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INTRODUCTION
What  is  MULTIPHYSICS?

MULTIPHYSICS =  multiple  simultaneous  physical  phenomena
interaction  between  two or  more  physical  systems.

Multiphysics  Computational  Simulations =  solving  coupled  
systems  of  partial  differential  equations  that  mathematically  
model  the  behaviour  of  interacting  physical  systems.

Coupled Systems = when an independent solution of one
system is impossible without a simultaneous solution of
the others.
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More  common  and  mature  analyses  of  coupled  physics:
fluid structure (fluid solid) interaction,  
thermal mechanical interaction,
electric thermal  interaction.  

MULTIPHYSICS
Types of  MULTIPHYSICS  problems

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.  
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MULTIPHYSICS
Computational solution techniques

Two  numerical  techniques  for solving coupled problems are  
available:  

sequentialy-­‐coupled  solution process and  
directly-­‐coupled solution process.

physical system 1

physical system 2

WEAKLY  
COUPLED

STRONGLY  
COUPLED
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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.

Today: 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
Computational simulations
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MULTIPHYSICS
Software and Hardware

Software: all  mayor  engineering  simulation  software  
packages  now  include  Multiphysics capabilities  
with  use  of  either  single  discretisation methods  
(FEM,  BEM,  FVM,  EFGM etc.)  ormultiple  
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.    
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MULTIPHYSICS
Example case studies

Fluid-­‐Structure Interaction (FSI):
deformations  and  stresses  in  operating  mixing vessel,
fluid  filler  effect  on  stiffness  of  a  cellular structure.

Chemical-­‐Fluid-­‐Structure  Interaction  (CFSI):
behaviour  of  cellular  structure  when  subjected  to  
underwater  shock  wave  caused  by  explosion.
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ANALYSIS  OF  THE  MIXING  VESSEL

impeller
blade

shaft baffles

mixing
tank
walls

air
inlet

Angular  blade speed: 3  s-­1

Air  injection  speed: 5  m/s

Length  of  the  blade: 450  mm

Height  of  the  blade: 290  mm  

Fluids:
-­ water
-­ air

Computational  solid  mechanics:

Computational  fluid  dynamics:

MSC.visualNastran for Windows

Problem  statement
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integral  form  of  the  Navier-­Stokes  equations
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ANALYSIS  OF  THE  MIXING  VESSEL
Fluid dynamics relationships
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fundamental  equations  of  the  quasi-­static  solid  mechanics

0TL equilibrium  equations

kinematic  equations

constitutive  equations

weak  integral  form  of  the  equilibrium  equations
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discretisation  with  the  finite  element  method

K zf
stiffness  matrix force  vector

ANALYSIS  OF  THE  MIXING  VESSEL
Solid mechanics relationships
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discretised  fluid  mechanics  equation:
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discretised  solid  mechanics  equation:
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dV dSd K N p N p stresses
strains

geometry and
mesh redefinition
for computational  
fluid  dynamics  
(CFD) analysis

interface  boundary  conditions:
0v n v t

i i fluid i strucurep pp n n
structurefluid

t

fluidn

structuren

ANALYSIS  OF  THE  MIXING  VESSEL
Sequentialy-­coupled solution process
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ANALYSIS  OF  THE  MIXING  VESSEL
CFD  Analysis of  the Mixing Vessel

Load  field  of  the  blade  in  CFX.
Nodal  pressure  forces  at  the  blade  surface.
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Connection  between  CFX  (output  data)  and  
MSC/Nastran (input  data)

File  with  output  data  (CFX) File  with  input  data  (Nastran)

ANALYSIS  OF  THE  MIXING  VESSEL
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ANALYSIS  OF  THE  MIXING  VESSEL
Connection  between  CFX  (output  data)  and  
MSC/Nastran (input  data)

C
FX

N
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tr
an

determination  
of  the  node  
positions

x y z

x y z

C
FX

N
as
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determination  
of  the  loads

x-­force
(air)

y-­force
(air)

z-­force
(air)

y-­force
(water)

z-­force
(water)

x-­force
(water)

x-­force z-­forcey-­force



15

determination  of  material  properties  (steel)

ANALYSIS  OF  THE  MIXING  VESSEL
FEM  Analysis  of  the  blade

linear  quasi-­
static  analysis

boundary  conditions  (constraints  and    loads)

solid  elements

shell  elements
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Results of  the FEM  analysis

ANALYSIS  OF  THE  MIXING  VESSEL



17

Results  of  the  FEM  analysis

ANALYSIS  OF  THE  MIXING  VESSEL
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Possible  applications  in  
automotive,  aerospace,  
ship,  rail and  other  

industries.

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Cellular materials
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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

Strain

S
tr
es
s

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Cellular materials
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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

Problem  statement
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d c/2c/2

a a d / 0

4.5 3.0 0.37

4.0 3.0 0.27

3.5 3.0 0.16

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Regular open-­cell cellular structure data
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FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Experimental testing
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polymer FullCure

silicon

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Influence  of  the pore  filler
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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

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Computational modelling
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FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Different computational formulations
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Integral  representation  
(kernel  approximation)
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FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

SPH  =  Smoothed Particle Hydrodynamics
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smoothing  length  (h)

h

N (N-­1)

N log(N)

neighbour  search  (bucket  sort)

1
3

dh h div v
dt

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

SPH  =  Smoothed Particle Hydrodynamics
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SPH
Smoothed  Particle  Hydrodynamics

ALE
Arbitrary  Lagrange-­‐Eulerian

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Fluid filler modelling
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Model

Number of elements (particles)
Comput. 

time
[min]

Cellular 
structure

Filler
(water)

Outer 
medium

(air)

Total 
number

ALE 3176 17408 52224 74356 346

SPH 3176 16692 0 19868 223

D isplacement

Fo
rc

e

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

ALE  and SPH  results comparison
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t =  0,3  ms t =  0,4  ms t =  0,5  ms

CFX

LS-­DYNA

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

Fluid flow verification
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FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

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

increasing   increases the  cellular  
structure  global  stiffness;

Higher
fluid filler
influence

Higher  
relative  
density

FLUID  FILLER  EFFECT  ON  CELLULAR  STRUCTURE

ALE  and SPH  results comparison
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Electric  
Detonator

PVC

PMMA

Aluminum  Foam40
  

m
m

11
0  
m
m

5 m
m

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.

SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Problem  statement and experimental setup
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High  speed  video  
Camera
-­‐HPV-­‐1-­‐

（SHIMADZU  CORPORATION）

PC

High-­Speed
Camera

Trigger

Target

Flash
Light

Observation  
Windows

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.

SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Experimental setup
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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.

SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Experimental results
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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.
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SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Experimental results
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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.

SEP

PVC

Air

Water

15
0  

m
m

Parts  modeled  with  an  Eulerian mesh:
a  Jones-­‐Wilkins-­‐Lee  (JWL)  equation  of  state  was  used  for  the  
explosive  SEP;

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

a  linear  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

Computational simulations of  shock wave
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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

Computational simulations of  shock wave
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Pressure history at selected points
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SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Computational simulations of  shock wave
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Comparison of the results shows a good correlation between the
experimental and simulation results considering the measurement error.
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SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Shock wave speed comparison
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In order to simulate the explosion effects on the deformation
behavior of the open-­‐cell aluminum foam, a homogenized
foammodel was added to the simulation.

SEP

PVC

Air

Water

11
0  
m
m

Aluminum  
Foam

Model  1 Model  2 Model  3
The  foam  was  
modeled using  
Lagrangian
meshwith  a  
piecewise-­‐linear  
plasticity  
constitutive  
model  

The  foam  was  
modeled  using  
Lagrangian
meshwith  a  
piecewise-­‐linear  
plasticity  
constitutive  
model  

The  foam  was  
modeled  using  
Eulerian mesh
with  a  
piecewise-­‐linear  
plasticity  
constitutive  
model  

Water domain
was  modeled  
inside  the  
foam.

Air  domainwas  
modeled  inside  
the  foam.

SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Computational simulation with aluminium foam
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The model 3 (Eulerian foam model) exhibited the lowest stiffness while the
highest stiffness was observed for model 1 (Lagrangian mesh filled with water).

0 300 600 900

SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Deformation of  homogenized cellular model
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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

Lattice model  of  the aluminium foam
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SEP

PVC

Air

Water

10
5  
m
m

Aluminum  
Foam

PVC  plate

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

SHOCK  WAVE  EFFECT  ON  CELLULAR  STRUCTURE

Computational simulations with lattice models
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CONCLUSION

Engineers  can  now  perform  multiphysics computational
analysis  as  a  routine  part  of  product development  in  its
early  stages.  
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.


