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Abstract

In this paper, a modular methodology, in which constraints associated to compatibility conditions can be included a
posteriori, is applied for the derivation of a non-linear reduced order model of a cantilevered pipe conveying fluid, a
classical problem in the area of Fluid-Structure Interaction (FSI). The dynamic response of this model is detailed in the
neighborhood of the equilibrium state, by describing the dependency of the eigenvalues of its linearized form with respect
to its parameters. For two scenarios, these responses are compared to benchmark results available in the literature. Also,
two numerical simulations are proposed to compare how accurately the reduced order model can reproduce the results
computed by a non-linear FEM model, previously proposed by the authors for this problem. The assessment of the
numerical analyses indicates good agreement in the performed comparisons, which illustrates the good quality of the
non-linear reduced order model proposed and suggests that the adopted modeling approach might be successfully applied
for other problems in FSI.
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1. Introduction

This paper is part of a series of publications in which
a novel approach for the modeling of Fluid-Structure In-
teraction systems is introduced and discussed. The new
methodology allows to explore the modularities and sym-5

metries within a given dynamic system, providing an algo-
rithm in which all the effects due to kinematic constraints
can be computed a posteriori, using adequate projection
operators [1, 2].

Consider the benchmark problem of a pipe conveying10

fluid, initially studied by Benjamin [3, 4]. Along the years,
several authors have been addressing this problem both
theoretically and experimentally, see for instance [5–11],
and an extensive literature review in this subject is pre-
sented in a comprehensive treatise by Päıdoussis [12]. In a15

first approximation, the pipe can be considered as a homo-
geneous hollow solid cylinder that satisfies the Kirchhoff-
Love beam model (small diameter when compared to the
length), with an internal axial incompressible plug-flow
(in which the boundary layer adjacent to the inner wall20

is neglected). It can be stated that the only source of
non-linearities are the large displacements that the pipe
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is allowed to perform. Once the compatibility conditions
are motion constraints, their effect in the dynamics of the
system can be included a posteriori.25

Orsino and Pesce [13, 14] already applied a recursive
form of the modular approach for obtaining a FEM model
for this system, by proposing a 4-level hierarchy of equa-
tions of motion (Figure 1) in which only the models at
levels 2 and 3 satisfy both boundary and compatibility con-30

ditions. The simplicity brought to the modeling procedure
due to the possibility of computing the non-linear effects
a posteriori and the successful qualitative results obtained
in numerical simulations, motivates further investigation
on how this novel approach can be used to describe com-35

prehensively the dynamic response of this system in the
neighborhood of the equilibrium state. This can be done
by linearizing the system and analyzing the dependency
of its eigenvalues with respect to its parameters, which al-
lows to identify the critical values of parameters for which40

transitions to instability are observed. The scope of this
paper is twofold: (i) to propose a strategy to perform these
analyses, based on the modular approach, and to compare
the results so obtained with benchmark ones, available in
the literature; (ii) to perform numerical simulations us-45

ing the reduced order model for scenarios in which the
non-linearities are significative, and to compare the results
with the ones computed using the non-linear FEM model
already derived.

Although following the same general discrete formula-50

tion presented in [13, 14] in which the compatibility condi-
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