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! INTRODUCTION
) What is MULTIPHYSICS?
P—
r N
MULTIPHYSICS = multiple simultaneous physical phenomena

interaction between two or more physical systems.
N\

4 . : . ; : . )
Multiphysics Computational Simulations = solving coupled

systems of partial differential equations that mathematically

model the behaviour of interacting physical systems.
\_ J

3
Coupled Systems = when an independent solution of one

system is impossible without a simultaneous solution of
the others.
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MULTIPHYSICS

P Types of MULTIPHYSICS problems
—_—

More common and mature analyses of coupled physics:
» fluid—structure (fluid—solid) interaction,
» thermal-mechanical interaction,
» electric-thermal interaction.

New and emerging types of coupled physics analyses :
» all above interactions combined on
» nano and micro level analyses (e.g. MEMS) and
» extremely large scale (e.g. Universe),
» chemical reactions,

» electromagnetic fluids, bioengineering etc.




MULTIPHYSICS

/ Computational solution techniques
P—

Two numerical techniques for solving coupled problems are
available:

» sequentialy-coupled solution process and

» directly-coupled solution process.

physical system 1

v

physical system 2

WEAKLY STRONGLY
COUPLED




MULTIPHYSICS

/ Computational simulations
—

In the past: separate analyses of each phenomenon
individually and consequently, many manual
file transfers and data exchanges required;
computational analyses cumbersome, error-
prone, and time-consuming; often took days or
weeks to perform.

multiphysics software packages automatically
combine the effects of two or more interrelated
physical phenomena, automatically manage the
exchange of data and perform information
transfers; analyses reliable and quick; users can
complete many more iterations in a given time,
and explore a broader range of engineering
parameters to obtain more accurate solutions.




MULTIPHYSICS

/ Software and Hardware
P—

Software: all mayor engineering simulation software
packages now include Multiphysics capabilities
with use of either single discretisation methods
(FEM, BEM, FVM, EFGM etc.) or multiple
discretisation methods seamlessly combined.

Hardware: multiple processing capabilities required and
easily available through use of modern multi-core
CPUs or cluster/cloud computing; future
generations of CPUs, based on electro-chemical
operating principles, will forewer change
computing as we know it today.




! MULTIPHYSICS
Example case studies
/_/
Fluid-Structure Interaction (FSl):

» deformations and stresses in operating mixing vessel,
» fluid filler effect on stiffness of a cellular structure.

Chemical-Fluid-Structure Interaction (CFSl):

» behaviour of cellular structure when subjected to
underwater shock wave caused by explosion.
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ANALYSIS OF THE MIXING VESSEL

baffles

impeller
blade

) Problem statement

Fluids:
- water

- air

Angular blade speed:
Air injection speed:
Length of the blade:
Height of the blade:

Computational fluid dynamics:

CEX#

Computational solid mechanics:

A MSC.visualNastran for Windows




! ANALYSIS OF THE MIXING VESSEL
/ Fluid dynamics relationships

» fundamental equations of the fluid mechanics

mass equation

momentum equation

conservation
equations

L+ @ energy equation
j
constitutive equation
» Navier-Stokes equations
Dv

= . f-V.-D+n-V2.v
P Dt P P +n

> integral form of the Navier-Stokes equations

I5(‘;t)dV+jv,ovndS jpfdv jonds 0

» discretisation with the finite volume method

AV

.S -2.5-g-S =0
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! ANALYSIS OF THE MIXING VESSEL
/ Solid mechanics relationships
P—

» fundamental equations of the quasi-static solid mechanics
L' . o+p=0 equilibrium equations
€=L-u kinematic equations

o=D:& constitutive equations

» weak integral form of the equilibrium equations

jt-ds—ja-dV+jp-dV=o
S V4 V4

» discretisation with the finite element method

[B"-D,-B-dV-d, = [N -t ,.dS+[N[.p,-dV
Y p S f _
YO YT

K f,
stiffness matrix force vector




ANALYSIS OF THE MIXING VESSEL

/ Sequentialy-coupled solution process
e

interface boundary conditions: .-
Av-n=Av-t=0 fluid v t

P, =P Nag = =P " Datricure Ntructure

discretised fluid mechanics equation:

AA‘;'I -adv,+m,-v,—p-f-V,+p,-5-2-7-¢ -5 =0

/ geometry and
AV, mesh redefinition

P dV,-m, v, +p-f-V,+2.n-€ 5 for computational
P, = S =-t  fluid dynamics

_ _ _ ! : (CFD) analysis
discretised solid mechanics equation:

yo,

K.-d =[N -p,-dV+ [N -t .-dS=|N].-p,-dV-[N[.-p,-dS
74 S

4 t
\ d = K! (I N .p . p - dSJ > stresses
"4

strains

\
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ANALYSIS OF THE MIXING VESSEL

/ CFD Analysis of the Mixing Vessel
—

Pressure
(Vector 2)

I 5.973e+003

4.353e+003

2.733e+003

1.114e+003

Nodal pressure forces at the blade surface.




Connection between CFX (output data) and

. ANALYSIS OF THE MIXING VESSEL

/ MSC/Nastran (input data)

-post dats export fils
-5.6 build 200%.04.20-23.00
rat

ated on: 2003/09/21 12:36:28
Generated from file: d:\cfxs\Mixer O0Z.res

Format used:
Floats to be displayed with a precision of: 3

Yardshle dats will be separated with: ",
Vecror components will be displeved using no brashets to delimit.

Locator Description(s):
Elade : BOUNDARY

The following varisbles will be output for all locators:

- X [m]

- ¥ [m]

-2 [m]

- air af 25 C.Eorge

- Air af 25 C.Forge

- Air at 25 C.Eorce

- Water gt 25 C.Eoree

- Water at 25 C.Force

- Water at 25 C.Force

.866e-01, .550e-01, -9.864e-02, 2.812e-03, .276e-05, -2.5619e-03, 5.9896e-02, -1.464e-03, -6.035e-02
.866e-01, 780201, -9.893e-02, -2.301=-05, .924e-07, 2.247-05, .416e-02, -9.6462-04, -3.100=-02
.036e-01, 2.681e-01, -7.193e-02, -9.754e-04, -1.321e-06, S.504e-04, 4.697e-02, —-1.717e-03, -5.895e-02
.B66e-01, .011e-01, -8.902e-02, 3.730e-04, .526e-06, -3.734e-04, 3.625e-02, -1.305e-03, -4.492e-02
.058e-01, .90ze-01, -6.978e-02, 3.772e-04, .f00e-06, -3.915e-04, 1.386%7e-01, -Z.356e-03, -1.526e-01
.B66e-01, 701e-01, -8.929e-02 .637e-03, .493e-06, -1.642e-03, 1.424e-01, -2 .863e-03, -1.611e-01

.750e-01, 7.500e-02, 5.627e-D8, 9.7982-02, 1.625e-03, -1.5082-01, 2.404e-01, -4.035e-03, -3.582e-01
.062e-01, 1.217e-01, 2.782e-02, 5.089e-02, 1.045e-02, -5.940=-02, 2.663e-01, 6.262e-02, -3.028e-01
.S662-01, 1.018e-01, 1.653e-02, 1.307e-01, 2.49%e-02, -1.791e-01, 3.563e-01, 6.64le-02, -4.752e-01
.125e-01, 7.205e-02, Z.084e-D2, 7.644=-02, 2.716e-02, -1.1652-01, 1.565e-01, 6.176e-02, -2.361e-01

File with output data (CFX)

L BAIER(3)

ID d:iSolid-Fluid|Primer 03.,HM3C.v
SOL FESTATICS

TIME 10000

CEND

ECHO = NGNE

SPLACEMENT (PLOT) = ALL
ECFORCE (PLOT) = ALL

LOAD (PLOT) = ALL

FCE (PLOT, CCRMER) =

TRESS (PLOT, CORNER)

PC o= 1

LOAD = 1

BEGIN BULE

R AT ER AR EE AT AR EA RS ATARATANATATATATAARFAATAT A
§  Written by : M3C.visualNastran for Vindows
§ Version 1 2002

§  Modeller i &.10

§  Tremslator : M3C.Nastran

§

§

§

g

From Model @ d:ySolid-Fluid\Primer 03.MOD
Date i Mon Sep 05 14:22:50 2003

AT R R AR TR AT AR TR AR TR SRR AT AT AT AT AT AT AR TR TR AR

PARAM, POST, -1
PARLM, OGEOHN, NO

PARLH, BUTOSPC, YES

PARLH, KEROT, 100.

PARAM, MEXRATIO, 1.E+8

PARRM, GRDPNT, O

CORDZC 1 a . a. a. 0. . 1.+MEC.VC1
+MSC . VCL 1. o. .

CORD2S 2 a . o. 0. a. . 1.+M5C.VC2
+HEC . VCZ 1. o. .

§ M3C.visusllastran for Windows Losd Jer 1 : Chremenitev

FORCE 1 1 u 1.0.062672-1.48E-3-7

FORCE 1 Z a 1.0.024135-5.65E-4-5

1 154 ] 1. 0.4875¢ 0.0914-0
1 155 ] 1. 0.232020.088912-0
§ MiC.viguallastran for Windows Constraint Het 1 @ Vpetie
SPC1L 1 123458
SPC1L 1 123458 141
SPCL 1 123456 143
SPC1 1 123456 145
SPCL 1 123458 146
SPC1 1 123456 152
SPC1 1 123456 155
§ MSC.wisualWastran for Windows Property 1 : Plosca
SIEELL 1 & S- 1
§ NMSC.wisualWastran for Windows Material 1 : Jeklo
MATL 1210000, 0.3 o.
GRID 1 0 0.18661 0.25504-5.58E-2
GRID z 0 0.19661 0.27505-8.09E-2

GRID 0 0.34014 0.257580.074767
GRID 0 0.34014 0.287580.074767
CTRILS 1 38 &9 L1
CTRIAS 1 144 143 145

CTRIAZ 256
CTRIAS 257
ENDDATE d7cocfaZ

File with input data (Nastran)




ANALYSIS OF THE MIXING VESSEL

Connection between CFX (output data) and
" MSC/Nastran (input data)

1.866e-01, 2.550e-01, -8.884e-02, 2.812e-03, -1.276e-05, -2.819e-03, 5.986e-02, -1.464e-03, -6.835e-02
1.866e-01, 2.780e-01, -8.893e-02, -2.301e-05, -1.924e-07, 2.247e-05, 2.416e-02,-9.646e-04, -3.100e-02
2.036e-01, 2.68le-01, -7.193e-02, -9.754e-04, -1.321e-06, 9.594e-04, 4.697e-02,-1.717e-03, -5.895e-02
1.866e-01, 3.01le-01, -8.902e-02, 3.730e-04, -1.526e-06, -3.734e-04, 3.625e-02, -1.305e-03, -4.492e-02
2.058e-01, 2.902e-01, -6.978e-02, 3.772e-04, -1.700e-06, -3.915e-04, 1.367e-01, -2.356e-03, -1.526e-01
1.866e-01, 3.70le-01, -8.929¢-02, 1.637e-03, -6.493e-06, -1.642e-03, 1.424e-01, -2.863e-03, -1.611e-01
1.866e-01, 3.931e-01, -8.938e-02, -9.717e-05, 3.790e-07, 9.708e-05, 1.21le-02,-4.058e-04, -1.792e-02

\___Y___J \___Y___J \___v___J f i
X y z determination

of the node
o W 2o positions

NN

0
Z

Lisgseso1, 2.cs0e-ou, -s.sede-o:. NN, EENGNSSNDS. OSSR EESSEN NNSUSN . fSmse
1.866e-01, 2.780e-01, -8.893e-02, -2.301e-05, -1.924e-07, 2.24/e-05, 2.416e-02,-9.646e-04, -3.100e-0

2.036e-01, 2.68le-01, -7.193e-02, -9.754e-04, -1.321e-06, 9.594e-04, 4.697e-02,-1.717e-03, -5.895e-02
1.866e-01, 3.01le-01, -8.902e-02, 3.730e-04, -1.526e-06, -3.734e-04, 3.625e-02, -1.305e-03, -4.492e-02
2.058e-01, 2.902e-01, -6.978e-02, 3.772e-04, -1.700e-06, -3.915e-04, 1.367e-01, -2.356e-03, -1.526e-01
1.866e-01, 3.70le-01, -8.92%e-02, 1.637e-03, -6.493e-06, -1.642e-03, 1.424e-01,-2.863e-03, -1.611e-01
1.866e-01, 3.931e-01, -8.938e-02, -9.717e-05, 3.790e-07, 9.708e-05, 1.211e-02,-4.058e-04, -1.792e-02

x-force y-force z-force x-force y-force z-force

(air)  (air)  (air) (water) (water) (water) determination
of the loads

FORCE, 1,

1,
FORCE, 1,2,

0,1, I /
0,1,2.4134511885E-02,-9.6480049660E-04,-3.0978766561E-02




! ANALYSIS OF THE MIXING VESSEL

) FEM Analysis of the blade

» determination of material properties (steel)
» boundary conditions (constraints and loads)

linear quasi-
static analysis

shell elements

solid elements




! ANALYSIS OF THE MIXING VESSEL
) Results of the FEM analysis

\
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! ANALYSIS OF THE MIXING VESSEL

) Results of the FEM analysis




Cellular materlals
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. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

Possible applications in
automotive, aerospace,
ship, rail and other
industries.

18



FLUID FILLER EFFECT ON CELLULAR STRUCTURE

‘m/(:ellular materials

y

» mechanical properties determined by the
microstructure (geometry, closed or open
cells) and base material;

> characteristic stress-strain behaviour
under compressive loading.

@ linear elastic
® transition zone
® stress plateau
@ densification




FLUID FILLER EFFECT ON CELLULAR STRUCTURE

y Problem statement
—

» to determine mechanical
behaviour of open-cell
cellular structures;

to evaluate the influence of
fluid pore fillers on cellular

structure global behaviour;




. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

Regular open-cell cellular structure data

DODDDDD
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. FLUID FILLER EFFECT ON CELLULAR STRUCTURE
/ Experimental testing
P —
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Influence of the pore filler

» polymer FullCure




. FLUID FILLER EFFECT ON CELLULAR STRUCTURE
) Computational modelling

size of the model: 2 to 8 cells per edge

|

base material: polymer

fluid pore filler: silicon

loading: displacement controlled
constraints: symmetry boundary conditions
contact definition: automatic single surface

>
»
>
»
»
>
>

material characterisation: strain rate sensitivity
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. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

Different computational formulations

P~
. f@ o

== |agrange-Eulerian formulation (ALE)
O

= [agrangian formulation

= FEulerian formulation

i
i
jF

== Smoothed Particle Hydrodynamics (SPH)




. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

SPH = Smoothed Particle Hydrodynamics

» Integral representation RN
(kernel approximation) |

jf(x')-5(x—x')-a§<'

Dirac Delta 5(X_Xv): 1 RimiX
function 0 TN

~_Smoothing length (h)

f(x)Djf(x')-W(x—x',h)-aS('

» Particle approximation




. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

SPH = Smoothed Particle Hydrodynamics

» smoothing length (h)

ﬂ):é-hodiv( /)

at




[ace

FLUID FILLER EFFECT ON CELLULAR STRUCTURE

ALE SPH

Arbitrary Lagrange-Eulerian Smoothed Particle Hydrodynamics

29



FLUID FILLER EFFECT ON CELLULAR STRUCTURE

/ ALE and SPH results comparison
m—

600 1

500

400

300

Force [N]

200

100

O I I ! I I I
0,0 0,2 0,4 0,6 0,8 1,0 1,2

Displacement [mml]

Number of elements (particles)

Cellular Filler Outer Total
structure (water) medium number
(air)

Comput.
time
[min]

3176 17408 52224 74356 346
3176 16692 0 19868 223
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. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

Computational simulations




. FLUID FILLER EFFECT ON CELLULAR STRUCTURE

) ALE and SPH results comparison

Higher
relative
density

Higher
fluid filler
influence

» influence of the filler is higher at higher relative
densities of cellular structure;

» increasing the filler’s viscosity increases the cellular
structure global stiffness;

\




. SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
e “

Problem statement and experimental setup

P
» PMMA container is filled with water.
» The SEP explosive set in the PVC pipe, positioned at the water

surface, is used as booster explosive for shock wave generation
and initiated by electric detonator.

» Aluminum foam is placed at the bottom of the water container.

i -

Electric
Detonator

Donor explosive: SEP

Mass: 50 g

Detonation velocity: 7000 m/s
Density: 1310 kg/m?

NG PVC

— PMMA

Aluminum Foam




Experimental setup

! SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
/—/

The shadowgraph method was used to observe the
generation of shock wave and its influence on the cellular

structure at the Shock Wave and Condensed Matter
Research Center, Kumamoto University.

High-Speed
Camera

High speed video Trigger
Camera
-HPV-1-

(SHIMADZU CORPORATION)

\
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SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
Experimental results

The following video was recorded using the shadowgraph
system and a high speed video camera HPV-1 with a frame

rate of 500.000 FPS and an image resolution of 320 x 260
pixels.

QG0

36



! SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
/Experimental results

The speed of the shock wave was determined by analyzing the
images taken during the experiment. The maximum value of
the shock wave speed equaled to approximately 2700 m/s. The
accuracy was limited by the pixel size and was approximately

+/-250 m/s.

Velocity [m/s]

30
Time [ps]




SHOCK WAVE EFFECT ON CELLULAR STRUCTURE

/ Computational simulations of shock wave
m—

First a simulation of shock wave propagation through water
without a foam model was performed — only a quarter of the
volume was modeled due to symmetry.

Air
Parts modeled with an Eulerian mesh:

e alJones-Wilkins-Lee (JWL) equation of state was used for the
explosive SEP;

e a Mie Gruneisen equation of state was used for the water;

* alinear polynomial equation of state was used for the air.

Part modeled with Lagrangian mesh:

a piecewise-linear plasticity constitutive model with failure
was used for the PVC;

a fluid-structure interaction interface was used on the
boundaries of the PVC mesh.




. SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
‘m ) Computational simulations of shock wave

The left video represents the expansion of the explosion gases
(blue) while the right video represents the shock wave pressure
field propagation.

Red Color — Air

Blue Color = SEP

Green Color- Water




. SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
‘m ) Computational simulations of shock wave

/ Air

PVC

/

Pressure history at selected points

____ SEP

=
o

|

Measuremen
Points

Pressure [GPa]
o = N w H (03] (o)} ~ 0] (Vo)

oo N O Ul A WN

(o)




! SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
) Shock wave speed comparison

——Experiment —0-Simulation

I
o
o
o

)
S~
£
>
s
O
9
Q
>

N
o
o
o

1

30
Time [us]

Comparison of the results shows a good correlation between the

experimental and simulation results considering the measurement error.
- 4




! SHOCK WAVE EFFECT ON CELLULAR STRUCTURE

Computational simulation with aluminium foa

&
In order to simulate the explosion effects on the deformation

behavior of the open-cell aluminum foam, a homogenized
foam model was added to the simulation.

The foam was The foam was The foam was

modeled using  modeled using  modeled using

Lagrangian Lagrangian Eulerian mesh

mesh with a mesh with a with a

piecewise-linear piecewise-linear piecewise-linear

plasticity plasticity plasticity
Alurminum constitutive constitutive constitutive
Faam model model model

Water domain  Air domain was
was modeled modeled inside
inside the the foam.
foam.




! SHOCK WAVE EFFECT ON CELLULAR STRUCTURE

) Deformation of homogenized cellular model E

——Modell ——Model?2 Model 3

N
o

=
U

=
o

S
£
)
c
)
&
)
O
(©
o
2
()

400 600
Time [ps]

The model 3 (Eulerian foam model) exhibited the lowest stiffness while the
khighest stiffness was observed for model 1 (Lagrangian mesh filled with water). y




. SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
‘m ) Lattice model of the aluminium foam

pem—

In the following simulations the aluminum foam was modeled
with a lattice model to represent irregularity of the structure.
The foam cell edges were modeled with beam finite elements
and their topology was created using a developed algorithm
based on Voronoi 3D regions.




SHOCK WAVE EFFECT ON CELLULAR STRUCTURE
) Computational simulations with lattice mod:els\

Air Three different relative
/ densities of the aluminum
| foam were considered:
__SEP 5, 10 and 15 %.

PVC

PVC plate

Aluminum
Foam




CONCLUSION
o,

» Engineers can now perform multiphysics computational

analysis as a routine part of product development in its
early stages.

y

» Companies and individuals that previously could not
afford to invest in this technology can now readily take
advantage of multiphysics computational simulations.

» Multiphysics has become a strategic tool for system
engineering methodologies that account for all relevant
physical phenomena that influence design and thus
enable companies to develop innovative, winning
products in less time and at lower cost.




