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Abstract— Computational fluid dynamics (CFD) is applied to
study the hemodynamics of flow inside a pulsatile pump left ven-
tricular assist device (LVAD), in order to evaluate the hemolysis
and thrombus formation. The positive displacement or pulsatile
pump, which includes valves and a pusher plate (to mimic the
natural heart), is the focus of this study. Turbulence is observed
to play an important role in the accuracy of predicted levels of
shear stress and strain rate, both of which are crucial in assess-
ing the long term feasibility of the device.

In order to obtain this aim, three turbulence models have
been used: a standard Reynolds stress model (RSM), the shear
stress transport (SST) k-omega, and Transition-SST, in addition
to laminar flow i.e. ”’no model”. An unstructured mesh was cre-
ated for the simulation and the motion of the pusher plate was
created via a dynamic mesh layering method. Valves were sim-
ulated in their full open position, to mimic the natural scenario.
Results were allowed to reach a periodic state and were vali-
dated with available experimental data. The results indicated
that the RSM gave the best agreement with the experimental
data.

Keywords— Ventricular assist device, pulsatile pump, Dy-
namic mesh, computational fluid dynamics, Turbulent flow.

I. INTRODUCTION

In recent years, artificial heart devices have emerged as
a promising alternative therapy for patients suffering from
heart disease. They are particularly attractive given that the
number of available donor hearts (hearts for transplant) is
very small, and in general far lower than potential demand.

A ventricular assist device (VAD) is a kind of artificial
heart device that is used to support the heart’s pumping func-
tion for either short or long term. The main pumping cham-
bers of the natural heart are the ventricles, and the majority
of pumping is undertaken by the left ventricle.

In general, the main issues to be taken into account in
the hemodynamics of heart pumps are thrombus and hemol-
ysis; which are directly related to flow inside the pump.
The blood flow through the natural ventricles, arteries, heart
assist devices or artificial heart pumps might exhibit lami-
nar, turbulent, or transitional flow. Indeed, the physiological
Reynolds numbers could range from the laminar region to
peak Reynolds numbers of the order of 10,000 in mechanical
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assist devices. However, in positive displacement pumps, the
levels of turbulence would be higher due to flow separation
from the flow from the inlet port around the valves and into
the chamber. The periodic nature of the flow would induce a
cyclic transition from beat to beat (valve occluder), producing
a complex flow inside the VAD chamber [1]. Previous stud-
ies have shown that the sudden expansion of the flow from
the inlet to the main chamber of a LVAD can cause transient
to turbulence at a Reynolds number as low as 754 [2].

Avrahami assumed that the flow inside the Berlin pulsatile
VAD was laminar based on a mean Reynolds number of 1350,
whereas the peak Reynolds number reached 4200 and the
flow might have become transitional during the deceleration
of the diastole. Moreover, Avrahami mentioned that the as-
sumption of laminar flow might introduce inaccuracies, par-
ticularly with regards to the valve downstream [3]. Jason [4]
performed an experimental work using PIV on the new de-
signs (V-2, V-3, and V-4) of the 50cc Penn State LVAD. The
study focused on changing the position and orientation of
the outlet port and investigated the general influence of this
change on the flow field within the chamber and, more specif-
ically, on thrombus formation.

The positive displacement pump which mimics the natu-
ral heart is the focus in this study. The aim of this study is to
investigate the ability of various turbulence models to predict
the flow inside the left ventricular assist device (50cc Penn
State LVAD design V2), and to evaluate the impact of the
predictive uncertainties on problems of blood damage which
have been closely related to the fluid dynamics within ven-
tricular assist devices.

II. PHYSICAL MODEL

The model to be investigated is the 50cc Penn State Left
Ventricular Assist Device (LVAD) (V2 design). Figure la
shows the V2 design, which illustrates the position of Bjork-
Sheily valves and the pusher plate. The mitral valve (23 mm)
and aortic valve (21 mm) were simulated without supported
struts for the sake of computational simplicity.

The model was investigated under physiological operat-
ing conditions at 86 BPM (beats per minute) and 4.2 LPM
(liters per minute). According to the movement of the push-
er plate, the resultant flow rates are shown in Figure 2, with
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Fig. 1 The model geometry showing, a) fully opened mitral valve in 30°
orientation and fully opened aortic valve in a 0° orientation at inlet and
outlet ports respectively, b) Unstructured mesh used for simulation.
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Fig. 2 Flow rates of inlet and outlet ports and pusher plate movement; the
vertical dashdot line illustrates the onset of systolic (aortic valve opens) and
end of diastolic (mitral valve closes).

a peak systole flow rate of 18 LPM and a peak diastole flow
rate of 12 LPM.

111. COMPUTATIONAL DETAILS

Five different mesh models were created to investigate the
spatial mesh resolution for the three-dimensional simulations
(number of cells at onset of diastole M1:755 060, M2:1 375
566, M3:1 965 151, M4:2 313 005, and M5:2 785 928), as
shown in Figure 1b. Figure 3 shows the variation of x-velocity
with mesh size. These meshes were compared at the end of
the diastolic phase. Mesh M4 is adequate to capture the prop-
erties of the flow within the chamber and near the valves and
is selected for the following sections. A prism mesh was used
to resolve the boundary layer of the moving pusher plate,
with the first mesh point near the wall located at the non-
dimensional distance y* < 1 inside the chamber and < 2.4 in
the entire device.
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Fig. 3 X-velocity at vertical line (8mm from the front face).

The  sensitiv-
ity to time step
was investigated
and a value of
At =1 x 1073
was found to
be satisfactory,
resulting a max-
imum  Courant- : — ;
Friedrichs-Lewy g
(CFL) number of
around 1 inside
the chamber. The
simulation was allowed to continue until a time periodic
flow was obtained. Figure 4 shows the history of velocity
magnitude at one point in the chamber and the test performed
for five pump cycles of flow with the same condition. In the
current study, the fourth cycle has been chosen to extract the
data of the simulation.

e
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Fig. 4 History of velocity magnitude for five
cycles at one points of flow.

IV. MODELLING OF THE VALVES AND PUSHER
PLATE MOVEMENT

In the current study, the mitral and aortic valves were fixed
in the fully open position during the pump cycle. To mimic
the closed valve an interface was fixed immediately above the
valve, which was set to be a wall during one part of the cycle
and an open interface during the next. During the diastolic
phase, the flow enters from the inlet port as the pusher plate
expands, and the interface above the aortic valve will be set
as a wall; whereas during the systolic phase the pusher plate
will pump the flow towards the outlet port and instead, the
interface above the mitral valve will be defined as a wall. The
same procedure will then be repeated for other cycles.
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The motion of the pusher plate was modelled using a dy-
namic mesh layering method, which acts to add/remove cells
with a height of 0.5 mm. The time of the diastolic phase is
longer than the systolic, with the velocity of the wall intro-
duced as follows:

For the diastolic phase:

2 2r
Vipal1 = A * T wsin( . *t) )
For the systolic phase:
2 2r
Vipart = A * T * cos( T *1) )

Where ¢ is the flow time (sec), A is the distance between
the moving wall and the mid-stroke position, and T is a one
cycle period.

V. COMPUTATIONAL SIMULATION AND
TURBULENT MODELS

All the simulations implemented unsteady computational
flow for a full pumping cycle of the three dimensional anal-
ysis. The simulations were solved via a finite volume code
(ANSYS FLUENT V.14) in order to solve the conserva-
tion of mass and Navier-Stokes equations and assumed an
incompressible, Newtonian fluid. The pressure-velocity cou-
pling is obtained by using the SIMPLEC algorithm, and dis-
cretization for the pressure and the velocities are based on
PPRESTO and a second order upwind scheme respectively.
For temporal discretization a first-order implicit scheme is
applied.

In the simulation the total pressure and static pressure were
set at the inflow and outflow respectively according to in vitro
measurements. Therefore, the total pressure was set to zero at
the inlet and the static pressure was set to 80 mm Hg at the
outlet, in order to achieve the 80 mm Hg average pressure
rise.

Turbulence plays an important role in the prediction of
strain rate and shear stress. These are important factors in the
evaluation of blood damage, which may manifest in forms
such as thrombus and hemolysis. CFD researchers of blood
flow have assumed that most of the blood flow in the cardio-
vascular system is laminar (Re is usually 300 and sometimes
less)[1].

From the results, the peak mitral Reynolds number was
recorded as 3000. For the sake of accuracy, the flow should
be compared with a turbulent model. In the current study,
three models of turbulent flow (shear stress transport (SST)
k-omega [5], Transition-SST [6], and Reynolds-stress model
(RSM)[7]) were investigated, as well as “laminar” model in
which no model is used.
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Fig. 5 Velocity magnitude comparison at 3 o’clock (left) and 6 o’clock
(right) points.

V1. RESULTS AND DISCUSSION

Results were validated by comparing the instantaneous
flow field in the device against the available PIV experimen-
tal data. The comparisons mainly encompassed the instanta-
neous velocity magnitude at extraction points in the chamber
on a plane 3 mm from the front face of the chamber. The
details of experiments in a mock circulatory loop were il-
lustrated by Hochareon [8]. In vitro PIV and numerical data
published by Medvitz [9] were used in the computational
comparisons.

Figure 5 shows the comparison of velocity magnitude at
two points inside the chamber, these points were located
25.725 mm from the center of the chamber at 3 mm from
the front face, using the models of turbulent and laminar flow
against the experimental work and the numerical study. From
the results of the comparison, a reasonable validation with the
experimental work was obtained,particularly with regard to
the results of Reynolds stress model (RSM);in addition, the
results of the SST-k omega test were more acceptable than
those derived from the Transition-SST model and the lami-
nar test. In order to analyze the behavior of flow inside the
blood pumps, the shear stress and strain rate can be incorpo-
rated with blood damage models related to the shear stress
and exposure time.

Figure 6 illustrates the two dimensional strain rate histo-
ries. The strain rate which calculated in equation 3 useful to
identify the areas of flow stagnation or stasis.
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Fig. 6 Strain rate history in arc 12 o’clock to 3 o’clock within the chamber
(2.3 mm from the wall).
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Fig. 7 Wall strain rate at early, peak, and late diastolic and systolic phase.

The strain rate tensor calculated as:

B 1(au,- n du;
n 2 3xj 8)6,‘

The following results are from the RSM model only. Fig-
ure 7 illustrates the strain rate observed at the walls of the
device in early, peak, and late diastolic and systolic phase.
The authors observed that the maximum shear rate were near
the mitral valve in peak diastole and near the aortic valve in
peak systole. From the investigation of flow inside the cham-
ber, the area near the top of the chamber is more prone to
thrombosis since the strain rate less than 500 s~!, in the ma-
jority of time, as shown in figure 8. It is also observed that the
strain rate near to the valves is always higher than that inside
the chamber, due to the high velocity near the valve therefore
we need in future to investigate the shear stress to know the
level of the hemolysis.

Sij (3)
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Fig. 8 Strain rate at peak, late diastole and early, peak systole .

VII. CONCLUSION

Three turbulence models (RSM, SST-k omega, and
Transition-SST) as well no model have been employed in
the unsteady simulation at positive displacement pump LVAD
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with moving the pusher plate by layering method and full
open valves. The comparisons with available experimental
and numerical data indicate best agreement for a RSM model.
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