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The VentrAssist implantable rotary blood pump, intended for long term ventricular assist, is under
development and is currently being tested for its rotor-dynamic stability. The pump consists of a shaftless
impeller, which also acts as the rotor of the brushless DC motor. The impeller remains passively
suspended in the pump cavity by hydrodynamic forces, which result from the smalI clearances between
the outside surfaces of the impelIer and the pump cavity. These small clearances range from
approximately 50 J.1mto 230 J.1min size.

This paper presents experimental investigation of the displacement of the impelIer within the cavity.
Displacement of the impeller was measured using eddy-current proximity sensors and laser displacement
proximity sensors, located at different positions on the pump, under different pump-operating conditions.
All transducers have been calibrated prior to any experimental. Voltage output from the transducers were
converted into impeller movement in five independant physical coordinates (x, y, z, 8x and 8y). The sixth
degree of freedom (8,), the rotation about the impeller axis, is determined by the commutation performed
by the motor controller.

To determine experimentally the dynamic characteristics of the hydrodynamic bearing, a computer
program was developed to calculate the axial bearing force exerted on an impeller blade. By combining
the calculated force with the measured impeller displacement, the stiffness and damping coefficients were
determined.
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I.Introduction

The VentrAssist implantable rotary blood pump is based on a centrifugal design and is intended for long term
ventricularassist. Currently, it is under development and being tested for its rotor-dynamic stability. It is a novel device
consistingof only one moving part - a shaftless impeller. The impeller blades are imbedded with permanent magnets to
enableit to act as a rotor for the pump's brushless DC motor. Due to the absence of a shaft, contact bearings and seals,
thedesign of the pump is ideal in reducing blood trauma. Contact points between the shaft and bearings can cause
damageto red blood cells, through shearing and heat, which will lead to heamolysis. Blood clots or thrombosis can also
beexperienced due to stagnant flow at these contact points and at the seals. Suspension of the impeller within the pump
cavityis performed passively and is achieved through the use of hydrodynamic forces. Hydrodynamic suspension
systemshave been investigated by other parties [1,2], while others incorporate hydrodynamic bearings working in
synergywith magnetic bearings for suspension [3]. Total active suspension systems are currently being utilised by
otherrotary blood pumps [4,5,6]; however, these incorporate more complex and larger monitoring and electrical
systems.With the VentrAssist pump, monitoring sensors are eliminated due to the use of hydrodynamic bearings for
passivesuspension, thus requiring less complicated electronics. This results in a smaller, more electrically efficient and
reliablepump requiring less electrically dependent components .
. Due to the absence of monitoring sensors, shaft and contact bearings in the VentrAssist pump, the movement of the
IIIlpelIerwithin the pump cavity was unknown. Furthermore the dynamic analysis of the hydrodynamic bearing was
CbalIenging.Therefore, in this paper, the impeller displacement, during different operating conditions was evaluated
~erimental1Y through displacement measurements using eddy current proximity sensors and laser proximity sensors.

YCurrent proximity sensors have been implemented in other rotary blood pumps, which incorporate magnetic
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suspension [7,8]; thus the ability for these sensors to detect impeller movement is evident. The displac
corresponding to the five independent physical coordinates (x, y, z, ex and ey) about the centre of the bottom surr:::-
the impeller was determined from the sensor measurements, while the sixth degree of freedom - e,; describes ~
rotation of the impeller and was determined by the commutation performed by the motor controller.

2. Hydrodynamic Analysis

The suspension of the impeller within the pump cavity is due to the hydrodynamic forces from the bearing [9 10
which are a result of the small clearances between the outer surfaces of the impeller and the pump cavity. Th~
clearances range from approximately 50 urn to 230 urn in size. The properties of blood dictate the size of these
clearances. One of the main concerns of blood trauma is heamolysis (destruction of red blood cells). The maximUIn
diameter of a red blood cell is 8 urn, thus the clearances between the impeller and pump cavity are sufficient for the
blood cells to travel through without being damaged. Also, these clearances will reduce the risk of red blood cell
exclusion. The impeller blade surfaces incorporate a wedge design where the leading edge clearance is larger than the
trailing edge clearance (50 um difference) as shown in figure 1.

By using this wedge design, basic 2-dimensional hydrodynamic lubrication theory [11] can be applied to determine
the pressure force. As the bearing clearance decreases, the pressure force increases.

With the wedge design incorporated into the VentrAssist impeller at both the top and bottom surfaces, pressure
forces will exist at both these locations. In theory, an equilibrium position will be achieved when both top and bottom
forces are of equal magnitude and opposite direction.

3. Materials and Method

A laboratory version of a VentrAssist C-B series pump was used for the experiment. The pump housing was made
of transparent acrylic, which allowed the laser sensors to detect the displacement of the impeller. A 2.8 series impeller
(figure 5) was used for the experiment and was made of titanium aluminium vanadium (Ti-6AI-4V), a biocompatible
alloy. Pump and impeller descriptions are as follows: -

Cover Body
~ Diameter of bearing pad = 40mm ~ Diameter of inlet = l Omm
~ Diameter of outlet = 1Omm ~ Diameter of cone surface = 40mm

~ Cone angle = 45°
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l!Ppelier
~ Outside diameter = 40mm
~ Inside diameter = 15.5mm
~ Bottom blade surface taper height = 0.05mm
~ Top blade surface taper height = 0.05mm (vertical)
~ Top blade surface angle = 45°
~ Mass = 35.22 g

Four eddy current proximity sensors (VK-202A - Shinkawa Electric Co., Ltd, Japan) were distributed around the
pumpcover at a pitch circle diameter of 30mm - two on the x-z plane and two on the y-z plane - while the two laser
proximity sensors (D85386 - MEL - Eching, Germany) were located on the side of the pump (also on the x-z and y-z
planes) (figure 3). Previous investigations were performed to prove the accuracy of these eddy current proximity
sensors. Generally the pump will operate using six electromagnetic motor coils, three on the body and three on the
cover.However, due to the interference from the actuation of the coils affecting the eddy current proximity sensors, the
coilson the cover were removed to accommodate the sensors and to eliminate any interference. The electrical design of
thepump allowed it to continue operating normally with only one set of coils. Hydrodynamic stability of the impeller
was not jeopardised because the coils were used solely for the purpose of rotating the impeller, rather than impeller
suspension. The eddy current proximity sensors were used to measure the axial (z) and angular (ex and By)
displacement of the impeller, at 90° degree (blade pass) intervals, during pump operation. While the two laser sensors
locatedon the side were used to measure the translation of the impeller in the x and y direction.
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Signal conditioners for the eddy current proximity sensors (VK-202A2 & VK-202AI, Shinkawa Electric Co., L
Japan) and the laser proximity sensors (M25L/2-IOB24NK - MEL - Eching, Germany) were used to condition ~
voltage signals from the sensors. The voltage signals were sent to an analog breakout accessory rack (BNC 2090 •
National Instruments U.S.A.) and a data acquisition board (PC-LPM-16 - National Instruments U.S.A.) where th
signal was displayed on a computer monitor through a data analysis software - Virtualflench" V2.1.1 (Natio~
Instruments, U.S.A). The raw data was collected by the data acquisition software LahViewl'" V5.0 (NatiOnal
Instruments, USA).

All six sensors performed measurements simultaneously so that when a blade passed the sensors, all fiv
displacements corresponding to the independent physical coordinates of the impeller were calculated from the outpu~
readings.

Four pump operating conditions were investigated. The speed of the pump was adjusted through the motor
controller, while the flow rate was monitored by a flow probe (#IOC277 - Transonic) and a flow meter (T206_
Transonic). These operating conditions were as follows: -

I. 2400 rev/min @ 3 l/min
2. 2400 rev/min @ 4 1/min
3. 2400 rev/min @ 51/min
4. 2400 rev/min @ 61/min

The pumping medium used for the experiment was 30% aqueous glycerol. Properties of 30% aqueous glycerol and
blood are as follows: -

Table I
Properties of 30% aqueous glycerol and 40% hematocrit blood

Pro~ Aqueous Glycerol 40% Hematocrit Blood

Viscosity (rnPas)
Density (kg/I)

3.3
1.0786

5.2
1.055

A rotating speed of 2400 rev/min was chosen for all conditions, due to it being the ideal rotating speed for final
applications. The outflow of the pump was occluded to achieve the flow rates required for each condition. Condition 3
represented the ideal operating speed and flow for final applications. For all conditions the inlet was pointing
downwards (positive z direction) as shown in figure 6. This particular orientation of the pump represented the least
stable in terms of hydrodynamic stability.

All sensors were calibrated individually for transformation of the output voltage into displacement (J.1m)values.
Calibration involved the use of a computer numerical control (CNC) machine (Henchman XT - Light Machine
Corporation 1998) and measurements were acquired through LabView at a sampling frequency of 100 kHz. Also, since
the geometry of the four blades of the impeller were not exactly identical to each other, calibration polynomials for
each individual blade were also determined.
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4.Results and Discussion

Calibration polynomials were determined through the least squares method using Matlab. Orders of polynomials
were determined by residual plots as welI as calculation of variances. Calibration polynomials for each of the six
sensorsat each one of the four blades of the impeller were found, resulting in twenty four polynomials.

Output voltages from the sensors for each operating condition were collected through LabView. Samples for 50
impeller revolutions were obtained at a sampling frequency of 50 kHz distributed between the six sensors for all
measurements. The corresponding displacement values, in urn, were determined using the calibration polynomials.
Thesevalues were in turn transformed into displacements in five independent physical coordinates as follows: -

x = L2 (1)

(2)y= LI

ECSl+ ECS3
z=

2
(3)

-1 (ECS4- ECS 2)llx = tan
30000

(4)

-1 (ECS3 -ECS 1)lly = tan
30000

(5)

Where LI and L2 were the displacement measurements (in urn) for laser proximity sensors 1 and 2 respectively.
ECS I, ECS 2, ECS 3 and ECS 4 corresponded to the displacement measurements (in urn) for eddy current proximity
sensors 1, 2, 3 and 4 respectively. 30000 represented the distance between opposite sensors.

Therefore the average displacement, for 50 revolutions, of the impeller in the five independent physical coordinates
about the centre of the bottom surface of the impeller is shown in the following tables. It must be noted that when the
impeller was at the origin of the coordinate system, the displacement in the five independent physical coordinates were
0,0, 115,0 and 0 for x, y, z, Bx and 9y respectively.

Table 2
Displacement of impeller in 5 independent physical coordinates for condition 1 (2400 rev/min @ 3 I/min)

Blade Pass x (urn) y (um) Z (urn) 9x (radians) 9y (radians)

I 35.17 88.22 100.22 -0.000015 -0.000217
2 52.27 104.82 101.29 -0.000082 -0.000017
3 40.43 106.75 101.62 -0.000144 0.000139
4 14.64 102.72 102.35 -0.000419 0.000015

Table 3
.,Q!splacementof impeller in 5 independent physical coordinates for condition 2 (2400 rev/min @41/min)

Blade Pass x (um) y (urn) Z (urn) Bx (radians) By (radians)

1 25.34 84.13 101.95 0.000089 -0.000400
2 59.34 93.81 106.04 0.000028 -0.000311
3 32.36 98.91 103.82 -0.000031 -0.000095
4 13.58 94.47 105.40 -0.000302 -0.000215

-
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Table 4
Displacement of impeller in 5 independent physical coordinates for condition 3 (2400 rev/min @ 5 l/min) -

Blade Pass x (urn) Y (um) Z (urn) ex (radians) Ely(radians) -
1 19.42 77.92 102.83 0.000319 -0.000514
2 55.89 83.40 106.91 0.000250 -0.000385
3 24.40 90.05 105.50 0.000172 -0.000249
4 9.86 86.25 107.40 -0.000115 -0.000381

Table 5
Displacement of impeller in 5 independent physical coordinates for condition 4 (2400 rev/min @ 6 l/min)

Blade Pass x (urn) y (urn) Z (/lID) ex (radians) By (radians)

I 17.28 73.81 103.31 0.000520 -0.000537
2 55.67 77.91 107.05 0.000461 -0.000398
3 23.61 84.12 106.43 0.000338 -0.000286
4 7.86 80.96 108.12 0.000084 -0.000410

From the displacement tables above, the minimum axial displacement was 100.22 urn, By using the following
equation, the angular rotation (e) required for the impeller to touch the pump cavity at this axial displacements was
found.

El= ± [tan -I (2 x DisPlacement)]
30000

(6)

Where e at the minimum axial displacement equals ± 0.0067 radians. This Elvalue represented the maximum
angular displacement allowed before the impeller touches the pump. It can be clearly seen from tables I to 4 that the
angular displacements in both the x and y directions are lower then the calculated angular displacement, suggesting that
the impeller is not touching the pump cavity through angular displacement. Also, since the maximum axial and radial
clearances between the impeller and the pump cavity were 230 urn, it can be seen from the tabulated results that the
impeller was hydrodynamically suspended within the pump cavity. The maximum and minimum average radial
movements in the x and y directions at each blade pass for 50 revolutions at each flow rate are shown in figure 7.
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The outlet and cutwater of the pump were positioned at the positive x and y direction. From figure 7, the range in
the x direction increased as the flow also increased. The increase in range represented the decrease in stability of the
impelIer. This behaviour continued until the maximum hydraulic efficiency point of the pump was reached and the
impeller was least stable. Previous investigations have found that the maximum hydraulic efficiency occurred at a flow
rate of 7 I/min. At this flow rate, the impeller experienced a minimum resultant radial force due to pressure forces
around the volute of the pump being constant. Once the flow rate was changed, the pressure forces became inconsistent
around the volute, resulting in an increased resultant force and a more stable impeller. This can be described by the
stability parameter [12].

Also, figure 7 shows the impeller moving towards the outletlcutwater of the pump as the flow was decreasing which
is also evident in figure 9. This is due to the velocity of the fluid decreasing as it diffused into the outlet, causing the
pressure to increase as the velocity decreased. Thus, a low pressure force was experienced after the cut water and a high
pressure force at the opposite side of the volute, resulting in a resultant radial force towards the cut water. This
phenomenon is typical for centrifugal type pumps (Stepanoft) [13].
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Figure 8 represents the axial excursion of the impeller. It can be seen that there was almost no change in the .
excursion for increasing flow rates. This coincides with basic 2-dimensional hydrodynamic theory, which desCribe::
hydrodynamic bearing force, where the bearing force is not a function of the flow rate of the fluid. However, the slllaU
changes in excursion that were present, may be due to the inaccuracies in the manual commutation of the rotatio I
speed of the impeller from the motor controller. na

5. Further Investigation of Bearing Force

A computer program [14] was developed to calculate the axial bearing force under the bottom surface of an impeller
blade. The program solved the Reynolds equation, equation 7, in cylindrical coordinates using finite difference scheme
and successive-over-relaxation technique. The calculations assume a constant viscosity and laminar flow, which are
both good approximations for this application.

a (prh
3 apJ a (Ph

3 apJ ah ah- --- +- -- =6p(ror)~+12pr-
Or Il Or De Ilr De De at

The total forces on an impeller blade were calculated by adding the forces on each bearing surface and aSSuming
that the top bearings are equivalent to the bottom bearings of equivalent surface area.

The main parameters required by the program include the inside and outside diameters of the impeller, leading and
trailing edge clearances of the blade, tilt angle toward the outside diameter of the blade, viscosity of the fluid, rotational
speed and the squeeze film velocity (axial velocity) of the impeller. With these parameters the program will calculate
the average pressure and its centre under the blade, the total axial bearing force exerted on the blade and the
temperature rise. With the bearing force determined, approximations of the stiffness and damping coefficients at each
blade were calculated. The coefficients of each blade were then added to give the total stiffness and damping
coefficient values.

The following table gives sample calculated results of the total stiffness and damping coefficients for each flow rate.

(7)

From the calculated results it can be seen that as the flow rate increases, there are only minor changes in the values
of the stiffness and damping coefficients. Thus, it can be assumed that the hydrodynamic bearing is stable for all flow
rates.

This program is only a preliminary approach for determining an approximation of the axial bearing force exerted on
the impeller. Further investigation through experimental work and CFD analysis will be required to obtain more
confident results.

6. Conclusions

The determination of the impeller's displacement within the pump cavity was undertaken experimentally. Eddy
current proximity sensors and laser proximity sensors were used for the detection of the impeller within the acrylic
pump housing. The pump was operated at different flow rates with the impeller rotating at a speed of 2400 rev/min for
all conditions.

Results show that under the operating conditions investigated, the impeller was hydrodynamically suspended within
the pump cavity. Maximum and minimum average radial movement of the impeller for each flow rate at a constant
impeller speed of 2400 rev/min were shown. Results were in accordance to centrifugal pump design. Furthermore, the
radial and axial excursion of the impeller was also investigated for each flow rate. Again, results were in accordance
with pump design.
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Table 6
Stiffness and damping coefficients for each flow rate

Flow Rate (llmin) Stiffness Coefficient (kN/m) Damping Coefficient (leN.s/m)

3 23.50 5.12
4 22.97 3.35

5 22.28 3.30
6 21.10 2.11



Estimations of the stiffness and damping coefficients for the hydrodynamic bearing, for each flow rate, were
I ulated using a computer program and results from the experiment. Results suggest a stable hydrodynamic bearing

ca cchanging flow rates. However, further analysis through experiments and computational fluid dynamics will be
forded for obtaining more confident results.
neeQveral1,the method used to perform the experiment discussed in this paper was successful and will also be used for
furtherinvestigation into the ~isplace~ent of the ~mpeller within t~e pump c~vity of a current ~odel titanium pump
housing.Displacement of the Impeller m the five mdependent physical coordinates were determined and found to be
acceptable.
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