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Abstract. This paper presents a state-of-the-art computational engineering methodology
for the simulation of interacting fluids and solids, focusing specifically on applications
within cardiothoracic medicine. We demonstrate that by harnessing powerful computa-
tional mesh generation, fluid and structural dynamics techniques, patient-specific models
for realistic pre-operative surgical planning can be constructed for a range of surgical inter-
ventions, including artificial heart valves and ventricular assist devices, whilst also main-
taining an acceptable turnaround time from the medical imaging stage to computational
results. Considering the computational method, implicit coupling of the three-dimensional
fluid and structure fields is achieved in a partitioned manner through the two-way trans-
fer of information at the fluid-structure interface. Specifically, the time-dependent in-
compressible Arbitrary Lagrangian Eulerian Navier-Stokes equations are solved in finite
volume manner using the artificial compressibility approach, with computational perfor-
mance enhanced by an edge-based data structure, geometric multigrid and parallelisation.
The dynamic nonlinear structure is solved using a finite element nonlinear hyperelasticity
approach with Newton iteration and Newmark time integration scheme. In-house software
for mesh generation, adaptation and local remeshing is utilised to maintain mesh quality
throughout.
To demonstrate the power of the method and the importance of using realistic, patient-
specific geometric models, the numerical examples presented utilise a three-dimensional
geometrical model of the left heart, extracted from real patient medical imaging data. Ge-
ometrical models of the intended surgical interventions, such as mechanical heart valves,
are modelled in detail and incorporated into the geometric model of the patient’s heart.
Results from numerical fluid-structure interaction models demonstrate that the computa-
tional technique is capable of resolving complex flow features in the the surgically altered
heart and therefore enables the hemodynamic flow characteristics of multiple cardiovascu-
lar surgical options to be compared preoperatively without any increased risk to the patient.
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1 INTRODUCTION

The maturation of computational methods in fields once dominated by experimental test-
ing, coupled with the growing affordability of computational resources, has stimulated
increasing interest in more large-scale or multi-field areas of research. In recent years,
Fluid Structure Interaction (FSI) problems in particular have received a great deal of
attention from the computational mechanics community. Time-dependent problems in-
volving large structural deformations have posed particularly challenging problems but
offer a wide range of applications in the biomedical field. In cardiovascular medicine in
particular, it is believed that a computational engineering analysis approach could enable
an extremely detailed understanding of the fluid and structural dynamics processes at
work in the cardiovascular system to be built up, with a level of detail at multiple scales
well beyond that currently achieved through conventional experimental methods.

In-vivo and in-vitro experimental studies and more recently in-silico computational stud-
ies have yielded valuable information on the links between haemodynamic stresses and
the problems such as blood damage and valve durability. However, for the power of com-
putational techniques such Computational Fluid Dynamics (CFD) and Fluid Structure
Interaction (FSI) to be relevant in Cardiovascular research, the numerical models and
techniques adopted must be capable of considering with sufficient detail the great geo-
metrical complexity of the heart structure as well as the widely varying range in temporal
resolution required to fully capture the cardiovascular cycle.

Using the strongly-coupled partitioned fluid-structure interaction approach presented pre-
viously by the authors 3, 4, this paper will focus on the geometrically and physiologically
accurate simulation of blood flow through a bileaflet mechanical heart valve. We will
present the benchmark example of flow through a bileaflet mechanical valve mounted
within a cylindrical tube and then demonstrate the dangerous shortcomings of assuming
such a simplified model by demonstrating our latest anatomically accurate model of pul-
satile blood flow through the left heart when a bileaflet mechanical valve is fitted in the
mitral position. The resulting fluid-structure interaction analysis will be used to consider
more realistically the effects of such surgical interventions in terms of patient recovery
and the suitability of the artificial device.

2 MODEL CONSTRUCTION

2.1 Construction of mechanical device geometries

The geometrical description of the mechanical device may be constructed from manu-
facturers’ CAD files or directly from a user-constructed geometry definition file which
specifies curve components, surface components and surface region connectivity. Using
the latter approach, a bileaflet mechanical valve geometry has been constructed using
geometrical data provided in manufacturers’ and current research literature and with ref-
erence to sample valve specimens available to us through collaborative links with medics
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(a) ATS Open Pivotr Standard (b) Medtronic ADVANTAGEr

Figure 1: Typical bileaflet valves currently used in valve replacement surgery

at Swansea Morriston Hospital Cardiac Unit. High quality unstructured meshes have
been generated using the in-house FLITE system 19, which features an efficient three-
dimensional Delaunay triangulation procedure with automatic boundary point creation.

Specifically, the bileaflet valve model presented here seeks to replicate the most current
bileaflet valve designs, such as ATS Open Pivotr Standard or Medtronic ADVANTAGEr

depicted in Figure 1. Notably, these valves do not feature the protruding pivot guards
typical of the widely studied St. Jude Medicalr bileaflet mechanical valves. For a valve
with tissue annulus diameter of 29mm the corresponding orifice inner diameter is taken
as 24.8mm. The leaflets achieve an angle of 26◦ when closed and 89◦ when fully open, are
of 1mm thickness and do not have any curvature. The hinge mechanisms of the leaflets,
which can vary significantly depending upon the valve model and manufacturer, are not
replicated.

2.2 Construction of an anatomically accurate heart geometry for CFD

A three-dimensional surface visualisation of the whole heart, constructed from high res-
olution MRI scan data by NYU School of Medicine and Zhang 20, shown in Figure 3(a),

(a) Valve fully
closed

(b) Valve fully open (c) Valve fully closed (d) Valve fully open

Figure 2: Bileaflet mechanical valve model
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is used as the starting point for the construction of an anatomically detailed geometrical
model of the heart suitable for CFD and other forms of analysis. In order to generate
a model suitable for the study of blood flow in the left side of the heart, the internal
or “wet” surfaces corresponding to the left heart are extracted from the data set, Fig-
ure 3(b), and subjected to extensive remeshing and cosmetics procedures. We have used
in-house unstructured mesh generation software throughout this procedure, including the
correction of overlapping surface elements, improved resolution of desirable mesh features
and increased mesh refinement, with the resulting improved mesh shown in Figure 3(c).

Areas of irretrievably poor resolution in the original scan data, such as the definition of
the pulmonary veins, have been cleaned away to enable the merger of four idealised inflow
tracts, featuring circular cross-sections of varying diameter, with the anatomic atrium
surface geometry. The original idealised valve leaflet geometry definitions have also been
removed in order to enable the insertion of geometries corresponding to the artificial
valves under investigation. For convenience, the heart geometry is reorientated to align
the mitral valve region with standard Cartesian axes. For examples involving the study of
blood flow in the region of the mitral valve only the geometry of the aorta is terminated
cleanly at the point where the aortic valve typically lies. Figure 3 illustrates the various
stages in the construction of the model for the study of flow through the left heart and mi-
tral valve region. The final boundary surface discretisation of triangular elements shown
in Figure 3(d) forms the starting point for in-house tetrahedral or hybrid volume mesh
generation software to perform the filling-in of the computational domain. The in-house
software uses a fully automated Delaunay mesh generation procedure, as described in 19,
with final mesh characteristics meeting user-defined mesh quality parameters through the
use of cosmetic procedures such as diagonal swapping, element collapsing and Laplacian
mesh smoothing. The final model of heart surfaces and volumetric discretisation are
shown in Figures 3(d) and 3(e).
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(a) (b) (c)

(d) (e)

Figure 3: (a) Visualisation surface mesh of the whole heart, constructed from MRI scan data by NYU
School of Medicine and Zhang 20 (b) Extracted internal surfaces of left heart - note the poor definition
of pulmonary vein regions (c) Left heart surface mesh after mesh improvement (d) The reorientated left
heart model with pulmonary vein inflow tracts, bileaflet mitral valve and aortic outflow (e) Heart model
with transparent surface colouring
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3 UNSTEADY INCOMPRESSIBLE FLUID FLOWWITHMOVING BOUND-
ARIES

The transient incompressible flow field is governed by the Navier-Stokes continuity and
momentum equations. To improve the conditioning of the resulting hyperbolic system
of equations, the artificial compressibility approach, first proposed by Chorin 5 and later
extended by Turkel 6 is employed. The scheme features an implicit dual time stepping
technique with explicit multi-stage Runga-Kutta time stepping in pseudo time and second
order backwards differences in real time, within an Arbitrary Lagrangian-Eulerian formu-
lation which enables unsteady flows with moving boundary components to be considered.

3.1 Governing Equations

With the development of an arbitrary Lagrangian Eulerian solution procedure in mind,
the time-dependent Navier Stokes equations, modified by means of the artificial compress-
ibility approach 5, 6, are considered in the integral form

∫

Ω(t)

P−1∂U

∂τ
dΩ + Ī

d

dt

∫

Ω(t)

UdΩ +

∫

∂Ω(t)

(Fj − F̄j)nj dS −
∫

∂Ω(t)

Gjnj dS = 0 (1)

over a time-dependent three dimensional domain Ω(t) bounded by a smooth closed surface
∂Ω(t). Here, nj is the jth component of the outward unit normal vector to ∂Ω of a
cartesian coordinate system, t is the physical time whilst τ denotes pseudo time. The
nondimensionalised vectors of unknowns U, the inviscid, ALE and viscous fluxes Fj, F̄j

and Gj are given by

U =




p

u1

u2

u3




Fj =




uj

u1uj + pδ1j

u2uj + pδ2j

u3uj + pδ3j




F̄j =




0

u1ûj

u2ûj

u3ûj




Gj =




0

τ1j

τ2j

τ3j




(2)

where the standard summation convention on repeated indices is used and j = 1, 2, 3. In
these expressions, ρF denotes the fluid density, uj the component of the velocity vector in
the direction xj, p is the pressure, ûj is the velocity of the control volume boundary and
δij symbolises the Kronecker delta operator. Additionally, τij are the components of the
deviatoric stress tensor, formulated as

τij =
1

Re

(
∂ui

∂xj

+
∂uj

∂xi

)
(3)
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Finally, Ī is a modified unit matrix and P is a preconditioning matrix for the pseudo-time
equation system

Ī =




0 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


 P =




β2 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1


 (4)

where the parameter β can be viewed as a relaxation parameter for the pseudo-time
solution procedure, with its value selected so as to optimise the convergence of the solution
procedure 7. Based upon numerical experiments, the value of β is defined as

β2 = max(β2
min, Cβ|u|2) (5)

with β2
min = 1 and Cβ = 2.5.

3.2 Physical Time Discretisation

Following the discretisation of the physical time t, Equation (1) may be written in the
form

[Pm]−1

∫

Ω(t)

dU

dτ

∣∣∣∣
m

dΩ + Ī
d

dt

∫

Ω(t)

U|m dΩ +

∫

∂Ω(t)

(
Fm

j − F̄
m
j −Gm

j

)
nj dS = 0 (6)

where the superscript m denotes an evaluation at time t = tm. The three level, second
order, backward difference representation for a control volume ΩI(t)

d

dt

∫

ΩI(t)

U|m dΩ =
1

∆t

(
3

2
Ωm

I U
m − 2Ωm−1

I Um−1 +
1

2
Ωm−2

I Um−2

)
= T (Um) (7)

is employed for the approximation of the physical time derivative, where ∆t = tm+1 − tm

denotes the physical time step.

3.3 Dual mesh construction

To develop a cell vertex finite volume method for the spatial discretisation of the governing
equations, identification of a dual mesh is required. This dual mesh, illustrated in Fig-
ure 4, is constructed by connecting edge midpoints, element centroids and face centroids
of the basic tetrahedral fluid mesh, in such a way that only one node is contained within
each dual mesh cell. The dual mesh cells then form the control volumes for the subse-
quent finite volume algorithm. Equation (6) is then applied to each dual mesh volume in
turn. For the sake of brevity, we develop here only the form of the discrete equation at
interior nodes I of the mesh. For a more detailed presentation of the algorithm, Refer-
ences 8, 9, 10, 11 may be consulted.
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j
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Γ
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Figure 4: The dual mesh surrounding an internal node I.

3.4 Treatment of the inviscid and viscous fluxes

To evaluate the approximation of the integral an edge-based implementation is adopted
in which the coefficients for each edge are calculated by using the dual mesh segment
associated with the edge. For an internal edge connecting nodes I and J , these coefficients
are computed as

C m
j,IJ =

∑
K∈ΓIJ

Am
ΓK
I
n
ΓK
I ,m

j (8)

where Am
ΓK
I
is the area of facet ΓK

I and n
ΓK
I ,m

j is the jth component of the unit unit normal

vector to the facet from the viewpoint of node I at time level m.

Then, assuming the integrand is constant over the segment, and equal to its value at the
midpoint of the edge, the inviscid and viscous flux terms are approximated as

∫

∂Ωm
I

(
Fm

j −Gm
j

)
njdS =

∑
J∈ΛI

C m
j,IJ

2

[(
Fm

j,I + Fm
j,J

)− (
Gm

j,I +Gm
j,J

)]
(9)

where ΛI denotes the set of all nodes connected to node I by edges in the mesh. From
equations (2) and (3), it is apparent that the evaluation of Gm

j,I and Gm
j,J requires the

evaluation of the gradients. At a typical interior node I, these derivatives are obtained,
by again using the approach adopted above, as

∂ui

∂xj

∣∣∣∣
I

=
1

ΩI

∑
J∈ΛI

Cj,IJ

2
(ui,I + ui,J) (10)
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which results in a second order accurate discretisation with a non-compact computational
stencil which stretches over five points.

3.5 Treatment of the ALE fluxes

An important property of Equation (1) is geometric conservation. The Geometric Con-
servation Law (GCL), first shown in 12, requires that the control-volume movement itself
has no direct effect on the fluxes, in the sense that if the unknown field is constant, the
numerical solution does not change in time in the presence of a moving mesh, i.e. from
Equation (1)

d

dt

∫

Ω(t)

dΩ−
∫

∂Ω(t)

ûj nj dS = 0. (11)

It is desirable to retain this quality numerically, after discretisation. This has led to the
so-called Discrete Geometric Conservation Law (DGCL), as advocated in 14, 15, 16, which
governs the geometric parameters of the numerical scheme, such as grid positions and
velocities, so that the corresponding numerical scheme reproduces exactly a constant so-
lution.

The numerical integration of the ALE fluxes is performed in the usual way by summing
the edge contribution, with the ALE edge coefficient Dm

IJ introduced such that

∫

∂Ωm
I

F̄
m
j nj dS =

∑
J∈ΛI

Dm
IJ

2

(
Ū

m
I + Ū

m
J

)
, (12)

where Ū = [0, u1, u2, u3]
T . The task of finding ALE coefficients that render the scheme ge-

ometrically conservative is not trivial and has been treated by a number of authors 12, 13, 14, 15, 16.
Here the approach of 13 is followed. From Equation (11), it can be stated that in order
to maintain geometric conservation at a discrete level, the change in volume of a moving
cell I must be equal to the volume swept by the its boundaries from time tm to tm+1

Ωm+1
I − Ωm

I =

∫ tm+1

tm

∫

∂ΩI(t)

ûi ni dΩdt (13)

Assuming that the mesh moves in a linear fashion between time levels tm and tm+1, a
local geometric conservation law expressing the change in volume due to the movement
of a triangular facet ΓK

I between time levels tm and tm+1 can be written as

δ V m+1,m

ΓK
I

= ∆ tû
ΓK
I ,∗

i n
ΓK
I ,∗

i A∗
ΓK
I

(14)

where û
ΓK
I ,∗

i is the average facet velocity, A∗
ΓK
I
is the average facet area and n

ΓK
I ,∗

i is the

average normal. This term can be recognised as the contribution to the numerical ALE
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coefficient of a single facet multiplied by the time step. Summing over all the facets of the
boundary surface of the control volume connected to the edge IJ yields the expression
for the edge-based ALE coefficient for a first order discretisation in time as

Dm+1
IJ =

1

∆t

∑
K∈ΓIJ

δ V m+1,m

ΓK
I

(15)

If the second-order time discretisation given in Equation 7 is applied, however, a modified
version of the ALE flux must be employed to ensure discrete geometric conservation. The
modification

D̂m+1
IJ =

3

2
Dm+1

IJ − 1

2
Dm

IJ

is adopted 17 which makes the numerical ALE coefficient second order in time. In addition,
velocity boundary conditions at the moving boundary are applied as

uw,m+1
I =

1

∆t
(xm+1

I − xm
I ) (16)

if a first-order in time scheme is used or

uw,m+1
I =

1

∆t
(
3

2
xm+1
I − 2xm

I +
1

2
xm−1
I ) (17)

if the second order backwards difference in time scheme is used, which is consistent with
the dual mesh velocity definition.

3.6 Solution procedure

If Sj,IJ (j = 1, 2, 3) denotes the components of a unit vector in the direction of the vector
Cj,IJ , equation (6) may be re-expressed as

ΩI
dUm

I

dτ
= Rm

I (18)

where

Rm
I = ĪT (Um

I )−Pm
I

∑
J∈ΛI

{
C m
IJ

2
[(Fm

I + Fm
J )−(G m

I + G m
J )]−Dm

IJ

2

(
Ū

m
I + Ū

m
J

)}
(19)

and
FI = Sj,IJFj,I , GI = Sj,IJGj,I , CIJ = (Cj,IJCj,IJ)

1/2 (20)

At each physical time level t = tm, the value of Um is obtained by integrating Equa-
tion (18) in pseudo–time to steady state, using an explicit three stage Runga–Kutta
scheme. A stable computational procedure is achieved by the explicit of an artificial
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viscosity term, constructed in the Jameson-Schmidt-Turkel manner 18. Parallelisation of
the solution algorithm is implemented by the domain decomposition multigrid approach
(DD-MG) using the Single Program Multiple Data(SPMD) parallel architecture with the
Message Passing Interface(MPI) model for communication of data. A more detailed de-
scription of the solution procedure as well as verification of the robustness of the algorithm
may be found in the References 9, 10, 8, 11.

4 MODELLING THE DYNAMICMOTION OF THE HEART ANDVALVE

4.1 Cardiac Modelling Methodologies

Research seeking to capture the dynamic motion of the heart or valves has classically
stemmed from the fields of both biology and engineering. Research stemming from com-
putational engineering modelling has typically addressed the structural mechanics and
fluid dynamics components of the action of the heart and a great many computational
methods, primarily based upon FSI coupling, have now been developed for this purpose.
These range from boundary-fitted approaches originating from the field of aeroelasticity,
which utilise highly developed field-specific fluid and structure solvers 21, 22, to interface
capturing approaches such the Fictitious Domain method and similar 23, 24, 25, 26 and the
Immersed Boundary methodologies 27, 28. Many of these cardiac models are concerned
with investigating blood ejection from the heart and therefore focus on the flows induced
by the contraction of the left ventricle, using simple geometries with and without the
mitral and aortic valves. Another very active area of research is that of mechanical valve
performance, particularly dealing with reproducing anatomic-quality blood flow charac-
teristics in the ventricle and blood damage arising from phenomena such as high wall
shear stresses and cavitation during valve closure.

Research coming from the computational systems biology field has typically addressed
modelling the electrophysiological cellular activation and structural mechanics phenom-
ena specific to heart tissue. Four decades of experimental and computational research have
led to the development of cellular models for all of the main types of cardiac myocyte
(cardiac muscle cells) 29 and the current state of the art in biophysical cardiac modelling
now lies in the development of computational methods for the efficient coupling of these
cardiac cell models to three–dimensional cardiac electromechanics models 30, 31. Weakly
coupled models have been presented for idealised left ventricle geometries and validated
against experimental data 32 and although strong coupling methodologies are believed to
yield a more accurate representation of the electrical activation–active tension–structural
deformation coupled phenomena in the heart, the significant increase in computational
workload has meant that such models have thus far only been made possible by imple-
menting greatly simplified cell or structural mechanics models, or models with a very
basic geometry 30.

Investigation of medical devices has great potential for commercial exploitation as well as
medical impact, and in 1998 the EU funded project BloodSim 33 investigated the develop-
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ment of commercial software for biomedical applications. Whilst the majority of models
seeking to replicate heart valve function continue to neglect the expansion/contraction
behaviour of the ventricular walls, computational engineering research is now being car-
ried out with more realistic representations of the surrounding heart and chordae, notably
in 28, who consider a novel design for an artificial chorded mitral valve. The model pre-
sented here aims to accurately capture key stages of the cardiac cycle including mitral
valve opening, ventricular expansion and mitral valve closure, all within the context of
an anatomically-based geometrical model. Extensive experimental testing of mechanical
valve characteristics is documented in the literature by authors such as 35, 34 and it is
upon this data that this work has currently based the opening/closure characteristics of
the mitral valve.

4.2 Prescribed Leaflet and Ventricle Action

Specifically, at the beginning and end of the diastolic phase the valve leaflets rotate
between an angle of 0◦, corresponding to fully closed, to an angle of 63◦, corresponding to
fully open, over a period of 0.05 seconds in a nonlinear fashion, displayed in Figure 5. Upon
valve opening, ventricular filling begins and fluid flows from the pulmonary vein inflows
and the atrium into the ventricle, increasing the volume of blood in the ventricle from
50mL to 120mL over a period of 0.5 seconds. In order to satisfy incompressibility within
the fluid, the velocity of fluid prescribed at the inflows is varied at each timestep according
to a prescribed variation in ventricular volume at that timestep. The correspondence
between the valve opening and closure and the variation in ventricular volume is displayed
in the graph in Figure 6.
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Figure 5: Valve leaflet opening/closing characteristics
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Figure 6: Leaflet opening angle and corresponding volume of blood in the left ventricle

5 SOLUTION PROCEDURE

At each timestep the heart and valve geometry must conform to a prescribed leaflet angle
and ventricular volume, according to Figure 6. Therefore, at each timestep a correspond-
ing inflow velocity must be calculated in order to satisfy incompressibility within the
fluid. In addition, ALE coefficients corresponding exactly to the motion of the boundary
surfaces must be calculated in order to correctly model the fluid flow. In order to simplify
these stages in the analysis and minimise error in the fluid solution, all of the boundary
surface nodes maintain a fixed connectivity, though changing coordinates. In contrast,
the coordinates and connectivity of the internal points within the mesh are capable of
being modified significantly during the analysis. The positions of both the boundary and
the internal nodes are first moved according to a spring analogy in order to accommodate
the prescribed boundary displacement. Then, if the volume mesh quality falls below set
parameters, regions of the interior mesh can be subjected to a local remeshing scheme,
as described in 19. If remeshing does take place then fluid field solution data pertaining
to the old mesh is interpolated onto the new mesh using a linear interpolation scheme. A
flowchart outlining the overall scheme is shown in Figure 7.

6 NUMERICAL EXAMPLES

6.1 Flow through a bileaflet valve mounted within a cylindrical pipe - flow
phenomena at valve closure

The bileaflet valve described previously and pictured in figure refvalvemeshes is mounted
within a long tube of circular cross section. At the pipe inlet a parabolic inflow velocity
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Figure 7: Flowchart of the solution process

distibution is applied, with peak flow of 36.58mm/s at the centre of the pipe and flow
velocity of zero at the pipe walls.

Such models are often constructed, both computationally and experimentally, for the test-
ing of artificial heart valve characteristics. The assumption of a straight tube at both the
inlet and outlet of the valve is a fair assumption for the study of aortic valve physiologies,
but comparison of this example with flows in Example 2 will seek to demonstrate that
such a simplified geometry is not relevant in the study of mitral valve haemodynamics.

As can be observed in Figure 8, fluid flow within the pipe upstream and downstream of
the valve is symmetric and laminar and in the immediate region of the valve symmetry
is also maintained.
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(a) Leaflet angle: 63◦ (b) Leaflet angle: 43◦ (c) Leaflet angle: 23◦

(d) Leaflet angle: 12◦ (e) Leaflet angle: 4◦ (f) Leaflet angle: 2◦

Figure 8: Fluid flow characteristics through a bileaflet valve mounted within a cylindrical pipe at closure.

6.2 Pulsatile flow through a bileaflet valve mounted in the mitral position of
an anatomically realistic left heart

In this example, mitral valve opening, left ventricular filling and mitral valve closure are all
considered within one computational simulation of the diastolic component of the cardiac
cycle. The variation of valve leaflet angle at opening and closure is prescribed according to
experimental data, as explained previously in section 4.2. Ventricular volume change due
to filling corresponds to a stroke volume of 70×103mm3 and the pulsatile variation in the
inflow velocity at the four pulmonary vein inflow boundaries is determined according to
this volume change in order to ensure the fluid incompressibility condition is maintained.

Streamlines of the fluid flow characteristics are pictured at key stages of the simulation
in Figure 9. It can clearly be seen that the fluid within the atrium is highly chaotic and
not at all like the Poiseuille pipe flow demonstrated in Example 1. As the valve leaflets
open, high velocity jets of fluid can be seen between the valve housing and the edges
of the leaflets, with a jet of somewhat velocity flow through the central channel. These
fluid jets initially impact strongly on the lower left hand wall of the ventricle. However,
the rapid expansion of the ventricle downwards and outwards towards the right hand side
of the body leads to highly non-symmetric, somewhat rotational flow within the ventricle.

At the end of the diastolic phase, the valve leaflets rapidly close upwards. In Fig-
ures 9(n), 9(o) and 9(p) regions of very high velocity gradient can clearly be noted,
particularly at the leaflet tips. These observations correspond with the widespread med-
ical research which considers high velocity gradients at valve closure to be a significant
contributing factor towards the red blood cell damage that is strongly associated with
mechanical heart valves.
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(a) Valve opening.
Leaflet angle: 2◦

(b) Valve opening.
Leaflet angle: 10◦

(c) Valve opening.
Leaflet angle: 20◦

(d) Valve opening.
Leaflet angle: 30◦

(e) Valve opening.
Leaflet angle: 40◦

(f) Valve opening.
Leaflet angle: 50◦

(g) Valve opening.
Leaflet angle: 63◦

(h) Valve open. Contin-
ued ventricle filling.

(i) Valve open. Contin-
ued ventricle filling.

(j) Valve closing. Leaflet
angle: 63◦

(k) Valve closing.
Leaflet angle: 50◦

(l) Valve closing. Leaflet
angle: 40◦

(m) Valve closing.
Leaflet angle: 30◦

(n) Valve closing.
Leaflet angle: 20◦

(o) Valve closing.
Leaflet angle: 10◦

(p) Valve closing.
Leaflet angle: 2◦

Figure 9: Fluid flow characteristics during the valve opening, ventricle filling and valve closure phases.
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7 CONCLUSIONS

The realistic heart geometry which has been developed herein has been shown to be
capable of being adapted for the study of implanted haemodynamic devices, specifically
an artificial heart valve implanted in the mitral valve position. In studying the standard
example of a bileaflet valve mounted within a cylindrical pipe against the realistic heart
model, it has been clearly demonstrated that the fluid flow characteristics in the region
of the valve and the downstream flow are extremely different in the two cases. There-
fore, we can conclude that future study of mitral valve haemodynamics must take into
account the physiology of both the atrium and ventricle for realistic results to be obtained.

Thus, at this first stage, the realistic heart model and the partitioned computational strat-
egy utilised has proven to be robust and flexible to work with. Future work will address
improved modelling of important physiological features, such as chordae tendineae and
the development of models for native heart valves in healthy and diseased states.
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