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Most common fluid-structure interaction (FSI) applications in biomedical research involve blood flow in arteries. Such
FSI simulations require significant computational effort leading to a never-ending quest for computationally more efficient
numerical algorithms. This paper describes a self-contained, partitioned FSI solver based on a finite volume discretisation
which can be applied to calculate the interaction between blood and the aortic wall where both continuums are treated as
incompressible. Laminar flow of an incompressible fluid is described by the Navier–Stokes equations in arbitrary Lagrangian–
Eulerian form while solid deformation is described by the incompressible neo-Hookean hyperelastic material model in the
total Lagrangian form. Both fluid and solid are discretised in space using the second-order accurate cell-centred finite volume
method, and temporal discretisation is performed using the second-order accurate implicit backward scheme.
In classical partitioned approaches, known as Dirichlet-Neumann (DN) schemes, the fluid problem is solved with a Dirichlet
boundary condition (structure velocity) at the fluid-structure interface, while the structure problem is solved with a Neumann
boundary condition (fluid stress) at the interface. Loosely coupled partitioned DN schemes (where the flow and solid equations
are solved only once in each time step) are stable only if the density of the structure is much larger than that of the fluid. This
requirement is easily achieved in some applications like aerodynamics, but not, for example, in hemodynamics, where the
density of blood is of the same order of magnitude as the density of arterial walls. In these cases, the energy of the discrete
problem in the DN partitioned algorithm does not accurately approximate the energy of the continuous problem, introducing
numerical instabilities known as the added mass effect. A possible solution to this problem is to sub-iterate between the fluid
and structure sub-problems at each time step until the energy at the fluid-structure interface is balanced. Schemes that require
sub-iterations, also known as strongly coupled partitioned schemes, may suffer from slow convergence issues.
Loosely coupled partitioned schemes that can efficiently cope with the added mass effect are rare. One such scheme is the
kinematically coupled β-scheme [1]. The scheme is based on Lie operator splitting, in which the fluid and the structure sub-
problems are fully decoupled and communicate only via initial conditions. The fluid and structure equations are split in such
a way that the fluid problem is solved with a Robin-type boundary condition (BC) including the structural inertia; this is the
main ingredient of the scheme to ensure unconditional stability. A simplified variant of the kinematically coupled β-scheme
was recently implemented in the OpenFOAM framework [2] where both fluid and structure sub-problems are discretised
using a second-order accurate cell-centred finite volume method (FVM); the flow sub-problem is solved using a pressure-
based solver and a SIMPLE-like solution procedure. The stability of the scheme is ensured by a new Robin-type boundary
condition for pressure at the fluid-structure interface, where the normal derivative of the pressure at the interface is defined by
the reduced momentum equation, while the value of the pressure is limited by structural inertia. Based on the Robin BC for
pressure, a Robin-Neumann (RN) partitioned FSI scheme is proposed in which the fluid sub-problem is solved with the Robin
BC for pressure at the interface (the momentum equation is still solved using Dirichlet BC for velocity), while the structure
sub-problem is still solved with the Neumann BC.
In this study, both the fluid and the solid sub-problems are solved using a block-coupled solution procedure where the pressure
and moment equations are solved in a coupled manner which ensures a very efficient solution procedure of the corresponding
sub-problems. The high efficiency of the partitioned FSI solution algorithm is achieved by applying an extended Robin-
Neumann scheme with the Robin BC for pressure derived by taking structure inertia and local elastic wall deformation of the
arterial wall into account using independent ring model [3]. The proposed FSI solver is implemented within the solids4foam
toolbox [4] with capabilities for solid mechanics and fluid–solid interaction simulations.
The solver had been tested on the wave propagation in an elastic tube test case characterised by a low solid-to-fluid density
ratio. The second-order temporal accuracy is shown and the stability of the method is demonstrated for both the strongly
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coupled and loosely coupled versions of the solution procedure. In order to demonstrate the solver’s capability of handling
realistic arterial geometry, blood flow is simulated through an idealistically-shaped thoracic aorta. The considered aorta
consists of three parts: the ascending aorta, where blood flows upward from the heart; a hairpin turn called the aortic arch
which branches into three smaller vessels – innominate, left common carotid and left subclavian arteries; and the descending
thoracic aorta, which ends at the aortic hiatus in the diaphragm. At the aorta inlet, the volume flow rate is specified according
to measured values for one heart cycle, while blood pressure is specified at the outlets by applying the three-element wind-
kessel model. The simulation is performed until a steady-state periodic regime is achieved. Qualitatively expected results are
obtained which will be verified in the future.
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