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ABSTRACT

Fluid-structure interaction can be dealt with using a monolithic or a partitioned approach. In the mono-
lithic approach, both the fluid and structure problem are solved with a single code [1], whereas in the
partitioned approach the fluid and structure are solved with separate codes. The partitioned approach
to fluid-structure interaction and more specifically the effect of the time step on the stability of the
coupling iterations in a time step is considered in this paper.

Previous work [2] showed that the number of coupling iterations in a partitioned simulation increases
when the time step decreases and no other parameters are changed. This behaviour is studied by means
of a one-dimensional model of unsteady flow in a flexible tube. The fluid is incompressible and inviscid
and gravity is not taken into account. The velocity is imposed at the inlet and a non-reflecting pressure
outlet boundary condition is used. The structure model contains no mass, as the inertia of the tube wall
is neglected with regards to that of the fluid. All parameters are identical to those of the two-dimensional
model for the pulsating flow in an artery in Vierendeels et al. [2], unless mentioned otherwise.

The tube is divided in N segments of length ∆x. The cross sectional area ai of segment i of the tube is
related to the kinematic pressure pi by

ai = a∗
(

p∗ − 2c2
mk

pi − 2c2
mk

)2

(1)

with cmk the Moens-Korteweg wave speed which is a measure for the stiffness of the tube. The asterisk
indicates the reference state.
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Figure 1: Error amplification as a function of θ for (a) cmk = 11 m/s and (b) cmk = 1.1 m/s.

The flow equations are the conservation of mass and momentum. Central discretization is used, ex-
cept for the convective term in the momentum equation which is discretized with a first-order upwind
scheme, giving

∆x

∆t
(ai − an

i ) + ui+ 1
2
ai+ 1

2
− ui− 1

2
ai− 1

2
− α(pi+1 − 2pi + pi−1) = 0 (2a)
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for ui ≥ 0. u is the velocity along the axis of the tube, ∆t the time step and α = a∗/ (u∗ + ∆x/∆t) the
coefficient of the pressure stabilization term. The subscript i indicates the cell centres and all variables
are on time level n + 1, except for those indicated with the superscript n.

The stability of fixed point iterations between the flow and the structure is studied by linearizing the
equations (1) and (2) and performing Fourier error analysis, with ω the spatial frequency of the error
modes. The error amplification as a function of θ = ω∆x is shown in Figure 1 for different values of
∆t and cmk and it can be seen that the error amplification increases as ∆t decreases.

For the configuration with cmk = 11 m/s in Figure 1(a), the error amplification is smaller than 1 except
at θ = 0 for ∆t = 0.05 and 0.005 so fixed point iterations should be stable, which is confirmed by
non-linear simulations which required respectively 3.68 and 5.85 coupling iterations on average. The
simulation with ∆t = 0.0005 failed because the error amplification is bigger than 1 for θ > 0. For
the same reason, the cases with cmk = 1.1 m/s in Figure 1(b) cannot be simulated with fixed point
iterations. If coupling with reduced-order models [2] is used, the simulations with cmk = 11 m/s all
required around 4 coupling iterations as only few modes become unstable due to the decreasing time
step. The simulations with cmk = 1.1 m/s required on average 4.96, 7.58 and 15.39 coupling iterations
for ∆t = 0.05, 0.005 and 0.0005 s, as the error amplification becomes bigger than 1 for more modes if
∆t decreases.

Conclusion If the structure in a partitioned FSI simulation is so flexible that error modes become
unstable as ∆t decreases, then more coupling iterations are required as ∆t decreases.
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