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ABSTRACT. The paper reviews the FSA algorithm, a general and powerful method for the
modelling of fluid-structure interactions in nonlinear fast transient dynamics and arbitrarily
complex 3D geometrical configurations. A new improved version (FSCR) of the algorithm is
proposed, which eliminates the problems occasionally encountered with the previous version,

mainly in the presence of fluid-structure interfaces formed by warped (non-planar) element
facets.

INTRODUCTION

An appropriate modelling of the interactions between different media, fluid-structure, soil-
structure etc., often plays an important role in numerical simulations of fast transient events.
Such simulations are at the basis of safety studies concerning e.g. pressure vessels, pipelines,
nuclear and chemical reactors, offshore structures, submarines etc. Since the behaviour of the
various compornents of these complex systems (structures, fluids, solids etc.) is typically highly
nonlinear both in the geometry (large motions and large deformations) and in the material laws,
the ability to perform a fully coupled multi-field and multi-physics analysis, and thus the treat-
ment of the interaction phenomena, is crucial for the precision of results.

In some recent papers [1, 2, 3, 4] a general, robust and efficient method (indicated below as
FSA algorithm) has been proposed for the treatment of fluid-structure (F-S) interactions of the
permanent type, in the framework of fast transient dynamic analysis employing an explicit time
marching scheme. The term permanent indicates that the contact between the fluid and the
structure is continuous in time during the whole transient of interest—in other words, no fluid
detachment is treated and there are no free surfaces or other ‘Lagrangian’ interfaces between
different fluid materials in contact with the structure.

For this type of contact, and thanks to the flexibility offered by the Arbitrary Lagrangian Eul-
erian (ALE) formulation adopted for the fluid domain, the FSA algorithm is fully general. It
automatically detects and chooses the most appropriate interaction conditions for a variety of
special, traditionally ‘difficult’, cases often encountered in realistic applications: full 3D arbi--
trarily complex geometry, multiple interactions, presence of structural clements (plates, shells)
without a topological thickness, arbitrary structural joints or intersections and submerged struc-
tural edges. Geometric nonlinearities in the contact conditions, such as large displacements,
large rotations and large structural deformations are also taken into account. The method is part
of the models available in the PLEXIS-3C computer code [5], jointly developed by the French
Commissariat & ’Energie Atomique (CEA) and the European Commission (EC).

Over the last few years the FSA method has been applied and verified in hundreds of test
cases and realistic applications using PLEXIS-3C, showing excellent behaviour except in the
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presence of F-S interfaces with warped element facets. The scope of the present work is to an-
alyse the reasons for the failure of the FSA method in the special case mentioned, and to pro-
pose a suitable correction, indicated as FSCR algorithm. The identification of the defect present
in the FS A algorithm leads in a natural way to an alternative statement of the interaction con-
ditions, which is perhaps even more general and intuitive than the one given in [4]. The pro-
posed remedy is conceptually straightforward and, fortunately, also very easy and efficient to
implement in the general architecture of a transient explicit code such as PLEXIS-3C.

Section 2 recalls briefly the permanent fluid-structure interaction problem and the numerical
algorithm proposed in [4], and then shows a few special cases in which unsatisfactory results
were obtained. The reasons for this behaviour are investigated in Section 3 and adequate cor-
rections are proposed. Section 4 applies the corrected algorithm to the problems of Section 2,
showing excellent performance. Finally, some conclusions are drawn in the fifth and last Sec-
tion of the present work.

THE FSA ALGORITHM

The FSA algorithm, used to model fluid-structure interactions of the permanent type, is recalled
briefly. Readers interested in further details should refer to [3] and especially [4]. The compu-
tational framework in which the algorithm is embedded is the transient explicit formulation, us-
ing a Lagrangian description for the solid domain and an ALE description for the fluid domain.
The basic equations to be solved are the equilibrium equation (conservation of momentum) for
the solid domain, which is also an expression of the principle of virtual work, and the so-called
Euler equations—which express the conservation of mass, momentum and energy—for the flu-
id domain. The fluid is assumed to be compressible and inviscid, which is well justified for the
class of problems of interest here: shocks, explosions, impacts etc.

The problem is discretized in time by using the central difference, explicit time marching
scheme, and in space by using standard, displacement-based finite elements (note that recently
an alternative description of the fluid domain based on finite volumes has also been introduced
in PLEXIS-3C [6]). Essential boundary conditions such as imposed displacements or veloci-
ties, and in particular fluid-structure interactions of the permanent (or ALE) type, are imposed
via a method of Lagrange multipliers. As an example, consider a linear set of constraints on the
velocities, of the form:

Cv=1b )

where C is a matrix of coefficients, v the vector of nodal velocities and b a vector of known
values. Both C and & can be functions of time. The equilibrium equations for the subset of de-
grees of freedom subjected to the constraint (1) is:

ma = f~f'+r )

where 1 is the mass matrix, a the vector of nodal accelerations, f* and f' the vectors of ex-
ternally applied loads and of internal forces, respectively, and r indicates the vector of un-
known reaction forces generated by the essential boundary conditions.

In order to introduce the constraints (1) into the equilibrium equations (2) use is made of La-
grange multipliers [7]. Without loss of generality, the unknown reactions can be expressed as:

A 3)

where } is the vector of Lagrange multipliers. Substituting (3) into (2), after some manipula-
tion and by using the central difference integration scheme in order to express the velocity v
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Figure 1 - Decoupling an ALE F-S interaction problem for an inviscid fluid.

appearing in (1), one arrives at an expression of the form:

BA=W 4

where Ij’* is a known matrix, called the matrix of connections, and W is a known vector. By
solving the linear algebraic system (4) at each time step one finds the Lagrange multipliers A,
then from (3) the reaction forces r which, substituted in (2), allow to satisfy the equilibrium
equations under the imposed constraints. Note that B is a square, symmetric matrix whose co-
efficients vary in general with time, e.g. due to large motions or large deformations.

As shown in reference [4], any fluid-structure interaction problem of the permanent (or
ALE) type, schematically represented in Figure 1, can be expressed in the form (1). The fluid
and the solid transmit to each other a contact pressure p along the interface. If the fluid is in-
viscid, as assumed here, the interaction pressure is direcfed along the normal n to the interface.
In the finite element discretization, the continuous interface is substituted by a discrete approx-
imation and instead of the interaction pressure we consider its resultant at each interface node,
the interaction force r, shown in Figure 2.

The modelling of the fluid and structural domains can be ideally decoupled, provided the in-
teraction force r is known at each node of the interface and at every time. To find the interac-
tion force, we impose that at every instant of time the component of the fluid velocity v along
the normal n to the interface be equal to the component of the structure velocity v along the
same direction:

Yp - = Vg n - (8)

This ensures that the fluid and solid domains do not detach or overlap during the motion and

Discretization Discrete Normal Compatibility Condition

Figure 2 - A discretized fluid-structure interface.
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iscalled compatibility condition. Note that equation (5) is precisely of the form (1). In PLEXIS-
3C, the following operational choices are adopted in order to set up F-S models:

« Both the fluid and the solid domain are spatially discretized by finite elements, as shown
qualitatively in Figure 2. In the solid domain, either continuum elements or structural (plate,
shell) elements can be chosen. The latter may or may not have a topological thickness.

 Along F-S interfaces, two sets of nodes are assumed, one on the fluid side and the other on
the solid side. These must coincide two by two with each other, i.e. they must initially have
the same spatial position, but different indexes. The subdivision into elements on each side
is arbitrary, provided the nodes coincide two by two.

* The F-S solid nodes are treated as Lagrangian while the fluid ones are ALE and their
motion is automatically prescribed by the code so as to constantly follow the motion of the
corresponding solid nodes.

The determination of the interaction forces along the interface is obtained by imposing the
conditions (5) at each discrete point (node) via the method of Lagrange multipliers outlined
above in equations (1)-(4). This ensures the compatibility and combinability of the F-S inter-
action model with any other essential conditions imposed by the same method.

The outline of the model is now complete. However, nothing has been said until now about
the calculation of the normal n appearing in (5). While the normal to a continuous interface is
uniquely defined in a geometrical sense, provided the surface is smooth, the calculation of ‘the’
normal to the discretized interface is a by far more challenging task. As shown in [3] and [4],
this requires a sophisticated algorithm in order to account for the large variety of geometrically
complex cases which may occur in 3D, especially in the presence of structural members with-
out a topological thickness (junctions, submerged structural edges, etc.).

This is not surprising, since all the geometrical information about the shape of the F-S inter-
face (which can be very complex especially in 3D) in the vicinity of a point is contained in the
discrete normal. The main difficulty lies in setting up an algorithm which can detect any pos-
sible intricate shape of the interface and automatically prescribe the appropriate conditions at
the interface, i.e. compute the appropriate normal(s) with the minimum possible effort (infor-
mation provided) by the user of the code.

In reference [4] a general, efficient and robust algorithm (FSA) has been proposed which
performs the tasks mentioned above in a fully automatic way on a point-by-point basis, and thus
requires from the user just the specification of the fluid nodes which lie on the discrete inter-
face, in no particular order. As a consequence, the effort required for preparing an input file is
indeed minimal, even for the most geometrically complex cases, and the possibility of human
errors in this phase is largely reduced. The FSA algorithm is based on the following strategy
(see [4] for full details):

= For the determination of 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. The solid
domain is completely ignored in this process. The advantage is that the topological ambigu-
ities related e.g. to the use of elements without a topological thickness are avoided, since
the fluid domain can only be described by continuum-like elements.

o The direction of the normal is determined by imposing that the net velocity flux across the
discrete interface in all fluid element faces on the interface which contain the node of inter-
est must vanish, in order to avoid artificial gains or losses of fluid. The set of all such faces
is called the influence domain A of the node.

With reference to Figure 3, we obtain:

n=a/0a] with A=3%_ S, ©)



Figure 3 - Influence domain of a 3D node.

where k indicates the generic face, ranging from 1 to n, and §, is a vector normal to the face
(oriented alonng the outgoing normal) and of length proportional to the area of the face itself.

Application of (6) is straightforward for F-S interfaces along the external boundary of a mod-
el, e.g. for the fluid contained in a pressure vessel. In more complex cases, however, e.g. in the
presence of structural edges without a topological thickness and completely embedded in a flu-
id, Eq. (6) leads to an undefined, zero-length normal, so a modification of the algorithm must
be applied. This consists in detecting couples of mutually opposite faces in the influence do-
main and in eliminating one of these ‘double’ faces from each couple before applying (6).

Since its implementation in PLEXIS-3C, the FSA algorithm has been applied with success
in a large variety of cases, including extremely complex, realistic applications. In a few 3D cas-
es, however, a strange behaviour has been observed, namely the appearance of spurious, non-
physical velocities. Sometimes these velocities remained small in comparison to the physical
velocities of the problem, but occasionally they dominated the solution.

As an example, consider the test case shown in Figure 4a. The model simulates the propaga-
tion of a pressure wave in a helicoidal tube. The structure (tube) surrounding the fluid is as-
sumed to be rigid and not included in the model since, as will be shown below, 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 structure.

Most of the tube is initially filled up by a gas at uniform low pressure while a higher pressure
zone, simulating an explosion, is generated near the larger-diameter extremity at the initial
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 also supposed to be closed by rigid walls for simplicity.

. .
Low- High- = Physical
Pressure Pressure : Velocities

Gas

Spurious
Velocities

a) Problem Definition

Figure 4 - Explosion in a helicoidal tube.
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Figure 5 - Spurious velocities generated in a helicoidal tube with uniform pressure.

As shown in Figure 4b, 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 initially uniform in this part of the
mesh, the fluid should clearly be in equilibrium and not move before the arrival of the pressure
wave.

REASONS OF FSA ALGORITHM FAILURE AND PROPOSED CORRECTIONS

In-depth examination of the FSA algorithm behaviour in the case of Figure 4a revealed that the
reason of the spurious velocities is a small but non-negligible error in the balance between in-
ternal forces, generated by the fluid pressure (uniform in this case) and external forces repre-
sented by the reactions produced by the rigid walls. Although these out-of-balance forces are
relatively small, they are not contrasted in any way and thus the spurious velocities continue to
grow until they reach values comparable to those of the physical velocities of the propagating
pressure wave.

Indeed, a similar test performed without the explosive, i.e. with initial uniform pressure and
zero velocity in the whole tube, confirmed the appearance of non-negligible velocities, see Fig-
ure 5. These are caused by a small error in the evaluation of the discrete normal to the interface
and this error is in turn due to the fact that the tube surface is a complex, 3D, doubly-curved
surface, discretized by elements having non-planar faces on the external boundary: each face
has 4 nodes but these do not lie exactly on the same plane.

A geometrically much simpler example better illustrates the problem. Consider the element
patch shown in Figure 6: a bi-unit cube formed by 8 fluid elements is slightly skewed by twist-
ingitsfaces at x = *1 by an angle of 5°. The pressure is uniform within the elements and the
imposed boundary conditions on the outer surface simulate the presence of a rigid structure, via
the FSA algorithm. By plotting the velocities after just one time integration step, one can clearly
observe the appearance of spurious velocities in some of the nodes, see Figure 6. By comparing
at the initial time the resultants of internal pressure forces with the reactions generated by the
rigid boundary, a small but non-negligible discrepancy in the evaluation of the normal is ob-
served. In other words, the direction of the discrete FSA normal does not coincide exactly with
the direction of the resultant of internal pressure forces. A series of similar numerical experi-
ments led to the following conclusions:

* A small discrepancy in the estimate of the discrete normal to the interface with respect to
the resultant of internal forces generated by a uniform pressure is observed whenever the
interface (influence domain) around the node of interest is skewed, i.e. formed by faces
which are not perfectly planar.

* The problem is caused by a difference of accuracy in the calculation of internal pressure
forces with respect to external reactions. The former are computed exactly in PLEXIS-3C
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even in a skew geometry (for the particular fluid elements used here), while the latter are
evaluated by using a first-order accurate expression which is only exact when all faces of
the influence domain are planar.

* This defect leads to the appearance of unbalanced forces and thus of spurious velocities
which may in certain cases destroy the numerical solution.

In order to eliminate the problem, it is necessary to ensure proper precision matching be-
tween the evaluation of internal pressure forces and of reactions. This can be done either by de-
creasing the precision of internal force integrals or by increasing the precision of external
reaction eval uation (direction of the normal). The first solution was tested in PLEXIS-3C with
good results: by using a first-order accurate formula in the calculation of pressure forces instead
of the exact one, no spurious velocities appear in the case of Figure 6. However, this correction
seems unsatisfactory in more general terms, for the following reasons:

» The above mentioned precision matching can be ensured in special, particular cases, but it
is not easy or practical to enforce it in a general computer code such as PLEXIS-3C. In fact,
the code contains several different fluid element types, each one using its own integration
rule over the element volume for internal force evaluation. Thus, with this matching
approach, the algorithm for computation of the normal would have to take into account the
nature of the fluid element (or elements) forming the influence domain.

o TItis not clear whether it is at all possible to ensure mathematically exact matching between
avolume integral (internal pressure forces) and a surface integral (evaluation of the normal)
in all possible cases, i.e. with different integration rules, distorted geometries etc.

The Uniform Pressure (UP) Method

To overcome these difficulties, a different approach can be adopted, one which automatically
ensures correct matching. 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.

In an explicit code architecture such as PLEXIS-3C it is indeed straightforward to introduce
a new vector of fictitious internal forces, f ’7 generated by a uniform internal pressure (say
p =1)in all fluid elements. The contribution of each finite element to this vector can be ob-
tained by simply dividing the element’s ‘true’ internal forces f° by the pressure:

Spurious
e Velocities

TWIS - 07

Geometry Time Step 1

Figure 6 - Spurious velocities generated in the simple patch test.
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(f;)element = ;l,(f i)element O

Upon assembly of the different element contributions, the desired nodal quantities f i are
obtained. The variationally exact, discrete nodal normal, is then simply computed as:

- 1l

The computational effort is negligible and only one extra nodal vector storage is required in
terms of memory. This method has the notable advantage that it automatically takes into ac-
count all details such as precision of internal element integration, different integration rules in
different elements, warped faces and so on. We will refer to this as the uniform-pressure (UP)
method in the following.

Application of the UP method to the cases of Figures 5 and 6 yields correct results, as will
be shown in the next Section, and the same is true of course for similar cases without warped
faces. One could therefore be tempted to argue that the UP method can replace the FSA algo-
rithm in all cases, but it is not so. In fact, closer inspection readily indicates that there are cases
in which the UP method fails in delivering the correct normal. One such case is in the presence
of fully submerged structural edges with no topological thickness. In fact, for a node on the
edge the UP method yields zero force, since the node is completely surrounded by fluid. There-
fore, the direction of the normal (8) is undetermined, as shown in Figure 7.

Fortunately, in these cases the FSA method works correctly since it performs a topological
search of the involved element faces, detects the presence of ‘double’ (mutually opposite) faces
and performs suitable eliminations before computing the normal.

Another evident drawback of the UP-method is that it may yield at most one normal per
node. As discussed at length in [4], there are situations in 3D where two distinct normals are
required, e.g. in the case of structure junctions (corners). Also in such cases the use of the FSA
(geometrical) method appears necessary, in order to evaluate the second normal. In conclusion,
what is actually needed is a combination of the two outlined methods (FSA and UP). Details of
the proposed procedure are given below.

The FSCR Algorithm

The FSCR algorithm is a combination of the FSA algorithm and of the UP method, exploiting
the strengths of both. The search for the normal direction (possibly, 2 directions in 3D) is first
performed by the FSA algorithm. Let us indicate by ¢ and d the resulting normals. Then, an
independent evaluation of ‘the’ normal (just one direction) is performed by the UP method. We
indicate with p the result. The following cases must be distinguished:

p p
< — Fluid

Element’s pressure forces
\}/ in node F
o
/ \ The assembled force

for uniform pressure
in node F is zero

p p

\ Structure

Figure 7 - The UP method fails in the case of submerged structural edges.
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* If from the FSA calculation it results that the nodal influence domain is composed only by
couples of mutually opposite faces, then we know that p is at best very imprecise, if not
undetermined. Therefore ¢ and, if relevant, d are retained.

 In all other cases, the nodal influence domain contains at least 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 ¢, this normal is
simply rejected and p is retained instead. However, when the FSA method detects two nor-
mals, we may not simply drop both of them in favour of the (single) p normal. In such a
case, ¢ and ¢ will possibly have to be corrected so as to become ‘compatible’ with p, i.e.
so that p is contained in the plane defined by ¢' and ' (the corrected ¢ and d). To this
end, we use the algorithm illustrated in Figure 8. The algorithm is quite empirical, but it has
proven to give good results in practical cases. Note that the necessary corrections are usu-
ally small in practice, although they are not negligible. If p already lies in the plane defined
by ¢ and & (which is usually the case in the absence of warped surfaces), then the above
correction has no effect.

‘When applied to the patch test of Figure 6, this procedure correctly predicts zero velocities
in the fluid. The added cost of the FSCR algorithm with respect to the FSA algorithm is almost
negligible in practical, complex applications. The new algorithm has been used with success in
a number of e xamples, with and without warped F-S interfaces, as will be illustrated in the next
Section.

NUMERICAL EXAMPLES

To illustrate the effectiveness of the new FSCR algorithm, two numerical examples are pro-
posed. The first test, depicted in Figure 9, is an explosion in a simple 3D tank. The tank walls
are rigid, but an internal deformable shield is completely embedded in the fluid and represented
by a shell without topological thickness. In this case, the F-S interface is made of initially planar
facets, which may become slightly warped as the shield deforms. The problem is solved first
with the FSA algorithm and then with the new FSCR algorithm. As shown, the warping effect
is small and the two solutions are very similar.

° ¢,d and p are unit vectors

wh A * in practical cases, the angle B is such
-t Y that 60° < B < 180°
Y © v = (exd)/|exd|

e The y vector is unitary and normal to
the plane defined by ¢ and 4

s e=(p-vy

tg=p-e

* The g vector is the projection of p
over the plane defined by ¢ and ¢

© o= (gxw)/gxy|

¢= p
ds=r

e Note that ¢' L 4' by construction.

bl

Figure 8 - Correction of the FSA normals by using the UP normal.
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The next example is the repetition of the helicoidal tube problem already considered in Sec-
tion 2 (see Figure 4), but now using the FSCR algorithm. The results in terms of fluid pressures
and velocities are collected in Figure 10. The model consists of 8760 nodes, 6264 hexahedral
(8 node) elements and 2016 prismatic (6 node) elements. The simulation up to a physical time
of 7 ms required 2385 time steps and a CPU time of 3871 s on an HP 9000 735 workstation.

As can be seen by comparing Figure 10 with Figure 4b, use of the FSCR algorithm complete-
ly prevents the appearance of spurious velocities due to warped surfaces. The maximum veloc-
ity registered during the transient in the FSCR solution was 1756 m/s, at a time of 5.4 ms.

Although it is possible to compute this very example with the FSA algorithm, the results are
plagued by spurious velocities, as was shown in Figure 4b. The disturbance on the numerical
solution remains relatively confined in this case, so that the computation proceeds until the end
of the transient, but a peak velocity as high as 4053 m/s is obtained at 5.0 ms.

Interestingly, the difference in fluid pressures between the two solutions is much less pro-
nounced, see Figure 11, but because of the high velocities the time step dropped in the FSA
calculation, which used 2788 time steps and a CPU time of 4438 s.

CONCLUSIONS

The paper has reviewed a general method and algorithm for the modelling of fluid-structure in-
teractions of the permanent type in nonlinear fast transient dynamics.

The FSA algorithm described in [4], based on purely topological considerations, was found
to failin setting correct 3D interaction conditions when the F-S interface is formed by non-pla-
nar element faces, e.g. skew 4-node quadrilaterals. More generally, the method does not take
into account the different integration rules that can be used over the volume of the fluid ele-
ments for the determination of internal forces.

A new method (UP), based on fictitious internal forces generated by a uniform pressure field
in the fluid domain, is proposed which yields the right conditions, i.e. the variationally correct
discrete normal to the interface, in the case of skew faces. This new approach, which relies upon
equilibrium considerations, is conceptually simpler and more intuitive than the previous one.
In most cases, the two methods are perfectly equivalent and yield exactly the same results.

shell thickness; 0.001 rigid tank

structure

explosive

Problem Definition Structure and Fluid Velocities at 5 ms

Figure 9 - Explosion in a 3D box: solutions with the FSA and with FSCR algorithms.
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Figure 10 - Explosion in a helicoidal tube: solution with the FSCR algorithm.
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FSA Algorithm

Figure 11 - Comparison of fluid pressures obtained in the two solutions. -

However, since the UP method yields at most one normal (not two) in 3D geometry and is
not applicable in the case of thin, fully submerged structural edges because the resulting uni-
form pressure force vanishes, the proposed final algorithm (FSCR) uses a suitable combination
of the two methods. A simple criterion is introduced which allows to decide case by case which’
is the best strategy to use. The FSCR algorithm has been applied with success to a variety of
test cases.
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