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Meaning

Area

Constant

Constant
Acceleration
Distance from the pressure side
Specific energy
Induction

Constant

Constant

Specific heat capacity
Absolute speed
Mean absolute speed
Diameter

Diameter
Infinitesimal quantity
Frequency

Lens focal length
Factor

Force

Optical correction factor
Gravitational acceleration
Specific enthalpy
Magnet distance
Level height
Arithmetically averaged duct height
Enthalpy

Enthalpy flow
Control variable

Flow

Specific dissipation
Control variable
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Length

Angular momentum
Free jet length

Axial grid length
Mass flow

Torque

Rotation speed
Exponent

Number

Power

Pressure

Unit

mZ

m/s
m/s; 1
m/s?

m
m?/s?
H

m?/s, 1
1/s
ki/kg/K
m/s
m/s
m
M
[]
1/s
m

1
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1
m/s
m?/s?

M

M
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2

m?/s?
Nm

kg*m?/s

m

m

kg/s

Nm

1/s

1

1

W

bar; Pa; mmHg
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p Pressure bar; Pa; mmHg
Q Heat flow w
Q Internal leakage flow m3/s

r Radius m

T Arithmetically averaged radius m

T Area-standardized radius m

T mean lever m

R Largest component radius m

R Resistance Q

s Particle track length m

S Feed length m

3 Component of particle location m

s Specific entropy m?/ (s2 * K)

3 Tube length m

3 Blade thickness m

3 Chord length m

S Duct length m

S Particle location in Cartesian coordinates m, m

S Stress tensor N/m?

T Temperature K

t Time S

t Division m

per. Peripheral speed of the rotor blades m/s

U Voltage Vv

v Volume m?3
\Y4 Volume flow m3/s

v Flow speed m/s

w Speed in the relative rotor system m/s

y Specific flow energy m?/s?

z number 1

z geodetic height m

2. Greek characters

a Flow and blade construction angle of the stator degrees

o Convective heat transfer value W/mK

B Flow and blade construction angle of the rotor  degrees

6 Diameter parameter 1

6 Angle overstatement degrees

6 Boundary layer thickness m

62 Impulse loss thickness m

Y Flow angle degrees

Y Arc of contact degrees
Y Shear rate 1/s

n Dynamic viscosity Pa-s

n Efficiency 1

(o) Twisting angle degrees

A Diffusive thermal conductivity value W/mK

A Resistance rate -
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vl Angle overstatement factor -
v Kinematic viscosity m?/s
p Density kg/m?3
o Rotation speed parameter 1
o Compressive stress N/m?
T Degree of reaction 1
T Shear stress N/m?
V) Temperature K
w Angular speed rad/s
4 Loss coefficient 1
3. Operators
d() Total differential
d()
o() Partial differential
@)
b
fa 0d0O Integral within the limits a, b
A Difference

4. Special signs

@ diameter m
0, molecular oxygen -
% percent 1
® registered trademark -
oo infinite -

5. Abbreviations

Cl Cardiac Index 1/ (min * m?

Fr Froude number -

Hb Hemoglobin g/100 mL whole blood
Hp14 femoral 14-french hemopump

Hp21 femoral 24-french hemopump

Hp31 femoral 24-french hemopump

Hk Hematocrit 1

IABP Intra-Aortal Balloon Pump

IH Index of Hemolysis -

IT Index of Thrombolysis -

LDH Cytoplasmic enzyme from thrombocytes

LAP Left-Atrial Pressure mmHg

LV- Left-Ventricular

LVWI Left-Ventricular Work Index g *mm/(m? - min)
MAP Mean Atrial Pressure mmHg

Nu Nusselt number -

PCWP Pulmonary Capillary Wedge Pressure mmHg

Page 11 of 199

ABIOMED Ex. 1044



Pr
Re
RV

VAD

Indices and Superscripts

> Y Y UAWNR OO

Ao
downstream
outflow
ax

AX

B

B
Bernoulli
cal

D

D
Diffusor
Diss

E

inflow
req.
exp.
exp.
extern
Friction
avg

H

hyd

i

i

intern
Interval
local

L
Laufrad
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Prandtl number
Reynolds number
Right-Ventricular

safety

Ventricular Assist Device

Starting conditions

inlet-side position of the rotor blade outside of the rotor blade duct
inlet-side position of the rotor blade inside of the rotor blade duct
outlet-side position of the rotor blade outside of the rotor blade duct
outlet-side position of the rotor blade inside of the rotor blade duct

a position at the inlet level of the stator
a position at the outlet level of the stator
outside

axial

outside

aorta

in reference to the fluid stream

on the outflow side

axial

axial

relating to an acceleration

outer scope of a rotor

relating to dynamic pressure reduction
calculated

dissipation

outlet side

relating to the diffusor of the radial pump
relating to dissipation

for inflow losses

inflow

required

relating to the exposed time
experiment

external

loss due to friction

average

hydraulic

hydraulic

inside, at the hub

running parameter

internal

relating to an interval size

relating to a specific location

for flow acceleration

relating to the rotor
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lam.
local

torque
mech.
mf
normal
use.
particle
proj.

R

r

rel.
rGG
rot.

S
blade
hose
rel.sp.
blade
chord
gap

t

turb.
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laminated

relating to local parameters

in the left ventricle

in the meridian plane

mean

median

maximum value

specific machine parameter
transmittable torque of a magnetic coupling
mechanical

mean/average flow

in the normal direction

useable part

relating to particles

relating to a projected measurement
for tube friction losses

radially

relatively

calculated via the equation of radial equilibrium
in the rotational direction

gap

relating to the blades

hose

relating to relative speed

relating to blades

relating to chords

relating to the gap between the rotor and the housing

total

turbulent

in the peripheral direction

in the ventricle

loss

loss, or relating to loss

at the hub inlet level
coordinates in the axial direction
specific machine parameter
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1. Introduction

An acute heart failure with the resulting decrease of pumping capacity is mostly attributable to
reduced heart muscle contraction. The latter generally comes as the result of insufficient provision of
the heart muscle due to reduced blood flow through the coronary vessels. Other causes, such as heart
muscle decease or anatomic defects are less frequent, but just as grave.

In such cases, targeted and timely use of mechanical circulation support systems can not only ensure
blood flow through the peripheral organs, but most importantly, provide mechanical heart support,
which immediately reduces the work required from the heart. It reduces oxygen volume required by
the heart muscle and increases blood flow in the heart vessels, due to augmented perfusion pressure,
so that the heart can recover due to these measures, if there is a reversible cause of heart failure.

Small mechanical heart support systems are more preferable than the larger, mostly extra-corporeally
located systems due to their minimally invasive placement, if they provide sufficient hydraulic
capacities.

The intra-aortal balloon pump (IABP), the first clinically available pump that can be inserted into the
human vessel system, can only support the left heart, which is most often affected, to a limited extent
of about 10%. In was first in 1989 that the catheter pump “Hemopump” introduced by Richard
Wampler and based on the rotary pump principle became a clinically available intravascular blood
pump, which can substantially relieve the left heart.

The Hemopump ultimately demonstrated that a quickly rotating rotary pump only damages blood
within physiologically reasonable limits, despite the high shear rate inherent to the pump type. The
prevailing perception that non-pulsating blood propelling could only be properly done with slow radial
pump with relatively large impellers had to be re-considered.

In 1994, the Hemopump micro-axial pump system intended solely to support left heart completed its
first clinical testing. This caused immediate euphoria of discovery of a universal pump concept for heart
support, which disregarded reasonable assessment of the capacities and system specific restrictions.
The extensive use of the pump in the clinical practice was prevented by the drive of the pump head
through a flexible and damageable shaft, as well as the currently available insufficient delivery capacity
of some 2.5 |/min, the pump head diameter of 7.4 mm being too large to bring the pump through the
peripheral vessels, along with the long start-up times.

Based on these drawbacks and limitations of the Hemopump system described in the sources, the
Helmholtz Institute for Biomedical Technology in Aachen is now pursuing an improved concept on
intravascular micro-axial blood pumps for temporary heart support.

An important feature different from Hemopump is the integration of an intra-corporeal drive directly
connected to the pump unit. It allows to avoid the flexible shaft with its drawbacks, in particular, the
start-up time of 10 to 30 minutes associated therewith.

Not just one pump size, but a pump family with external diameters of 5.4 mm, 6.4 mm and 8.0 mm for
left and right heart support is developed due to widely varying clinical requirements, and receive a new
hydraulic design. These systems, whose capacity exceeds that of the Hemopump, cover the capacity
range most important for clinical treatment at physiological pressures, and have volume flow rates of 2
I/min to 7 |/min.

Page 14 of 199 ABIOMED Ex. 1044



A higher hydraulic capacity must generally be achievable for a pump unit by means of a short, no
longer than 80 mm long, inlet or outlet hose. The total length of the rigid pump unit cannot exceed 30
mm, since otherwise an excessively long, stiff part of the system makes impossible passage of the
pump unit through the small vessel radii and to the immediate vicinity of the heart valve.

In the course of this work, a pump family consisting of impeller versions 5.8 and 4.8 in diameter is
developed for systems, which can be peripherally inserted. These systems are limited in their hydraulic
capacity to pure heart support due to their small dimensions, i.e. they can substantially substitute the
heart function only short term at the very best. However, if a direct access with open thorax is chosen
for an intravascular pump system, then the diameter of the system can be increased. This work will
deal with a respectively enlarged pump in the form of a 7.2 mm impeller version parallel to the
primarily considered 5.8 mm system.

The improved intravascular micro-axial pumps improved in this work with respect to their capacity and
user friendliness represent a promising concept in the area of minimally invasive surgery. For example,
systems, which are able to take over the entire heart minute volume for a short time, can be used
intraoperatively. In such case a heart-lung machine would be unnecessary, which can mean improved
recovery for the patient due to reduced surgery trauma.

Then the provided documentation shows, supported by a thorough research of sources and system
analysis of Hemopum system (Chapter 2), alternative designs with integrated shaft (Chapters 3 and 4).

Based on these conclusions and the design discussed in great detail in Chapter 5, flow behavior is
researched in Chapters 7 through 10 on chosen versions of blading components with respect to high
hydraulic capacity and delivery characteristic dependent upon the design parameters.

The first results available in vitro and in vivo for the whole system provide in Chapters 11 and 12 final
assessment of the produced design concept of a miniature impeller pump with integrated drive.

2. Intravascular heart support systems according to rotary pump principle

Before developing our own intravascular micro-axial pump, we would like to provide a description of the
commercially available Hemopump system. It will consist of the description of the original Hemopump
HP21 system, which is inserted through the leg artery (arteria femoralis), its clinical trial and the obtained
results, which led to further development of Hp14 and Hp31.

Based on these results, we will derive the system parameters for the Helmholtz micro-axial pump and
present it in Chapter 2.4. They will serve as a basis for further development of a micro-axial pump with
integrated drive.

2.1 The Hp Hemopump system

Development of the Hemopump system intended to

support the left heart has been performed in stages, with
the basic design of the pumps being identical, except for

their sizes. The original Hp21 system, which was to be

inserted through the periphery, is shown on Figure 2.1, 1 2 9
. - o 345 6 4

and consists from miniature rotor pump, essentially with 8

axial flow and one stage , with rotor (7) and stator (4), [Figure 2.1 Scheme of Hp21]
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both located in a housing (8), 7 mm in diameter and 18 mm long. The flexible suction tube (9) located
upstream from the pump is about 200 mm long, and is pre-curved to improve placing and location, which
extends from the ventricle over the aorta ascendens, aortic arch up into aorta descendens. The drive of the
pump head is performed by a flexible shaft (2), which is located in a coaxial guiding catheter (1), 3.2 mm in
diameter, which is connected to a drive located outside of the body. All bearings (3), the flexible shaft (2)
and the seal (5) in the pump head are oiled and flushed with a bio compatible 40% glucose water based
solution /Butler 1988; Rutan 1989/. The amount is regulated by two roll pumps operating as a unit, one of
which forwards the impressed flow through the capillaries into the guiding catheter (1) in the direction of
the pump head, while the other one intakes a given smaller flow through the central lumen in which the
flexible shaft (2) runs. The difference between the incoming and outgoing glucose flow gets through the
plain bearing (3) in the pump head and the connected hydrostatic axial seal (5) into blood. The sealing gap
between rotor (7) and stator (4) is kept narrow by the compression spring (6) integrated in the rotor hub,
and is kept free of blood by the targeted leakage flow from inside. Blood may not get into the sealing gap
at any point, because otherwise fibrin deposits accumulate in the gap, make it wider, and the fixed leakage
flow results in significant drop of flushing pressure. This lets more blood penetrate through the gap and the
plain bearing (3), and immediately causes pump failure. That is why a pressure censor is integrated in the
inlet part of the flashing unit, so that when pressure in the flushing liquid drops to the minimum of about
500 mmHg, the blood pump can be operated. Prior to that point, the console does not allow the system to
start up. The so-called pressurizing takes, depending upon the previous ventilation, 10 to 30 minutes
/Johnson & Johnson 1988, 1994/.

2.1.1 Further development of Hemopump system: Hp31, Hp14

Based on the initial experience with Hp21, Hp14 was developed as femoral, percutaneously placed pump,
and Hp31 as a sternotomy pump (used on open chest). Due to the placement problems with a system 7.4
mm till 8 mm in diameter (Hp21, Hp31), such large systems are rather not place peripherally.

Hp14, with the diameter of 4.6 mm and a rigid length of 30 mm, is a system, which must be introduced by
percutaneous instruments without dissection of the vessel. The hydraulic capacity is definitely lower than
that of Hp21, despite the short and straight suction tube, due to the small pump diameter, and equals 2.3
I/min at the pressure difference of 70 mmHg. The system can be used during high risk angioplasties /Figulla
1994; Loisance 1990a, 1990b; Scholtz 1990, 1991/, according to /Aboul-Hosn 1995/, as support system in
fetal operations, and as a true alternative to IABP. The hemolysis of this system plays an important role in
its current version.

A sternotomy Hp31, 8 mm in diameter, with a short, straight suction tube, represents a hydraulically
developed Hp21, which is clearly more effective than Hp21 at identical dimensions of the blading parts, and
produces 4.2 I/min at the pressure difference of 100 mmHg. This pump can be used during open heart
surgeries or for heart support for several days, the drawback of the system is the repeated surgery, which
is always required for removal.

2.1.2 Clinical testing of Hp21

The intravascularly placed /Duncan 1989; Frazier 1990, 1991/ micro-axial pump system Hemopump was
found to be helpful for temporary left heart support /Wampler 1988, 1991a, 1991b, 1993, 1994/. When the
first commercially available system Hemopump Hp21 was used clinically, systematic complications were
discovered resulting primarily from the drive by means of a flexible extra-corporeally driven shaft and the
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relatively large external diameter of the pump. Despite placement of Hp21 in aorta descendens with the
resulting straight line shaft movement, shafts were broken in 10% of all cases. The external diameter of the
pump unit of 7.4 mm also made impossible the clinical use of the pump in at least 25% of all cases due to
sclerotic changes or stenosis of arteria femoralis /Flameng 1991; Scholz 1990; Wampler 1991a; Waldenberg
1994/, and increased the risk of endothelium injuries and leg ischemia as the result of shifted calcification.
In those instances when Hp21 was successfully applied, the volume flow of about 2-2.5 |/min court be
achieved at middle arterial pressures of 60-90 mmHg, which is clearly below the described design point of
3-3.5 I/min at counter pressure of 100 mmHg. The reason is, among other things, the position of the pump
before the aortic arch and the resulting suction tube, whose flow resistance alone requires the minimum
capacity of about 0.5 I/min —1 I/min.

Besides, the insufficient control of this pump function and position turned out to be problematic in clinical
use /L6hn 1997; Meyns 1996; Siess 1996/.

The system specific blood damages based on a group of 145 patients /Aboul-Hosn 1995/ is in mostly cases
clinically tolerable.

Pre-operative During the surgery Post-operative
Thrombocyte count (n=81) (n=69) (n=59)
[1,000/mm3) 207 £11.9 122+7.1 116 £8.1
Plasma hemoglobin (n=47) (n=65) (n=51)
[mg/dl] 185+34 449+6.9 35+7.9
Total hemoglobin [g/dl] | (n=87) (n=75) (n=61)
11.5+0.24 10.4+0.17 104 +0.2

Table 1: Blood damage from Hp21 according to /Aboul-Hosn 1995/.

However, in certain cases the hemolysis was so high, that the total hemoglobin dropped significantly as the
result of the pump application (pump induced anemia). This group of patients also had the lowest survival
rate.

It is also very noticeable that the thrombocyte count always fell significantly during the pump use.
Therefore, the thrombolysis is clearly increased in comparison to hemolysis (see in this regard Chapter
8.1.2viii and Chapter 8.2).

2.2 Description of capacity and applicability of intravascular heart support systems according to the
rotary pump principle

The on-going clinical testing of the Hemopump systems (Hp21, Hp31, Hp14) produced results with respect
to the indication spectrum and further applicability of intravascular micro-axial pump systems / Deeb 1990;
Flameng 1991; Frazier 1990a, 1990b, 1991; Loisance 1990; Waldenberger 1994; Wampler 1988, 1991a,
1991b, 1993, 1994/;

e Although the intravascular micro-axial pump Hp21 is much more effective than the intra-aortal
balloon pump (IABP) / Frazier 1990; van Ommen 1990/, the volume flow of < 2.5 I/min, which can
be achieved on average, is mostly not enough for the large, out of body heart support systems,
such as membrane and centrifugal pumps. Therefore, the overall circulation can only be
substantially supported in exceptional cases during a transient complete heart failure /Deeb 1990;
Jegaden 1991/.
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A further benefit of the system compared to IABP is the genuine volume relief of the heart, which
does not even require synchronization of the pump with the heart activity. The drawback
compared to IABP is the large diameter, so that on some occasions placement becomes difficult or
impossible.

e The important part of this minimally invasive pump system (Hp21, Hpl4) compared to the
generally accepted assist systems is the relatively fast and gentle placement without thoracotomy,
so that that it can also be used by cardiologists with sufficiently reduced pump, such as in case of
H14, and heart support can be provided already at an early stage of heart failure.

However, because of its start-up time described in Chapter 2.1, which is caused by the flushing
unit, the hemopump system cannot be used as a true emergency system (cf. Chapter 2.4).

e The experience tells that heart support systems as still used as an instrument of last resort, which

in many cases significantly reduces the chances of the natural heart to cure due to the delayed
application. To the contrary, if the treating cardiologists or heart surgeons have systems at their
disposal, which can be quickly placed and are easy to use, when counter indications are taken into
account, then the heart can be supported upon the first signs of failure, which is extremely
important for cure.
In studies of fibrillating hearts and hearts in cardiogenic shock, hemodynamic values were achieved
using micro-axial pumps, which were sufficient for cure of myocardium and sufficient perfusion of
peripheral organs. For example, early heart support with increased blood flow can preserve a large
part of ischemic myocardium /Deeb 1990; Flameng 1991; Merhige 1989; Scholz 1991, 1994b;
Smalling 1992; Wampler 1991a; Wouters 1991/ in case of grave myocardial infarction /Jegaden
1990/ due to reduction of the required O, volume of the heart muscle with the concurrently
improved blood flow.

e Prophylactic use of pump can also reduce the risk of tachycardia or heart flutter during
angioplasties on coronary vessels /Figulla 1994; Loisance 1990a, 1990b; Scholz 1994a/.

e If the intra-operative use is the primary target, then the hydraulic capacity of a micro-axial pump

system can be increased for a short time by increasing the rotation speed above the designed level.
Although this increases the pump induced hemolysis, it can only be tolerated for up to about an
hour.
Under these conditions, an intra-arterial and biventricular pump system can replace the heart-lung
machine during bypass surgeries on heart with reduced pulse. This can significantly reduce the
morbidity associated with the heart-lung machine by eliminating the large plastic surface and
avoiding the ischemia surgery phase. According to /Aboul-Hosn 1995/, it must be assumed that the
time patients spend in a hospital, and especially in intensive care, can be significantly reduced.

Below is the list of clinical indications described so far, physiological use criteria, counter-indications and
system specific complications. They are based solely on the application cases, which remain rare, of
Hemopump Hp1l4, Hp21, Hp31 and, in absence of long term experience, must be considered preliminary
/Aboul-Hosn 1995; Deeb 1990; Flameng 1991; Frazier 1990a, 1990b, 1991; Loisance 1990; Waldenberger
1994; Wampler 1988, 1991a, 1991b, 1993, 1994/.

Indications:

- acute rejection reaction upon a successful heart transplant;

- if unexpected complications take place during a catheter examination with possible dilatation of a
narrowed coronary vessel; prophylactic use during high risk dilatations;

- if a heart muscle contracts insufficiently (transient heart failure; cardiomyopathy) upon surgery (for
example, a bypass surgery);
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- the heart cannot wean from cardiopulmonary bypass (heart-lung machine) (low cardiac output);

- acute infarction: if upon an infarction the left ventricle, which mostly gets affected, reduces its
pumping capacity to the level that puts the patient’s life in danger, and myocardium must
regenerate to the extent of reversibility of cardiogenic failure (cardiogenic shock); an early
application of an intravascular pump could significantly minimize the area affected by infarction
(ischemic area);

- in some cases, as a temporary measure for immediate performance of causal therapy;

- surgeries on hearts without cardiopulmonary bypass.

Physiological use criteria:

- pulmonary capillary wedge pressure [PCWP] (=LAP) > 18 mmHg;

- mean arterial pressure [MAP] < 90 mmHg;

- cardiacindex [Cl] < 2 liter/(min x m?);

- left ventricular work index [LVWI] < 1,500 g x mm/ /( m? x min);

- — LVWI=(PCWP + MAP) xClx 13.6
It takes into account all significant physiological indications, and turned out to be an important
criterion of successful application of Hemopump: at LVWI < 1,500 mmg/ m?/min the survival rate
drops below 40%;

- no positive reaction on medication or volume therapy, as well as the use of IABP.

Counter-indications:

- arteriosclerosis;

- implantation problems due to physiological vessel dimensions, stenosis, calcification of intima or
other diseases of aortal wall;

- pulmonary hypertension (for the left ventricular hemopump system);

- biventricular heart failure (for the left ventricular hemopump system);

- hypertrophic ventricle with poor hemodynamic due to reduced filling of the ventricle in case of
irregular pump operation;

- disease in final stage (non-regenerative heart insufficiency);

- grave stenosis or insufficiency of aortic or pulmonary valve;

- valve prosthesis, which prevents inserting and sealing of suction tube;

- blood anomalies with the risk of increased blood damage;

- mural thrombus in atrium/ventricle.

Potential risks inherent to the system:

- hemolysis;

- thrombolysis;

- bleedings;

- cavitation;

- embolism due to a high hemolysis rate and thrombus appearance;

- vascular damages, up to vessel dissection;

- placement problems (for example, retrograde shifting, valve passage, position of cannula in the
ventricle);

- in at least 25% of patients, placement of Hp21 is impossible, because the pump is too large for
peripheral vessels;

- infection and sepsis;
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- misplacement of suction tube in aorta ascendens upon tube ejection;

- valve damages by high relative movement of suction tube towards the valve door or by suction of
the pump to the valve apparatus;

- endocardial damages by pump suction;

- forward displacement of heart;

- leg ischemia up to amputation based on misplaced deposits or shifting of vessels by guiding
catheter;

- pump failure (for example, shaft breakdown in Hp21 — Johnson & Johnson; seal failure);

- pump dependence.

2.3 Final review of the Hemopump system

The concept of a drive with a flexible shaft and external drive, inherent to all Hemopump systemes, is a
significant drawback, despite the improved service life and the possibility at this time to place the shaft
beyond the aortic arch. In addition to the still existing risk of shaft breakdowns, the required flushing unit
of the seal with integrated shaft oiling represents a systematic drawback due to the required start-up time
of 10 to 30 minutes, and increases the risk of septic complications. Hp14 was specifically designed as an
emergency system, and should be able to start quickly. If the patient collapses in a catheter laboratory, the
patient must be immediately stabilized hemodynamically, so that Hp14 must sometimes be prepared for
operation prophylactically. If the application is unsuccessful, it results in significant additional costs (about
10,000 DM), which is unacceptable due to the increased cost pressure in the health industry.

The principal drawback of the Hemopump system is irregular operation. Neither control of the current
pump function /Mees 1991/, nor the positioning can be performed without additional equipment.
Furthermore, irregular operation can lead to cyclical suction phases with the risk of cavitation in the pump
and heart rhythm defects.

It its current form, the Hemopump system cannot be used as the right heart support system.

2.4 Derived system parameters for Helmholtz micro-axial pumps

Based on the experience with the Hemopump system, we can summarize below the medical requirements
and technical goals for a new concept of an intravascular micro-axial pump. The basic quality of the system
is the maximum possible hydraulic capacity, in order to be prepared to all scenarios. Since the heart
support system has a maximum capacity V <2 I/min at physiological pressures, and has a limited indication
spectrum, such volume flow is defined as hydraulic lower limit.

Since capacity and placement ability depend upon the size of the respective pump, a pump family will be
developed as a left and right heart support system, consisting of the diameters of 5.4 mm, 6.4 mm and 8.0
mm.

Boundary conditions for percutaneously inserted system:

Diameter of a pump inserted through the periphery cannot significantly exceed 6 mm. Besides, the length
of the rigid pump part must be limited to about 30 mm, in order to enable introduction of the pump
through the curved peripheral vessels.
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To avoid the drawbacks caused by the flexible shaft, the drive should be integrated directly into the pump.

If such a system is developed with a seal between the rotating and stationary part, then there should be no
flushing of the seal and bearing parts due to the start-up times and the technical efforts associated with it.
This way the new pump system can be used as an emergency system.

Based on these basic requirements, a 6.4 mm pump hydraulically comparable to Hp31 will be developed in
the course of this work. The 5.4 mm version developed in addition to it is hydraulically stronger than the
comparable Hp14 due to the pump diameter larger than that of Hp14.

Figures 2.2 and 2.3 show examples of a peripheral placement for the left (LV Assist) and right heart support
(RV Assist).

It is precisely during the use of an intravascular system for right heart support with reversed flow that it
becomes clear how short the rigid pump part must be. Otherwise it is practically impossible to insert the
tube end through two valve doors.

Alternatively to the presentation in Figure 2.3, an RV pump can also be placed in the right atrium, so that
the extended and possibly bent pressure tube stretches through the ventricle into the pulmonary artery
(truncus pulmonaris).

If LV is used according to Figure 2.2, placement of the pump
in aorta ascendens with short and straight suction tube is a
prerequisite of a high capacity system, since otherwise, as
discussed with regarded to Hp21, the hydraulic losses in the
long tube will additionally reduce already limited capacity.

Boundary conditions for a transthoracic placement system:

If the pump is introduced not through the periphery, but
into the vessel system in the vicinity of the heart, then the
nominal system diameter can be increased to 7 mm -8 mm.
This enables volume flows of up to 6 I|/min under
physiological conditions. The length of the total system
created to this end with an 8.0 mm pump with integrated
drive should not exceed 40 mm in this case, so as not to

make its use in the vessel system unnecessarily difficult.

Figure 2.2 Scheme of a left side heart support
with an intra-arterial micro-axial

pump

Requirements to location:

Passage through the native valve apparatus is common for all intravascular systems for short and medium
term heart support; it prevents a hydraulic by-pass between the pressure and suction sides. This requires a
tube connected to the pump, according to Figures 2.2 and 2.3, for both the right and left side heart
support. It free end must be able to pass through the valve apparatus, and should have an suction
protected tip for the LV system according to Figure 2.10. Even with the minimal wall thickness, the tube
must be soft, flexible and collapse protected, which can be achieved with an integrated spiral
reinforcement.
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The total system consisting of the pump, drive, tube and guiding catheter must be visible by means of a
diagnostic procedure (X-rays, ultrasound), and can optionally be place through a guiding chord.

Requirements to integrated sensors:

For exact information on the current pump

" Guiding

function, sensors integrated into the pump A T _ catheter |
head are indispensable. It should provide : i Ttruncus
information on the pump position and the : e i
current flow, as well as allow for obstruction B i I.’ulmonéry'
or suction control required due to bending or : "a"'e
blockage of the tube. m ;
The required sensors should also allow ‘ » ) Y ,"”C‘I;is::pid
locating the system without X-rays or X : LFy

ultrasound, and should also be usable for s"ﬂtﬁc,e

description of heart activity.

The respective research is presented in
Chapter 10.

[Figure 2.3 Scheme of a right side heart support with an
intra-arterial micro-axial pump with reversed
flow]

3. Analysis of possible designh concepts and choice of concept

Quickly rotating heart support systems built according to the rotary principle have the highest hydraulic
capacity density available, so that no other principle of propelling can be considered, if the purpose is to
achieve maximum capacity with the minimum space. The external diameter of the intravascular pumps in
guestion is limited even stronger than the total length of the rigid pump system, due to the intended
placement through the peripheral vessels. Therefore, we will limit our research to a peripherally placeable
system with the diameter under 6.4 mm, based on the experience with Hemopump Hp21. At this point it
cannot be determined for sure to which extent the sufficient placement can be achieved in this manner.

If we consider a system 6.4 mm in diameter and take into account the results from Chapter 9.2.2 on the
internal pressure loss as a function of achievable flow cross sections, it becomes clear that nesting of the
drive and pump with a drive located in the hub or in the pump casing is wrong for hydraulic reasons, and is
also technically unfeasible due to the required drive capacity, as described in Chapter 4.

A reasonable solution can be found in axial arrangement of system components with the resulting
diameter to length ratio of = 1:6, with the drive located behind the pump due to the improved convective
heat removal, and logically in the flow direction. For the case of the left heart support according to Figure
2.2, this is, in principle, possible, while with the required flow reversal for the right heart support according
to Figure 2.3, liquid can in principle only be sucked away by a motor.
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If we also take into account the requirement that the liquid, which needs to be pumped, i.e. blood, cannot
get into the mechanical parts of the pump and drive, since otherwise the system will immediately fail, we
are left with two possible approaches according to Figure 3.1, which can be split into two main group,
according to the energy transfer between the shaft and the pump.

Energy in this case can be transferred magnetostatically and positively, which requires different bearing
and sealing concepts. In case of magnetostatic energy transfer, there is a physical barrier between the
input and output sides, so that separate bearings are required for the drive and pump sides. In case of
positive transfer, the pump is driven directly. The latter case requires, however, a dynamic seal on the drive
shaft.

bearing

|
; drive pump
|Vl
/ .
blood free area magnets Magnet connection
o
S l
drive r _2J pump _ ﬂ
| {.ll \
| /
"~ bearing seal

Figure 3.1: Bearing and sealing concepts for a micro-axial pump with integrated drive
3.1 Pump with an integrated magnetic clutch

Before we start developing a general concept of a pump with magnetostatic energy transfer, we would like
to provide a description of development of an operable magnetic clutch. In addition to the determination
of the design type, another central issue is the provision of torque that can be transferred through the
clutch, which enables rotor operation at the design point of the pump with a security of about 2.

We will then discuss the bearing forms, which can be used for the work of rotor in blood.

3.1.1 Magnetic clutch

Concept:

As far as the transfer principle is concerned, magnetic clutches can be split into the categories of
synchronous and hysteresis clutches. Hysteresis clutches, where one of the sides is made of a segmented
magnet, and the other one of a magnetic hysteresis material with high remanence and permeability, and
low coercive force, display mostly constant transferrable torque at small slip of the output side to the input
side. Similarly constructed eddy current clutches, where the hysteresis disc is replaced by a combination of
a copper and soft iron discs, have a torque proportional to slip. Due to the relative movement, significant
temperatures in excess of 100°C can be achieved in both clutch forms, so that they are not an option for
integration in blood pumps not only because of their 10 per cent lower torque compared with synchronous
clutch /Thyssen AG 1992, Westphal 1994/, but also because of the thermal aspects.
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In synchronous clutches, the input and output sides have the same, even number of permanent magnets,
arranged in mirror symmetry for disc clutches and in rotation symmetry for concentric rotary clutches.
Both designs are similar with respect to the transferrable torque, assuming comparable magnet volumes
and strengths, since identical torque transferring diameter dmoment Can be achieved.

While the diameter dmoment for concentric rotary clutch equals to the external diameter of the centrally
arranged magnet port plus the gap heights, in case of disc clutch it can be well approximated by the

s maE ELLEZ—

Diin?
Gy == D
2 ]
analogy of a centroid of an area at the point of load as:#nflara Amat_ i . , Where D, is the external

rotating and D; is the inner rotating magnet diameter. The benefit of a concentric rotary clutch over a disc
clutch is, as shown in Figure 3.2, the <!

simple structure with a generally
plane parting surface and level
magnets. The disc clutch, to the

contrary, produces axial forces, which

result from the attracting magnet Shaftend of the

pump unit of zit Shaft end of

forces and must be captured from i ' it
P ferritic material T} drlv.e.unlt of .
the bearing components of the drive /ol ferritic material

Segmented rare earth
magnets

and pump, while a concentric rotary -
clutch remains virtually free of force yoment
with perfectly concentric structure. Y

Figure 3.2 illustrates the design
principle of both clutch types.

Figure 3.2 Synchronous clutches: - magnet — disc clutch —concentric
rotary clutch

Implementation and testing:

For research of the transferrable torque performed within the scope of this work, the disc clutch turned
out to be preferable due to its simple structure and the possibility to assess the torque as a function of the
magnet distance h. For use in axially arranged blood pumps, the disc coupling also has another benefit,
namely that the fluid gap is also level due to the simple parting disc, so that flushing of the axial gap can be
ensured by proper flow direction better than in a concentric rotary clutch.

For a four segment disc clutch with the arrangement according to Figure 3.2, the transferrable torque and
axial forces were measured as a function of the axial magnet distance h and the twisting angle between the
input and output magnet halves, and are presented in Figure 3.3 together with the minimum required
torque for transfer of 3W of mechanic capacity at the rotation speed of n = 30,000 turns/min.
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Figure 3.3a: Axial force of a magnet Figure 3.3b: Torque transfer of a magnet

disc clutch with a diameter of 5.8 mm disc clutch with a diameter of 5.8 mm

Assessment:

The clutch measured in this case with the diameter of 5.8 mm, and 6.0 mm long including the air gap and
partition disc, can transfer according to the performed measurements at the realistic magnet distance of h
~0.7 mm - 0.9 mm the minimum required torque with the security of s=2.4. This demonstrates the

principal function of a magnetic clutch in the available space.

3.1.2 Bearingsin blood

Concept:

To implement a pump with a physically separate input part, it is necessary to provide a rotor bearing in
blood similarly to Figure 3.1, since an additional encapsulated bearing is unacceptable due to its
dimensions and the required additional friction. According to the explanations provided in Chapter 11.1 on
blood induced bearing breakdown due to high local temperatures, implementation of bearings, whose
concept involves blood passage through narrow gaps, must be accompanied by effective heat removal.
There may also not be any obvious bearing gaps, which would allow a thrombus growing inside the bearing
to grow into the flow channel. Based on the experience with the rotary blood pumps developed in the
Helmholtz institute for chronic heart support, an initial thrombus growth can be diminishing, if the
thrombus in the border area is deprived of chemically active substances due to high flow speeds, so that
thrombocytes are not accumulated any longer. This can be done by a roller trace bearing /Westphal 1994/,
as well as the plain bearing versions presented in Figure 3.4 and based on mixed friction.

In both cases, the smooth transfer between the rotating and stationary part ensures that no significant
thrombus can grow from the gap into the blood flow, provided there is sufficient surrounding flow.
Besides, the rotating bearing diameter is chosen in both design examples as little as possible, in order to
keep the relative speed and the associated dissipation in the bearing at a low level. For the inner plain
bearing of version b, this results in a separate sealing gap on the shaft circumference, in order to minimize
the hemline towards the blood flow. This sealing gap is also very low, in order to keep low the induced
additional friction and blood shearing.
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Testing and assessment:

Extensive research of rotary blood pumps, which are developed for
chronic organ perfusion at the Helmholtz institute, is currently

conducted in connection with the whole area of bearings in blood.
The experience with the implemented bearings make it clear that all

bearing versions, which come into immediate contact with blood,

demonstrate high thrombogenicity.

3.1.3 Pump concept with an integrated magnetic clutch Rr(])t?try stationary
b >ha bearing bush!
The description of the pump concepts presented below is provided as s

a review with a short system assessment.

Concept I: Version with maximum distance of rotor bearing /Rosarius

1994/.

The pump unit for left heart support shown in Figure 3.5 has primarily
axial current, as all concept examples presented below, and the fluid S =

resulting from the drive located directly behind the blades, whose Figure 3.4: Plain bearing in blood flow
a: located externally

external diameter is the same as that of the pump unit, is drained )
. . b: located internally
diagonally through the rotating pump shaft (5).

The pump unit is spatially separated from the drive unit by a disc (14) made of bio compatible
thermoplastic or ceramics, so that the power transfer is performed magnetostatically by the already
described magnet disc clutch (13) from Figure 3.2. The infeed star wheel located axially and radially with
respect to the pump housing (2) consists of a central inlet funnel (1), which is centered to the pump
housing (8) over no more than three bridges (2). In the funnel, there is either a ball holder (3), if the bearing
is made as a full roller trace bearing, or the space for a radial plain bearing (4), as shown in Figure 3.4b. The
rotor (6) is connected to the pump shaft (5) in a torsion-resistant way, and is axially placed in such way that
a minimal axial clearance of the starting disc (17) can be chosen among the rotor (6), stator (7) and shaft
(5). The function of the starting discs is to minimize the back current between the stator and shaft against
the main flow with low frictional connection. The stator itself consists of a hollow hub with three blades
arrange on the top of it, and is fixed at the pump cover (8) over the frictional connection of the external
blade edges.
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Figure 3.5 Concept with maximum distance of rotor bearing

At the end of the back portion of the pump shaft (16), which expands radially, there is a pump side coupling
unit and the back part of the roller trace bearing (15) consisting of calotte in the parting disc (14) and a ball
connected with the shaft.

This form of the roller trace bearing did not work well during the testing, because either friction torque
between the ball and calotte was too high, with the respective axial pretension, or the centralizing effect
was too low with the low pretension, so that an occasional contact of the rotor blades with the pump
covering could not be prevented. A better option is the already described combined bearing of the roller
trace bearing and radial plain bearing, which does not require axial pretension. The axial force of the
magnets reduced by the axial thrust of the rotor is sufficient for the back centering of the ball in the
calotte.

The pump covering (8) is connected with the thin bridges (9) over the diagonal fluid discharger, and
through the ring-shaped end (10) with the drive housing (11), and centered to the latter. On the inner side
of the of the covering there is a fix with supporting edge to which the parting disc is both radially centered
and arranged level with the drive housing part.

Figure 3.5 illustrates a micro electromotor, which will be discussed in more detail in Chapter 4.2.2. We only
need to mention at this point the front bearing (12), which makes the axial force of the coupling magnets
be received directly in the center on the thin parting disc (14), so that specifically if thermoplastic materials
are used, the disc is not axially deformed by these forces as a membrane.
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The described concept is mechanically feasible in the version with combined bearing, but turns out to be
hydraulically ineffective. The star wheel located at the intake works as a cover, and results, with the
identical blading, in a significant 1.0 I/min capacity reduction compared to the pump version described
below, which does not require a star wheel.

Concept lI: Version with central plain bearing:

The concept presented here with a central stator plain bearing is based on Concept |, so that we will only
describe here significant differences.

The bearing of the rotor shaft (5) is
performed without an inlet ring
through a combination of a radial
plain bearing (16) located in the
stator, similarly to version b in
Figure 3.4, and an axial bearing
(15), which corresponds to a
deformed roller trace bearing
based on a ball running against an
even surface. This type of
combined bearing is based on the
use of the axial force in the drive
direction resulting from the
magnet attraction reduced by the
axial thrust of the rotor (6), so

that an axial drop is only required

in the area of the magnet disc
clutch (13). This form of bearing
guarantees a reliable centering of

the rotor shaft with low friction
losses, while compensation of the -
axial force inherent to the disc
clutches can still take place

directly in the center of the

parting disc (14).

If a central rotating coupling (18)

is alternatively integrated

according to Figure 3.6b, then the Figure 3.6: Concept with central plain bearing in stator:
axial drop in the coupling area becomes a: with disc clutch

unnecessary. Instead, the plain bearing (16) b: with central rotating coupling

centrally placed in the stator also serves as axial

bearing (17) on the coupling side in order to receive the axial thrust of the rotor (6). The central part of the
central rotating coupling (19) is located on the blood side due to the smaller rotating diameter and the
resulting lower shearing.
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Concept lll: Version with inverse plain bearing:

Since Concept Il presented in Figure 3.6
is based on a bearing located in stator, it
cannot be used in this form for a pump
without a stator. Figure 3.7 shows an
example of a similarly structured system
with inversely arranged bearing (20)
centrally located in the rotor (6). In this
embodiment, the coupling magnets (13)
and the parting disc (14) are spherically
curved on both sides, the center of the
curve being located in the roller trace
bearing (20). This ensures a constant
distance between the magnets with
additional magnetic centering of the
hanging and oscillating rotor based on
the axial magnet forces. To ensure

sufficient stability of the bearing shaft

(21), the latter is centrally located at the

back drive cover (22) and in the parting
disc (14). To this end, the drive must be
designed as a hollow shaft motor (23).

22 23 21 14 20

Figure 3.7: Concept with central plain bearing in rotor
3.2 Pump with through-shaft

The concept of a pump with a central shaft according to Figure 3.1 requires a dynamic seal of the drive part
against the flow of fluid. This can only be done with seals, which are compact and have a small dissipated
capacity Prriktion <1 W.

Below we will discuss various sealing concepts, their function and the choice of the concept of a pump with
a through-shaft.

3.2.1 Sealing concepts

The possible seals can be split into the categories of fluid and frictional connection seals. Fluid seals include
hydrodynamic and hydrostatic seals, as well as magnetic fluid seals. Compared to the frictional connection
seals, they do not have any dry friction, if properly dimensioned, and are consequently durable. Depending
upon the fluid viscosity, the dissipated capacity in the seal can be significantly lower that Periktion < 1 W.

3.2.1.1 Hydrodynamic capacity: Bladed Side

Since the seal may not leak, no labyrinth seals can
be used. The only possible system is the one with a
fluid-proof stop, as shown in Figure 3.8, in which
the disc moving with the shaft in a respective

-

iyt

Figure 3.8 Working princip| Ig mi
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compartment is bladed on one side. Radially increasing pressure can build up on the bladed side as the
result of centrifugal force, so that depending upon the rotation speed, the fluid pressure Pgit can be higher
that the pressure Ppympe inside the pump, and yet a fluid ring with the inner radius of Reuia forms on the
bladed side. A calculation of the seal capacity for a seal 4 mm in diameter, which is thus still can be
integrated in the vicinity of the hub of a micro axial pump stator, resulted in the maximum useful pressure
of APnut; = Paiut - Ppumpe = 13.16 kPa (100 mmHg) at the rotation speed of n = 30,000 turns/min in full bladed
cased with a loss capacity of Pyerust = 0.008 W /Trutnovsky 1981/. However, up to small rotation speeds, the
resulting pressure decreases over proportionally, so that physiological pressures can no longer be sealed in
this case.

Assessment:

In view of the fact that the dynamic seal must be, for safety reasons, combined with a further static seal, in
this case specifically for start-up of the pump, and that blood is unfit as sealing liquid due to its aggregation
tendency, this type of seal will not be pursued any further.

3.2.1.2 Hydrostatic seal:

In this type of seal, leaking sealing liquid is pumped through a narrow gap with high pressure into the
medium, which is to be sealed off. This form of active flushing can ensure that no blood gets into the
narrow gap in this case. This form of seal is known to work in micro axial pumps (see axial seal in
Hemopump system). The drawback here is that there must be an additional flushing liquid, which must be
forwarded into blood with targeted pressure. Furthermore, for the sealing function and minimization of the
flushing flow volume, the gap must be kept very narrow, which requires active pressing of the rotating and
stationary parts. This results in a complex design of the gap and high starting torque, which cannot be
provided at the time the pump starts by the micro motor, which needs to be integrated in this case.

3.2.1.3 Magnetic fluid seal:

Concept:

Another version of a fluid seal is a magnetic fluid seal /Ferrofluidics Corp; USPate. Re32573; Rosensweig
1985/ in conjunction with a small axial gap between the stator and rotor, as shown on the scheme in Figure
3.9.

Pole piece Gap Shaft
In this version, there are a centrally located d

magnet and a pole piece, in which a non-

ferrous stator housing is located in such

way, that the magnetic field lines are e S
always perpendicular to the shaft bridges. —— ' %

Along the field lines, in an about 10 um

wide gap, the colloidal magnet particles of

e p———

the magnetic fluid orientate and even _~~ Field Lines\“\

A —— .~
&= <

o 24 . .
S ¥ iMagnetm Fluid

remain in the magnetic field when there is

a pressure difference across the bridge. The
width capacity of each stage is estimated at

45 mmHg, so that an eight stage seal would

theoretically be able to withstand . Axially Magnetized
pressures of up to AP = 360 mmHg. Rare Earth-Magnet/_,

—— -

Figure 3.9 Scheme of a miniature magnetic fluid ]
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However, the experiments show that the maximum pressure capacity does not exceed 160 mmHg, which is
caused by the extremely small size of the seal, so that general calculations are only applicable to a limited
extent.

The narrow axial gap in Figure 3.9 between the stator and rotor affects rotation of the fluid in the gap due
to the rotation of the shaft and rotor according to the Stokes’ law, which causes build-up of radial pressure
of about 8+ 12 mmHg. In addition to this intended effect that the hydrodynamically functioning seal
creates a pressure difference between the inner and outer radius of the stator hub, and thereby relieves
the magnetic fluid seal, another effect is that the fluid exchange at the border surface between the
pumped medium and magnetic fluid is reduced, so that the sealing losses due to magnetic fluid erosion
with time are minimized.

Implementation and testing:

The concept of magnetic fluid seal was researched separately in a testing facility developed for this
purpose. In addition to the pure tightness, the capacity dissipated in the seal could also be measured.

The tightness research has clearly shown that the local mixed friction, as well as too high eccentricity in the
gap between the pole piece and grooved shaft must be absolutely avoided, since the magnetic fluid in both
cases is either mechanically wiped off or dynamically pumped away from the seal area based on
convergent gap. In this case, the seal gets visible leaky already upon short working time of about 5 minutes
and low pressures of up to 50 mmHg. Therefore, stringent requirements are imposed on the form and
location tolerances of the shaft with respect to the pole piece. The eccentricity must be no more than half
the width of the gap, which, in its turn, is limited to 10 um through 20 um for optimal tightness. If such
requirements are fulfilled, then tightness improves, but after a short time again starts leaking a mixture of
water and glycerin, due to the mixing of the magnetic fluid with the liquid, which is supposed to be sealed
off, i.e. blood or, in this case, water. The resulting emulsion build-up from sealing liquid and the medium,
which is to be sealed off, becomes more obvious with the increase of the eccentric position of the shaft
with respect to the pole piece. The resulting convergent and divergent gap results in fast mixing of the
sealing liquid with the medium, which is to be sealed off. This dilution results in gradual loss of the
magnetic qualities of the liquid vital for the sealing function. Finally, the cushion of the magnetic fluid can
no longer resist the pressure of the liquid, which is sealed off, and gets washed away.

Figure 3.10 shows the way to resist this dilution resulting

from the working principle; an additional cavity is created -

&

between the affected areas, from which stored magnetic [ {
fluid can be added to the sealing area, once the liquid is Figure 3.10 Shaft with cavity between the notches

washed away.

A further problem is the assembly and insertion of the magnetic fluid. When the shaft is inserted, the
notches filled with the magnetic fluid are pulled by the magnetized pole piece. It cannot be guaranteed in
this case that a portion of the fluid does not leave its designated position and become no longer available
for the sealing function. Therefore, each experiment must be preceded by sufficient start-up time for the
sealing fluid to settle in the magnetic field and excessive amount to exit the sealing area.

If in addition to that the whole notch area in Figure 3.10 is filled with the magnetic fluid, this causes
divergence and significant reduction of the magnetic field in the gap between the shaft and pole piece
related to the sealing. During the start-up time, excessive amounts of magnetic fluids are driven away from
the seal, so that afterwards the sealing liquid is not only placed in the proper location, but also available in
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an amount sufficient for proper sealing. However, this step becomes unnecessary if magnetizing of the
central ring magnet takes place upon installation, as it is usually done in the commercially available sealing
systems.

The magnetic fluid seals considered here were tested in the combination presented in Figure 3.11, with the
system consisting of a pump, sealing and bearing was operating in order to measure capacity, first
externally, and after that with an integrated drive. The latter version also went through a 6 hour in-vitro
blood experiment, in order to test the mixing propensity of blood at the phase boundary to the sealing
liguid. Based on the preliminary experiments, the seal consists of four sealing stages on each side of the
centrally arranged ring magnet, since each further stage linearly increases the maximum achievable seal

pressure. Bearing Pole piece Rotor

In order to slow down the mixing at the s

phase boundary, the seal is preceded by Ml X

an area, which minimizes on-going - —- - EDxri\.;?nantegrated £

mixing in the border area due to the - |

narrow gap between the sleeve and =——

shaft. The tightness experiments were

performed in a testing facility similar to Stator Magnet Positioning sleeve as
that shown in Figure 9.1a, and the design mixing barrier
operation point of the pump was fixed at n = 30,0000 Figure 3.11 integrated magnetic fluid seal

turns/minute at 100 mmHg. The mechanics of the
pump remains open to the external pressure through the back opening, so that the total pressure
difference of the pump concerns the seal.

The magnetic fluid on the basis of hydrocarbon by Ferrofluidics was used and resulted in the seal service
life of up to 90 minutes. The dissipated capacity in the seal was between 1.0 W and 1.5 W. Such a high loss
capacity results from a relatively high basic viscosity of the syrupy carrier fluid (n = 240 mPas at 40°C) and
viscosity increasing effect of the Lorentz force due to the ferromagnetic particles moving in the magnetic
field.

For safe operation, temperature of the sealing liquid must be verified due to high dissipation capacity;
according to the manufacturer’s instructions, its carrier fluid achieves steam pressure of one atmosphere at
150°C. Temperature of the sealing liquid can only be calculated. The following simplifying assumptions
have been made:

e the total dissipated capacity from dry friction and fluid shearing is transformed into heat in
magnetic field;

e heat loss through the shaft is negligibly small;

e the entire magnetic field has the same temperature;

o the temperature at the bottom of the pole piece corresponds to the magnetic field temperature;

e due to high convective heat loss resulting from the high flow speed, the entire pump stator has the
fluid temperature on its surface facing the pump;

o the entire heat is transferred through the pole piece, and not through the shaft as well, as it is
actually the case.

Therefore, the fluid temperature can be assessed from the equation for the heat flow:
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With the assumed boundary conditions of Pyerr= 2.5 W as a maximum value, A = Astani= 50 W/mK, and 9,=
25°C, as well as the geometric distances d1 =4 mm, d; = 2 mm and L = Lyoischuh = 4.8 mm, we arrive at the
temperature increase in the magnetic fluid of A Srerrofiia = 1.1°C. This temperature is below the critical
blood temperature of 42°C.

The maximum seal service time of up to 10 hours was produced by the experiments with a magnetic fluid
by NSK on the hydrocarbon basis, which has a clearly lower viscosity of the carrier fluid (n =~ 70 mPas at
40°C) even at stronger coercive field than the Ferrofluid produced by Ferrofluidics, which was used
afterwards, and a lower propensity to fluid mixing at phase boundary. Unfortunately, this result cannot be
reproduced at will with the available seal quality. Instead of that, the seal service time can vary from 30
minutes to the achieved 10 hours with identical protocol. The cause of failure has always been penetration,
sooner or later, of the sealed medium into the sealing liquid. For example, the pump cleared a 6 hour in
vitro blood test with constant motor capacity during the test, but when the facility was taken apart, there
was hardly any magnetic fluid in the seal area. Instead, it had already been largely substituted with blood.
An important cause of this repeated mixing is the production quality, which could not be achieved at the
lab scale. The required form and location tolerances in the area of < 1-2 um can only be achieved after the
assembly of the pole piece, magnets and the front sleeve together by a subsequent processing with jig
grinding for openings, since it allows to get rid of alignment errors and eccentricities.

Assessment:

It can now be established that a magnetic fluid seal can in principle be used for short term support.
However, it imposes very high production requirements, which are sometimes very difficult to implement.
In particular, in this case the used miniature ball bearings cannot be arranged on both sides of the seal, so
that the bearing clearance of 6 um typical in such cases causes eccentricity of 3 um already in the seal, and
of 6 pum at the end of the sleeve. This results in an eccentricity of the shaft to the pole piece, which is
already close to the upper limit. A further problem is poor reproducibility of the results, which are all based
on washing of the magnetic fluid away. In these cases, although most of the fluid gets inside the pump, a
small part of it also gets into the pumped medium. Although these amounts are in the area of 0.001 ml, if
this fluid is based on hydrocarbon, it can cause if not health problems, than at least certification issues.

3.2.1.4 Frictional connection seals:

Concept:

In all frictional connection seals, a pre-stressed sealing lip is frictionally connected to a counter surface. In
operation with sealing against fluid, this causes mixed friction in the concerned area, since some very small
penetration of fluid into the concerned area, be it due to capillary forces or micro grooving, cannot be
prevented. Due to the mixed friction, the loss capacity can be small, Pgrikion < 1 W, if the rotating diameters
are small, even with a seal of this type.

If deemed necessary due to significant thrombus development, radial shaft seals can also be operated
hydrostatically, since there already is a very narrow gap between the shaft and seal. The gas is flushed in
this case with an isotonic and biocompatible solution from inside to the outside. The electrolytic balance of
the flushing liquid is required in order to prevent penetration of pure blood into the gap due to osmotic
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pressure, and in order to ensure low leakage into blood. This type of seal implies that drive runs in the
flushing liquid, which is possible with a brushless synchronous motor described in Chapter 4.2.2.

Implementation and testing:

Of all the commercially available seal types in axial or radial form, most cannot be used because of the
materials they are made of or their available sizes.

Due to its large rotating diameter, the axial form causes relative speeds of up to 5 m/s, which is far beyond
the limit values of realistic friction combinations for operations that last hours or days.

Solely radial seals with very small rotating diameters of the PTFE or UHdPE basis can be considered for the
dynamic load due to the demonstrated biocompatibility. To this end, the profile of unfilled PTFE shown in
Figure 3.12 was tested against an unhardened, ferritic, non-rusting shaft.

The tested wiper shown in Figure 3.12 consists of a sealing element and a conic sealing lip. The dynamic
sealing is performed by a sealing lip in the radial sealing lip Sealing body
direction on the shaft, while a light press fit maintains a

rather surface than purely line contact due to the

elastic form of the lip.

With a rotating diameter of 2 mm, friction torque of

merely 0.3 Nmm was measured in water/glycerin,
which causes the friction capacity of Pverust = 0.94 W at
the rotation speed of n = 30,000 turns/minute. This

dynamic friction capacity is even slightly below the loss

capacity of a magnetic fluid seal. The sealing capacity

achievable in this manner was equal in the short term Figure 3.12 Radial shaft seal with thin lip
to up to 300 mmHg.

Operation during several hours caused leaking due to

visible shaft wear. The tests with assembly performed Notch M/
days in advance also showed early collapse of the seal Spring
due to relaxing qualities /Michaeli 1992/ of the seal

material. PTFE, as any other thermoplastic, causes Shaft

0

material relaxation under pretension. The pretension

resulting from the press fit between the shaft and \M

sealing lip is not counteracted by any external force, with T1

the exception of the tension resulting from the elastic = % S -

deformation of plastic. However, this tension gradually Figure 3.13: Radial shaft seal on PTEE basis
goes away due to the relaxation effect (tendency to with spring pretension
creep) in the plastic.

This process can be compensated by using a spring working in a radial direction. Figure 3.13 shows a
commercially available miniature radial shaft seal with integrated sealing lip pretension. Experiments with
this seal using a shaft covered with a thin layer in PVD process resulted in service times of up to many days.

There is an issue of sensitivity of such seal to misalignments resulting from rigidity of the sealing lip. This
prevents the system from compensating radial misalignment of the shaft to the seal. A slightly eccentric
position already causes significant increase in friction torque and early collapse of the seal, sometimes after
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several minutes. This problem can be solved by additionally using the seal as radial plain bearing. The
experiments demonstrated that the appearing radial forces can be accumulated without visible seal wear.
As the result of this structural modification, the service times of up to 7 days have been achieved, and the
only limitation was wear of the thin layer on the shaft.

Another issue with this type of seal is the initial static friction torque, which must be applied when micro
electric motor starts and can be very high, depending on the tolerances. If the fit between the shaft and
sealing ring is at the lower limit of the recommended tolerance range with an excess of only 10 um to 30
um, then the starting procedure is unproblematic and reproducible. Already upon an initial start-up time of
merely 30 seconds, the friction torque between the shaft and seal remains stable and low. A new start can
be repeated as necessary and does not affect the sealing capacity, as long as the shaft and sealing ring are
not manipulated manually with respect to each other in the course of a new assembly.

Assessment and summary:

The relatively simple design of frictional connection seal compared to all other discussed sealing options,
together with the achievable low frictional losses Perikiion < 1 W, makes it preferable for short time pump use
of up to several days.

3.2.2 Pump concept

Concept IV: Version with central
shaft:

Contrary to Concepts | to Il
presented so far, this concept is
based on direct force transfer
with a cental shaft with both
motor anchor and pump motor
attached to it. The following
picture shows the system in its
constructive form.

Bearing (24), whether floating or
fixed, is performed by a miniature

ball bearing, which is positioned

inside the structure using the CAD Graphics of a Pump with Ferric fluid seal

principle of space minimization

and highest possible bearing

distance. Important aspects of the

function of the drive and

integrated seal (25, 27) are

concentricity with allowed
eccentricity e < 8 um, which can
be achieved with the chosen

bearing.

Contrary to the previously

discussed concepts, there is no

Figure 3.14: Concept with a central shaft and seal
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further liquid gap between rotor and stator, except for the bearing clearance, in which pure blood could be
sheared and could agglomerate.

The flood at the inlet is directed axially without an inlet ring, and then similarly to the already presented
versions, with exit diagonally (26) through a stationary notch.

The embodiments presented in Figures 3.14a,b can be immediately converted into versions without a
stator by removing it. In such case, the pump cover (8) is no longer attached to stator (7) over frictional
connection, but similarly to the magnetic clutch versions, through bridges to the drive housing.

3.3 Concept comparison and choice

Finally, we provide a comparison in the table form of the discussed micro-axial pump concepts | through IV,
and choose a system fit for short time left heart support. The same criteria apply to an RV pump with

reverse flow direction.

Concept | Concept I Concept Il Concept IV
Blading:
- rotor + stator possible possible impossible possible
- rotor possible impossible possible possible
Right heart possible to limited
support possible extent possible possible

Flow guidance for
left heart support

with infeed star
wheel; diagonal

axial; diagonal
outflow over

axial; diagonal
outflow over

axial; diagonal
outflow over

outflow over rotary shaft rotary shaft diagonal notch
rotary shaft through slot in through slot in part
through slot in pump cover pump cover
pump cover
Fluid gap between rotor in the plain in inverse plain axial gap between
shaft and stator; bearing between bearing; in the rotor and stator
in the area of the | rotor shaft and area of the
magnetic clutch; stator; in the area | magnetic clutch
two pump of the magnetic
bearings clutch
Coupling magnetostatic magnetostatic magnetostatic none
Seal none none none see Chapter 3.2.1
Bearing:
- in blood 2 bearings 2 bearings 1 bearing 0 bearings
- in drive 2 bearings 2 bearings 2 bearings 2 bearings
Frictional losses medium: medium: medium: medium to high:
through fluid gap | through fluid gap | through fluid gap | through seal and
and four bearings | and four bearings | and three two bearings
bearings
Flow losses high: low: low: low:

through infeed
star wheel and
bridges in the
outlet; losses of
about 1.2 |/min
compared to IV

through bridges in
the outlet; losses
of about 0.2 I/min
compared to IV

through bridges in
the outlet; losses
of about 0.2 I/min
compared to IV

since there are no
additional flow
obstacles in the
channel

Thrombogenicity

very high:
through bearing in
the infeed star

high:
through bearing in
blood, high

medium:
through bearing in
blood, medium

medium:
through seal
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wheel, high
number of fluid
gaps

number of fluid
gaps

number of fluid
gaps

Duration of use:

(assessed)

- acute - 0 0 +

- medium - 0 + 0

- chronic - - + -

Complexity high medium medium high for (magnetic
fluid seal); low for
lip seal

Minimal design +10 mm +6 mm +6 mm size comparison:

length with micro | (infeed star wheel | (coupling) (coupling) minimal design

electric motor
with respect to
Version IV

and coupling)

length =32 mm as
a6 mm pump
without a stator

Table 2: Concept comparison

Summary:

Concept IV is the best option for short time use, since it is the shortest system in terms of design with the
highest hydraulic capacity and lowest complexity (lip seal).

For the following experiments with blading and the system in general, we will only use the lab sample
according to Concept IV, Figure 3.14b, with frictional connection miniature radial shaft seal according to

Figure 3.13.
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4. Drive concepts, design and testing

Before discussing the choice and design of a drive fit to be integrated into a micro-axial blood pump
under Concept IV from Chapter 3.2.2, we will present an assessment of the required capacity based on
the blading types available so far. Similarly to Chapters 7 through 12, we will only consider 6 mm drives,
whose results can be transferred onto the 5 and 7 mm systems.

4.1 Assessment of required capacity

To characterize the hydraulic power consumption of blading as a function of the rotation speed, we will
first present the capacity curve for the ideal case of congruent speed triangles in rotor with different
rotation speeds.

The principle of angular momentum says that the sum total of all torque interacting in the system in
question (in our case, rotor) with the flow is equal to the change of the angular momentum L, itself,
which lets us calculate the driving torque My:

fef2.f 5, s =constant

d
.ﬂ’!. - 3 ) n
« =% ff-h) - m-{rj-{;_ﬂ—r;-[.'.}

wd

g.=0 (for flow free of angular momentum)

. e orangu
= mer, e .

4wl (equation 4.1)

From the simplified requirement of rotation speed invariant congruent speed triangles, the following
approximation can be derived for the volume flow, respectively mass flow with respect to the conditions
in the design point:

r I »-constant
V= 'ir, F B

Foo ! X
p Withl: o = 7. . . . .
” be derived (already in the previous sentence for grammatical reasons)

(equation 4.2) _

Taking into account the flow angle a, constant for blade, we can calculate the required capacity Prt(n)
as:
j-ir.,r (ﬂ'-}__M. {1 _-—n:—-—'—?—.[(ii;'{_’l-_r: fi':1

n (r, =) otantey oz K
i) in{'az“l Ty (equation 4.3)
with K =3.8 Nmm for the rotor in question. This means that the required capacity increases cubically

with the rotation speed.

In a testing facility shown in Figure 9.1a, the blades identical for calculation purposes were tested with
respect to hydraulic and capacity aspect. Figure 4.1 shows the measured and calculated performance.
Both must be interpreted exclusive of the assumed mechanical loss of 0.5 W, which does not event
exceed the 0.5 W assumed for the 4 bearing version of the pump according to Concept |. The additional
capacity needed under Concept IV and caused by inclusion of frictional connection seals is disregarded
here.

If we compare the measurement with the calculated capacity need, we can see a good qualitative
correlation.
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Figure 4.1 Initial assessment of required capacity

Based on the results, a mechanic capacity of about 3W is required for operation of moderate blading at
the design point of n = 30,000 turns/min, which must at least be provided by the following drives in the
available space. Figures 9.3b-9.5b in Chapter 9.1.2 show that the required capacity can strongly exceed
these minimum requirements, depending upon the blading.

The minimum requirements to the drive of a 6 mm LV pump are listed below:

required drive capacity: Pmech >3 W

design rotation speed: n = 30,000 turns/min
maximum permitted external diameter: Damax £ 6.4 mm
maximum permissible length: Laxmax £ 20 mm

4.2 Drive concepts

If the mechanical energy transfer principle with flexible shaft and extra-corporeal drive of the
Hemopump concept is supposed to be substituted by an energy transformer in the immediate proximity
of the pump, then the available options are electromechanical and hydraulic-mechanical transformers.
Pneumatically driven systems are excluded due to the risk of air embolism, since otherwise system
pressures of up to 10 bars are required for intra-aortal balloon pumps for a pneumatically driven energy
transformer, so that even the smallest gaps cause large leaks into blood.

For the sake of providing an overview, the description of the drive systems considered in this work is
followed by the discussion of experiments and results.

4.2.1 Hydraulic drives

Contrary to an electromechanical transformer with its systematic problems of the size (about 6.4 mm in
diameter, 20 mm length) and heat loss that needs to be removed (Pveriust > 2 W), a hydraulic drive can be
more compact with theoretically the same output capacity /Backe 1988/, and has an inner cooling due
to energy transfer by incoming and outgoing working fluid. Besides, hydraulic motors allow for
determined leakage of the drive fluid, so that it is unnecessary to have a seal between the rotor and
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stator, if the working fluid is a water-based biocompatible solution, and leak into blood does not exceed
100 ml/h.

Requirements to a hydraulic drive concept:

In addition to the maximum permissible external diameter of 6.4 mm, the design length of the drive
should be significantly below 20 mm, so that the total system consisting of a pump and drive could be
better placed within about 25 mm. This limits the length of the hydraulic motor to about 10 to 15 mm.
Furthermore, the diameter of the hose through which the working fluid is added may not exceed 4 mm,
since otherwise the peripheral vessels through which the system is supposed to be introduced get too
narrow in the cross-section, which causes insufficient blood flow (ischemia) in the peripheral organs.
Depending upon the motor displacement, this results in very high pressure losses in the hydraulic
catheter of 4 bar at the assumed displacement of 0.6 |/min of the motor and a distance of 2 m for the
direct and reverse catheter lumen. The upper limit for system pressure was set at 10 bar, so that taking
into account a pressure reserve of 2 bar, the working pressure in the hydraulic motor is set at 4 bar.

Concept of hydraulic motor:

The stringent requirements with respect to the very small displacement, relatively high working
pressure and small dimensions leave us with just one motor according to the positive displacement
principle. Hydrodynamic systems with inherently high volume flows and low system pressures are
automatically dismissed /Karassik 1985/.

Various positive displacement principles for pistons, tooth and wings were researched for hydraulic
motor for feasibility /Backe 1988, Vetter 1990/. The only principle that looks realistic in production in
the given dimensions is the rotary slide motor. It consists of a further simplified, single-acting vane
motor with only two wings in the form of a rotary slide. The benefit of this structure is that the rotor and
slide structure is easier to produce than a version with multiple wings. The resulting pulsation is taken
into account.

3657 &°
Outlet area =~""Inlet area

/ ":,"" Outlet .77
/ ; /\ . e/

v

Working area

Figure 4.2 Scheme of rotary slide motor (fluid area is in white)

In order to keep the number of the required parts low and further simplify the production, the hydraulic
motor should only have one slide and no springs in order to reduce the radial leakage gap. The slide is
double-acting, and is pushed along the external contour of the working space eccentrically to the
rotation axe. The working fluid is added and removed axially through the system catheter on the back
side of the hydraulic motor, due to the limited external diameter.

The working principle of the motor is illustrated in Figure 4.2 and can be described as follows.
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The working liquid is brought into the back side of the hydraulic motor axially through the inlet tube,
and then forwarded in such way that it flows into the working space tangentially at the angle from 5° to
90°. The actual working area consists of a half-circle from 90° to 270°, in which the lever arm and,
correspondingly, the area affected by pressure change. Then the fluid is discharged tangentially at the
angle from 270° to 355°, and is again forwarded into the axial direction. Between 355° and 5° there is a
sealed area from the shaft/housing wall or slide/housing wall. This sealed area eliminates the by-pass
between the pressure and suction areas.

Figure 4.3 shows the inlet and outlet channels, in which the working fluid is forwarded into and out of
the working space, as described above, as smoothly as possible. Both channels shown as nets are
located in the front of the working space shown in Figure 4.2. The inlet and outlet pressure channels are
connected to the round openings.

Figure 4.3 CAD graphical net representation of the inlet and outlet flow channels

Testing and discussion:

3
= 300003 _4n
b
S 250003 T
c £ 3
§ g o —
= = 0
] g 15@3 ] - ul?1w
§ = 10000 3 33y 20
o 3
S
0 : - : - : :
4] 1 2 a 4 L B 7
System pressure at pressure ports [bar]
_m motor without load & motor under load
Figure 4.4 Capacity data of the most powerful 6.4 mm hydraulic motor

A special testing facility was developed for testing of hydraulic motor, which can be connected to the
micro-axial testing facility according to Figure 9.1a. This way we can measure the hydraulic capacity,
which is received by the hydraulic motor, as well as its capacity loss indirectly through the hydraulic
diagram, which has already been built elsewhere for the integrated blading. The achievable rotation
speed with and without load for the so far most powerful hydraulic motor is shown in Figure 4.4 as a
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function of the system pressure at pressure ports of the motor. The maximum achievable capacity so far
of P =1.02 W at the rotation speed of n = 21,270 turns/min is much lower than the minimal required
capacity. This comes as the result of high internal leakages in motor between the high and low pressure
sides.

According to the calculations, the front gap height between the rotary slide and housing must be < 5
pum, and between the shaft and slide < 10 um, in order to minimize the leaks, which cannot be
implemented with the available manufacturing methods. For this reason, and in view of the fact that
production at a later time point is always hardly possible within the required tolerances, the
development of a usable hydraulic drive did not go beyond a pure study of options, despite the small
size of the total system consisting of a pump and drive.

Figure 4.5 compares the smallest hydraulic motor with a pump and a hydraulically comparable micro
electromotor version.

U ;1m:[.m[y.'ll;nmf;uuun!r’m( |ﬁT|T\

/

12

Figure 4.5 Pump with hydraulic motor, 6.4 mm in diameter, compared to a 6.4 mm pump with

micro electromotor
4.2.2 Electrical drives

Electrical machines are electromechanical energy transformers. They use the force exercised by
electromagnetic fields on moving charge carriers /Skudelny 1989/.

Requirements to an electromechanical drive concept:

Without getting into details of the functioning and differences between electromagnetic energy
transformers in the form of synchronous, asynchronous and direct current machines, the energy
transformer principles can be roughly filtered based on requirements to the system. They cover:

e simple structure: windings must be feasible;

e minimum dimensions: elongated form with the length to diameter ratio of 3:1;
¢ high rotation speed: if at all possible, no windings in rotor;

e highest possible power density;

e simple regulation of rotation speed and torque;

e solid structure: no mechanical commutation.

Concept description of a usable electromechanical drive concept:

Asynchronous machines must be disregarded, in particular, due to their size, and classic direct current
machines due to the mechanical commutation. A viable option is an electronically commutated
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synchronous machine, which is also known as brushless direct current motor. Stationary windings are
located in the motor stator, in which magnetic field circulates according to the respective wiring. This
magnetic field is followed by a rotating magnet rigidly connected to the drive shaft, while the angle
between the magnet field of the winding and that of the magnet, similarly to the synchronous machine,
cannot exceed a particular value, because otherwise the motion of the drive is disturbed.

The transmittable torque M of a conductor loop of the length | affected by the current |, which is located
at the angle ¢ to induction B and radius r to the rotation center, can be calculatedasM=2-r-1-B-1-
sin . Due to the action and reaction principle, it does not matter, whether the winding or the magnet
rotates.

Figure 4.6 Principle of functioning and connection of a three phase synchronous machine /Stemme
1994/

Figure 4.6 illustrates the principle of functioning of a complete three phase drive with a diametrically
magnetized, two pole magnet. Two of three phases of the stator winding are under current, according
to the illustration, each current direction being shown by an arrow. The appearing stator field now
depends on the current direction and current strength I. Due to the interconnection between the stator
magnetic field and that of the permanent magnet, the magnet orientates and tries to follow the stator
field, even against the external torque M. The presented stator configuration can generate 6 stator
fields, so that the resulting magnet field has a spatial dissipation of 60°. Figure 4.7 illustrates a block
commutation which corresponds to the three currents in Figure 4.6. To better identify the pulse width
modulation, the applicable current curve is shown for I, in dotted line.

AN R _Pulse width modulation HEy

T

0 173n 2/3n m 473w Y n

Figure 4.7 Phase current of a three phase synchronous machine
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Knowledge of the relative angle position of the permanent magnetic rotor is a prerequisite for the
additional current at proper time, as shown in Figure 4.7. With the required size, the position of the
circulating magnet can no longer be identified with a Hall sensor. Instead, the induced voltage is
measured in the winding, which is not part of the field structure and short circuited in a high resistance
manner for measuring. The current position of the magnet can be identified from the time curve and, in
this particular case, zero penetration of voltage in this winding. If too large an angle is detected between
the magnetic field and the winding, then current in the windings affected by the field can be increased
to obtain a constant rotation speed. This is performed by pulse width adjustment, similarly to Figure 4.7.
Once the pulse width corresponds to the total phase length, the current is increased by increasing the
phase voltage up to the impressed current limit, which serves as winding protection.

Creation of an electronically commutated synchronous machine:

As we are about to develop an electrical motor fit to operate a pump unit, we must mention that a
motor with the required power density is not commercially available.

Under these conditions, a motor was designed in cooperation with the Department of Electrical
Engineering of Eindhoven University and Kinetron. According to the datasheet, it was supposed to
accumulate electrical power of about 3 W and provide mechanical capacity of about 1 to 1.5 W, which is
far below the required capacity.

A new design of an electronically commutated DC motor by Prof. Jufer of the Ecole Polytechnique
Federale de Lausanne provided the capacity within the range provided in Chapter 4.1, so that a first
motor could be developed and produced in cooperation with ETEL S.A of Motiers, Switzerland.

Figure 4.8 illustrates a produced toothless lab drive, showing all further developments of an 8.00, 6.4
and 5.4 drive.

1 = non-magnetic motor covering of titan with functional interface for pump stator and cap
2 = mostly hysteresis free, magnetic closed circuit of multiple Co-Fe discs
3 = 3 copper windings with rotating magnet field

4 = diametrically magnetized rare earth permanent magnet adjusted to the winding with an air gap of
about 0.1 mm

5 = ferritic, non-corroding shaft glued to the magnet

2 34 5

Motor cables

Figure 4.8 Micro electromotor
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The drive consists of a titan motor housing (1) with a magnetic closed circuit consisting of multiple Co-Fe
soft iron discs (2) glued inside it. Three axial windings (3) made of 0.1 mm thick, hexagonally formed
copper wire are glued inside, similarly to Figure 4.6. The diametrically magnetized permanent magnet
(4), which is fixed to the drive shaft (5), is positioned with an air gap of 0.1 mm to the stationary
winding.

When the lab drive was constructed, it was ensured that the structure is modular to make sure that all
functional parts of any pump version can be integrated. Therefore, threads and fits were integrated into
the motor covering, which increase the external diameter from 6.5 mm to 8.5 mm for the magnetic
closed circuit. The motor cables come on the side of the motor housing. It is first in the final version that
the motor cables go in the housing directly to the guiding catheter, by-passing the back bearing.

Testing of the first lab drives of an electronically commutated synchronous machine

The laboratory drive shown in Figure 4.8 was researched in detail in combination with the chosen
blading. It was verified to which extent the motor with its capacity is able to operate the chosen blading
at the design point and, possibly, beyond it.

Furthermore, it was demonstrated theoretically and experimentally that the measured surface
temperature does not exceed the maximum permissible temperature of 42°C.

Contrary to the first assumptions of electrical efficiency of up to 75%, the constructed motors had
electrical efficiency of < 55%, which was caused by both high losses of copper due to strong currents and
the principal type of winding. A rhombic winding, nominally with efficiency up to 20% higher, could not
be constructed for technical reasons.

It could not be determined at this point whether and to which extent this form of winding is better than
the axial winding, since the nominal benefit of a rhombic winding in the force flow comes at the cost of
extensive winding at the ends with respectively high losses of copper. Therefore, it is quite possible that
the effects compensate each other.

e Assessment of maximum possible heat loss through the motor surface:

Due to extremely capacity requirements to the micro motors with the actual electrical efficiency staying
< 55%, there are non-negligible power losses of copper and iron. These power losses of up to 12 W can
only go into the carrying medium, i.e. blood, at diffusive heat transport is insufficient due to the amount
of power that needs to be removed. In this case, due to the active overflow of the shaft through the
pump, we have forced convection, where inertia and friction forces are much higher than the lifting
force caused by temperature change. Therefore, the Nusselt number required to identify the heat
transfer coefficient o only depends upon the Reynolds and Prandt numbers /Renz 1990; VDI Warmeatlas
[Heat Atlas] 1994/.

According to the results of the current visibility described in Chapter 7.4.2 and assessment of Figures
7.31-7.32, the middle axial fluid speed along the winding length, which is about 20 mm for all the
motors, could be identified as Vereistrani=1.0 m/s at design conditions.

For the estimate of the maximum removable heat amount, the moto surface can be treated as an even
surface due to the direct flow and the border layer thickness being small compared to the motor
diameter. The permissible surface temperature of the motor is limited to 42°C, so that at the normal
body temperature a temperature difference of A% = 5K can be utilized.
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Below we will calculate to this case a laminar heat transfer based on middle axial open jet speed, and a
turbulent heat transfer, which is based on the initial axial outflow speed Vapstrom=2.76 m/s.

Therefore, it can be assumed for approximation purposes that the actual heat transfer takes place
within the interval from 9.2 W to 17.0 W determined by it.

Based on this assessment of heat, which needs to be removed, which assessment was well supported by
the measurement results presented below, it can be assumed that the surface temperature of the shaft

itself remains uncritical even with the maximum heat transfer of about 12 W.
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e Measurement of the surface temperature:

The power density required in the shaft to operate the chosen blading can only be achieved by high
convective heat transport to the blood surrounding the motor.

When motor is operated in the air with the respective power loss, the motor very quickly exceeds the
permissible winding temperature of 60°C. This is caused by the low electrical efficiency compared to

large motors and too high mechanic power loss.
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Mechanical power [W]
-+— Electrical efficiency of a 6.5 mm motor stator
Figure 4.9 Simulated efficiency (Jufer/ETEL) at n=30,000 turns/min extrapolated to 6.4 W

Figure 4.9 show the electrical efficiency of a lab shaft at the design rotation speed of n=30,000
turns/min as a function of provided mechanical power. Until the provided power of Pmech = 3.6 W, the
efficiency is calculated and extrapolated to a comfortably measurable maximum value.

A power loss of 1.7 W to 11.7 W must therefore be expected in the respective power range, which must
be completely transferred to blood with the surface temperature being limited to 42°C.

Upon the performed assessment of the expected surface temperature and the maximum removable
heat power, we will now verify and validate the electromechanical shaft concept experimentally /Siess
1995/.

To this end, the initially constructed drive was integrated into a plexiglass tube, which has a diameter of
24 mm similar to that of an average aorta, according to Figures 7.31 and 7.32, together with the blading
chosen when the motor capacity was identified.

The choice of an amorphous polymer is beneficial due to the available transparency, so that the outflow
behavior described in Chapter 7.4.2 can be researched. Besides, the heat conductivity is low in
comparison to other materials. Therefore, the measurements of the surface temperature during the
contact of motor with the tube in the contact area result in the highest possible temperatures.
Compared to tissue with flow of blood, this provides rather an over- than under-estimate of the
temperature, which makes this estimate even more reliable.

On the suction side, the pump is axially fixed and hydraulically sealed through a flexible seal, similarly to
a native heart valve. To measure the surface temperature, the position can be chosen centrally in the
tube or linearly next to the tube. In the critical areas on the motor cover, thermic elements made of
copper-constantan wire, 0.1 mm in diameter are positioned and fixed with heat conducting paste and a
thin rubber ring. The latter isolates the measurement point from the surroundings, so that the surface
temperature is measured, and not that of the surroundings. The temperature was measured on the so-
called hotspots, which include the center of the motor winding as the center of the heat source
(position 1) and the end of the winding (position 2) with the thickest temperature border layers due to
their length.

Figures 4.10 through 4.12 illustrate the temperature curves for the operating states, which are deemed
relevant. They include operating the pump at nominal rotation speed in central and eccentric positions,
and in the latter case the temperature measurement is performed exactly in linear contact between the
motor housing and the tube.
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Figure 4.10 Temperature increase during central operation Figure 4.10 Temperature increase during wall contact and
at n =30,000 turns/min operation at n = 30,000 turns/min

The operation was again conducted at the nominal rotation speed in order to identify the worst possible
operating state of the pump in this position; however, the inlet was occluded and the heating was
measured at strongly reduced convection. The measurements demonstrate that the temperature
achieves the new stable operating state within several seconds (about 4 seconds) of the motor start, if
the pump is operated normally. A simple curve can also be seen in Figure 4.12, where a quasi-stationary
temperature is achieved immediately following the full occlusion, with the temperature slightly rising
afterwards, only as the result of the fluid heating in the measuring space, until the equilibrium of heat
added through the motor and that removed through the heat conductor to the surroundings is also
achieved here after about 240 seconds.

Based on these measurements, the heating of the motor surface during the operation of the initially
constructed pump remains far below the limit values, and the power loss is assessed to be 2-3 W.
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Figure 4.12 Temperature increase during full occlusion
of the pump and operation at n = 30,000 turns/min

A comparable experiment was again conducted upon successful capacity increase of the motor in order
to ensure that the motor can produce the maximum required capacity, at least for a short period of
time, without causing critical temperatures. For this purpose, the blading from Figure 9.5a-c was
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integrated, and the motor was operated at the upper limit of capacity. At the released mechanical
power of 6.5 W, this resulted in the heat power of 11.5 W, which had to be released into the fluid. The
temperature increase, which could now be measured, depending upon the arrangement of the thermic
element, equaled Av = 2K — 2.8K, so that even under such extreme full load conditions the surface
temperature stayed < 40°C, if the patient had a normal body temperature of 37°C. However, in such
case a full occlusion of the pump would certainly need to be avoided, since otherwise temperatures are
likely to get too high. The way to avoid such imaginable and unfavorable operating condition is
discussed in Chapter 10.4.

e Achievable power density:

Based on the blading described below in Chapter 9.1.2 for a 6 mm LV pump, we will consider the power
characteristic of the 8.5 mm lab drive and the 6.4 mm in vivo drive developed and thoroughly tested for
our case.

It is impossible to describe the drive regardless of the respective blading in absence of the respective
testing facility, which could sense torque of up to 0.1 Nmm at the rotation speed of up to n = 40,000
turns/min. It is only possible to measure the power indirectly by operating blading specifically for the
required capacity over the motor, and this way reporting the limit rotation speed up to which the
respective blading can be operated.

Figure 4.13 shows the required power for the rotation speed of the blading described in Chapter 9.1.2
and Pictures 9.3a-c through 9.5a-c. This blading characterized by its middle rotor exit angle B2[°] covers
the relevant power range.

While the blading with B,= 44.2° marks the lower limit of the required power, B,= 94.5° marks the upper
limit. If we compare these curves with the initially calculated power curve of an 8.5 mm motor, it
becomes obvious that even disregarding the bearing and seal induced losses, the blading with B,= 54.2°
can only be operated barely above the design rotation speed of n = 30,000 turns/min. The required
motor power is only achieved when the permissible motor current is increased to lpnase = 0.9 A, which
makes it possible to cover the relevant power range, which covers a rotation safety of about 5,000
turns/min above the design rotation speed.
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Figure 4.13 Comparison of power consumption to motor power output for a 6.5 mm stator (= 8.5 mm
motor)

However, here the motor goes, as shown in Figure 4.14, into an early saturation stage, so that a rotation
speed proportional to the control voltage can no longer be achieved. The provided curves show the
motor characteristics prior to the increase of the current limit from the original 0.6 A to 0.9 A, since the
saturation area is easier recognizable in this range.

The rotation speed cannot be regulated with the sensorless control beyond the control voltage
respectively proportional to the rotation speed, since the motor is already subject to current limitation.
Rotation speed can only be increased beyond that point by progressive increase of control voltage, so
that no constant rotation speed independent of load can be guaranteed here. It is rather necessary to
regulate control voltage separately to achieve the required rotation speed.
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As further illustrated in Figure 4.13, the extreme blading with B,= 94.5°ccan also only be operated barely
above its design rotation point in the power adjusted motor version, so that there is no more reserve for
additional friction losses in the mechanical parts or short time increases of hydraulic capacity.

While it is impossible to further increase the motor power by increasing voltage due to the limit values
for implantable systems, the current can also not be reasonably increased beyond the already obtained
motor currents, since the current density already goes up to 70 A/mm?2. A further increase merely

causes copper losses and no actual capacity increase.

To summarize the above said, the power with the maximum power density of pmecn= 10 W/ml achievable
here for a 6.5 mm motor stator can be taken as the measure of what is currently technically realistic.
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Figure 4.14 Functional connection of control voltage and rotation speed depending upon last for a 6.5

mm stator

Assessment:

The drive capacity, which can be achieved with the 6.5 mm motor stator of the first lab drive, is
sufficient to operate all blading options at the design point without achieving physiologically critical

surface temperatures.

Therefore, the electronically commutated miniature synchronous machine researched above is fit to be
integrated into Concept IV of a micro-axial pump presented in Chapter 3.
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Chapter 5. Fluid mechanics design

In Chapter 5 we will present a procedure for design of smallest axial pumps. This procedure proved itself
for blading diameter of 6.0 mm. The underlying system of actions will then be described in detail, so that
it can be used as a basis for further design of smallest pumps in medium viscous fluids (n: 3.0 — 4.0 mPa).

5.1 General considerations on the working principle of hydrodynamic pumps

Chapters 5.4 through 5.9 will describe the principle of the design procedure for an axial cascade
according to the relevant parameters chosen according to the indications; at this point we will consider
the working principle of rotary pumps based on simple considerations to answer the question why a
rotary pumps or can build up pressure.

Based on one-dimensional theory for an adiabatic and non-stator stage, there is an achievable pressure
difference Ap in the impeller /Gallus 1992/:

- 2 2 2 axial impeller
radial impeller j '/I.‘,' —ul w? —w A !

I" W Z —w 2
51rj|'_;,||.=_|'.-~:|.d' = p'?}l| £ - T or '&I‘J.’.uufra:’ = pn, 1 2 :
.2 2 ) | 2

Already this simple description, taking into account hydraulic limits for delay from w1 to w,, makes it
clear that the radial impellers can build up a much higher pressure than axial impellers due to the
different peripheral speeds of the impeller from the entrance u; to the exit u,.

The following description illustrates an example of the working principle of rotary pump beyond the
generally accepted theories. If we assume, for the sake of simplification, that a radial impeller is located
in a centrifugal pump housing with an externally located ring diffusor, which impeller is under
centrifugal flow, and fluid accelerates from the central entrance up to the exist located at periphery,
without spills and in the periphery direction, then for blades with a radial exit angle the fluid has angular
momentum at the time it leaves the impeller, which corresponds to its local peripheral speed. From the
inside of the impeller and up to the external area, the fluid goes through a spiral-formed path, which
approximates in its radial movement a circle at the time of exit, provided there was a sufficient number
of rounds. The very fact that the fluid is kept in a circular path causes a radial pressure increase in the
impeller of prarad(r) = p/2-c,%(r). If we additionally assume that the angular momentum c, in diffusor is
completely transferred into a static pressure increase poirusor = p/2-c*(R), then a radial blood pump with
the peripheral speed at the impeller exit of c,= 10 m/s can build up a maximum pressure with closed exit
of

; here
= p-c, (R) = 1,058-10° Pa (804mmHg)

pm;-_-g = F.n'ﬂu."md’ + Pﬂt_ﬂiﬁnr

In a purely axial pump with a radial flow, this radial aspect is lacking entirely, so that the working
principle of an axial rotor must be described differently. We can use here a very simplified assumption
that the axial grid of the impeller is a moving inclined plane. Depending upon the given radius r of the
cylinder cover surface, on which the fluid should ideally be located, the inclined plane moves at constant
angle speed of the rotor with a peripheral speed ¢y-kontur = Wrotor'r. FUrthermore, if the angle B1 in
equation 5.15b of the inclined plane is chosen in such way that the fluid particle dm smoothly enters
into the affected area of the plane, then the particle will pass the affected area of the plain without
interactions in absence of friction and delay. In this perfect case the fluid particle is neither affected by
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angular momentum, nor is the pressure built up between the entrance and exit. This case describes an
ideal inducer, whose progress corresponds to a line or an inclined plain due to the constant blade angle.

If we now modify the inclined plane in its form so that the fluid particle still enters the affected area
without interactions, but the entrance angle B: of the plane is continuously transformed in the axial
direction into the rotor exit angle B,, then due to the inertia even in absence of friction the particle is
affected by the acceleration force, which has an axial and tangential component according to Figure 5.1.
Furthermore, if in the first approximation the axial speed of the particle between entrance and exit is
kept constant, this causes pressure increase in rotor. At the same time, the fluid is affected by angular
momentum, which, in its turn, can be transferred into a further pressure increase in the next stator,

with minimal loss.

Below we will calculate the pressure increase and angular momentum impact generated in the rotor in
absence of friction and leaks, with ideally simplified flow, on an example of a 6 mm rotor (see Chapters
7-8). To this end we will use the linear enthalpy distribution described with respect to production, based
on Chapter 6, for which the rotor entrance angle is linearly transformed into the exit angle with mostly
constant curvature according to equation 6.1. The given constant curvature implies a uniform
movement of a particle with constant acceleration at a right angle to the contour, provided the particle

path is congruent for blades.

<
U

Rotor entrance | |

Figure 5.1 Axial grid of the rotor as “moving curved plane”

Correspondingly, in each point S the particle with the mass dm is affected by the forces dF.x and dF, due
to the existing acceleration in the ax and u directions a.x, a,. The movement equations of the particle in
the ax and u directions can be formulated as follows.

In ax direction: In u direction:
here here
8., = rmat CDS(;H_.;,E_.! ) =constant a,=a_ " sin(ﬁ_,ﬂhﬂ} = constant
€, =@, 1+c, (= Entrance speed ) ¢, =a, t+c,,(=0; flow free of angular momentum)
[#] - 2 =l . ﬂ-“ 3 i
S = ZL'I FCap T+ 559(=0) 5, = 5 BT g 145, (50)
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Since a. and a, depend upon the local angle Biokal = B(t), the movement equations are solved in discrete
steps:

O opimng * CO8 J{}U:}' )
2

Ay - ST BUE)
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s (ty)= (., —1) +c ()@, 1)
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The local blade angle required here can be calculated for the particle movement congruent for blades at
a local point S with Sa(At) and Sy(At), where the latter movement must be considered with respect to S,
Kontur(At):

8 (b ) = 5, ()
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A particle movement congruent for blades only exists when the local angle Biokal Of the particle trace
corresponds to the local contour angle Bxontur at identical ax coordinate. Below is the iteration in the ax
direction for each discrete time value.
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The iteration is performed until the local blade angle corresponds to the particle trace at the identical
time step with the absolute accuracy < 0.0002.

In a calculation example considered here in detail, an operating point thoroughly documented in
Chapters 7 and 8 of a 6 mm rotor with V = 3.1 |/min and n = 30,000 turns/min is considered, at which
point in the immediate vicinity of the wall the entrance speed of the fluid at c.xo= 2.06 m/s and the exit
speed according to Figure 8.2 at cax>= 4 m/s and c,>= 2.1 m/s are calculated. The blade construction
angle B1=15.1% and B,=37.2°together with the grid length L = 4.2 mm and the rotating diameter D = 5.8
mm, which results in the contour speed in peripheral direction of cukontur = 9.1 m/s, describe this blading
to the extent required in at this point. Figure 5.2a demonstrates for this case, with time discretion of At
= 0.0005 s between single support points, the speed as a function of current direction, as well as in
Figure 5.2b the development of the curved plane together with the contour conform path curve of the
particle from the view of a stationary and moving observer.
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To obtain the required speed and angle, an acceleration of 800 g acting along the normal is required. To
obtain the required exit speed ca.x2= 4 m/s, the acceleration affecting the particle in the axial direction is
reduced by the acceleration designated as aax-verzsgerung. This delay portion causes increasing pressure
Apax in the axial flow direction, which can be calculated from the movement equation as follows:

- — St = T S T

dFM = dm I,

ar-Versdperung 2 A- dl - & —{fﬁui

.11‘—}'{;;5:‘;.-,“.15 : dp.rr =

4."‘_'&0 =P, - el -_ﬂ_ a r hisr
=P =P =P ag g . [dL=p. 1
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This pressure increase in rotor calculated for friction free and ideal flow process is quite realistic,
considering the actual pressure increase with all the losses according to Chapter 9.2.2.

Based on the above described observations, it becomes clear, similarly to the one-dimensional theory
for adiabatic and no-stator stage, that an axial grid can build up a much smaller pressure than a radial
grid at comparable peripheral speeds. A mixed flow grid, through which the flow can go diagonally, is
located between these two options.

5.2 General considerations on blade design and description of the system of actions

To provide blading for all pump versions constructed in the course of this work, we have chosen a one-
stage design, since it has a much lower hemolysis than the respective multi-stage version can be
expected to have due to very short areas of high shearing stress and small blading surface. The trade-off
is that a one-stage design can build up much lower pressures than a comparable multi-stage design,
which is primarily applicable to the left ventricular systems.
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This inherent drawback can be compensated by designing the rotor as a half-diagonal grid and
additionally increasing the operating rotation speed. Due to the half-diagonal design of the left
ventricular rotors with diagonal hub and constant external diameter, the medium rotating diameter
increases between the entrance and exit, which in itself creates additional pressure increase compared
to a purely axial impeller /Gallus 1992/.

Despite the high speeds resulting from the high rotation speed of the blading edges, and the respective
shearing stress, the hemolysis rate can be contained in tolerable range. This comes mostly as the result
of the extremely short time t = 0.003 s that pure blood stays in the area of high shearing stress.

The geometry of the rotors is based on the targeted benchmarks at the design point according to
Chapter 5.3. Despite this stringent capacity requirement, which applies to all pump options, the
resulting grid load in the rotors may not cause any detachment on the blading due to high counter

Ill

pressure, as the “rotating stall”, as well as cavitation on the blading tips.

To implement a pressure difference of, say, 100 mmHg and a curve stable against counter pressure,
more than three blades seem to be required on the perimeter of the hub. However, the experience
shows that already two to three blades provide a good balance for flow control and dragging friction
losses within the micro-axial pumps in question at n: 3.0 — 4.0 mPa at 37°C in relatively high viscous fluid
compared to water with n: 1.0 mPa at room temperature.

For these reasons, the stator in the LV pump has three blades and a pure axial flow. Its design length is
relatively big, in order to ensure outflow with as little angular momentum as possible and a maximum
pressure increase.

The channel flow in the hydraulic turbo machines in question is incompressible, affected by friction, not
stationary, periodic and turbulent. Since at this point there is no final and generally accepted theory for
calculation of turbulence, we will not consider this in detail. Turbulence and viscosity effect, and the
resulting border layers can only be assessed qualitatively due to the lack of basis for design of turbo
machines in the size in question on the basis of the known border layer theories.

The flow diagram presented in Figure 5.3 below illustrates the principle of actions in the course of
design /Gallus 1989, 1992; Krause 1988; Schlichting 1965; Truckenbrodt 1980/.

The design of flow mechanics in provided in Chapter 5 on the example of one-stage pumps with and
without stator, and will be performed corresponding to the flow diagram in Figure 5.3. The back arrows
show iterative actions, i.e. if the result of a calculation step turns out to be unsatisfactory, then the
respective steps must be repeated.

The following design process proved itself for one-stage grids with nominally axial flow with the
diameters of 4.8 mm through 7.2 mm.

Medical requirements See:
(Ap, V, Da) Chapter 5.3
Loss assessment
(constructive draft, Re) Chapter 5.4

Assessment of the optimum rotation
speed (y, 6ym, Cordier diagram, owm, n) Chapter 5.5
Determination of the hub diameter
control (channel geometry, axial Chapter 5.7
acceleration - Di(z))
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Calculation of the rotor entry angle
taking into account the border layer
effect Chapter 5.6
Required specific blade work
(efficiency factor assessment based on Chapter 5.8.1
experimental data)
Choice of proper angular momentum
distribution cy(r) Chapter 5.8.3
Method of the radial balance taking Chapter 5.8.2
into account the border layer effect in
meridian flow direction and continuity Chapter 5.8.4
equation - radial distribution of the Chapter 5.8.5
flow values cs, ws, as, B3
(manufacturing problems, flow
process)
Repeated calculation of the total
specific blade work (Ah integrated
over the mass flow for capacity Chapter 5.8.6
control taking into account the
experimentally reported efficiency

rate n)
Rotor blade geometry Chapter 5.8.7
(angle excess, a, B, t)
Guiding blade geometry (a) Chapter 5.9

Figure 5.3 Principle of actions in design of flow mechanics

Since the stator and no-stator designs of a one-stage pump with axial flow are treated according to the
same theoretical assumptions, the calculation can also be performed in a largely similar way. Only the
calculation of the hub diameter and stator is performed solely for the pumps designed for the left
ventricular support. In the right ventricular case a stator is in principle unnecessary due to the low
delivery head. The hub of the rotor is designed here in a purely axial way, without meridian acceleration,
due to the reversed flow direction.

Following the design, it must be checked to which extent a no-stator system can be produced for the left
ventricular case as well (see Chapter 9.2.3 with Figure 9.15). If the available delivery head is sufficient,
then the total length of pump system, the required production efforts and thrombogenicity could be
reduced.

5.3 Parameters and requirements derived from the medical applications

Benchmarks for the design were taken from the medically required and technically feasible qualities.
These are the required volume flow, the required pressure difference between the respective ventricle
and the vessel letting out fluid, as well as the maximum external diameter of the pump, and thus the
open width of the housing.

The pressure difference between the left ventricle and aorta equals for the left heart support (LV pump):

N . g N
Ap,... =80mMMHE 555 pumge [ 100MMHE 506, 717 .4 pumpe = 1[}5261“7 o e m?*

as well as between the right ventricle and pulmonary artery for the right heart support (RV pump):
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Ap,.,. =30mmHg =3947§2 .

For the pumps with the impeller diameters in question (4.8 mm/ 5.8 mm/ 7.2 mm), the total volume
flow was chosen as

m’ m’ L,m’
y=251 14,01 16,01 =4,17-10° /6,67 1072 /1,0-10" =

THIN @5 Pumpe TN @6-Pumpe TN 27,4 Pumps 8

as well as the inner diameter of the housing as

D, = Smm/6mm/7,4mm =510 m/6-107° m/7,4-10 " m

To ensure a safe placement and impeccable operation of the pumps, a sufficiently long tube must be
available at the side looking away from the drive. For the LV pump the required suction tube length is 60
mm, and for the RV pump the required pressure tube length is 50 mm. These tubes must be taken into
account in assessment of losses, as shown in Chapter 5.4.

The blood values were taken from the following data /Thews 1988/:
dynamic viscosity n = 3.6 - 10-3Pa - s, thicknesss p = 1059 kg/m?3.

In this case, blood is deemed to be a Newtonian, uncompressible fluid /Lambert 1989/, i.e. not only the
density in the considered area is independent of pressure, but also the viscosity can be assumed to be
constant due to the high shearing rate. Viscous and elastic flowing qualities and border shearing stress,
which are typical for blood with low shearing rate, can be disregarded. Instead, due to the high shearing
rate it must be made sure that blood damages do not exceed the acceptable level.

Hemolysis and thrombus formation are two important forms of blood damage, which can be caused by
artificial systems in physiological blood circulation. Hemolysis can be triggered by both a border shearing
stress of erythrocytes in shearing field and by their contact with foreign, raw or non-biocompatible
surfaces, as well as by pressing of blood corpuscles in narrow gaps between parts moving with respect
to each other.

Thrombocytes can also be activated by the above said causes and agglomerate into stagnation regions.
Besides, ADP released from erythrocytes during hemolysis also affects activation of thrombocytes, so
that both blood damages must always be considered in mutual context.

The construction targets of a heart support system derived from these conditions are, respectively, the
minimization of the time that blood stays in voltage field, which is in the range from 1to 5 ms fora 6
mm micro-axial pump due to the high flow speeds, a low dissipation in fluid, as well as avoidance of
stagnation regions by effective flow control. The latter is of particular interest, since the experiments
have shown that, despite the existing blood damage, thrombus formation is not necessarily triggered.
This first happens when the damaged blood has low dilution, low shearing rate and long staying time,
which in the systems in question only happens in re-circulation areas /Wurzinger 1985/.

5.4 Assessment of losses
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The hydraulic efficiency rate of the pumps in question is defined as follows:

mach . (Eauatjon 5.1);

Pmech is the mechanical power added to the rotor shaft. The experience with the 6 mm and 5 mm micro-
axial pumps developed at HIA provided measured hydraulic efficiency rate, which had a lower limit of
Nhya= 0.2 and an upper limit of nne= 0.4, and was thus much lower that it would have to be expected
according to the existing calculations from the turbomachine design, where the calculated value was
Nhya= 0.7. The discrepancy results mostly from the dimensions of the pumps in question coupled with a
relatively high viscosity of the fluid. Further research of the losses (i-v) listed below is provided in
Chapter 9. The measurements underlying the above said efficiency rates were made without a tube
preceding or following the pump. The resulting efficiency rate decrease due to additional pressure loss
in the tube will be assessed, and the efficiency rate obtained in such manner will be used to calculate
the required blade work in absence of analytically quantifiable losses.

The total pressure loss, which must be produced by the pump in addition to the actually measurable
delivery head, consists of the following components:

i. static pressure loss, which is required for acceleration of the flow to the speed at the rotor
entrance, or rotor and stator exit, respectively (it is assumed that the flow speed in ventricle
is close to zero, and the kinetic energy at the pump exit is not transformed into pressure,
but is transformed into heat by dissipation in outflowing open jet);

ii. channeling friction losses in the tube in the created flow;

iii. for LV/RV pumps, additional inlet losses by dissipation at the time the speed profile is
formed in the suction/ pressure tube;

iv. outlet losses due to the jet contraction at the beginning of the tube of the LV pump, or at
the centripetal fluid inlet through the inlet gap of the RV pump;

V. internal pump losses: in the curved channels of the pumps, thrust losses at the beginning
and at the end of each grid, secondary flow effects, internal leakage flows, effect of rigidity
due to relatively high viscosity of the fluid coupled with the roughness of walls and low
channels etc.

If we consider the above listed losses, and use the measured hydraulic efficiency rates (equation 5.1) for
the calculation of the required blade work, then all loss components, except for the losses in the tube (ii-
iii), are taken into account due to the lab structure.

The following efficiency rates have shown a good correlation of the design point and the actually
measured operating point:

= 30%, Tyt @5 Pumpe =20% .

Tt @6/E7,4- Pumpe

Based on the above considerations, the total required pressure increase of the pumps Appumpe Must
contain, in addition to the useful pressure increase between the ventricle and arterial vessel, the

‘ﬁp;lwnpz =Ap,.. +(Py- Pn}ﬁ-k;m.,r T Po-Austaws (Eauation 5.2)
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Calculation of the pressure losses is performed according to /Truckenbrodt 1980/, volume 1.
For the LV pump, the total pressure loss in the suction tube is expressed as:

pl-'_ﬂ'; _-fé:ﬂl:ﬂ ;E—l-.-:f ._p_r_.-i I
2

"

(Equation 5.3)

Here, according to Figure 5.4, p, is the pressure in the left ventricle, p« is the pressure in the hub
entrance plane, and ¢y is the average speed in such plane. The respective loss coefficients { take into
account, in this order, acceleration of the flow (= static pressure reduction in the tube together with the
dissipation appearing during the transformation of the flow profile from piston profile to laminar/
turbulent profile), channeling friction losses, as well as the inlet losses at the time the fluid enters the
tube.

T mmae ALEL

Suction tube

Rotor

Sfator Aorta

[1

Ventricle (V)

x 0 2 34 5

Figure 5.4 Cross-section description on the example of an LV pump
The average speed in the suction tube is determined as:

e =. 4_'!__.
‘ - Ji_-}:
(Equation 5.4)

The Reynolds numbers of all pump sizes Re’ in the suction tube are as follows:

Re'=%Le g4, /

u 85 Fumpe 4?{}{],.4: Pumpe .|I|l SIHUE'.'.d Pumge -
(Equation 5.5)

The critical Reynolds number for the turbulent transition in smooth tubes with round cross-section

equals 2,300 /Schlichting 1965/, so that in good approximation there is a turbulent flow in the pumps of

all sizes in the vicinity or immediate surrounding of the transition area. According to /Truckenbrodt 1980

page 259/, {” is determined as:
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L I.f ] -
é"- '1+‘r:;l ;T,T\with i;_. ﬂn_,
kREJ Re c :

5. = I’ﬁEZS—Fm;Jr /1,55, pPumpe ' L4, 1
17 A= Pumpe

(Equation 5.6)

The flow is located solely for the 5.0 mm pump in the vicinity of the laminar-turbulent transition area,
which leads to the assumption of a high pressure loss coefficient {,”= 1.65; for the 6.0 mm pump ("= 1
was determined experimentally according to Chapter 9.3, so that purely turbulent flow in the tube must
be assumed for this pump size, as well as the 7.4 mm pump. For a turbulent flow, i.e. for large Reynolds
numbers > 10% this loss value is in the range from 1.058 to 1.076 (/Truckenbrodt 1980/, page 259, Table
3.5), which is well supported by the experimental data:

;: = L{}z 1, 4—Pumps "f]-:lﬂﬁr.-!l& Pumpe

The channeling friction loss Tz can be calculated as follows for the hydraulically smooth tube in the
turbulent flow:

lr""-t

= A(Re)- - with L _20-1g(RevA)-08

€ Jt.' \'I A

10,3935 e 10302, 4

(i

{.=0,431ps

gl (Equations 5.7 a,b)

For the LV pumps, the inlet loss {¢ must also be taken into account. In order to do this, we can consider
the suction tube going into the ventricle as a Borda outlet (/Truckenbrodt 1980/, page 206, 271-272),
which results in a loss coefficient of {g= 0.6 — 1.5 for all pumps. The value cannot be determined more
exactly based on the available literature, since the actual loss coefficient significantly depends upon the
sharpness of edges of the inlet opening and the resulting jet contraction. The research according to
Chapter 9.3 produces for a 6.0 mm tube a loss coefficient of {g= 1, which can be assumed for all inlet
geometries for all pumps, unless a really round inlet opening with a diameter ratio of the largest inlet
diameter to the tube diameter of 2 can be implemented.

If we apply all the values to equation 5.3, then the pressure difference between the ventricle and the
hub entrance plane becomes:

Py — P, = 1339Pa(S6mmHg) 5s_pymp. / 72 14Pa(S5mmHg) ., pumee | 03B4Pa(50mmHE) o5 e -

mpe

For the total pressure loss, we must now also take into account the acceleration of the flow from the
hub entrance to the rotor entrance based on the cross-section reduction through the hub:

4.V (Equation 5.8)

. P 2 -2 ; =
Py —Po =Py — P.)+ (P, po)=(py—p.)* ﬂufli —C, ) with ¢, _m

Here, Di, is the diameter of the hub at the impeller entrance. According to the experience with design of
micro-axial pumps, the following hub-diameter ration is chosen:
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1

and ——

[ .
s A7 Pampe

This gives, according to equation 5.8, the additional pressure loss, here assumed to be the total loss, of
the system consisting of the pump and suction tube:

= =7 : )
Pv — Py JJ?EPﬂ[ﬁlm[IIHEJm ;smf?sfi??ﬁ{ﬁﬂmmﬂg]w Purg ‘JTUﬁEPH(E-ﬂrﬂmHu}
- g &/D7 4= Pumpe -

Due to the meridian acceleration in the LV rotor resulting from the hub getting thicker in the flow
direction, the fluid leaves the pump with an increased speed as a free jet, even in absence of angular
momentum. This additional portion is eventually fully dissipated and is designated as po-austritt:

_P i -2 |
-PJ Autoriny "Wy, —C
DAy, 9 (3 C ) (Equation 5.9)

=2100Pa({16mmH Pa(15mmB
1Hg)... pumpe | 2000Pa(15mm ) e Pumpe / 1 000Pa(8mm] 12)om o s
f o= FPumpe

Therefore, we ultimately get, according to equation 5.2, the sought pressure increase of the pump:

'j)“*’ﬂmﬂ. = 20600Pa(157mmH Yoio o 123 )

8) 25 punge 123000Pa(175mmi 18) 26 pumpe 121200Pa( 162mmH -5:'z-_a._n.w,‘,¢.
If we take into account that all pumps are designed with a maximum admissible peripheral speed Cumax=
10 m/s, which is the limit value in terms of blood damage, then it becomes clear that the blading grid
bears the highest load in the 6 mm system. However, all pumps are located in a small range, so that we
can conclude already at this point that the volume flow with at the corresponding pump size and
assumed physiologically required differential pressure is well adjusted to the respective pump size.

Inherent structural differences must be taken into account in RV pumps:

The inlet losses are not taken into account by the structure of the flow profile, since the flow gets into
the rotor already shortly behind the pump entrance. Inlet losses through the gaps spread along the
perimeter of the pump housing, whose area is by 20% larger than that of the respective connected
pump cross section, are assessed for the LV pumps as {g= 1. The hub diameter of the pump is limited by
the structural consideration. It results from the diameter of the respective frictionally locked seal, and is
kept constant in the blading area. In the right ventricle/ atrium there is a condition c,= 0. Thus, the
pressure loss in the inlet of the RV pump from acceleration of the flow and inlet losses is:

BPp tiniay = (€, (=1 + =0+ 4.V

] ) (D -D?)
=10100Pa(77 ). F : :
)5 e /11500PA(S T )., /8600Pa(6SmmELg), .

£(= ]))'E'EO:ZS.BQ.E? by ith Cp,=
2 Sriumpe  with Gy = (Equation 5.10)

S—Pumpe -

The Reynolds number in the pressure tube has the same value as in the suction tube of the respective
LV pump, since both volume flow and diameter, as well as rigidity of the medium are the same. This
means that the average speed and the channeling friction coefficient A are identical. The length of the
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pressure tube is chosen according to the length of the respective suction tube. The channeling friction
coefficient A can be calculated as follows:

= A(Re)- .%.Ef (Equation 5.11)

x

5
ﬂpn-,ﬂ.m E

— 1000P2(7,6mMHE) e /11 S0PA(IMMHE) gy /S60Pa(6,5MMHE) 5 o o

Therefore, the total pressure difference, which is to be built up by the pumps, is equal to:
AD punpe = BP sz + AP 5 gty + AP - usions (Equation 5.12)
=15EISDP&(1I4rang)m_wflﬁ&!]Fa[lZﬁmmHg]m_Pmf134mPa[1D2mmHg)mj_w.

If we compare the required additional pressure of the RV pumps with that of the respective LV pumps, it
will become clear that no stator is required for the RV operation (reaction rate in stator is T < 40%),
especially as the dissipated pressure in RV inlet tends to be overestimated with the inlet loss coefficient
of Ge=1.

The total pressure built up by the pumps is illustrated in the following figure, split into the useful,
dissipated and fluid accelerating components. The latter is also classified as the dissipated pressure
component due to the conditions in the outflow from the pump.

The relatively small additional pressure required for the 7.4 mm pump results from the capacity
requirement, which is low with respect to the pump size.

180 -

160 4

8
\
|

120 - Hl Dissipated pressure in RV inlet

E Dissipated pressure in tube
M IOpen jet losses

100 -

B Useful pressure

Required additional pressure [mmHg]

N A [2)] [0 ]
o o (] o o
i 1 1 i I

Nl
-

B

.

LVS.0 LV 6.0 Lwv7za RV S.0 RV 6.0 RV74
Figure 5.5 Components of the total additional pressure of the pumps
5.5 Assessment of the optimum rotation speed: Cordier vs. cavitation border

The optimum rotation speed is assessed using the experimental data. As a basis, we generally use the
Cordier diagram /Gallus 1989/, i.e. the connection of the specific diameter &,m and the specific rotation
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speed oym for the best efficiency rate. The specific diameter and the specific rotation speed are defined
as follows /Gallus 1986/, page 138:

é‘u.'-l' 211054-DH-—'}?;L yi a"\p

1'} 2 G?‘.‘J = :J'!] U8-n- Ty with }::—_h‘_mi

y 0 (Equation 5.13 a,b,c)

Ds is the diameter, which corresponds to the rotor diameter, n is the rotation speed of the impeller and
y is the specific flow work.

According to the design by Cordier, the systems in question generally produce to high rotation speeds,
which lead to the peripheral speeds of = 10 m/s, which clearly exceed the peripheral speeds permissible
for blood pumps. We can only deduct the design type from this diagram based on the ration of
diameter, pressure and volume flow. Thus, pumps with axial flow are located in the best efficiency rate
area. The design types of all LV and RV pumps are based on this recommendation.

Consequently, the permissible rotation speed is based on the maximum peripheral speed, which is
generally acceptable in terms of hemolysis, as well as the cavitation border, which is mostly the same
for the LV pumps. It will be explained below on the example of a 6.0 mm LV pump.

With an impeller diameter of 5.8 mm for a 6.0 mm LV pump, the maximum permissible peripheral speed
in the inlet gives us the maximum permissible rotation speed of nmax= 32,900/min, which will now be
considered in terms of cavitation.

To calculate the limit rotation speed based on the cavitation border, we must choose the worst
imaginable operating state of the pump. It will be done on the basis of a pump with pre-connected
suction tube at the operating point V =4 |/min, n = 33,000/min.

As a limit, we will take the rotation speed at which straight cavitation due to a sudden tube blockage is
visible in rotor. With this sudden blockage, there is the lowest pressure for a short time before the rotor
resulting from all losses in suction tube, plus the maximum delivery head of the pump, as well as an
additional dynamic pressure reduction resulting from inertia of the fluid in the tube and of the pump.

At the temperature 9 = 37°C, blood has a steam pressure of ppamp= 6,050 Pa (46 mmHg), so that the
available residual working pressure pres-, corresponds to the atmospheric pressure minus the steam
pressure: Pres-p= Patm - Poampf = 93,950 Pa (714 mmHg). If the pump suddenly attaches to the ventricle,
which can cause a transient total blockage of the suction tube, then the maximum pressure decrease at
the blading inlet edge is:

'ﬁp'_«r | = ﬂp

e Einiay + AP geptuen + AP, +Ap

max Fiirderitihe +‘i‘\‘[) — ] Dzﬁ

o ke 00Pa(780mmHg). (Equation 5.4)
From the requirement that either the cavitation threshold or the maximum permissible peripheral
speed serves as the upper limit for the rotation speed of the pump, we arrive to the limit rotation speed
Ngrenz= 30,000/min for the 6.0 LV pump. However, this limit rotation speed can only be determined in an
interative way, since the maximum achievable delivery head for each blading can only be expressly

identified during a lab experiment. Reasonable maximum rotation speeds are:

n., in l]_' 4mmz_~.‘,:-,.=m LV | RV —Pumge "rmm{mza.umm—w;.w WIEGU[}HZ'HM—LV ! RV —Pumpe
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5.6 Rotor entrance angle

The angles of the rotor in the entrance plane are calculated in such way that the flow enter the running
blade channel as smoothly as possible, i.e. in the relative system of the rotor, the flow lines should run
parallel to the blading in the entrance area. Since the flow does not have angular momentum, the
absolute speed of the rotor is located in the meridian plane.

If ui(r) is the peripheral speed of the running blade and ci(r) is the absolute speed of the flow at the
rotor entrance, then the following expression applies to the entrance angle B1(r) according to Figure 5.6:
Cy

C
tanﬁn-—;:. mnﬁlzu_]‘
0 1

(Equation 5.15 a,b)
Planes 0 and 1 are illustrated in Figure 5.4, where c; is bigger than co due to the end blockage by the
blading. The peripheral speed ui(r) can be obtained through the rotation speed n of the rotor and the
respective radius r:

w(r)=2-a-n-r=a-r
(Equation 5.16)

CO C.

Figure 5.6 Speeds at the rotor entrance

The assessment of the speed profile ci(r) is a difficult task. Due to the low flow channels, the effect of
the border layer is very strong. The assumption of a constant average speed seems to be reasonable
only for the RV pumps, since there the flow gets into rotor almost immediately upon entering the pump,
so that there is no significant border layer thickness. In absence of exact research of the effect the inlet
openings have on the speed profile, the piston profile can be assumed in the first approximation:

ColT) v =c, =const.,

To the contrary, the following considerations apply to the LV pumps. All LV pumps have a pre-connected
tube, where a turbulent speed profile is formed. To describe this profile, we can use the research of
hydraulically smooth and straight tubes according to /Truckenbrodt 1980/, page 244. According to
Figure 5.4, the profile existing at point X is accelerated to point 0 due to the thickness of the hub at the
end. Between X and 0, there is a flow in a circle cross-section with a formed speed profile along the
external radius, while only a thin border layer can form before the blading inlet edge at the inner radius
due to the small inlet length, which is < 2 mm at the hub for all pumps.
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According to /Truckenbrodt 1980/, page 244, the approximation over time applies in the tube up to the
point X for fully formed turbulent flows in linear, circular tubes:

N (Equation 5.17 a,b)

Cmax IS the highest speed in the middle of the tube, the exponent n(Re) is a component depending upon
the Reynolds number, and can be calculated according to equations 5.7b and 5.17b at n = 5 for all pump

sizes.

The maximum speed is derived from the volume flow as a ratio of the maximum to medium speed for

the tube as follows:

'-—-_ " - 1— _r- — r_u ]
V=¢, wri=2.4. c{r}+r*tz'r-2-rr-cm~ ‘(lﬁ-—r};-r-dr
r . (Equation5.18)

Substituting r’ =r,—rand dr’ = -dr, we can solve equation 5.18 as follows:

@-n+D)-(n+1) =

Coys —
CI

2 4,32
2:n (Equation 5.19)

In the adjacent circular cross-section from Figure 5.7, between X and 0, the following approximation is
used for radius r, which is counted from the middle axis, as it is also done for a tube:

I
J—*_z[]_ [r=ra T -
€ r—r\/7 with the middle radius _LTh
(r, r_)fzj T 9 (Equation5.20 a,b)
. Camax Calr)
_ L_\[ /
\ ———— 4 ‘f
—— |
¢ N 1 e
e NN pi gl
——— 5 'r J
| - —
MlA € 7. wrown. RS —

Figure 5.7 Fully formed speed distribution in tubes with circular cross-section

|r—rm| is the absolute value of the distance of the point in question from the circle with the radius rm.
Cmax IS calculated from c for the circular section similarly to the tube, by integrating the radial speed
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distribution. To take away the absolute value sign in the term for the local speed, the integral must
distinguish whether the radius is bigger or smaller than the middle radius:

-

y =27 ._“-Tju Boryin . dr+ J'u—— Y/nr-dry.

Tn 4

(Equation5.21)

The first integral can be solved by substituting r’ =r —r;, i.e. dr = dr’ /Bronstein 1985/, and in the second
integral the substitution of r’ = r, — r with dr’ = -dr brings us to the result. With the following expression:

: B -
=g-(r] -r)E=271,(r,— 1) C
Y (ra = (Equation 5.22)

we arrive to the needed equation for the maximum speed:

Comx —Eﬂ [ﬂ—-s: 1,2.

c n

(Equation 5.23)

The speed distribution used for the circular cross-section applies to fully formed flows, and thus cannot
be applied to the hub with a very short length (< 2 mm) between X and 0. Instead, the thickness of the
border layer on the hub side is assessed according to /Schlichting 1965/, page 642, as a border layer on
a rotating body with a maximum assumed axial extension of the hub up to the impeller entrance of z;=
1.5 mm till 2.0 mm. Dividing this value by the maximum radius of the hub in the area without blading,
we arrive to the following relation:

——= 2,055 an,ue”r? D~ Pumpe fluzr,d- Pumpe
SN )
a-r
,:l_m = 2 =155 WH,ZM_FWRHJ?H_,_ Pumpe *
with Y (Equation 5.24 a,b)

With these numbers, we can look into the diagram from /Schlichting 1965/, page 642, shown in Figure
5.8, and read the relation from the ordinate axis:

3107 = LOgs.a67.4 -

10 o

(Equation 5.25)

Due to the short length, the border layer is laminar until the beginning of blading.
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Figure 5.8 Impulse loss thickness 6, at a rotating body with axial flow /Schlichting 1965/

Here, 6 is the impulse loss thickness, which is related to the border layer thickness &4 for (¢ / cmax =
0.99) through the following expression:

d,, e
= =0,0972(turb. d
51 .}ﬂm-‘:mhmdt 19807, ;,gl:me 2, page |} -Eﬂf. = ﬂtjsﬁﬂaﬂl} - _ .
. chlichiing 1965/, psee 122 (Equations. 26 a,b)
|

For this case, equation 5.26b represents the border layer thickness in the best way. The used diagram
from Figure 5.8 applies to the Reynolds number Re = 3 - 10°, so that the results must be adjusted to the
available Reynolds numbers:

Re = €0 " Tig.me

= SSDWITSUM f?‘lﬂmﬂ_ (Equation 5.27)
quation 5.

For laminar border layers the following relation applies in approximation /Schlichting 1965/, page
110/127:

5;'*.@?:5’~ Re”
(Equation 5.28)

so that the border layer thickness at the rotating hub at the impeller entrance for all pump sizes up to
Ox= 0.05 mm can be calculated from equations 5.25, 26b, 27 and 28.

The radial speed profile co(r) before the area with blading is approximated according to the above said
considerations at the pump housing by a potency profile and on the hub side with a border layer
thickness of &= 0.05 mm.

Page 68 of 199 ABIOMED Ex. 1044



————

Tube channel 5.0 MM — « — _{\be channel 6.0 m . tube ch 17.4
. — e S W e way ube channel 7.4 mm
O=ring channel 5.0 mm = “O— - ring channel 6.0 mm _ _ ! Py SEpRLE AR
2 TERD I ‘ring channel 7.4 mm
35 T -
S .
AP oo
T oo%gg
25+ ag oo
= ﬂﬂﬂu
o2l Ry - 8 0
- AT 0,
: \\ iy, [ul
T . - T8 11
N, .‘. D.

0.5 +—

Speed in channel [m/s]

(<)
o
o .
o
— i
g ‘

|
..fooololllf-

1.5 2 25

Channel height/radius [mm]

w
w
(4,

A

Figure 5.9 Formed speed profiles in tube and ring channel for 5.0 mm, 6.0 mm and 7.4 mm pumps

If we consider the speed profiles of formed flows in tube and ring channel presented in Figure 5.9, which
correspond to the geometry of the pump before the hub and immediately before the entrance of the
flow in the area with blading at the same volume flow, then it becomes clear, as discussed above, that
the genuine speed profile is closer to the tube speed profile than to the ring speed profile. In the hub
area with r = 0.8 mm — 1.0 mm, the tube profiles remain flat, so that the central blockage due to the
blockage at the end only causes pushing, which increases the profile thickness. At the hub, the speed
increases very quickly from 0 (wall adhesion) to Cmax With r = r; + 8,. From here and up to the external
channel limit, the calculated 1/5 profile is assumed according to equation 5.17a with the required

proportional thickening. Figure 5.10 illustrates the reported speed profiles, stating the respective profile
thickening as percentage.
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Figure 5.10 Formed, constant flow volume speed profiles co(r) in tube channel with and without a hub
for 5.0 mm, 6.0 mm and 7.4 mm pumps
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Figure 5.11 Decrease of the flow cross-section in rotor entrance by blade thickness at the end

Through adhesion of the fluid to the rotating hub, the fluid elements in the vicinity of the hub receive, as
shown in Figure 5.8, an additional speed component in the peripheral direction. Since the border layer
in the rotor entrance plane is still very thin, this effect is neglected for the purposes of the calculation of
entrance angle.

The incoming flow can be assumed to be free of angular momentum, which well agrees with the
experiments. According to the above considerations, we can now calculate the angle Bo, which forms the
relative speed directly before the running blade channel with the direction of the negative peripheral
speed. However, to obtain the respective angle in the running blade channel, it must also be taken into
account that the thickness at the end of the rotor blades affects the cross-section reduction, and
according to the continuity equation, also the increase of the meridian speed.

For the relation of these speeds shortly before and immediately after the rotor entrance, we obtain the
following relation for the specific radius r:

c r/
c._1{r:1=- 1z,

o 2r-riz, —s/sin S !
(Equation 5.29)

where zih is the number of rotor blades, and s is the thickness of a blade perpendicularly to the large
chord length of the blade. Since the blade angle B is contained in equation 5.29 for c;, the value must
be identified in an iterative way.

The number of rotor blades was chosen for all pump sizes and options based on the experimental
validation of grid load, blockage and blood damaging in Chapters 7, 8, 9, 10 and 11 as zsn= 2; the blade
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thickness cannot be less than 0.3 mm for manufacturing reasons, while the blade entrance edge has a
radius of r=7 - s, in order to make the blades less sensitive in case of wrong current to detachments
triggered by breast or back incidence.

The explicit blade angle B1 is not explicitly provided for all pump sizes, since they can be easily calculated
from equations 5.15b and 5.29, and are unnecessary for understanding the design.

The blade structure angles correspond to the blade angles B; plus the breast incidence set at 2°. The
latter results from additional thickness pushed out along each blade entrance edge, which causes
further increase of the meridian speed.

5.7 Transformation of hub diameter

A purely axial hub design was chosen for the RV pumps in the area with blading, i.e. the hub diameter
remains constant across the entire rotor length. An axially accelerated flow in the blading was omitted
here for structural reasons, since the fluid flows into the housing from the outside through a gap, and
leads a hub, which becomes thicker in the flow direction, to a large hub diameter in the blading exit.
This diameter on the exit side must be reduced in the flow direction behind the grid to zero within a
very small space, so that a large hub diameter only causes strong delays or detachments. In particular, in
the blood pumps these stationary stagnation areas, in which fluid exchange with flowing medium may
be low, are critical, since they allow for thrombus formation.

The LV pumps were designed in such way that the hub diameter increases from the rotor entrance to
exit. The flow is thus accelerated in the axial direction. This prevents detachment in the rotor blading
area, because the border layer of the delay grid in the immediate vicinity of the wall, due to the
meridian acceleration, is not so deprived of energy that there would be detachment in the flow
direction as the result of raising pressure. Since acceleration should be as uniform as possible in average
across the cross-section, a fluid element in rotor is subject to the following requirement:

j‘E —Constant .
dt
(Equation 5.30)

It is assumed that the flow is quasi-stationary and meridian. Therefore, taken in average over time, the
fluid element is subject only to convective acceleration:

de, _ 45, dx % ¢ dc, 4, €, =Constant
- =L = ‘L, = s ' =Constant
dt  dx dt dx F dA, dx * y
(Equation 5.31)

where axial speed gradient can be connected to the cross-section transformation according to equation
5.31. The cross-section perpendicular to the pump axis is denoted Ay, so that d A,/dx is the sought cross-
section transformation.

If we differentiate the continuity equation for incompressible media:

¢ -A, =V =cConstant .

(Equation 5.32)

we obtain the following connection:
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——: —Constant . L

A

£ F

dc
dA
(Equation 5.33)

If we substitute equation 5.33 into equation 5.31, then, upon transformation and combination of the

constants, we arrive at:

=Constant -dx.

l
Er

MJ%

(Equation 5.34)

If we transform equation 5.32 for speed and substitute this expression into the equation above, then
the resulting equation, upon further combination of the constants, can be integrated:

2 with C; as integration constant. (Equation 5.35)

J-d'if:(;] '_['ix"'ci

The indefinite integral provides the connection:

1 - -
;AE Cj-x-f.z.

(Equation 5.36)

Neglecting the blockage by blading, we obtain the following expression for the cross-section area and
hub diameter under the assumption of a constant external diameter D.:

A0 =2{D}-[D,(0)]' |
(Equation 5.37)

so that we get the following function for the hub diameter:

Dt_—jj‘_ Illl-___\. _t

(Equation 5.38)
The constants C;" and C,” are obtained from the respective boundary conditions.

The considerations on acceleration collision at the beginning of the blading due to the thickness at the
end of the blade have shown that levelling off of the collision with even two blades with a material
thickness of only 0.3 mm makes the hub thinner in the flow direction. The associated risk of flow
displacement at the hub makes this measure unfeasible, so that the acceleration collision is only
reduced by horizontal tangent of the hub in the entrance area. The resulting hub transformation in the
rotor is split respectively into three portions, so that starting from the beginning of the hub and up to
0.2 mm before the blade entrance edge, the fluid is constantly accelerated according to equation 5.38.
In the area from 0.2 mm before till 0.4 mm behind the beginning of the blading, the cylindrical hub part
moves with horizontal tangent, and only then joins the further area of constant meridian acceleration
according to equation 5.38 until the end of the blading.
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The hub diameter remains constant in the whole stator area of all LV pumps, although a meridian
acceleration reducing displacement risk is also useful here, due to channels becoming too low, but is no

longer practical.
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Figure 5.12 Hub contour of a 5 mm LV pump

Figure 5.12 shows an example of a hub transformation in rotor and stator area of a 5 mm pump version.

5.8 Speed distribution and calculation of the angles in the rotor exit

In this section, we will present the considerations on the axial and peripheral speed distributions in the
axial gap of the LV pump between rotor and stator, or directly upon exiting the rotor of an RV pump.
They will help to determine the blade angles in the rotor exit plane, and for the LV pump also the
entrance angles of the stator.

5.8.1 Specific blading work

The flow energy induced in the fluid at the time of passing through the pump is coupled solely through
the running blades. The total energy that must be produced for this is defined through the specific
blading work, which consists of the total specific flow work plus all dissipation terms:

i AP 1 .
Y _ D pumpe a=y,+J: 1,::}'+2-(L':—E'='}Pg'|:f.;_E;).

Yoer =4 = T ot
Mhsa P Tl with (Equation 5.39)

The hydraulic efficiency rate nnyg used here according to equation 5.1 was obtained from the
measurements of the useful pressure Apnut; On the total system, but without pressure or suction tubes.
Therefore, the pressure loss in the tube, which consists of the channel friction and flow profile
transformation losses, must be added to the useful pressure in order to obtain a good assessment of the
required specific blading work based on the measured efficiency rate. All further pressure losses of the
total system, as discussed in Chapter 5.4, are already taken into account in the efficiency rate in
question. The required Appumpe results from the useful pressure plus the channel friction losses, as well
as the additional entry losses in the tube according to the equations 5.3, 5.6 and 5.7 a,b:

C,

e

lﬂpw = ﬂ)U.--"."'_-_ i "Iﬂpk _'_‘&}r":i,[l-'ur_,"a:' LV = Pumpe) _,-‘\pR — gﬁ' * '? '(,'I?; JJLA{,JL — tg: 1:’ B
with ’
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(Equation 5.40)
Therefore, the required pressure difference equals to:

AP pirge = 13400Pa(102mmHg) 5 4y 3 14500Pa(110mmHg)z¢ . 14000Pa(106mmHg) 57 o gy
4950Pa(37.6mmHg) s _gy: S100Pa(39mmHg) s g ; 4800Pa(36,5mmHg) 5, 4 gy -

The required total specific blading work with the efficiency rates from Chapter 5.4 comes up to:

7 : 1 a
i m_ . m =44 1@ . I
45,7 ;1605 ;441n :15,]

s @eL - P AT st @r4-Rv

Yon = [131-'5'1'_. 3 23!“' =

sy  @5-RY

As we can see, the grid load of the 5.0 mm pump is the highest, with the smallest required delivery head
due to the smaller efficiency rate of only 20%, compared to all the bigger pump options. With this result,
further reduction of pumps is no longer feasible, if it requires significant effort.

This total specific blading work ys represents the enthalpy, which is added to the liquid by the blades in
a unit of time for mass volume:

(Equation 5.41)

The specific blading work a generally changes with the radius. For an infinitely small ring, the following
expression applies:

dH (r)
dmir)’

a(r)=

A different way to write down the specific blading work results from the Euler equation for axial pumps:

L]‘[_il" — C .-j
) u:f,r_] A, 3["’]'_'”':’_}'{('1-:.1[.-".)' C‘u'_l[-?':] r 4
. 3 (Equation 5.42)

where the flow enters the pump without pre-existing angular moment (cy0 = 0):

(fl::r) — H[:.i":] -'C_.-I.. frJ — -y

"Cya (r).
(Equation 5.43)

In this section we will only derive relations for the sizes immediately upon exiting the rotor according to
Figure 5.4, which is why index 3 will be left out, if it cannot cause any misunderstandings.

The integral connection among the sizes is as follows:

r I P #Constant
Yieh =— --J-a[rj - dma - ) ) 1
™ v 1AV =5 for)c,0).an.

" (Equation5.44)

r|'|

Equation 5.44 already contains the axial outflow speed ca(r), which changes with the radius and is tied to
the peripheral speed cu(r). A proven method to calculate the axial outflow speed ca(r) from the angular
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momentum distribution cy(r) is the method of radial balance, which can be applied in the axial gap
between the rotor and stator, which is free of blading. The constant average axial speed will be
calculated as a reasonable starting value for the iterative process, which consists of the choice of a
proper angular momentum distribution, calculation of the axial outflow speed distribution, verification
that volume flow is constant, and the actually obtained specific blading work according to Figure 5.3:

e UG

| . .

Yirn == [a(r).da = 2% | .
o A J’ 'E-", a4 = A—-_{-HLI-J-r'd?‘ with B= L‘,_f'r_} and =_ .'If,_.:-H";'
I Y 2 (Equation5. 45 a,b,c)

If upon the calculation of the axial speed distribution with the radial balance method the subsequent
calculation results in deviation of the total specific blading work by more than 5%, then a different
angular momentum distribution should be chosen.

Since a subsequent calculation should be performed in any case, because the speed distribution is

" according

unknown, a good approximation can be achieved by introducing an “average plane radius”
to equation 5.45c, in order to be able to quickly choose various angular momentum distributions, which
already to a large extent give the produced blading work (see also equation 5.63a). The average plane
radius results from the condition that the flow cross-sections outside and inside the circle with this

radius are equal.

Therefore, we use the following relation:

}I;t'& . H(F_} .
(Equation 5.46)

Subsequent calculations showed a very good correspondence between the exact values and the ones
calculated using this approximation.

5.8.2 Method of radial balance

The method of radial balance gives an opportunity to approximate the spatial flow in axial
turbomachines /Gallus 1992/, TAM-100, pages 107 — 110.

It can only be applied in blading free cross-sections, such as the axial gap between the rotor and stator
mentioned above or behind the rotor of a no-stator pump, since otherwise the interaction between the
blade and fluid must be taken into account. The assumptions of this method look as follow:

¢ = 0 (no speed in radial direction);
rm —>°° (disregarding the meridian flow line curvature).

cr is the speed in radial direction, rn, is the curvature radius of the flow line in the meridian plane. Both
assumptions are only approximately fulfilled in the pump, which is to be designed. In the LV pumps this
automatically results from the hub diameter being variable in the flow direction. However, in purely
axially designed RV pumps these conditions are not exactly met either due to the existing secondary
flows. At the same time, the flow research in Chapter 7 of explicit particles in the fluid proves that the
main volume flow runs concentrically with respect to the middle axis with ¢, = 0. The spiral turbulence
according to Figure 7.6 does not cause any relevant radial speed components in the main flow. In
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/Gallus 1992/, page 110 the following condition is stated for sufficiently exact compliance with these
assumptions:

blade height

e <2
grid width
(Equation 5.47)

which is complied with by all pump options with a blade height from 1.1 mm to 2 mm and a grid width
from 4 mm to 8.5 mm.

The differential equation of the radial balance looks as follows according to /Gallus 1992/, TAM-102:

th. ds aCu c a'r'lc. _ {::_ =)
ar ar “ar “ar T
(Equation 5.48)
I %
h:i= h + c%/2 is the specific total enthalpy, dr is the change of the specific dissipation energy with the
radius for an isothermal adiabatic flow.
B d%-;_ c.

The convective acceleration terms T and ® dr canbe interpreted as radial gradients of the

kinetic energy of the fluid elements for the movement in peripheral or axial direction with respect to the
o2
mass of the element. ©. is the centripetal acceleration of a fluid element along the radius r with the
peripheral speed c.. Since this equation, which is based on the assumption that the flow line curvature is
negligible, only contains derivatives by radius, this is a simple differential equation, and the partial
d d
derivative 9 can be simply substituted with ar

We should first consider the case without friction, i.e. of disappearing viscosity of the fluid. In such case,
ds/dr = 0. The friction effect will be discussed below in Chapter 5.8.4. The simplified differential
equation of the radial balance thus becomes:

(Equation 5.49)

Upon transformation of this equation according to the rules of the differential calculus, we arrive at:

e 2
E}EI_ dl,I ?_E'J d[: -E—) F_'E 2 2 2
T,

(Equation 5.50a,b)

Equation 5.50a can be interpreted as follows. The radial gradient of the total enthalpy, i.e. the increase
or decrease of the total enthalpy with the radius, consists of the gradient of the specific kinetic energy
and the centripetal acceleration at that point. The centripetal acceleration is the radial gradient of the
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static pressure divided by the fluid thickness. If c, is not zero, then this pressure is always positive, since
the pressure must increase from inside outwards in order to keep the fluid element on its concentric
path around the middle axis. The centripetal force results as the total force from the pressure forces
affecting this fluid element.

The left side of equation 5.50b can be integrated in general, the right side first upon choosing a
reasonable radial distribution of peripheral speed or angular momentum distribution according to
Chapters 5.8.1 and 5.8.3, assuming steady and differentiatable transformation of all sizes of r appearing
intherangeri<r<r,:

(h,, —h (r))- I' L"';z-e_f_‘f:: ] IL f«'a;- ( J j 7 c [r}
| 7 5 dr

J’ r (Equation 5.51)

The definite integral is taken from the variable radius r to the external radius r,. The second index a
denotes the respective size on the external radius.

The total enthalpy in question in the axial gap between the rotor and stator on a given radius r consists
of the total enthalpy before the rotor and the enthalpy, which is added to the fluid in rotor in the form
of the specific blading work on such radius:

h(r)y= Ao (r) + a(r).
(Equation 5.52)
The enthalpy before the rotor will be discussed below in Chapter 5.8.3.
5.8.3 Choice of a proper angular momentum distribution
The relative blade angle in the exit plane of the rotor is determined from the following equation:

C,5(r)

u(r)—c, (1)’

tan f,(r) =
(Equation 5.53)

The angle B, is determined using the axial speed within the running blade channel:

22(7)

u[r} €,a(r)

tan 5, (r

(Equation 5.54)

where the speed ratio ¢, /ca 3 according to equation 5.29 is no more than 1.08 for all pump versions in
the vicinity of the hub with the smallest hub diameter and realistic blade construction angles B, > 70°.
Therefore, since c,2 = €, 3, it can be assumed in good approximation that tan B,= tan Bs.
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Figure 5.13 Speed ratios at the rotor exit

Below we will discuss various radial angular momentum distributions and the resulting exit angles. A
reasonable outcome will be an angular momentum distribution, which most closely approximates a
constant angular momentum impact along the radius with the realistic exit angle and production
oriented contour. In order to get a specific blading work, which does not change with radius, and which
has a constant total enthalpy at the rotor exit in case of approximately constant total enthalpy before
the rotor, the peripheral speed would have to be distributed over the radius according to the following
equation:

c,(n=2
(Equation 5.55)

Here B is a constant, which must be chosen according to the required total blading work. This way
equations 5.41 and 5.43 result in the following expression:

a=u(r)-c,(r)=a- r'%= @ B=const.=y,,.

(Equation 5.56)
According to equation 5.56, the peripheral speed of the liquid must be highest in the hub area due to
the small peripheral speed of the rotor in that area. Therefore, with given blading work, exit angle in the
hub area becomes very large, here specifically for the LV blading B,,> 120°C, which is far too large for all
pump sizes according to the research in Chapter 9.2.1. To make the exit angles of the rotor smaller in
the hub area and larger outside of it, the fluid must be re-distributed with smaller peripheral speeds in
the hub area and the large ones outside, respectively. Then there is a specific blading work a(r)
increasing from inside outwards, and thus a total enthalpy h(r) changing with radius:

W) =h,(N+6-rc,(r). ( )
Equation 5.57

The total enthalpy hio(r) before the rotor can be determined as follows:
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'&a.n:”n“'fn—-l—i .
P 2

(Equation 5.58)

The inner energy u is constant under the assumption of an isothermal flow (T = const). In the incoming
flow free of angular momentum, pressure is also constant in good approximation over the radius, i.e.
the pressure is applied to the border layer as po= const. Also, since in equation 5.51 it is always only the
difference of the total enthalpy values that is included at two points of the cross-section, the values
constant over the radius compensate each other. Besides, the speed component disappears on the
external radius, so that the difference of the total enthalpy required for equation 5.51 is determined as
follows:

2
Pga =R o(r)= _I_E.:ii"}_
5 -
(Equation 5.59)
Therefore, the total enthalpy distribution results from the speed profile of formed turbulent flows,

which depends upon the radius, at the rotor entrance, according to equation 5.17a and Figure 5.9.

In case of the RV pumps, as it has already been discussed, at the rotor entrance there is a block profile
co= const. This also renders ho constant over the radius. Based on the constant channel height in rotor,
equation 5.51 can be solved for the RV pumps without further simplifications with the used angular
momentum distribution.

In case of the LV pumps, it is not immediately possible due to the hub getting thicker in the flow
direction. Instead, there is a problem of providing the exit radius, which would correspond to the
entrance radius. This can be done volumetrically, but requires significant iterative work due to the axial
speed at the exit first resulting from the radial balance. To make the calculations, it is rather necessary
to use the assumption of circular cross-section at the entrance of the LV pumps according to equation
5.20 a,b with a 1/6 speed distribution and inner diameter D;, which corresponds to the inner diameter of
the hub at the rotor entrance. The resulting total enthalpy difference at the entrance is as follows:

-

| ,(.1__ [F=r.| \FI

ﬁj:"-[:[r]zhl.ﬂ.ﬂ _;I'I:III’-.:I:_l “l['
i 2 | ~rmax
|

(Equation 5.60)

Substituting it in the integral equation 5.51 of the radial balance, we arrive at:

= A \| f 2 5 r 3

€, . - (r)” Coa o (r) | ‘2 (r) )

'ki'[f;.""-ufrﬂ—"'f"-u“’)]‘MIJ,n[T]} = culr —— — "(2] = | {rj -dr . (Equation 5.61)
AR r

An appropriate angular momentum distribution can only be found iteratively by trying freely chosen
starting points and the respective adjustment based on the results. The following criteria must be taken
into account:
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- Asit has already been mentioned in the explanation on constant blading work, the blade angles
should not exceed 90° on any radius for the reasons of the flow mechanics.

- For production reasons, the angles across the radius may not differ to the point that there are
strongly different wrap angles of the blade over the radius.

- If the peripheral speed of the flow, and thus the blading work, increases outwards too strongly,
then the speed profile gets disturbed to the point that the continuity equation no longer
complies with the theory of the radial balance. There will then appear flow aspects that
negatively affect the pump capacity.

Angular momentum distribution of the LV pumps

As a good overlap of these criteria, which will be discussed further, the linear angular momentum was
chosen for the LV pumps in the following form:

¢, (r)=C-r+A
(Equation 5.62)

C and A are constants, whose equations result from the required blading work y< (see equations 5.43,
5.45 a,b,c, and 5.46) and the maximum permissible blade construction angle B.:

ﬂl:?] = ﬂ]?{r'?"‘ :‘lljz}:.rnh

(with radius © taken average over plane)

urize(r)e w-rnzC-r, + A.
(Equation 5.63 a,b)

The second equation was derived from the condition that the angle between the flow (relative to blade)
and the negative peripheral direction cannot exceed 90° in the vicinity of the hub as well. A more
detailed consideration of the border angle is provided in Chapter 9.2.1. Solving the system of these two
equations for the limit value B,= 90°, we get the required constants and the first angular momentum
distribution with which the axial speed distribution can be calculated over the radius according to the
radial balance (equations 5.51 and 5.61). Upon integration and separation of the axial speed
components, we obtain:

c(r)’ —c,, =2-4—Ah (N+(@—-C)-C-(r* -1, )+ (@-3C)-A-(r—1,)+ A® -lnr—“}
L ¥ J - (Equation 5. 64)
=X(r)

Since only positive values make sense for the respective speed quadrants, the following must apply:

Euc; :? _]-'XI:J")_
(Equation 5.65)

For the borderline case on the hub side, c,(r = i) = c.;= 0, we obtain an axial speed in the vicinity of the
housing wall, which is clearly not equal to zero. Since the axial speed was obtained from equation 5.65
assuming the fluid viscosity is negligible, the condition of housing wall adhesion cannot be fulfilled. This
issue will be discussed in more detail in Chapter 5.8.4.
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Angular momentum distributions for the RV pumps

Due to the lower required pump capacity, the rotor exit angles of the RV pumps are in average smaller
than the respective angles of the LV pumps. Therefore, two possible angular momentum distributions
will be discussed for lower specific blading works:

L en .
(Z Ysch is constant) and

2 c,(r) ‘.‘i-rﬁ,

r (Equation 5.66 a,b)

If the required pump capacity cannot be reached with these speed distributions in absence of stator,
then it appears reasonable to use for the RV pumps the angular momentum distribution according to
equation 5.62 with the respective limiting conditions for the maximum permissible blade angles.

t “;' ==
On item 1. F

The specific blading work is constant here over the radius. Constant B can be obtained from the required
total blading work:

a(r)=aw-r- c(r=8-@m= V.or =CONDSEL, .

With hyo(r) = const and Ah(r) = 0, the integrated form of the radial balance according to equation 5.51
looks as follows:

c(r)—¢ ° of 1 Ej T B* '

(1) Coa =8 | 277 ITE'J‘ ~—-dr=0,
Lkrh. r )1 . r

It provides that the distribution of the axial speeds is not affected by the rotation movement. This can

be interpreted as follows.

The total enthalpy according to equation 5.58 is constant over the radius at the rotor exit, since both the
total enthalpy at the rotor exit and the specific blading work over the radius are constant. From the fact
that the static pressure must increase with radius, in order to keep the fluid elements on the curved
path, and the kinetic energy of the peripheral speed increases outwards, it can be derived that the sum
of these two enthalpies remains constant over the radius. Thus, without the viscosity effect the axial
speed distribution at the rotor exit would have a block profile based on the radial balance. However,
based on the viscosity effect, the speed distribution at the rotor exit is assumed to be that of a turbulent
formed flow according to equation 5.17a. The constant n is chosen here equal to 10, in order to obtain a
more complete profile compared to a 1/5 or 1/6 distribution, since based on the small length of the flow
no formed profile is available at the hub and housing, if there is no suction tube.

With the speed profile calculated this way, the blade angles at the rotor exit can be immediately
calculated based on equations 5.29 and 5.54. The effect of the blade thickness at the end according to
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equation 5.29 is required for the generally smaller exit angles of the RV pump. Since the fluid rotation
does not affect the speed profile, and it can be chosen already here taking into account the viscosity
effects and the permanent volume flow, the final blade angles become clear directly taking into account
the angle excess from Chapter 5.8.7.

B
c(r)=A+—
On item 2. r

Taking into account the required specific blading work and the maximum permissible angle in the rotor

exit, we can determine constants A and B similarly to the procedure for the LV pumps according to
equations 5.63 a,b.

If we integrate the simplified differential equation of the radial balance from equation 5.51, then we
obtain the following for the axial speed distribution in the case with hy(r) = const and Ahy,(r) = 0:

. I 1) r, |
{_‘r(r}":’_r_'quhzz-ﬂ- f.'l'.:'{r r.':j-'-ﬁ e A'I:T:I .
g {3, rj

“ .fl T"
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If we take into account that, similarly to the procedure for the LV pumps, only positive values make
sense for speed quadrants, we obtain for the borderline case c.(r = ;) = ca,;= 0 the speed distributions for
which clearly non-zero speeds take place in the immediate vicinity of the housing wall. The viscosity
effect must be subsequently taken into account in this case as well.

5.8.4 Viscosity effect

The general differential equation of the radial balance looks as follows assuming that the meridian flow
curvature is negligible, c.2/Rm= 0, according to equation 5.48:

Bi_?.dﬁ ) oc, i de, ¢,

s e £ =1,
or dr " or Yor 1
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For calculation of the axial speeds, the expression = gr had to be disregarded due to unknown radial
dissipation terms. Therefore, it was assumed at this point that no energy is transferred into heat in fluid

by dissipation. This applies in viscous media, but only for a disappearing radial speed gradient (-_ff =0),
which condition is not even closely met in the largest part of the cross-section. Thus, the condition of
wall adhesion must be fulfilled in the vicinity of the channel limits, but a rather high speed gradient can
also exist in the middle of the channel, depending upon the angular momentum and channel length.

The effect of the neglected term on the axial speed comes from the above equation withs =7 :

ds
—<0: = ¢
r .

+

increases (hub border layer);

decreases (housing border layer).
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The thickness of the border layers was assessed according to /Truckenbrodt 1980; Schlichting 1965/. A
similar calculation for an even plate resulted in a border layer on the housing side for the LV pumps,
which layer is thicker than half the channel height due to the suction tube. In the vicinity of the hub, the
length is much shorter. Here it corresponds to the length of the border layer on the housing side for the
RV pumps, and are thinner. A rough estimate on the hub side according to /Schlichting 1965/ on
rotating bodies results in border layer thicknesses of the order of half the channel height as well, so that
the total flow cross-section consists of a border layer. The border layer thickness can be exactly
calculated neither on the hub, nor on the housing side, since no final and applicable calculations are
available for a turbulent flow with positive pressure gradients in the flow direction. This is even more so,
since neither the effect of the secondary spiral whirl in channel together with the gap flow on the border
layer on the housing side, nor its effect on the border layer thickness on the hub side can be assessed.

However, in order to approximately take into account the viscosity effect on the axial speed distribution,
an indicator fa(r), which depends upon the radius, is introduced and determined from the turbulent
speed distribution in circular gap free of angular momentum, based on equation 5.20 a,b:

f;{rl—'ﬂﬁj-: :I(L— il Y*

€ oay |50 | (r, —?_.].Ij_g | with the middle radius__4 r _Ltr
! ' (Equation 5. 67)

Due to the pressure increase in rotor, the flow slows down here along all channel limits, and causes the
border layers get thicker in the flow direction. However, the rotation movement and secondary flows
counteract this thickening of the border layer, similarly to the flow accelerated in the axial direction in
the LV pump, according to Chapter 5.7. Therefore, under the assumption of the mutually mostly
compensating effects from the beginning of the rotor to the exit in the axial gap, the constant n gets the
same value as in the rotor entrance of ny= 5-6. According to the experimental results from Chapter 7,
which imply due to constant color detachment qualitatively identical wall shear stress in rotor from the
entrance to exit, this assumption looks reasonable, as long as there are no significant detachments.

Due to the small length of flow in the pump (missing suction tube), ngy= 10 was chosen in the RV pump.
This allows for better description of incompletely formed flow.

This indicator f, is multiplied by the respective axial speed from Chapter 5.8.3 received from the radial
balance. To avoid misunderstandings, these values calculated disregarding viscosity receive the index
rGG:

€, (r) £ (r)-c
——=F F)-C _~~[F)
const.  © % ) "'n:“'( )
(Equation 5.68)

The constant in equation 5.68 is calculated from the condition that the volume flow is constant
according to Chapter 5.8.5.

5.8.5 Continuity equation

To obtain a meaningful speed distribution, the constant introduced above must be determined in such
way that the required volume flow can be transmitted. The volume flow is obtained from the axial
speeds with equation 5.68:
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3 (Equation 5.69)
This integration cannot be performed in a closed way for the existing axial speed distributions.
Therefore, we perform summation of partial volume flows through a sufficient number of circles with

the number k, in which the speed can be assumed to be constant:

*
V=2r- ucmsl.-z f.(r)-€, ,cor) r-ir.
i=0
(Equation 5.70)

The required constant designated as “const” can be calculated from equation 5.70, so that we can now
determine the final axial speed distribution in the axial gap behind the rotor, or between the rotor and
stator. The profile calculated this way should be complete and fill the available channel height in a
proper way. If this is not the case with the assumed angular momentum distribution according to
Chapter 5.8.3, then an alternative angular momentum distribution needs to be chosen. A complete
profile uses the small available channel height in the best way, and causes the highest volume flow at a
relatively low dissipation.

We can now finally determine the required relative angles of the flow in the rotor exit according to
equation 5.54, so that upon verification of the total specific blading work and taking into account of
angle excess, we obtain the blade structure angles of the rotor.

5.8.6 Subsequent calculation of the total specific blading work

Except for the RV pump angular momentum distribution discussed in Chapter 5.8.3, c,=B/r, an
additional calculation is required, where the following applies:

(ﬂ__rj = C0nst. = _.!"'.,-..*

In all other cases, the actually transferred blading work must be additionally calculated following the
calculation of the axial speed distribution. Similarly to equation 5.44, it results in:
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(Equation 5.71)

Since this integral cannot be solved either, we again perform summation of k partial works:

N R .
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V& A7) 1" Ar]. (Equation 5.72)

The difference between the total specific blading work calculated this way and the target values from
Chapter 5.8.1 should not exceed 5%. Otherwise, it is necessary to choose a new angular momentum
distribution according to Chapter 5.8.3.

5.8.7 Angle excess and blade structure angle B,
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Due to the distance at the end of the blades in the peripheral direction, the flow does not exactly follow
the blade contour, but experiences slip. For fluid elements in the middle of the blading channel, it
becomes particularly strong. To make possible using the calculated flow angles in the pump in average
over the perimeter, the blade structure angles B; in the rotor exit must be chosen bigger to take into
account the expected slip. An assessment of this angle excess is only possible based on potential
theoretical connections, disregarding viscosity, so that the actual situation in the pump in question may
be reflected in a very inexact way. However, the flow visibility results according to Chapter 7 show a
good correlation, which can be best demonstrated using the incidence free stator flow in the LV pumps
for the design point.

The angle excess based on the division at the end can be determined according to /Gallus 1992/, pages
36 — 39, TAM-B-61a. The actual angle distribution based on the blade thickness at the end is no longer
required, since this effect has already been taken into account in equations 5.53 and 5.54. For z rotor
blades and a rotor length L, we obtain the following division relation:

1.0 r-sin[ ﬁﬂ;ﬁiﬂ
sy ' —
;{F} z L

(Equation 5.73a)

Together with middle incidence free flow angle:

=.|"5:{T:' + B, (r)

= 2
(Equation 5.73b)

we can now obtain the angle excess factor u from Figure 5.14 and calculate the blade structure angle B,
with the help of the angle excess &:
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Figure 5.14 Angle excess through division at the end in incident free flow /Gallus 1992/

The dotted line shows here the sought blade structure angle, while the regular line shows the previously
calculated flow angle. For the first angle, there is the condition that it cannot exceed 90° according to
Chapter 9.2.1.

Page 85 of 199 ABIOMED Ex. 1044



To calculate B,’, we will assume, similarly to the radial balance in the LV pumps, that the flow lines are
parallel to axis, so that the thickening of the hub is considered here to be negligible. The length L of the
rotor was chosen in all pump versions in such way that the separation ratio from equation 5.73a equals
t/s = 0.8. According to Chapter 9.2, this is a good point from the axial enthalpy curve, lengths of the fluid
flows along the blading and blockage.

5.9 Calculation of the guide wheel angle

The function of the stator is to transform the kinetic energy of the fluid rotation into additional

pressure. In case of the RV pumps, the peripheral speeds are small based on the comparatively low
required pump capacity. The possible additional pressure in stator can therefore only be low. It must
even be assumed that the losses due to blockage of the guide blade in the highly viscous medium in
guestion are higher than the possible use. Therefore, the RV pumps were constructed without the stator
from the very beginning. It is not the subject of this discussion, to which extent to total portion of fluid
rotation dissipates or is transferred into additional pressure even without a stator.

To identify the relative pressure portion of the stator in the total pressure, we will determine the
reaction degree r as the ratio between the additional pressure in rotor and the total pressure difference
over the pump (with stator):

PPy Tele—tm

;’HIJ,TJ';‘_W_I;f 2 + I fy:J 7"
and (Equation 5.74 a,b)

It can be roughly assessed according to equation 5.74b /Pfleiderer and Petermann 1986/, page 53. For
the RV pumps, we obtain the following reaction degree:
T = 83 rﬁ;??.:-'-i’uw-: Sf!rﬁ
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and for the LV pumps, correspondingly:
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Already these values demonstrate that the large portion of the additional pressure in the RV pumps is
obtained in the rotor. Figure 9.15 gives an idea of the extent to which LV pumps can do without a stator.
A final solution can only be obtained from the hydraulic measurements in pulsating environment with

physiological pressures.

The entrance angles in stator are calculated for the LV pumps in such way that the flow to the stator
blades is incidence free:

tan o, r) :Eg:[l} . : .
.(r) c..(0) With: cs(D=c,,(r) 4ng €aa (7) Bl

. _-_-_-_‘_-——_- .
() 2.7 riz,, ~s/sine, (r)° (Equation 5. 75 a,b,c)

The pressure increase in the guide wheel as the result of removal of the peripheral speed component
makes the border layers thicken very quickly already at the beginning of the guide blade channel, since,
contrary to the rotor, the border layers are no longer centrifuged by rotation. This additional narrowing
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of the flow cross-section makes the axial speed in the entrance of the guide blade channel somewhat
higher according to equation 5.75c, taking into account the blade thickness at the end. Therefore,
similarly to the entrance of fluid in the rotor, we assumed an additional average breast incidence of 2°.

The exit angle as of the stator always equals 80°-85°.

The length of the stator in all LV pumps was chosen according to the experimental values and design
restrictions between 4 mm and 6 mm.

Summary:

According to the design system described in Chapters 5.3 — 5.9, the blading for the smallest axial and
semi-axial flow pumps can be designed with the diameters of 4.8 mm — 7.2 mm for viscosity of the
pumped fluids of 3.0 — 4.0 mPa. This completely describes the blading, with the exception of the axial
enthalpy distribution according to equation 6.1, and can be combined with the milling manufacturing in
Chapter 6.

6. Creation of the blading components

We will omit presentation of the technical production aspects required to manufacture the total system
of an intra-vascular micro-axial pump /Rosarius 1994/, and use the computer supported manufacturing
of the blading components instead. We will also omit the description of the software used and its
features.

The structures described below with dimensions in millimeter order are produced using the precision
engineering methods. The production methods of micro technology cannot be used here, because the
structures in question are approximately three orders to large.

6.1 Determination of the axial enthalpy distribution and CAD/CAM creation of the blading
components

Creation of the blading components is based on the blade structure angles calculated in Chapter 5,
meridian grid length L and hub curves. Merely the total wrap angle of the grid and the axial enthalpy
distribution are first determined through the grid parametrization over the radius. This should produce
the geometries that need to be manufactured.

Basically, the goal is a linear enthalpy distribution, where the rotor entry angle is transformed linearly
into the exit angle, with mostly constant curvature according to equation 6.1, depending from the
coordinate x, which coincides with the rotation axis:

B(x) :iﬁ";_‘ﬂ" x+ B

(Equation 6.1)

To obtain a straight line entry edge, the wrap angle is set to be zero over the radius at the beginning of
the blade. If as the result of the linear enthalpy distribution we obtain at the end of the blade a very
difference wrap angle over the radius in excess of 10°, then the enthalpy distribution shall be weighted
accordingly in order to obtain at the end a blade, which is not strongly tilted in or against the direction
of rotation, seen with respect to the hub, and not twisted in the radial direction.
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The geometry of a blade chord plane obtained in this manner is produced by CAD tool. The final
thickness of the blade was obtained by a plane projection orthogonal to the chordal plane with a
defined offset distance. Since the experiments show that such small pumps require very thin profiles in
order not to narrow the flow cross-sections, which are already very small, we do not perform a blade
profiling. The constantly thickened chord plane is only rounded at the incoming and outgoing flow edge.
Even the rounding between the blade and hub can be omitted, since this automatically happens due to
the relative size of the ball nose. The blade produced this way is rotated and duplicated, according to
the required number of blades, on the hub designed as a rotation plane, so that we obtain a complete
blade channel. The sculptured surfaces of a channel can now be added to the milling manufacturing
(CAM).

Figure 6.1 a,b shows the principle of the milling path. Limiting and guiding lines are added here to the
blade surface, and between such lines the NC module generates single milling curves in the 2.5
dimensional mode with three tool axes or in the 3 dimensional mode with 4 to 6 axes, taking into
account the milling geometry. These tool paths can be immediately used for manufacturing upon
preparation for the respective machine control.

Figure 6.1a Stator channel consisting of

two blades and one hub, where the Figure 6.1b Stator channel with a roughing tool

milling area is shown by guiding lines generated in the milling area. The side offset
(light) and the limiting lines going beyond visible here between the paths provides the rest
them (dark). roughness constant in the area.

6.2 Production aspects and process parameters

The use of milling production as the last metal removing procedure in the production process is the
prerequisite for production of small three-dimensional structures of the blading components.

Since the repeated clamping of the structures generated upon the milling production is no longer
possible, the rotor or stator blank must already have all the necessary functional connections. They
must be designed in such way as to enable an exact position secured against twisting for the milling
processing shown in Figure 6.2. This requires joining surfaces on blanks that would allow for position
tolerance < 0.01 mm of the blank with respect to acceptance. Securing of the blanks against twisting at
acceptance is ensured by a 2 component epoxide glue. Upon the processing, the prepared part is
deformed in a thermic way, and the surfaces of the blades are manually prepared with polish from
dental accessories.

All blading components were made of brass, since the requirements to the production are simpler. This
way the metal cutting can be performed with low rotation speed n < 5,000 turns/min, which can be
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achieved by most milling spindles, without causing strong displacement or even breakdown of the 1 mm
radial mill by the produced forces.

To produce blading components from biocompatible materials, only metals can currently be used due to
their thin walls and the possibility of subsequent manual polishing. Production of parts from pure
titanium proved to be feasible. However, this requires using of a high frequency spindle with the
rotation speed of up to n = 80,000 turns/min, since the cutting speeds of > 2 m/s must be achieved.

Figure 6.2 Rotor on milling with 1 mm radial mill during production

Figure 6.3 shows a choice of the blading components manufactured so far.

Sermr-L VRV BaachmiisiLrpen Gl WRV-Beecmotsiungen  Temm-LV-Beszhauleiunger
it S ynd sisicrios o Siter g stmonice satorion

Figure 6.3 Rotors and stators of brass and pure titanium
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Figure 6.4 6.4 mm drive with blading (above)

8.5 mm drive with blading (below)

Figure 6.4 demonstrates complete 6 mm systems consisting of pump and drive without a pump cover
and suction tube.

The 8.5 mm drive shown here corresponds to the modular lab drive shown in Figure 4.8, while the 6.4
mm drive is already reduced to the final dimensions for the first in vivo applications. The motor cables
are brought here past the back bearing directly to the inverse guide catheter.
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7. Experimental Flow Visualization in Micro-Axial Pump Blade System

Further to the theoretical foundations of the design in Chapter 5 and to the technical realization n Chapter 6, what
follows now is a flow analysis by way of select blade system components, assisted by adapted analysis procedures.
In Chapter 5, the principal iterative procedure for designing an axial turbo machine was outlined. At this point we
can therefore dispense with the interactive processes of experiment, analysis, and new calculation, which are
required in the context of flow improvement, in favor of the experimental results and variations according to the
design parameters from Ch. 8.2 and Ch. 9.2.

The flow analysis of existing blade system components can in principle be done either experimentally or with
computerized support. The latter makes sense only when extensive experimental data are available. Accordingly,
in the framework of this project, the flow analysis is done only by means of flow visualization methods which are
adjusted specifically to the dimensions of the pumps and the high rotation speeds, and which are meant serve as
a foundation for further flow simulations. In this context, the methods used (light section and tracer methods,
particle tracking in the rotor by means of high-speed video, washing method, explicit current filament method,
color injection) are described, characterized in view of the expected outcomes, and used for the evaluation of an
exemplary @ 6 mm blade system.

For hydraulic improvement, apart from flow control within blade system, peripheral flow events such as inflow
and outflow are also examined and characterized by means of appropriate methods.

With respect to the blade system, it must be examined in the context of the flow analysis to which extent the flow
in the rotor enters free of incidents and follows the contours of rotor and stator blade system without the
occurrence of flow separation, and consequently, recirculation regions, and whether the transfer of the flow from
the rotor to the stator is free of incident. Moreover, the operational behavior of the examined pumps outside of
the operating point must be characterized in flow terms, since the pumps run only periodically in the operating
point. Longer-lasting deviations from the operating point may not lead to stationary flow separation inside the
pumps, however, since otherwise there would be a risk of a thrombocyte agglomeration in the stationary
recirculation regions.

7.1 Experimental Flow Visualization in Micro-Axial Pump Blade Systems

The flow visualization methods described below are discussed only in the context of the field of application and -
when necessary for a better understanding, by way of the example of the @ 6 mm LV pump, used throughout this
study. The methods are characterized here in terms of their function and their expressiveness, whereby the
interfaces between the methods are given specific attention.

7.1.1 Light section and tracer methods

In a light section process, preferably spherical particles of a similar density are added to the fluid, which either

strongly reflect the incoming light, or emit energy at a different wavelength within the visible spectrum
(fluorescent particles).
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The part of the pump that is being examined is lit during operations with a slit lamp at various parallel levels, so
that the particles passing through the light slit leave behind tracers which reflect the local flow field from the
perspective of a stationary observer.

The analysis of thus-obtained flow measurements shows to which extent the flow follows the calculated pump
contours. It can also be shown whether the calculated inflow and outflow angles of rotor and stator blade system
correspond to the experimentally obtained results. The length of the tracers for a known exposure time also
provides an impression of the speed distribution in the respective light section.

The generation of a light section by means of a pulsed laser in combination with coupled computerized analysis
of the particle point s is generally referred to as Particle Image Velocimetry (PIV). This method depends on the
generation of a clean light section, and can be used in a model enlarged at a scale of 10:1 of a micro-axial pump
as described in Ch. 7.3.

However, this method is not suitable for flow visualization in micro-axial pumps in the original size according to
Ch. 7.4, since thin light planes cannot be generated cleanly due to the refraction effects on the strongly curved
surfaces. Like the pump dimensions, the flow is strongly curved, so that light sections are unsuited for tracing
particles which are only briefly present in the light slit. Preliminary attempts to apply the PIV method with a light
slit and a pulsed laser failed not only due to the strong curvature of the particle trajectories, but also due to the
insufficient ability to assign the particle points. Attempts to filter out refraction and reflection effects by means of
the use of fluorescent particles showed that the intensity of the light emitted by the particles when used with a
He-Ne laser was insufficient to produce light points or tracers that could be analyzed.

Accordingly, instead of the light section method, the tracer method was used, in which a light source is used to
illuminate the entire flow region. When a video camera is used, this method is suitable for evaluating the total
flow in a stationary system. However, a computerized analysis is no longer possible due to the lack of depth
information from the two-dimensional image with the flow lines crossing each other in the projected image plane.
When selecting the particles, it should be observed that the particles be as small as possible (10 - 300 um in
diameter) and globular in shape. The particle movement in the fluid is not only translational but also rotational.
Therefore, if globular particles are used, this ensures that any incoming light rays are reflected at all times and in
the same intensity.

For usable test results, apart from the right particle selection, their concentration is significant as well. If the
concentration is too low, only few flow lines can be traced, resulting in a fragmentary image of the flow. If, on the
other hand, the concentration is too high, there will be too much overlap between the individual particle traces,
rendering an unambiguous allocation impossible.

With this modified method, there is a possibility to make qualitative statements about the local speeds based on
individual particle traces. If a particle moves at a low velocity, it appears brighter on the image than an image with
a higher velocity. It must be considered, though, that the brightness of particles also depends on the distance from
the hub. Particles closer to the hub tend to be less bright due to the absorption of the light by the fluid.

If the particle traces in the stator show a flow line in relation to the blades, this is not the case in the rotor, due to
its rotation. Instead, one can see the absolute flow line, which allows for conclusions on local accelerations. The
goal should be an acceleration distributed evenly over the entire rotor, which manifests itself in a harmonic flow
with a largely constant curvature of the particle trajectories.

One problem with the application of the tracing method is the slowness of the particles. This fact may distort the
results specifically in areas of high acceleration, since in those areas the particles may not be able to follow the
flow sufficiently. Despite small component diameters, the fluid is subject to high acceleration especially in the
rotor due to the high rotation speeds. This is a reason that the particle size was reduced from 200 - 300 um
originally to 10 - 20 um. The latter particles do not allow for a representable documentation of the flow field, but
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they are only larger by a factor of 1/3 than the erythrocytes, wherefore they may be expected to show a similar
flow behavior.

7.1.2 Particle tracking

As compared to the tracing method, the particle tracking method in the form described below allows for first
guantitative statements about trajectory curvatures in relation to the rotating rotor blades, as well as first
statements about the speed profiles and shear stress values in the rotating channel of the real-size micro-axial
pumps. This method is based on the tracing method, except that the rotating blades and the particles are displayed
sharply from image to image due to the short exposure times and the high frequencies of the imaging media. If,
for instance, a particle is tracked across multiple images, and its position is calculated with respect to the original
image, for example, the projected trajectory curve of the particle in relation to the channel is obtained. On the
other hand, a comparison of two sequential images allows for determining the local speed of the particle.
Depending on the number of particles observed this way, one obtains a speed profile over the entire flow channel.
The latter allows for first statements about the development of the Newtonian shear stress, and consequently,
about any blood damage that might be expected according to Ch. 8.1 and 8.2.

Due to the light source necessary for illuminating and the only two-dimensional imaging process, this method too
lacks depth information. The latter can be determined only inaccurately from measurements of the particle’s
distance from the hub, or the housing, respectively, or from the resulting particle trajectory curves projected onto
enveloping surfaces of varying radii. From thus generated trajectory curves of a single particle onto multiple
enveloping surfaces, the probably correct height of a particle in a channel can only be established because
intersecting trajectory curves of different particles can be excluded on an enveloping surface, so that in an overall
view of the flow field, an approximate allocation is possible.

Imaging media and systems comparison:

The Kodak EktaPro (model 4540) and NAC Ultranac (model RS-501) high-speed video systems were used.

The Kodak EktaPro high-speed video system offers up to 4,500 full images per second with a resolution of
256 x 256, and up to 40,500 partial images per second with a correspondingly lower resolution at apparently
random partial image formats. In partial image mode, either 9,000, 13,500, 18,000, 27,000, or 40,500 images per
second can be recorded. The exposure time of the images in this case is reciprocal to the partial image frequency.
The data generated from the images are stored by the system in a dynamic random access memory (DRAM). This
memory can be copied at varying image refresh rates onto a standard S-VHS video tape, with a target resolution
of 256 x 256 pixels per image, and where every individual pixel has an 8-bit grayscale depth. A digital output
possibility is not provided, so that in case of a demand, a retroactive digitalization of the individual images is
required.

The alternatively used NAC Ultranac system is a programmable image convertor camera with per image
individually adjustable dark and exposure times.
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The high-speed system provides between 8 and | Number of individual images Resolution
24 individual images at an adjustable recording 8 390 x 280
frequency from 2 kHz to 20 MHz. The pixels of 12 260 x 280
the exposed CCD chip were digitally stored, so 15 260 x 230
that the images are directly available for further 18 260 x 190
analysis by means of image-processing soft- 24 260 x 140
ware. Table 3: Resolutions of the NAC system

In this system too, the image resolution is linked to the number of images according to the table above. With a
CCD total resolution of 1152 x 790, it still amounts to approx. 260 x 140 in the 24 image mode, which corresponds
to almost a full image in the EktaPro system. Therefore, while the image frequencies and exposure times are
clearly more flexible in the NAC system, the system is limited by its very low number of images.

A direct systems comparison with respect to the present field of application shows that with an operating speed
of n=30,000 rpm of the exemplary @ 6 mm LV pump blade system used throughout Ch. 7, shutter speeds
of t < 1/18000 are necessary for obtaining sharp images of the particle and the rotor contours. In the respectively
required partial image mode of the EktaPro system, the image section is already so small that due to their size,
format, and their reduced resolution, their analysis requires considerable effort.

As can be seen in image 7.1, qualitative statements about the flow can be made because the particles added to
the flow are clearly visible. If the “current” image is used for the evaluation of the flow, very good results can be
obtained, because the total flow can be monitored almost three-dimensionally. For the purposes of analysis,
however, one must depend on human cognitive abilities. A quantitative analysis of the images in view of local
speeds and shear stresses cannot be done consistently.
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Contrary to the Kodak EktaPro video system, in the NAC
system, the exposure time is independent of the image
frequency. The exposure and illuminance times are selected so
that a flow channel of the rotor in the course of a 24-image
sequence passes once through the recording area according to
image 7.2. The time and local movement sequence of the flow
is exemplary shown in image 7.2 by way of small particles of a
size of 10 - 20 um, in which the numbers indicate the image
frequency.

Image 7.1: Flow image recorded by means of a
Kodak EktaPro at t = 18,000/s

By tracking and back-transformation to an initially recorded
image, based on the underlying and subsequently described
enveloping surfaces, it is now possible to establish the A . g 13

trajectory curve of an individual fluid element in the flow, K_xswnmﬁm—m
according to Images 7.3 through 7.5. - ' \

vm-_u._ \ \

N

Image 7.2: Image of the rotor of a 6 mm LV
pump, recorded by means of a NAC Ultranac;
V =3.11/min; Ap = 100 mmHg; n = 30,000 rpm

Image analysis method

In order to obtain trajectory lines in a single image, the particle, or respectively, the rotor rotation must be
eliminated. For these purposes, templates of enveloping surfaces are needed, into which all positions of a single
particle from consecutive images can be entered, so that “rotational trajectory lines” of the flow particles are
obtained. The reentry of the particle movement to a moveable coordination system means in practice a back-
rotation of the rotor or of the “rotational trajectory lines” of the flow particles by a certain amount, relative to a
fixed set reference image. The time interval from image to image of, for instance, tintervar = 35 s at a rotor speed
of n = 30,000 rpm, due to the rotor movement, leads to a rotation of the particle of 0.0175, multiplied by the
periphery on whose radius the particle is located. This leads to an equation for determining the peripheral
trajectory s; by which a particle point of the individual image i must be turned back, in relation to the initial
image fg:

Si=n - tintervar * 2+ T+ 1+ (i-ia) = 0.0175 - 2 - ;1 - r; - (iig) (Equation 7.1)
in which r; is the radius of the circular cross section on which the particle is moving. If on the template one draws
a line perpendicular to the pump axis through the point which in image i marks the location of the particle, this

line intersects with the flow line delineating the enveloping surface. If a perpendicular line is now drawn from this
intersection to the ordinates, the value of r; can be read.
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The required templates represent flow lines for a meridional flow
on concentric enveloping surfaces to the rotor axis of the micro-
axial pump. Templates are made for near the hub, the middle of
the channel, and near the housing, in order to allow for a
discussion of the absent depth information according to the
description above. Image 7.3 shows an exemplary individual
image from Image 7.2, focusing on an enveloping surface near
the hub. The determination or calculation of the meridional flow
lines of each enveloping surface is done from rotor entry to exit
at five explicit positions relative to the rotor axis. The distance
between the positions in an axial direction in this case is 1 mm.
At the respective locations, the known pump dimensions were
used to determine the free flow cross sections. If ideal flow
control in the rotor is presumed, a particle which is in the plane-
oriented middle of the free channel cross section when entering
the rotor must also be there when exiting the rotor, to the extent
that no fluid exchange exists orthogonally to the imagined cross
section-oriented enveloping surface. This presumption, which is
necessary for the analysis, disregards the spiraling channel swirls,
which must be considered in principle.

The desired template of the enveloping surface is therefore
implemented, and when the supporting points resulting from the
to form meridional lines:
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Image 7.3: Eighth image in inverted mode
with an enveloping surface near the hub,
with numbered particles.

obtained if the following considerations are
resulting described five positions are connected

If, on a half circumference of a circular cross section starting from point x = 0, z = R, markings are made at a

distances of 0.1 mm, these may be projected into the y-z plane ac

cording to image 7.4. The larger the diameter of

the circle, the closer to each other are the correspondingly projected points in the range of z=R.
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Image 7.4: Projection of markings on the Image 7.5: Correction of the refraction-induced

circumference of a circle

For a correct back-transformation of the particles, a correction

angle distortion

of the enveloping templates from Image 7.4 is

necessary as well. In the present case, if instead of the rotor a cylinder is built into the test rig of Image 7.15, of
which the circumference is marked with equidistant lines, the result is a refraction-induced deviation from the
projection in Image 7.4 in the image plane of the video system. This is shown in Image 7.5, and leads to an angle-
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dependent correction of the enveloping templates. Clear fixed rotor positions can now be back-transformed after
an optical correction of the templates congruent with explicit particles.
The results of this process are represented in detail in Ch. 7.4.2.

7.1.3 Washing method

In this process, the parts of the model that are subject to examination are uniformly coated with a high viscosity
non-hardening color film that is insoluble in water. Depending on the wall shear stress and the operating time,
this color film is washed out to different degrees, so that qualitative statements about the wall shear stress
distribution can be made. Correspondingly, this method allows for determining eddy water and recirculation
regions as well as flow lines immediately adjacent to the wall, which is important for determining the secondary
flow close to the wall in the rotor and the stator according to Image 7.6. This process complements the methods
from Ch. 7.1.1 and 7.1.2, which do not provide much information about [the flow] adjacent to the wall.

Likewise, the washing method is suitable for determining the flow contraction, possibly in the event of separation
at the inlet, and for characterizing the drain of fluids from the pump along the motor. In blood pumps, due to the
risk of formation of blood clots, stationary separation bubbles close to the wall must especially be visualized. This
method is specifically suitable for this purpose, since it can be used on all surfaces of the system.

By way of color, a four-component lacquer consisting of line seed oil, oxide black, zinc white, and turpentine, a
mixture which must be experimentally adjusted in the pump to the respective flow region in terms of its viscosity
due to the strongly different shear stress ranges. High wall shear stresses in the original size, as well as the viscosity
of the color, which cannot be set arbitrarily high, produced washing times in the range of 30 seconds to 3 minutes,
as opposed to up to 60 minutes in the enlarged model. This required that the operating point was reached quickly
during the experiment. Long lead times would have left their own mark on the walls, and hence distorted the
results.

7.1.4 Explicit current filament method

While the light section and tracing methods as well as the particle tracking method, only the flow in the channel
could be analyzed, and with the washing method only the flows close to the wall, this method leads to result for
the transition zone between the wall and the flow channel. Immediately obtained are flow lines in relation to the
blade or hub contours, without there being a need for an interim step of back-transformation into an original or
a location-fixed coordinates system.

For this method, soft filaments were attached to the rotor blade system and to the hub; these orient themselves
according to the local current. In order to obtain qualitatively expressive results, short filaments must be chosen,
in order to avoid ‘straightening’ due to wall shear stress caused by the filament itself. Furthermore, it is essential
that the filament be sufficiently thin, and be inserted into the flow in sufficiently small amounts, so that the
interaction of the filament with the flow will not have a lasting effect on the latter, which would distort the results.
Since these are explicit current filaments, the location which they are to examine must be carefully selected prior
to the insertion of the filament into the rotor. In order to make the light-colored filament better recognizable in
the original size, the rotor itself is coated in matte black paint (RAL 9005).
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When examining the rotors in original size by means of filament, the impact of the centrifugal force of the rapidly
rotating pump, as compared to that in the enlarged model, cannot remain unconsidered. In the rotational
direction, due to their physical connection with the rotor at the adhesion point, the filament has a higher speed
than that of the fluid flowing along the blades. Since the density of the filament is comparable with that of the
fluid, they undergo a correspondingly stronger force in a radially outward direction than the fluid. This notwith-
standing, this method has proven itself to be effective for making qualitative statements about local flow separa-
tions, since despite the centrifugal acceleration, the filament does not show a tendency to be drawn by the gap
swirl to the opposing side of the rotor. Rather, the filament usually stays in the compartment in which it is
attached.

If the pump in the original size is iluminated by a stroboscope which emits light in short pulses at regular intervals,
and if the proper time interval between the light pulses is selected, an image is obtained that suggests a non-
rotating or only slowly rotating rotor. This can be easily documented by means of a photo or video camera.

7.1.5 Color injection method

The color injection method serves for characterizing the outflow of the fluid from the pump component past the
motor that is positioned behind it. For these purposes, a color bolus is injected into the suction tube while the
pump is operating. When exiting the pump, the fluid thusly colored can be easily differentiated from the
transparent fluid, so that the free jet can be characterized, depending on the position of the pump in the outflow
vessel. In addition to the form of the free jet, when the image frequency of the recording medium is known, the
outflow speed can be determined based on the drive as well. This is necessary for the approximate determination
of the heat transfer from the drive to the fluid flowing by.

7.1.6 Laser-Doppler anemometry

Laser-Doppler anemometry (LDA) is a very elegant method for quantitative and non-interventional flow analysis,
to the extent that it can be implemented. In the present field of application, only a Backscatter LDA System can
be used that as a matter of principle allows for low data rates of fyackscatter < 100 Hz. Furthermore, at the prescribed
beam distance and focal length of the available 1 channel system, the resulting dimensions of the hyperboloid
measurement volume are a length of / = 0.76 mm and a diameter of d=0.1 mm, which makes this system
unsuitable for measurements in the original size of a micro-axial pump due to the only integrally recordable
speeds. Accordingly, measurements were only done in an enlarged model, in which measurements in a rotating
system are also bound to a time- and location-wise triggered LDA window, because the data rate does not allow
for a continuous recording of speed despite the rotational speed, which is lower by a factor of 100 as compared
to the original size.

7.1.7 Recording media and their suitability for documentation purposes
The aforementioned methods for flow visualization can be subdivided in terms of recording media into moving

and static [media). For the latter, which includes the washing method, documentation by means of a conventional
compact camera is suggested due to the achievable image quality and the possibility of exposure series. A film
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system, whether high-speed or compact camera, can be used in principle in all other cases as well. However, due
to the development time of film material and the frequently resulting need to perform a certain experiment
multiple times, this is not a pragmatic choice. In these cases, electronic image conversion systems which allow
direct control of the results are recommended. This allows for a significant shortening of the iteration steps, at
the expense of image quality. Two high-speed systems based on cutting edge CCD chip technology were already
suggested in Ch. 7.1.2, and characterized in terms of their suitability.

Since these systems are not generally available, all ongoing flow visualization experiments were done by means
of a 50 Hz CCD video camera, the recordings of which can be retroactively digitized for processing purposes as
well. The advantages of the tested video system (Canon EX1-HI) are the satisfactory light sensitivity of the high-
resolution chip, the high-speed shutter with exposure times from t = 1/6 sec. to t = 1/10,000 sec., as well as the
choice of lenses. By means of an adapter (CANON EOS VL adapter) and a macro lens with a focal length of 50 mm,
of which the image scale with respect to the 24 x 36 mm compact image format is 1:1, objects of 5x 5 mm can be
recorded in a frame-filling manner. This is a condition for resolving small particles of 10-20 um in original-size
rotors.

If fluorescent lamps are used for object illumination, the depth of field and the brightness can be controlled by
means of the built-in aperture. When illumination is done by way of a stroboscope as required in the explicit
current filament method, a synchronization between the image frequency and the light source would be desirable.
Instead, due to the lack of a possibility to achieve such synchronization, the flash frequency is set to a multiple of
the image frequency, and the shutter time of the camera is selected so that there are no dark phases between
successive images. This way, the number of exposures per video half-frame can be controlled manually.

7.2 Secondary Flows
For a better understanding of the complex flows within the curved rotor and stator channels, insights from the

literature on turbo machine construction are provided first, adapted to the presently addressed micro-axial pumps
(Gallus, 1992).
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Image 7.6: Secondary currents in axial deceleration grids (Gallus, 1992)

As the flow enters into the rotor, a split flow is formed between the rotor and the housing due to the local relative
movement there, in consideration of Stoke’s wall adhesion and due to the pressure difference between the outlet
and the inlet side. This, in turn, induces a split swirl @ on the respective inlet side which, depending on the size
of the channel and the viscosity of the fluid, may either be singular as in Image 7.6, or flow directly into a large
spiral swirl. The latter may include the entire channel.

In the flow-through direction, a boundary layer is formed on the blade surfaces which loses energy and which may
detach as a result of the increased static pressure in the flow direction. The fact that this is not necessarily the
case in the rotor is due to the centrifugal acceleration, to which the fluid elements proximate to the blades are
particularly exposed, which leads to a situation in which the bigger part of the boundary layer is spun-off
outward @, and moreover, drawn in by the split swirl @ This interaction makes the rotor less sensitive to
separations along the blade system than the stator, given a similar grid load.

The lower axial speed of the fluid elements in the boundary layer close to the hub leads at that location to a wide
flow diversion @ This boundary layer describes a narrower radius, based on the radial equilibrium due to the
pressure caused by the channel flow. The associated radial @ and rotational @ mass transport generates
channel swirls () which in turn generate narrow flow diversions in the direction of the middle of the channel.
Relative to the micro-axial pump with only two or three blades, a low channel height, a large chord length, and a
relatively highly viscous fluid, it must be assumed that not all channel swirls are present locally, but rather, that
they combine to form a large spiral swirl, which leads to a wide diversion of the flow near the hub and to a clear
narrow diversion near the housing. This narrow diversion is not covered by the narrow diversion resulting from
the finite blade division described in Ch. 5.8.7.

In the stator, the low-energy boundary layer generates a wide diversion (radial equilibrium) of the flow near the
hub @ and the housing @ To which extent these effects lead to a single large stator channel swirl or to two of
them in case of an overlap with the rotor spiral swirl cannot yet be determined definitively. The secondary flow in
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the stator channel can be compared with the flow in curved tubes with a rectangular shape according to
Truckenbrodt 1980. Here too a characteristic double swirl is generated.

7.3 Flow Analysis in an Enlarged 10:1 Model

Due to the small dimensions, the examination of the flow manifestations in LV micro-axial pumps was initially
done by way of a model of Component | from Ch. 3.1.3, enlarged at a scale of 10:1.

7.3.1 The test rig and the 10:1 model

The design and the layout of the test rig were done according to the strict specifications in the form of the enlarged
pump model, which was laid out according to the theory of similarities.

Initially, the conditions for the similarity between the two systems are found, in order to determine the regularities
for the transfer of properties from one system to the other. For reasons of manageability, the index figures within
which individual influencing quantities of the system are summarized are stored instead of these influencing
guantities themselves. Therefore, also in the present case, all relevant quantities are summarized as known index
figures, and the calculation of the model geometries and of the operational parameters is based on these yet to
be determined index figures.

In principle, there are two methods for determining the relevant index figures:

i) A presumption is made that the context subject to the examination can be phrased in terms of physically
correct regularities, or in other words, that all relevant quantities are correctly made part of this context, and
that not only the numerical values, but also the units of the individual terms are corresponding.

ii) In order to find the dimensions and the operational parameters that characterize the problem, use can be
made of the fact that quantities and reference quantities both use the same measurement units.

In the framework of the dimensions analysis, a set of dimensions and index figures can be derived from the
influential quantities that describe the problem which meets the requirement the numerators and
denominators or products of powers all consist of quantities with the same dimensions (Dibelius, 1990).

According to both methods i) and ii), the system-specific index figures were determined, in consideration of the
relevant influencing quantities.

Influencing quantities: AP = Pressure difference over the pump; V' = volume flow of the pump; n = drive rotation
speed; D = pump diameter; n = viscosity of the blood or of a replacement fluid; p = fluid
density; g = gravitational acceleration.

Index figures - In what follows, the Reynolds number (Re), which represents the ratio between the forces
of inertia and the frictional forces, will be considered as an essential index quantity [sic]
since, as in the present case of small Reynolds numbers (Re: 2000-4000) in contradiction
to the values generally found in turbo machines, the impact of friction, and therefore of
the boundary layer character of the flow, are immanently important (Truckenbrodt 1980;
Schlichting 1965). An identical Reynolds number implies similar speed triangles, in other
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words, a geometry of the model which is also similar to that of the original, so that the
rotor and the stator only have to be enlarged according to the scale.

- The Euler number (Eu) represents the ratio between the pressure compressive forces and
the forces of inertia, and allows for making statements about the scale-dependent
pressure build-up of the model.

- The Strouhal number (Sr) describes the non-stationarity by way of the characteristic time,
or the flow periodicity by means of the frequency, such that the rotational speed of the
model can be derived from it (Krause 1988, Prandtl 1956).

- The Froude number (Fr) considers the flow-deforming impact of gravity on the flow image
when particles are used with a density slightly higher than that of the fluid, which is
significant for the enlarged model due to the same magnitude of the angular momentum,
axial, and gravity acceleration.

Departing from the index figures, the wanted model data can be determined by means of the requirement “model
index figure = original index figure”. Not all index figures can be maintained simultaneously.

In first instance, the Reynolds (Re) equality must be maintained. From it, the maintenance of the Euler number (Eu)
and the Strouhal number (Sr) follows without contradiction. The Froude number (Fr) is contradictory, however,
so that it can only be considered globally due to the fact that the pump model is operated vertically.

The model parameters thus determined in the design point for operating the model of a @ 6 mm LV pump with
the blade system examined throughout Ch. 7 are represented in the following table:

Scale (M) 1:1 10:1 10:1

Fluid Blood / blood replacement Water Blood replacement
substance substance

Mean viscosity (n) 3.6-10%Pa-s 103Pa-s 3.6-10%Pa-s

Mean density (p) 1059 kg/m? 1000 kg/m3 1059 kg/m3

Internal diameter (D) 6 mm 60 mm 60 mm

Feed length (s;) 200 mm 300 mm 300 mm

Volume flow (E) 3 liter/min 8.825 liter/min | 30 liter/min

Pressure difference | 18400 Pa 15.04 Pa 184 Pa

(4p) 138.3 mmHg 0.113 mmHg 1.383 mmHg
1877 mm H,0 1.534 mm H,O | 18.77 mm H,0

Rotational speed (n) 30000 I/min 88.25 |/min 300 I/min

Table 4: model parameters

With respect to the flow-through regions, it was ensured that the enlargement from the original was true to scale.
An essential construction feature of the test rig according to Fig. 7.7 is the receptacle above the actual pumping
unit, which was made to resemble the actual aorta conditions for stationary operation for as much as possible.
On the one hand, a diagonal outflow was implemented in a cylinder enlarged according to the aortal cross-section
(Reservoir 2), and on the other hand, the flow conditions were made to resemble those in the aorta.

Page 102 of 199 ABIOMED Ex. 1044



This includes the large eddy at the outflow of

the pump, and the nearly axial outflow of the drl‘f T /:n Yy |
fluid from the container through several & reservoir
overflow slits around the perimeter of I ]
Reservoir 2. Due to the fact that the fluid level
in the outflow drain is below that of the !
container, it is further ensured that the reservoir 2 i
external pump as well as the outflow to it do | flow meter
_ . pump maodel [1]
not have a negative impact on the flow image =
in the container (no overlap between the [
source flow of the pump with the sink feed length 5. Eétfrfnnpal
associated with the outflow with the 4 P
corresponding deformation of the outflow 3 \,__F
from the pump itself). These sufficiently
reconstructed outflow conditions, as well as | \_“‘_ j_’,
the transparent implementation of the
container and its good accessibility, ensure
that the flow is recorded in this location as Image 7.7: testrig design with pump model

well.

The problem of the optical refraction and the

resulting cylindrical pump casing is solved by

means of planar surfaces, which are realized

by means of a rectangular “aquarium” filled

with water that is put over the casing. Image

7.7 illustrates the integration of the pump

model in a suitable test rig which allows for the

low pressure build-up of the model, the

vertical installation position, as well as the

necessary feed length s,. The driving force for

the volume flow through the pump model is

the geodetic height difference Ah between

Reservoirs 1 and 2.

The external pump only serves here for the compensation of the flow losses in the flow meter and in the
recirculation tubes, and in order to set the value of Ah. The advantage of this arrangement is an extensive
decoupling of the external pump, of which the dosing fluctuations in the large Reservoir 1 have only an
insignificant effect on the geodetic height.

7.3.2 Flow results in the enlarged model

Even though extensive flow testing was done in the upstream pipe, the intake funnel with its profiles, on the rotor,
on the stator, and at the outflow along the diagonal shaft end, only the rotor and the stator are exemplarily
examined here. The intake funnel, supported by three profiles, only results from the discontinued Component |
from Ch. 3.1.3, so that those results are irrelevant for the continued blade system development. The speed
measurements performed in the tube by means of the LDA backscatter did not lead to productive insights beyond
the discussion on the speed profiles immediately before the hub head and before the beginning of the rotor blades
according to Images 5.9 and 5.10, so that a presentation of the measurement results can be dispensed with. It is
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worth noting, though, that as early as 35 mm before the beginning of the hub, or respectively, 3.5 mm in the
original size, a significant speed reduction can be measured in the center of the tube. The displacement of the
flow due to the high viscosity clearly starts upstream from the contour. The resulting delay leads to a slightly
thicker boundary layer near the hub. For lack of exact measurement methods in the original size, the thickness of
the boundary layer as determined in Ch. 5.6 of 6, =0.05 mm immediately near the blades can be sustained despite
this understanding.

The flow in the rotor:

As previously mentioned, the light section method does not allow for an allocation of the flow lines to the blade
system contours, since this is a rotating frame of reference. With this method one can only obtain an impression
of the course of the flow through the rotor region against an absolute frame of reference (for comparison,
cf. Images 7.10 through 7.12). Images of the flow along the blade contours, on the other hand, can be obtained
by means of the current filament and washing methods.

Fluid: blood replacement Fluid: blood replacement

Exposure time: 1/1000 seconds Operation time: 60 minutes
Aperture: 4
Image 7.8: Rotor Image 7.93, b: Rotor

In Image 7.8, filaments of natural silk of various lengths can be seen on the blades and on the hub, which represent
explicit flow lines in the boundary layer adjacent to the wall. The blade current adjacent to the wall thus visualized
does not follow the blade contours from the intake to the output side in a parallel manner, but proceeds from the
hub with an outward slant due to the spun-away boundary layer near the blades. Near the hub, a strong flow
redirection of the current can be clearly observed on the intake side. This is even clearer in Image 7.9b due to the
current which is adjacent to the wall in its entirety, as compared to Image 7.8, in which the filaments already
slightly reach into the channel as per Ch. 7.1.4. This strong flow redirection on the hub side is the result of a radial
equilibrium, as a result of which the slow fluid elements near the hub have a smaller radius than the blade
curvature, due to the pressure gradient between the intake and the output side. The aforementioned secondary
currents, in combination with the gap and channel swirls and with the lesser flow redirection which increases in
strength with the radius, results in a strong spiral swirl. In Images 7.9a and b, a local horseshoe swirl caused by
the boundary adjacent to the hub can be observed on the output side at the beginning of the rotor blade. This
causes the washing at the hub with a strong flow redirection, which reaches from the base of the blade into the
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channel. Moreover, due to its finite thickness, this swirl leads to the less washed-our regions according to Image
7.9b that can be seen downstream from the blade in the base of the blade. Otherwise, the washings at the hub
and at the intake and output side of the blade are very homogenous, so that one can presume a uniform wall
shear stress distribution in these regions. Moreover, no recirculation areas, swirls, and in particular no eddy
regions can be observed.

The flow in the stator

For these purposes, the light section method was used, among other things. The flows were examined in three
planes parallel to the pump axis. Each plane was illuminated with a light slit with a width of approx. 3 mm. In each
case, only the flow within the light slit of the selected plane was examined. This produced depth information which
does no longer exist in the tracer method done on the original size:

Plane 1: flow at the hub, including the boundary layer current

Plane 2: flow at the middle blade level

Plane 3: flow along the blade head, or respectively, near the housing wall.

The images of the rotor in the left half of the images and of the stator in the right half explain how a rotation-free
current can acquire momentum between the beginning and the end of the rotor, which is subsequently lost in the
stator.

Image 7.10: Rotor + stator in Plane 1
Fluid: blood replacement
Exposure time: 1.30 sec.; aperture: 2.8
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Image 7.11: Rotor + stator in Plane 2

Fluid: blood replacement

Exposure time: 1.30 sec.; aperture: 2.8
L —— I ————————

Image 7.12: Rotor + stator in Plane 3
Fluid: blood replacement
Exposure time: 1.30 sec.; aperture: 2.8

Image 7.10 shows the flow at the hub. On the intake side of the stator, which is visible here, an early flow
separation occurs due to the breast incidence caused by the strong flow redirection in the rotor on the side of the
hub, but which joins the blade contours again along the intake side. On the output side, the current follows the
stator contours. Here too, analogous to the rotor, at the beginning of the blade, signs of a horseshoe swirl
beginning at the blade base can be seen.

The more strongly diverted flow lines reaching from half the elevation of the blade on the output side into the
channel and the resulting seemingly uncontrolled channel flow are signs of an overlap of a spiral-shaped double
channel swirl in the stator according to Ch. 7.2 with the rotor spiral swirl flowing in the opposite direction at the
hub. The boundary layer flow near the hub is explicitly described by way of the wash Image 7.13 in the stator.
Image 7.11 shows the main current at half the elevation of the blade. As compared to Image 7.10, the separations
on the intake side are no longer visible. Rather, for the design point, the flow is directed at the stator factually
incident-free. The irregularity caused in Image 7.10 by the channel and horseshoe swirls almost doesn’t exist in
the main current here, which leads to the conclusion that the channel swirl does not significantly affect the main
current. In contrast, it is noteworthy that elements of the strong flow redirection at the hub can still be observed
in the middle of the channel.
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Image 7.12 documents the flow adjacent to the housing wall. A clearly visible incidence of recirculation, which
follows from the lesser flow redirection based on the finite division, leads to a visible separation on the intake
side. In the flow direction as of half of the blade elevation, it settles again. While in an overall view, due to the
lesser flow redirection in the rotor, the current flows at a smaller angle than that of the blade construction of the
stator, there is a region with flow lines along a diagonal line starting above the blade entry and reaching into the
channel, which has an even larger angle. This is an example of the unsteady flow inside the stator, which behaves
cyclically due to the finite blade division in the rotor and due to the rotor movement. While the flow close to the
rotor blade undergoes a stronger redirection, the flow in the middle of the channel undergoes a lesser redirection.
Consequently, the flow along the diagonal line is a region which previously extended along the rotor blade.
Complementary to Ch. 7.1.1 and 7.1.3, it now becomes clear that the light section or tracing methods always show
only a snapshot of the flow, whereas the washing method shows a flow image averaged over time.

In summary, it can be said that the fluid flows well through the stator, but leaves it with a remnant of momentum.
The main current is directed at the stator incident-free, without this leading to major separation incidents. The
swirls in the boundary layers have only a minor impact on the main current, because they do no reach significantly
into the channel.

Image 7.13 shows the washing traces of the stator after approx. 60 minutes of operating time. It is a global flow
line progression of the boundary layer om the hub side straight across the flow channel with stronger local curving
radii visible than that of the respective blade contour according to Ch. 7.2. This progression is interrupted by a
region with fewer washes, which extends from the beginning of the output side to the upper end of the intake
side. While the current enters into the stator, the previously mentioned horseshoe current is generated due to
the surface boundary layer near the hub. This means that the current close to the surface on the blade side dives
down inward from the middle of the channel toward the hub, creating a swirl or a tunnel. This flow channel
extends from the output side at the stator entry to the intake side at the stator exit, without, however, significantly
affecting the main current. Due to the generated flow channel, the boundary layer on the side of the hub is drawn
away. The horseshoe current is directed exactly at the stator exit on the intake side, and is able to suppress local
eddies which are primarily generated in the separation-prone region on the intake side, so that this secondary
current effect, which is unavoidable to begin with, can be positively evaluated in the end effect.
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Image 7.13: Stator
Fluid: blood replacement
Operation time: 60 minutes

7.3.3 Discussion of the informative value of the enlarged model

The results with the enlarged model show a very harmonious flow through the rotor and the stator without
significant separations in the design point. The fact, however, that the original blade system in the original size
reaches only half the volume at the design point, shows that there must be considerable differences between the
model and the original size, which are not reflected in the enlarged model.

While in principle, a similarity of the speed profiles can be presumed due to the identity of the Reynolds number
of the model and the original, the impulse losses in viscous media due to turbulent shear stress and the resulting
eddy lengths cannot be magnified correspondingly. Furthermore, even in the enlarged model, secondary currents
reaching far into the channel can be observed, whose performance-reducing effect can only be evaluated in the
original in the form of a quantified lower hydraulic capacity.

All these performance-reducing influences cannot be obtained from the enlarged model, since based on the
negligible pressure build-up according to Ch. 7.3.1. and Image 7.7, the model does not pump itself, but receives
the flow volume at the design point from outside.

However, if the volume flow at the design point in the original size is set at the design speed and at a low delivery
pressure, the flow results of the original will be very similar to those of the model, so that in this case, the results
for the enlarged model can continue to be used. The achievable high local flow resolution suggests this anyway.
If, on the other hand, it is possible to document the flow in the original size sufficiently, a flow visualization of the
original should always be preferred, since this does not only allow for an evaluation of the flow at the design point,
but also allows for an analysis of other operating points. The latter is of great importance for a system operating
in a pulsatile environment.

Therefore, flow changes, among other things, can be studied based on different counter-pressures and definition
of the cavitation limit only in the original.

Page 108 of 199 ABIOMED Ex. 1044



7.4 Flow Analysis in the Original Size

In what follows, flow analysis will be done in @6 mm LV pump blade system, of which the geometry is similar to
that of the enlarged model to such extent that comparisons between the model appear to be permissible. There
is an essential difference in the used lab model. While the blade system of the enlarged model is integrated into
Concept | from Ch. 3.1.3 with the infeed star wheel and the rotating shaft at the outlet side, the blade system in
the original size belongs to Concept IV from Ch. 3.2.2. The latter essentially differentiates itself by the spinner
which is integrated in the rotor, and by the diagonal exit region with its integrated replacement diffuser. Image
7.14 shows the blade system of the enlarged model with the similar blade system of the original size, integrated
in Concept IV (Siefs 1995).

Image 7.14: Blade system of the 10:1 model and in the original size

For the flow examinations in the original size of @6 mm with n = 30,000 rpm, the classical methods such as light
section and washing had to be modified, and specifically developed methods as per Ch. 7.1 had to be reexamined
for suitability.

7.4.1 Test construction for flow visualization

For the purpose of flow visualization, the pump was integrated into a test construction comparable to that of
Image 9.1a. The synthetic PMMA pump casing used here is bounded on the outside by four planes positioned
vertical to each other. The flow can typically be observed through one of these planes with negligible optical
distortion. That relevant distortions may nevertheless occur which might have a significant impact on the results
was already discussed in Ch. 7.1.2 and Image 7.5. However, when there is no need for the flow visualization results
to be displayed geometrically exactly on a template, as with the particle tracking method, they can be analyzed
without retroactive corrections.
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Image 7.15: Flow visualization construction in the original size

7.4.2 Test construction for flow visualization

Image 7.16 shows the wash-outs on the rotor at a counter-pressure of 100 mmHg and n = 30,000 rpm. On the
intake side of the blade, the radial speed component of the flow adjacent to the wall is clearly visible. Due to the
strong reflection from the polished surfaces, the lines on the outlet side, which are radially outward-directed as
well, are harder to see.

Like in the enlarged model, the traces in the flow channel indicate a flow from the outlet to the intake side, so
that the outflow angle in the lower part of the channel cross-section is larger than that of the blade contour. The
reason is the previously mentioned large spiral swirl which results from channel and gap swirls and from fluid
inertia, in combination with the strong redirection caused by the radial equilibrium.

Image 7.16: Image 7.17:
The rotor at a counter-pressure of 100 mmHg The stator at a counter-pressure of 100 mmHg
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In Image 7.17, which shows the stator at a counter-pressure of 100 mmHg, two things can be seen. The first is that
here too, a flow adjacent to the wall can be observed from the outlet side to the intake side. This results from the
radial equilibrium for boundary layer flows in curved channels, which has already been mentioned several times,
in combination with the horseshow swirl starting from the beginning of the blade. However, the zone of reduced
diagonal washing from the beginning of the outlet side to the end of the intake side is clearly less pronounced
than in the enlarged model. Noteworthy are also the very different wall shear stresses in the stator. Despite the
use of different viscous colors along the outlet and intake sides, the intake side still showed only a reduced
washout rate. This is an indication of a thick boundary layer with only small speeds at the wall, and with
correspondingly low speed gradients based on the current entering into the stator with breast incidence. This
wrong current does not allow for observing a temporally invariant separation along the intake side, however.
The washout, in Images 7.16 and 7.17 comparable in strength after an identical operating time, as reached through
coatings of different viscosity. The color used in the rotor was about 10 times as viscous as that in the stator, so
that without exactly quantifying the wall shear stresses at this location, the wall shear stresses in the rotor are
approximately 10 times stronger than those in the stator. A plausible explanation for this significant difference
cannot be found in the actual flow through the curved channels of the rotor and the stator, since the flow goes
through both regions at similar speeds due to the continuity condition, given comparable surface areas. Instead,
the rotation and the resulting boundary layer flows near the wall, together with the internal leakage of which a
guantification attempt was made in Ch. 8.1.2, is significantly responsible for the wall shear stresses, which are
high, as compared to those in the stator. This system, with its boundary layer spun away along the rotor blades
and its gap swirl, leads to high wall shear stresses on the one hand, but supports the washing of all the surfaces,
which is extremely important for blood pumps, so that in terms of thrombogenicity, the rotor can be deemed to
be less critical than the stator, as long as it does not result in a rotating stall.

Image 7.18: Image 7.19:
The rotor at a counter-pressure of 100 mmHg. The rotor at a counter-pressure of 100 mmHg.
Compartment with three filaments Filaments on the outlet side moved by the gap
current

Images 7.18 and 7.19 show the same rotor at a counter-pressure of 100 mmHg with the method of explicit current
filaments. Connected to it via small adhesion points are three thin filaments, the position of which relative to the
blade is visualized during operation through illumination by stroboscope by means of a 50 Hz video camera.
Apart from the clearly visible filament on the intake side, two additional filaments can be seen on Image 7.18: one
in the rear one-third of the compartment base, and the other on the outlet side of the middle blade. The latter
filament begins just behind the brass-colored part of the blade, and ends even before the end of the blade.
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In this image it can be seen that the filaments connected to the blade walls follow the contours of the blades, and
are diverted along the hub analogous to the washing results. Even after the end of the blade, the filaments retain
their flow angle. Furthermore, the filaments split only slightly at their ends, which indicates a low degree of swir-
ling in the trailing range. These are indicators for good flow control at the surface at the rotor, as is also documen-
ted by the washing method in Image 7.16. Image 7.19, on the other hand, illustrates a potential disadvantage of
this method, which was already discussed in Ch. 7.14. A filament is gripped here by the gap stream, and is pulled
from the outlet side of the blade to its intake side. After this point, however, it perfectly follows the flow along
the intake side again. A supercritical elongation of the filaments cannot be observed in any of the images.

Image 7.20: | | Image 7.21:

Rotor + stator at 100 mmHg; L 2.5 |/min Rotor + stator at 60 mmHg; Wi _ 3.2 |/min

Image 7.20 shows the entire micro-axial pump at a counter-pressure of 100 mmHg and a flow rate of 2.5 |/min in
the tracing method. It can be seen that the individual particles of 200 to 300 um are uniformly accelerated in the
rotor in the rotational direction. This is shown by the constant curve radii of each of the particles. Furthermore,
the distance of the particles from the hub is responsible for the size of the curve radius, and therefore for the
degree of acceleration.

After the particles have left the rotor, they enter into the stator at a large flow angle. The result is the separation
of the flow already in the front region of the blade, which correlates with the small washing on the intake side in
Image 7.17. No visible recirculation region is generated, however.

In the stator one can often find intersecting particle traces. These indicate different speeds across the channel
height. For instance, the particle near the hub which was initially flowing along the outlet side of the blade, before
bending downward. This flow correlates with the results of the washing experiment in Image 7.17. The result in
the enlarged model, according to which the impact of the boundary layer on the main current in the stator is
small, cannot be confirmed based on the number of the stronger curved particle traces that are being observed.
Rather, the assumption suggests itself that the entire flow consists of a single boundary layer.

If one looks at the rotor entry, a particle trace can be seen above the hub, which appears to be clearly lighter at
one point, which may be explained by a briefly lower axial speed. This observation shows the weakness of this
analyzing method with the large particles used here, which is that the inertia of the particles leads to a distortion
of the results. A fluid particle which is infinitesimally small in comparison flows around the rotor, initially without
colliding with the beginning of the blade. This is a reason why in the course of the study, significantly smaller
particles were used. Due to the small differences in contrast, however, their particle tracers are no longer easy to
record, which is why larger particles are used for documentation purposes.
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Image 7.21 shows the same system at a counter-pressure of 60 mmHg. The lower pressure, at a rotational speed
of 30,000 rpm, leads to a flow of 3.2 I/min, which involves an increase of the meridional speed. In the rotor, the
redirection is smaller than would have been the case at 100 mmHg. The resulting smaller flow angle at the stator
leads to a very good flow. The current follows the intake side without separating, and on the outlet side no breast
incidence is observed. In total, these recordings document a very harmonic flow which is very similar to that of
the enlarged model.

Knowing about the internal losses as a function of the channel height according to Ch. 9.2.2, in a first iteration
step for the blade system studied here, the hub was made smaller, and thereby the channel height was increased,
while the geometry of the blades was retained. With this modified blade system, flow results could now be
obtained at 100 mmHg which correspond to those of 60 mmHg as shown in Image 7.21 due to the increased
volume.

A presentation of the flow analysis results by means of the Kodak EktaPro and NAC Ultranac high-speed video
systems cannot be given comprehensively here, but only in excerpts. The emphasis will be placed on the required
analytical methods, complementing Ch. 7.1.2.

The Kodak EktaPro system is used in order to determine the fluid entry with respect to the boundary layer form
along the blade entry edges with the respective wall shear stresses according to Ch. 8.1.2 viii.

Increasing static pressure
e

—

Image 7.22: Recirculation near the casing wall

Furthermore, this system allows for a dynamic viewing of the flow over an extended period (t < 1s), so that even
cyclical flow manifestations can be observed, which includes periodic separations. During the analysis of the
available image material at the design point, no eddies or recirculation regions were observed. In analogy to
Image 7.22, however, some particles were observed that were traveling against the primary direction of the
current due to the gap heights of 0.2 to 0.3 mm in the model between the outer rotor blade edge and the casing.
It can therefore be presumed that the counter-pressure at the rotor exit has more impact than the blade system.
In order to avoid such leakages as well as intolerably high shear stresses, the gap must have exactly the target
measure of 0.1 mm.

Flow analysis with the particle tracking method

As previously explained in Ch. 7.1.2, the flow images created with the help of the two-dimensional Ultranac system
as show in Image 7.2 do not provide direct information about the distance of the individual particles to the hub
or to the casing wall, respectively. Relative depth information (because it is comparative) becomes possible,
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however, when a trajectory of a particle is determined in all three templates, so that a respective progress of an
“inner” flow line close to the hub, an “outer” flow line close to the casing wall, or a “median” flow line at the free
channel level can be discussed. For these purposes, the following criteria have proven useful, cf. Images 7.23
through 7.25:
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Image 7.23: Particle trajectories for an “inner flow Image 7.24: Particle trajectories
line” adjacent to the hub with 50% of the flow volume inside and outside of the

“median flow line”, respectively

o If afluid particle one on of the recorded images moves beyond the edges of the template used, it will certainly
not be moving on the corresponding enveloping surface. Rather, the next “larger” template, that is, a flow
line at a greater distance from the rotor hub, must now be used. This allows for determining that, for instance,
Particles 13, 14, and 15 are no longer moving along a flow line close to the hub, and that Particles 26 and 33
are flowing through the rotor close to the casing wall.

e Spatially intersecting trajectories on an enveloping surface can be excluded due to the short time interval of
only 0.84 ms for the 24 recordings. For these purposes, also compare Particle 20 in Image 7.25 to Particles 32
and 35.

e Particle trajectories with a largely constant curving and a sudden bends downward can be excluded based on
the harmonious and bend-free particle trajectories in a locally fixed coordinates system according to
Images 7.10 through 7.12 and Images 7.20 and 7.21. They result merely from the projection of the particle
onto the wrong template. Also compare Particles 4, 6, 20, 29, and 30 in Image 7.23.
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Particles progressing at specific locations with respect to the rotor must also do this geometrically after a

[ )
successful transformation to the original image. This includes measureable distances, the progression of the

particle from the outlet to the intake side (Particle 30), etc.

3 = ' '
Based on the particles marked with :: E -
numbers “4”, “6”, “19”, “29”, and “30”, 3 —_——
exemplary results are discussed below, by - §— — : : :‘%
way of which the possibility of an approxi- ,; 3 = — ——3
mate depth estimation can be visualized. No R — = i e ——
attempt is mad.e, how?ver, to characterize '; -‘lr i—i = s —
particles more in detail, other than by the ] . W v
categories of close to the hub, to the middle as — 1 _ = ~“'
of the channel, or to the casing: s = ; i " = , —
As can be seen in Image 7.25, fluid particle :; ES —— r\‘—aom L j_'
“30” does not follow the main current, but - ~33 - S m—
is drawn from the outlet side of the rotor o ¥ 5 N o
blade to its intake side. The observable jump ;’; - = o —
of the particle over the blade results from a8 ;—194 ——1 0] S 3
the split stream that built up between the y :’W R AL, 0 ' B
outside edges of the rotor blade and the : = ) M— :
pump casing, or respectively, between the as =
outlet and the intake side. In other words, . F— l EA
the particle is moving adjacent to the casing ,7_: : -
wall, where the counter-pressure at the u 5 e B =
rotor outlet has a stronger impact on the 28 3 ——= z : :
. — = —— -

fluid particle than the blade system, which is
also what is responsible for the backward
movement of the particle (cf. results
EktaPro, Image 7.22).

]l

L

Image 7.25: Particle trajectories for an “outer flow line”
adjacent to the casing wall

The trajectory of Particle “6” in Images 7.24 and 7.25 is interesting as well, in that it shows a lesser redirection in
the direction of the blade intake side. The reason for this lesser redirection is the resulting channel swirl, which
has already been described several times before. This channel swirl clearly leads to a strong redirection at the hub

and, as in the case of Particle 6, to an equally strong lesser redirection near the casing.
When looking at Particles “4” and “29” on a flow line close to the hub (Image 7.23), towards the end of the

trajectory curve, a certain movement forward of the particles in the rotational direction can be observed. This
may be caused by the sudden impact of the secondary current near the hub, which induces a strong redirection.
On the other hand, there may be an incorrect assumption about the progression of the flow line, with respect to
the assumed channel height. In the case of these two particles, the latter may be presumed, since a sudden change
of the particle directory can be excluded according to the aforementioned considerations. With the increased
distance from the rotor hub, the examined trajectory lines do not show any movement contrary to the principal

direction of the current (cf. Images 7.24 and 7.25).
In Image 7.23, Particle “19” wanders from the intake side of the rotor blade against a higher pressure to its outlet

side, whereas when the “outer” template is examined, a flow line along the blade contour as in Image 7.25 can

be observed, which is more “sensible” in view of the pressure situation.
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The aforementioned examples of individual particles show that a principal depth assignment is possible.
Nevertheless, there are some particles which, despite the knowledge about general manifestation of flows, cannot
be assigned unambiguously.

The flow recordings made with the Ultranac system offer the further possibility of obtaining not only qualitative,
but also approximate quantitative information about speeds in the rotor channel. This knowledge serves as a basis
for first estimates of the rotor-induced blood damage in such micro-axial pumps, according to Ch. 8.1. This allows
for determining Newton’s shear stress progression by way of a speed profile. The process needed in order to this
is described below:

In all three templates, at respectively the same locations of the rotor blade system (here: “A” after half of the
channel length, and “B” the last third of the channel length), the respective speed profiles were calculated in
orthogonal sections in absolute terms to the blade contour. With the knowledge about the followed trajectory
between two particle positions of a trajectory line and of the time needed in the event of a neglected local
acceleration, a mean speed can be determined for each particle. An analyzable speed profile of the entire current
can only be obtained, however, when the smoothened curve of the thus determined speeds is drawn, which may
still vary due to incorrect depth assignments to particles. All speed distributions are also characterized by Stoke’s
adhesion principle, so that the flow speed at a rotor blade is set to zero.
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outlet side in the original

side in the original
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Image 7.26: Speed profiles at Position “A” ) N .
Image 7.27: Speed profiles at Position “B”

=311/ min at Ap =100 mmHg V =3.11/min at Ap =100 mmHg

Images 7.26 and 7.27 show that on the blade intake side, flow speeds are stronger than on the outlet side.
According to Bernoulli’s equation, the static pressure on the concave side of the blade is therefore higher than on
the convex side, which confirms the theory of the flow around the blade with an outlet and an intake side. The
speed profiles describe the form of a parabola which is fuller on the intake side, which must be ascribed primarily
to the impact of turbulent boundary layers in the region of high speeds. Correspondingly, the du/dy gradient
immediately adjacent to the wall is big.

Compared to the laminary flow, there is a significantly larger impulse exchange perpendicular to the principal
current direction. As a result, the mean speed profile over time is fuller, and wall shear stresses increase. A
differentiation between individual boundary layers is not possible, due to the extremely small channel size. Rather,
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it can be learned from the events that there is one large boundary layer in the entire channel, which confirms the
assumption from Ch. 5 that there is no unaffected central flow.

If the three speed profiles for the region close to the hub, close to the housing wall, and midway between these
two elevations are superimposed, as is done in Images 7.26 and 7.27, one recognizes that the highest absolute
speeds occur near the housing wall. The maximum speeds resulting from all the profiles are in the range of 7.7 to
10.6 m/sec., whereas the mean speeds are in the range of 5.9 to 7.3 m/sec.

The speed profiles thus determined can be used in order to determine Newton’s shear stress progression. For that
purpose, tangential lines are drawn at the respective points on the speed profiles, the inclination of which
corresponds to the speed gradient du/dy. The values thus obtained, multiplied with the dynamic viscosity of blood
(n - 3.6 mPa - s) results in the local Newton’s shear stress:

| |
g '["' /m’ 1] =17 dur . ,Ii"“_:

|dy| Ay )
(Equation 7.2)

The resulting shear stress distributions are shown in Images 7.28 and 7.29. Turbulent shear stresses, which in
some occasions may be higher than Newton’s shear stress, cannot be calculated due to the locally unresolvable
variation and frequency. To which extent these are relevant for blood damage is beyond the scope of our
discussion here. However, it is worth noting that the classical turbulence models as a matter of principle always
overestimate the Reynolds turbulence in blood, since the turbo-elastic, and therefore moderating, effect of the
large amount (approx. 40% in volume) of erythrocytes on the eddy length cannot be registered. The impact of the
turbulence on the blood damage is accordingly usually overestimated.
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- _ . , Image 7.29: Shear stress distribution at Position “B”
Image 7.28: Shear stress distribution at Position "A" g

Evaluation of the method:

The results of the particle tracking method shown here have a principal error that cannot be specified exactly due
to the lack of calibration methods. However, this is the first method that offers the possibility of quantifying speeds
at all, inside such small and rapidly rotating pumps.

Visualization of the cavitation in the blade area:
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With the flow visualization setup from Image 7.15 it is also possible to determine the boundary rotation speed
according to Ch. 5.5, which is based on the cavitation limit of the system in case of a sudden occluding intake. The
sequence in Image 7.30 shows the development over time of a cavitation event at 25 images per second, which
may also occur in vivo in case of a suddenly suctioning pump. The first image shows the pump at the beginning of
the stall based on the fully occluding intake, so that now the entire capacity of this powerful blade system is a
power-reducing initial load in the intake region. The first cavitation bubbles become visible only 40 ms after
sealing. They increasingly grow between exposures, and either collapse or exit the pump after the intake region
is opened.

e: opening ofhe suction tube f: washing out the bubbles
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g: collapsing and washing out h: end of the event
Image 7:30: Cavitation event

To which extent the cavitation bubbles leave the pump depends on the respective life span.

While the stem cavitation bubbles collapse immediately, in cases of lasting occlusion, gas bubbles out of gases
physically dissolved in the fluid (in this case: primarily nitrogen) may be generated as well. There life expectancy
can be multiple times higher than that of the steam bubbles, so that gas bubble embolisms as a result of cavitation
events cannot be ruled out. Cavitation is therefore not only damaging to blood, but it may also cause long-term
damage to an organism, which is why it should be avoided by all means in medical applications of these fast-
operating axial pumps. If this cannot be done by means of a correspondingly selected rotational speed due to the
required hydraulic performance, the static pressure in the suction tube of the LV pumps must be controlled in real
time according to Ch. 10.4, and the pump must be operated regularly.

Visualization of the outflow region:
Images 7.31 and 7.32 show the outflow behavior of the 6 mm LV micro-axial pump within a Perspex tube which,
at @24 mm, ha a diameter comparable to that of an average aorta. The pump is integrated here in a device for

surface temperature registration, in which the pump position corresponds to the in vivo position of the pump
when the aortic valve is closed.

In Image 7.31, the pump, consisting of rotor and
stator, can be seen in the right margin. The
motor with its total length of 30 mm is located
in the middle of the picture, where at time t=0
no contrasting dye is visible. In Image 7.32,
which comes immediately after Image 7.31
without a significant dark phase and which was
exposed for t = 1/25 sec., an asymmetrical free
jet reaching from the pump outlet behind the
motor, can be seen in the upper half of the
image. Based on the absent coloring
information, the contrast dye (potassium
permanganate) can only be seen as hat looks
like a shadow. The reason for the observed
asymmetry is the three-fold outflow of the fluids Lot

from the three-leaf stator. Image 7.31: The outflow behavior of Lab Ill at t = 0
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Departing from these two images, the free jet
may be assigned a mean speed Vjreejet = 1.0 m/s
with a starting speed of Vstator = 3.1 m/s, which is
necessary for the calculation of the surface
temperature in Ch. 4.2.2.

It can be learned from Image 7.32 that the free
jet from the beginning of the stator to the end
of the pump hugs the surface, so that convective
heat dissipation is guaranteed.

Image 7.32: The outflow behavior of Lab Ill at t = 1/25 sec
7.4.3 Analysis of the results and evaluation of the methods

The results of the flow visualization process have already been described in the previous chapter, and extensively
analyzed by means of the exemplary illustrations. Important for the evaluation of the various analysis methods
used is, however, that all these methods are proven not to contradict each other. Rather, it is only a cumulative
review of the all the results specific to a certain method that offers a profound understanding of the current in
general. The respective informational values of the methods used can be found in Ch. 7.1, 7.3.2 - 7.3.3, and 7.4.2.
In what follows, we will provide a brief analysis of the results in the context of the examined pumping system. At
a counter-pressure of 60 mmHg, the 6 mm LV micro-axial pump that was extensively examined here proves to
have a very good flow which correlates with the results of the enlarged model based on similar flow volumes and
rotational speeds:

In the tracing method, the rotor shows a uniform redirection of the individual particles, so that the flow
may be referred to as an orderly flow. This can be confirmed by the results of the particle tracking method.
While these results were obtained at a counter-pressure of 100 mmHg, but they produce a flow volume
similar to that at 60 mmHg due to the expanded channel cross section at that place, wherefore the results
are similar. Based on the harmonic bend-free and constant curvature of the particle traces, the rotor
proves to have an almost linear enthalpy development, which corresponds to the geometrically realized
enthalpy distribution of Ch. 6. Consequently, the wall shear stresses as a determinant reason for blood
damage are homogenous through the entire rotor. This is confirmed by the uniform removal of the color
in the washing method. Avoidable shear stresses due to local swirls could not be observed in any of the
methods used.

In the stator, the flow closely followed the blades. This is confirmed by the results of the washing and
tracing methods. Based on the viscosity of the wall coating in the stator, which is smaller by a factor of 10
as compared to that in the rotor, which leads to comparable washing results at identical operating times,
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it can be expected that in comparison, in this region there is a considerably smaller amount of blood
damage.

In total, it can be expected that relevant blood damage can be traced mainly to high shear stresses in the
rotor, especially close to the wall and in the gap between the outer edge of the bade and the housing.
This aspect will be more closely examined in the next chapter.

For the design point of a counter-pressure of 100 mmHg, a high degree of blood damage can be predicted, since
at comparable wall shear stresses in the rotor, the flow volume is reduced due to the higher pressure alone. The
retention time is therefore higher than at a counter-pressure of 60 mmHg:

The results of the tracing method and the washing method attest an orderly flow in the rotor at 100 mmHg
as well.

The sharp angle of the blade at the entry into the stator leads to the observed separation manifestations
at the intake side.

Conclusion and consequences for the remainder of the process:

Based on the results in the enlarged model as well as in the original size, it can be concluded that while for the
design point of 60 mmHg at a design rotation speed of n = 30,000 rpm, the 10:1 model provides similar
information, this is information without added value, so that a parallel production of modified blade systems at a
scale of 10:1 can be dispensed with. For the further development, only flow examinations in the original model in
the scale of 1:1 are done, since these can be performed without significant loss of informativeness. Further
examinations by means of the tracing method for analysis purposes are only done with particles in the range of
10 to 20 um, in order to minimize the distorting impact of the particle size on the flow results. These particles are
only larger than the human erythrocytes by approx. a factor of three.

Image 7.33, like Images 7.30a through h, show flow
recordings with particles of 10 to 20 um. It shows
the difficulty previously described in Ch. 7.1.7 of
dissolving particles that are so small in relation to
the flow channel, and of documenting them.

Almage 7.33: Blade system with small particles
of 10 to 20 um in the fluid

8. Method for Examining Pump-Induced Blood Damage

Based on the experimental flow examination in Ch. 7, a method for the quantitative assessment of the blood
damage will be proposed in this chapter, and subsequently implemented in the exemplary 6 mm blade system
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components that were already extensively reviewed in Ch. 7. In addition, the impact of the design parameters
relevant for small fast micro-axial pumps on blood damage will be discussed.

8.1 Assessment of Pump-Induced Hemolysis

Based on the results presented in Ch. 7.3.2 and 7.4.2, an assessment is made of the rotor-induced hemolysis (=
destruction of the red blood cells and release of hemoglobin). The result is then juxtaposed with the hemolysis as
measured in vitro, and discussed.

In the literature, various experimental (Blackshear 1965, 1972; Bleifeld, 1973; Kramer, 1970; Sallam, 1976) as well
as mathematical-numerical (Bludszuweit, 1994, 1995a, b; Pinotti, 1995; Yeleswarapu, 1995) models for the
guantification of component-specific hemolysis are described. In these, either the generally measureable blood
damage is correlated with a shear stress at a corresponding retention time, or the experimental results are used
in order to exercise a time-variant load of individual erythrocytes along a trajectory curve in numerical models.
The latter method is based on Lagrange’s examination of a co-moving coordinates system. Furthermore, the
examined flow field must be described at every point in terms of local pressure and speed. In order to reach
relevant results with respect to blood damage based on Lagrange’s examination, an arbitrary large number of
particles must be launched for averaging purposes at identical, and for the entire flow field, at sufficiently
proximate starting points, and subsequently be weighted and integrated for a description of the cumulative
damage. The description of this method alone emphasizes the rather theoretical character of this method, for
which, moreover, no validation is available at this point.

Alternatively, there is Euler’s examination method with a locally fixed coordinate system. With respect to the
present field of application, this leads to an integral examination of the fluid at the end of the blade channel, in
which only damage due to a speed profile and a corresponding stress field oriented in the direction of the flow is
considered. Any internal blood damage resulting from internal leakages and rotor-specific secondary currents are
not included, which leads to a significant underestimation of the actual hemolysis. In order to compensate for this
disadvantage of Euler’s method, internal hemolysis source terms are determined, which are superposed in a
volume flow-weighted manner with the blood damage result obtained via Euler’s method. Such source terms
follow from the boundary layers adjacent to the wall, with respective directions deviating significantly from the
primary direction of the current, and from the gap flow, which can be described as an internal leakage with rotor-
specific load level, retention period, and volume flow.

The following calculation of a rotor-induced hemolysis should be phenomenologically understood. It is a first
attempt to derive a hemolysis that is comparable with the experimental results in terms of magnitude from a
punctually described and very complex flow field. Apart from the damage index thus calculated, a comparative
description of local hemolysis is important, as this demonstrates the design-relevant criteria or “hotspots” that
may be considered in the design process.

8.1.1 Method and simplifying assumptions for determining pump-induced blood damage

i. Aspeed profile in the channel is generated based on the measurement results obtained by means of the NAC
Ultranac and the particle tracking method according to Images 7.26 and 7.27.

ii. Based on this speed profile, a shear stress field is determined. In the region adjacent to the housing wall, this
field is overlaid with a shear stress resulting from the relative speed in the rotational direction.

iii. From the shear stresses thus determined, a relevant local load size for the erythrocytes is determined.
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vi.

Vii.

viii.

The local load time can be calculated based on the local speed vector (quantity and direction) in combination
with the characteristic run length.

The local damage can be determined by way of a suitable model describing the blood damage as a function
of retention period and shear stress.

This local damage is then normalized with the local volume flow, integrated or summarized for the entire
channel, respectively, and then divided by the measured resulting volume flow of the pump. The damage
index thus determined describes the blood damage occurring in the channel after one passage, if all internal
leakages and source terms are disregarded.

The internal leakages in the gap flow are determined. A damage rate may be assigned to this flow of fluids as
well.

Boundary layers close to the blade have a direction significantly deviating from the main current, so that fluid
is spun off along the blades which then ends up in the gap swirls or in the resulting channel swirls. Further-
more, locally increased wall shear stresses due to boundary layer formation can be expected at the beginning
of the blade. In this respect too, resulting volume flows with blade-specific damage rates can be determined.

. The source terms calculated in vii. and viii. are superposed with the result of vi., resulting in an integral

qguantity in the form of ‘blood damage per passage’, which can now be compared with the results of the
hemolysis measurements performed in vitro.

This principal process is based on essential simplifications which are necessary in order to calculate any blood
damage rate based on the available measurements. They include:

For lack of suitable mathematical models, the blood-damaging impact of the surface roughness of the material
used, which naturally generates a hemolysis as compared to the body’s own tissue in its own right, is not
considered (Blackshear 1967, 1971; Wurzinger 1991).

For lack of quantification options, turbulent shear stresses are not accounted for.

The blood damage in the stator following the rotor is not considered here, because due to the Newton’s wall
shear stresses, which according to Ch. 7.4.2 (cf. Images 7.16 and 7.17) are smaller by a factor of 10, and,
according to Giersiepen 1990, at similar retention period, as compared to [the blood damage in] the rotor is
smaller by a factor of t#41® = 10%41¢ = 140. If the stator-induced hemolysis would be lower than that in the
rotor by a mere factor of ten, it’s being disregarded in the framework of this primary evaluation could already
be justified.

The blood damage in the free jets is disregarded. According to Steegers 1997, this is permissible due to the
results of the leak jet-induced hemolysis f mechanical heart valves. In that study, leakage jets with speeds of
up to 3.5 m/sec were examined in in vitro hemolysis experiments, in which the resulting hemolysis was smaller
than the best measurement with micro-axial pumps by a magnitude of approximately 10. The speeds of the
free jets at the pump exits are comparable with the leakage jets of the heart valves in terms of the maximum
speeds, but they differentiate themselves less from the immediately surrounding fluid, so that in the large jets
of the pumps an even smaller degree of blood damage can be expected.

For the calculation of the hemolysis generated in the channel, the geometry of the rotor is simplified such that
an average channel height according to Position “B” in Image 7.27 is assumed, rather than a height decreasing
from the beginning of the blade until its end, with a continuous speed profile.

It is assumed that the channel is singly bent in the flow direction, rather than doubly, as it is in reality due to
the hub, so that in an orthogonal section from the outflow to the intake side, one can observe a rectangular
channel as in Image 8.1. This geometrical simplification has no material impact on the result, but it
considerably simplifies the calculation as there is no need for a coordinate's transformation.
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8.1.2 Execution of the method

Oni.:
In order to determine a characteristic speed profile which, when simplified as required, still represents the general
speed in a channel of the three-leaf LV rotor with sufficient accuracy, a mean channel height for the mean radius r

r=1/(Zy-Z0) - T%0 [M(Z) - (Zi- Z:1)] "7 1.6 mm (Equation 8.1)

is determined as A = 1.4 mm. Furthermore, the speeds relevant for this channel height at position “B” from
Image 7.27 are used. By way of relevant channel length S;, which corresponds to the mean run length of all fluid
particles conforming to the channel contours, the chord length of a blade is taken of S, = 9.0 mm. From here
follows a speed distribution in the channel according to Image 8.1, in which the rotational direction of the fluid
particles flowing close to the housing relative to the housing wall has not yet been considered. The relative channel
height of h = 1.6 mm refers to the hub here, whereas h = 3.0 mm refers to the housing wall.

If at a distance of ap = 0 one looks at the outflow side, the maximum distance of ap = 3.6 mm refers to the intake
side of the channel.

Alook at the speed profile clearly shows that the speed gradient in the proximity of the housing wall is significantly
higher than close to the hub.

Speed (m/sec)

: Distance from the
3 010 outlet side (mm)

Relative channel
height (mm)

Image 8.1: Speed profile in the channel.

In order to test the validity of the underlying speed profile, the resulting volume flow is compared with the total

volume flow as measured:
ap=1.06 h=3,0
V= J J v(ap,h)-da, -dh he:re 1.6 mm (Equation 8.2)
aﬂ=l.'l h=1,6
A deviation of only 12% of the calculated volume flow value from the measured value indicates a good

correspondence.
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Onii.:

Based on the speed distribution in Image 8.1 and the relative speed of the rotor with respect to the housing, a
resulting shear stress field is determined according to Equation 7.2. The resulting values are based on the locally
relevant erythrocyte load iniiii.

In order to determine the relative speed, multiple recordings were evaluated analogous to Image 7.21 for traces
of particles adjacent to the wall, whereby the mean diversion of the particles in the rotational direction was deter-
mined based on the momentum-free current at an angle of 25 to 30 degrees at t (Cmm)) in the form of a lesser flow
redirection, as compared to the mean blade construction angle at the wall, when by way of a meridional speed
the mean speed Cmm is used, which follows from the mean channel height A = 1.4 mm. This significant lesser flow
redirection cannot be confirmed by the particle tracking results in the channel. However, if the absolute speed C
of the particles adjacent to the wall is applied to the meridional projection of the mean speed in the channel,
adjacent to the wall as well, from Image 7.27, with Cmnp = 4 m/sec as compared to Cmm = 2.55 m/sec, the flow
according to Image 8.2 will actually conform to the contours, despite all the simplifications.

¢ Cocttugt (Cour)

_.E_Eﬂfn:a]

Conmn Tluid speed at the housing wall, meridionally

projected with mean flow angle

(mean E'_HE"E at {mean blade construction
the housing wall) angle atthe housing wall)

Image 8.2: Scaled speed triangles in the channel adjacent to the housing wall

The mean relative speed thus calculated amounts to Cr; = 2.1 m/sec, and is considered, in addition to the speed
profile from Image 8.1, for determining the resulting local shear stress for fluid layers immediately adjacent to the
housing wall with a distance of 0.1 to 0.2 mm from the surface.
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+

Image &.3: Data netin an

orthogonal channel section

The determination of the resulting shear stress field as well as of the respective local speed is done by way of
averaging analogous to Image 8.3 and Equations 8.3, where every shear stress in Equation 8.3a should already be
understood as a resulting load according to the considerations from iii. According to Equations 8.6a and b:

o + Chiana T Uhig-aaT7
4

ThTM/Z’;a-Aajz -

BrAkie+An

(Equations 8.3a, b)

U, +uy i
- Akiq F 1 4§
Upeantdiarna)y == Ftdhia T Lhigin, TU A=Akt Ag

X \\\“\‘\\\‘\‘“'\'\\\\\\!l..

Res. shear stress Tau (N/m*~2)

Distance from the

) :
Relative channel height (mm) =28 outlet side (mm)

Image 8.4: Averaged resulting shear stress development

The shear stress thus determined is shown in Image 8.4, which makes it clear that the strongest load exists close
to the wall, and in particularimmediately near the intake side. Shear stresses with peak values of approx. 400 N/m?
are generally deemed to be very high in the context of blood-transporting systems, and definitely result in
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significant blood damage. The reason for the fact that the resulting blood damage is still tolerable, especially along
the blade contours, even though they feature the highest stress values as well as the principally longest retention
period due to the slow speeds at the wall, will be discussed in iv. to vi.

On iii.:

In addition to establishing the resulting stress, establishing a damage model is also determinant for establishing
rotor-induced blood damage. The former is done in a manner analogous to the description of stress in “rigid
bodies”, whereas in analogy to a “rigid body”, in this case an infinitesimally small fluid element is meant (Prandtl,
1956). The internal stress therefore results from the sum of all applicable forces, specifically pressure and thrust
forces, and for the flow profile according to Image 8.5 it can be described by way of the stress tensors:

O—x Txy sz
5= Ty O'y Tyz . whereas based on the principle of the equality of shear stresses according to
Adomeit, 1986,
T, T, O,
1, =13 1, =147, =1, (Equations 8.4a, b)

The tri-axial stress is already described when three shear stresses and three normal stresses are known. The latter
cannot be derived from the speed profile, but only be learned from local static pressure. However, the normal
stresses are immaterial for determining the relevant load that leads to the damaging of the thrombocytes as well
as the erythrocytes, in which we are primarily interested here. According to Blackshear, Bernstein, 1967,
significant excess pressures and even negative pressures can be oscillatingly applied to full blood until immediately
above the vapor pressure without relevant blood damage being observable, which may be due to the
incompressibility of the cell interior, which is sufficient for our purposes. There is therefore no critical load for the
membrane, which would have led to a lysis.

z

\=l

X
Image 8.5: Scheme of the shear stresses in the speed profile of the channel
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With respect to shear stresses, the membrane of the erythrocyte, like that of the thrombocytes, is considerably
more sensitive, which, according to the example of the erythrocyte membrane, can be attributed to the double
lipid layer, which is unable to absorb shear stresses (Stryer, 1975; Evans, 1977).

The marginal values for tolerable shear stress that are mentioned in the literature, or alternatively, damage rates
as a function of shear stress and retention period, strongly diverge due to the large scattering range of the
biological material and due to different testing equipment and methods, not to mention the different questions
that are formulated. For the presently attempted calculation of a blood damage estimate, the descriptions by
Heuser, 1980, and Giersiepen, 1990, suggest themselves, since in both cases, the lysis of the blood corpuscles was
examined as a function of the retention time and the shear stress, for only short stress durations. To which extent
this allows for a correct quantification at retention times of only a few milliseconds and maximum shear stresses
of approx. 400 N/m?, is beyond the scope of the present discussion. Giersiepen, 1990, offers function contexts for
blood damage, but for the present subject of the rapidly operating micro-axial pumps these are only available in
an extrapolated form. Further research that was not feasible in the framework of the present study is therefore
necessary in order to obtain reliable blood damage rates for whole blood, specifically in cases of extremely short
stress durations and high shear stress. When results of such studies should become available in the future, they
can be considered at that time.

The following contexts describe the release percentages of corpuscular ingredients, which are a measureable and
reliable indicator for respective cell damage (Giersiepen, 1990, Wurzinger, 1991):

b(?’ )=3,62 3
— (%) = 1075 . ,0785 a4
P 6210710785 . p2.416 (for erythrocytes)

ALDH
LDH

(%) :3,31-10‘6.1&;7 g0 mit : 7, [JJ; 7, IP;V_-J for thrombocytes (Equations 8.5a, b)

In light of the resulting stress values, the required flow parameters can be taken from Image 8.5. Two shear stress
components result from the speed profile in the channel, and three shear stress components result from it
immediately at the housing wall due to the relative speed there, which are positioned at a right angle to each
other. From this tri-axial stress situation, disregarding the normal stresses, the resulting shear stress in Image 8.4
can be calculated without a replacement stress as follows:

rer

=~ [72 L7 N T = [ 12 L7 - :
T \;'/_n_“'—fj (inthe channel;) % v 113, + T, + f}lz (at the housing wall) (Equation 8.6a, b)

Oniv.:

Beyond that, Equations 8.5a and b also requires the time of exposure to stress tex. This time can be derived from
the local speed which is defined per location and stress, so that the retention time can be determined based on
the respective run length and the local speed.

For all regions in the channel, the chord length of the grid is used as a characteristic run length. Immediately at
the blade, a redirection takes place due to the significantly different local flow direction with a significant speed
component in the radial direction. If, for the characterization of this secondary current, the washing images 7.9a
and b and 7.16 are observed for the area immediately near the blade with mean angles of 45 degrees along the
blades, as well as Images 7.8, 7.18, and 7.19 of the explicit current filaments for the boundary layers at the wall,
it can be observed that even at a small distance from the wall of approx. 0.1 mm, the angle drops to 30 degrees
from the main flow direction, and that the impact of the secondary current does not reach beyond approx 0.2 mm.
into the channel. Accordingly, the blood corpuscles located within 0.2 mm from the blade remain only briefly
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within that high shear zone before they are either drawn into the gap flow by the centrifugal acceleration force,
or end up in the large resulting channel swirl.
This also answers the question that follows from Image 8.4 as to the blood damage that can be expected based

on the high shear stress at the wall, in combination with the supposedly long retention times based on the lower
local speeds in the channel.

et

Index IH (%)

0154 R

g 3 g Distance from the
Relative channel height (mm) - outlet side (mm)

Image 8.6: Damage percentage to the erythrocytes after one run, according to Giersiepen, 1990

Based on the results of the flow visualization, the characteristic length for the boundary layers adjacent to the

housing wall can only be based on the mean run length of the fluid within the boundary layer, according to the
equation:

L=h-sin? 45 "¢ 1,98 mm (Equation 8.7)

For the remaining distance along the blades on the outflow as well as on the intake side, the source terms are
indicated according to viii.

On v. and vi.:

According to Equation 8.5a, the erythrocytes in the channel shown in Image 8.6 are damaged as a result. It is
noteworthy that damage close to the hub is considerable despite the low run lengths, especially along the intake
side, and is only put into perspective by the actual volume flow along these zones. However, if Image 8.6 is
compared with the mean damage weighted for volume flow as per Image 8.7, it becomes clear that local hemolysis
only becomes significant when a large volume flow takes place through these regions. Accordingly, in Image 8.7,
we don’t find the highest hemolysis along the intake side of the blade, but in the region where the channel borders

on the housing, with its additional relative speed and the highest flow speeds along the wall in the direction of
the flow.
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Index IH (%/mln)

051
Distance from the
outlet side (mm)

Image 8.7: Damage to the erythrocytes weighted for
volume flow percentage after one run

The volume flow-specific hemolysis in Image 8.7 can now be added up for the channel and multiplied for the
number of channels, and will thus result in the blood hemolysis after a single passage of the blood through the
pump, disregarding all source terms that will be addressed below in vii. and viii.:

1
IHchanmel [%] = Vlﬁ zﬂ Zehamner ("67€ 3) - IH; [%] - Vi"T¢ 0.01089% per passage (Equation 8.8)

Les r=1

On vii.:

The method of superposing locally occurring blood damage which is disregarded in Euler’s approach via separate
source terms with the results of Euler’s approach according to Equation 8.8 is based on the assumption that there
is no previous history for the hemolysis presently examined. This presumes that there is no accumulation of
damage, and that the damage for each passage through the pump is so small that the starting conditions for whole
blood returning to the pump for additional passages remains sufficiently [close to] constant over a period of hours.
This presumption is the result of the in vitro hemolysis experiments in Ch. 11, in which over a total testing period
of 6 hours, a linear increase of plasma hemoglobin could be measured, which is indicative of a degree of blood
damage which is constant from passage to passage.
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Gap flow

Outfiow side: impact
of the centrifugs
acceleration on the
boundary layer

ntake side: impact of
the centrifugal
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the boundary ayer

Eeginning of the
boundary layer

Image 8.8: Schematic illustration of the internal damage terms

In Image 8.8, the various pump-internal damage locations, to each of which a designated hemolysis index is added,
are shown schematically:

In the flow direction, a boundary layer is formed in the blade intake side, so that in principle a higher wall shear
stress should be expected than in the channel. Moreover, the boundary layer is spun off along all the blade
surfaces due to the rotational movement described, so that for each part of fluid that ends up in the channel or
gap swirl and does not reach the rotor exit, an internal hemolysis index must be specified. An additional important
factor of internal blood damage is the gap swirl, in which high volume flows as well as high shear stresses are
encountered. For a characterization of the resulting blood damage, the flow in the gap swirl must be described in
terms of the shear stresses, retention times, and volume flows. The latter is done by way of example with regard
to fluid particles which, analogous to Particle 30 in Image 7.25, pass along the outside edge of the blade from the
outflow to the intake side, as well as by means of a calculation, in order to underpin the results of the few particles
that could be evaluated by means of the particle tracking method. The particles pass by the blade, which has a
width of 0.3 mm, mostly normally with respect to the blade edge, within t = 35 us., which leads to a speed
of Vipartice = 8.57 m/s, which approaches the rotational speed of the blade system of Viiee = 9.1 m/s at the design
point. If this particle speed is used for determining the leakage, and if the chord length of the blade projected onto
the meridional section, the gap height, and the number of blades are taken as relevant leakage gap length, we
obtain a volume flow of

Qs S Vparticle . Zblade . lprojected chord * hgap he:e 0.66 I/mm (Equation 89)

This leakage flow has a magnitude of 20% of the actually delivered volume flow, and at first appears to be very
high. Therefore, the latter is tested by means of a calculation, which poses the problem that the pressure gap
between the outflow and the intake sides is not immediately available, as shown in Image 8.9, but must first be
obtained by induction from the rotor torque by approximation. From the measurements and from the respective
definition of the underlying hydraulic efficiency, in combination with the specific hydraulic performance according
to Image 9.3b, the necessary torque at the rotor can be established as:

Ap, -V,
Mrequired = =——222  heTe 56 Nmm (Equation 8.10)
270 Ty =
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Image 8.9: Schematic representation of the resulting speed profile in the gap flow

The required torque measurable at the shaft results, in turn, from the pressure difference at the blades, multiplied
by the meridional projection surface of the blades, since only forces that are applied at a right angle to the rota-
tional axis are relevant to the torque. Every other surface segment contributes to the rotor’s axial thrust, but has
no impact on the torque applied to the rotor shaft. Therefore, the relevant surface and the radius needed for
converting torque into force are derived from the dimensions of the rotor, and calculated from the mean

geometrical values:

F Mreauired 1 Mrequired here
4 Aproj.-blade r Aproj‘—blade r* Zpjade * /proj‘ chord * h = ( g)
whereas 7= 2Qbiece h
2 2

(Equations 8.11a, b)

With the mean pressure over the entire blade thus calculated, the gap leakage flow Qs is now calculated for a gap
with a height of h and a mean width of d, which results from the to- and from- flow angles at the housing in
combination with the blade thickness. The illustration in Image 8.10 shows the context of the individual run
parameters and quantities by way of a rectangular blade cross section. P; indicates the pressure on the outflow
side, and P, the corresponding pressure on the intake side. The differential pressure resulting from those two
corresponds to the mean pressure p over the entire blade as calculated above.

+

3

i

h

+
Pl =
L ]

Image 8.10: Schematic illustration of the cross section of a blade end
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For the calculation of the leakage volume flow, the retention equations are simplified in the sense that due to the
ratio between the rotational width d to the height h of the gap, a creeping flow is assumed of which the frictional
force is much larger than the force of inertia. In the present case, this leads to the equation:

P__ du .
= —-Tl"a}T (Equation 8.12)

Due to the small gap height, the pressure in the y direction and the speed u in the x direction can be assumed to
be constant by a fair approximation, so that in this case, the partials can be replaced by differentials. The double
integration in Equation 8.12 for the y coordinate provides the following for the speed u:

u(yy==~.22__ Y +C y+C, (Equation 8.13)

- E.p (Equation 8.14)

For determining the leakage volume flow, the speed u(y) is now integrated over the entire gap height and
multiplied by the projected chord length. The absolute coordinate system underlying the integration must be
considered:

y=h
0=l | @) +c,)dv=1I-

y=0

¥

g

S |
_.__.ha+_.cm.h]
: 2

p_p-p_—8p = s
whereas: e 7 7 sin((B, + B )2) (Equation 8.15)

In the present tri-blade example, with an underlying differential pressure according to Equation 8.11a, the
resulting leakage is Qs = 0.72 |/min. This is congruent with the results obtained for specific observed particles in
the gap flow not only in terms of order of magnitude, but is actually almost identical to it, wherefore a mutual
confirmation of the methods may be presumed.

Based on the mean leakage speed and the geometry of the gap, the resulting shear stress and retention time are
calculated, such that with Equation 8.5.a, an erythrocyte damage rate per passage results for the gap flow
of 0.017%, with Qs = 0.72 I/min. The blood damage in the gap is therefore slightly above that in the channel, and
is considered according to Equation 8.16 as a first source term in addition to the channel-specific damage.

On viii.:

Based on the insights on the flow at the blade, for the calculation of the channel-specific damage discussed in iv.,
only the final part that actually leaves the rotor is considered. For the remainder of the run along the blades, the
blood damage occurring near the blades is described by means of separate source terms according to the extent
of the damage and the volume flow, which in turn are differentiated by the outflow and the intake side.

For these purposes, for a wall distance of 0 to 0.1 mm, a flow at a flow angle of 45 degrees to the rotational axis
is assumed, and for the adjacent boundary layers at a wall distance of 0.1 to 0.2 mm, a flow angle of 30 degrees.
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Applied to the mean channel height h, the corresponding run lengths of the flow in the direction of the channel
can be determined to be Sss54eg = 1.98 mm and Sz = 2.8 mm. In order to describe the entire flow at the blade,
these run lengths are considered x times, with x =S, / S45 deg/30 deg -1 per blade surface. This, in turn, allows for
determining the resulting retention times and the local shear stresses, based on the measured speeds in the flow
direction according to Image 8.1, so that all the values necessary for the description of the blood damage along
the remaining trajectories close to the blades are now available.

As shown in Image 8.8, bases on the boundary layer formation along the blade entry edges, increased shear
stresses should be expected as compared to the further progression of the blades. For these purposes, high-speed
images were evaluated that were made with the Kodak EktaPro system in subframe mode with t = 1/40,500 sec.
at the design point of the pump analogous to Image 7.1. Without going into the details of this method, which in
principle is very similar to the described particle tracking method, no wall shear stresses were determined for any
of the particles near the wall that would be significantly higher than the maximum values in Image 8.4. The highest
stress here, which is t = 425 N/m?, is only slightly higher than the values that can be determined in the channel on
the intake side, whereas the mean value of all the particles, which is t = 389 N/m?, is even slightly lower. This
insight can be traced to the limited resolution in time and in place of the analysis system, so that local maximum
stresses are simply underestimated.

If one follows the particles observed here in the direction of the flow, with the criterion for the consideration of a
particle being its direct proximity to the blade along the blade entry edges, it is noticeable that the particles remain
only for a maximum period of t.., = 0.4 milliseconds within the range of very high wall shear stresses, before they
move away from the wall due to the formation of boundary layers and their resulting displacement. The smallest
distance from the blade of the particles as they enter the channel was determined to be s = 0.08 mm. A
displacement thickness-specific distancing of the particles from the wall was observed in all cases to be from the
initial distance of s = 0.08 mm to s = 0.25 mm. The impact of particle size and the related mass inertia on the
subsequent behavior of the particles was already pointed out in Ch. 7.1.1. For the initially used particles with sizes
within the range of 200 to 300 um, there certainly have been observations of particles that impacted into the
surfaces as they entered the blade region. For the presently studied particles in the range of 10 to 20 um, however,
this has not happened. On the contrary: not a single particle was observed that got closer to the blade than the
aforementioned minimum distance of s =0.08 mm.

Based on the explanations above, no further source terms are given for the fluid entry into the blade region and
for the associated formation of boundary layers along the blades, due to the absence of methods that allow for a
closer quantification of the locally operating shear stresses. All the damage terms operating locally in the pump in
addition besides the channel flow are listed below for the present example:

Source term - type Volume flow (I/min) hemolysis (%)
1 - gap flow 0.72 0.014
2.1 - 45° outlet side of blade 0.09 0.002
2.2 - 45° intake side of blade 0.26 0.023
2.3 - 30° outlet side of blade 0.21 0.001
2.4 - 30° intake side of blade 0.19 0.001

Therefore, the rotor-induced hemolysis can now be calculated with a good degree of approximation:

1H(%) = 1/( ¥ mean votume siow - X3 [H: - ¥ 17 0.0167% / passage (Equation 8.16)
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If this value is compared with the results of the in vitro experiments performed so far as per Ch. 11, the calculated
value even falls inside the interval of the experiments, which was not necessarily what was to be expected, due
to all the simplifications and the damage model used:

(n=5)
., (%) = [0,0038:0,0187]

Conclusion:

More essential than the correspondence in terms of magnitude between calculated and measured hemolysis is
the quantified statement, which was never previously made, about the damage percentages that can be
associated with the gap swirl and the boundary layer close to the blade, as opposed to the channel. Based on the
considerations above, the damage to the thrombocytes can now be determined as well, using Equation 8.5b. With
a resulting total thrombolysis of IT = 0.0626% per passage, this turns out to be high as compared to hemolysis
when identical parameters are used. Even if this time too we are not primarily interested in absolute values, the
qualitative comparison between thrombolysis and hemolysis with an approximately 4 times higher thrombolysis
is significant. This result may in principle explain the drastic reduction of thrombocytes often observed with the
hemo pump in patients during otherwise generally tolerable hemolysis (Aboul-Hosn, 1995).
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8.2 Impact of the Design Parameter on Blood Damage
In the framework of this chapter, some of the various design parameters and operational descriptions will be
discussed in terms of the blood damage that can be expected. The purpose is to clarify that despite the few

parameters examined, there is a great number of possible variations which jointly have a significant impact on the
expected blood damage, and would typically have to be evaluated through tests.
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Based on the discussion of blood damage in Ch. 8.1, blade system parameters and system parameters are
discussed with the purpose of indicating meaningful limits for pumps in the dimensions examined here, with
respect to blood traumatization.

At this point it should be stated again that the following calculated values should not be discussed in absolute
terms, but only in relation to one another, since all results are based on the underlying critically examined damage
model of Wurzinger and Giersiepen, 1990. Independent of the absolute amount of damage, this allows for a good
approximation of a blood traumatization tendency as a function of the parameters listed below, wherein a
distinction is made between design parameters and operational parameters.

For the basic parameters and settings, the tri-blade rotor grid described in Ch. 8.1 is used, with its chord length of
9 mm and its gap height of 0.1 mm at the design point at a volume flow of 3.1 I/min, a discharge head of
100 mmHg, and a design rotational speed of n = 30,000 rpm. The design parameters that vary while the other
parameters remain constant include the gap height between the housing and the blade, the chord length of the
blades, as well as the number of blades.

By way of a sole operational parameter, a geometrically constant blade system is incrementally reduced by the
other parameters, assuming a linearly increasing static pressure in the grid in the flow direction. The resulting grid
load leads to volume flow specifically strongly diverging leakage flows, shear stresses, and retention times in the
gap and in the channel.

Pressure- dependmg volume flow (I/min) 5 o 1 2 g & e —

e Wi llvlll"l] p d di | ﬂ |/
& (total [ — \Pressure-depending volume flow ( mm)
xchannel o-. B3P & tlet side ——intake side

iild 8.12a: Thromholvee hai Mean- 1.

== —ees pwarEny )

~®-ttotal ! =%=channel*~, 'gap —8— outlet side—— intake side
Image 8.12a: Thrombolysis with a reduction of the Image 8.12b: Hemolysis with a reduction of the pump
pump at geometrical basic parameters at geometrical basic parameters

As one can see in Images 8.12a and b, at strongly reduced operations, most of the damage takes place in the gap
and in the large volume flow in the channel itself. This qualitative development corresponds with the in vitro
hemolysis results from Ch. 11, where blade systems designed for maximum volume flows also generate a higher
hemolysis than moderately delivering blade systems of up to 4 |/min at the measured operation point.

In Images 8.13a through e, the impact of the design parameters on the blood damage is summarized (Schima
1993):
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According to Images 8.13a and b, the gap height of 0.1 mm that was so far realized in all pumps is the best
compromise between blood traumatization and manufacturing requirements with respect to form and position
tolerances. It becomes clear that gap heights of up to 0.05 mm are useful, so that rotors can be allowed a
correspondingly high eccentricity without a disproportional increase in blood traumatization.

This has consequences in terms of manufacturing as well, since such a position tolerance value can still be reached
with conventional production means, which has a cost-reducing effect on the manufacturing of the pump.

For the calculation of blood traumatization, which was based on a given chord length, a constant rate of blade
system activity was presumed, so that for longer blade system times, the grid load is reduced, analogous to the
explanations in Ch. 9.2.1 and Image 9.6. According to Images 8.13c and d, despite the increased gap lengths, this
leads to a gap-related reduction to the calculated blood damage. In contrast, the channel-induced blood damage
increases proportionally due to the shorter retention times of the fluid in the shear zone, so that the damage
resulting from an increase in channel length, taking into account the damage at the outflow and intake sides close
to the blade, even increases disproportionally.
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The impact of the number of blades on the
traumatization rate can be derived quantitatively from
Image 8.13e. Even though at this time we will not go
into a quantitative analysis of these data, it can be
established that in principle, a two-blade system
induces less blood damage.

Since nothing in the explanations of Ch. 9.2.1 and
Image 9.7 points to disadvantages in hydraulic terms,
future rotors for use in the relevant application areas
should in principle be constructed with two blades.

Finally, if one compares hemolysis with thrombolysis,
the higher degree of damage to thrombocytes
established earlier in Ch. 8.1 and in Images 8.11a and b
is confirmed here as well.

If one makes a worst-case assumption that the actual damage rates are within the order of magnitude calculated
here, a medium-term use of the pumps should lead to a presumption of an almost complete destruction of a
body’s thrombocytes. Due to their short lifetime of a maximum of 10 days only, however, their number returns

to the physiological level within days of acute pumping.

During and briefly after the use of pumps, a patient’s blood levels should be monitored more closely than usual.
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9. Hydraulic and Mechanical In-Vitro Tests on Lab Samples

While in Chapters 7 and 8 the micro-axial pumps were examined in terms of their impact on flow and the resulting
blood traumatization, Chapter 9 examines and analyses the test rigs, selected results related to blade system, and
the impact of essential design parameters on the achievable hydraulic performance, efficiency rates, and pump

characteristics.
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In conclusion, mechanical studies of the lab sample of Version IV are shown with respect to the system in its
entirety, in order to experimentally prove the feasibility of this concept.

9.1 Hydraulic Properties of the Blade System Components

The subject of the examinations are results of selected blade systems, which are reviewed not only at the design
point or with respect to the design rotation rate with a design volume flow at random capacity levels, but also at

their actual field of operation.

9.1.1 Test structure and measuring technology

All blade system components were initially
operated in a non-pulsatile test rig, where
they were hydraulically characterized. The
purpose was to realize a simple structure
which can be described by just a few
parameters, so that equal test conditions can
be used in all subsequent measurements,
which is a condition for the reproducibility
and verifiability of the results. The structure
used here is schematically shown in
Image 9.1a, and it is similar to the test rig for
flow visualization in Image 7.15, except that
in this case the PMMA cover was replaced
with a polished metal pump cover, and the
pump is taking in fluid from a small cavity
here, rather than from a tube.
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The pump therefore takes in the fluid from a stable
region, which is closer to the actual situation in the
ventricle, and also registers the actual intake losses
more accurately. For these purposes, Image 9.2
contrasts the hydraulic results of three intake
variants in order to clarify how big the impact of the
pump position is on the measured hydraulic
performance. For these purposes, the blade system
was integrated in a housing used for hemolysis
measurement, which features tube connections on
either side and features a rounded intake. The
blade system was then first hydraulically measured

volume flow (I/min)

with the housing in the tube according to Image o 50 100 B R
9.1b, and subsequently in the position according to counter-pressure (mmHg)
. . . . -=- blade system in standard structure
lmage 9.‘13, first with the hemonS|s housmg, and -@— blade system in standard structure with added housing
fma”y with a Sharp'edged pump cover of its own ~*- blade system in tube with added housing
and without a housing. The results clearly show the
. . Image 9.2: Identical blade system in different
impacts of the inflow and outflow losses on the SN R

ultimate measureable capacity, and confirm that n = 30,000 rpm
the standard structure best represents the losses.

The entire testing structure in Image 9.1a corresponds, in a simplified form, to the systemic blood circulation, in
which peripheral resistance is implemented by means of the choke. Container 1 simulates the left ventricle. When
the pump function is entirely taken over by the LVAD as in the present case, the container assumes the function
of a reservoir, characterized by an environmental pressure which is both the hydrostatic pressure of the water
column and the intake pressure for the pump unit positioned in Container 2. The latter is sealed from the two
containers by means of a punctured rubber disk as shown in Image 9.1a, so that no undesired pressure
equalization will occur along the pump cover during stationary operation.

As a result, the pump is operating against the hydrodynamically set simulated aortic pressure in Container 2. This
pressure is kept sufficiently constant by means of an air cushion in the upper part of the container, where it is
measured (Hg manometer; Cobe pressure sensors), so that a stationary operation of the pump at regular
operating points can be ensured. The produced volume flow is measured at the outflow from, and, respectively,
at the inflow to Container 1, or alternatively, directly before the pump, by means of a flow meter (electromagnetic:
Zepeda; ultrasound: Transonic). The pressure in Container 2 is reduced by recirculation via the adjustable
throttling of the environmental pressure of Container 1. If the levels of the two containers remain at the same
level during measurements, and if the intake to the pump has sufficiently large dimensions for the hydraulic losses
in the intake to be negligible, the pressure measured in Container 2 suffices for characterizing the discharge head
or the differential pressure via the pump.

A filter integrated in the inlet to the pump for stopping dust particles in particular is essential for the quality of
the measurements as well, as these accumulate in front of the rotor blades and significantly reduce the hydraulic
performance of the pumps.

While the testing structure described above features the required simplicity of construction, but it has the
disadvantage that the ventricle representative by Container 1 is purely passive, so that the characteristic
parameters of the blade system are limited to positive pressures and to a single quadrant. /n vivo, however, the
ventricle builds up pressures that may even be higher than those of the aorta, in systolic terms, so that for this
period, the pumps see a positive filling pressure which practically helps them with the blood delivery. Such a
negative value for the pressure parameter cannot be covered by this simple structure.
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When an external drive is used, the measurement technology implemented here does not only include the
measurement of the basic hydraulic values of the blade system, but also the recording of the rotational speed and
of the rotational torque of the blade system (torque measurement shaft: Dr. Staiger Mohilo + Co. GmbH,
Schorndorf; type: IT; version: W). The latter can be derived from a differential measurement of the torque of the
blade system with and without fluid at a constant rotational speed. However, if the blade system is measured with
an already integrated drive, there is no direct measurement of the hydraulically required performance, since only
the rotational speed of the motor and the motor’s electrical performance can be measured. Due to the inability
to determine the exact electrical efficiency of a drive, which depends to a significant extent on the respective
required performance, the hydraulically required performance can no longer be determined based on the motor’s
electrical performance.

9.1.2 Results for select blade systems

In the framework of this chapter, not all realized blade systems are described. Instead, some representative blade
systems with different output densities are introduced.

Images 9.3 through 9.5 respectively characterize in hydraulic terms such blade systems in the rotor and stator that
were attested by flow visualization to have a clean flow field around the design point, so that the different
hydraulic performances can be ascribed in first instance to the respective designs and the corresponding choice
of angle, momentum and enthalpy distribution, without this being attributable to hydraulic deficits. The respective
blade systems are characterized analogous to the following Chapter 9.2.1 by the mean rotor outflow angle as a
measure for induced performance.

If we now compare the blade systems in Images 9.3 to 9.5 in terms of the hydraulic performance, the
disproportional increase of mechanical performance that is required for increasing hydraulic performance stands
out. This becomes even more clear when we look at the achievable hydraulic efficiency rates, which decrease with
increased pump performance despite the significant increase in hydraulic performance. Even within a blade
system, it turns out that the maximum efficiency rate is not at the design point, but usually at a lower rotational
speed. If we compare these results with the examinations of internal loss in Ch. 9.2.2, the conclusions overlap:
Based on the disproportionally increasing pressure loss in the channels as the volume flow increases, if the flow
cross section of the various blade systems is constant, the efficiency rate of achieving a higher hydraulic
performance can only go down, since the internal losses are increasing disproportionally.

It must therefore be established that a blade system in our present order of magnitude can either be designed to
be highly effective with a low hydraulic performance, or to have a high hydraulic performance with necessarily a
low efficiency rate. That certain performance limits should not be exceeded in this case either can be learned from
Images 9.53, b, and ¢, 9,8. and 9.9.
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As explained in detail in Ch. 9.2.1, the blade system causes separation at the rear end of the rotor blades at the
intake side, depending on the respective rotational speed and on the counter-pressure, which is reflected in the
significant performance losses and in the efficiency rate. These areas are marked by interrupted lines, and clearly
correlate with each other. A blade system such as the one shown in Image 9.5 can only be operated with great
effort, and moreover, with 5.5 W, it requires so much capacity at the design rotational speed that while operation
through a micro-motor is still possible, such a motor does not have any capacity reserves, so that various failure
possibilities such as an increased capacity upon the entry of blood into the system can no longer be covered.

9.2 Impact of the Design Parameters on Performance, Efficiency Rates, and Pump Characteristics

In the framework of this chapter, the impact of various design parameters on the hydraulic capacity, the internal
losses, and the achievable efficiency rates will be discussed, as well as the related pump characteristics of the
blade systems.

Based on the results of the experiments in Ch. 7 and the insights about blood damage in Ch. 8, blade parameters
and system parameters, including the intake and outflow regions, are discussed with the purpose of indicating
meaningful limits for the pumps in the order of magnitude relevant to our purposes. For reasons of transparency,
only 6 mm LV blade systems will be reviewed below. They may provide useful mid-range values between those
for the smaller 5 mm pumps and those of the larger 7.4 mm pumps. Moreover, these include more variants,
allowing for a sufficiently broad discussion of the design parameters.

In conclusion, a comparison will be made between blade systems with and without a stator, and from this
comparison the various delivery characteristics and the counter-pressure stability specifically associated with it
can be derived.

9.2.1 Impact of the induced total enthalpy on the performance characteristics

Induced total enthalpy here means the required specific flow effort according to Equation 5.39, divided by the
experimentally determined efficiency rates. Depending on the underlying volume flow, according to Ch. 5, the
intake and outflow angles of the blade system components can be determined. In what follows, the blade systems
are only differentiated by way of the mean outflow angle of the rotor blade construction angle [sic] and the mean
distribution ratio, in order to obtain a simple quantification of the induced total enthalpy with otherwise identical
channel heights and rotational speeds. The presently examined fractional ratio of t/s according to Equation 5.73a
described the impact of the blades on the fluid. The smaller this ratio is, the better the flow will follow the blade
contours, but the larger will be the impact of the boundary layer and of the viscosity on the flowthrough volume,
as experimentally proven in Ch. 9.2.2 be means of explicit stators. The mean rotor outflow angle, on the other
hand, is a measure of the induced speed in the rotational direction, with the lesser flow redirection in turn being
determined by the fractional ratio.

The fractional ratio is defined by the grid length, the number of blades, and the wrap. If these parameters are
review in the context of the available blade systems, a differentiation by length, respective wrap, and number of
blades can be made:

The blade parameters, intake angles, and specifically the mean outflow angle must be kept consistent when
determining the impact of the rotor length on the hydraulic capacity in order not to obscure the impact of the
rotor length. In Image 9.6., two-blade systems with a rotational speed of n = 30,000 rpm are compared to each
other in hydraulic terms. A requirement of identical mean blade construction angles and even wrap angles is given
with a blade length of 6.2 mm, B1 = 22.8 degrees, B, = 65.2 degrees, 7 = 174.5 degrees with a blade length of 8
mm, B = 23.6 degrees, B, = 70.0 degrees, 7 = 176.7 degrees. The shorter blade system has a higher fractional ratio
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here, which is ultimately caused by the shorter blade length. When counter-pressures are small, the longer blade
system reaches an overall higher volume flow due to the mean outflow angle, which is larger by 4.8 degrees.
However, at higher pressures in the volume flow, it decreases more sharply than the shorter blade system. With
the given blade construction angles, these different delivery characteristics cannot be attributed to the only
slightly larger mean outflow angle in the longer blade system. Rather, it results from the longer blades and the
respective boundary layers, which are thickened as a result of the longer blade. Furthermore, the separations and
the resulting blockage of the blade channels in the longer blade version become significantly higher than in the
shorter blade version as the differential pressures increase.

In Image 9.7, two geometrically identical blade systems are compared in hydraulic terms, with two and three-
blades in the rotor, respectively. This comparison shows the impact that two additional boundary layers along the
third rotor blade have on the hydraulic capacity. The additional rotor blade with a wall strength of only 0.3 mm
nominally only leads to a blockage of 2.5%. Based on the blockage resulting from the blade thickness and the
boundary layer, the three-blade variant generates a volume flow that is smaller by 8%, so that in summary, for
small pumps with blade system diameters of approx. 6.0 mm, and at the given viscosities, the number of blades
in the rotor should be limited to two at the most.
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A further reduction of the number of blades may appear to be advantageous for hydraulic reasons, but is
inefficient due to the resulting imbalance in the rotor.

For a definitive assessment of the desirable grid length in the rotor, additional tests are necessary, including,
specifically, for hemolytic aspects. It may be stated here, though, that the desired diameter/length ratio is in the
range from 0.7 to 1.1. When blades are very short, three-blade rotors are actually slightly superior to two-blade
ones in hydraulic terms, so that the most efficient range for the t/s ratio of @6 mm pumps can be specified as
0.7 < t/50.95.

If the blade system is further characterized by the mean rotor outflow angle in order to obtain from it a measure
for the reduced enthalpy in the rotor, an efficient angle range can be determined. Instead of stating an interval
for the mean outflow angle, however, it makes more sense to state a critical angle, since depending on application,
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the delivered volume flow may be smaller than the maximum possible, so that any angle smaller than the critical
angle are efficient in terms of flow.

From Image 9.8, the fundamental relationship between the mean rotor outflow angle and the hydraulic capacity
can be derived. For smaller discharge heads, the theory corresponds with the experimental results, so that the
blade system with the highest energy density is also the one that generates the highest volume flow.

The example of a blade system designed for maximum performance, with 8, = 94.5 degrees, with 110 degrees
realized at the hub and 88 degrees on the outside, demonstrates that when the discharge head is small, the
maximum flowthrough is obtained at the expense of discontinuous pump characteristics, including high
differential pressures. In the physiologically still relevant pressure range from 100 to 110 mmHg there is a decrease
of the volume flow by 1.75 I/min. Such a pump characteristic is unsuitable for use in a pulsatile environment, since
for reasons of volume flow control according to Ch. 10.4, stiff pressure-resistant blade systems are required.

Flow [Ifmin]

: ; J
o 50 100 150 200 &) - 1 \
sl = — 5 C s
counter-pressure (mmHg) 2 u flow separation

on the intake side
" 12=94,5° —*— f2=652" —F— 12=542° —— [2-442°

Image 9.9: Principle of “rotating stalls”
Image 9.8: Impact of the mean outflow angle Bz g P g

on the hydraulic capacity, with
n =30,000 rpm

As rotor outflow angles become smaller, the throttling of the pumps is so harmonious, however, all the way until
the stalling range, that by way of a critical angle, a mean blade construction angle at the outflow of 8, = 80 degrees
can be specified. With increasing differential pressure, no abrupt separation is observed in the blade system on
the intake side below this critical angle that would lead to a sudden blockage of the channel.

Flow examinations by means of the tracing method have confirmed that all blade systems listed in Image 9.8 have
a rotating stall according to Image 9.9, which engages as of a discharge head of 90 mmHg at a rotational speed of
n =30,000 rpm. In pumps with low outflow angles this leads to small cyclical separations close to the blade at the
intake side which reach only slightly into the channel, whereas at extreme angles the separation covers a big part
of the channel and does not cyclically release it. In this case, the separation is constant over time.
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9.2.2 Impact of the channel height on internal losses

For double-curved channels in the present form with channel heights that are low in relation to their width and
length, the literature has not indicated any pressure losses as a function of wall coarseness, viscosity, or volume
flow that can be compared with what is measured in our case. Attempts to describe the loss of pressure in the
channel as an elbow with a rectangular cross-section according to Miller 1990 would lead to a significant
underestimation of the losses. This also applies to the description of the channels as an annular cross section. A
more suitable approach is that of Schlichting 1965; Truckenbrodt 1980; Backé 1988, which describes the resulting
losses as:

4V v 4 x flow area (A)

. D, = " i da, b,
z-D,* A 7 sum of all rotations (U) (Equation 9.1a, b, c)

L
Pa=d——L., 7 \ith: Va=

m

A is described here for a rectangular cross section as A = C/ Re in the laminary range, and as A = A - 0.316 - Re'*/*
in the turbulent range, in analogy to Blasius. The constants A and C are form constants which describe the height
to width ration of the rectangular channel according to Schlichting 1965; Truckenbrodt 1980, so that the
calculation of the pressure loss is based again on the equivalent hydraulic diameter with an annular cross section.
For the calculation of the Reynolds number from the real flow cross section, the resulting mean speed is based on
the underlying volume flow, whereas for the calculation of the pressure loss, the mean speed is based on the
equivalent hydraulic diameter.

Considerations for A = constant and V' - vi,- D+ indicate a dependence of pressure loss on the hydraulic diameter,
and with respect to the channel height, which is significant here in the form of pg~ 1/D.”. This demonstrates how
important the channel height is, and that maximum possible channel heights must be attempted in order to keep
the system-specific inner losses as low as possible.

14D ; - L | —
1204 l ! £ 60+
/
F
10 i T 50+
@ | . z
T £
£ / » £
E &0 [ /, 74 = 4
@ /’ ,// 8
% ) /‘ i / L
=1
5 / _:l/:./ a
) v
g . | | i \/ ! Sl
=% '/
20 - . 0+
0 o { L]
0 05 1 15 2 z5 3 85 4 U 05 1 1.5 2 25 3 a5 E]
volume flaw {I/min) volume flow (1/min}
—m channel height = 1,0mm; 4 blades —m— channel height = 1,0mm; 4 blades
w— channel height = 1,0mm; 3 blades —— channel height = 1,0mm; 3 blades
—— channel height =1.2mm; 3 blades —— channel height =1 2mm; 3 blades
Image 9.10: measured pressure loss Image 9.11: calculated pressure loss
forn=3.0mPa-s forn=3.0mPa-s

In view of the multiple assumptions and simplifications that were made for the purpose of calculating channel
losses, the following experimental validation was done: The calculation of the losses is necessarily unprecise, since
based on the preliminary flow visualization tests in Ch. 7, the impact of all the secondary flows in rotational and
axial direction resulting from the double curve cannot be registered.
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For the purpose of experimental validation, three stators identical in terms of blade geometry but with different
numbers of blades and channel heights were integrated into a suitable testing rig, such that the through-flow of
the stators changes from a; = 90 degrees at the outflow to a mean a; = 45 degrees at the intake in order to allow
for an incident-free intake. Based on the cylindrical hub in the stator region, it can be predicted with a fair degree
of approximation that the channel losses thus measured are similar to those when the system is operated with a
rotor with incident-free intake. Only the swirling outflow in the experiment with its scarp at the edge of the rotor
hub may cause all the measured values to be higher.

Comparative studies of [the impact of] the number of blades and of channel height on pressure loss can be done
independently, so that their impact on internal losses on such small pumps can be quantified here for the first
time ever based on examples.

It is impossible to perform similar tests at either the intake or the outflow of existing standing rotors due to blade
construction angles deviating sharply from 90 degrees.

By means of the example studies here of stators with flow directions reversed from those in the description above,
it was already possible to demonstrate than an impulsive intake at a volume flow of 3 I/min leads to additional
pressure losses of approx. 24 mmHg.

In view of the geometrically identical pressure measuring points before and after the stator, the difference
measured can be categorized as a pressure loss. The stator pressure losses thusly measured and adjusted for
system-specific losses between the pressure measuring points are documented in Image 9.10. A comparison with
the calculated pressure losses according to Image 9.11 shows that the latter are lower than the measured values
in absolute terms by a factor of two. Whereas the channel height-specific pressure loss still correlated with the
measurements according to Image 9.12, the calculation no longer includes the boundary layer influx in cases of
three to four blades. This error results from the hydraulic equivalence diameter according to Equation 9.1c, which
undervalues the channel of the four-blade stator based on its rather quadratic profile, as compared to the three-
blade stator with an identical channel height and a larger width, in terms of pressure loss.
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Image 9.12: Pressure loss diffe_rence in the stator rotors for n = 30,000 rpm, with 1]=3.2-
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The pressure losses measured according to Image 9.10 correlate with a fair degree of approximation with the
corresponding pump characteristics in Image 9.13, if we disregard the counter-pressure characteristics of the
pumps which depend on internal losses, as described in Ch. 9.2.3. They have been recorded with geometrically
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identical rotors which fit the respective stators in terms of channel height. If one compares the discharged head
as measurable from the outside at identical volume flows, the pressure difference between the pump versions is
on average higher than that of the separately measured stators. This is a result of the additional internal losses
that can be allocated to the rotors. Without going into a detailed evaluation of the measurements, which are
error-prone due to the measurement tools and methods, it can be stated that the internal losses in the relevant
volume flow region between 2 and 4 |/min are significant. If, for instance, for a @6 mm LV pump, the internal
losses, of which the order of magnitudes known, are added to the intake, tube, and free jet losses, a blade system
must build up a total pressure of 250 mmHg at an externally measurable discharge head of 100 mmHg at 3.5 I/min.
According to Ch. 9.1.2, measurements of the externally measurable hydraulic capacity with respect to the
mechanic capacity of the rotor lead to hydraulic efficiency rates of 15% to 30%. The efficiency rates, which are
very low compared to those of large pump systems, can be easily explained by the internal losses, as well as by
the not yet considered gap flows according to Ch. 8.1.2 vii in the rotor. When the loss components are more
closely analyzed, it becomes clear that the efficiency rate of the pumps cannot be arbitrarily increased. Rather,
most losses are caused by the high viscosity of the fluid.

If, alternatively, the hydraulic efficiency rate is calculated by taking into consideration the entire pressure, and if
even internal leakages are considered as an additional volume flow, the rotor-specific efficiency rate can be
determined as

here

Vexternal+internal - ADrotal 100~ a59s _ 909

Nrotor (%) = Pmech

Accordingly, the conversion losses resulting from [the conversion of] mechanic into hydraulic energy as well as
the flow losses caused by reasons of geometry is relatively small. The hydraulic efficiency rate can therefore only
be increased to a limited extent by way of larger channel cross sections, which in cases of limited dimensions can
only be accomplished by way of a reduction of the blade surface and the hub size.

Alternatively, in Ch. 9.2.3, hydraulic characteristics of stator-less systems are contrasted with those of systems
with stators in order to answer the question of whether a stator in the hydraulic capacity range discussed here is
needed. In view of the internal losses in the stator and the response rate according to Ch. 5, a stator-less system
may certainly be equivalent or even advantageous, in hydraulic terms, for production quantities up to the
presently relevant level.

9.2.3 Impact of the internal losses on the pump characteristics

Based on the considerations on internal losses in Ch. 9.2.2, which include tube and intake losses in case of an
integration of an intake or pressure tube, a first qualitative analysis of the pumps can now be made, and in this
case specifically, of the counter-pressure characteristics.

If the blade system is considered to be an ideal voltage source, the pump as a whole can be described as an ideal
voltage source with internal resistances, and the installation as an external resistance which causes the
measurable hydraulic capacity to decrease.

With anideal voltage source without internal resistance, this simple equivalent electrical circuit diagram according
to Image 9.14a leads to a vertical in the /-U diagram as in Image 9.14b, and the analogy to the V' - Ap diagram in
Image 9.15 is given. In this idealized case, even a small external resistance or a small change in such a resistance
will lead to a strong impact on the flow. Image 9.14b shows the change of the external resistance at explicit data
points on the curve. The resistance varies from point to point in the given diagram by 5 Q, between a starting
value of 20 Q and an end value of 100 Q. In the context of pumps, this load-dependent behavior is referred to as
pressure-sensitive. Only when the drawn internal resistances are considered, the load behavior at the external
resistance changes, such that as the internal resistance increases, the vertical becomes more diagonal.
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Accordingly, the flow that is measurable now appears to belong not only to one voltage, but in case of a large
internal voltage and a small external one it may even appear to be independent of resistance, and therefore as an
ideal current source of which the current is independent of externally applied resistance. This situation would
correspond to an extremely stiff pump.

The example shown in Image 9.14b is based on voltage sources adjusted for the respective internal resistance, in
order arrive at the same starting conditions of R, = 20 Q. With the voltage source being constant, the increase of
the internal losses leads in practice to an analogous decrease of the sensitivity to load, but at the same time also
to an overall lower capacity that is available on the outside. This can be observed in Image 9.15. Here, an identical
rotor was hydraulically characterized in a respectively identical testing rig, with the internal resistance Ri; (tube)
and Ri; (stator) were successively removed, analogous to Image 9.14a. If one proceeds to compare the pump
behavior visible here with the considerations above, the analogy is obvious. The pump with the lowest internal
resistance delivers the most at low loads, but is correspondingly load-dependent in terms of production
characteristics. Conversely, a higher degree of counter-pressure stability is obtained here in exchange for an
overall lower volume flow at a lower counter-pressure due to the higher internal losses.
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In Image 9.15, the flow-mechanical impact of the stator is superimposed on these basic explanations on
production characteristics, specifically for higher production heights of > 120 mmHg. Consequently, the stator
systems can ultimately achieve a higher counter-pressure than stator-free blade systems. Depending on the
indication and on the ultimately required production, a stator-less system may be advantageous for physiological
use despite the associated increased sensitivity to load, due to the higher maximum flows that can be achieved.
The example in Image 9.15 makes it clear that up to an exploitable production level of 90 mmHg, the stator-less
system has a higher hydraulic capacity than the corresponding stator system. If the tube losses of approx. 10 to
20 mmHg are subtracted from this production level, the remaining production level is 70 to 80 mmHg, up until
which level a stator-free system is to be preferred. Accordingly, the assumption in Ch. 5 of making only stator-free
RV pumps is correct. Even for LV pumps, a stator-free system can be advantageous when the average production
level measured over the heart cycle is not significantly higher than 70 mmHg.

In stator-free cases, the same design limits apply to rotor blade systems, as counter pressure-dependent flow
separations are even more obvious than in corresponding stator-driven systems. For the blade system characte-
rized in Image 9.5, this leads to a maximum volume flow of 7 |/min without counter-pressure at n = 30,000 rpm,
which is therefore almost one liter above the corresponding design point in the stator. For increased production
levels, without stator, separation occurs 20 mmHg earlier, however, and leads to considerable blockages. From
90 to 100 mmHg, the volume flow drops here by the unacceptable amount of 3.4 |/min, as opposed to 2.1 |/min.

If a pump is used with a maximum externally available capacity, the principle of capacity adjustment, known from
5
. | o (R=FRY) .
electronics, can be used. In this case, an external resistance, k=1 is applied to the external resistance R,
according to Image 9.14a in order to access the maximum capacity at the external resistance at a constant voltage

Uo of the ideal voltage source. This leads to an external capacity P, as follows:

R

2 2 a
_U I, =12R =U} —t— -
P,=U, I,=1y R, =U, (R+R,) (Equation 9.2)
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If a first derivative is made of Equation 9.2, and set to zero, the result is:

d(Pa)_ 2 RI_RG
—Uo : 3
dR (R+R,)

a

=0 = R,=R, (Equation 9.3)

For this result, in turn, the second derivative is negative. Therefore, in case of an identical internal and external
resistance, the maximum external capacity can be accessed. If the description of the utilizable pressure is compa-
red with that of the dissipated pressure in the pumps according to Image 5.5, it turns out that the requirement
for similarly large resistances in analogy to the dissipated capacity has been met. According to this view, to a
degree, internal losses are even necessary for maintaining a pump with exploitable pump characteristics.

This one-dimensional view should not tempt us, however, to integrate artificial resistances in the pump systems
reviewed here. Based on the requirement of a high hydraulic capacity within an extremely limited space, the
internal losses, which are unavoidable anyway, must still be reduced to the extent that this appears to be possible.
This is the closest one can get to meeting the requirement of a high internal loss capacity similar to the externally
exploitable capacity.

Conclusion:

According to Equation 9.3, the maximum externally exploitable hydraulic capacity is limited to 50% of the overall
capacity brought into the system. Correspondingly, an efficiency level measured according to Equation 5.1 of a
maximum of 40% in Image 9.3c is already close to the achievable optimum of 50%.

9.3 Flow Control on the Intake and Outlet Sides of the Pump Under Operating Conditions

A discussion of the intake and outlet sides is important because these fields cause significant system (pressure)
losses which must be produced by the pumps according to Image 5.5 in addition to the exploitable pressure.

Intake side

The intake side is subject not only to hydraulic requirements, but in first line to physiological requirements as well.
On the one hand, intake losses should be small, on the other hand, the limited diameter and the requirement of
a maximum hydraulic cross-section do not allow for a geometrically rounded intake opening in the intake tube.
Moreover, the intake must be shaped such that the suction of the endocardium by the opening and its subsequent
adhesion to it can be securely avoided, even given the smallest ventricle cavity. As a result, the intake may not
feature a large central opening that might suck in the endocardium and cause it to attach itself to the opening.
Moreover, despite minimal wall strengths, the intake opening may not appear to have sharp edges on the outside,
since it must pass through the aortic and pulmonary valves with them in a retrograde manner, and no damage to
the thin valve leaves can be tolerated. One of the few practical solutions therefore envisions an intake opening
with a basket, of which the lateral openings must have a length of approx. 15 mm in order to securely avoid the
sucking in by the basket in apex position, despite the smoothing of the biological material (trabeculae). On the
other hand, the flexibility of the biological material might cause the endocardium to press closely to the basket,
and consequently, the total obstruction of the lateral openings.
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Image 9.16: Basket at the intake side of the intake tube

In Image 9.16, such a basket is shown, with possible inlet geometries. The clearly visible domed structure and the
lateral openings, separated by a total of three to five ridges, are shaped such that when it is inserted, injury to the
valve system can be safely avoided. The transition to the intake tube is directly near the lateral intake openings.
This transition is characterized by a pronounced beam contraction at the edges. The unavoidable separation area
immediately near the edges provided the impulse for geometrically exploiting this region and to move the
smoothing inward into the dead space. The result is an improved washing behavior, while the intake losses remain
at the level of a geometrically sharp-edged intake.

A further approach is based on the underlying thought that the size of the beam contraction is functionally linked
with the flow speed along the intake edge. If it is possible to increase the effective length of the intake edge by
means of a corresponding geometric design, the resulting intake speed of the flow would be reduced while the
general volume flow is constant, and losses would be reduced. This artificial extension of the effective length of
the intake edges was exemplarily accomplished by means of an annular and a parabolic profile of the intake edge
between the ridges. As compared to a straight edge, this allowed for a length increase of approx. 48%.

=
L o
E —
E hr
- =
o Q
< 2
8 5
(=] [=]
- [5]
L i
3 5]}
N =]
3 04
e
o
03
0.2+ - — 4
2 23 3 39 4 4.3 5 2 25 3 a5 A 8.5 -
volume flow (1/min) volume flow (1/min)
—+— rectangular - without —— annular - without s— rectangular - without —s— annular - without
—-m parabolic- without ~ —— rectangular- GEO3_8 -m— parabolic- without —s— rectangular- GEO3_8
Image 9.17a: Pressure losses for Image 9.17b: Pressure loss coefficients
the various basket for the various basket
geometries geometries

Measurements of the reduction of the intake losses thus achievable prove that this approach is effective. The
parabolic intake leads to a lightly lower pressure loss than the annular intake. This can be explained by the good
washing behavior without visible color residue immediately after the intake edge. The pressure loss coefficient
shown in Image 9.17b can be calculated per the definition that follows:
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p/2 ) sz with: Apv =p1-p2- ApBernou//il-z and ApBemou//il—Z = T’
Here, p; and p; are static pressures measured immediately before the basket at a diameter of D;, and in the intake
tube immediately after the basket at a diameter of D,. According to equation 9.4, the lost pressure Ap, is adjusted
forits dynamic share, so that even a simplified structure according to Image 9.1b can be used, with a measurement
section inside the tube segment.

Measurement of pressure losses in cases in which the basket region gets its intake from a large and still reservoir
have not confirmed the results from Images 9.17a and b. The parabolic, annular, and rectangular intake edges are
similar in terms of losses, so that under these conditions, only the improved washing speaks for an artificially
elongated intake line.

Outflow side

In hydraulic terms, the outflow side is an annular gap which is delineated on its inside by a diagonal hub, and on
its outside by the rear edge of the pump casing. According to the calculations in Ch. 5.4, it must be presumed that
the entire kinetic energy is dissipated in the free jet, especially since in the outflow region there is no room for a
diagonally shaped diffusor, which could significantly slow down the flow. Instead, care should be taken that the
annular channel does not operate as a screen. Experiments with a constant channel diameter calculated based on
the orthogonal radii to the delimited surfaces showed maximum throughflows at lower production levels that
were measurably worse than those of widened channels. Only after an approx. 30% expansion of the outflow
diameters as compared to the channel diameters in the blade region, a lower outflow-induced capacity of the
pumps was no longer measurable, and as a result, the impact of the beam contraction along the outflow edges
was compensated.

The outflow side of the pump is further characterized by the functional link to the drive positioned behind it, due
to which the outflow is diagonal, as described. Based on electro-mechanic principles and the extremely small
dimensions, at an electrical effectiveness rate of below 30% when fully loaded (Pmecr = 5 W), this drive dissipates
up to 11.6 W of energy, which must be transferred via the housing surface to the blood, as the surrounding
medium. Due to the small motor surface and the marginal temperature of 41 °C to 42 °C in the blood, heat
dissipation must be done convectively, as described in Ch. 4.4.2. For these purposes, the blood flowing out of the
pump with its free jets should flow as completely as possible along the surface of the motor, as shown in Image
7.31 and 7.32, and should not separate immediately after the outflow due to its remaining momentum and the
diagonal redirection. This tendency is pronounced especially in stator-less LV pump variants. To which extent this
may lead to thermal problems on the motor surface can only be analyzed in future in vivo experiments.

9.4 Mechanical Testing of the Pump with Integrated Drive

After the successful synthesis of pump and drive, a first mechanical system analysis is needed in order to prove
whether an intravascular micro-axial pump with an integrated drive is a feasible concept.

While proof of the drive capacity was already provided in Ch. 4, and the principal proof of the feasibility of the
friction seal integrated into Concept IV was provided in Ch. 3, the system has to be subjected in conclusion to a
first long-term test.

Initial long-term tests:

The extensive field of material testing is specifically excluded from the present scope, even though the question
of materials used for a technical system applied in a biological environment has a high priority. For example, all
adhesive connections between the individual assemblies must meet the highest safety standards, and due to the
different material pairings these will be resolved in very different ways. However, in the framework of a mostly
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structural systems analysis, this complex of themes cannot be dealt with comprehensively, so that we will suffice
here by indicating its importance.

In the framework of a structural analysis, only the validity of the concept is examined, including the robustness,
reliability, and durability of the first laboratory sample according to Concept IV from Ch. 3.2.2 with a polymer
friction seal.

This pump concept has been used in ongoing in vitro tests, and examined here explicitly for its durability. The parts
of the pump with an integrated motor that are principally subject to wear and tear include the bearings and the
seals, whereas failure criteria also include the rupture of the energy cable or the blocking of the drive as a result
of strong corrosion of the motor magnet.

With respect to the durability of the bearings, we will dispense here with the manufacturer’s respective
calculations, which guarantee a minimum lifetime of several months for all used bearings under optimal climatic
conditions. For pumps that will be used for a maximum period of one week, this is a satisfactory safety guarantee.
Under actual operating conditions, the bearings are exposed to a corrosive medium with a 0.9% NaCl component,
and they operate free of grease or oil at relatively high rotational speeds and at changing axial loads due to the
pulsatile pump environment. Accordingly, it was examined whether a system consisting of a rearward miniature
bearing balls system and combined radial sliding bearings with seals can be operational for more than just a few
hours. A first test of such a pump in water at n = 30,000 rpm and a differential pressure of 100 mmHg in a non-
pulsatile environment was terminated after 144 hours (6 days) since until that point, the system has operated
with a constant engine run and without visible leakages.

The subsequent analysis of the component assemblies showed a 0.2 ml leak in the pump mechanics due to clearly
visible wear and tear of the shaft. At a circumference of approx. 120°, the TiN film of the shaft was already so
worn out that the basis material of the axis was visible. Due to the leakage, the motor magnet, made of NdFeB,
which is a corrosive material anyway, was clearly affected by pitting corrosion, but not yet to such a degree that
it would have led to an increase of the pump’s operating momentum. The combination of radial bearing and seal
did not feature more than a single initial mark of wear. The rearward ball bearings of corrosion-resistant steel had
suffered from a small degree of corrosion as well, but continued to operate mechanically without flaw. Based on
the low degree of wear and tear, the system was reassembled without modification and tested on a 6 hour in vitro
blood environment, in which, due to the expected seal failure, it was rinsed with a 10% glucose solution similar to
a hemopump system. After this period, only the axis showed even stronger wear, whereas the bearings specifically
did not suffer further damage.

This experiment as well as individual tests, partially in pulsatile environments, which at this point add up to a
cumulative operating time of such pumps of approx. 500 operating hours, did not produce any structural weak
points that would require a fundamental new construction. Only the recurring wear of the shaft in the seal region
will have to be reduced by an appropriate hardening treatment, since leakages in the pump mechanics were
always preceded by significant wear of the shafts.

In conclusion, this system, which will usually be operational for only a few hours, can be attested as having
sufficient robustness and operational security, which, however, are yet to be confirmed in extensive in vivo
experiments. In this respect, a failure analysis exceeding the scope of the present principal functional analysis will
be required, which is not within the scope of the present principal functional analysis. In Ch. 12, the principles of
the function of the entire system in the organism will be shown in the framework of initial experiments, as these
will conclusively prove the principal validity of an intravascular blood pump with an integrated drive for heart
support.
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10. Pump-ventricle interaction and pump function control

The existing research of the pumps has always been performed in non-pulsating environment and,
therefore, provides insufficient description of how the pumps function in the real situation in pulsating
environment, which always exists when there is remaining heart activity.

The clinical part of this study, which serves as the basis of the in vitro results /Siess 1996/ provided in
detail below, was performed by Prof. W. Flameng and Prof. B. Meyns at the Leuven Catholic University
in Belgium /Meyns 1996/.

Sternotomy Hemopumps Hp31 were used for this type of research, since they were easily available in
the clinical work, and could also be better used in vitro due to the used measurement technique.
Specifically, the used electromagnetic flowmeters by Zepeda Instruments, which could be directly
integrated into suction tubes of the pumps with their inner diameters of 6 mm and 7 mm, did not allow
for application of the systems with integrated micro motor discussed in this work, since the rotating
magnet field in the motor stator affected the measuring heads so strongly that the measurement signal
was covered by noise.

This problem did not present itself for obvious reasons with the Hp31 driven by a flexible shaft. Besides,
it does not matter for the description of pumps, which pump system is used, since they work according
to the same principle, and are even hydraulically similar, so that all results can be immediately re-
applied.

The important question here is to which extent the current pump flow of a micro-axial pump can be
determined in pulsating environment from statically registered indicators, and how it is possible to
present the pump flow on-line. This would provide reliable information to the surgeons on the current
pump function, which has not been provided so far by the Hemopump applications /Kunst 1991; Mees
1991; Meyns 1996; Waldenberger 1994/.

10.1 Test set-up

Two experimental stands based on each other were developed for this research, with the main point
being reproducing of a pulsating environment.

A pump sucks fluid, similarly to a non-pulsating testing stand shown in Figure 9.1a, from a straight tube
with calmed suction area, as shown in Figure 10.1a. At the intake of the pump, a pulsating actuator is
integrated directly over a T-connection, which represents a deformed ventricle together with a bio
prosthetic on the inlet side, the tube area and the pump on the outlet side.

The analysis of the results obtained on this testing stand has a hysteresis curve of the pump even
stronger than the ones shown in Figures 10.2 through 10.3, since the effect of inertia of the fluid volume
located in such a deformed and stiff ventricle on the pump characteristics is strong. After that, the pump
is largely disconnected from the testing stand by integration of a silicon ventricle, as shown in Figure
10.1b, so that now almost realistic suction conditions of the pump from a “passively pulsating” ventricle
are possible. In this structure, the suction tube of the pump is led through a further bio prosthetic into
aortic position in the ventricle, so that systolic fluid outside can flow past the pump. In diastolic terms,
the flexible leaflets of the valve fit so well to the suction tube, that no measurable regurgitation from
the high pressure area into the ventricle activity could be observed even in vitro. As before, the exact
characterization of the pump volume flows is ensured due to the flow measuring head integrated
directly into the suction tube of the pump.
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Figure 10.1 Pulsating test set-up
a: with rigid ventricle

b: with flexible silicon ventricle

By implementing the pulsating actuator in the form of a sinusoidal piston motion with a membrane,
which can move freely with respect to the piston, we ensure free diastolic filling of the silicon ventricle.
In case of inhibited ventricle filling, this can even help to simulate the in vivo measurable suction of the
pump to the ventricle. If the silicon ventricle is still not stretched in enddiastolic way, then according to
Figure 10.1b, it is enough to have a pressure meter in the stiff ventricle box in order to measure the fluid
pressure in the ventricle itself, since the thin silicon wall of the ventricle in absence of pressure does not
have any effect preventing correct pressure measurement.

10.2 Pump characteristics in pulsating environment

Despite its own high frequency with the rotating speed of about 20,000 turns/min till 28,000 turns/min,
the pump has a clear hysteresis around the corresponding non-pulsating registered curve. Figure 10.2
shows a typical curve for a pulsating cycle.

Since the measurement data were taken with a constant rate, and each measurement point is assigned
a circle on the diagram, we can distinguish the fast cycle phases from the slow ones.

The hysteresis loop starts clockwise with the closing of the aortic valve and the opening of the mitral
valve, which is followed by the diastolic filling phase with digressive speed. It ends with the closing of
the mitral valve, upon which the quasi isovolumetric contraction phase starts. It is no longer genuinely
isovolumetric due to the pump function, but we will not be changing its name due to the existing

convention.
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Figure 10.2 Comparison of pulsating and non-pulsating pump flow

Up to the negative pressures, the aortic valve opens without visible pressure surge, and the systolic
contraction phase begins. It ends again with the closing of the aortic valve, upon which a new cycle
starts.

We can clearly see that the volume flow differs from the curve registered in a stationary way most
strongly in those places where the pressure changes and the associated volume flow changes happen at
the highest speed. On the other hand, the observed hysteresis is lowest in those places where the
stationary curve of the pump in the Ap —

V diagram increasingly goes horizontally, as it is the case up to the high rotation speeds. This situation,
which qualitatively corresponds to the in vivo results, is shown in Figure 10.3. As a cause for the
constantly observed hysteresis, the flow effects in the blading can only play a secondary role, since the
physiological pressure changes function in a quasi-stationary way for the blading. The significant lag of
the pump with too high diastolic and too low systolic volume flows is rather a sign of inertia effects in
the system, which in the first approximation are only attributable to the fluid amount in the pump and
here specifically to the amount located in the suction tube.
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In equation 10.1b, it gives a pump specific dynamic counter-pressure Ap’ affecting the blading in the
ultimate form Apres= Ap - Ap’:

d (}11 av m=const. (fy
=—(mxXV)=—Vv+t—-m = —Mm
' dt = o a al . 5 ( Equation 10.1 a,b)
: : av V(L +An)-V(1,)
Ap’ziz_l_.ih_.m:L‘_p.__EL._e.____ﬁ____
A A dt A dt A At

where L is the length and A is the cross-section of the suction tube. Figure 10.4 shows a comparison
example for speed 4 of Hp31 of the hysteresis curve based on the differential pressures, curve
registered in a non-pulsating way and a hysteresis curve based on the adjusted difference pressure Apres.

Taking into account inertia of the fluid in the suction tube significantly reduces hysteresis in the area of
fast volume flow changes. It is only in the area of the obvious sharp bend of the curve registered in a
non-pulsating way that there is no exact diagram. This is again the result of the flow parameters in the
blading, which, similarly to the blading described in Figures 9.5 a-c, is getting strongly detached on the
suction side starting from a certain differential pressure.
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Detachment as well as cure effects as such also result in hysteresis, since the pump diagram will look
differently depending upon the direction. The non-pulsating diagram shown in Figure 10.4 was
registered with increasing differential pressure, so that the pronounced bend is moved to a pressure
about 10 mmHg higher than that for falling differential pressure. In absence of the relevant basis, it is
impossible to obtain dynamics of the static diagram in the detachment area, and it is also superfluous in
view of the actual problem of the pump flow at a given time point.

The description of the pump flow at a given time point is provided here as an example for speed 4 of
Hp31. It is done with the pump flow of the curve registered in a static way as a function of the
measurable differential pressure being mathematically approximated as shown in Figure 10.5. The pump
flow, which is calculated based on the measured differential pressure of the aortic pressure (pas) minus
the ventricular pressure (p.i), is shown in Figure 10.6 with the concurrently measured pump flow. Both
volume flows are in excellent agreement, although as described, the pump circles the static curve
clockwise in a hysteresis. The resulting deviation is only visible at the steep edges of the differential
pressure with high dynamics. Similarly good results have also been achieved with all other pump
rotation speeds, which is why we chose to omit those graphs.
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With respect to the concurrent in vivo experiments /Meyns 1996/, it can be concluded that hysteresis
registered there at every rotation speed significantly exceeds that registered at the in vitro test stand
according to Figure 10.1b, and is rather comparable to the hysteresis generated at the test stand shown
in Figure 10.1a. To register the pump flow in vivo, the pump was moved to the aortic by-pass, which
strongly increased the pump specific fluid mass compared to that located in the suction tube. This
explains the much higher hysteresis. We omit the exact modelling of the in vivo results, since the by-
pass is only test specific, and in clinical application the pump is used in the position similar to that shown

in Figure 10.1b.

Measured pump flow Calculated pump flow

140 -+ 2 ) ‘]
f ’ a ,\ I: | r\J
720 4 A ‘(',_."‘ .t- F A 2 T

B > - VN, ! V. / R

2 1004 |

€ .

__E_, 80 4 l l i .

- -

o =

& g0 4 | \ (3

o \ ! -

a i \ =

@V B

2 ¥ 3
=

o 20~ ' Q

a ) > 3

© 0 2 Y 4 z I~ a

o) [ v -4 J >

§ _y iafoe i e ,

o 20+ .. ‘ -

b oS g

e 4ol “ s - 3T98

Differential pressure Pao-Pvi ;
60 -~ Time [s] -0

Figure 10.6 Comparison of the measured and the calculated pump flow at speed 4
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10.3 Volume unloading of the ventricle and risk of suction

The use of a micro-axial pump in parallel to the ventricle causes a constant volume unloading of the
ventricle, since fluid is constantly removed from it. With the respective pump capacity, the unloading
causes significant reduction of enddiastolic ventricular activity, which, depending upon the position of
the suction end of the pump in the ventricle, can cause temporary suction of the pump to the
endocardium with the associated arrhythmia and cavitation in the blading. Furthermore, the substrate
flow from the atrium in the ventricle can be inhibited to the point that the transportation capacity
reduces despite the increased pump capacity /Meyns 1996; Siess 1996/.
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Figure 10.7 Pump flow and left ventricular
peak pressures in a 67 kg male
sheep with Hemopump

This situation is illustrated in Figure 10.7, where the transportation capacity increases with the
increasing rotation speed, and falls significantly at the maximum pump pressure due to the described
effects.

Already at the second highest pump rotation speed, which is speed 6, the ventricular peak pressure falls
from the constant 100 mmHg to 91 mmHg, which tells that the pump transports already at this point the
total heart minute volume, and the ventricle does not release at any point of time in the cycle more
blood into the aorta by-passing the pump.

The very fact that the pump capacity clearly depends upon the ventricle activity makes the regulated
pump activity necessary for a targeted heart unloading.

According to Prof. B. Meyns, the current survival rate of all patients supported by Hemopump with
hypertrophic ventricles /Meyns 1995/, which show low cavity with high muscle mass, is zero, because
the available hemodynamics is insufficient for recovery.

This can be caused by unregulated Hemopump operation with insufficient knowledge of the actual
transported amounts, so that the pumps may be operated at too high speeds in expectation of the
maximum amounts to be transported.
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Figure 10.8a Enddiastolic normal size of the silicon ventricle

Figure 10.8a Enddiastolic size of the collapsed silicon ventricle
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Figure 10.9 Pulsating cycle of Hp31 at speed 7 in collapsed silicon ventricle

To assess this situation better, in vitro experiments were performed on collapsed ventricles based on
the in vivo experiments on sheep. Figures 10.8 a,b compare a collapsed ventricle to an enddiastolic
ventricle in normal size, in order to clarify to which extent the cavity must be reduced in vitro to achieve
approximately the same flow diagrams as in vivo that would correspond to Figure 10.7 at speed 7. The
minimum capacity of the pump resulting from the collapsed ventricle only becomes clear at the
maximum rotation speed, at which the hysteresis loop observed in Chapter 10.2 clockwise not only falls
below the curve registered in a static way, but also degrades to a lying eight shown in Figure 10.9.
Suction of the pump to endocardium can only be observed more vividly /Meyns 1996/ in the cases when
the pump flow collapses in a systolic way and falls below the diastolic level. The suction in vivo is so
obvious that the lying eight in vitro with the crossing sides in vivo even degrades to a counterclockwise
cycle.

Suction:

Suction to the ventricle is simulated in vitro, as shown in Figure 10.10, by reduction of the enddiastolic
ventricle size from cycle to cycle. A hysteresis loop similar to in vivo, where the pump flow collapses in a
systolic way due to suction, can only be achieved by further reduction of the ventricle volume below
that shown in Figure 10.8b. This results in a counterclockwise cycle in vitro as well. However, this causes
strong and non-physiological negative differential pressures resulting from the test set-up. Contrary to
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in vivo, where the collapsed ventricle cannot contract beyond its endsystolic volume, the sinusoidal
actuator of the silicon ventricle can be pressed together to a zero systolic rest volume, and even
compress air in the ventricular compliance according to Figure 10.1b.
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Figure 10.10 Pulsating cycle of Hp31 at speed 7 with the gradually
collapsing ventricle from loop 1 to loop 10

10.4 Volume flow calculation and avoidance of suction phases

If we calculate, similarly to Figure 10.6, the volume flow of the pump for the above case of an
increasingly collapsing ventricle, we will see that the discrepancy between the measured and the
calculated pump flow keeps increasing with the suction phases getting longer and more persistent. In
Figure 10.11, the calculated volume flow even increases due to the strong, non-physiological negative

differential pressure.
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Figure 10.11 Comparison of the measured and calculated pump pressure
of Hp31 in an increasingly collapsing ventricle

Therefore, while a very good correlation could be achieved with sufficient substrate amount according
to Figure 10.6, it is no longer the case based on the differential pressure pao- pvi on the example of the
collapsed ventricle. To take into account the local suction, which cannot be registered beyond the
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pressure P, measured in the ventricle, it is necessary to integrate a miniature pressure meter
immediately in the suction tube. A pressure sensor in the immediate vicinity of the blading can even
measure additional tube losses due to stronger curvature or bend and take them into account for the
volume flow calculations.

Integration of a pressure sensor instead of a volume flow sensor brings along a further benefit, in
addition to its very small size, that high negative pressures in the tube, which no longer result from the
dynamic pressure reduction plus tube losses, can immediately be attributed to a suction sequence.

Based on these considerations, we can build, according to Figure 10.12, a volume flow registration and
suction control, which have been tested for basic functions in the lab size.

The principle of a regulated pump operation presented in Figure 10.12 is based on the statically
determined curve, which is sufficiently identical for pumps of identical design with similar fluid viscosity.
Based on the rotation speed of the motor control together with the pressures measured according to
the above considerations (pschi.and pao) , the real volume flow of the pump can be determined with an
error <15%. It can be identified as a volume flow at a given time point and/or as an average, in order to
describe the pump function in more detail. This supports such options as choosing for volume flow with
variable rotation speed or a constant pump rotation speed with variable volume flow.
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Furthermore, from the calculated volume flow and a curve of the volume flow dependent pressure also
registered in a static way, we can determine the pressure to be expected on the tube side pressure
sensor for the suction free operation of the pump with a straight suction tube. If this calculated value
Pschi.cal Strongly deviates from the measured value of pschi, then this can be attributed to either a bend in
the tube, if the deviation is constant, or a temporary suction sequence, if the deviation is temporary. In
the first case, an alarm should be triggered and the pump placed anew, while in the other case the
rotation speed should be reduced, until the display message is no longer shown.

11. Experimental in vitro research of blood damages
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All considerations on pump design from Chapter 5, qualitative research of hemolysis based on flow
research in Chapters 7 and 8, and measurements of the surface temperature of the electric drive in
Chapter 4 will be supported in this chapter by research of blood compatibility of the pump.

To this end, in vitro blood experiments were performed based in their structure and protocol on Chapter
11.2; however, they result in insufficient statements with respect to thrombogenicity. If no thrombi
appear in the course of research, then this is a necessary, but not a sufficient criterion, since blood must
be almost fully anticoagulated for experimental purposes.

Therefore, ultimate thrombogenicity results can only be reported in vivo, as long as there is no adequate
in vitro protocol /Schima 1993, 1995; Wurzinger 1991/. The research described in Chapter 12 provides
the first results in this respect.

11.1 Blood compatibility of the pump

In this context, blood compatibility means any form of interaction between a pump and a medium. This
includes not only the effect of the material, its surface qualities and the effect of the geometrical and
operational aspects of the pump on pure blood, but also effect of blood on mechanical components of
the system.

For example, a small leak of blood into mechanics of the pump may not immediately cause the system
breakdown. On the other hand, the pump induced blood damage cannot exceed certain limit values.
Shear stress, stagnant area and water induced thrombi may not appear, if possible, in flow and
temperature critical areas, which include the border point between the rotating and stationary
component with integrated seal.

Blood damages also cover morphological changes taking place beyond physiological extent or
destruction of corpuscular blood particles. For this form of blood damage there is no standard
description, but it can be roughly split into osmotic, chemical and physical damages.

With respect to the blood pumps researched in this work, physical damages are particularly relevant.
They can, in their turn, be split into physicochemical damages, which result from surface qualities of
plastic materials, according to their roughness, tension and chemical structure /Glasmacher 1982,
1991/, and purely physical damages. The latter mostly cover laminar, turbulent shear stress, pressure
tensions from pressure gradient in flow field or due to cavitation and temperature effects.

While most of the described damage causes are uncritical for the blood plasma with the
macromolecules suspended in it, proteins (albumin, globulin, fibrinogen etc.) can be damaged when
temperature exceeds 42°C.

If the peak temperatures also exceed 50°C, as it can happen in the seal area, then they affect adhesion
and aggregation of fibrin monomers transformed from fibrinogen /Renardy 1993/ on metallic or ceramic
surfaces /Yamazaki 1995/.

The resulting quasi polymerized fibrin aggregates can cause breakdown of seals and bearings due to the
narrow gaps and low tolerances inherent to the system. The breakdown avalanche begins with the
transformation of fibrinogens into fibrin monomers and the following initial aggregation phase in
narrow and dynamic gaps, resulting in increased dissipation with rising local temperature. This causes
further increase in the aggregation propensity and solidification of clusters, so that finally the dissipation
capacity of integrated drives becomes too high and/or the components become dysfunctional. The quasi
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polymerized fibrin aggregates resulting from this process, which can be embedded in thrombocytes and
erythrocytes, are very hard and adhere strongly to plastic surfaces.

The described breakdown principle can also be applied in modified form to a micro motor integrated
into a pump system. If due to lack of convection on a part of the motor surface the temperatures rise
and fibrin monomers display adhesion, then this causes deterioration of the a value and further
temperature increase and adhesion, until the system finally breaks down due to excessive winding
temperatures.

According to the above considerations, it becomes clear how multifaceted the concept of blood
compatibility can be. Therefore, only certain aspects of blood compatibility can be treated in Chapter
11.2, and the ability to perform significantly affects the used test protocol.

11.2 In vitro blood compatibility research
11.2.1 Test parameters and limit values

In connection with the blood damage, we will specifically study the plasma hemoglobin concentration as
a readily available parameter of the lysis of erythrocytes, which comprise the largest corpuscular portion
of volume in pure blood. To this end, an isolated blood volume will be repeatedly pumped by the
researched system under exactly specified hydraulic parameters (volume flow, delivery head and
rotation speed). Plasma hemoglobin concentration is measured at regular intervals; as the result of the
hemolytic effect of the pump, it increases in the course of the test and can be used to obtain a pump
specific hemolysis index. Unfortunately, there are still no standardized indices for blood pumps with the
related standardized test set-ups and identical protocols, so that it is still difficult to compare the results
of different work groups. It is even difficult to compare identical tests due to different blood lots, even
though the index provided below already takes into account and normalizes certain blood differences,
which depend on lots. Finally, the stability distribution of the cell membrane varies so significantly for
different bloods, that the pumps with high shear tensions can generate very different indices for
different tests with identical protocols. Therefore, hemolytic characterization requires at least about 10
tests, which is impossible to do in this work in absence of sufficient number of available pumps. Instead,
various geometries and materials were tested in the course of a few tests to find at least a general
direction of optimization. We must also mention that all results presented in Chapter 11.2.3 must be
treated with caution and may not be deemed representative, because all of them represent single
occurrences.

The modified index according to /Miller 1993 and Westphal 1994/ used here includes hematocrit,
which depends upon the lot, and the total hemoglobin concentration, so that ultimately only the
membrane resistance /Schima 1993/, which has so far remained unmeasured, remains here as an
important hemolysis parameter not yet taken into consideration. This lets us compare the tendencies of
the results of different tests. To classify a pump exactly, it is necessary, just as previously, to test
different systems against each other with the same blood within one test.

As a reference for the systems developed here we use the clinically used sternotomy Hemopump Hp31,
which is available as an intravascular micro-axial system. The generated hemolysis is classified for this
system as clinically acceptable /Aboul-Hosn 1995, Wampler 1993/.

=Y (L8 4, 10°

Vi-HB_

Hemolysis index (Equation 11.1)
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with
vV = pure blood volume in circulation [l];

Hk

hematocrit between 0 and 1 [-];
AHBpharma = plasma hemoglobin concentration between the start and end of the test

[mg/100ml serum];

V = pump volume flow [I/min];

t

total pump duration [min];

AH Bges,

total hemoglobin [g/100ml pure blood].

The test protocol provides, in addition to a constant operation point of the pump, fixed blood
temperature of 37°C for the test duration, so that the temperature effect of the micro motor surface
and the seal lip area on fibrinogen can be researched concurrently.

As a limit value for the pump induced hemolysis, a released hemoglobin amount of 10 g/day is provided
as clinically acceptable. This amount applies as a limit value of what a “healthy” organism can break
down and restore in erythrocytes daily /Butler 1992; Gross 1984/. Beyond this value, there is a risk of
anemia, if the pump is used regularly.

For this physiological limit value, the index described in equation 11.1 does not provide any general limit
value, since the index includes volume flow as a description of the pump quality.

What is important for an organism though is solely the absolute plasma hemoglobin concentration, and
even regardless of the volume flow of the pump. In view of compatibility, a pump, which only transports
one liter and causes a 6-fold higher hemolysis than another pump with 6 liter volume flow, is equally
compatible with the organism as the other pump. Therefore, the limit value must be stated with the
reference to the operating point, as it is done in Figure 11.1. For the results described below in Chapter
11.2.3, the index does properly reflect the quality of pumps compared to each other, but even there the
acceptable limit value is stated for each pump depending upon the operating point.

If, however, the pumps in question are only used for a short time, up to several hours, then the index for
such an indication may even exceed the respective limit value.
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Figure 11.1 Index of hemolysis IH" depending upon operating point

The limit value for the thromogenicity of the system in defined in a relatively simple way. There may be
no flow or temperature induced deposits of fibrin with embedded thrombocytes and erythrocytes either
in the pump or on the motor surface. Even the seal area, which includes the gap between the rotating
and stationary component, as well as the friction area between the seal lip and the shaft, must be free
of adhesive blood particles. Optical control suffices.

Thrombi, which have left the pump in the course of the test, are located upon recirculation either on the
entrance edge of the rotor blade or in the filter of the blood bag, where they also can be detected.

No blood should get into the pump mechanics through the seal during the test. If this is still the case,
then the pump should not break down immediately. The increasing required capacity can be deduced
from the motor flow at the constant rotation speed, so that when the limit value is exceeded, an alarm
can be triggered in addition to Chapter 10.4.

11.2.2 Test set-up and performance

The test set-up must be as simple as permitted by the protocol. Therefore, the set-up shown in Figure
11.2 consists solely of a blood bag tempered in water and a connected by-pass containing the pump,
pressure sensors (Cobe, Lakewood, CO, USA), possibly on both sides of the pumps, and a connected
resistance in the form of an added tube clamp. The pump volume flow is registered by an ultrasound
flow meter attachable to the tube (model HT109, Transonic Systems Inc., Ithaca, NY, USA).
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Figure 11.2 In vitro hemolysis test set-up

The tube connections are arranged on the blood bag in such way that the blood discharging connection
is located at the point lowest in geodetic terms, while the intake is located high. This can prevent suction
of air into the pump, which is essential for a realistic hemolysis.

If fine dispersed bubbles appear in the pump due to air sucked into the pump, they cause significant
blood damage and corrupt the results.

Since the test pumps are intravascular systems, which only have suction, but no pressure connections,
the pumps must be integrated either with a seal between the pressure and suction side directly in the
tube, or into a respective housing according to Figure 11.2. The integration according to Figure 11.2 is
better than with a tube, because a tube can be integrated on the suction side in the dimensions of the
suction cannula, which is used later on, without causing stagnant areas filled with blood.

Test performance:

The pig blood used in the test is obtained immediately prior to the beginning of the test from the
slaughterhouse. The blood is collected there, upon a pig heart incision, from the middle open jet into a
container already provided with anticoagulants (Citrate, Heparin, EDTA, CPDA-1) and antibiotics.

If more blood is required, depending upon the number of pumps, than can be obtained from one
animal, then blood of several animals can be pooled, unlike human blood. Immediately upon collection,
the blood bag is filled and transported from the slaughterhouse to the hemolysis lab in an isolated
container to avoid excessive cooling.

Immediately upon integration of the bag into the previously prepared test stands and air exhaust, the
operating points are fixed. The duration of the test starts at this point, and every 30 minutes two 1.5 ml
pure blood tests are taken for redundant extinction values and limitation of measurement errors.

These tests are centrifuged at n = 6,000 turns/min for 10 minutes, and the supernatant plasma is
provided with the reaction solution for hemoglobin determination (Merck 9405) to create a stable color
complex. The plasma hemoglobin concentration is determined from the extinction values, upon which
the index is calculated from the reported blood values.

Once the test is over, the test stand is inspected for released thrombi, the pump is taken apart, and the
blading, seal, bearing and motor surface are visually inspected for blood deposits.
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11.2.3 Results

The comparative hemolysis research presented below shows that the systems developed here can

generate hemolysis values in the area of Hemopump 31 and below. Since clinical compatibility has been

demonstrated for Hemopump, it can also be assumed for these systems, although a subsequent in vivo

evaluation is indispensable.

Short description

Plasma hemoglobin concentration, IH”

I. Blood (of pig, pooled):

Composition: Hk =0.39; Hb = 14.2;
anticoagulant EDTA

Hemolysis: blood with average resistance
MX3S high titan:

Blading with: Paz 94.5% t/s=0.79

L =5.27 mm; 3 blades; rotor and stator of
titan; Teflon seal against the TIN shaft
Operating point: n = 30,000 turns/min; Ap = 80
mmHg; V = 5.81 I/min

Hemolysis: high hemolysis, in particular, since
the rotor moves to pump cover with local wall
contact

Hp31 without S. (without suction tube):
Operating point: n = speed7; Ap = 80 mmHg; V
=6.31 I/min

Hemolysis: lowest hemolysis so far, which was
measured with an Hp31 during this research

1400 +-

-4

1200 +—
1000
80c
b
3
600
400

Plasma hemoglobin [mg/%]

200

0 100 200 300

Time [s]

—%— MX3S high titan —%— Hp31 withoutS.

Hemolysis index IH” [-]

sss IH” limitvalue=7.8

1717

150 200
® Hp31 without S

0o 50 100
MX3S high titan

Il. Blood (of pig, pooled):
Composition: Hk = 0.40; Hb = 14.46;
anticoagulant EDTA

Hemolysis: blood with above average
resistance

MX2S titan:

Blading with: Pa- 54.2°;t/s=0.73

L=6.0 mm; 2 blades; rotor and stator of titan;
Teflon seal against the TIN shaft

Operating point: n = 30,000 turns/min; Ap = 80
mmHg; V =4.1|/min

Hemolysis: lowest index of all micro-axial
pumps measured so far

Hp31 without S. (without suction tube):
Operating point: n = 25,500 turns/min; Ap =
80 mmHg; V =5.31 |/min; Hp31 blading
combined with micro motor; Teflon seal
against uncovered unhardened shaft
Hemolysis: high hemolysis, in particular, since
the rotor moves to pump cover with local wall
contact

Breakdown due to
displaced magnet

Plasma hemoglobin [mg/%]
- 8 8B 8588 8 8

1] 100 200 a0
Time [s]

—— MX35 high titan —=—Hp31 withouts.

Hemolysis index IH" [-]

IHY limit value =9.1

146

1. IH" limit value =11.7
oo 50 10.0 15.0
o MX25 titan B Hp31 without S.
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lll. Blood (of pig, pooled): - =
Composition: Hk =0.40; Hb = 11.96; E 250 -
anticoagulant EDTA = 200
Hemolysis: blood with average resistance % -
MX2S brass/titan: £
. B o i
Blading with: 2= 54.2"; t/s = 0.73 E o
L = 6.0 mm; 2 blades; rotor of brass and stator 7
of titan; Teflon seal against the TIN shaft 0 == g —
. . . o 100 200 300
Operating point: n = 30,000 turns/min; Ap = Time (5]

80 mmHg; V=4.11/min

Hemolysis: clearly under the limit value, about

one index higher than with identical titan . )
Hemolysis index IH” [-]

rotor from II. e

MD titan (micro diagonal pump as reference): e 2

—— MX2S brass/titan —a— MD titan

Operating point: n = 7,000 turns/min; Ap = W limit value = 14.23 14 3w

100 mmHg; V = 6.01 |/min - B ‘

Hemolysis: middle index for this pump 0o 1.0 20 30 18
B MX25 brass/titan # MD titan

IV. Blood (of pig, non-pooled): 2500 ¢
Composition: Hk =0.34; Hb = 12.35; ]
anticoagulant CPDA-1

Hemolysis: clearly too high in all pumps, since
blood has low resistance

MX2S high titan:

Blading with: Paz 94.1%t/s=1.0

L=6.0 mm; 2 blades; rotor and stator of titan;
Teflon seal against the TIN shaft

Operating point: n = 30,000 turns/min; Ap = 0 .
80 mmHg; V =5.0 I/min 0 100 2(30
Hemolysis: clearly over the limit value, in
particular, since the stator does not optimally
fit to rotor (too strong back incidence)

MX3S brass:

Blading with: Pa- 44.2°;t/s = 0.56 Hemolysis index IH” [-]
L=4.2 mm; 3 blades; rotor and stator of brass; IH” limit value =22.5 i l3275

ferric fluid seal IH” limit value =10.2 W 22 &
Operating point: n = 30,000 turns/min; Ap = T

2000 +

Plasma hemoglobin [mg/%]
o
S

1y

300
Time [s]
—»—~MX2S high titan ~*—Hp31 without S.—s— MX3S brass

£ IH” limit value = 11.2

80 mmHg; V = 2.5 |/min 12
Hemolysis: over the limit value, in particular, - 4 ; - ————
since rotor runs strongly excentrically to the 0.0 100 200 300 40,0 500
pump housing with a large radial gap MX2S high titan @ Hp31 without S. & MXx3s brass

Hp31 without S. (suction tube):

Operating point: n = speed7; Ap = 80 mmHg;
V =5.5|/min;

Hemolysis: lowest index, but clearly over the
limit value

Effect of geometry and operating points on hemolysis:
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Even though the hemolysis research conducted in this work can only be applied to a limited extent as
such, due to its limited scope, certain tendencies can still be derived from them, when considered
together with the geometry effect on hemolysis from Chapter 8.2.

The dependence of hemolysis on the gap height presented in Figures 8.13 a, b is fully confirmed by the
experiments. In all cases, where the rotor blade edge was definitely coming into local contact with the
pump cover (I: MX3S high titan; Il: Hp31 without S.), or the gap was varying between 0.05 and 0.4 mm
due to eccentricity (IV: MX3S brass), the measured hemolysis is high.

Furthermore, similarly to Figure 8.13e, the lowest hemolysis values are achieved with two blade pumps
(Il: MX2S titan; Ill: MX2S brass/titan).

All systems are operated at their design points, which at the same time correspond to the permissible
rotation speed with the highest local shear tensions. For these points, the hemolytically most favorable
volume flow of about 4 I/min can be determined for the geometrically limited flow cross-sections of the
6 mm pumps based on the reduction in Figures 8.12 a,b. (Hemopump 31 must be taken aside at this
point, since its diameter is about 1 mm too big). Up to the smaller volume flows (< 4 I/min), the
hemolysis increases significantly due to the longer staying times compared with the small reduction of
shear tension, since the latter strongly depends upon the rotation speed in the direction of small volume
flows, which are always fixed here at n = 30,000 turns/min.

On the other hand, up to larger volume flows (> 4 |/min), the hemolytic effect increases the shear stress
overproportionally compared to the achieved reduction of the staying time, which also causes increased
blood damages.

Effect of the materials on hemolysis:

The moderate systems MX2S titan and MX2S brass/titan considered in tests Il and Il are geometrically
identical, so that the only difference between them is the rotor material. Therefore, with reservations,
the material effect of the brass on hemolysis can be set at AIH’= 1. This corresponds well to the results
from test Il with respect to the micro diagonal pump MD titan for constant heart support, which we will
not be considering further. This titan system produces in average a hemolysis IH’= 3. The identical
system of brass produces, on the other hand, an index IH’= 5, so that the effect of the material can be
set at IH’= 2 for much larger surfaces.

Thrombogenicity:

Based on the considerations from Chapter 12 on limited applicability of the existing in vitro blood
research with respect to thrombogenicity, we can state at this point that neither thrombi in the blading
and blood bag, nor blood deposits on the motor surface or in the seal could be observed in the course of
the tests conducted in this work. It was merely at the place affected by the frictional connection of the
seal that a thin and hard blood film (fibrin cluster) could be observed in many experiments.

The actual thrombogenicity of the system will only be demonstrated by in vivo experiments.
Robustness:

Despite the system being not tight in test I: MX3S high titan and test II: Hp31 without S due to strong
shaft wear, the pumps did not break down when friction increased slightly due to blood getting into the
mechanics. Even the miniature ball bearings could be re-used for further experiments upon being
cleaned.
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On the other side, it cannot be ruled out at this point that with the increased winding temperature as
the result of poor heat transport mechanism blood will coagulate stronger in the gap between the
magnet and winding, so that the system can still break down for this reason in several minutes.

12. First in vivo experiments

First in vivo experiments provide the most valuable information and show the actual development
better than any others, when a pump is developed to primarily fit the physiological conditions, which
cannot be clearly identified. The success or failure of the experiments depends, in addition to the pump,
in particular on the total system, which consists of the suction tube with a wire basket in the front,
pump with drive and inverse guide catheter.

Such aspects as attachment places between plastic and metal, rigidity of the suction tube and the actual
location options of the system play an increasing role.

12.1 Animal model

The first in vivo experiments were conducted in the animal model of grown sheep (65 kg — 75 kg) in
acute, non-sterile environment to research the functionality of the developed complete system in terms
of placement options and the possible hemodynamics.

With respect to the placement options, this means that the pump must be placeable through the
periphery, retrogradedly through the aortic arch and with the suction cannula through and beyond the
aortic valve.

In a sheep it means, furthermore, that the femoral artery (leg artery) must be first dissected and
exposed, and then further dissected in the direction of larger vessels until the vessel diameter in the
order size of the human femoral artery is found.

In sheep, this requires dissecting of the second largest iliac, which precedes the femoral artery in the
heart direction, or even the abdominal aorta, which involves access to the stomach area of the animal.

Upon being inserted successfully, the system is pushed forward and placed by the inverse guide
catheter, and the correct position can be checked by feeling the aorta on an open animal or by X-rays.

The suction tube of the placed pump cannot be thrown out of the animal, even if it is standing, due to
the ventricle activity, which was frequently the case with Hemopump 21 with its curved and soft suction
tube.

The heart unloading can be assessed with the working pump from the ventricle and aortal pressures
together with the respective ventricle size, since the integration of sensors in the pump for online
volume flow calculation is not provided for in the system for the initial function testing.

12.2 Test performance and results

For the initial function testing of the total system, three acute tests on animals were conducted by Prof.
Flameng and Prof. Meyns at the Catholic University of Leuven, Belgium, according to the guidelines for
keeping and use of lab animals of the US Department of Health.

A micro-axial pump was used for functional analysis, as described in the first experiment below. This 6.4
mm pump is shown in Figure 12.1 together with the inverse guide catheter.
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Figure 12.1 6.4 mm pump with suction tube on

silicon basis and basket, version |

1%t experiment (male sheep, 65 kg)

Pump:

Insertion:

Placement:

moderate blading MX2S titan from Chapter 11.2.3 on 6.4 mm motor with spiral
reinforced suction tube on the silicon basis, suction basket version | and guide catheter
from the human sector.

Insertion was first performed through graft attached to iliac as a port. The vessel and the
graft radius proved to be too small for insertion. The attempt to insert the system
without graft failed as well due to the depth of the insertion point and the resulting
small radius. Subsequently, the stomach area was opened and the abdominal aorta,
which has the size of a human femoral artery, was dissected and exposed. The system
could now be inserted without complications.

The pump could be pushed through the aortic arch without problems. A proper
placement of the pump was achieved by pushing it into the ventricle with the suction
tube. Then the pump was pulled back until the motor and the rigid pump part could be
clearly felt through the aorta ascendens.

Hemodynamics: The pump rotation speed was gradually increased from n = 10,000 turns/min to n =

Analysis:
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35,000 turns/min. No effect of the pump on the ventricle could be observed. Instead,
the pump broke down at the maximum rotation speed.

The subsequent research showed that attachment of the suction tube to the pump
cover was too unstable (loss of the tube during removal). Also, a piece of collagenous
tissue was located in the gap between the rotor and stator, which was proved to belong
to the valve apparatus. Therefore, it must be assumed that the very flexible suction tube
was thrown out of the ventricle after several heart cycles, and the pump attached to the
valve apparatus. The sharp front entrance edge of the version | suction basket damaged
the valve apparatus at suction pressures of up to 400 mmHg. Repeating of the described
procedure for a number of times confirmed the results.
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2" experiment (female sheep, 75 kg)

Pump:

Insertion:

Placement:

moderate blading MX2S titan from Chapter 11.2.3 on 6.4 mm motor with spiral
reinforced suction tube on the silicon basis, suction basket version | and guide catheter
from the human sector, improved adhesion between the suction tube and pump
covering.

Insertion was first performed on this large animal directly through the iliac without graft.

Placement was also performed from the first attempt.

Hemodynamics: The pump rotation speed was gradually increased from n = 10,000 turns/min to n =

Suction tube:

Analysis:

35,000 turns/min. Again, no effect of the pump on the ventricle could be observed.

In addition to the pump, a parallel suction tube could be felt in the aorta, so that within
several cycles the tube was relocated due to strong heart activity. After that the suction
tube was replaced with a spiral reinforced suction tube with thicker walls on silicon
basis. However, no permanent position could be found for the tube head in the
ventricle. Instead, the tube bent in the higher bending torque area at the connection
place between the tube and pump housing.

The pump function could not be researched in this experiment either, since the suction
tube was too sensitive to bends to achieve a secure position in the transfer from the
tube to the rigid pump covering. Furthermore, the following attempts should be
performed with X-rays in order to better observe the retrograde passage of the aortic
valve, as well as the position and the tube movement.

3" experiment (male sheep, 68 kg)

Pump:

Insertion:
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moderate blading MX2S titan from Chapter 11.2.3 on 6.4 mm motor with spiral
reinforced suction tube on the silicon basis, suction basket version Il and guide catheter
from the human sector.

The suction tube is now equipped with an integral rigidity gradient. While in the basket
area it is as flexible, as the tubes from the previous experiments, at the back end it is
much more rigid and less sensitive to bends due to a different choice of material and
constant wall thickness.

Insertion was performed on this animal directly through iliac without graft, although the
insertion point was as deep as in the first animal.

Figure 12.2 shows the pump in the exposed and dissected iliac area. The basket together
with a part of the tube is already located in the vessel, while the rigid unit with the
guiding catheter is still visible. The small curvature radius resulting from the deep
insertion place, specific to this animal, is hardly visible, but makes it possible to insert
the pump applying significant pressure through the guidance catheter. In the human
sector, the insertion is much easier, since the femoral arteries are better accessible.
Upon the third insertion, the suction tube was damaged due to the small radii, which is
most clearly visible in Figures 12.8 and 12.9 compared to Figure 12.7.
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Figure 12.2 Deep insertion area in the iliac artery

X-rays: The pump is well visible in all areas due to the metallic parts. Figure 12.3 shows an X-ray
of the pump compared to a hemostat. Due to the spiral in the suction tube and
reinforcement in the guide catheter, these areas are also visible.

Particularly visible is the suction basket of version Il, which is equipped with a spherical
dome and only one small central opening for the guide catheter, according to Figure
12.10, to avoid damage to valves and vessels.

Figure 12.3 Large image of the pump under X-rays

Placement: The pump could be placed here, similarly to the first and second experiment, under X-
rays, so that the procedure of the retrograde passage of the aortic valve could be
observed in all details.

The placement sequence visible in Figures 12.4 — 12.7 was confirmed in all experiments
with the flexible suction head.
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In Figure 12.4, the system is lying unpowered in the aorta. The basket is located
immediately before the aortic valve. The tube and the pump head are in the aortic arch,
while the drive and a part of the guide catheter are located in the aorta descendens.

At this point, an axial thrust is engaged through the guide catheter, so that the system
increasingly pushes against the external wall of the aorta, and the suction tube bends,
initially at the stiff connection place between the tube and pump housing and, as
intended, immediately above the basket.

Figure 12.4 Pump in aorta descendens; basket immediately
before the aortic valve

In Figure 12.5 the axial thrust is lifted to the point that the pump already disappears
behind the thoracic spreader. The tube makes in the vicinity of the basket an arch > 90°,
which extends in the direction of the middle of the valve.

Figure 12.5 With the tip of the basket in sinus, the suction
tube bends in the valve area by more than 9(°

In the next figure, i.e. Figure 12.6, which follows the previous one by t = 1/25 s, the
suction tube already passed the valve. The pump has moved far into the ventricle, due
to the energy saved in the guide catheter, and is now lying in the suction basket in the
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apex. Therefore, at the end of the valve passage the entire system must be put back into
the position according to Figure 12.7. This can be done either as in this case by X-ray
control, or by a pressure sensor placed on the pump before the blading and immediately
behind the outlet.

Thus, the pressure sensors integrated at a later point of time can be used not only for

determination of the pump volume flow, but also for the placement, since the pressures
in the ventricle and aorta are sufficiently different, so as to allow for exact identification
on the pump position.

Figure 12.6 The suction tube starts bending under pressure
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The pump was placed several times, repeating the described procedure. In all cases, the
basket did not pass directly through the valve, but the passage first went through the
tube bent in the direction of the middle of the valve.

The pump movements were researched with the pump in the position shown in Figure
12.7, where the rigid pump part is lying in the aortic arch. For this purpose the system
was left twice without functioning in this position for 20 minutes each time. With the
stiff suction tube, tube was not thrown out of the ventricle, as it was observed in the
first and second experiments.
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Pump in a proper position

Hemodynamics: The pump rotation speed was again gradually increased from n = 10,000 turns/min to n
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= 40,000 turns/min. With the proper pump position shown in Figure 12.7, the total heart
minute volume of about 4.5 I/min could now be pumped at the maximum rotation
speed, despite the damaged and strongly bending suction tube.

With the increasing pump rotation speed, the ventricular peak pressure decreased,
while the aortic pressure became increasingly non-pulsating. At the speed of n = 40,000
turns/min the ventricle pressure no longer reached the level of aortal pressure, so that it
could be assumed that the valve did not open at any time point of the cycle more than
was necessary for the suction tube. Therefore, it was ensured that under these
conditions the entire left ventricular blood was transported by the pump.

Figures 12.8 and 12.9 represent contrast pictures of the situation without pump support
and at n = 40,000 turns/min enddiastolically and endsystolically.

In case of complete volume unloading and takeover by the pump it can be clearly seen
that the ventricle does not exceed the systolic size even in the filling phase, since the
pump transports the incoming substrate all the time.
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Figure 12.8 X-ray contrast picture with Figure 12.9 X-ray contrast picture with placed
placed pump without unloading; pump and maximum unloading;
left: diastolic; right: systolic left: diastolic; right: systolic

Summary:

During the first three in vivo experiments, the problems, which all result from the system periphery and
not from the pump, were recognized and resolved to the extent that a first hydraulic function check
became possible. This way the measurable in vitro capacity of the pump was also confirmed in vivo.

A 6 mm micro-axial pump can even fully take over the left side heart support under maximum load for a
short time.

No pump specific problems were observed during the experiments, which at this time lasted at n =
30,000 for the total of 3.5 hours, of which 1.5 hours continuously during the third experiment.

The pump related thrombogenicity, which could only be briefly treated in Chapter 11, has been
confirmed in vivo for short time use. No thrombi were found in the first three experiments in the
blading, which would also originate there.

On one occasion a thrombus was found in the rotor before the blading entrance edge from the version |
suction basket, which was specifically and repeatedly blocked in the central opening. The way the
thrombus got into the blading area is clearly similar to that of the caught swimming dust particle from in
vitro experiments, so that growth at that place can be virtually ruled out.

Blood deposits were not found either on the motor surface, or in the seal area, despite the undefined
position of the pump in the vessel. This confirms the surface temperature research from Chapter 4.2.2
performed on the 8.5 mm motors instead the 6.4 mm motors used here. It is only in the area affected by
the sealing lip on the shaft that a thin and hard blood film was observed on the shaft side upon taking
equipment apart, similarly to the in vitro research from Chapter 11.2.3. In all cases, it did not cause for
short term use any leakage of blood into the pump mechanics. Therefore, to the extent these three
experiments are representative, compatibility of the pump for short term use according to the definition
from Chapter 11.1 has been tentatively confirmed.

The nearly unusable suction basket of version | could be significantly improved with respect to its valve
compatibility, suction propensity and thrombogenicity. Figure 12.10 shows all baskets used so far.

The suction tube developed in the meanwhile with gradual rigidity has significantly improved not only
the placeability, but also the stability of the tube in the ventricle.
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Version!  Version Il Version llla,b

Figure 12.10 Used suction baskets

13. Perspectives

There is further improvement potential in the areas of flow control, the associated hydraulic capacity
and blood damage, mechanical long term stability of the pump, clinical application and sensor based
pump management.

This work covered at this point exclusively research with the flow visualization methods; with respect to
further improvement of flow mechanics of the blading components, it would be pertinent to obtain
images on a relevant 3D flow simulation platform. Once this adjustment step is made, the flow will be
better shown in time and space as opposed to the very limited methods of experimental flow
visualization. More exact information can be expected about the locally high shear tension, so that a
computer supported iteration process may result in further increase of hydraulic capacity and reduction
of the pump induced blood damage. A parallel comparison of the simulated and visualized flow is still
required.

Based on the existing information, it is necessary to test the intravascular blood pumps with integrated
drive in extensive experiments for days in a row, in order to obtain definitive conclusions on long term
stability of the polymer seal integrated in the pump and thrombogenicity of the entire system.

It can be expected that the flow control will have to be improved on the outlet side for no-stator LV
impeller pumps for long term use, in order to avoid temperature induced thrombi, so as to ensure a
sufficiently good flow around the drive.

This work covered insertion of the system through peripheral vessels in vivo, but it is also necessary to
develop a percutaneous insertion system for a generally applicable concept, which is to be clinically
relevant in cardiology as well. A special outlet tube must also be developed for the right heart use,
where the pump is supposed to be inserted through peripheral vessels, which allows for pushing and
simple placement of the pump.

The sensors discussed in this work and specifically their long term stability and integration in the existing
pumps without significant increase of the total diameter represent another important development
aspect.
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The pump system can only be securely placed and monitored for system functions with integrated
sensors. The sensors also allow, based on the calculated pump flow, for a controlled adjustment of
circulation and, in case of two-sided heart support, a fluid balance.
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14. Summary

Intravascular blood pumps represent a promising concept of temporary heart support, if the benefit of
simple and minimally invasive placeability does not come at the price of low hydraulic capacity. For
example, the intra-aortal balloon pumps (IABP), the first clinically available intravascular heart support
system working according to the displacement principle, can only unload the left heart by some 10%.

The concept of an intravascular blood pump according to the rotary pump principle pursued in this work
with capacity of up to 100% of heart activity is clearly more efficient and based on the Hemopump
system, which has already been used clinically.

The pump head of the Hemopump placed in the vicinity of heart is driven by an external drive through a
flexible shaft, which is as long as the catheter required for the pump placement. The resulting
drawbacks, which include breakdowns of the flexible shaft and start-up times of up to 30 minutes due to
the required shaft oiling time, are avoided in this work by integration of a miniature drive in the
immediate vicinity of the pump head. Besides, systematic research of hydraulic capacity and
transportation parameters has been performed to improve the pump capacity.

The most important logical and development steps, as well as the solutions and assessments can be
summarized as follows.

Helmholtz axial pump:

Based on the clinical experience with Hemopump system and the above described restrictions inherent
to the system of all Hemopump systems developed so far, Helmholtz Institute for Biomedical
Technology is developing intravascular rotary blood pumps with integrated drives.

By integration of a proximal drive in the immediate vicinity of the pump, the flexible shaft, which has
been discussed as an important conceptual drawback of the Hemopump system, can be eliminated.
Furthermore, no active flushing of the seal is performed, so that the system can be used directly,
without a start-up period.

Due to the dependence of the respective pump capacity on the pump size, the 6.4 mm and 5.4 mm
pumps for percutaneous use and an 8.0 mm system for intraoperative use on open thorax have been
developed in this work.

Based on the 6.4 mm system, extensive research was performed on the implemented blading using
chosen and adjusted methods of flow visualization. This allowed for gradual and significant
improvement of the hydraulic capacity of the blading with the following results.

The hydraulic capacity currently obtainable with realistic transportation parameters constitutes for the
5.4 mm system 2 — 2.5 |/min, for the 6.4 mm system 2.5 — 4 |/min, and for the 8.0 mm system 5 -7
I/min. This data is based on physiological pressures with short and hydraulically beneficial suction tubes.

In addition to a qualitative description of the flow, the latter was also described quantitatively within the
chosen blading with the flow visualization methods, in order to obtain the first assessment of the pump
induced blood damage. Based on this research, it became possible to describe the design parameters,
which affect the transportation capacity and pump characteristics, as well as the expected blood
damage.
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Concurrently with the blading development, we assessed the mechanical capacity required for the most
important 6.4 mm system to operate the blading. The drive concepts were then developed based on
such assessment.

A no-sensor synchronous machine was adjusted to the specific requirements and developed in
cooperation with Ecole Polytechnique Federale de Lausanne (Prof. Jufer’); the mechanical capacity
achievable with a nominal diameter of 6.5 mm equals up to 6.0 W at n = 30,000 turns/min.

At this point, electrical drives for a pump system with 6.4 mm and 5.4 mm diameters have been created
and integrated into the total system with a pump sealed with frictional connection with the drive
according to concept IV, and extensively tested in vitro in blood and blood substitute. Both pump sizes
result in secure operation of the blading components even beyond the design point, with the measured
surface temperatures of the drive remaining below the critical temperature due to the convective heat
transport to the pumped medium.

Finally, the 6.4 mm pump could be tested on sheep as a total system consisting of the front suction
tube, pump, drive and guide catheter in the first in vivo experiments. During these experiments, the
suction tube and the suction basket were improved to the point that the system could be inserted
without problems peripherally and retrograde through the native valve apparatus. Due to the short and
sufficiently rigid suction tube, the system stayed with its suction tip in the ventricle and was not thrown
out due to the heart activity.

Using all capacity reserves, the heart minute volume that had to be transported (sheep 68 kg, HZV = 4 —
5 1/min) could even be completely taken over by the pump for a short period of time.

In view of the documented problems with application of Hemopump resulting from uncontrolled
operation, a sensor concept for capacity registration and control of the integrated pump system was
tested in vitro, consisting of a pressure sensor preceding the blading and another sensor behind the
outlet opening on the pressure side. With this arrangement the volume flow of the pump could be
determined based on the measured differential pressure, rotor rotation speed and pump curve, even in
pulsating environment with an error below 15%.

Therefore, a functioning concept of an intravascular rotary pump with integrated drive was developed
and implemented in this work, and it can be used as a platform for the development of similar systems,
which target specific indications.

A concept development, as well as the concept synthesis and system validation of an effective
intravascular pump with integrated drive was performed successfully.
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