

Patran Request a Quote
Complete FEA Modeling Solution

Request More Info

Watch a Webinar
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Patran Complete FEA Modeling Solution:

4 Patran is the world's most widely used pre/post-processing software for Finite
Element Analysis (FEA), providing solid modeling, meshing, analysis setup and
post-processing for multiple solvers including MSC Nastran, Marc, Abaqus, LS-
DYNA, ANSYS, and Pam-Crash.

(O Patran provides a rich set of tools that streamline the creation of analysis ready
models for linear, nonlinear, explicit dynamics, thermal, and other finite
element solutions. From geometry cleanup tools that make it easy for engineers
to deal with gaps and slivers in CAD, to solid modeling tools that enable
creation of models from scratch, Patran makes it easy for anyone to create FE
models. Meshes are easily created on surfaces and solids alike using fully
automated meshing routines, manual methods that provide more control, or
combinations of both. Finally, loads, boundary conditions, and analysis setup
for most popular FE solvers is built in, minimizing the need to edit input decks.

O Patran's comprehensive and industry tested capabilities ensure that your virtual
prototyping efforts provide results fast so that you can evaluate product
performance against requirements and optimize your designs.
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<\ Altair | HyperWorks = Us-ngion | Loen  (CEEETIEED

Products Solutions Industries Resources Support & Training Academic About

Altair HyperMesh

New Features ; : woooe o o
HyperMesh is a market-leading, multi-disciplinary finite element pre-

@ Brochures processor which manages the generation of the largest, most complex
‘ models, starting with the import of a CAD geometry to exporting ready-to-
@ letnieakRanet: run solver file.

HyperMesh Introduction Video Haier Redesigns Air Conditioners and
Packaging with Altair HyperWorks
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Q Over the last 20 years, Hymg evolved into the leading premier pre-
processor for concept and high fidelity modeling. The advanced geometry and
meshing capabilities provide an environment for rapid model generation. The ability to
generate high quality mesh quickly is one of HyperMesh'’s core competencies.

O Industry trends show a migration to modular sub-system design and continued
exploration of new materials; HyperMesh has advanced model assembly tools
capable of supporting complex sub-system generation and assembly, in addition,
modeling of laminate composites is supported by advanced creation, editing and
visualization tools. Design change is made possible via mesh morphing and geometry
dimensioning. HyperMesh is a solver neutral environment that also has an extensive
APl which allows for advanced levels customization.

O HyperMesh is used by thousands of customers worldwide to generate and manage
their models, it supports a wide variety of CAD and solver interfaces, making it a

perfect solution for a majority of verticals and domains.
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ASAS—a general purpose finite element analysis system

Computer-Aided Design
Volume 8, Issue 1, January 1976, Pages 2-8

.=
) e
ELSEVIER -

ASAS—a general purpose finite element analysis system

R.K. Henrywood, J.D. Sheffield

Show more

hitps://doi.org/10.1016/0010-4485(76)50002-6 Get rights and content

he ASAS finite element system, incorporating statics, dynamics, heat transfer and
substructure analysis, is described, paying particular attention to the structure of the
data required. The current range of elements is shown and examples from the available
pre- and post-processing programs are listed. Details of some recent analyses are
given, with computer plots of the idealizations used.
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COEGNAGRE

Object Oriented Finite Element Solver

d OOFEM is free finite element code with object oriented
architecture for solving mechanical, transport and fluid
mechanics problems that operates on various platforms.

1 The aim of this project is to develop efficient and robust tool for
FEM computations as well as to provide modular and
extensible environment for future development. OOFEM is
released under GNU Lesser General Public License (LGPL).

 The current version of OOFEM is 2.5 released Dec, 30, 2017



(FEM) 890w (s3> 509

/ https://www.itascacg.com/software/flac

S

s FLAC ® version 8.0

"" n\?{. Explicit Continuum Modeling of

)
%& Non-linear Material Behavior in 2D

FLAC, Fast Lagrangian Analysis of Continua, 15 numerical modeling software for advanced
geotechnical analysis of soil, rock, groundwater, and ground support in two dimensions. FLAC is used
for analysis, testing, and design by geotechnical, civil, and mining engineers. It is designed
to accommodate any kind of geotechnical engineering project that requires continuum analysis.
*

FLAC utiizes an explicit finite difference formulation that can model complex behaviors, such as
problems that consist of several stages, large displacements and strains, non-linear material behavior,
or unstable systems (even cases of yield/fallure over large areas, or total collapse).

FLAC = Fast Lagrangian Analysis of Continua
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nalysis3D

Analysis3D Finite Element Analysis Software

Download Free FEA Software for Structural and Civil Engineering_and Design.

Powerful Finite Element Analysis software for Structural Engineering of Steel construction of Frame and Truss Design.
Small and easy to use FEA analysis, with a user friendly Windows interface to make your life easy.

Engineering calculator with large library of commonly used sections included (AISC, British Steel, DIN, Euronorm).
Truss calculator where Structural Steel Design includes: Plastic Design, Elastic Design and Eurocode 3.

Each cross-section is tested for:
Plastic Tension or Compression
Bending moment (major and minor axis)

b Plastic Shear resistance

C Torsion (Saint Venant and \Warping torsion)
Reduced plastic shear resistance for the case of combined Torsion and Shear.
Reduced moment resistance for the case of combined Bending and Shear
Reduced plastic r t resi e for the case of combined Bending and Axial force or bi-axial bending
Compression buckling
Lateral Torsional buckling
Combined bending and axial compression (Chen and Atsuta)
Maximum deflection

Download Analysis3D v 2.05 (620 kB)

The downloaded Zip-file contains several examples and a detailed help file to get you going quickly. After downloading Analysis, please create a new directory (e.g.
"\Analysi1s3D"), unzip the downloaded file (Analysis3D.zip) to the new directory and run the executable file (Analysis3D.exe).

Very powerful but easy to use FEM software for structural engineering of 2D and 3D

frames and trusses
L > Jtras/
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https://www.dune-project.org/modules/dune-fem/

e dune-fem
Documentation > dune_fem

;;: :;-"*5"_ 3 dune-fem

About Dune >

Adiscretization module providing an implementation of mathematical abstractions to solve PDEs on
parallel computers including local grid adaptivity, dynamic load balancing, and higher order discretization

schemes,

Requires: dune-common dune-geometry dune-grid

Suggests: dune-alugrid dune-istl dune-localfunctions dune-spgrid
Maintainer: The dune-fem tearmn

Git repository: https://zitlab.dune-project.org/dunse-fem/duns-fem

DUNE (Distributed and Unified Numerics Environment) is a modular C++ library for the
solution of partial differential eguations using grid-based methods.



https://en.wikipedia.org/wiki/C++
https://en.wikipedia.org/wiki/Partial_differential_equations
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Femap

About Femap

Femap, part of Siemens PLM Simcenter product portfolio, is one of the best-known FEA
solutions. It's applied in the industry for over 30 years now. With the program you
prepare your simulation models (pre-process) and get a comprehensive display of the
analysis results (post-process). The software is open to all commercial solvers, including
NX Nastran, Ansys, LS-DYNA, and Abaqus and can access geometry data from all
major CAD systems. From beginner to advanced users, Femap combines exceptional
ease of use, with cost efficiency and has the power to model the toughest problems.
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HiFlow®

Home - Download - Documentation - Show cases -

HiFlow? is a multi-purpose finite element software providing
powerful tools for efficient and accurate solution of a wide range of
problems modeled by partial differential equations (PDEs). Based
on object-oriented concepts and the full capabilities of C++ the
HiFlow? project follows a modular and generic approach for
building efficient parallel numerical solvers.
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Z88 is a software package for the (FEM) and topology
optimization. A team led by at the started

development in 1985 and now the software is used by several universities, as well

as . Z88 is capable of calculating two and three

dimensional element types with a linear approach. The software package contains

several solvers and two post-processors and is available for :

and / computers in and versions. Benchmark tests

conducted in 2007 showed a performance on par with commercial software.


https://en.wikipedia.org/wiki/Finite_element_method
https://en.wikipedia.org/w/index.php?title=Frank_Rieg&action=edit&redlink=1
https://en.wikipedia.org/wiki/University_of_Bayreuth
https://en.wikipedia.org/wiki/Small_and_medium-sized_enterprises
https://en.wikipedia.org/wiki/Microsoft_Windows
https://en.wikipedia.org/wiki/Mac_OS_X
https://en.wikipedia.org/wiki/Unix
https://en.wikipedia.org/wiki/Linux
https://en.wikipedia.org/wiki/32-bit_computing
https://en.wikipedia.org/wiki/64-bit_computing
https://en.wikipedia.org/wiki/Z88_FEM_software#cite_note-1
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Traditional Discretisation

Methods
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Finite Difference Method (FDM)
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Finite Volume Method (FVM) &P . o(up) N o(vp) _ 0

n ot oOx oy
y
’::/v ja—de+_f oup) dQ+j oVP) 4oy~ 0
{5 h Q ot QO @ oy

From Gauss Divergence Theorem:

% [ o0+ [ wo)ndr+ [ (vp)n,dr =0

%Pivi +ZPiUin +Zpivisy =0
j j




Finite Element Method (FEM)  Element Nodes

5 @ " 68 15 165 4 5
68 p=pN; =
i PsNg + PNy + P1esNygs + P15 Nys
O ®
op  oup) , ovp) _
ot OX oy
[ Laa+[ WP go [ 2VP) 4o _o
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Weighted residual analysis:

éjQpiNindsHjQ a(“p)i A W,dQ+ [ VPN 40 = 0
oy

(j NW, dQ)p,+(j a(N)W dQ)up,+(j ay)W dQ)vp, =




Finite Element Method (FEM) Weighted residual analysis:

o(N;)

LW, dQ)up, +(jQ o(N,)

~W,;dQ)vp, =

= ([ ,Nw,de)p,+ (]

If W is chosen to be the same as N the method is called Galerkin method.

a(N )

N;dQ)up, + (] o)

—(j NN dQ)p,+(jQ o oy

For easy implementation of boundary conditions this is integrated by parts.

+(j N;N;n dr)u,o,+(j N;N;n,dl)vp, =

% I\/Ielemloi + BXelemu/Oi + BYelemVIOi = O

N, dQ)vp;, =



Finite Element Method (FEM)

0
1) Divides computational space into elements ot

I\/Ielempi + BXelemupi + BYelemvpi = O
For every element constructs M elem? BXelem ! BYeIem; pelem ! upelem ! Vpelem
2) Reconnects elements at nodes

Agglomerates for the whole domain 4 _ Z M

elem ! BX

Z BXelem’BY Z BYelem

e
P:Z Pelem’UP:Z uPelem’Vp:Z VPetem
e e

@D

3) As aresult a set of algebraic equations is formed and its solution follows

%I\/I p +B,up+B,vp=0



SHAPE FUNCTIONS

The tetrahedron family of elements

1

pzZNipi

And when derivatives are of interest:

We know functions N,

they are frequently polynomials
-obtaining their derivatives is easy.

After Zienkiewicz et al FEM 2000



Development of Theory

m Rayleigh-Ritz Method
Total potential energy equation

m Galerkin’s Method
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l Areas where stiffeners would be installed

,\

Edge stiffeners would not prevent gusset plate yielding

gusset /' gAasIt/



Basic Concept of the Finite Element Method

Any continuous solution field such as stress, displacement,
temperature, pressure, etc. can be approximated by a
discrete model composed of a set of piecewise continuous

functions defined over a finite number of subdomains.

One-Dimensional Temperature Distribution

Exact Analytical Solution

T

A

A

Approximate Piecewise
Linear Solution

v

v



Two-Dimensional Discretization

u(xy)

Approximate Piecewise
Linear Representation



Discretization Concepts

AT

Exact Temperature Distribution, T(X)

Finite Element Discretization

Linear Interpolation Model Quadratic Interpolation Model
T (Four Elements) T, (Two Elements)
T, T,

T3 T3

2
Ts T,

T4 T

(&

» X > X
Piecewise Linear Approximation Piecewise Quadratic Approximation
Temperature Continuous but with Temperature and Temperature Gradients

Discontinuous Temperature Gradients Continuous



Common Types of Elements

Two-Dimensional Elements

One-Dimensional Elements Triangular, Quadrilateral
Line Plates, Shells, 2-D Continua

Rods, Beams, Trusses, Frames

Three-Dimensional Elements
Tetrahedral, Rectangular Prism (Brick)
3-D Continua

[




Discretization Examples
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Brick Elements

Two-Dimensional
Triangular Elements

One-Dimensional

Frame Elements



Basic Steps in the Finite Element Method
Time Independent Problems

Domain Discretization

Select Element Type (Shape and Approximation)

Derive Element Equations (Variational and Energy Methods)
Assemble Element Equations to Form Global System

[KRU} = {F}

[K] = Stiffness or Property Matrix
{U} = Nodal Displacement Vector
{F} = Nodal Force Vector

- Incorporate Boundary and Initial Conditions
- Solve Assembled System of Equations for Unknown Nodal
Displacements and Secondary Unknowns of Stress and Strain Values



Common Sources of Error in FEA

« Domain Approximation

« Element Interpolation/Approximation

* Numerical Integration Errors
(Including Spatial and Time Integration)

« Computer Errors (Round-Off, etc., )



Measures of Accuracy in FEA

Accuracy

Error = |(Exact Solution)-(FEM Solution)|

—

Convergence RSOV

Limit of Error as:

Number of Elements (h-convergence)
or
Approximation Order (p-convergence)

INncreases

Ideally, Error — 0 as Number of Elements or
Approximation Order —» o



Common Approximation Schemes
One-Dimensional Examples

Polynomial Approximation

Most often polynomials are used to construct approximation functions for each element. Depending on
the order of approximation, different numbers of element parameters are needed to construct the

appropriate function.

Linear Quadratic Cubic

Special Approximation

For some cases (e.g. infinite elements, crack or other singular elements) the approximation function is

chosen to have special properties as determined from theoretical considerations
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‘Methods of Solution:

Exact Solution

__ Classical method

Approximate Solution
Engineering Analysis _ _ Energy

| Boundary element

Numerical method

Finite Difference

—  Finite element









Mathematical Model

Dividing of the geometry into simple
elements and assembling all elements
[K] = Stiffness matrix of the part

(Sum of all elements)

{U} = Components of the displacements
of the single nodes of the part

{F} = Components of the loads of
the single nodes of the part

[K] *{U} = {F}

| Solving the matrix equation with
thousands of unknowns

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



Steps in an FE Analysis

Geometry
Elements - Displacements
Stresses
Loads FOFC_eS
Strains

\ 7

Analysis > | Solver| = |Analysis Results

}\Aodel \

: Contour Plots
Constraints X-Y-Plots
Listings
Materials
Properties 1

Msasonwme

Wprowadzenie do MES



Introduction to FEM

» What an FEA user has to specify:

» Choose the element type

» Creation of the Finite Element Mesh

» Specification of the material properties

» Specification of the element properties

» Verification of the Mesh quality

» Application of the loads and boundary conditions

» Specification of the options of the desired analysis type
» Request of the desired results

» Interpretation of the results

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



Standard Elements

First order

AN (=

Second order

VAL i I\

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



Element selection criteria

Which element type should be used?

» Beams, plates or solids?

» Quadrilateral or triangle?

» Hexahedral, pentahedral or tetrahedral ?
» Higher or lower order?

The choice of the element type is strongly dependent
on the structure to be analyzed

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



Examples of shell models
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Examples of Solid Models

Courtesy of Volvo Car
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Element Selection Guidelines

Choose the simplest element type
» if you can make a shell model - do it
» If you can make a beam model - do it

For structural analysis, don’t use first order tetra-elements.
(But they are ok for thermal analysis)

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



The Model

» We have the following model:
It consist of rectangular beams that
are 100 mm wide and 200 mm high
with thickness 5 mm. The longest
beams are 2000 mm and the total width of the
model is 1000 mm. The centerline of the crossing
bars are located 550 mm from each end.

» The beams are welded together, but the weld fillets
are to be neglected due to their small size

» The structure carries a load of 2000 kg evenly
distributed over the two cross bars

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



Beam Model

Element size 100 mm

. MSC R SOFTWARE
Wprowadzenle do MES & DELVERNG CUSTOMER VALUE




Shell Model

Element size 33 mm

. MSC A SOFTWARE
Wp rowadzenie do MES DELIVERING CUSTOMER VALUE




Solid Model
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Element size
Wprowadzenie do MES




Element Type

Before meshing the user must chose between different
element types:

» Beam, Shell or Solid

» First or second order

» Triangle or quadrilateral basis shape

When this is done, meshing of the structure can begin

. = MSC R SOFTWARE
Wp rowadzenle do I\/I ES DELIVERING CUSTOMER VALUE



Fixed boundary

uniform loading

rinite Element Analysis

¢ » Approximate method
e Geometric model

.}Iement « Node

it “| « Element
— 9 e Mesh

e Discretization

.\

o ¢ Node

Problem: Obtain the
stresses/strains in the
plate

Jog s 4 )b G 5l khis a5 Slb L ashad (g lexs)
aS) Sl omi&ﬁ Sl b Sobs (L sl o) ol
5! :‘a.o_e as adl u?m L) (o)l ST o1 5,8 L S

cantilever



..General scenario..

Engineering design

FEM analysis scheme

Step 1. Divide the problem domain into non
overlapping regions (‘elements” connected to
each other through special points (“nodes”)

IE/Element
<—— Node

Finite element model



..General scenario..

Engineering design

FEM analysis scheme

Step 2: Describe the behavior of each element

Step 3: Describe the behavior of the entire body by
putting together the behavior of each of the
elements (this is a process known as “assembly”)



Two Interpretations

1. Physical Interpretation:

The continous physical model is divided
Into finite pieces called elements and laws
of nature are applied on the generic
element. The results are then recombined
to represent the continuum.

Mathematical Interpretation:

The differetional equation reppresenting the
system is converted into a variational form,
which is approximated by the linear
combination of a finite set of trial functions.

Joint Advanced Student School
St.Petersburg 2005 G b



#' Elements are defined by the following
‘ properties:
& 1. Dimensionality
. Nodal Points
. Geometry
. Degrees of Freedom
Nodal Forces
(Non homogeneous RHS of the DE)

= RHS (Rectangular Hollow Section) DE (Differential Equations)

Joint Advanced Student School
St.Petersburg 2005 G b

L







INTRODUCTION TO FINITE ELEMENT METHOD

« What is the finite element method (FEM)?

— A technique for obtaining approximate solutions to boundary value
problems.

— Partition of the domain into a set of simple shapes (element)

— Approximate the solution using piecewise polynomials within the
element
F ( olox ot
XX +
OX
AN
\‘ 0T,

\\ \ OX
)

=

Element

_|_

Piecewise-Linear Approximation




INTRODUCTION TO FEM cont.

 How to discretize the domain?
— Using simple shapes (element)

— All elements are connected using “nodes”.

8 Nodes

o !
1 1 I I Elements
° o

— Solution at Element 1 is described using the values at Nodes 1, 2, 6,
and 5 (Interpolation).

— Elements 1 and 2 share the solution at Nodes 2 and 6.




INTRODUCTION TO FEM cont.

* Finite element analysis solves for nodal values.
— All others can be calculated (or interpolated) from nodal solutions

o, o
NP

L

&
~ ,I

— Displacement within the element
u, —u
u(x)=a+bx=u, + =—=*x % . 2
L

— Strain of the element

()= oyt
OX

Interpolation (Shape) Function




EXAMPLE: FINITE ELEMENTS

 Plastic Wheel Cover Model

— 30,595 Nodes, 22,811 Elements
— Matrix size is larger than 150,000x150,000.

— MSC/PATRAN (Graphic user interface)
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TWO.-VEHICLE IMPACT (NCAC VO1)
STEP1 TIME:  0.000000

ETA/POST
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ABAQUS: Rolling
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FEM simulation of heating disc brake with ABAQUS







