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Investigation of the Washout Effect in a Magnetically
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Abstract: For a long-term implementation of the magneti-
cally driven CircuLite blood pump system, it is extremely
important to be able to ensure a minimum washout flow in
order to avoid dangerous stagnation regions in the gap
between the impeller and the motor casing as well as near
the pivot-axle area at the holes in the impeller’s hub. In
general, stagnation zones are prone to thrombus formation.
Here, the optimal impeller/motor gap width will be deter-
mined and the washout flow for different working condi-

tions will be quantitatively calculated. The driving force for
this secondary flow is mainly the strong pressure difference
between both ends of the gap. Computational fluid dynam-
ics (CFD) and digital particle image velocimetry (DPIV)
will be used for this analysis. Key Words: Axial blood
pump—Sealless—Magnet  drive—Computational fluid
dynamics—Digital particle image velocimetry—Washout
flow.

The design of miniature rotary blood pumps is
often based on established pump concepts from clas-
sical turbomachinery. However, key aspects like the
different medium and flow regime have to be con-
sidered in the early design stage for the success
especially of blood pump systems for long-term
applications. Classical impellers are driven through a
sealed shaft by an electric motor. The interface
between moving and fixed parts is always a critical
region in rotary blood pumps, because shear strain
becomes locally very high. This leads to a higher
blood traumatization close to the shaft in the axial
impeller—-motor gap, and potentially to thrombus for-
mation, which should be prevented in any operating
case of the pump. This problem can be circumvented
by the use of a fixed axle with an axial pivot bearing
on top of it inside the impeller body and the impeller
being driven magnetically (1,2). In combination with
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two washout holes in the impeller’s hub, thrombus
formation can thus be avoided at the nonrotating/
rotating interface (3). This concept is used by
CircuLite (Saddle Brook, NJ, USA) for an implant-
able long-term microaxial blood pump that connects
the left atrium with the arteria subclavia (Fig. 1).

The main goal of the present investigation is the
study and optimization of the induced washout flow
through the axial impeller-rotor gap and the radial
impeller—axle gap in order to avoid stagnation zones
near the axle pivot during all operation conditions of
the CircuLite pump.

Both numerical (computational fluid dynamics
[CFD]) and experimental (digital particle image
velocimetry [DPIV]) methods are used comple-
mentarily. Washout-flow efficiency in the impeller
could be improved through variation of the axial gap
widths.

MATERIALS AND METHODS

The MicroVad pump

The two-bladed CircuLite impeller was incorpo-
rated into the MicroVad pump system. Blood was
sucked through an inflow cannula by the impeller,
which has a blade tip diameter of 6.6 mm. The flow
was redirected by the blades into the annular channel
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FIG. 1. Implementation of the MicroVad pump system into the
left atrium.

between the electric motor and the casing, and was
delivered tangentially into the outlet graft. The
system reached at physiological conditions a dis-
charge rate of 3.5 L/min and may be operated at a
maximum rotational speed of 28.000 rpm. The power
consumption was in the order of 6-9 W.

The impeller was driven magnetically so that no
sealing is needed. It was mounted on top of a fixed
cylindrical axle, thereby forming a constant radial gap
as shown in Fig. 2. In combination with the rotor/
motor gap and two holes in the impeller’s hub, a
washout channel was created. During operation of

Ball Pivo

Washout Channel Impeller / Motor Gap

FIG. 2. Induction of the washout flow.
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FIG. 3. Flow circuit for pump tests.

the pump, a bypass flow through this washout
channel was induced so that thrombus formation at
the critical ball pivot is prevented.

Experimental flow circuit

For the purpose of the study of the overall perfor-
mance of the pump, in particular the visualization of
the washout flow, the impeller was integrated into a
hydraulic mock loop (Fig. 3).

A major feature of the setup is the fully transpar-
ent Perspex housing of the pump, which allows full
optical accessibility into the inlet cannula, the impel-
ler, and the motor region of the main flow. The test
chamber is an identical copy of the real clinical pump
device. A Newtonian test fluid composed of water/
glycerine mixture (35 weight percent glycerine) with
a density of 1060 kg/m* and a dynamic viscosity of
3.6 cP was used as working fluid. The pressure load
and flow was regulated by a throttle valve down-
stream of the pump, and the flow rate was measured
by an ultrasound flowmeter. The connector of the
impeller to the mock circuit allows an easy exchange
of similar impeller types with small geometric param-
eter changes.

DPIV setup

Detailed measurements of the internal flow within
the pump were carried out using DPIV. This method
allows in principle to determine the planar flow field
in a selected plane of the flow. Therefore, the laser
beam of a phase-triggered double-pulse Nd:Yag laser
(Photonics, Edinburgh, UK) with a power of 30 mJ/
pulse and a wavelength of 532 nm was expanded and
focused to a 0.2-mm light sheet. A prism system re-
directed the sheet from top and bottom into the test
chamber. A micropositioning stage allows to move
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prism In the present study, the three-dimensional CAD [5]
r:ﬂ s model of the blood pump system is transferred into a
v chamber computational structured multiblock grid using a grid
INA-YAG laser [—— 1~ AT f’:t}, <29V generation tool (ANSYS ICEM CFD 10.0, ANSYS,
| |ig:|;;;9ﬂ1 ﬁm':r bl o Inc., Canonsburg, PA, USA). The computational
S— "'z":‘t;.'f':"'"g domain as marked in Fig. 5 includes the extended

FIG. 4. Optical arrangement (direction of view [DOV]) (4—6).

the whole test chamber through the light sheet. The
full optical arrangement can be seen in Fig. 4.

The flow was seeded with small fluorescent tracer
particles (Dantec Dynamics A/S, Skovlunde,
Denmark) with a mean diameter of 5 L in a concen-
tration of 0.6 g/L. The fluorescent light of the par-
ticles passed an orange filter (LOT-Oriel GmbH &
Co. KG, Darmstadt, Germany), whereas disturbing
reflections were cut off. A telecentric lens (SILL
Optics GmbH & Co. KG, Wendelstein, Germany)
with a fixed magnification of 1.422 was used in
combination with a CCD sensor (1280 x 1024
pixels, double-shutter, Sensicam PCO AG, Kelheim,
Germany) to record the particle images in the light
sheet. Measurements were taken in the axial center-
plane and in planes with axial offset. An infrared light
barrier allows to synchronize the laser pulse to any
desired angular phase position of the impeller
electronically. A Labview controller console in com-
bination with a counter card (National Instruments,
Austin, TX, USA) was used for phase-locked
recording. The pulse separation was 10 us. Velocity
fields were calculated with our own custom routines
by cross-correlation procedure with window shifting
and window refinement technique. The particle
density was high enough to achieve high-quality
vector fields with 32 x 32 interrogation areas (7). The
final results represent averages of 50 DPIV record-
ings at the same phase position. The velocity data
were used for direct comparison with the results from
the numerical simulation.

Numerical setup

The numerical flow simulations of the pump allow
visualizing flow regions that are difficult to access by
experimental methods such as the radial gap part of
the bypass (washout) channel. Furthermore, they
enable to show distributions, for example, of the wall
shear stress or pressure in order to identify hot spots,
and most important for the present work, the exact
determination of integral quantities like the net
washout flow and the average pressures in predefined
sections of the flow field.

inflow region, the impeller, and the downstream
annular flow channel.

Special attention was paid to the meshing of the
washout holes. Refinements toward near-wall regions
and especially a fine discretization in blade and gap
regions were taken into consideration. The grid con-
sists in total of 2.65 million hexahedral cells. The
numerical flow simulation was performed using the
commercial CFD software STAR-CD (Computa-
tional Dynamics Limited, London, UK). The code
numerically solves the conservation equations of
mass and momentum by means of a finite volume
approach. The Reynolds number based on the
interior diameter of the pump casing D= 6.8 mm
reaches values dependent on the working point of
about 2875. Therefore, turbulent flow is taken into
account by a Reynolds averaged approach and the
low-Reynolds k-¢ turbulence model. A major advan-
tage of this model is its treatment of the near-wall
region. Blood was treated as a single-phase, incom-
pressible, isothermal (37°C) Newtonian fluid with
constant density (1060 kg/m?) and viscosity (3.6 cP).
Boundary conditions were chosen in agreement with
the experimental situation described in the section
before and are defined as follows: a fully developed
turbulent velocity profile is set at the entrance of the
inflow cannula. Due to the incompressible character
of the fluid, the pressure was set in average constant
in the outlet of the test compartment, so that the
simulated relative pressure field can be transferred in
the postprocessing to the correct pressure level with

Impeller

P2

/, P1

inflow

FIG. 5. Domain of computation.
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FIG. 6. Side view of the region of interest.

the help of experimental measurements. The simula-
tions were carried out on a static grid with additional
source terms due to rotation in the conservation
equations, which turned out to be very adequate for
the purpose of this study. The stagnation point at the
tip of the rotor’s hub is defined as the origin of the
coordinate system as shown in Fig. 6. Position P1 (see
Fig. 5) is located 2.95 D, in front of the origin, and
position P2 is located 3.5 D: behind the origin. The
x—z plane is defined here as the plane perpendicular
to the washout hole.

RESULTS

The results are structured as follows: first, the simu-
lated operating points are compared against mea-
sured performance curves and are discussed, then,
the washout flow is determined and analyzed in more
detail for different impeller/motor gap widths, the
computed general flow field is described and com-
pared with experimental data, and finally, the liftoff
force and minimum static pressure are derived.

Flow curves

The chosen working points for simulations were
extracted from hydraulically measured performance
curves obtained over the whole clinical pump system.
The overall pressure differences were varied from 60
to 120 mm Hg, the rotational speeds from 20 000 to
28 000 rpm. The gap between the impeller and the
motor was 400-u wide. The comparison of the ana-
lyzed working points within the operating envelope
of the pump is shown in Fig. 7. Red and blue denote
measured and computed values, respectively. The
pressure heads in the curves of Fig. 7 were obtained
experimentally and numerically from the average
pressures acting in sections close to the impeller P1
and P2 as introduced in Fig. 5 for direct comparison.
The curves show good agreement.

A useful way to compare all cases is to nondimen-
sionalize the pressure head Appi_p; between positions
P1 and P2 from Fig. 5 and the volume flow Q in the
following way:
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FIG. 7. Comparison of flow curves: measured (m) and computed

(c).

App,-
Head coefficient: Y = %
~ Plip
2
ot 0@
Flow coefficient: ¢ = -
Zdtziputip

1
2 oy .
where Eputip means a fictitious dynamic pressure,

T
and Zdlziputip a fictitious volume flow based on the

blade tip speed, u., = mndyp,, and the blade tip diam-
eter, diip. The diagram in Fig. 8 confirms the expected
overlapping of the curves corresponding to different
rotational speeds n as in turbomachinery theory (8).

Washout flow

The washout flow acts as a bypass that permits
recirculation of the blood when a certain bypass pres-
sure difference between both ends of the washout
channel (dependent on the rotational speed of the
impeller) is reached. In this section, the axial gap
between the impeller and the motor will be varied
from 400 to 600 u as shown in Fig. 9.

RN
o

._.\l—n-"“*i

—e— 20000 rpm

—d— 24000 rpm
28000 rpm

head coefficient [-]
o
(6]
1

©
=}

0.05 0.1 0.15 0.2

flow coefficient [-]

FIG. 8. Dimensionless flow chart.
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FIG. 9. Washout gap geometry variation and net force direction.

The upper limit of 600 u ensures sufficient mag-
netic attraction, which prevents the impeller to lift
off. The net liftoff force is the sum of all fluiddynamic
forces acting onto the impeller’s surface, for example,
the pressure and viscous forces. In order to avoid a
damaging physical contact between the impeller and
the motor at possible tumbling instabilities of the
rotor before reaching the actual working point, the
lowest tolerable axial gap width is set to 400 p.

In general, the washout flow is a function of the
channel geometry as well as of the operation condi-
tions such as the rotational speed and the pressure
head across the pump. Figure 10 shows the washout
flow results obtained for three different axial gap
widths at an overall pressure head of Ap = 80 mm Hg.
A gap width of 500 u evidenced the highest washout
flow for all working conditions considered.

On the one hand, for a wider gap, the pressure loss
becomes higher due to secondary flows; on the other
hand, for a smaller gap width, the pressure loss gets

Flow Recirculation \

| Motor

rotational speed [rpm]

FIG. 10. Washout flow at different rotational speeds and axial
gap widths; overall pressure head Ap =80 mm Hg.

higher due to friction. In effect, a trade-off between
these two tendencies leads to the optimal gap width
of 500 p.

In Fig. 11, the whole flow field in a plane through
the washout hole and in a perpendicular plane in the
impeller region is shown. The streamlines show the
existence of a stagnation region near the pivot (see
also Fig. 2).

The tip leakage vortex, a back-flow region at the
impeller housing, and the secondary flow in the axial
gap between the impeller and the motor are also
visualized. In addition, the plots include the relative
pressure distributions, which are color coded accord-
ing to the color map. The reference pressure for the
CFD simulations was the atmospheric pressure of
750 mm Hg, which was held constant at the outlet
boundary. The driving pressure difference for the
washout flow can be deduced from the plots.

Secondary Flow

Prel [mmHg]
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£5.9
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:gg FIG. 11. Sectional streamlines pattern and

1472 pressure distribution in the impeller region
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1878 Q=2.81 L/min, Ap=80 mm Hg.
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FIG. 12. Washout flow visualization for
working  conditions:  n=24 000 rpm,
Q=2.81 L/min, Ap=80 mm Hg; stream-
- | lines CFD (left), velocity vectors DPIV
Z (right).
z

Prel [mmHg]

Comparison CFD to DPIV

Figure 12 shows a comparison between numerical
simulation and experiment of the flow field in the
washout hole region. The streamlines (left) and the
velocity vectors (right) evidence the path of the mass
leaving the radial gap through the washout hole. The
bypass flow is sharply turned in downstream direc-
tion by the oncoming main flow, indicating that the
major part leaves the hole at the trailing edge.

Figure 13 highlights the inward direction of the
flow in an axial section plane near the front end of the
motor. The slope of the paths of the particle traces (3)
agrees well with the slope of the streamlines.

Liftoff force and minimum static pressure

From the numerical simulations, we were further
able to calculate the net liftoff force and to localize
low-pressure regions. For an overall pressure head
of Ap=80mm Hg and a flow of 2.81 L/min at
24 000 rpm, the liftoff force is 0.38 N. The MicroVad
blood pump system is designed to operate without
any risk of cavitation within the operational
envelope. To obtain the absolute pressure field paps,
the computed absolute pressure level peompabs 1S
adapted according to the experimental pressure
Pexppt and the computed pressure peomppi at position
P1 as follows: pabs = Peompabs + (Pexppt = Peompp1)-

The results of the CFD study showed that the
lowest static pressure is 333.8 mm Hg at the operat-

Artif Organs, Vol. ®e, No. ®e, 2008

FIG. 13. Flow and pressure distribution
in the axial gap between impeller and
motor; comparison of numerical simulation
(left) and experiment (right): streamlines
(left, Ap=120 mm Hg, n=24 000 rpm,
Q=2.1L/min) versus particle traces
(right, Ap=135 mm Hg, n=24 000 rpm,
Q=1.8 L/min).

ing point of 28.000 rpm and 60 mm Hg. This highest
depression occurs at the suction side of the blades
near the leading edge (Fig.14). The volume- and
area-based distributions of the pressure in the impel-
ler region for this specific case are given in Fig. 15.
They indicate that cavitation will not occur, when
assuming a vapor pressure of 47 mm Hg for blood as
given by Chambers etal. (9). The present assist
device is an intracorporeal blood pump, so that nuclei
size distributions and concentrations in the blood are
not likely to differ from those encountered in vivo.

FIG. 14. Pressure distribution on the impeller for n=28.000 rpm
and Ap =60 mm Hg.
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DISCUSSION AND CONCLUSION

The main goal of the present investigation was the
study and optimization of the induced washout flow
through the axial impeller-motor gap and the radial
impeller—axle gap in order to avoid thrombus forma-
tion during all operation conditions of the sealless
CircuLite pump. Steady-state, three-dimensional
turbulent simulations and DPIV measurements
were carried out for various working conditions. The
results obtained via the CFD simulations are in a
good qualitative and quantitative agreement with the
DPIV measurements. The washout flow is maximized
with the axial impeller-motor gap at 500 u. An
increase of the free cross-section of the gap leads to a
decrease of the pressure loss and therefore to an
increase of the washout flow. The washout channel
acts as a classical bypass in pumping systems. There-
fore, any increase in the bypass flow (washout) coun-
teracts to the pressure load and net flow rate at the
working point.

Furthermore, the liftoff force obtained via CFD is
well below the value for the magnetic attraction
given by Kerkhoffs et al. (3), and the minimum static
pressure emerging in the pump is well above the
vapor pressure of blood of 47 mm Hg.

In the next step, continued iterative geometric
adaptations for an even better washout effect at
physiological pressure loads will be considered. It is
important to include the study of fluid residence time
and the effectiveness of the mass exchange in the
front part of the pivot.

400

FIG. 15. Volume- (left) and area (right)-
based distributions of pressure for n=
28.000 rpm and Ap = 60 mm Hg.

600 800 1000

local pressure [mmHg]

In addition, the mechanical stability of the pump
will be studied, in particular, the restoring moment
from the pressure acting on the impeller’s surface. In
effect, a trade-off of the mechanical stability, on the
one hand, and a good washout effect, on the other
hand, has to be established.
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