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Numerical Prediction of Blood Damage in the Clearance Region
for a BiVentricular Assist Device (BVAD)
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1. Introduction

Implantable VADs cenfrifugal blood
pumps are heing developed and are seeing clinical

using

use in many nstitutions®.
However, an implantable BVAD is uncommon;
hence, the

development of a

current research focuses on  the
BVAD for
implantation. Many studies on the flow paftern

long term
within the pump were carried out to predict the
influence of blade geomefry on hemolysis and
thrombus formation”.

However, flow stagnation within the gap region
hetween the rotating impeller hub and casing may
lead to thrombus formation.
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The clearances, therefore, should be optimised
to produce enough leakage flow fo achieve the
lowest thrombosis and the highest possible pump
efficiency.

The flow behaviour in the narrow clearance can
be investigated experimentally but only in a
Lmited area and constructing the entirve flow field
requires a great deal of time, although the results
are fairly reliable”.
of radial and axial
velocity components are very difficult for a

Indeed, measurements

clearance size of less than 1 mm”.

Computational fluid dynamics (CFD) is adopted
in this article as it provides an effective method
to predict blood damage in the clearance region of
the BVAD

rotational speeds.

at  different axial clearance and

2. Materials and WMethod

2.1 Initial BVAD design

Fig. 1 shows the three-dimensional computer
assisted design {(3D-CAD) model of the pump.
The rotary BVAD design includes a left and right
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impeller positioned on a common rotating hub to
double  sided
hydrodynamically suspended centrifugal impeller.

form a magnetically  and

The vanes of each side are designed to
produce the pressure differential and perfusion
rates required of the systemic and pulmonary

systems. 4

Inflow

‘*utl'low

outflow
Inflow

Fig. 1 3D-CAD of the BVAD

The impeller can be moved by magnetic force
foward LVAD or RVAD, This movement enabled
the single BVAD device to output varying flow
rates from the left and right outlets in response
fo  the of the
pulmonary circulatory systems.B) In this study, the

requirements gystemic  and
radial clearance inifially between pump hub and
casing was set at 025 mm and the axial
clearance of LVAD and RVAD when the impeller
is sifvated in the axially neufral position is 05
mm.

2.2 Pump performance

Previous experimental measurements”  were
used to support the CFD predictions on leakage
flow rate. The LVAD and RVAD performance
fests were conducfed using the mmpeller centrally
located within the dual pump cavity. The impeller
was mounted on a convenfional shaft and sealed
bearings, and ifs axial displacement was changed
using a micrometer mechanism in order to
simultaneously alter the clearances above the left
mnpeller  blades. The

and r1ight semi-open

performance test demonstrated that the pump is
sensitive to the axial clearance to provide variable
flow rates and pressure. The pump operating
poirit of 5.1 [/min and 2,200 rpm considered in
the effect of the pump position study it represents
the average flow rate for each cardiac cycle in
this pump.”

3. CFD Analysis

3.1 Mathematical maodel

This preliminary study atfempts to  model
leakage flow
rotating hub and stationary housing. Leakage

m the clearance between the

flow is due to high pressure fluid leaving the
impeller trailing edge of LVAD impeller and
flowing fo the trailing edge of RVAD impeller via
the clearance between the rotating impeller and
stationary housing. With centrifugal blood pumnps,
the impeller design has been less imporfant than
the design of the mmpeller suspension system for
avoiding thrombus formation”. The simplified
with
angular velocity w, and a stafionary wall, the

cylindrical model containg  rotating  wall

walls have an inner radius, &, of 225 mm and
an outer radius, &, of 50 mm.

The CFD model itself was generated using
GAMBIT (Version 2230, Fluent, Inc), a pre-
processor, The cell type for the gaps in the model
is a hexahedron, and the number of element was
approximately 320000. FLUENT (Version 6.2.16,
Fluent, Inc), a proprietary CFD package, was
utilised for the processing and post-processing of
the model.

The flow is modelled as an incompressible fluid
because the density of blood is constant
Although it 1s pblood is
non-Newtonian fluid, blood viscosity is almost

known  that

constant under conditions of shear rate above 100
§~' The properties assumed for the working
fliid were a viscosity of 00036 Pas and a
density of 10589 kg/m?® which are comparable
with those of blood.?

The flow through the pump was assumed to be
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state”. No-slip conditions also
assimed for all the walls contacting the fluid.
Blood flow is modelled by the momentum and
mass conservation equafions for an incompres
sible fluid. The &—¢ fuwrbulence model was used
in these calculations.

In conclusion, the blood flow in the clearance

steady were

gap 1s incompressible, steady state, turbulent flow
with a Newtfonian Lguid. The
steady state (2/3t=0) governing equations in

corresponding

vector notification for incompressible flow with
constant viscosity are:

plVe VIV=—Vpt+tp+v + o (L)
VX V=0 (2)

with p corresponding fo the mass density, V
representing the velocity of the fluid, P as the
pressure, g denoting the body forces, ¢ signifying
the stress fensor.

The in the
clearance area was found to be 3.9 at 2200 rpm,
this was below 1500, which is the limiting
Reynolds Number for this sifuation, so the flow
was thus assumed to be laminar® . Two control

maxirmun  Reynolds  Number

parameters for theses computations are the
rotational speed and the pressure at the inlet
boundary. A wide range of operating condifions
has heen studied: rotafional speed wvaried from
1800 to Z700 rpm, while the pressure difference

varied from bb to 72 mmAy.

3.2 Calculation of scalar shear stress

The shear stress in blood is comprised of
molecule viscosity stress and Reynolds  stress
components. Molecule viscosity  stress  derives
from the multiplication of viscosity and the mean
velocity gradients. The

described by the following equation.

shear sfress tensor is

Where 7; and 5y are molecule viscosify stress
and Reynolds stress, respectively, which are given
as follows:

aﬂ.t‘ auj.

Ty = 1 “

dx; O,

Where p is the fluid dynamic viscosity, and the
last term on the right-hand side of Eq. (1) is the
Reynolds stress tensor given by

{)‘ui c')‘uj;
_|_
ax; ax;

i

M = M

Where w«, is the furbulent viscosity and § is
the Kronecker delta.

High rotational speed and small size (the gap
between impeller hub and housing) may make
hemolvsis a potential threat in centrifugal hlood
pumps. For laminar flow, the Reynolds stress
tensor is zero. A scalar stress value can be

obtalned according to Bludszuweit's stress
formula:
1 1
2

where ¢ is the scalar stress (pa)
0 15 the stress fensor.

4. Results and Discussion

4.1 Effect of the pump position

The scalar shear stress is computed on every
node and the elements then are classified by
magnitude of stress, and the element’s masses are
summed up for each class (Fig. 2). This allows
for a characterization of the general stress load of
the Hood within the gap® The
mass-weighted average scalar shear stresses for

clearance

0.2 mm, 05 mm, and 08 mm axial clearances
are presented in Table 1. Neufral position result,
the Ob mm clearance data, is used as a basis for

comparison. The clearance in the leff pump
increases and outflow is  reduced, thereby
decreasing the hlood flow to the systemic

circidation. This process effectively increases the
output for the right side of the heart, while
decreasing output for the left side of the heart.
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When the clearance was then reduced to 0.2 mm,
the mass weighted average scalar shear stress
was significantly increased, to approximately 38
% of the neutral position value. On the other
hand, actuating the impeller toward the left
chamber reduced left impeller axial clearance and
thus improved left outflow while simultanecusly
increasing the right impeller axial clearance and
thus output.  This
effectively increases the output for the left side of
the heart, while decreasing output for the right
gide of the heart. In the case of CASE 3, the
result shows a small reduction, with about 84 %
of the CASE 2.

reducing  right process

Table 1 Effect of the pump position on scalar on

scalar shear stress

CASEL CASEZ CASES
Pressure difference
(mmHg) 155) 61 Te
Speed  (rpm) 2,200 2,200 2,200
Axial Cl & 05
(mfgmc 02 (Neutral 0.8
positon}
Mazs-Weighted
Average Scalar b4 39 33
Shear Stress (Pa)

These results indicate that movement of the
impeller towards the right chamber can increase
blood damage and movement towards the left
chamber can reduce blood damage in  the
gap.  Therefore, of
mass weighted average scalar shear stress due to

clearance imcensernent
movement of the impeller towards the right
charnber may cause thrombosis formation.

Maximum scalar stresses of approximately 600
Pg are achieved at CASE 1. The thresheld levels
of 500 Pg have been reported as the design
condition in the development of centrifugal blood
purnp for exposure times of 0.1 g, Therefore,
exposing the blood cells to such levelz of fluid
stress will likely result in blood trauma based on
these computational results.
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Fig. 2 Mass weighted distribution of scalar shear
stress in different axial clearance gap

42 Effact of rotaticnal speed

The effect of pump speed on scalar shear
stresses was investigated as shown in Table 2.
The pump operating conditions selected were a
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flow rate of 5.1 L/min and supply pregsures of
& and 24 mmHg for the LVAD and the RVAD,
respectively.

Therefore, the houndary condition is a pressure
difference 61 mmHg between the vclute of the
LVAD and the RVAD (Table 2). The relative
weighted distribution of gcalar shear stresges in
the clearance gap under different rotational speed
are presented in Fig. 3, from this it i apparent
that mass-weighted average scalar shear stresses
are I proportion to rotational speed.

To have a low blood damage levels it ig
esgsential to have low impeller rotational speed
between the fluid and the rotating hub surface. A
lower inertia factor is an indication that the pump
ig more efficient in ensuring a low blood trauma.

Consequently, flow reversal by centrifugal force
may be generated in the clearance gap to block
blood flow and
thrombosis phenomenon.

cauge the Themolysis and

Table 2 Effect of the pump speed on scalar shear

stress
CASE 4 | CASE 5 CASE 6
Presswre difference
—— 6l 6l 6l
Speed (rpm) 1,800 2,200 2,700
Axial Clearance 05 05 05
Ty
Mazs-Weighted
Average Scalar 34 B 43
Shear Stress (Pa)

The lower rotational speed will require legs
power consumption and should produce lower
levels of blood shear. In future studies, the CFD
predictions will be compared quantitatively to data
that are being obtained using PIV measurements.

It ig therefore recommended that the pump
should he redesigned to reduce possibility of
thrombus event allowing for long term use. The
trends of the scalar shear stregses are consistent
with results™”,  and  the
agreement provides some validity to the model

earlier published

and assurance to uge it for evaluation of new
prototype pump designs.
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Fig. 3 Mass weighted distribution of scalar shear

stress in different impeller speed

5. Conclusion

Computational fluid dynamics is a very
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important fool that can be used effectively fo
evaluate and improve pump design. The main
focus of this study was o assess the effects of
different axial clearance and impeller rotational
speed on the scalar shear stress. The present
study has shown that the scalar shear stresses
are dependent on axial clearance size and
rotational speed in the BVAD and that moving
the impeller towards the rights chamber may
cause thrombosis formation due fo high scalar
shear sfresses.
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