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Introduction and application spectrum

We focus on the numerical simulation of fast transient dynamic
Interaction phenomena such as. explosions, crashes, impacts. Among
the most typical applications are:

e Safety problems:

Safety vessels for nuclear or chemical plants.

Behaviour of pressurised components (pipelines, sub-
assemblies, safety devices) under abnormal working
conditions.

Vehicle crash.
Containers for the transportation of dangerous materials.

Effect of pressure waves on submerged structures (ships,
submarines, offshore plants, tunnels).

etc.

e Technological processes:

Forging, coining.
Extrusion.
efc.

e Support to experiments:
- Pre-calculation and interpretation of experiments for the

determination of the dynamic behaviour of materials used in
mechanical or civil engineering.

- Computational support to experiments aimed at verifying

safety conditionsin general.
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Characteristics of the applications

The listed application problems often involve:

¢ | arge displacements and rotations, large strains: i.e. geometric non-
linearities.

e Plasticity, viscoplasticity, damage or other complex material
behaviour: material non-linearities.

e Transient dynamic behaviour, involving alarge spectrum of
frequencies.

e Simultaneous presence of fluids and structures. heterogeneity and
interaction phenomena.

In aword, these applications are typically quite complex.

In order to find reliable solutions, simple and robust numerical
methods are needed: direct time integration technigues seem best
suited because they allow to exploit the very nature of the transient
dynamic problem [1].
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Computational framework

Following [1], the basic governing equation is the principle of virtual
work, which expresses the conservation of momentum (equilibrium, in
a dynamic sense):

jvp>;<5>_<dv+jvc_sD(és)_()dv—jvpfsxdv—jsltaxds =0 (1)

p isthe mass density;

V isthe domain occupied by the current configuration;
Sisthe boundary (S=S; uU'S,) (1=natural, 2=essential);
x arethe accelerations ( denotes time derivative);

o isthetrue stress (Cauchy stress tensor);

D isaspatial derivative operator;

f are volumetric forces per unit mass;

t are boundary surface tractions.

Eq. (1) isto hold for all variations &x of displacements compatible
with the essential boundary conditions on S,, and ensures perfect
equilibrium (equivalent to differential equilibrium equations).

Thisintegral form lendsitself to direct application of the Finite
Element method. If a suitable spatial discretisation isintroduced, (1)
yields the following set of discrete differential equationsin time:

0= -3 | o @

M isamass matrix (decoupled by diagonalization (lumping));
u isthe nodal displacement vector;

B isthe matrix of shape function derivatives,

v® isthe element (e) volume in the current configuration.
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The description is Lagrangian because it refers to material points
(the observer follows the motion). In particular, the nodes and the
Gauss points remain always associated to the same material point.

Thestressisthe“true” one (Cauchy stress) and is always expressed
in the same Cartesian reference. The observer does not rotate along
with the body but remains always oriented along the same reference
(note, however, that for some special element types such as beams,
plates and shells, for which out-of-plane deformations remain small
it may be convenient to use alocal reference that rotates with the
element: co-rotational formulation).

All terms on the right-hand side of (2) may be computed: the
external loads feXt are known and so are the finite-element related
functions (B), the stresses ¢ internal to the elements must be
obtainable from the constitutive law of the material (see details
below).

Hence the acceleration u on the left-hand side of (2) may be
obtained after inversion of the mass matrix. This operation becomes
trivial if useis made of a diagonalised (lumped) mass matrix, e.g.:

Me = NpdV 3
- N arethe element ShaperIICtiOI 1S.

If away can be found to integrate this acceleration in time by using
only known guantities, it is possible to obtain a new configuration
on which the semi-discrete equilibrium equation (2) may be applied
again, and so on.

Note that no use has been made so far of deformation and in
particular of areference configuration, which iscommon in other
approaches. We constantly work on the current configuration.

JOINT feiy, European Commission
RESEARCH | 50 3¢ | Institute for the Protection and Security of the Citizen
CENTRE T European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

Direct time integration

Time integration of (2) isachieved viaa central difference scheme.
Thisisusually written as:

l_]n+1: L_]n+%[(gn+gn+l)
n+1 n n_ At.n (4)
S = e ado s 2

where n staysfor t", n+1 for "1 = "+ At, At being the time
increment.

By introducing the notation:

yn+1/2 _ l_Jn+é2—th (5)

we see that the new configuration n + 1 is obtained from configuration
n by applying alinear motion with velocity v" " Y2 Thefina
algorithm reads then:

L_Jn+1 _ gn+Atyn+1/2
o+l =10 _ext(n+ 1) T e(n+1)
e S PR ALY IC
yn+3/2 _ yn+1/2+AtlJn+1

A new configuration is obtained first. On this known configuration

equilibrium is enforced, and the new velocity is obtained only at the
end of the time integration algorithm.

This time integration scheme is completely explicit.
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e The central difference scheme is second-order accurate, and
therefore comparable as far as accuracy is concerned with the
implicit integrators often used in classical FE methods.

e However, itisstable only for time increments below a certain limit
(conditional stability).

e For highly non-linear problems (which are of interest here) thisis
not a serious drawback because even unconditionally stable
methods would need to use small time increments anyway for
accuracy reasons.

Among the advantages of the chosen method are:

e The transient dynamic problem is reduced to the search of the state
of stressinside the elementsin a (new) configuration which is
already known, having at disposal not only the stressin the
previous configuration but also, of course, the deformation process
between these two configurations.

e Thisisvery convenient compared with implicit methods where the
new stress state is searched at the same time as the new
configuration, sometimes by using complex iterative procedures
governed by convergence criteria.

e The proposed method appears particularly ssimple for the treatment
of complex non-linear problems. Hence, it isvery robust.

e Furthermore, direct application of the virtual work principle,
together with a second-order accurate time integration scheme,
guarantees avery high accuracy of the numerical results.
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Spectral analysis of the integration schemes reveals that frequencies
resulting from the use of the central difference scheme are dightly
higher than physical ones. The same effect is obtained by using a
consistent mass matrix.

On the other hand, use of alumped (diagonal) mass matrix tends to
reduce the frequency values. Consequently it is appropriate here for
precision reasons to use alumped mass matrix.

Thisisan incredible gift of nature since, as we have seen, using a
diagonalised mass matrix completely decouples the equilibrium
eguations. contrary to classical finite element methods, thereis no
need for system solvers.

The explicit character of this approach avoids the extra costsin
terms of bandwidth, which often raise very rapidly with the number
of degrees of freedom in complex 3D problems treated by implicit
methods.
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Essential Boundary Conditions

Conditions are imposed via a method of Lagrange multipliers[2].

e Assume that the imposed essential boundary conditions be
expressed by alinear set of constraints on the velocities, of the
form:

Cv=> (7)

e Consider the subset of degrees of freedom for which essential
boundary conditions are imposed. The equilibrium equations for
this subset can be written, introducing unknown reactions r :

ma = f—f +r (8

e Without loss of generality, the unknown reactions can be expressed
viaavector A of Lagrange multipliers:

r=c'a (9)

e Substituting into (8), after some manipulation and by using the
central difference integration scheme (5)-(6) in order to expressthe
velocity v appearing in (7), A can be symbolically obtained from:

B A=W (10)

where w is aknown vector and 8" a known, square symmetric
matrix whose coefficients vary in general with time, e.g. dueto
large motions or large deformations.
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Time integration scheme (structure)

1. Setinitia conditions; n = 0, At = 0, t" = to, >_<n _0, c_sn 0

l_]n — l_]O'VVint — O,Vvytz VVdn;
(W™, W' WK™ areinternal energy, external work and kinetic en.);

I
x

2.G0 TO 5;

3. (Note: X", c_sn, 0" and u" are known quantities);

Update the mid-step velocity: V"' "2 = u"+ (At™/2)0";

Set:[n— n+ 1], At « A"V andtnetn_1+At;

n-1/

4. Update the configuration: X' = >_<n_l + Aty 2 (loop over nodes);

5. Compute the internal forces: f nt Ze Ive BngV (loop over elements);
V® and B" are evaluated on the current configuration (n);
If n>0, then c_sn = gn_l+Ac_s;

While computing element internal forces, evaluate A" and add the

internal energy increment to W™ ;

6. Assemble internal forces; evaluate and assemble external forces f ext; i.e

6.1 applied loads;
6.2 reaction forces due to essential boundary conditions;

Add externa work increment to VVEXt;

7. Compute accelerations and update velocities (first half step):

0" = M (™™™ (loop over nodes);

n-1/2

If n>0,thenu” = v +(At/2)u" (loop over nodes);

8. If no output isrequired at thistime, then GO TO 3;

9. Compute kinetic energy and check energy balance: W2t~ W WA ;
Print requested output;

10. If final time not reached, then GO TO 3.

10
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The quality of the obtained solution may be checked globally by
computing at each time step the energy balance. In fact, the energy
supplied to the system (work of external forces, initial kinetic
energy etc.) must equal the sum of internal and kinetic energies.

The balance error may e.g. be computed as:

t int in
oW w W
Wext
Thiserror indicator isused a posteriori in order to check the

previously obtained solution and must not be confused with
convergence parameters typical of iterative approaches.

(11)

The main difficulties of the method, which isindeed quite compact,
concentrate in the determination of the new stress or of the stress
increment Ac and in some cases also in the determination of
‘external’ forces (e.g. fluid-structure interaction problems).

Note that the treatment of fluids requires some modifications to the
above algorithm, that will be detailed below.

11
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Treatment of geometric non-linearities

Kinematics

In the Lagrangian description, the reference is attached to material
points. For convenience, the material coordinates X are generally
chosen corresponding with the initial configuration (t = t;). Each
particle then occupies at time t a position x:

X = X(X 1) (12)

A measure of deformation may be obtained by applying to the material
gradient of the configuration F (“deformation gradient”):

E = X (13)
the polar decomposition theorem:
F=1R (14)

where R is an orthogonal matrix that representsarotation and T isa
measure of deformation, known as the left stretching.

In practice, this means that a linear element dXx in the reference
configuration transforms into the element dx in the current
configuration by undergoing arotation R, followed by a stretching 7.

From R one may derive avorticity matrix Q:
T
Q =RR (15)

which represents a measure of the instantaneous rotation which may
be used to update the stresses.

12
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Measures of instantaneous deformation and rotation may also be
derived from the spatial velocity gradient L:

L= (16)

by means of the following additive decomposition:

L=D+W (17)

]
)
1

%(L +L') istherate of deformation (“stretching”);
- W= %(L—I:T) isthe rate of rotation (“spin”).

Finite Defor mations

We have seen that the problem to be solved isto determine the
Increment of stress corresponding to the passage from the previous
configuration of known stress state to the new configuration, which is
already completely defined geometrically.

The above kinematic considerations indicate that the stretching
processis generally accompanied by a material rotation which may be
accounted for in various manners.

If deformations remain moderate, rotations may be considered
uniform over each element. It is therefore possible to attach alocal
reference to each element and treat it asif it would be geometrically
linear (co-rotational approach). It will be necessary to express the
internal forcesin the global system by means of an appropriate
transformation matrix.

When deformations are very small, the rotation may even be
considered uniform over the whole body (absence of geometric non-

13
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linearity) and there are no difficulties because the rotation may be
treated globally.

In non-linear problems the spatial integrations that lead to the internal
forces are performed numerically and therefore they involve the
knowledge of stress states only in some well-defined points of the
elements. We call these Gauss points because very often a Gauss
integration is adopted.

The ideaisthen to study the effect of large deformations separately
and uniquely in the Gauss points.

In practice this means that for each Gauss points one must obtain the
stretching and rotation corresponding to the time increment and from
these compute the corresponding stress increment. The part resulting
from the stretching through rheological effects (elasto-plasticity) will
be detailed in alater section.

The state of stress of interest to usis Cauchy stress. Since thisis
referred to afixed framein space, it is obvious that its time derivative
is not invariant with respect to rotation: ¢ is not objective.

An objective rate of stress may be obtained under the form:

G = 6~Ac+0A (18)

where A is an appropriate vorticity matrix.

For example, in the so-called Zaremba-Jaumann-Noll formulation:
A=W (19)

while in the so-called Green-Naghdi formulation it is:

A=Q (20)

14
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Note, however, that the above considerations are valid only in the
infinitesimal sense, while our problem requires the determination of a
finite increment.

We must therefore set up a numerical scheme for updating the Cauchy
stress that isincrementally objective. The 3D case presents technical
difficulties but does not introduce further fundamental concepts and
will therefore not be considered here.

From elementary geometric considerationsit is possible to build up a
scheme for two-dimensional problems that ensures objectivity in the
presence of arbitrarily large time steps.

Let 6 bethe angle of rotation during atime interval At. From the
transformation law of second-order tensors we know that the stress
tensor transforms according to:

a'ca (22)
where:
q = | COSO sind (22)
B —sind coso

In the discrete process, it may be verified that the angle 6 isrelated to
the value of the vorticity A,, at half-step:

tang = %AtAlZ (23)

In practice the update of stress may be performed by these three
eguations in conjunction with a constitutive law of the type:

o = 6-Ac+0A = C(0)D (24)

where D isthe stretching.

15
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Such aconstitutive law, usually indicated as hypo-elastic, will be used
to describe the elasto-plastic behaviour.

Proposed algorithm

A very accurate algorithm is obtained by the following three-step
procedure:

o We apply thefirst half of the rotation increment (6./2) to the state
of stress c_s” (n corresponds here to the previous configuration), thus
defining an intermediate stress state ¢

* n T

G =pop (25)
with
cosg sing
b 0 0 (26)
_—SI né COSE_

e Next, we apply the constitutive 4(_3(11|>12ation, to account for the
increment of deformation AtD" that has been accumul ated
during the time interval At. We have therefore:

gn+1/2 =5 +AtC[_)n+1/2 (27)
. . n+1/2 .
e Finally, we apply the second half of therotation to ¢ in order
to obtain the value at the end of the step:
1 172 T
6" = ps" " p (28)
16
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The use of an intermediate configuration to apply the constitutive law
causes an extra computational cost that has to be considered along
with the desired precision level.

The central difference scheme offers a second-order accuracy in the
time integration and the use of the stretching at half step ensures an
optimal representation of the actual deformation velocity. In particular,
one obtains an excellent approximation of the logarithmic strain
(natural strain) when the increments are added to each other (thisis
only feasible in the absence of rotations, of course).

It should also be noted that the choice of a specific vorticity matrix
(W, Q, others) isamatter subject to many discussions. In theory, this
choice may not be separated from the choice of a constitutive law. In
practice, however, it works quite well in many cases and yields
excellent results in most engineering applications.

17
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Modelling of elasto-plastic material

Theoretical aspects

The hypo-€elastic constitutive law introduced above, Eqg. (24), may be
written for the case of elasto-plasticity:

= Cé—¢) = Cé (29)

¢ isthetotal strainrate (e=D);
éE isthe elastic strain rate;

¢ isthe plastic strain rate;

C isHooke's elasticity matrix.

1 1
1Q »

In components form, C may be written:

C.. )+ A58 (30)

ijmn ~ M(alm jn |n jm ij“mn

where 5, is Kronecker’s delta, & and p are Lame’s constants:

_ Ev _ __E
T 1+rw(i-2vy M T oawv
and E, v are Young's modulus and Poisson’s coefficient, respectively.

The material behaviour iselastic(z:ip = 0) until alimit stateis reached
characterised, for the Von Mises criterion, by an equivalent stress
equal to o, theyield stressin atraction test:

— 3
o= 2S”SIJ = Og (31)

where S j are the components of the deviatoric part of the stress o

S = 0] SIJGkk

18
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The plasticity criterion may be represented by an yield surface f (o):

1 1.2
f(0)= 388 = 39 (32)
In the space of principal stresses this surface isacylinder, oriented
along the line that trisects the first octant and of radius R:

_ |2
R—J%GS

The admissible stress states are those that lie either internally or upon
the yield surface.

Once reached the yield surface, the plastic component of the strain rate
may be derived, by using the normality principle, from an associated
flow rule:

i AN or O (elastic case) (33)

€
where N isthe unit normal outgoing from the yield surface.

The amplitude A of plastic flow may be obtained from a consistency
condition which ensures that the state of stressremains on theyield
surface.

For the Von Mises cylinder, it is evident that:

N=2 (34)

In fact, the normal cross-section of the yield surfaceisacircle.

19
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In order to determine whether the deformation process remains elastic
or not when the current stress state |sf on theyield surface and a strain
rate e isapplied, atrial stressrate ¢ isintroduced:

étr - o (35)

o if N &" <0 the deformation proceSS|s purely elastic, and the tria
stressrate is the actual stress rate: c = cs

o elseif N-c_'s "> 0 the processis elasto-plastic.

Usually, materials subjected to plastic deformation exhibit some
hardening: the yield limit varies as the deformation proceeds.

By defining an equivalent plastic strain rate s_':P:

.P 2.P.P
e = [38i8] (36)

where éiFj) are the components of g',P , the model! for isotropic linear
hardening may be written as:

6= ETE (37)

where E" isthe so-called plastic modulus.

Other hardening models may be defined: for example, the kinematic
hardening model where the whole yield surface istransated in order
to account for the Bauschinger effect.

20
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Let usillustrate the effect in the case of a simple traction-compression
test:

Ao o
- -~ E
GO _________
Os
Ine
|
experiment
t — iSOtropic hardening model
eP = EE t kinematic hardening model
== 6,=0g Of thevirgin material
E' is the tangent modulus (Et «E)

Various hardening models may be set up on the basis of the theory
presented above.

21
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When performing studies on material behaviour, it is often interesting
to have at disposal a model that somehow combines the isotropic and
kinematic hardening. However, in many appllcatlons an isotropic
model or even an elastic/perfectly plastic model (E =0)is
completely adequate.

In the following we will consider for ssimplicity an el astic/perfectly-
plastic material, for which the yield surface remains constant.

One must evaluate A in order to compute z:':P, the plastic part of the
strain rate. Also in this case asimple drawing is of help:

ogh

G4, 0o O3 principal stresses

C isisotropic

. t
G=¢'-Ce =Cci-Ce

e N and hencealso éP lie in the deviatoric plane;

e ¢ istheorthogona projection of c on the plane tangent to the
yield surface.

22
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The previous drawing stresses the fact that the use of Von Mises
criterion transforms the orthogonality (deriving from the normality
principle) into “radiality” .

This characteristics of radiality opensthe way to an efficient, accurate
and at the same time simple treatment of elasto-plastic behaviour.

Finally, notice that the consistency condition for the elastic/perfectly-
plastic case reduces to the following analytical expression:

A=N-é (38)

23
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Résumé of the formulation for the elastic/perfectly-plastic case
(Von Misescriterion)

. P

e Constitutive equation: ¢ = C(¢ ¢ );

[Neo)

e Plasticflowrule § =

0 (Elastic)
{Au (Plastic)
e Consistency condition: A = N-e;

e Unitnormal: N = S/R R = ./2/30g;

e Trial stressrate: c_'str = Cg,

e Definition of an elastic process (E):

f(o)= %S|js’|j<cg , or
f(c_s):cé and N-c_'strso
e Definition of a plastic process (P):
f(g)zoé and N-(_'ftr>0

In case of hardening, the formulation is quite similar but of course
includes also the equations describing the evolution of theyield
surface. The consistency condition becomes slightly more complex,
but the essence of the formulation remains the same.

This theory considers only infinitesimal aspects which are not
automatically generalised to the case of finite increments: it remains
to define an algorithm.

24
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Theradial return algorithm

Theradial return method (due to Wilkins) consistsin a discrete analog
of the geometric concept used in the theory (see the previous figure).
In fact, this method relies upon the normality principle.

Given aknown state of stress ¢ and by applying an increment of
. -n .
deformation Ae, the method consists of two phases [3]:

e First, an elastically induced trial stress state is evaluated:

Ope1 = O+ C(AE) (39)

e Then, thistrial stress stateistested in order to check whether it lies
within or outside the yield surface:

- if c_stnr+ 1 lies within (or onto) the yield surface, the processis
elastic and one smply puts:

o = " (40)

-n+1 -n+1
- dseif c_stnr+ 1 lies outside the yield surface the processis
(elasto-)plasticand o, 1 Is defined by the intersection
between theyield surface and the line which connectsiits centre
with the trial stress state 6"

~“n+1°

The method is used in the deviatoric plane as sketched below:

25
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In spite of its extreme simplicity, this algorithm gives excellent results
in practice. It may be shown that the algorithm is asymptotically exact
both for very small increments and for increments tending to infinity.

Accuracy isawaysvery good, even excellent if one takes into account
the uncertainties which are anyway related to material behaviour.

Furthermore, it is easily extended to the case with hardening.

It should be noted that the practical efficiency of the algorithm stems
in particular from the fact that the deformation increment is defined
without ambiguity before starting the search of Oy the new stress
state.

In iterative methods, the nature of the numerical problem is different.
Therefore, thereisno a priori evidence that the radial return method is
useful also in conjunction with implicit time integration schemes,
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Résumé of theradial return algorithm

e Computethetrial stress state:

tr tr

tr
On+1 = c_$n+Q(A&_:)

Compute the hydrostatic stress.

1 tr

(—SH - é(Gmm)n+1

Compute thetrial deviatoric stress state:

S =o_,.,—oyl (with | the identity matrix)

= -n+1

Elseif A" > R?, then:

Compute atrial equivalent stress state (scalar):

Atl’ - S’[I’ . Str

If AT <R? (with R the radius of the Von Mises cylinder), then:

- _ th’
“n+1 Z=n+1

R

_ tr
o —S +6H1

“n+1 «/ATr

This scheme [3] describesall numerical operations necessary to obtain

o) from o and Ac.
n+1 -n =z

It isall the same in the presence of hardening, except the last point,
because the new hardening surface must be determined in order to let
thenew stresss _, , lieonit.
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Validation examples (structure)

To illustrate the methods proposed in the previous sections, afew
validation examples are considered.

L ongitudinal wavesin a bar

Consider along bar subjected to longitudinal loading:

L
F

p, A

>
v
<

I

X
c

o+ E)_de
— oX

o
i

dx

Assume that:

- The cross-section A is constant;
The material, of density p, is homogeneous and isotropic;
Plane, parallel cross sections remain plane and parallel;
The stress ¢ isuniform in each cross section;
We neglect the effect of lateral inertia.
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The (dynamic) equilibrium is expressed by the following equation
(equation of motion):

2
J0 _ Ju
from which we obtain:
0 0 /
o _ u
" Pe )

For an elastic matergal we have ¢ = Eg, and since the longitudinal
. . _au . .
deformationise = > e may re-write (42) as.

82u 82u
e )
or, finally:
82u 282u : E
a? = coa? with Co = J% (44)

Equation (44) is known as wave equation and the constant ¢, isthe
sound speed in the elastic material.

The general solution (D’ Alembert’s solution) to (44) reads:

u(x, t) = f(x—cgt) + g(x+ cyt) (45)
—C
0
f Co 4%\ X
\ »
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e Thetwo “waves’ f and g propagate without distortion;

e The spatial form of f and g is determined by initial conditions and
by boundary conditions.

While the waves propagate at (constant) velocity c,, the material
particles move at velocity:

Jou of _

V(X t) = 5 = ~Co3; = —Cof "(x—=cgb) (46)
But since:
t) = Ee = E%Y = Ef 47
o(xt) = Ee = Ex. = Ef'(x-cqt) (47)
we have:
Co
V(X t) = —Ec(x, t) (48)
—
u=f f‘\co X
|
A :
N4 -
v
C X
g X
E |
N4
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Method of Images

free end fixed end
0 X 0 X
I > i >
7
c(0,t) = Ea—u(O t)y =0 =
) x> ulo,t) =0
— L — - - <
f'.g | |
T 7 - ===
| | |
- - -
|
— -< - | —
S| V - — — — 9
| - - |
L - — — —
- — — /1
— — -< - |
— — — q G - - - — 4
| - - |
L - — — 4
— - e . —»
______ u : : :;____
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Symbols used in the examples [4]

E | Young’s modulus | o, | First yield stress
Density E, | First plastic modulus

v | Poisson’s ratio 0,2 | Second yield stress

E,; | Second plastic modulus

)

Y
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Wave propagation in along bar (1D bar impact)

E | 200 GPa

p 8000 kg/m®

R() 1 m

Lo 1 m

vo| 50 m/s Yo, Zero initial gap

R, T

- - - B

Lo

1D IMPACT

Problem definition

T T T T T T T

1D IMPACT R PO

Strain at bar midpoint

'
O
—

Solutions
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Elasto-plastic wave propagation
1-D ELASTIC (-PLASTIC) WAVE PROPAGATION
Model: 2-D Plane Stress Analysis
0 X
> o—- > -L—0O0------
P(t) > 1 2 3 400
< 01
B 40.0 N
Sound Speed: 1.0
Particle Velocity: 0.01
Mesh Velocity (ALE cases): +-0.25 (starting at t=24)
Fina Time: 32
AP
100 Material Data
Density 10000
Young's Modulus | 10000
t Yield Stress 75
0 45 Plastic Modulus | 3333.33
Wave Generation Poisson’sRatio | 0.0
Problem definition
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A A
c S
100 | E = 1x10*
Ep = E/3
75 —
E = 1x10"
= Ep = E/3-
€ €, = 2¢ €
0 ‘ ! > 0
0.0075 0.0150

Material properties

' gg €, = 2g
0.0075 0.0150

A°
To) o
t=32. & 08
o T | Nl
—
=1
Op= -100 —
A \%
Vo=0.01
——>
=1
t=32.
I »
Elastic solution
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A (0)
&
= t]_: 45 z g
| >
0 X
>
Co=1
GE:-75 — —
0(=-100 —I €p=0577
AV
vp=0.01183
 ¢p=0.577
vg=0.0075 - L
—>
Co=1
t= t1: 4.5
>
0 8 2 X
N
(a
Elasto-plastic solution at t = 4.5
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AC
Oy=+ 100
—
Co
S
2 3
t=t+=10.647 =
0 | X"
—
Co=1
O= -75
6o=-100 T p=0.577
AV
vp=0.01183
T ¢p=0.577
Vg=0.0075 —
—
Co= 1
vy=0.00183
>
t=t-=10647| 0|  x¥'=6147 X
—
Co= 1
VUE= -0.0100
(b)
Elasto-plastic solution at t = 10.647
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12.20421 45
> <t—"1>
4o -
t=t=32. 0 15.20579 275 320 .
0,=-9.15 | ' ' | X
-
=1
GE: -75
12.20421 45
> <t—"1>
X ]
Vg=0.0075 —
-
Co= 1
V,=0.000015 |
: >
=t=32. 0 " 1520579 | 275 | 320 X
(e)
Elasto-plastic solution at t = 32
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Comparison of 1D and 2D €elasto-plastic solutions

20

PLOTTED: FRI APR 28 17:26:04 1995

XXX
101 yyy

-10

[PA]

STRESS

~70 +

-80

XD26049550000008 < 1-D Solution
XLL1UT20501031999992 <-— 2.1 Splution

\
0 !'VWrWM‘yl#\mylvlv "(“M‘v "w\'v M ‘1\{'(’«\}"1\(‘]“”"|)'§‘y!|vl‘|‘l,||“'!v};|‘m“m ********* 1y - - - = N

'HMWHVWH’M” i

1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1.4 16 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 36 3.8 4.0 4.2
SPACE [MM] X104

(@)

PLOTTED: FRI APR 28 17:26:22 1995

X103

(M/S1]

VELOCITY

XXX
Trovvyy

x0z80435v0000008 < 1-D Solution
XLLIUTZ0V01031999993 <— 2D Solution

_2 1 1 1 1 1 1 1
0.0 0.2 0.4 0. 0.8 1.0 1.2 1.4 16 1.B 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 36 3.8 4.0 4.2

SPACE [MMJ 10
(b)
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Cone problem

‘Tﬁ}:}zo : F
o 4 \ o rg 200 GPa | X' a
0 Ty p | 8000 kg/m? tF
R, 0.5 m Fo |
a 10 m
Fo |-15.708 MN S
[ —» X X* 25 m Time
CONE PROBLEM
Problem definition
LANEEED B B R RENN B B S
i CONE PROBLEM 7
0
~~~ B
S
Qé |
~ -
o =
]
0 -
7
5]
pr
+2
0p]
_ 100 1 1 | 1 1 1 1 |
1.0 15 . 2.0
Time (ms)
Solutions
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Elastic sphere

77 E 200 GPa
p 8.ET kg/m?
v 0.3
Ry 0.03 m
Po 286 M Pa
ho 40 um
B [0.36282

1.24

Problem definition

'llllli]l'TlT||1l|1'l|u1
_. [ ELASTIC SPHERE T
€ i
3
S’ L a
-~
g 1F °—
5| ﬁ
Q
e Small-strain o
a shell = o
o
TR WS U NS TN W MO W A T WA T A B )
0 1T . 2
Time (ms)
Solutions
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Circular plate

Y
‘H‘C CIRCULAR PLATE
[HH p 0 mm
o x X 8.47 mm
ALB ¢ D E 25.4 mm
50.8 mm
E| 6895 GPa 76.2 mm
p | 2962 kg/m? 177.8 mm
v 0.333 3.175 mm
Oy 68.95 M Pa
E, 70 MPa
Py [18.4957 MPa
Problem definition
— 07 —r—TTT T T 7 T 7
g + [— [ Scatter of continuum solutions |
E L- 2D Shell solutions
° <+ | 21 elements, small strain
8] P’ + A | 42 elements, small strain +
o X | 84 elements, small strain
< _ 1.0~ A + + O | 42 elements, large strain R
E \ + 4+ 4 A/\
r-
GE) \ A
c% °§ 4
g
o
P ~ CIRCULAR PLATE
—1.4 | | 1 i
100 200 300 400
Solutions
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Spherical cap

oyl 1-—--—
Time E

veo

0

414 MPa
;| 565.7 mm
10.4 mm
26.67 Deg.

1 I T L L L 1 1 I l 1 ] ) ] T T
i SPHERICAL CAP ]
T O~~~ e e e e e e -
£ o [2D Shell J
R x |3D Triangular plate i
3 3D Shell
g - -
E L i
Q
-‘-& -1.0 2D Continuum solution —
B N i
»
& -
<
- X -
2ob— o 1o oo oo by o oy
0 01 0.2 0.3 04 0.5 0.6 0.7 08
Time (ms)
Solutions
SPHERICAL CAP
Initial 0
and -
deformed
mesh
(3D) Deformed mesh
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Shock absor ber

| SHOCK ABSORBER

vo |13.286 m/s %
R 1m : |
h | 0.005 m | |
H 2 '
o 45
E 210
p | 8000
p2 |3819.72
v 0.3 -
Oy 480 MPa R!
E,| 1859 MPa
02| 550 MPa B N ————
Ep, 0 MPa ‘t=0 ‘_:=6ms l‘t=18\ms D=36‘rr‘l.s
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Bar impact
v | 227 m/s||[E] 117 GPa | BAR IMPACT
Do |6.40 mm ||| p |8930 kg/m3
D 0 : -
‘ 0 H,|32.4 mm || v | 035 CODE Final H | Final R
i = o, | 400 MPa | |[DYNA-2D 21.47] 7127
: E,| 100 MPa | |NIKE-2D 21.47| 7.068
é DYNA-3D 21.47| 7.034
| PLEXIS-3C 21.47| 7.113
t=0 t=20pus | t=40 | t=60 | t=80
H = 3240 H = 28.06 |H = 2456 |H = 2222 H = 21.47
R = 3200 R = 6159 |R =17049 |R = 7115 |R = 7.113
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L arge Dynamic Test Facility (LDTF) [5]-[6]

cility

-] JOINT
£ "4 | RESEARCH
+++" | CENTRE

COMMISSION OF THE EUROPEAN COMMUNITIES

*
*

1 Cables
2 hydraulic piston 7 cleave

34 cable heads 8 fransmission rod
5 cross bar 9 explosive bolt

6 hydraulic dampers 10 specimen
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1D model calibration

-GENERAL LAYOUT OF LD.TFE

2 hydraulic_piston

6 cross bar

4 cable hez

\7 explosive bolts

10 hydraulic dampers

e
~
CENTER s
~
J— =3
: e
RADIUS (mm) IS 3 " o o - g
- 3 . R S . - 8 2 - °
© - - 2 8 s % 3 ~
had N\ > gre— -
_ _ - _ _ .:.:_' @
MATERIAL 1 2 4 ‘ ¢ ¢ 1 |4 4 ‘ 3
LENGTH (mm) 410 240 2 350 10 100 |70 90 | 140 |8 250
20y
ELEMENTS 82 48 ] 70 22| 20 | 20 (14 (18 | 28 |10 50
~ Y - b
NASS (Kg) 2.2 435 R 10.1 ~| 66 1369|556 56 |< 66
~ ~ - ©
DEFORMABI - 0.148 0702 |S 0516 S |00ss | 0003 3 8 |o14¢ [S| o362
LITY (mm/MN) ° © s|s s
TRAVEL 79.1 1747 < 72.1 (206 (19.3 [44|t05 | 28 || <09
TIME (us) o
DISTANCE
FROM
CENTER(mm) 10 g gle SIE] 8] 8[8] 8] gl# g
o -
NODE o 20 5»21 §qmn EJ Sele 36 Eu:u s
PLOTTED s @7/06-/E5 1&.15.1%
3.0 T T T T T T T T T T T T T T T T T T T T
XXX  XO1110MINR20
X102 YYY  X01110MAXR20
ZZZ EDLDMERNR
2.5 4
2.0 4
1.5¢ ]
1.0 E
0.5} 1
o.g S S S e S S T S S S S S S S S
.0 1.0 2.0 3.0 4.0 S.0 6.0 7.0 8.0 9.0 10.0
TIME (MS)
FIGURE 27 : EURDYN-1D L.D.T.F. CALCULATION

X.Y EXPERIMENTAL SCATTER FOR L.D.T.F. TESTS 10 AND 11 (RODS)
Z EURDYN-1D CALCULATION WITH FRICTION (5% OF NET PRELOAD)
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LDTF flat specimen

820
| plastic pcﬂ 300 y
| 2 I
: | motad
T
Lr / o
strain gauges
T
— UNI-38NCD4 ‘T AISI-316L ——1—‘ UNI-38NCD4 —
. a)

View of the “flat” specimen

(1))
§°" -3 Experiment LDTF21
03I —a-a-A 1-D calculation 1
o2l + + + 2-D calculation, 1st fit (3 segments).
- - - 2-D calculation, 2nd fit (3 segments)
%000 2-D calculation, 3rd fit (6 segments)
o'&oo 0.& O.AIO OIS om 05 om 05 00 045 050 0.5

NATURAL STRAIN

True stress vs. natural strain for test LDTF21 (based on mean

strain over a 150 mm span) and multilinear models used
in the calculations
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TRUE STRAIN X

Sa.

Results sensitivity

I L | By
- - - Bxperiment LDTF21, central 180 mm span / /
i Experiment LDTF21, central 240 mm span
40 ooo  1-D model, central 240 mm span //
N A A/ 1-D model, central 280 mm span
¥ XX 2-D model, applied force, 16t fit /
0 00 2-D model, applied force, 2nd fit o
a
3.
20. hat
o
¢
10 = .
‘ * LI} ooup][ed model, 2nd fit, central 160 mm span
L A & o coupled model, 2nd fit, central 240 mm span
+ + + ooupled model, 2nd fit, central 280 mm span
3. | N " N . R —_ s -
2. 2. 4. 6. 8. 18.- <, 12,
TIME ([mS]
Mean natural longitudinal strain for test LDTF21
. Polssou’s ratio ’ggo kg/m?
aﬁbm 200 GPa
yleld stress 400 MPa
first it #escond it

i

Fl'm——-

}-—L-SS&S——ﬂ

t=40 ms

I._ L-SSM_..{

—J—<

—3—
—1=

1st hardening slope

2600 MPa

F—vrearo — i b— L4183 —

1st hardening slope

1st hardening siope 2436 MPa
2nd yield stress 800 MPa 2nd yield stress 743 MPa 2nd yield stress

2nd hardening siope 857 MPa 204 bardening slope 1103 MPa 2nd hardening slope ng&

::hlﬂhn!ngdqu :sgm

; 9

4in Dardontrg wiope 378 MBe

8 MPa

5th yield stress 1020 MPa

Sth hardening slope 0.

Full-model calculations of test LDTF21. Initial and deformed
meshes obtained by the three different assumed material laws
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: J[ LARGE DYNAMIC TEST FACILITY

Optimal results

FLAT SPECIMEN
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LDTF circular specimen

UN! 36 NCD4 . AISI 2161L N UN! 38NCDS
r_—mi,-____i
.3' 00 . _t )
3 l ro 00 F-_D'."zssl.l é
Y e D] g
I- ; - ‘7 o LS - N _
i | hoa_ I ' = T
200(cyt) [ | H
& 205 300 . ! 205 g0’
i T T i
S _ x
b)
View of the “cykindrical” specimen
LARGE DYNAMIC TEST FACILITY
CYLINDRICAL SPECIMEN
— 5.
t=0
= = SiESsssssiiiiiiinifiifffiifffist H
E= s
t=4 t=95
----- Siiieeeitiie s T
t=8 t=9
i

t=10

Full-model calculations of test LDTF47. Initial mesh and
deformed meshes at various times
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CANTILEVER

Cantilever beam

I CANTILEVER

! L L] 0254 m o

| il h [0.0254 m sl
: P| 19.65 kPa o W

0 ? ’l/qlu/ E| 82.73 MPa >t
P ' |11.007 kg/m® t=23.0ms
Time v 0.2
_OJ = Real displacements
Problem definition
T T T T T T T T T 1 1 T T
CANTILEVER

0.5
N
~—
)
=
(5]
g
9
=8
[o%
.8
A

0

1 1 | 1 1 2 ] 1 1 | 1 1 2
0 1 2 3 4 5 6
Time (ms)
Solutions
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Shock absor ber

D |109.9 mm
H [200.0 mm —_ -
1| 80.0 mm Z
h| 3.62 mm 2
v | 140 Deg. ;
o 36 Deg. ;
- Z
L~
L
. L H
1 , 28 2
\;
7 _><¥E
o =2 N
L~
X 2 N
Y
E | 180 GPa Z o
p |8000 kg/m? 7
0.3
o, | 180 MPa
E,| 24 GPa
0,2 | 497 MPa
|Ey2| 0.61 GPa D
[Initial radial velocity (shaded area) v, =139 m/ s] X
T o o y
CYLINDRIGAL PANEL L CYLINDRICAL PANEL |
Problem definition
Solutions
L A | A
CYLINDRICAL PANEL }Z
o TLANDRIVAL PANEL
201 ¢ -
4 [ ] \/ l. N “ |
15 : - AN
° Experimental results S WO =7
) 1y
104 . i T A
1 & Numerical solution TV
) X NdNJ A
5 I pe%;
1 Y
O v RS ARASS SRS ASASS RARAS AaRAE CYLINDRICAL PANEL
100 2 300 400 Time (us)
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Prepared for the Course “Fluid-Structure Interaction in Fast Transient Dynamics’
Organised by UPC, Barcelona (E) 4-7 May 2004.

Course Notes

Part I

ALE Formulation

Folco Casadel

Joint Research Centre - IPSC
European Laboratory for Structural Assessment, T.P. 480
21020 Ispra (Varese) - Italy
E-mail: folco.casadei @jrc.it
Web: http://europlexus.jrc.it
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ALE description

The fluid domain is assumed to be compressible and inviscid. Both
assumptions are related to the fact that in the class of problems of
interest here (fast transient phenomena such as impacts, explosions,
etc.) relatively high pressures and pressure gradients are usually
present. As a conseguence, even liquid materials exhibit some
compressibility and the viscous forces due to friction phenomena
aways present in real fluids are usually negligible compared with
pressure and inertia forces.

The governing equations for the fluid domain are the so-called Euler
eguations, which express the conservation of mass, momentum and
energy. In the ALE formulation, these are written in mixed
coordinates, i.e. with respect to areferential domain that coincides
neither with the fixed (Eulerian) reference, nor with the moving
particles (Lagrangian), but can be arbitrarily defined and moved in
time.

The equations can be conveniently expressed in integral form:

dM _ d _ —Vv)-
m —aj pdVv = ﬁp(v_v v)-ndS  (Mass) (49)
V(t) 1)

d—Q = Ej pvdVv = {) pV(W—V) - ndS- I VpdV + I pgdV (Momentum)
dt dt B I - -

V(1) S(t) V(1) V(1)
dE _ d j pedVv = i; pe(w-v) - ndS— i; pv - ndS+ J' pg- vdV (Energy)
dt  dt - - -

V(t) S(t) S(t) V(1)

Here p isthefluid mass density, p the pressure, v the fluid velocity, g
the acceleration of gravity and e the total specific energy. The symbol
denotes scalar (dot) product and V the gradient operator.
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The quantities M, Q and E are the total mass, total momentum and
total energy, respectively, of a control volume V(t), bounded by a
surface S, which movesin the fluid with an arbitrary velocity w which
may be zero (Eulerian coordinates), or v (Lagrangian coordinates) or
have any other value (mixed coordinates). The vector n isthe
outwards unit normal to the surface S.

Furthermore, for a compressible fluid, the total specific energy e is
equal to:

e=i+ %vz (50)

where i isthe specific internal energy and the pressure p is given by
the equation of state:

p = p(p,i) (51)

In place of the third of Egs. (49) one may also consider an integral
expression governing the time rate of change of the internal energy |
contained in the control volume V(t):

d _ d o Lo e .
G = o | pidv= §piw-v)-nds- [ pV-vav (52)
V(t) S(t) V(1)

In Egs. (49) and (52), the first term in the right-hand side is atransport
term (depending on the relative velocity w-v), the second (when
present) isafluid pressure term and the third a body force term.

To achieve the discretization of two- or three-dimensional fluid
domains, ssimple elements with rectilinear sides and multilinear local
velocity fields are used. The density and the specific internal energy
(and consequently the pressure) are assumed uniform over each one of
these elements.
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Therefore, direct use can be made of the integral forms (49, first Eq.)
and (52) of mass and internal energy conservation to update the
element density and specific internal energy, provided V(t) represents
the current volume of the element.

The treatment of the conservation of momentum is more complicated
and the interested reader is addressed to references [8-9] for further
details. For the scope of the present work, it is sufficient to recall that
the resulting time integration scheme for the fluid domain consists of
three distinct phases, as originally proposed by Hirt et al [10].

e Inthefirst phase, an explicit Lagrangian calculation is performed
by noting that the convective termsin the conservation equations
vanishwhen w-v = 0.

e Then, pressureisiteratively refined (also in order to stabilize the
solution) in the second phase, an implicit Lagrangian calculation.
To thisend only afixed, small number of iterationsis actually
required.

e Finally, transport terms contributions are added separately in the
third phase, a convective flux calculation.

This time integration scheme is not as limpid as the one presented in
the flowchart for the structural domain (Lesson 3), but in practice the
two agorithms are combined quite effectively in the program. The few
modifications required are shown below.

Note that the grid velocity, indicated with w, is arbitrary, therefore it
has to be provided in some way to the code. An efficient automatic
algorithm for the evaluation of w so asto minimize mesh distortionsin
thefluid isavailable, see [11-12].

A first-guess value for w is estimated as a function of the mesh
geometry (current coordinates x) and then corrected to take into
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account the local fluid velocity v. The configuration is updated by
using the grid velocity, see the flowchart below, which for the
structural domain coincides of course with the velocity of the particles.

Finally, note that the subdivision of the step into three separate phases
requires a double loop on the fluid elements when computing the
internal forces. All remaining steps of the integration algorithm remain
unchanged, including the determination of reaction forces due to
essential boundary conditions.

Timeintegration scheme (fluid)

Modificationsto thetimeintegration scheme (see L esson 3) necessary for
treating also the fluid domain

1-2. Unchanged;

3. Immediately after the computation of the new mid-step velocity in the fluid, add the

+1/

computation of the grid velocity, w" 2 , which is performed by the automatic

rezoning algorithm:

n+1/2 n n+1/2
w = KX,V

)

4. The update of the configuration now reads:
n-1/2,

n n-1
X =X + Atw

5. The computation of the internal forces now requires two loops on the (fluid) elements:
5.1 explicit Lagrangian phase and the implicit Lagrangian iteration on the pressure;
5.2 convective flux calculations;

6-10. Unchanged.
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Kinematics of the ALE description

. ) -1
Particle Motion= & - ¥ ) .
- = Spatial Domain

Material Domain /’\ (current configuration of Ry )

S

Reference Domain
(fixed)

Schematic diagram for the domains and mappingsin the ALE description

Let v bethe particles velocity and w the grid velocity. Then:
- When w=v the description is Lagrangian;
- Elsewhen w=0 the descriptionis Eulerian;
- Elsethe descriptionis ALE.
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One-dimensional example

—

LAGRANGIANYX; = X4

ALE

/\  material point (particle) particle motion

Q meshnode ~—————- mesh motion

One-dimensional example of Lagrangian, Eulerian and AL E mesh
and particle motions

60

JOINT P, European Commission

RESEARCH 4 Institute for the Protection and Security of the Citizen
CENTRE T European Laboratory for Structural Assessment

e
e




BBARCELONA - C O U R S ENR

Finite Volume Formulation

The same FSI techniques to be described below in a Finite Element
context may be applied, with appropriate adjustments, also to Finite
Volume formulations.

We use anode-centered FV fluid model, which employs an
approximate Riemann solver combined with aMUSCL -like technique
to obtain second-order accuracy in space and time in the computation
of numerical fluxes.

An ALE formulation [13] isadopted, based on afully unstructured FV
grid that is automatically built by the program starting from a FE-like
discretisation of the fluid domain. The FV model, initially
implemented in two space dimensions [14], has been recently
extended to axisymmetric and full 3D geometry [15].

The governing Euler equations for the fluid domain are written in the
form:

QU

=
+
<]
M
I

I

o

(53)

oF
—_

with:

U = {p,pu,pE}

I . (54)
F(U) = {pu, puu+pl, (pE+p)u}

where U isthe vector of the so called conserved varlables and F(U)
isthe flux of U; p isthetotal density, E = e+ |ul 2/2 éthetotal energy
per unit mass, e the internal energy per unit mass, |u|”/2 the kinetic

energy per unit mass, uu isthe tensor of components u; 0

(i,j = 1, ...,3) and p the pressure.
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The conserved variables U = U(x,t"), t">0, x e R> are defined in a
series of instants {t"} by a set of discrete constant values {U"™
expressing integral means on the generic control volume Q:

n_ 1
U" = &, uav (55)

where |Q| represents the measure of the control volume. The weak
form of Eq. (55) is:

d _
ajQL_Jolv = —jagm- F(U)]dS (56)

where n isthe outward normal to the control volume surface 0Q. By
using afirst-order explicit timeintegration, Eq. (56) yields, by
denoting the numerical flux as ®:

n+1l n+1 n N _ .
Q7T TUT QU = ALY (n- @) (57)

Thisfirst-order relation is used to advance in time the solution in the
FV subdomain.

For the enforcement of essential boundary conditions (BC) in the
Finite Volume model—and in particular for dealing with FSI—a
mixed weak/strong approach is adopted.

A weak enforcement is chosen for the energy terms, i.e. boundary
fluxes of these terms are added to the balance of those nodal control
volumes which lay on any moving edge of the fluid domain. However,
strong enforcement is preferred for the momentum terms, in the sense
that the related contributions are represented by external nodal
reaction forces. Essential boundary conditions are treated in the same
manner for all concerned nodes—both FE and FV—in the computer
code.
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To achieve strong enforcement of BCs related to momentum terms,
two sources of inaccuracy are introduced. Thefirst oneis dueto the
assumption that velocity isanodal quantity, whose component normal
to the boundary is null. This assumption, quite natural in the FE
context, is somewhat constraining for aFV model where all quantities
are actually related to the entire nodal control volume, and not
particularly to the node.

A second inaccuracy in BC application stems from the choice of
adhering to the general framework of FSI algorithms in the code, and
will be detailed below.
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Why mesh rezoning?

Rezoning is necessary because Lagrangian solutions of fluid
problems suffer from excessive mesh distortions and entanglement:

TYPICAL POOL TYPE LMFBR
FOR
«CONT» BENCHMARK CALCULATIONS

(Dimensions in meters)

Hold down bolts Rigid roof
Boundary conditions: Cover gas
clamped
/ ¢
|
[ H 4 A
D Y
F—— = —N"T
' o ::
e
Boundary ,
conditions: « T y
hinged © — X
Sodium
React o2 o\\’o
eactor
c . Explosive
vessel bubble
4
Inner
vessel
A 1989 m
B 0.025 m
C 0.025 m
D 1.000 m
Temp. 723 K
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Early solution attempts[16]
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ALE solution with automatic rezoning (Giuliani, see[11])

H
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Mesh rezoning algorithms

It should be stressed that in the present context by rezoning we intend
the motion of (nodes belonging to) an ALE mesh, with the mesh
topology being kept constant. In other words, the position of nodes
changesin time, but the nodes, finite elements and element
compositions in terms of nodes do not change in time.

This should not be confused with adaptive algorithms, which change

the number of nodes and elements in a mesh as well as their positions.

Rezoning algorithms may tentatively be subdivided into:

e Purely kinematic, e.g:
A (slave) node follows the motion of a (master) node;

Nodes initially along aline remain on the same line (master
end-points) by maintaining the ratios of inter-node distances;

Nodes within atriangle or quadrilateral (identified by suitable
master corner nodes) move by homeomorphic deformation,

etc. efc.

e Geometric:

- Giuliani’s method based upon minimization of triangles (or
tetrahedra) distortion [11];

- Mean vaue agorithm;
- €efc. etc.

e Mechanical:

- Solveelasticity equations for a (dual) mesh coinciding with the
ALE grid and considered as a solid body (continuum, or bar

assembly etc.).
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The mean value algorithm

In its ssimplest formulation, the mean value algorithm states that the
optimal position of any node coincides with the arithmetic mean of the
positions of its neighbour nodes. In the 2D case, we have then:

N
X| = %I > x (58)

J
The mean position algorithm

Alternatively, one can use nodal (total) displacements u, in place of
nodal positions x.

Drawbacks:

e Rapidly tends to produce a uniform mesh (may be bad in some
Cases);

e Fallsin some particular configurations, due to local mesh
“curvature” (see example next).

68

JOINT feiy, European Commission
RESEARCH | 50 3¢ | Institute for the Protection and Security of the Citizen
CENTRE T European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

Failure of the mean value algorithm

I r_1
./.\. )_(| = 4()_(J+)_(K+)_(L+)_(M)

K L
J
./‘N
N Lagrangian o
A curved mesh

Blocked

N

Solution
Test problem
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Giuliani’s automatic rezoning

Thisisfully automatic and based upon geometric considerations [11].

For each node to be rezoned, an influence domain isidentified,
composed of the neighbouring trianglesin 2D (tetrahedrain 3D):

[

X

Influence domain of anode | in atwo-dimensional element mesh

The “shear” and “stretch” of each triangle in the domain is measured:

d
‘ R shear = f(d)
i T stretch = g(h)
ﬁ h isthe mean
h height of
trianglesin
Y the influence
J = Moo= K domain
Lb—>l
Generic trianglein the influence domain of node |
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A function of the total shear and stretch over al trianglesin the
influence domain is minimised:

4
E = ZINZ 1[?} +Z:\l: 1(%)2 = minimum (59)

Special careistaken for nodes subjected to boundary conditions (e.g.
on an axis or plane of symmetry):
Y Axis of Symmetry

Influence domain of anode | located on
asymmetry axis.

‘\oc

O X

It isimportant to constrain the resulting grid velocity somehow:

(VP Domain of

admissible W
Direction of W
(1+ypv
Yo v
v
Grid velocity restriction Domain of admissible mesh velocities (2D

case).
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Validation of fluid models

The shock tube

Following Harlow & Amsden [7], we consider arigid cylinder divided
into two semi-infinite sections by a diaphragm, as shown below.

Problem geometry and initial conditions

gas gas
Diaphragm
A
p
P1 P2
ig o
Py = (Y=1)p4ig P2 = (Y=Dpaig
Up =0 Up =0
_ (r=1), - (1=1y;
[To= (5 )io] [To= (%% )io
X‘

Initially, anideal gasis considered to be at rest (particle velocity

u, = 0) on both sides, and the same temperature T, is assumed all
over. To the left of the diaphragm, the gasisinitialy at higher density
and pressure, p, and p,, thanthoseto theright, p, and p,. Theinitial
internal energy is i, on both sides.

For a polytropic gas the equation of state reads:
p=(y-1pi (60)
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wherey = Cy/Cy iIsagas property, c, and c, are thg specific heats at
constant pressure and volume. This may also be written as:

p=RpT (61)
where R isthe gas constant.

The problem is to determine the variation in time and space of the
thermodynamic quantities involved, once the diaphragm is removed.

Analytical solution

Attimet = 0 the diaphragm isremoved and at any later time thereis
observed a shock S moving to the right, a contact discontinuity, C,
moving to the right (this follows the motion of the particles that were
initially at the diaphragm) and ararefaction wave, R, bounded by
points a and b, moving to the left, as shown below. Thereisno
significant length to the system: the appearance of the configuration at
alater timeisamagnification of an earlier appearance.

Density distribution after removal of the diaphragm

b
P1 b R a PL c PR P2
[ - [ [
Py Pc Pc S P2
Up =0 Ue Uc Ve Ug =
To T, Tr T T,
(Diaphragm)

Both the velocity u- (since no gas passes over the discontinuity) and
the pressure p (otherwise there would be an infinite acceleration)
across the contact discontinuity are continuous, but the density passes
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from p, to p. Through the equation of state (60), the internal
energiesi , i (and the temperatures T, , T) may be determined if
pc, P and pg are known.

Thus, the four unknowns of the problemare p, , pg, u; and p. If one
defines:

p=—t= 2 (62)

P=— (63)

so that A isknown from theinitial configuration, then P may be
determined from the following equation, in termsof A an vy:

> (-97
1-P)° 2 AR
v(1-P)-1+P (y_l)z 1_(x) (64

The pressureratio P is determined iteratively from this equation as:

;(1_1)2
2
(vy=1)

Aninitia valuefor P, Py = 10, isused for the first iteration and the
iterative process is stopped when:

P _p)
F)neW’)

<e (66)

min(|P|,
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where ¢ isatolerance (wetake ¢ = 1><10_5). The process usually
convergesin afew iterations.

Once P determined, the remaining unknown quantities are:

Pc = PP (67)
_ o y(1+P)+(P-1)
PR = P2y 1+ P)—(P-1) (68)
1 1/
PL = Pz(PA«Y 1) ! (69)

Then, from the equation of state (60):

| pC
RO (y=Dp
i (70)
Pc
L _
(Yy=Dp,
but, since;
P>
71
‘0 (vy—=1)p, (1)
we have:
1 )
— = iy 72
y-1 Op2 (72)
which, substituted in (71) yields:
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PcP p

in = ioﬁgﬁg = iOPE2
2FR R (73)
PcP p

| =g = iyP=*
P2PL PL

Finally:

oo = 2, g1~ [_L (74

The absolute speed of the shock is:

UcPRr
= 75
S prmp, (75)

that of the contact discontinuity is u. as given by Eq. (74), and those
of pointsa and b are:

Vy = Ue— JY(Yy=1)i_
Vp = _A/V(V_l)io

(76)
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Problem parameters

Table 1: Specifications assumed for the numerical solutions

Pq 122

Py 0.1237

Y 1.269

by 1.0x10°
0, 1.013x10°

i, =i, 3.046x10°

Analytical solution
Table 2: Analytical solution

A 9.863 ue 925.4

2.888 vg 1672
pe 2927x10° | v, 30.12
prp 02771 | v, -—1020.
p_ 04635 | ¢, 1020,
i, 3928x10° | c, 8952
i, 2348x10° | ¢, 1020.

Numerical solutions

yh 25.0 50.0
0 ................................................................................................ .
} P1 | P2 | X
2D finite element mesh v X

t
<
<D
s o
P
<
S
<
5
25 0 >
. s
S5
<P
%
<P
5
%

e
5
S5

i
»
>

-_‘_‘-n-n—-""“
c Q 3D finite element mesh
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Eulerian solution
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Eulerian solution with optimised parameters
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I nfluence of pseudoviscosity and upwinding
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Prepared for the Course “Fluid-Structure Interaction in Fast Transient Dynamics’
Organised by UPC, Barcelona (E) 4-7 May 2004.

Course Notes

Part |11

ALE Fluid-Sructure I nteraction

Folco Casadel

Joint Research Centre - IPSC
European Laboratory for Structural Assessment, T.P. 480
21020 Ispra (Varese) - Italy
E-mail: folco.casadei @jrc.it
Web: http://europlexus.jrc.it
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Why Fluid-Structure I nteractions?

Problems involving interaction phenomena between compressible,
inviscid fluids and deformable structures can be tentatively solved in
two ways. uncoupled solution or fully coupled solution.

A MM

\
P B (M
ok
N> ‘.
§ ~ v \
%‘ ] ’§ and then
\ R
§ roA § |:>
Structure A\AAEh 7
3 ) Fluid Only I) Structure Only
Fluid Uncoupled Solution
ul
< ?
Explosive
7 ~ ' I/
Geometry - () -
a) “r0
g
Coupled Solution

c)

A smple FSI problem: a) Geometry; b) Solution by uncoupled analysis; ¢)
Solution by coupled analysis
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Fully coupled analysisis mandatory in at least two classes of
problems:

¢ |n the presence of nearly incompressible fluids:
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I4.00E+05 850E+05 1.30E+06 1.75E+06

Rigid
Boundary
P1 Deformable,
Explosive h=0.12
Bu.b?le
Deformable,
h =0.03
Geometry
a)

PLOTTED: FRI MAR 1 09:51:13 1996
T T T

3.5

Pressure P1 e RIAMECIONI

ZZZ PLTANKO3EO1GO1000100

X108
3.0

2.5

FSI problem with nearly incompressible fluid: a) Geometry; b) Fluid pressures and
velocities; ¢) Transient fluid pressuresat the P1 location
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e [For very deformable structures:
b)

Rigid
Walls'
Gas

Thin / Initial shape

Structures -
<4

| s
Y,

ML g

Shock wave 6.0 ms

a) c)

»»»»»»»

FSI problem with very deformable structures. a) Geometry; b) Fluid pressure;
¢) Fluid velocities; d) Sructure deformations

Furthermore, consider following practical issues:
- Amount of datato be transferred in uncoupled analysis;
- Probability of errors;

- Verification of solution requires deep insight and may be done
only a posteriori.
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Fluid-Structure I nteractions

The interaction phenomena between compressible, inviscid fluids and
deformable structures can be tentatively subdivided into two broad
classes. permanent and non-permanent.

e By permanent contact we indicate the case of a structure in contact
with afluid: @) during the entire time interval of interest, and b)
when the fluid is always of the same type.

Fluid Structure

Fluid-Structure Interface

e Onthe other hand, the contact is non-permanent if any of the above
conditionsisviolated, such ase.g. in the presence of free surfacesor
of immiscible fluid-fluid interfaces.

Free surface /
\

i Structure Fluid-Fluid
Fluid Interface Structur
Fluid 1
RAuig-Structure Interface Fluid-Structure Interface
85
JOINT P, European Commission

e
e

RESEARCH 4 Institute for the Protection and Security of the Citizen
CENTRE T European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

F-S Interaction of the Permanent Type

The permanent contact may be quite naturally and effectively treated
by the ALE formulation and is also referred to as F-S interaction of the
ALE type.

e Structure and fluid transmit to each other amutual interaction in the
form of a contact pressure at each point along the interface.

_ =
7 o

Fluid Structure Structure

Coupled Problem Decoupled Problem

e Sincethefluidisinviscid, the interaction pressureis directed along
the normal n to the interface.

¢ |nthefinite element formulation, the continuous interfaceis
substituted by a discrete approximation and instead of an interaction
pressure we consider its resultant at each interface node, the
interaction forcer.

Fluid
Structure
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Conditions on Vel ocities

e Mesh velocity isidentical in the two sub-domains along the F-S
interface:

e Material velocity components normal to the F-S interface must be
egual (compatibility condition) to ensure that the fluid and solid

domains neither detach nor overlap during the motion:
VgD = VgD (77)

Tangential components, on the other hand, are arbitrary.

Structure

e Condition (77) isprecisely of theform Cv = b (see Eg. 7) and
therefore may be imposed via the method of Lagrange multipliers.

e However, the following apparently simple question arises:

How does one define “the” normal
to adiscrete interface?
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Geometrically Complex Cases

Traditionally complex cases of large practical importance are:

o Bilateral fluid contact (i.e., along both sides of a structure)

Fluid 1 Fluid 2
Structure
e Bifurcations (joints) in the structure
Fluid 3
Fluid 1 Fluid 2

Structure

e Submerged structural edges

Fluid /\‘

The difficulties arise from the use of structural elements without a
topological thickness (beams, plates, shells) in the FE. moddl.

3
2

4 \ .

element with atopological thickness  element without a topological thickness

88

JOINT P, European Commission

RESEARCH 4 Institute for the Protection and Security of the Citizen
CENTRE T European Laboratory for Structural Assessment

e
e




BBARCELONA - C O U R S ENR

Examples of 3-D Box-Like Structures

a) basic geometry: 12 mutually B1
orthogonal dabs completely
embedded in afluid b) one-slab case

Not an edge!
D3 ? (1st domain)
n,
/n' Notenedgel ~ 1
~2 (2nd domgin)
D9

n

N,

=
n

e) four-dab cases

n
Dgf 71
Not an edge!
Not @n edge! domain)
(2nd|domain) .
ar — Not an edge!
D]_ (1st domain) L
F2 F3

f) five-dab cases
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Determination of the normal
to adiscrete interface

Methods may be subdivided into two classes:

e Non-geometrical Methods, based e.g. on equilibrium
considerations,

Example: the UP (Uniform Pressure) algorithm.

e Geometrical Methods, based upon the topology of the discrete F-S
interface in the vicinity of the point (node) under consideration.

Example: the FSA (Fluid-Structure ALE) algorithm.
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The Uniform Pressure (UP) Method

Element’s
pressure
forces

The method simply relies upon the observation that:

The direction of the discrete normal is exactly prescribed, in a
variational sense, by the resultant of internal forces due to an
arbitrary but uniform pressure in the whole fluid domain.

) game = 1) MY asib s
p dement p - element — = P l-p

Advantages.
e Computationally inexpensive

e By automatically accounting for fluid element formulation, it
avoids onset of spurious velocities dueto lack of equilibrium that
may affect purely geometric methods (e.g. warped faces, etc.)

91

JOINT feiy, European Commission
RESEARCH | 50 3¢ | Institute for the Protection and Security of the Citizen
CENTRE T European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

Shortcomings of The UP Method

In the presence of fully submerged structural edges with no
topological thickness, the UP method yields zero force, since the
node is completely surrounded by fluid. Therefore, the direction of
the normal (78) is undetermined.

p p

e
7

\ Structure

< Fluid

Element’s pressure forces
in node F

The assembled force
for uniform pressure
innode Fiszero

It may yield at most one normal per node. However, there are
situations in 3D where two distinct normals are required, since the
fluid motion istied to the structure along two different components.

This
velocity
component
should
be
blocked!

1>

VE2

UupP

Structure

UP Method: Geometric Method:
One Normal Two Normals
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The FSA Method

The method is purely geometrical:

e To determine the local normal to the discrete interface in a generic
fluid node only the shape of the fluid domain is considered in the
vicinity of the node. By completely neglecting the solid domain, we
avoid topological ambiguities due to zero-thickness elements.

e Thenormal direction is obtained by imposing zero net vel ocity flux
across the discrete interface, so asto avoid artificial gains or losses
of fluid:

n = a/|al with A = ZE: Sk (79)

Fluid-Structure

z = Interface
(3D Surface)
X y >
Fluid
Volume

Here A isthe influence domain of the node, composed by all
surrounding element faces §_along the F-Sinterface.

e Themethod iseasily adapted so asto avoid the undefined normal in
the case of submerged structural edges, and also to yield 2 normals
in 3D cases when thisisrelevant (see[17-20] for technical details).
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The FSA algorithm

Table 3 - The FSA algorithm (from [18])

The basic tasks to be performed are summarized hereafter:

Algorithm A

For each fluid node F declared subjected to FSA conditions:
Al Determine the corresponding * structural’ node S;
A2 Find the normal(s) n to the interface;

A3 ‘Write down’ the relation(s) vg,, = Vg, to be inserted in the system of linear
relations between degrees of freedom;

Once al such relations are written, solve the system to determine the Lagrange multipli-
ers and the reactions.
Definition: The master node S corresponding to afluid slave node F subjected to FSA dliding
conditions is the node (structural or fluid) that has the same initial coordinates as F and is
declared to be Lagrangian. It must be unique in the mesh.

Algorithm A2
A21 Find the influence domain A of the slave node F;
A2.2 Compute the normal n to the influence domain.
%4
JOINT feiy, European Commission
RESEARCH |5 = 5 | Institute for the Protection and Security of the Citizen

CENTRE T European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

Table 3 - The FSA algorithm (from [18]) (Continued)

Algorithm A2.1
To find the influence domain(s) of a slave fluid node F, we proceed as follows:

A211
A2.1.2
A2.1.3

Loop over all elementsto find those fluid elements that contain node F;
For each such element, determine the faces that contain node F;

Of these faces, retain only those that do not have another fluid element on the
other ‘side’ of the face;

The set of all such facesisa‘trial’ influence domain A* .

A2.14

A2.15

A2.1.6

A2.1.7

A2.1.8

Subdivide the domain A* into two (possibly empty) subdomains: A; contains
N, single (i.e., uncoupled) element faces, while A, contains N, couples of
mutually opposite element faces (i.e., 2N, faces altogether);

Consider subdomain A; of single faces, and determine one or more normals to
the domain (see details below);

Consider subdomain A; of coupled faces and extract from it a (sub-)subdomain
A, that contains one and only one face from each couple (i.e., N, faces) (see
details below);

Consider subdomain A, and determine one or more normals to the domain by
exactly the same procedure asin step 5 above;

Collect al the normals produced in steps 5 and 7 above, perform consistency
checks and determine the final number of distinct normals found.

Algorithm A2.1.5
Determine the normal(s) to the domain A.

A2151
A2.15.2

Set al facesin A as‘free’;
Repeat until no free faces are | eft:

» Takethefirst free face; thisisthe ‘reference’;

» Consider the next free face: if it forms an angle of lessthan o, withthe refer-
ence, retain it (it is no longer free), otherwise skip it;

* When all faces have been considered, the retained ones form a subset of A
from which one normal can be determined,;

e The element/face information for each such group should be memorized for
future reference (see below).

Algorithm A2.1.6

A2.16.1

A2.1.6.2

Pick up one of the two faces of the first couple (say thefirst one) and keep it asa
reference; reject the other face;

For each other couple, keep the face of the couple that forms the smallest angle
with the reference, and reject the other one.
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Example: finding the normal to the interface in plane geometry

As an example, let us consider a generic discrete fluid-structure
interface as shown below, consisting of two straight sides of lengths
L, and L,, that meet at node | forming an angle vy.

v=20
A vy [+1

L,;sinoy +Lysino,

L, cosa, + L,cosol,

X

g
|

A generic discretized fluid-structureinterface in two dimensions (plane situation)

In their early work, Donea and co-workers adopted an approximated
technique to determine the normal based on physical intuition. It was
simply assumed that the tangent to the interface at | would be the
average of the directions of the two sides, i.e.

pr = L2 (80)

which, as we will see hereafter, is satisfactory only in the particular
case of sides of equal length (L, = L,) and for aplane geometry. L ater
on, they observed [8,9] that in general situations the mass balance was
incorrect when (80) was assumed because some fluid was ‘gained’ or
‘lost’ at the corners of the interface.

In fact, consider for ssimplicity that the structure is fixed and that the
fluid velocity isnull at nodes | -1 and | + 1. The case of non-fixed
structure can be treated similarly by using the relative (fluid -
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structure) velocity in place of the fluid velocity. Assuming a generic
fluid velocity v of slope B at node | induces aflux of fluid flowing
‘out of” side L, which is proportional (for a plane 2D geometry) to
®, = |=1><\_/|| = Lqvsin(a, —B), whilethe flux flowing ‘into’ side L,
is proportional to @, = |L,xV| = L,vsin(B-a,), where x denotes
avector product and | | the modulus of avector. Thus, in order to
have compensation (no fluid ‘lost’ or ‘gained’ at 1), it must be

®, = @,, Or:

Lyvsin(oy —B) = Lyovsin(B—o) (81)

Simplifying and dividing by cosp, thereby assuming cosp =0, we
obtain finaly:

Llsmoc1+ Lzsmoc2

tanf} = (82)

Llcosoc1 + L2cosoc2

Thus, B is precisaly the slope of the line connecting nodes | —1 and
| +1, asshown in the above figure. When L, = L, = L, this
expression reduces to:

sino,; + sina,

tenf = Cosal4 + CosaL, (83)

whichisverified for = (oy + a1,)/2, that coincides with (80).
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Example 2: the normal in axisymmetric geometry

The arguments invoked in an intuitive manner in the previous Section
for plane situations may be more precisely defined and applied to
more complex geometries, such as axiSymmetric cases.

The flux of ageneric vector 5 acrossarectilinear side or segment |-J
as shown below is given by:

® = [/ nyd (84)

Flux of avector acrossarectilinear side
One readily obtains in the axisymmetric case:

11/ 2%, + X X, + 2X 2, + X X, + 2X
o = Y, P02 gy (2, P20 ] (@

The situation of interest here is that of two adjacent sideswith a
velocity v at the common node and zero velocities at the other nodes,
as shown in the next figure.

y
X
I
v
Two adjacent sides
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By applying (85), we have:

X, + 2X X, + 2X
(Dax:q)zix_“pgx:;[l J I

J
o 3 YY) g =X [+

(86)

We proceed as usual imposing a zero net flux and obtain after some
algebraic simplifications the condition:

X[ (Y3=Y)) + 2X%3(Yk = Y)) + X (Y —Yy)
xK(xJ + xK) —xl(xI + xJ)

A= (87)
X
It may be verified that this expression tends to the expression found
above for plane geometry when the radius becomes very large. In fact,
for x, — x_, x; = x_, xc = x_ (Where x_ isavery large quantity) the
numerator tends to 3(y, —y,)x_, . At the same time the denominator,
that may be re-written as (x; + x5+ x, ) (X —X,), tendsto 3(x, —x)x__,
therefore;

Y KT (88)
Vi Xk =X

which is equivalent to (83), as anticipated.
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Shortcomings of The FSA Method

e Useof FSA alone may lead to the onset of spurious, non-physical
velocities in 3D models with warped element faces along the F-S
interface, as shown in the ssimple patch test:

Rigid box filled with uniform-pressure fluid

Spurious
S Velocitie

TWIS- 07

TimeStep 1

e The spurious velocities are due to a slight but non-negligible
accuracy mismatch in the calculation of internal pressure forces, on
one hand, and of reaction forces (i.e., the direction of the FSA
normal) on the other hand.

e Purely geometric methods use no information about internal fluid
element formulation.

e However, in such cases the UP method ensures perfect equilibrium.
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The FSCR Method

For full generality, it is suggested to use the F SCR method, which
results from acombination of the UP and FSA algorithms, exploiting
the strengths of both.

The FSCR algorithm proceeds qualitatively asfollows (see[19-20] for
full details):

e The search for the normal direction (possibly, 2 directionsin 3D) is
first performed by the FSA algorithm. Let usindicate by n, and n,
the resulting normals. Then, an independent evaluation of “the”
normal (just one direction) is performed by the UP method. We
indicate with n,, the result. The following cases must be
distinguished:

o |f the FSA calculation yields a nodal influence domain composed
only by couples of mutually opposite faces, then we know that n;, is
at best very imprecisg, if not undetermined. Therefore n, and, if
relevant, n, are retained.

¢ |n all other cases, the nodal influence domain contains at |east one
'single’ (non-coupled) element face and the normal direction
resulting from the UP method is more accurate in general than the
FSA one(s). If the FSA calculation yields just one normal n,, this
normal is simply rejected and ny, is retained instead. However,
when the FSA method detects two normals, we may not ssimply
drop both of them in favour of the (single) n, normal. In'such a
case, n, and 0, are corrected, see paper, so as to become

“compatible” with n,, i.e. so that n, is contained in the plane

defined by n," and n,’ (the corrected n, and n,).
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Scheme of the FSCR method

* 0, 0, and n, areunit vectors

» Inpractica cases, the angle B issuch
that 60° < 3 < 180°

eV = (Dlx DZ)/”D].XDZ”

=
-
<

The v vector is unitary and normal to
the plane defined by n, and n,

* e=(n, Vv

° 9 = Dp—e

» The g vector is the projection of n,
over the plane defined by n; and n,

c 1= (gxV)/|gxy|

Dll = Dp
r=n, .
-2 Dzl =TI
* Notethat n;' L n,’ by construction.
102
JOINT feb European Commission
RESEARCH |5 = 5 | Institute for the Protection and Security of the Citizen

CENTRE T European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

The FSR Method (Rigid Structures)

A dlightly modified version of the FSA model, called the FSR
algorithm (Fluid-Structure-Rigid), deals with applicationsin which the
structural displacements for the range of expected fluid pressures are
negligible. Usually in such cases the rigid structure is completely
neglected for efficiency reasons and only the fluid is modelled.

The main differences with respect to FSA, see Table 3, are:

e Thesearch for astructural node corresponding to each fluid node on
the ‘interface’, step A1, is dropped;

e The search for the normal(s), step A2, is done exactly likein the
FSA case, but these normals are held fixed, i.e. they do not change
direction during the transient calculation;

e The compatibility conditions Eq. (77) now involve the degrees of
freedom of the fluid node only:

\_/F.n =0 (89)

This directive dramatically simplifies the prescription of fluid
boundary conditions in geometrically complex cases.

Table4 - The FSR algorithm

Algorithm R
For each fluid node F declared subjected to FSR conditions:

R2 Find the normal(s) n to the interface: this corresponds to step A2 of the FSA
algorithm;

R3 ‘Write down’ the relation(s) v, = O to beinserted in the system of linear rela-
tions between degrees of freedom; since the boundary isrigid, the coefficientsin
these relations are constant and have to be computed only once.

Once all such relations are written, solve the system to determine the Lagrange multipli-
ers and the reactions.
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Application to Finite Volumes

The FS algorithmsillustrated above in a FE context have been applied
with success also to the node-centred Finite Volume formulation.

e Minor adjustments are necessary because the time integration
scheme used in the FV context isfirst-order accurate, not second-
order.

¢ The two schemes may be reconciled by adding a corrective force
term to the equilibrium equation (see [15] for details).

Underlying
/ FE Grid
Fluid-Structure /f\\ T
Interface 3 Node-centred

Finite Volume \

“True” Influence Domain
of FV Nodd

I nfluence domain to compute the geometric normal in a FV context
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Some “simple’ FSI test cases

Before showing industrial applications, let us consider some simple
but realistic examplesin order to illustrate how an input data set is set

up.
Explosion in a tank

o |f thetank wallsarerigid, thereis no need to model the structure:
use is made of the FSR directive.

e |f thetank is deformable, we model it and use the FSA directive.

Rigid
Boundary
Explosive
Bubble
Deformable,
h =0.03
Geometry
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Input data for therigid case

S mm e e o Problem type
CAST UNFO 'tankO02.sauv' MESH

DPLA NONL ALE

i il Problem dimensions

PT2L 250 FL24 200 MATE 3
NALE 23 NBLE 250
FSA 65 IFSA 224 TABL 1 10

TERM
S e e T Geometry
GEOM
FL24 FLUI
TERM
g Grid motion

GRIL LAGR LECT LAG TERM
EULE LECT FSRN TERM
ALE LECT FLUI TERM
AUTO GAMO 0.5 AUTR
S mmmmm e Materials

$ WT0 liquid water
FLUT RO 1000.0454482d0 EINT 0.0d0 GAMM 7.15d0
PB 3.010d9 ITER 1 ALFO 1 RREF 1000.0d0
CONV 0.1d0 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 8
LECT LIQU TERM
$ high-pressure perfect gas (explosive bubble)
FLUT RO 20. EINT 2.5E5 GAMM 1.4 PB 0
ITER 1 ALFO 1 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1 LECT EXPL TERM

S mmm e Boundary conditions
LIATI FSR LECT FSRN TERM
S mmm e Printouts/Postprocessing

ECRI VITE TFRE 0.5E-3
FICH K200 'tank02.k200' TFREQ 0.5E-3 POIN TOUS
VARI DEPL VITE ECRO ECRC LECT 1 TERM
FICH TPLO 'tankO2.tplo' TFRE 6.E-6 DESC 'TANKO2'
POIN LECT TPLN TERM ELEM LECT TPLE TERM

R i Options
OPTI PAS AUTO NOTEST STEP IO CSTA 0.5
S mmm Transient calculation
CALCUL TINI O TEND 5.0E-3
FIN
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Input data for the defor mable case

e Problem type
CAST UNFO 'tankOl.sauv' MESH

DPLA NONL ALE

i il Problem dimensions

PT3L 70 PT2L 250 ZONE 2
FL24 200 EDO1 60 MATE 3
NALE 23 NBLE 250

FSA 65 IFSA 224 TABL 1 10

S m - Geometry

S mmm Geometric complements

e e e Grid motion
GRIL LAGR LECT LAG TERM

ALE LECT FLUI TERM

AUTO GAMO 0.5 AUTR
S it et Tt it R Materials

S steel
VM23 RO 7800. YOUNG 1.6E11 NU 0.333 ELAS 1.05E8
TRAC 2 1.05E8 .656256E-3 1.6105E10 1.00066
LECT STRU TERM
$ WTO0 liquid water
FLUT RO 1000.0454482d0 EINT 0.0d0 GAMM 7.15d0
PB 3.010d9 ITER 1 ALFO 1 RREF 1000.0d0
CONV 0.1d0 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 8
LECT LIQU TERM
$ high-pressure perfect gas (explosive bubble)
FLUT RO 20. EINT 2.5E5 GAMM 1.4 PB 0
ITER 1 ALFO 1 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1 LECT EXPL TERM

S mmm e Boundary conditions
LIATI FSA LECT FSAN TERM
S mmm e Printouts/Postprocessing

ECRI VITE TFRE 0.5E-3
FICH K200 'tank01.k200' TFREQ 0.5E-3 POIN TOUS
VARI DEPL VITE ECRO ECRC LECT 1 TERM
FICH TPLO 'tankOl.tplo' TFRE 6.E-6 DESC 'TANKO1'
POIN LECT TPLN TERM ELEM LECT TPLE TERM

R i Options
OPTI PAS AUTO NOTEST STEP IO CSTA 0.5
S mmm Transient calculation
CALCUL TINI O TEND 5.0E-3
FIN
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Results
Il.OOE+05 550E+05 = 1.00E+06 1.45E+06 = 1.90E+06
Jl250E+05 || 7.00E+05 | 1.15E+06 1.60E+06 [|2.05E+06
[J400E+05 | 850E+05 130E+06 = 1.75E+06
A
N
35 , , , i PLUTTIEﬂx FRI HRRI 1 0915111I3 1996
uee | Pressure P1 s Amgmmeon
3.0 ZZZ PLTANKO3EQ1GO1000100 4
Note the dramatic
change in pressures
with relatively small
deformations of the el
strucure Loy
0.5 9
Time (ms)
O'B‘.O 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
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Explosion in a 3D helicoidal tube[19]

This exampleillustrates well the tremendous efficiency of the FSR
directive in some geometrically complex 3D cases.

Description:

The model simulates the propagation of a pressure wave in a helicoidal tube. The structure
(tube) surrounding the fluid is assumed to be rigid and not included in the model since, as
shown in Lesson 8, the incorrect behaviour of the FSA algorithm in describing the conditions
along the external surface of the fluid does not depend on the actual presence or not of a struc-
ture.

Most of the tubeisinitially filled up by agas at uniform low pressure while a higher pressure
zone, simulating an explosion, is generated near the larger-diameter extremity at the initia
time. During the transient, a high-pressure wave is expected to propagate along the tube, inter-
acting with the (rigid) walls, and eventually being reflected at the thinner extremity of the
tube. In fact, both extremities are al so supposed to be closed by rigid walls for simplicity.

When the FSA algorithm is used spurious, non-physical velocities rapidly appear in the
numerical solution in the central and thinner parts of the tube, long before the pressure wave
reaches these zones. Since the pressure is initialy uniform in this part of the mesh, the fluid
should clearly be in equilibrium and not move before the arrival of the pressure wave.
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Input data for the helicoidal tube

et Problem type
CAST UNFO 'soliO5.sauv' MESH
TRID NONL EULE

i il Problem dimensions
DIME

PT3L 8760 FL38 6264 FL36 2016 ZONE 2

MATE 2 TABL 1 5

NALE 1 NBLE 1 BLOQ 9000 MTEL 115

TERM

S m - Geometry
GEOM FL38 SUR8 FL36 SUR6 TERM

S mmmmm e Materials
MATE

$ high-pressure perfect gas
FLUT RO 1.22 EINT 3.046E6 GAMM 1.269 PB 0
ITER 1 ALFO 1 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1
LECT SUR1 TERM
$ same gas at a lower pressure
FLUT RO 0.1237 EINT 3.046E6 GAMM 1.269 PB 0
ITER 1 ALFO 1 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1
LECT SUR2 TERM

S mmm e Boundary conditions
LIATI FSR LECT FSRN TERM
S mmm e Printouts/Postprocessing

ECRI VITE ECRO TFRE 3.5E-3 ELEM LECT SUR1 TERM
FICH K2000 'so0li05.k200' TFRE 0.5E-3 POIN TOUS
VARI DEPL VITE ECRO ECRC LECT 1 TERM

S m Options
OPTI PAS AUTO NOTEST STEP IO LOG 1
FSCR
R it Transient calculation
CALCUL TINI O TEND 7.0E-3
FIN
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A 3D box with internal structures[18]

Thisexample, while still relatively simple geometrically, illustrates the
effectiveness of the FSA directive also in case of internal structures
with submerged egdes

Description:

A cubic rigid tank contains a steel shell, clamped aong the bottom edge. The bottom front
corner of the tank contains an ‘explosive’, ssimulated by a high-pressure perfect gas while the
rest of the tank contains the same gas at a lower pressure. Since the materia is the same, the
two gases may freely intermix, therefore the interface between the two gases is treated as
ALE, not as Lagrangian. Fluid-structure interaction takes place on both sides of the steel shell.
An extra difficulty is represented by the presence of the various submerged structural edges,
around which the fluid should be able to flow. The analysisis performed up to afinal time of 5
ms.

Although the problem is three-dimensional and includes severa singular points al along the
submerged structural edges and at the structural junctions, the input specification is exactly
the same asin the simpler 2D examples considered before. The diding algorithm performs all
calculations automatically. The boundary conditions now involve three symmetry planes nor-
mal to the three global axes, plus the usual one-line specification for the fluid-structure inter-
action nodes. The run for this case took 65 s of CPU on an HP 9000 720 workstation (1994).
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shell thickness: 0.001

gas
(low
pressure)
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Solution (velocities)
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Solution (pressures)

explosive t=1ms VAL -10
B 1.00e+ 05

1.10E+05
C 1.20E+05
D 1.30E+05
E 140E+05
F 150E+05
G 1.60E+05
H 1.70E+05
| 180E+05
J 1.90E+05
K 2.00E+05
L 2.10E+05

2.20E+05

2.30E+05
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I nput data for the 3D box

R e e Problem type
CAST UNFO 'boxtll.sauv' MESH
TRID NONL ALE

R e i Problem dimensions
DIME

PT6L 43 PT3L 377 FL38 216 COQI 64 ZONE 2

MATE 3 TABL 1 5

NALE 24 NBLE 369 BLOQ 359 FSA 77 IFSA 528 SYME 3

LIAT 1655 35536 ECRO 12504 DMAT 55 MTPO 1 MTEL 216

TERM
S m - Geometry
GEOM

FL38 FLUI COQI STRU TERM
S mmm e Geometric complements
EPAI 0.001 LECT STRU TERM
S m Grid motion

GRIL LAGR LECT LAG TERM
ALE LECT FLUI TERM
AUTO GAMO 0.5 AUTR
S mmmmm e Materials

S steel
VM23 RO 7800. YOUNG 1.6E11 NU 0.333 ELAS 1.05ES8
TRAC 2 1.05E8 .656256E-3 1.6105E10 1.00066
LECT STRU TERM
$ high-pressure perfect gas
FLUT RO 1.22 EINT 3.046E6 GAMM 1.269 PB 0
ITER 1 ALFO 1 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1
LECT BULL TERM
$ same gas at a lower pressure
FLUT RO 0.1237 EINT 3.046E6 GAMM 1.269 PB O
ITER 1 ALFO 1 BETO 1 KINT 0 AHGF 0 CL 0.5
CQ 2.56 PMIN 0O NUM 1
LECT GAS TERM
R i e T R Boundary conditions
LIAT BLOQ 123456 LECT BLOQALL TERM
CONT SPLA NX 1 NY O NZ 0 LECT SYMMX TERM
CONT SPLA NX 0 NY 1 NZ 0 LECT SYMMY TERM
CONT SPLA NX 0 NY O NZ 1 LECT SYMMZ TERM
FSA LECT FSA TERM
R e Tt i Printouts/Postprocessing
ECRI DEPL VITE CONT ECRO TFRE 5.0E-3
ELEM LECT FLUI TERM
FICH K2000 'boxtl1ll1l.k200' TFRE 1.E-3 POIN TOUS
VARI DEPL VITE ECRO ECRC LECT 1 TERM

S m Options
OPTI PAS AUTO NOTEST STEP IO log 1
S mmm Transient calculation
CALCUL TINI 0 TEND 5.E-3 NMAX 1000
FIN
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What if the structureis porous (perforated plate)?

VAL - 1O

I 1.00E+05
1.10E+05
1.20E+05
1.30E+05
1.40E+05
1.50E+05
1.60E+05
1.70E+05
1.80E+05
1.90E+05
2.00E+05
2.10E+05
2.20E+05

I 2.30E+05

PPLA - 09

Resistance Coefficient { = 10

118

JOINT e European Commission

RESEARCH { :* Institute for the Protection and Security of the Citizen
CENTRE R European Laboratory for Structural Assessment




BBARCELONA - C O U R S ENR

I nput data for the perforated plate case

R e e Problem type
CAST 'ppla09.sauv' MESH
TRID NONL ALE

R e i Problem dimensions
DIME

PT6eL 43 PT3L 377 FL38 216 COQI 64 CL3Q 32 ZONE 3

MATE 4 TABL 1 5 NALE 24 NBLE 369 BLOQ 359 SYME 3

LIAT 959 11223 ECRO 11168 DMAT 52

TERM
S m - Geometry
GEOM

FL38 FLUI COQI STRU CL3Q CLIM TERM
S mmm o m e Geometric complements
EPAI 0.001 LECT STRU TERM
S mmmmm e Grid motion

GRIL LAGR LECT LAG TERM
ALE LECT FLUI TERM
AUTO GAMO 0.5 AUTR
S mmmmm e Materials

VM23 RO 7800. YOUNG 1.6E11 NU 0.333 ELAS 1.05E8
TRAC 2 1.05E8 .656256E-3 1.6105E10 1.00066
LECT STRU TERM
$ high-pressure perfect gas
FLUT RO 1.22 EINT 3.046E6 GAMM 1.269 PB O
ITER 1 ALFO 1 BETO 1 KINT O AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1
LECT BULL TERM
$ same gas at a lower pressure
FLUT RO 0.1237 EINT 3.046E6 GAMM 1.269 PB 0
ITER 1 ALFO 1 BETO 1 KINT 0O AHGF 0 CL 0.5
CQ 2.56 PMIN 0 NUM 1
LECT GAS TERM
$ impedance material for the perforated plate
IMPE PPLT ZETA 10.0
LECT CLIM TERM
R i e T R Boundary conditions
LIATI BLOQ 123456 LECT BLOQALL TERM
CONT SPLA NX 1 NY 0 NZ 0 LECT SYMMX TERM
CONT SPLA NX O NY 1 NZ 0 LECT SYMMY TERM
CONT SPLA NX O NY 0 NZ 1 LECT SYMMZ TERM
R e Printouts/Postprocessing
ECRI DEPL VITE CONT ECRO FINT FEXT ACCE TFRE 2.5E-3
FICH K2000 'ppla09.k200' TFRE 1.E-3 POIN TOUS CHAMELEM
FICH TPLOT 'ppla09.tplo' FREQ 1 desc 'ppla09' POIN LECT TPLN TERM

R i Options
OPTI PAS AUTO NOTEST STEP IO
S mmm e Transient calculation
CALCUL TINI O TEND 5.E-3 NMAX 1000
FIN
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Industrial applications

Here are some examples of typical industrial applications:

o Safety of nuclear power plants (steam explosion, secondary
containment);

e Safety of conventional power plants (accidentsin electric
transformers);

e Simulation of accidentsin equipment (inner electric arc);

Most examples are courtesy of ENEL-PIS (ENEL Research -
Hydraulics and Structures, Milano).
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Seam explosion in a nuclear reactor [20]

Description:

The next test problem simulates the effects of a steam explosion in a nuclear power plant. The
hypothetical accident scenario is the following: a severe malfunctioning in the reactor core
causes melting of the fuel which falls to the bottom of the steel vessel and perforates it due to
its extremely high temperature. The hot mixture drops into a water pool contained in the rein-
forced concrete cavity surrounding the reactor vessel, and causes a violent steam explosion.
The huge pressure pushes the water up in the air-filled cavity and into alateral room. The steel
vessel is severely deformed plastically.

The precise material properties and other physical quantities such as heat transfer mechanisms
and chemical reactions are very uncertain in this problem. However, a set of parametric
numerical simulations may be set up to obtain arange of possible behaviours. Scope of the test
was then to show that a numerical model of this problem is easily set up, thanks to the com-
plete automation of FSI mechanisms.

Because of the presence of very heterogeneous fluids (air, liquid water, steam-corium mixture)
and the relatively complex geometry, this problem was treated by a special FE model available
in the code for multi-phase, multi-component flows. This eliminates the need for Lagrangian
fluid-fluid interfaces in the model and largely simplifies the treatment of FSI.

The model uses 11474 nodes, 7664 fluid hexahedra and 3072 triangular shells for the struc-
ture. The first resukts figure shows the pressures in the fluid domain at various times and the
next one the approximate position of the liquid water, in red in the mass fraction contour plot.
The huge steam pressures in the lower cavity zone cause large deformations at the vessel bot-
tom in the first 8 ms. Then the liquid is pushed up into the cavity and laterally into the room.
At about 15 ms it reaches the cavity top and a water-hammer effect takes place (see the high
pressure in the first figure) producing large plastic deformations in the upper part of the steel
vessel. This calculation took 52531 steps for 50 ms and 60 hours CPU on a Pentium 200 PC.
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Fluid pressuresin the cavity at varioustimes

|
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4.10E+06
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Pressure wave propagation in secondary containment [18]
Description:

A simulation of a hypothetical gas explosion in a reactor-like containment is considered. The
complexity of this problem approaches that of real applications. Nevertheless, the effort for
preparing a model, prescribing the sliding and other boundary conditions and performing the
calculationsis equivalent to those needed in the previous, academic-like examples. In particu-
lar, the actual input data file is again amost identical to those shown before, thanks to the use
of mesh preprocessing. The problem geometry is assumed to be axisymmetric. The lower
basement of the container is very thick, therefore it is ssmply modelled by arigid boundary in
the present analysis. On the other hand, the container walls are relatively thin and can be con-
veniently represented by shell elements without a topological thickness. This facilitates the
treatment of structural branchings and of fluid-structure interactions.

The container is supposed to be initialy filled up with air (represented by a perfect gas) at
room temperature and atmospheric pressure. An explosion is assumed to take place in the
lower part of the container at the initial time of the studied transient (t = 0). The explosion
time is supposed to be very short compared with the time interval of interest—since what mat-
ters in the present analysis is the mechanical loading of the tank structures, not the explosion
itself—therefore the explosive is represented by a perfect gas at high pressure, initially occu-
pying the lower part of the tank. The nature of this perfect gas is assumed to be the same as
that of the bulk air in the container, so that the two fluids may freely intermix. As a conse-
guence, the interactions between fluids and structures in the present model are of the perma-
nent type, because the whole container is filled up with fluid, and there is just one type of
fluid, i.e. no Lagrangian interfaces are present in the model. Therefore, an interaction model of
the ALE type may be used in the simulation.

The tank walls are made of prestressed reinforced concrete. For the scope of the present anal-
ysis, they may be supposed to remain in the elastic regime along the whole transient. There-
fore, they are smply modelled by an homogeneous, isotropic, linear elastic material. For the
finite element mesh, arelatively fine discretization is chosen, using 981 fluid elements and 88
shell elements. The transient response of the model was computed until afinal time of 250 ms.
The run took about 14000 time steps and used 1.5 hours of CPU on an HP 9000 715 personal
workstation (1994).

Examples of the computed results are shown in the figures. In particul ar, the first resultsfigure
shows the structural deformations (displacements are magnified), the next one the structural
velocities, ant the final one the fluid pressures.
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Solution (defor mations, velocities)

Sructural deformations (x 300)

ddddAd -

t=0 t=10ms

ARRRRARRE
ARRRRARER

t=250 ms

Sructural velocities

J1311])

(1 ririrrr alinle
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Solution (pressures)

Pressure distributions during the transient

| B
M 1.00e+05
| 110E+05
1.20E+05
1.30E+05
140E+05
150E+05
1.60E+05
170E+05
1.80E+05
1.90E+05
2.00E+05
I 210E+05
B 2.20E+05
STEA -02
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Explosion in an underground power plant [18]
Description:

We consider the simulation of an explosion in an underground cell. The problem is defined in
the first figure. An underground cell of hexahedral shape is supposed to contain air at atmo-
spheric pressure. Under hypothetical abnormal conditions, an explosion could take place in
the center of the cell and an overpressure wave could be transmitted to the outside world
through a triangle-shaped opening in the cell roof. The cell walls, including the closed part of
the roof, are supposed to be very stiff and modelled by rigid boundariesin the present analysis.
A cylindrical protection wall surrounds the cell top opening, but in an eccentric position with
respect to the cell itself. For the sake of the present work, the wall is assumed to be made of an
elastoplastic ductile material of very small thickness (0.001 units) so as to undergo significant
deformations, in order to test the fluid-structure interaction algorithm. A domain of 80 x 80 x
40 units of the atmosphere surrounding the cell is modelled in the simulation. This allows to
amost avoid pressure wave reflections along the external boundaries during the transient of
interest (50 ms). An alternative approach would be discretizing a smaller domain and using
absorbing boundary elements to mitigate wave reflections, as shown in other examples. The
main goal of the calculation was to predict the maximum overpressures at the ground level in
the region outside the wall during the transient, in order to estimate possible damage to the
public.

The finite element mesh assumed in the model is shown in the figure. It uses 2048 fluid ele-
ments (mainly hexahedra) and 120 shell elementsfor the cylindrical wall. The run up to 50 ms
simulated time took 300 time steps and used 0.5 hours of CPU on an HP 9000 715 persona
workstation (1994). The input file for this case is completely analogous to the previous ones,
showing the simplicity of the proposed method as far as the preparation of input data is con-
cerned.

As an example of computed output results, the next figure shows fluid pressure distributions
in the cell and inside the wall during the transient.
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Problem definition

Finite Element Model
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Solution

Pressure distributions during the transient
inside the cell and the wall
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Accident dueto electric arc in atransformer [15]
Description:

We consider a power transformer cell as part of an underground power plant. A full confine-
ment (rigid walls) is assumed for the air surrounding the transformer. If an electrical fault
occurs inside the oil-insulated equipment, an arc is likely to happen causing the pyrolisis of
the mineral oil and the production of a huge quantity of gaseous hydrocarbons (over 70%
hydrogen) which may ultimately break the transformer tank and propagate inside the cell.

Under critical circumstances, the air-hydrocarbons mixture may ignite giving rise to a strong
blast. Aim of the case study is to assess the structural response, in case of explosion, of the
aluminium tubes (1 m diameter) that contain and insulate, by means of SF6 gas, the high volt-
age bars outgoing from the power transformer. As the implemented model does not take into
account gas diffusion and reactive flows, the following assumptions have to be made:

« thewhole hydrocarbon mixture, that will be referred to as gas#1, is supposed to beinitially
located at the transformer top;

» thedensity of gas#1 is supposed to be the same as the one of the surrounding air, gas# 2;

 itscombustion energy is stored inside the same zone and is instantaneoudly released at the
start of the calculation.

These assumptions allow to determine the initial conditions of the high-pressure and tempera-
ture bubble, that initially contains the whole energy associated with the explosion. The proce-
dure followed is detailed by Chillé et al. [15]. The explosive bubble is surrounded by air at
normal conditions. Thanks to symmetry, just one half of the fluid domain is discretized by
means of 63282 tetrahedra, and 686 prisms, while 3672 triangular shell elements are used to
represent the structural part, i.e the aluminium tubes, to which an elastoplastic material is
assigned. A second-order calculation was run up to 50 ms, requiring about 75350 CPU sec-
onds and 7201 time steps on a Pentium 266 Mhz machine.

The central part of the figure shows the structural portion of the computational domain, com-
posed of the aluminium tubes, which are treated as deformable and discretized by suitable
shell elements, and the transformer and cell walls, which are treated as rigid and not dis-
cretized at all (the 'elements appearing in the figure are just the surfaces of the fluid domain).
The red spot marks the initially pressurised zone along the symmetry plane of the model. The
upper right part of the figure shows a portion of the discretized fluid domain (continuum tetra-
hedral elements) and the embedded shell structural elementsfor the tubes.
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Thefirst results figure shows the computed mass fractions of air and hydrogen, respectively, at
half-time and at the end of the transient. Color scales are so chosen that dark blue corresponds
to 0.0 fraction and vivid red to 1.0 fraction of the concerned component. In this figure the bulk
fluid has been removed and only the structural and rigid walls are represented.

The last results figure addresses the main purpose of the cal culation, which was the prediction
of blast pressure distributions and their effects on the deformable structures. A typical pres-
sure contour plot is shown in the upper plot, at half-time of the transient, while the bottom plot
represents the deformed shape of the tubes at 50 ms. Deformation is amplified 10 times and
the colors correspond to the magnitude of displacement
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Problem Definition
Fluid-Sructure Mesh

Initial Pressure

Initial
tubes
configu-
ration
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Solution (mass fractions)

Air Mass Fractions at 25 and 50 ms

Hydrogen Mass Fractions at 25 and 50 ms
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Solution (pressures, tube defor mations)

Resulting Fluid Pressures

Sructure Deformations (x 10)
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Inner arcin electric equipment [20]
Description:

In the next and final test problem, an electric current transformer (CT) is considered. In this
kind of device, the primary winding (a crossing rod) and the secondary one (wounded on ator-
oidal magnetic core) are located at the top of atall structure (~1.5 m high), within a metallic
cap. The toroidal magnetic core is supported by an iron tube bolted to arigid base and coaxial
with the external cylindrical ceramic structure. The base contains a large circular hole closed
by a pressure relief device (rupture disk). The CT is filled with a dielectric gas and is con-
nected to an external tank in correspondence of the aforementioned hole.

It has to be noted that the iron tube presents severa bores at the bottom and at mid-height in
order to allow gas flow towards the pressure relief device. In case of an accidental internal arc
the gas pressure rapidly rises inside the transformer and, depending on arc current intensity
and duration, it can bend the iron tube and open the relief device with subsequent ejection of
gas towards the tank.

With purely demonstrative purposes, four Fluid-Structure calculations were performed by
using an energy injection model for the electric arc and a rupture disk model to simulate the
sudden gas discharge to the tank. The first run was carried out with the FV solver and the sec-
ond one with the FE solver. Both runs used the cal culation mesh shown in the lower part of the
figure, consisting of 7676 fluid tethraedra and 3598 prisms for a total of 4990 nodes in the
fluid domain, and of 1120 shell triangles for atotal of 634 nodes in the structural domain. The
containing structure was modelled as rigid, whilst the toroidal core and the metallic tube were
considered as deformable elastoplastic bodies. Arc sparking was simulated by energy injec-
tion in azone near the toroidal core (in red in the figure) for atotal amount of 75 kJreleased in
0.25 ms. Thanks to problem symmetry, just one half of the domain was discretized.

The results figure shows the pressures in the fluid domain at various times in the first run.
After arc sparking initiation, the inner part of the iron tube is invaded by the pressure wave
propagating through the bores. At about 3 ms, the rupture disk fails and pressure starts to rise
also in the elbow connecting the CT with the tank. Towards the end of the transient, the metal -
lic core moves towards the head as the inner tube bends.
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Problem
Definition
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Energy Energy
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- e
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TATEXX

Calculation meshesfor the CT: tetrahedra/prisms (a) and hexahedra (b)
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Solution

=2 Enel- ricerca ) Toroidal

Polo Idraulico e Strutturale )
Magnetic
Core

Inner
Sed
Tube  Tank

’

- Electric
Arc

Pressure
Wave hits

Tube BQ

b) Arc Initiation (by Energy Injection)  Gas Flows into Inner Tube through ~ Gas Flows into Inner Tube also
the Upper Bore through the Lower Bore

>
Rupture
Disk
Rupture Disk at Inner Tube Breaks  Gas Flows into the Tank through Inner Tube bends and Magnetic Core
the Elbow Moves Towards the Metallic Cap

a) Numerical model; b) Fluid pressuresin the CT at
varioustimes, with FV tetrahedra/prisms
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Other application areas

Some other possible application areas of fast transient dynamic
analysis are presented, such as:

e Off-shore structures;

e Dynamic metal forming and technological processes,

e Simulation of earthquakes and wave propagation effects;

e efC. etc.
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Attack on a submerged pipeline[18]
Description:

The present test case gives an example (now in full 3D) of fluid-structure interaction involv-
ing ‘infinite’ (non-reflecting) boundaries for the fluid and a completely submerged structure.
The problem is defined in the first figure. The 3D nature of the problem is mainly caused by
the fact that the explosive charge only extends for a length of 2.0 units along the z direction.
The final timeis assumed to be 45 ms because the explosive bubble becomes so large and dis-
torted after thistime that the calculation with a Lagrangian fluid-fluid interface would become
impossible.

Thanks to symmetries (note that in the 3D model the plane z = 0 is also a symmetry plane, in
addition to y = 0), only 1/8 of the domain shown in the first figure needs to be actually mod-
elled by finite elements, provided suitable boundary conditions are specified. Also in this case
use is made of boundary condition elements (now with 4 nodes) and absorbing material in
order to avoid wave reflections at the fluid boundaries.

Theinitia finite element mesh is shown in the lower part of the figure. A series of CL3D-type
elements (4-noded quadrilaterals) with absorbing material are placed along the absorbing
boundary. The interface between the explosive and the liquid is Lagrangian, because the two
materials should not intermix. The computation took 435 time steps and used 450 CPU sec-
onds on an HP 9000 720 workstation (1993).

The results of this calculation are shown in the following figure. The deformed meshes at var-
ious times are represented in the upper part. Note that the external fluid boundary moves
because it is declared Lagrangian. This allows to track its position in time. At the same time,
the presence of absorbing elements along the boundary mitigates the pressure wave reflections
thus approximating the behaviour of the real problem.

The fluid material velocities are shown in the lower part. The upper figure also showsthe fluid
pressure distributions at the same times. It appears from this figure that the wave reflections at
the fluid boundaries are effectively mitigated by the presence of the absorbing elements.
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High-speed metal for ming: punching

Description:

To illustrate the applicability of the ALE description in solidsto real engineering or technol og-
ical problems, an example of metal forming is presented. A similar case was solved by
Ponthot (1988), but in a static analysis. The problem is the coining process, whereby a metal-
lic slab or disk is deeply deformed by a punch. Two sightly different configurations were con-
sidered. In thefirst one (symmetric coining) two punches were used and a plane strain analysis
was performed. In the second one (unsymmetric coining) only one punch was modelled, and
an axisymmetric analysis was performed. The material was the same in both cases: an elasto-
plastic material with E = 200 GPa, Poisson’sratio 0.3, yield stress 250 MPa, density 8930 Kg/
m? and plastic modulus 1 GPa. | sotropic hardening was assumed. While the die (in the unsym-
metric example) was considered rigid and without friction, all displacements of the material
points in contact with the punches were inhibited along the horizontal direction (thus simul at-
ing complete adherence to the rigid tool) and alinear law in time was imposed along the verti-
cal direction. The analyses were performed up to 60 % of reduction of the original piece
height. The velocity of the punches was imposed and kept constant in time. All cases were
modelled using 2 x 2 Gauss integration linear elements and the Lax-Wendroff algorithm. A
schematic statement of the problemsis presented in the first figure.

Note that the rigid-punch (frictionless) boundary conditions are rather difficult to implement
in a Lagrangian case. Moreover, different meshes would be needed, depending on the height
reduction required, because every reduction induces different deformations and, consequently,
different element distortions. Finally, a Lagrangian description would require an ad-hoc mesh,
particularly refined under the edge of the tool, where most of the deformation occurs.

The first figure shows the evolution of the yield stress (related to the equivalent plastic strain)
during the deformation process for a punching velocity of 60 m/s. For the unsymmetric case,
two different solutions were obtained, one using a rather coarse mesh (10 x 4 elements), the
other with afiner mesh (20 x 8 elements). As appears from these figures, the ALE formulation
allowsto maintain element regularity and an accurate description of the boundary motion. The
evolutions of the plastic areas are always |eaded by the right corner of the tool. Note, however,
that as expected a plastic band is clearly detected between the previously mentioned corner
and the center of the specimen. This effect is more evident in the symmetric problem.

To compare the influence of the dynamic effects, different punch velocities were studied, in
the range 0.15 to 300 m/s. The next figure shows the comparison between the final deformed
shapes. Note that the differences in the solutions depend only on dynamic inertial effects. No
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strain-rate dependency was introduced in the material description. In real cases, however, the
variation of materia properties with the rate of deformation is likely to play an important role
in the overall behaviour of the forming process.

The influence of the dynamic effectsis negligible for punching velocities under 3 m/s; but, as
expected, the “fast” velocity casesinduce alarger “back extrusion” while the quasi-static Ssm-
ulations allow alarger amount of material to flow outward. The external free surface shape is
clearly dependent on the dynamic effects. Note that shear bands are present in every case;
however, the faster the punching velocity, the larger is the plasticized area due to the inertia
effects.

Although solutions can be obtained even at very slow punching velocities, they become very
CPU-expensive. On the contrary, solutions at higher velocities are extremely cheap, thanks to
the explicit time integration procedure adopted. Since deformation velocities in real techno-
logical processes often lie in the range where pronounced dynamic effects are foreseen, the
method proposed here is expected to be competitive for the numerical ssmulation of this class
of problems.
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I nfluence of the punch velocity

v =300

05

T

[1]

06

07

v=0.15

08

All calculations performed with Godunov (‘B’) model, 2x2
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Coining

- punch
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workpiece

Calculation performed with Lax-Wendroff model, 2x2,
punch velocity v = 300
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High-speed impact or traction
Description:

The impact of acylindrical bar against arigid wall has been considered by various authors in
order to validate fast-transient dynamic computer codes, see e.g. Hallquist and Benson (1986),
Halleux and Casadei (1987), Liu et al. (1988) and Predebon et al. (1991) and the references
therein. Gl. Taylor (1948) was the first to recognize that the final length and shape of a cylin-
der impacting against arigid surface (anvil) are quite sensitive to the constitutive behaviour of
the material.

Although no analytical solution exists for such problems, and experimental results may be
affected by complex phenomena such as friction between the cylinder and the anvil, an
extremely accurate numerical solution can be obtained (at a high CPU cost, indeed) with the
Lagrangian formulation, and then used to assess the quality of ALE solutions.

The data of the problem considered here are taken from Hallquist and Benson (1986): a cylin-
drical bar of radius 3.2 mm and length 32.4 mm impacts arigid, frictionless wall, at an initial
velocity of 227 m/s, seefirst figure. The materia is assumed elastoplastic with isotropic hard-
ening, with Young's modulus E = 117 GPa, Poisson’sratio 0.35, yield stress 400 M Pa, density
8930 Kg/m® and plastic modulus 100 MPa. The final time of the simulation is
80 microseconds. In 1987, Halleux and Casadel presented a 2D axisymmetric solution of the
problem, obtained by a 9-node parabolic element and the Lagrangian description with a mesh
of 3x 30 elements. Thefinal height (H = 21.47) and radius (R= 7.113) of the projectilewerein
very good agreement with the values found by Hallquist and Benson (1986) using various 2D
and 3D, finite-difference and finite-element codes.

More recently, the solution was repeated using the PLEXIS-3C code with the same quadratic
element type, but a dightly more precise implementation of the constitutive law (an unneces-
sary approximation was present in the old implementation in the way the material stress curve
was followed). This resulted in a dightly different final height (H = 21.41) and radius (R =
7.203). These values compare well with those found by Liu et al. (1988) in their Lagrangian
solution.

In order to find an even more precise reference solution, the Lagrangian solution with the qua-
dratic element was repeated by using finer meshes, until a satisfactory convergence (stabiliza-
tion) of the results was obtained. A calculation with 6 x 60 elementsyielded H = 21.41 and R
= 7.218, while a model with an extremely fine mesh of 12 x 120 elements resulted in H =
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21.41 and R = 7.230. The latter was considered an extremely precise solution and may be
adopted as areference.

The obtained ALE solution compares quite well to the reference Lagrangian solution. How-
ever, it may be noted that, although the ALE solution is quite accurate and can be obtained at a
fraction of the CPU cost of a Lagrangian solution, this particular case is not very favorable in
order to show the potential advantages of ALE techniques. In fact, while the ALE formulation
allows to keep a much more regular mesh and avoids entangling, some accuracy islost in the
representation of the highly deformed “foot” of the projectile with only afew, large elements.
There are cases, however, such as the next example (bar traction), where a Lagrangian
description shows the opposite tendency: elements become too large and accuracy is lost. In
these circumstances, an ALE description is favored by the possibility to keep elements regu-
lar, and showsiits full potential.

The bar traction example is a smple extension of the previous one. The same geometry and
material are taken, even the same initial velocity is prescribed but now the sign is opposite.
Thus the present example simulates a sort of pulling test. It has been chosen because it pre-
sents another possible advantage of the ALE formulation. While the Lagrangian analysis suf-
fers from excessive element distortion, precisely where the necking occurs, the ALE
description allows aregular element size distribution everywhere.
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Earthguake simulation

Spectral elements are used to model elastic wave propagation in the
linear part of the model domain: these are more efficient than
conventional finite elements for the same level of accuracy;

e Efficient absorbing boundary models and earthquake load
generation models are available for the spectral part of the domain;

e Thenon-linear part of the domain (plasticity, damage, large
deformations etc.), including foundations and buildings, is
modelled by fully non-linear finite elements;

e The SE and FE sub-domains are interfaced by an accurate coupling
condition (mortar method).

Linear Non-linear
Finite Finite

Elements El ements FE/SE

T

1Y
\\\\\\\\\\\\ 1Y \\\
GW ! T T ]
(] L W U W W W
T T O T e
Wave
Load
Source — N\~
A
Absorbing Micro
Boundary Spectral
Conditions Elements
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Earthquakein acylindrical valley [22]

Description:

A model with an axisymmetric geometry has been set up, which may be used to validate 2D
axisymmetric spectral elements in a comparison with the full 3D solution.

A cylindrical valley problem is taken as guideline to build the model, whose geometric char-
acteristics are shown in the first figure.

The 3D model is discretised using M S38 spectral elements of order N = 4: only a quarter of
the cylinder has been considered, thanks to the central symmetry with respect to the axis.
Hence the lateral surfaces are constrained in order to allow symmetric displacements, the top
surface is afree surface, the other two are absorbing boundaries. The plane wave load isalon-
gitudinal Ricker’'s wave of type BETA, characterized by afrequency of 1 Hz.
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Solution

! t=800ms ! t = 1000 ms

! t= 1400 ms E t = 1600 ms

t= 2000 ms t = 2200 ms

t= 2400 ms g t = 2600 ms 5 t=2800ms

3D Numerical Solution (z-Displacement)

358388
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