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Abstract

The successful use of centrifugal pumps as temporary cardiac assist devices
strongly depends on the extent to which they damage blood. The development
of a theoretical pump evaluation model was performed in this study to facilitate
an effective pump optimisation. The optimisation process seeks to maximise
flow performance and minimise blood trauma which is primarily caused by hy-
drodynamic stresses. A general mechanical blood damage theory was developed
which comprises a combination of the information about mechanical loading of
blood with the knowledge of its resistance properties. In this theory arbitrary
loading-time functions are reduced to simple loading functions for which the
damage behaviour is known. A linear damage accumulation theory contributes
towards the determination of partial damages and their correlation in the overall
damage process.

The application of this novel blood damage prediction theory was demon-
strated for haemolysis prediction in a commercial centrifugal blood pump. Parti-
«le loading-time functions were determined with a 3-dimensional numerical flow
analysis of the entire pump domain by means of assigning scalar stress values
to particle streaklines. Scalar stress values were obtained by a theory which
enables the comparison of a six-component stress tensor with uniaxial stresses
as applied in blood damage tests. It was shown that particles undergo a com-
plex, irregularly fluctuating stress loading and that turbulent stresses and flow
conditions in the outlet domain are the most critical factors.

Haemolysis tests using an oscillating capillary tube setup were performed
to investigate blood damage resistance properties under cyclic stress loading in
hitherto unexplored amplitude and frequency ranges. A non-linear damage curve
for stress amplitude-cycle number was derived which indicated the existence of
an endurance strength for red blood cells.

For the first time, detailed information about the mechanical loading of blood
within a centrifugal pump has been obtained and linked to its traumatic effect.
It offers the possibility for an effective, multi-parameter optimisation of blood

pumps in the design phase.
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The Doubter

Whenever we seemed

To have found the answer to a question

One of us untied the string of the old rolled-up
Chinese scroll on the wall, so that it fell down and
Revealed to us the man on the bench who

Doubted so much.

I, he said to us

Am the doubter. I am doubtful whether

The work was well done that devoured your days.

Whether what you said would still have value for anyone if it
were less well said.

Whether you said it well perhaps

Were not convinced of the truth of what you said.

Whether it is not ambiguous; each possible misunderstanding
Is your responsibility. Or it can be unambiguous

And take the contradictions out of things; is it too

unambiguous?
If so, what you say is useless. Your thing has no life in it.

Are you truly in the stream of happening? Do you accept
All that develops? Are you developing? Who are you? To

whom
Do you speak? Who finds what you say useful? And, by the

way,
Is it sobering? Can it be read in the morning?

Is it also linked to what is already there? Are the sentences

that were
Spoken before you made use of, or at least refuted? Is

everything verifiable?

By ezperience? By which one? But above all

Always above all else: how does one act

If one believes what you say? Above all: how does one act?

Reflectively, curiously, we studied the doubting
Blue man on the scroll, looked at each other and

Made a fresh start.

Bertolt Brecht
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Chapter 1

Introduction

‘The medical man, indeed, is the engineer pre-eminently; for it is in the animal
body that true perfection and the greatest variety of mechanisms are found’ [1].
This concept of engineering postulated in 1827 by the Scottish physician, Neil
Arnott, bears no similarity to that found in any encyclopedia. The body with its
complex structure and function must be regarded as a most successful design. It
can, however, be subject to ‘failure’. The desire to repair such ‘“failures’ has led
to a strong interaction of surgeons and physicians with scientists and engineers.
This interdisciplinary liaison is particularly important in the new area of design,

production and application of artificial devices which perform the functions of

body organs.

The heart is an important part of the cardiovascular system and often sub-
ject to dysfunction and failure through disease. Cardiovascular diseases are still
the major cause of death in the western world. In the USA 2.3 million people
were reported in 1988 to be suffering from chronic heart failure with the number
being on the rise [2]. Treatment of cardiac failure in particular has often been
made possible by an enormous progress in medical and bioengineering research
in the last quarter century. The number of heart operations per year in the UK
more than doubled from 11,000 in 1977 to 26,000 in 1991 with a concomitant
decrease in mortality rate from 9.8 % to 5.4 % [3]. The nature of the treatment

will depend on whether the heart dysfunction is reversible or irreversible. With



the irreversibly damaged heart replacement by a donor organ transplant is the
most effective solution and ranks second to kidney transplantation with respect
to long-term survival. However, only a small proportion of patients requiring
transplants can be treated as demand greatly exceeds supply. Implantable artifi-
cial hearts offering an alternative approach and have been the subject of intensive
studies [4]. Although the first implantation of a pneﬁmatically driven artificial
heart was undertaken in 1957 by Kolff and Akutsu [5], relatively reliable devices
were not available until the late 1980s [6]. Apart from these long-term mechan-
ical blood pumps, temporary heart replacement or assist devices are needed in
the treatment of reversible heart failure, as a bridge to transplantation and for
extracorporeal perfusion techniques, in particular, haemodialysis and cardiopul-
monary bypass. Membrane type pumps imitating the natural heart’s structure
and function and rotary blood pumps represent the two major groups of current
heart replacement or assist devices. A variety of different pumping principles
employing a rotating mechanism have been realised; the most common being
roller and centrifugal types. These designs dominate the field of short-term ex-

tracorporeal circulation due to their relatively low cost and ease of handling and

operation.

The replacement of physiological functions by artificial blood pumps has
to go hand in hand with the maintenance of the biological equilibrium of the
body. Blood, which is in direct contact with the mechanical device, should
be allowed to be altered only to a physiologically ‘repairable’ degree. Blood
trauma can be caused by a variety of factors, including abnormal biochemical or
physical conditions. In artificial organs like blood pumps, hydrodynamic stresses
play a major role in the blood damage process [7]. Centrifugal blood pumps
have a particularly high potential for blood trauma due to their high level of
energy transmission from the rotor to the blood. An assessment of blood pumps
requires the evaluation of hydraulic parameters as well as their haematological
interaction.

In the development phase, haematological characteristics are usually deter-

mined by measuring blood destruction in in-vitro tests or in animal tests. This



leads to an iterative process between experimental pump evaluation and de-
sign improvement before the design is finalised, an approach which is extremely
costly both in materials and time. It also considers the pump in terms of its trau-
matic characteristics as a ‘black box’, thus preventing a mechanistic approach
to optimisation.

An optimal design of a mechanical assist or replacement device for the heart
has not been realised so far, partly because of the inability of purely empirical

methods to account for the complex haemodynamic and hydrodynamic require-

ments.

An effective optimisation procedure which seeks to maximise flow perfor-
mance and minimise blood trauma should be incorporated into the design phase.
A combination of a powerful pump flow analysis with a numerical optimization
technique is seen as an appropriate way to address these issues. The quantifica-
tion of blood destruction under particular flow conditions and the optimization
of responsible design parameters requires the knowledge of their functional re-
lationship.

Chapter 2 will review current blood pump designs, concentrating on the
centrifugal pump type, and include assessment of their haematological and hy-
drodynamic performances. Present mechanical blood damage theories will be
discussed. It will be shown that neither a detailed flow analysis of centrifugal
blood pumps nor an appropriate model to relate flow characteristics to blood

destruction have been reported in literature.

As a consequence, the formulation of a complex and comprehensive model for
mechanically-induced blood trauma will be undertaken in this thesis. It enables
the relation of an arbitrary mechanical loading function to damage resistance
properties of the blood and results in an overall damage prediction considering
cumulative effects of damage caused by single loading functions.

The application of this theory will be demonstrated for a centrifugal blood
pump. The required information about stress-loading functions of blood com-

ponents on their passage through the pump will be obtained by a 3-dimensional



Computational Fluid Dynamics (CFD) analysis of the entire stator-rotor con-

figuration.

A detailed description of the objectives of this thesis and solution strategies

is given in Chapter 3.

The application of the methodology for the damage prediction is not re-
stricted to the case of centrifugal blood pumps. The generality of the pro-
posed theory would allow a new approach towards a satisfactory solution to any
kind of flow related blood destruction problem. Haematological complications
caused by a variety of artificial devices (e.g. blood oxygenators, haemodialysers,
heart valves), and by abnormalities in the natural circulation (e.g. stenosis,

aneurysms) could also be theoretically predicted and reduced on a well-defined

and systematic basis.



Chapter 2

State of the Art

2.1 Centrifugal Blood Pump Designs

The human heart functions as a muscular pump pushing blood through the
pulmonary and systemic circulation. Carrying out this function by an artificial
device in the event of total or partial cardiac failure requires the production of a
similar cardiac output sufficient to maintain blood flow against the circulatory
resistance.

Different kinds of artificial blood pumps with specific pumping principles
have been developed for this purpose. Besides the ‘physiological’ membrane
pump and the intra-aortic balloon pump, rotary blood pumps offer another
alternative. This group includes the simple roller pump [8], the spindle pump
[9], the eccentric rotor pump [10, 11] and the nutational pump [12, 13] as well

as rotary impeller pumps with axial, mixed and radial flow directions (Fig 2.1).

In all pumps energy is transmitted from the moving parts to the fluid and
appears as an increase in either velocity or pressure. In radial centrifugal pumps
with axial inflow and radially directed outflow the pressure rise between inflow
and outflow is mainly produced by centrifugal force. Additionally, the kinetic
energy of the fluid due to its circumferential velocity can be converted into a
pressure rise by means of a diffuser. The recovery of the kinetic energy imparted

to the fluid in form of pressure in the exit diffuser creates the pressure head



d)

axial

radial

Figure 2.1: Blood pump types: a) membrane, b) roller, c) eccentric rotor, d)

impeller pumps with axial, radial and mixed flow directions.

in axial centrifugal pumps, i.e. pumps where inflow and outflow are aligned
with the rotor axis and the flow runs essentially parallel to it. The mixed-flow
pump combines radial and axial configurations with the fluid running diagonally
between two conical surfaces.

Pump characteristics such as specific speed n,, specific diameter 6, head

coefficient ¥ and capacity coefficient ¢ which are dimensionless with exception

of n, and are defined as

_ Q1 ) VT (2gH\} ) _2gH _ Cmg
n,—nH% ; 6= 2(Q2)D2’ Y= w2 ¢= w (2.1)
where
n — rotational speed
Q@ — flow rate

H — pressure head



D, — outer impeller diameter
us — circumferential velocity at D,

cm, — meridional component of absolute velocity at D,

enable the correlation of pumps of different type, characteristic and size. A
fundamental diagram for pump design is represented by the Cordier diagram
where experimentally evaluated efficiencies are plotted as a function of the spe-
cific speed [14]. Radial centrifugal pumps work most efficiently with low speed
rotors, suitable for high pressure coeflicients and low flow coeflicients. In con-
trast, efficient pumps with axial flow employ high speed rotors and create a

small pressure rise with large quantities of flow. Mixed-flow pumps are suitable

for the region in between.

All of the above centrifugal pumps have been utilised for the purpose of
assisting or replacing the heart. This study will concentrate on the analysis
of radial centrifugal pumps (hereafter termed as centrifugal pumps). However,

existing axial and mixed-flow pumps will be briefly described for the sake of

completeness.

Design criteria for centrifugal blood pumps are derived from physiological

requirements.

a) The flow rate and pressure head are determined by the requirements of

the circulatory system:
1. Flow rate : 2 - 10 1/min
2. Pressure head :
(a) approx. 20 kPa (150 mmHg) for replacing the left ventricle
(b) approx. 4 kPa ( 30 mmHg) for replacing the right ventricle

b) The necessity of a pulsatile flow for maintaining physiological perfusion
has been refuted and experimental evidence has indicated that non-pulsatile

perfusion can be sustained for a period of up to 100 days without harmful

physiological effects [15].



Figure 2.2: Aries Medical Isoflow T, Sarns/3M Delphin ™ and Medtronic
Bio-Pump ™ (from left to right).

c) Considerations of pump and therefore impeller size are strongly related to
the intended location of the device. Intracorporeal pumps need to be fitted into
a limited space whereas extracorporeal devices have a far higher size tolerance.

d) Blood as the medium being pumped requires that consideration be made of
mechanical, thermal and chemical factors which could lead to undesirable blood
destruction. In particular, high mechanical forces, abnormal temperatures and

blood incompatible surfaces should be reduced or avoided.

Three commercially available centrifugal blood pumps are the Sarns/3M Del-
phin 7™, the Aries Medical Isoflow T and the Medtronic Bio-Pump M, see
Fig 2.2.

Common to all the pumps is the magnetic coupling of the external AC drive
motor to the disposable pump head. The need for rotary shaft seals and their
potential problems of leakage and loss of sterility is thus avoided. The Delphin

8



Figure 2.3: Isoflow T Centrifugal Pump.

TM pump is an unshrouded impeller pump, the rotor comprising six long vanes

interposed by six short vanes. The vanes are straight, inclined backwards and

attached to a segmented disc. Pump priming volume is 48 ml and the operating

|
27
]|

Bloodpump Biomedicus BP80

Scole 1:1

Figure 2.4: Bio-Pump Centrifugal Pump BPS§0.

ranges of pressure, flow rate and rotational speed are 0 - 700 mm Hg, 0 - 10
1/min and 0 - 3600 rpm, respectively. The performance curves (Fig 2.5) show
a slight decrease in pressure with increasing flow rate at a constant rotational

speed.

The impeller of the Isoflow 7™M pump consists of a segmented disk mounting

9



four long vanes alternating with four short vanes. The impeller is unshrouded
and all vanes are slightly bent in the radial plane and inclined backwards (Fig

2.3). The priming volume is 65 ml and operating ranges of pressure, flow rate and

Deiphin, Samns 3M
. 500
Pressure Diffference [mm Hg]
400 1 2800
vs. Flow Rate [1/min] 300 o
. 2000
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100 1500
0 1000 .
0123465678010
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500 isoflow, St.-Jude Medical 500 . ’
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0 - 0
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Figure 2.5: Performance curves at different rotational speeds (in rpm) for Del-

phin ™ Tsoflow 7 and Bio-Pump 7M.

rotational speed are 0 - 850 mm Hg, 0 - 10 1/min and 0 - 3500 rpm, respectively.
Performance curves are similar to those for the Delphin M pump (Fig 2.5).

A different design approach is followed with the Bio-Pump 7™, A set of
three concentric intercalated hyperboloids of revolution constitute the pump
rotor (Fig 2.4). The transfer of the rotor momentum to the fluid is achieved
by viscous coupling. Two versions of the Bio-Pump T, the BP50 and the
BP80 have priming volumes of 50ml and 80ml, respectively. Pump performance
curves, shown for the BP50 in Fig 2.5, have a larger slope than that for the
Delphin ¥ or Isoflow ™ models, i.e. the pressure head is more sensitive to a
flow rate change. Higher rotational speeds are r;aquired to obtain similar flow

rate - pressure head levels compared to the impeller pumps.

10
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Figure 2.6: Efficiency curves for Bio-Pump T, Delphin ™™ and Helmholtz
pumps.

Different concepts of centrifugal blood pumps have been investigated and
tested in the past. Only the most distinctive designs will be mentioned here.
The Helmholtz centrifugal pump (16] has a shrouded impeller with seven vanes.
The shrouding of the impeller increases pump efficiency (Fig 2.6).

A straight path rotor, i.e. a rotor with six straight fluid paths arranged ra-
dially was designed by Nishida [17] with the intention of achieving the required

hydraulic output with low rotational speeds. Performance curves, however, do

Figure 2.7: a) Magnetically suspended impeller pump by Akamatsu, b) Baylor
Gyro pump.

not show relevant differences between this pump and the Delphin 7™ or Isoflow

11



M pump. Different methods of sealing and bearing the rotor have been reported.
Employing a direct drive system instead of the indirect magnetic coupling mech-
anism, Takatani et al [18] showed an increase in pump efficiency but at a cost
of considerably higher heat generation. A magnetically suspended impeller is a
feature of the centrifugal pump developed by Akamatsu et al [19]. In this design
the impeller rotates by magnetic coupling with the outer rotor of the motor.
Elimination of unbalanced radial forces is achieved by division of the outlet part
(Fig 2.7a). The Baylor Gyropump [20] implements the gyroscopic principle, the
motor-impeller being made through a brushless DC motor with its rotor placed
inside the impeller (Fig 2.7b).
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Figure 2.8: Flow performance curves for axial blood pump by Butler.

The axial flow pump concept has been utilised in the Hemopump T [21]
and an axial flow pump by Butler et al [22]. According to efficiency and perfor-
mance criteria mentioned above, they operate in a high speed and low pressure

range. Performance curves for the axial pump by Butler are given in Fig 2.8.
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Small specific diameters are required to create the desired output and allow the

Hemopump to be operated inside human arteries or vascular grafts.

A diagonal blood pump design intermediate in size as well as pump perfor-

mance characteristics between radial and axial version was realised by Quian

23, 24).

2.2 Haematological and Hydrodynamic Assess-

ment of Centrifugal Blood Pumps

Mechanical circulatory assist devices must not only achieve a physiologically ad-
equate pump output, but also an acceptable degree of bio-compatibility. Besides
the effects an intracorporeal use of blood pumps has on the surrounding tissue,
most studies have focussed on the interaction between pump and blood. Causes
of blood destruction or trauma can be manifold and include biochemical and
physical factors. Since it has been established that the latter is mainly respon-
sible for traumatic events in blood pumps [7, 25], a survey of haematological

pump assessment will be given under this aspect.

Blood trauma is usually expressed with direct or indirect changes to its
cellular components, in particular red blood cells (RBCs), platelets and white
blood cells (WBCs), closely related to their structure and function.

RBCs have a very thin membrane (~10 nm) [26] that encapsulates the
haemoglobin solution. Biaxial membrane strain due to mechanical forces can
lead to an opening of pores in the membrane enabling an osmotic leakage of
haemoglobin. It can also cause an irreversible tearing of the membrane with re-
lease of the cell content, a process called haemolysis [27]. Prediction methods of
red blood cell damage therefore consist in the measurement of free haemoglobin
in the plasma and of cell lifespan, microscopic observations of morphological
changes of the cell and, less frequently, in the detection of leakage of K* ions.
Platelets are evaluated by total cell counts, decreasing with cell aggregation

and segmentation, the measurement of beta-thromboglobin as an indicator for

13



platelet release reaction, lactic dehydrogenase (LDH) as a cytoplasmic marker
enzyme indicating unspecific platelet destruction, platelet factor 3 for procoag-
ulant activity, released serotonin and also by morphological changes [28, 29].
WBCs are assessed by detection of their phagocytic activity and total cell count
[30]. It should be mentioned that interactive cell responses can also occur. For
example, the release of ADP or ATP converted to ADP from haemolysed red

cells cause platelet stickiness and thus accelerates platelet aggregation in flowing

blood [27, 28, 31].

The haematological performance of centrifugal blood pumps has been eval-
uated in numerous in wvitro and in vivo tests both in animals and humans
(32, 33, 34, 35, 36, 37, 38, 39, 40]. In summarising the results of haemody-
namic evaluation studies, a disturbance of the haematological system can be
generally observed. This is expressed as a monotonic increase in free plasma
haemoglobin (fHb) as well as an increase in platelet activity and release reac-
tion with time. Reduction of platelet population was often found to terminate
and recover after a certain period of time [17, 21, 35, 40]. Differences in the
degree of blood trauma between various types of centrifugal pumps were ob-
served in these tests, however, contradictory results prohibit a generalisation of
haemodynamic pump evaluation. Comparison of the quantitative outcome is
extremely difficult and precise assessment of effects of mechanical devices on the
haematological condition is a risky venture.

A fair uniformity of experimental conditions can be achieved by a standard-
ization of test methods for in vitro tests [37]. In vivo examinations will always,
despite showing a statistical significance, involve a large deviation due to bio-
logical differences between individuals and the haematological response to an

artificial device used under a range of operating conditions.

The question if the amount of blood trauma caused by an artificial organ is
physiologically bearable may often be answered positively. Plasma haptoglobins
can, for example, bind 100-140 mg/dl of fHb forming a complex which is re-
moved by the reticuloendothelial system at a clearance rate of 15 mg HB/dl/h

14



[41). Not only with regard to a longer term application and a further safety
increase but also for a better understanding of the mechanisms, there is the
need to know the device related causes of blood destruction. Centrifugal blood
pumps deliver high kinetic energies to the blood via their high speed rotors and
particular attention must be given to mechanically induced blood trauma in
these devices. The analysis of this damage process contains two major subprob-
lems: the identification of the mechanical loading acting upon the blood within
the pump and the determination of the correlation between mechanical loading

and blood damage. Prior knowledge of the latter is discussed in detail in the

following section.

The analysis of flow conditions with the option of subsequent optimisation
of the pump design will facilitate the development of a highly efficient design
with lower energy dissipation leading to a decrease in blood trauma. Mechanical
loading of a fluid within a pump can be divided into its hydrodynamic part and
its thermodynamic part. Although related, a distinction between the two parts
still has to be made. Heat generation results both from dissipation of kinetic
energy of the bulk fluid as well as from friction within bearings and seals of the

pump rotating parts.

Analysis of flow conditions within centrifugal blood pumps has been at-
tempted using different approaches. An analytical solution of the Navier-Stokes
equations, describing the motion of a viscous fluid, does not exist for the com-
plex internal flow in turbomachines. However, for the simpler case of a disc
spinning in an infinite fluid an analytical solution may be obtained (Karman)
[42, p. 102). The flow field for this configuration is presented in Fig 2.9.

The above solution has been applied by Affeld [43] to model the flow in a
cone-type centrifugal pump. The axial distribution of the wall shear stress at the
cone surface was obtained. Furthermore, the fluid volume and the residence time
in the boundary layer, the area of highest laminar shear stresses were predicted.
(It should be noted that the magnitude and duration of shear stresses acting

upon blood cells are important determinants in blood trauma as shall be shown
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below.) Affeld’s studies are therefore of great interest for an initial identification
of mechanical loading parameters and their location in this type of blood pump.
However, a reported discrepancy of 50 % between the actual flow rate and that
derived from the analytical solution highlights the idealised representation of the
actual pump geometry. The hyperboloidal shape of the impeller, the flow field
boundaries due to the pump housing and the inlet and outlet design are not taken

into account. Realistic modelling of the geometrical and fluid dynamic conditions

z

Figure 2.9: Flow in the neighbourhood of a disk rotating in a fluid at rest (from
[42,p.102)).

are desirable to enable the evaluation of shear stresses at all boundaries and of

arbitrary turbulent stresses for the case of turbulent flow.

Where analytical solutions are not possible for complex hydrodynamic prob-
lems, numerical methods can often be employed. They present a fast and less
costly option compared to experiments for determining complicated flows. How-
ever, computer related limitations may lead to important drawbacks of numerical
methods, for example the need to treat turbulence by simplifying models.

The only numerical prediction of the flow field within a centrifugal blood
pump has been undertaken by Papantonis [44, 45]. Straight vaned impeller

16



pumps designed by the Bioengineering Research Laboratory of the University of
Vienna [33] were analysed by the Finite-Volume-Method. The full Navier-Stokes
equation for the velocity relative to the rotating impeller was solved in a two-
dimensional blade-to-blade plane. Assumptions relating to the third dimension
were made, such as omission of the axial velocity as well as axial gradients of
all kinematic parameters. However, the radial change in the axial height of
the impeller was taken into account. The relative velocity components were

calculated as were the wall shear stresses along the blade (Figs 2.10 and 2.11).
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Figure 2.10: Relative velocity vectors in near-blade for a) straight radial blade
and b) straight inclined blade (from [45]).

Trajectories of fluid particles in the absolute flow field issuing from various
points at the inlet section were determined and used to calculate the residence
time of particles in the impeller domain. The deviation of residence times be-
tween different trajectories was taken as an indication of the non-uniformity of
the flow.

Papantonis also solved the problem of relating flow parameters to a blood
damage criterion by application of the experimental results of Wurzinger [25]
who found that haemolysis is a function of approximately 72t where T represents
the shear stress and t the duration of application of a constant 7 (for details see
Chapter 2.3). Papantonis introduced an index for quantitative comparison of
different impellers in terms of blood traumatisation by summation of the term
7%t along a streamline located within the boundary layer of the blades.

The contribution of Papantonis’ pioneering studies towards an understanding

17



of flow phenomena within centrifugal blood pumps and their variation with
changes in geometry and operating conditions is very significant. Of particular
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Figure 2.11: Distribution of laminar wall shear stresses along a blade (from [45]).

note is the attempt to relate pump flow parameters to blood damage criteria.
One major shortcoming of the investigations undertaken is associated with the
use of a two-dimensional model. Areas of expected high velocity gradients and
stresses especially at the front and back housing, non-uniformities and secondary
flows due to the change of flow direction at the inlet and to flow over the blades
are not taken into consideration. Papantonis did not incorporate a turbulence
model since the Reynolds number based on the relative velocity at the outer
impeller circumference was estimated to be in the order of 1000, and hence in
the laminar region. This way of estimating turbulent flow seems very uncertain.
Reynolds numbers calculated, for example, for the flow relative to the housing
related to the gap between blade and housing indicate turbulent conditions.
The inclusion of turbulence models would enable the prediction of turbulent or
Reynolds stresses as an important source of blood trauma. Furthermore, the
quantitative criterion for trauma potential of an impeller by Papantonis would
not be applicable in a three-dimensional flow with a six component stress tensor.

Clearly, consideration of particles undergoing a non-constant stress regime needs
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to be paid in future for blood damage predictions based on the knowledge of the
mechanical loading of the blood.

Experimental flow investigations are necessary for the development of phys-
ical models, for the validation of theoretical boundary conditions, for the verifi-
cation of numerical flow simulations and for a detailed final design of a product.
Only recently have serious experimental flow investigations of centrifugal blood
pumps been performed. Flow visualization techniques are relatively simple and
inexpensive. These include the oil film method [46] and tuft method [46] and the
commonly used particle tracking method [46, 47, 48, 49]. Although these studies
used non-invasive recording or observing techniques, they cannot be considered
non-interacting due to the addition of particles, tufts or additional surface lay-
ers. As a result, qualitative observations of flow patterns with identification of
recirculation zones and separation [46, 47] and secondary flows [48] were ob-
tained and suggested certain changes in the pump design to smooth the flow. A
quantitative analysis of flow visualization studies in the outlet tube section was
attempted by Treichler et al [49] and produced two-dimensional velocity profiles
and values for laminar shear stresses. This study made a valuable contribution
to the understanding of the complex outflow domain. Apart from the inability
to quantify the flow in the direct impeller area, the main limitations of these
visualization studies is the planar recording of particle motion with consequent
neglect of the motion in the third direction. This may be overcome with addi-
tionally higher accuracies by use of more sophisticated experimental methods,
e.g. laser Doppler anemometry. However, such methods involve much higher
costs. It should be noted that no experimental flow investigations of the three
commercial centrifugal blood pumps, Bio-pump 7, Isoflow ™ and Delphin 7™

pumps, have been reported in literature.

An interesting thermodynamic investigation of two centrifugal blood pumps
was undertaken by Belenger et al [50]. Using infrared emission thermograms
and measuring the overall heat generation within the pump , it showed major

differences in the thermodynamic behaviour between the cone-type Bio-pump
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TM and an open impeller pump. In the Bio-pump ™ significant global heating
occurred with an estimated partition of fluid frictional effects of 80 %. The
overall heat generation of the impeller pump was significantly lower than in
the cone pump under all operating conditions. Only small variations in heat
generation took place with a change in viscosity suggesting that fluid frictional

energy dissipation does not present a major problem in the impeller pump.

2.3 Mechanical Blood Trauma

2.3.1 General Aspects

Artificial devices used in circulatory support procedures, e.g. blood pumps,
valves, tubing, oxygenators may produce levels of blood trauma which exceed
the haemostatic mechanisms of the body resulting in cessation of the procedure
or the occurrence of abnormal physiological states. Shedding light on the mech-
anisms of blood degradation is essential for the optimisation of those devices

with respect to their haematological performance.

Blood trauma is often classified as being physical or chemical, although it has
been pointed out [30] that both act in a coupled fashion in real flow situations.
Bearing in mind the complexity of trauma mechanisms, single parameter stud-
ies are desirable. To ensure repeatable and controllable conditions, mechanical
blood damage experiments are preferably performed in vitro.

As stated earlier, the cellular components of blood are of particular interest
as a measure of its degradation. The majority of investigations has concentrated
on erythrocytes (RBCs), fewer on thrombocytes (platelets). Leucocytes (WBCs)
have received the least attention regarding their mechanical resistance. Flow-
related loading parameters in question are stresses and pressure. Newtonian
shear stresses and negligible normal stresses [42] in laminar flow are accompanied
by Reynolds normal and shear stresses as an expression of energy dissipation
due to velocity fluctuations in turbulent flow. Idealization of the complex time-

dependency of stress and pressure regimes in real flow is conveniently undertaken

20



by consideration of steady flow with time-constant mechanical parameters or by

a controlled time-dependent loading function, e.g. sinusoidal or stepwise.

The common methods of measuring the response of cellular blood compo-
nents to an imposed mechanical loading are mentioned in detail in Section 2.2.
In the following section a survey of experimental investigations of mechani-
cal blood trauma is presented and organised according to cell type. Emphasis
is placed on red blood cells. Thereafter, theories of the interaction between
mechanical loading and blood destruction obtained from experiments and from

theoretical analysis of cell rheology and cell mechanical properties are discussed.

2.3.2 Experimental Investigations

Erythrocytes:

A considerable amount of basic experimental research has been reported on
various factors that influence haemolysis under well-defined hydrodynamic con-
ditions. In terms of shear stresses these conditions are obtained by applying
a Couette-type flow in a concentric cylinder or a cone-and-plate apparatus, or
Poiseuille flow in a capillary tube. Shear stress distributions are constant with
the assumptions of a small gap and non-existence of secondary flows (Taylor vor-
tices) in the former and linear with maxima at the walls for the latter. Despite
being based on a velocity distribution of ideal homogeneous fluids and not cor-
responding exactly with particle motion in the two-phase flow of blood or blood
cell suspensions [51], they still represent a sufficiently exact approximation of the
real flow conditions. The literature on haemolysis under a time-constant shear
stress of this type is very extensive. Shear stresses of a defined magnitude acting
for a certain duration of time were studied and their effect on haemolysis evalu-
ated, usually in terms of plasma free haemoglobin. A threshold of the onset of
haemolysis, e.g. the destruction of the most vulnerable cells, has been predicted
in these studies. Comparison is, however, difficult due to the non-uniformity of

experimental conditions. Table 2.1 summarizes results of these investigations.

21



A controversial debate on the haemolytic effect of cell-wall-interactions and
its extent has accompanied these investigations. Formation of tethered cells
anchored to the wall, possible chemical interactions and mechanical surface im-

perfections causing lysis have been cited as cell-solid surface mechanisms [52].

Investigator Apparatus Ezposure | Shear Het Remarks
time stress [%]
threshold
[Pa)
Bacher, capillary 10 ms 500 20-40 bovine blood
Williams [53] tubes
Williams [54] cone-&-plate; 5 min 60 * human cell
capillaries suspensions
Beissinger, cone-&-plate 10 min <13 * whole human
Williams [55] and parallel blood
plates
Solen [56] coni- 2h 1.5 * dog blood,
cylindrical surface effects
Nevaril [57] concentric & 2 min 300 * human & rabbit
cone-&-plate blood, morphol-
cylinder ogical changes
Waurzinger 28] concentric 700 ms 120 40-45 human cell
cylinder 14 ms 450 40-45 suspension
Leverett [58] concentric 2 min 150 0.3-60 whole human
cylinder blood
laminar flow
Sutera [59] concentric 4 min 150 0.2 human blood
cylinder suspension
turbulent flow

Table 2.1: Experimental investigations of threshold for haemolysis under con-

stant shear stress loading (* - Hct not mentioned).

Wall effects mediated by flow processes were discussed by several investiga-
tors [53, 56]. Blackshear [27] and Solen [56] concluded that the main influence for

the haemolysis produced were due to effects of contained surfaces, whereas bulk
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stresses were favoured by Leverett [58], Sutera [59], Wiliams [54] and Beissinger
[55]. An experimental design was used by Blackshear [60] to eliminate foreign
surfaces in the high shear zone by using a liquid jet injected into a suspension
of erythrocytes. For an estimated average exposure time of 0.01 ms the au-
thor reported a threshold turbulent stress of 4 kPa. An improved jet test by
Sallam [61] with correct mapping of the Reynolds stress distribution and with
blood collection from selected locations, this stress magnitude was corrected to
approximately 400 Pa.

It is generally agreed that for tests conducted under constant shear loading
there are two primary determinants of in-bulk haemolysis: shear stress mag-
nitude and exposure time. Fig 2.12 displays the threshold for constant shear-
induced haemolysis and its dependency on these two determinants. No clear
evidence is given on the dominance of either laminar or turbulent stresses for
lysis processes. Investigations by Bluestein et al [62] of a continuous power func-
tional relationship between local rate of energy dissipation and rates of haemol-

ysis for four types of flow including laminar and turbulent supports the former

statement.

Haemolytic tests under unsteady shear stress conditions were performed by
Rooney [63], Williams and Hughes [64] and Hashimoto [65]. The physical con-
cepts of the first two studies, pulsation of a gas bubble and transverse oscillation
of a wire in a suspension of cells, are closely related. In both cases microstream-
ing near to the vibrating medium is formed and resultant tangential stresses
are related to the measured haemolysis. Operational frequency was 20 kHz for
a duration of 5 min in both studies. A threshold for haemolytic shear stress
of 450 to 560 Pa was calculated. The strong non-uniformity of the flow condi-
tions and the small blood volumes involved in the microstreaming zone make
an assessment difficult. Interestingly, the time a particle spends in the region
of maximum shear stress next to the wire tip is only in the range of 5.E-5 s to
2.E-3 s correspondingly to a wire displacement of 30 ym to 10 um , respectively
[64]. The product of the time spent in this region and the number of passes

was stated to be constant and approximately 1.0 ms. The question arises as to
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whether the shear stress amplitude or the frequency of application of the maxi-
mum shear stress is responsible for observed haemolysis. This question has not
been answered by the authors.

Hashimoto examined the haemodynamic effect of periodically fluctuating
shear rates in a Couette-flow device. Results showed distinct dependencies of
haemolysis rates on frequency (0-1 Hz), shear rate amplitude (up to 1000 s71,

corresponding laminar shear stress amplitude of approximately 3 Pa) and mean
shear rates (up to 700 s~1).

Effect of a constant pressure and pressure fluctuations on haemolysis have
been studied by several investigators. According to Blackshear [52], positive
pressures up to 3 bar had no effect but a negative pressure of 0.34 bar caused
haemolysis. Yarborough [66], however, found no negative pressure effect pro-
vided that gas bubbles were absent. Nevaril [67] concluded that periodic pres-
sure fluctuations of max. 10 bar with a frequency up to 30 Hz for a period of 1
h were harmless, but Nakahara [68] found a haemolytic response with the effect
of the pressure amplitude being dominated by that of the frequency.
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Figure 2.12: Threshold for extensive haemolysis (erythrocytes) and incipient

serotonin release (thrombocytes) under constant shear stress loading (from [69]).
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Platelets:

Studies of platelet response to mechanical forces are closely related in method-
ology to those for erythrocytes. Application of a constant shear stress in capillary
tubes [29, 69, 70], Couette-type devices [28, 69] and jet tests [71] substantiated
the correlation between cell lysis and shear stress magnitudes as well as expo-
sure times. Fig 2.13 shows serotonin release induced by shear stress at different
exposure times [69].

There is evidence that platelet release reaction and shear induced aggregation
occurs at lower shear stresses than those which cause measurable platelet lysis
(LDH release) [29, 69, 70, 71]. Shear stress related platelet activation and lysis
were observed for laminar and turbulent flow [30, 72]. As shown in Fig 2.12
Hellums [69] compared the shear stress-time dependency of incipient serotonin
release of platelets to the haemolysis threshold for red blood cells. Comparison
of the two graphs shows higher mechanical resistance of erythrocytes at higher
exposure times, whereas the converse relationship is apparent for short duration
shear stresses. Regarding the influence of wall surface effects discrepancies exist

among different research teams [69, 70].
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Figure 2.13: Serotonin release (thrombocytes) under constant shear stress load-

ing at different exposure times (from [69] ; here 10 dyn/cm?= 1 Pa).

Unsteady shear stress regimes were applied by Williams [73] utilising a trans-
versely oscillating wire for 5 min at a frequency of 20 kHz as described above

for erythrocytes. Shear stresses in the microstreaming field above a threshold of
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80 Pa + 4 Pa were found to cause serotonin release. The exposure of platelets
to physiologically oscillating tube flow, carried out by Yu [74], with shear stress
maxima of 2.62 Pa at the walls at a frequency of 1.2 Hz showed enhancement in
platelet aggregation but no changes in release reactions. A similar test at lower

shear stress maxima of 1.65 Pa [75] produced no signs of platelet aggregation.

Little is known about the effects of pressure as such or pressure fluctuations
on platelet destruction. Schmid-Schoenbein [31] mentioned that high pressure
(up to 3 bar) failed to affect platelet behaviour.

Leucocytes:

Knowledge about the role of fluid mechanical forces in the activation and lysis
of white blood cells is extremely sparse. Studies by Dewitz et al [76] indicated
that leucocytes are susceptible to flow-induced trauma. Significant cell damage

was observed after 10 min exposure at a shear stress of 100 Pa.

2.3.3 Models of Blood Trauma

The formulation of a generally valid model to describe the relation between
hydromechanic stresses acting on blood cells and their structural and functional
response is a demanding task.

The difficulty in modelling cell lysis dependency on mechanical parameters
follows from the specific conditions under which the bulk flow experiments were
performed and the influence of non-mechanical parameters. Despite problems
of relating those phenomenological examinations quantitatively to each other,
important trends can be observed, e.g. the shear magnitude and exposure time
dependency of RBC and platelet lysis. A mathematical analysis by Wurzinger
[25] of the experimental data for constant shear-induced damage of platelets
and RBCs gave the following correlations (Eqns.(2.2),(2.3)) for the percentage
of released LDH and HB, related to the overall amount of LDH and HB in the

suspension, respectively.

% LDH — Liberation = 3.31 107 % %77 4 731 (2.2)
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% HB — Liberation = 3.62 % 107 179 4 724 (2.3)

where t is the time in s and 7 is the shear stress in Pa.

From these relationships the shear stress magnitude was evaluated by Wurz-
inger as the major determinant of damage. Platelets are more susceptible to
shear destruction than erythrocytes as reflected in the higher exponent for 7.
These correlations besides specifying particular experimental conditions, are also
limited in the range of application for the mechanical parameters. A 2%-Hb-
liberation curve calculated from Eqn. (2.3), for example, showed fair agreement
with the well-established haemolysis curve by Leverett [58] within the time inter-

val investigated by Wurzinger but considerable discrepancies outside this range,

as displayed in Fig 2.14.
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Figure 2.14: Comparison of 2%-Hb-release calculated from Equation (2.3) by
Waurzinger with experimental haemolysis-threshold curve by Leverett [58]. AT

is the time range of application of a constant shear stress by Wurzinger

A different, microscopic approach for identifying critical mechanical param-
eters using rheological models and continuum mechanics assumptions has been
undertaken for the red cell membrane. The RBC is amenable to this type of
approach because it may be treated as a relatively simple structure consisting

of a continuous membrane enclosing an apparently homogeneous fluid [54]. The
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Figure 2.15: Viscoelastic model of RBC membrane

red cell membrane is an anisotropic material, which as a composite of molecu-
lar monolayers can be treated as continuum in the two-dimensional membrane
plane, but has discontinuous, molecular character in the third dimension [77].

Constitutive assumptions for red cell membranes have been the subject of
debate. A purely elastic model for the stress-strain relationship at low rates of
strain [78] was followed by a hyperelastic material concept accounting for the
large resistance to area increase of red cells [77, 79]. Time-dependent deforma-
tion of the membrane under applied forces has been considered in viscoelastic
[77, 80] and viscoplastic [81] models. Rand [80] proposed viscoelastic membrane
behaviour, described in model terms by a single spring and dashpot acting in
parallel (i.e. a Kelvin body) and an additional spring and dashpot mounted in
series (Burgers body) (Fig 2.15) to account for cell lysis processes.

The strain response of the combination of these elements to a step function

applied force is shown in Eqn (2.4).

1 1 B 1
—F|= = (1—ezp[-2t)) + = 2.4
¢ [Ez + E, ( e:rp( T )) 72 ] (24)

where ¢ - strain, F' - applied force, F;,E; - Young’s moduli of springs and 7,72
- viscosities of dashpots.

The empirical curve representing mechanical strain and breakdown of the
membrane of an erythrocyte sucked into a micropipette fitted well with the

postulated viscoelastic model [80]. Since molecular interpretation of this model
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has not been established, Rand considered it as purely describing experimental
data. A viscoplastic theory for two-dimensional membrane surfaces was applied
by [81] to the analysis of irreversible growth of a microtether from a red cell

which was attached to a wall and acted upon by fluid shear stresses.

Modelling the dynamic and kinematic behaviour of red blood cells in a flow-
ing medium is a very complicated task due to its complex geometrical and rhe-
ological properties and has been approached with considerable simplifications
and idealizations. From microscopic observations of deformation and behaviour
of RBCs in uniform shear flow at subhaemolytic shear rates exceeding approx-
imately 200 s~, it is known that they change their shape from biconcave discs
into irregular ellipsoidal structure with their major axis at 5 - 25 degrees to the
direction of flow. The cell membrane rotates around the interior, known as ’tank-
treading motion’ [82, 83]. Simple mathematical models describing the motion of
RBCs in shear flow considering a single, two-dimensional, elliptical microcapsule
were used for determining the velocity field external to the cell by Sutera et al
[84] and for predicting the deformation by viscous forces with maintenance of the
elliptical shape by Sugihara et al [85]. Richardson [86], assuming a flexible, elas-
tic membrane, evaluated forces on the ellipsoid in uniform shear and determined
the displacements for an elastic material by solving linear membrane equations.
She then proceeded to a haemolysis prediction by taking the maximum mem-
brane stresses predicted as input parameter into Rand’s viscoelastic membrane
breakdown model. This revealed a strain superpositioned from a term linear in
time, a bounded periodic term and terms exponentially decreasing with time.
Thus, it was concluded that as long as this model applies a cell would always
experience haemolysis by merely remaining in the shear flow long enough for
the linear term to reach the critical strain. A different approach of explaining
time-dependent haemolysis behaviour was applied by Niimi [87]. The motion
of a single rotating cell membrane in a two-dimensional uniform shear flow was
analysed and shear stresses acting on both sides of the membrane were esti-
mated. A cyclic change of external stress distribution along the circumference

was predicted, essentially associated with the flow field at the presence of the
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rotating membrane. A fixed membrane element would thus experience a cyclic
shear loading, with stress amplitude and frequency possibly increasing with in-
creasing shear rate. It was suggested by Niimi that cyclic loading conditions
of the cell membrane could explain the time dependent relation between shear
stresses and haemolysis in bulk flow experiments with shear-induced haemolysis
due to a fatigue process of the cell membrane. Estimated values for rupture
of RBC’s under cyclic loading as a function of stress amplitude and stress cy-
cles showed a strong similarity to the haemolysis threshold curve obtained in
bulk shear experiments as a function of shear stress and exposure time. An
investigation modifying the single-cell model by placing two parallel walls in the
vicinity of the cell was undertaken by Sugihara [88]. The channel width was
found to influence shape, tank-treading frequency and inclination angle of the
cell, thus, suggesting the need of incorporating cell-cell or cell-wall interaction

into a mathematical model.

2.4 Summary

Centrifugal blood pumps as temporary heart assist or replacement devices have
been evaluated with regard to their hydraulic performance and blood trauma
potential. The latter task is itself an extremely complex problem, involving the
establishment of trauma causing mechanisms on the one hand and identifying

them for the case of the blood pump on the other.

Singular hydrodynamic forces have been investigated in in-vitro bulk flow
experiments with regard to their relation to lysis of blood cells. These stud-
ies show that laminar and turbulent shear stresses are major trauma sources
and that consideration of the time history of the mechanical loading process
is absolutely necessary. Applying constant shear stresses has attracted most
attention, the strongly unsteady nature of all blood flow processes in reality
demands, however, intensive studies of time-dependent mechanical loading and
their haemodynamic effects. However, the in-vitro experiments involving os-

cillating stresses and fluctuating pressure regimes are too few in number and
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limited to normal physiological conditions that one is unable to draw satisfac-
tory conclusions about the influence of frequency and amplitude of a mechanical
parameter on blood cell degradation. Microscopic studies, mathematic mod-
elling of constitutive relationships and of dynamic and kinematic behaviour of
red blood cell membranes in particular have explained the time-related haemol-
ysis process under constant shear stresses by the viscoelastic properties of the
membrane as well as by a fatigue process it undergoes under the cyclic shear
loading of a membrane element. The approximation of a two-dimensional sin-
gle cell neglecting cell-cell interactions limited to uniform shear flow reveals the
initial state of these investigations. Haemolytic in-bulk-flow phenomena cannot

be satisfactorily explained by current cell damage models.

The identification of the mechanical loading which the blood undergoes with
transit through a centrifugal blood pump requires knowledge of the flow field
within the device. For the complex geometry and flow conditions encountered,
numerical methods are necessary to solve the governing equations. Although
the flow field in a two-dimensional blade-to-blade analysis of a radial impeller
pump has been reported and linked to the pump design, the determination of
the complex three-dimensional flow field has not yet been undertaken.

The experimental flow investigations so far reported have not been able to

give a quantitative analysis of the flow conditions within the pump.

Correlation between mechanical loading of blood cells within the pump and
their damage potential has only be done in an oversimplified manner. This
is due to the absence of the exact information about the flow field and hence
mechanical loading parameters and of a complex damage theory which considers
cumulative or synergistic effects of simple, damage-causing mechanical loading

functions.
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Chapter 3

Thesis Objectives and Solution

Strategy

The optimisation of centrifugal blood pumps with respect to blood compatibility
requires methods for their evaluation which are generally applicable, comprehen-
sive and efficient. A solely experimental approach to design optimisation is only
performable on a trial-and-error basis. In contrast, a theoretical model that
relates pump design and performance characteristics to their biological effects
would allow undesirable features to be traced to their origins and consequently
would yield a directed approach to improvement. The development of a theoret-
ical pump evaluation model forms the main objective of this thesis. Assuming
blood trauma as a measure for the biological response to the pump, a correlation
between trauma and the mechanical conditions within the device is needed. Con-
centrating on mechanically caused blood destruction the information required

for a general trauma prediction theory can be divided as follows:

1. The mechanical loading of the blood and its constituents has to be ob-
tained and because of its complex nature conveniently classified into simple

loading-time-functions.

2. The knowledge of the damage behaviour of blood under those simple

loading-time-functions is desired.

32



3. A classification of the loading functions into damage-causing and non-

damaging as well as their frequency of appearance is followed by:

4. an overall damage prediction considering cumulative effects of partial dam-

age caused by single loading functions.

The damage behaviour of blood or its components'a.nd its causal relationship
to an arbitrary mechanical loading have neither been experimentally explored
nor stated within any theory. Because of this lack of information, the adapta-
tion of damage prediction theories for engineering materials and equipment will
be considered. The prediction of service life for machine elements using a com-
bination of mechanical loading analysis and material-based damage hypothesis
shows a strong similarity with the problem in question.

An additional problem is whether to choose a single or multiple blood compo-
nents to represent damage to whole blood. Although a definitive answer cannot
be given, a close relation between the mechanical behaviour of the membranes of
red blood cells and platelets has been shown in tests of cell lysis due to external
mechanical forces. This similarity as well as the fact that mechanical haemolysis
has been studied most extensively, point to the selection of the RBC as the cell
type for the blood damage theory.

However, an adaptation of traditional mechanical damage concepts has to
be undertaken with care, taking into consideration the specific rheological prop-
erties of blood cells, their suspension in a liquid solution and their biochemical

nature and compensation mechanisms.

The commercially available centrifugal pump, the Isoflow ¥ Pump (Aries
Medical), is selected for the mechanical blood loading investigation. Its complex
impeller geometry (see Chapter 2) presents a challenge for flow analysis.

The determination of the mechanical loading of the blood particles can gen-
erally be performed in three different ways:

a) Calculation

b) Measurement within a physical model of the pump

c) Measurement within the actual pump
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The experimental evaluation of stresses and pressure acting upon blood el-
ements within a centrifugal pump is extremely difficult. Non-invasive methods
for measuring the entire flow field of a blood-cell suspension, such as sophisti-
cated laser Doppler anemometry or ultrasound studies are extremely costly. Less
accurate methods, such as flow visualization studies of blood-simulating translu-
cent fluids represent a compromise between cost and accuracy. Optical particle
tracking within the actual pump head can be seen as an appropriate form of pic-
turing the flow field. However, numerical flow calculations are preferred due to
difficulties in obtaining optically useful information and three-dimensional veloc-
ity and stress distributions, especially in the frame of reference of rotation with
the impeller. In this thesis, a Computational Fluid Dynamics software package
will be utilized for the determination of three-dimensional flow parameters con-
sidering the exact and entire pump geometry and incorporating an appropriate
turbulence model. Viscous and turbulent stresses and particle paths through the
pump in the rotating impeller domain as well as in the stationary outlet area
will be obtained to provide insight into the required time-dependent mechanical

loading functions of particles.

Damage behaviour of red blood cells in bulk-flow, comparable to the strength
property of engineering materials, has been well explored for the static mechan-
ical loading case. However, the time-dependency of this process prohibits a
simple comparison with the static strength of those materials. The damaging
effects of a dynamic loading, as anticipated in the pump flow, are not known.
Thus, experimental investigations of the haemolytic effects of a cyclic, sinusoidal
laminar shear stress loading will be undertaken. Given the rheological proper-
ties of the cell membrane, haemolysis will not only be dependent on the stress
amplitude and number of cycles but also on the frequency of loading. To study
the effect of these three parameters a shearing device will be designed and op-
erated within the shear stress amplitude and frequency ranges relevant to the

conditions in a centrifugal pump.
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Uniaxial stress regimes employed for haemolysis prediction under cyclic me-
chanical loading as well as for cell damage investigations under static loading
need to be correlated to the three-dimensional stress condition in real blood flow
phenomena. An analogy from solid mechanics in form of yield criteria will be
taken. A suitable criterion will be chosen, modified and applied for the forma-
tion of a comparative stress theory for liquids. Thus,. a comparative stress-time
function of particles on their path through the pump will be established using
the results of the numerical pump flow calculations. Being extremely irregular,
these functions then need to be reduced to simple loading functions for which
the haemolytic response is known by adoption of an appropriate classification

method.

A hypothetical approach of correlating numerically obtained and classified
mechanical loading functions of particles within a pump to an overall damage
prediction with the help of a cumulative damage theory is the final aim of this

work.
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Chapter 4

General Blood Damage
Prediction Model

4.1 Blood Damage Prediction Procedure

The knowledge of the correlation between an arbitrary mechanical loading of the
blood and the amount of blood destruction in artificial circulatory devices and
the natural circulation is vital for the prediction of lysis rates and the minimiza-
tion of its causes. As stated previously, a general theoretical description of the
damage process is very complicated if not impossible. Experimental data which
could substantiate complex variants of the theory are difficult to obtain, espe-
cially under multiaxial loading. A general blood damage prediction model can
therefore only have a hypothetical character. However, similar problems encoun-
tered with damage prediction models for engineering materials and equipment
have not prevented the successful applicability of such models in practice.

Only the macroscopic or phenomenological plane, e.g. blood bulk flow phe-
nomena, shall be considered within this model, consideration at the microscopic
or cellular level takes place only in terms of rheological or constitutional prop-
erties of the blood cell membrane. Otherwise, cell-cell interactions have been
insufficiently investigated to incorporate any results in the damage prediction
model.

A definition of what is considered as damage in terms of blood cells has to
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be made. In this thesis, the blood damage criterion will be that of detectable
haemolysis of RBCs. A physiologically accurate definition of red cell damage
would need to direct itself to the premature removal of cells by the spleen and
the liver. This effect has been stated to occur at lower thresholds than those
for haemolysis predictions [67]. Because of the lack of sufficient information on
this process and given the advantages in predicting 'cell haemolysis, the above
damage criterion was chosen. Failure, e.g. damage up to the degree of loss of
function of the object, is considered as that level of critical haemolysis above
which the body is unable to maintain haemostasis.

Influencing factors other than mechanical, such as temperature, blood pH,
haematocrit, anticoagulant type and biochemical factors are referred to as non-
mechanical parameters. There exists considerable variation in bload darage
behaviour between individuals due in part to variations in these parameters.
Prediction statements can therefore only be made within a statistical frame of

probability.

The methodical procedure of a general blood damage prediction is schemat-
ically presented in Fig 4.1.

The starting point is the determination of the mechanical loading of the blood
from the external loading imposed by output pressure head and rotational speed
of the rotor, the pump geometry and the fluid material properties which effect
flow and therefore loading conditions, i.e. density and viscosity. As a result
the time-dependent stress distribution of the blood is obtained. These very
complex and irregular functions need to be reduced to basic functions for which
the response of blood is known from experimental investigations.

Since uniaxial stresses are applied in these experiments, a method of relating
them to the three-dimensional stress tensor in real flow phenomena needs to be
employed, for example by means of a comparative stress theory as described
in Section 4.3. Having obtained mechanical loading functions of the blood vol-
ume of a classified basic order, the question, ‘do they cause damage ?’ has
to be answered. This data reduction process is directly related to the damage

resistance properties of the blood with respect to that particular mechanical
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Figure 4.1: General mechanical blood damage prediction procedure.

loading. The data reduction procedure with its classification into damaging and
non-damaging partial loadings has to take into account cumulative effects, e.g.
the damage caused by combination of several different loading functions, which
by themselves may not act in a destructive way.

The formulation of a damage accumulation hypothesis is undertaken in close
relation to classical engineering approaches, aiming at generality and simplicity.
Applying the damage accumulation hypothesis to the damaging partial loading
functions, an estimation of the overall blood damage is thus made possible.

Non-mechanical parameters, as defined above, have a strong influence on the
material properties within the stress analysis process as well as on the blood
damage resistance behaviour. It emphasizes the individual character which a
damage prediction theory must have when applied to a particular clinical case

and the significance of a careful statistical analysis of the results.
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4.2 Classification of Mechanical Loading

Throughout the proposed blood damage prediction theory, loading of blood
particles will be referred to as the stresses and pressures in the bulk-blood-fluid
acting externally upon the blood components. Stresses developed within the cell
membranes in response to its mechanical environment are not considered because
of the phenomenological approach chosen. They are, however, believed to act in
an appropriate manner. Mechanical loading experienced by blood components
can generally be treated as loading-time-functions and can be classified into
monotonic, periodic and arbitrary functions with possible subdivisions according

to Fig 4.2.

[ Loading - Time - Functions j

—— N

[ Monotonous F. | Periodic F. Arbitrary F.
A [+ 4
Constant F. .
I :
[+
Uniform Non-Uniform
- PeriodicF. | | PeriodicF.

_——/ |

Sinusoidal F. | | Non-Sinusoidal F. Q/“ \ / \/:
c c IstPeriod %
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Figure 4.2: Classification of mechanical loading.

Mechanical loading of blood particles within the organism or an artificial
device is most likely to be of an arbitrary nature. Monotonic and periodic
time-functions are ideal cases possessing the property of easy reproducibility as

required for systematic studies of the effects of mechanical loading on haemoly-
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sis. In order to perform an assessment of the effects of an arbitrary loading, a
reduction to those simpler functions is desirable.

Flow conditions existing, for example, in straight, unbranched arterial vessel
segments or in the microcirculation may be reasonably represented as simple
sinusoidal or constant flow, respectively. Geometrical and flow conditions in
blood pumping devices , natural as well as artificial, lead to far more complex and
irregular mechanical loading of blood particles and can not be simply assigned to
one of the basic load-time functions. A reduction of these irregular time functions
can be undertaken by means of a classification method. A filtering of harmonic
functions with a particular amplitude and cycle number of appearance out of
the complex function, for example, would thus allow a haemolytic assessment of
the decomposed functions. which would in turn require a theory to predict the
combined effect of those singular, harmonic blood loading functions.

Hydrodynamical stresses as the major mechanical loading parameter appear
under the relevant blood flow conditions in the form of a three-dimensional
tensor which would have to be set in relation to the uniaxial stresses applied
in capillary or rotational viscometer haemolysis tests. A theory developed to
obtain a representative one-dimensional stress parameter (scalar stress value)

from the six components of the tensor is presented in the following section.

4.3 Comparative Stress Theory for Liquids

In general, the state of stress in the fluid must be specified by a knowledge of the
six components of the stress tensor. A theory to relate this three-dimensional
stress tensor to the known uniaxial stress responsible for damage processes is

therefore needed.
This may be accomplished for engineering materials (metals, plastics and

elastomers) from yield criteria which describe the yield stress as a function of

the general state-of-stress [89, p. 63].

It is proposed that from the different yield criteria available, the Mises crite-

rion would be the most suitable for addressing blood cell damage. This criterion
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describes an overall resilience composed of the shear resilience and volume re-
silience. The volume resilience (hydrostatic state of stress) does not cause mate-
rial destruction, so that only the shear resilience is considered for the comparison
between one-dimensional and three-dimensional state of stress. The application
of this assumption is supported by investigations which attribute shear stresses

rather then hydrostatic pressures as the cause of blood cell damage [52].

The main assumptions of the Mises Criterion are as follows:
If o; are the principal stresses and ¢; the principal elastic strains, then the

work done on an isotropic block in loading it from zero to o; is
1
W= 5 E Oi€;
= 2_1E- z oi(0i — vo; — voy) (4.1)

1 v
= ﬁZU;O‘;—EZQO’j

i k=1,23i£j £k

where E (Young’s Modulus) and v (Poisson’s ratio) can be expressed by K (bulk

modulus) and G (shear modulus) as

9KG

E= 377G “2)
and
3K - 2G
Y=§K—2G " 9
Thus,
_ Za.-a;—Za,-aj Z)o.-a.-+220’£°'j
W= 6C + 18K (44)

The Yield Criteria Y by hypothesis of change of shape can then be expressed

Y=W,= Z”"‘"G_GZ %9 (4.5)
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The appropriate work rate done on a volume element of a viscous, incom-
pressible fluid in laminar motion can be expressed similarly to Eqn. (4.1) with
the Poisson’s ration v equal to 0.5 and F = 2y in order to satisfy the equations

for the three normal principal stresses in the fluid

6u,-
%= 2
1=1,2,3

Considering that K — oo for an incompressible material a boundary-value
analysis yields values for G = JE = 2p and v = 1 , as stated above. The infinite
bulk modulus justifies the reduction of the resilience to a mere shear resilience

since the volumetric resilience is equal to zero.

Employing the relations between principal stresses and stresses in an arbi-

trary direction of the coordinate system [89, p. 71]

20'1 = ZJII and 20'10'2 = Za'zzayy - za’gy’

Eqn. (4.5) can be rewritten using the six components of the arbitrary stress

tensor in the following form

1
W, =1 3 (03 = 03 (03 — 035) + 63 01503 (4.6)

i’j =r’¢’z M

For the uniaxial shear experiments in a tube (steady or unsteady laminar

flow) the following is relevant:

U =uUyg = 0
Ou, 0
0z

Oy = —p
Ozp = Orp = 0
0',-3 = 0
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Hence, Eqn. (4.6) reduces to
_ 1 2
Ws = m [60’ ] (47)

Combining Eqns. (4.6) and (4.7), the yield criterion or comparative stress

value is expressed as
1 1 1
o = RGW,]F = [23 (ou =) (0 — 03;) + 6 3 0ijos]? (4.8)

Equation (4.8) is derivable only for laminar flow. It was, however, applied
in the same form for determining scalar stress values under turbulent flow con-
ditions. The components of the overall stress tensor in this case are obtained
merely from summation of the components of the viscous and Reynolds stress
tensor. This expression now provides a means to assign a scalar value to a stress

tensor at any point of the flow field.

4.4 Blood Resistance to Mechanical Loading

Failure behaviour of engineering materials is generally assessed by static and
dynamic loading tests. Accordingly, the static and dynamic strength are those
material characteristics to represent thresholds up to which the loading is with-

stood by the material or structure component without loss of its function.

Dynamical or endurance strength characteristics are often represented by a
stress-service life-diagram named after Wohler who performed endurance limit
tests of locomotive rails in the last century [90, p. 51]. The characteristic for the
service life is chosen as the number of cycles N of a uniform stress cycle sequence
plotted on the log-scaled absissa of the diagram. The ordinate is a representative
stress value, such as stress amplitude, often in logarithmic scale. The so-called
Wohler line divides the stress-cycle-domain into failure and non-failure, where
the line itself represents values of a certain probability. Consideration of a third
parameter, like temperature, environmental medium or frequency, leads to a

band of lines. Change in frequency is often associated with thermal fatigue [91].
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It has also been shown to influence service life under isothermal conditions [92,

p. 87).

An example of a Wohler line is shown in Fig 4.3. The stress axis is associated

with three domains:

e Instantaneous failure if stresses are higher than the static strength os

e Short-life time-strength with intermediate stresses between static and dy-
namic strength op with strong dependency of the point of failure on the

cycle number

o Long life or endurance strength with stresses below the dynamic strength

which either cause no damage or lead to fatigue damage only after a very

large number of cycles.

log G6,(S)
Instantaneous Failure
Og :
Short-Life Timé
OD ------- E. ) :’\\
Long-Life Timd §
Ns Np log N

Figure 4.3: Wahler line representing 0,-N-dependency of material failure under

cyclic mechanical loading.

Caution needs to be taken with application of these engineering methods to
mechanical strength prediction of blood components, e.g. RBCs. One major
obstacle lies in the complicated nature of stresses within the cell membrane in

response to the external stress conditions applied. Even if the latter are uniform,
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the responding membrane stresses are believed to be unsteady and location-
dependent due to deformation and ‘tank-treading’ motion of the cell membrane
around the cytoplasm. Interactions between cells and cell-wall contacts, as well
as migration perpendicular to the flow axis are further factors of membrane stress
instability. Nevertheless, the classification of external mechanical loading into
well-defined, reproducible regimes appears to be the most favourable approach

for blood damage predictions.

Studies on the haemolytic response to a constant shear stress loading have
been performed extensively, see Chapt.2.3. Using different principles and de-
vices for creating the constant shear stress loading, fair agreement was reached
in observing a haemolytic response which differed from damage behaviour of en-
gineering elastic materials. Damages commences not only at a certain value of
shear stress but is also dependent on the exposure time of the cells to that stress.
A satisfactory theoretical explanation for this behaviour does not yet exist, al-
though the viscoelastic membrane property as well as non-constant membrane
stress distributions have been proposed. Remaining at the phenomenological
level and considering the well established haemolysis curve, presented in Fig 2.12
from [58], quantitative relations between extensive red cell lysis and a constant
external (laminar or turbulent) shear stress and its duration can be obtained.
Stress values below 50 Pa can be referred to as non-damaging for a duration of
up to 100s. For the progression of haemolysis beyond its initial point Wurzinger
[25] presented a quantitative expression (Eqn. 2.2). This formula should be only
applied for the range in which it was predicted (15-700 ms exposure time; shear

stresses up to 535 Pa).

Red blood cell resistance to a cyclic external shear loading has been investi-
gated in the physiological vascular frequency and shear rate range (f < 1Hz; 4
<1000 s~! 2 7 ~ 3 Pa) [65]. Onset of haemolysis was recorded as a function of
frequency, mean shear rate and shear rate amplitude. For example, haemolysis
was observed after 3.6 x 10° cycles at a shear stress amplitude of 1 Pa with a

frequency of 0.5 Hz. However frequencies of fluctuating shear stresses and stress

45



amplitudes acting upon blood particles which pass through a centrifugal blood
pump are far higher. For example, the frequency with which a particle located
at the stationary casing of a four-bladed impeller pump would experience the
passage of the blades would be 130 Hz for a rotational speed of 2000 rpm. Maxi-
mal laminar shear stresses along an impeller blade were estimated by Papantonis
[45] to be in the order of 50 Pa. '

To provide information on damage behaviour of red blood cells under cyclic
loads appropriate to centrifugal pump operation, experimental haemolysis tests
are undertaken, as described in Chapter 5. Apart from the dependency of cell
destruction on a representative stress magnitude and the number of cycles, the
loading frequency is believed to be a third major parameter of influence with re-
spect to the viscoelastic membrane properties. Bearing in mind that these cyclic
shear stress loading experiments are at an early stage and that the nature of
haemolysis under a constant shear stress load is largely unexplained, one should
not expect an unambiguous, quantifiable outcome. They are, however, neces-
sary and even qualitative results are a step forward in the analysis of complex,

time-dependent mechanical blood damage phenomena.

The incorporation of a quantitative relation between haemolysis and a steady
or unsteady pressure loading into a blood damage model has not been considered
because of the highly contradictory reports on the matter in the literature.

However, extreme values of pressure (<- 1/3 bar or > 3 bar) should be implicated

in the damage process.

4.5 Damage Accumulation Hypothesis

Whereas blood tested in a conventional apparatus, e.g. rotational viscometer
or capillary tube, is subjected to a cyclic shear stress of constant amplitude or
a steady constant shear stress, it experiences under in-vivo flow conditions an
irregular shaped loading function. A reduction of this arbitrary load into a set of
simple time functions, as described in Chapt 4.2., provides a means of correlating

those singular loading functions to their damaging effects. Their interaction and
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partial influences in the overall destruction process is, however, unknown.

In the life prediction process of engineering materials and structural compo-
nents the investigation of fatigue under varying stress amplitudes has come to be
known as the study of cumulative damage, because of the interest of how fatigue
damage at various stress levels accumulated [90, pp. 58-61], [92, pp. 307-330).
A damage accumulation hypothesis provides a connection between results from
one-level loading tests and the multi-level load under working conditions on the
basic assumption that damage is accumulated at the various load levels. In cu-
mulative damage tests varying from simple two-level step tests, repeated block
tests to random load tests, as described by Frost [92, pp. 307-330], data were
obtained for deriving appropriate empirical relationships or to prove or disprove
theoretical predictions.

A life prediction hypothesis which is based on the assumption of a linear
damage accumulation was suggested by Palmgren and Miner [93]. It assumes
that during the action of a uniform stress cycle sequence an uniformly progress-
ing damage occurs. If a dimensionless damage parameter D is defined which
initially equals zero and reaches the value 1 at the point of failure (or fracture)
at the failure cycle number N, then the partial damage after n cycles will be n/N
of the damage failure, termed as the cycle ratio. Based on this assumption, fail-

ure of materials under a multi-level stress with stress amplitudes S; is expressed

as

n No n3 n;
=gty tmt - =Xx- (4.9)

Eqn. (4.9) is referred to as cumulative linear damage law or Palmgren-Miner

law.

Inaccuracies of the linear damage accumulation hypothesis and the lack of its
sufficient physical explanation led to a number of alternative theories to predict
service life under varying amplitudes, some wholly empirical, others with some

physical basis. For example, a power-law relationship between damage and
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cycle ratio has been suggested [92, pp. 307-330], thus considering a non-linear,
cycle-number dependent damage process where the degree of non-linearity is a
function of the stress amplitude. Two imaginary damage curves for two applied

stress levels are presented in Fig 4.4a, where the damage is calculated as
D = (m/M)" = (na/N2)’ , (5> a) .

If a=b=1, the relations reduce to the linear damage law.

Another exponential damage progress theory was developed by Cortan and
Dolan, who assumed that the number of damage initiation nuclei m is dependent
on the stress level and that at the same time the progression of damage occurs
with a velocity r, increasing with duration and amplitude of loading, see Fig
4.4b. However, the amount of total damage is constant for all cyclic loading

levels and can be expressed for two different levels as
Dyt = miri N = mara Np®

where a,,a; are exponents which express the degree of non-linearity.
a) b)

Damage D D

1 + 1 4

m N

AN "‘zN;z

damage D=(n/N)®

S /N)*

0 Cycle Ratio n/N ° N

Figure 4.4: a) Power-Law damage accumulation, b) Damage accumulation after

Cortan, Dolan.

Possible interactive effects between one stress level and another, such as

change of fatigue properties of materials under the action of a cyclic preloading
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are considered in the so-called secondary Wohler lines or sequential Wohler lines

[94].

It has been stated, however, that the more complex the rules for a damage
accumulation hypothesis are, the more cumbersome they are to apply and the
more restricted they are to certain conditions or materials. Considerable expe-

rience is required in their application in order to achieve accurate predictions

[92].

Returning to the task of predicting blood cell damage under a mechanical
load varying in amplitude and frequency, common and distinctive features of
the two areas need to be examined in order to establish an appropriate blood
damage theory.

Current knowledge of blood cell behaviour under mechanical loading is, un-
questionable, very immature and limited, especially under dynamical loading
conditions.

To the author’s knowledge no attempt has been made so far to correlate
different loading mechanisms regarding their combined effect on cell destruction
neither for singular cases nor on a general basis. For this lack of information, a
damage accumulation theory can only have a mere hypothetical character. Such
a hypothesis must, however, meet the requirement to be universal applicable
and physically sensible in a broadest sense by taking into account basic relations
which were observed and established with sufficient confidence.

A damage accumulation hypothesis of red blood cells as representative of

blood components is formulated in the following.

Without anticipating the results of the dynamic load tests performed in this
thesis, the amount of red blood cell damage is expected to be dependent on
the amplitude of acting stresses, on their duration or cycle number and on the
frequency. Amplitude and duration dependencies have been confirmed by static
loading tests. Haemolysis progresses with the duration of applied constant shear

stress where the exposure time necessary to reach a certain degree of haemol-
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ysis decreases with increasing stress magnitude (see Chapter 2.3. for details).
The exact form of this functional relationship is not known, although Wurzinger
[25] obtained a power-law relationship between the amount of haemoglobin lib-
eration and the stress magnitude and exposure time. However, limitations in
the experimental range of parameters and discrepancies with the established
haemolysis-threshold curve, see Fig 2.14, cast doubts about the accuracy and
general applicability of this relationship. For the purpose of simplicity and gen-
erality an assumption is made here, that a linear relation between haemolysis
as the damage D with 0 < D <1 and constant stress exposure time exists and

may be expressed by

14
D=—r—r—— 4.10
Tcrit(Tmag) ( )

with T.,;: being referred to as critical exposure time at which the failure in
form of unrepairable amount of haemolysis occurs, itself a function of the stress

magnitude. Values for T,;; are obtained from the haemolysis-threshold curve in

Fig 2.12.

Assuming a positive cycle number dependency of haemolysis in cyclic shear

stress experiments, a similar damage function may be formulated as

n
D= Nealamen D (10

where N is the analogous critical cycle number, being a function of the stress
amplitude and frequency. This latter assumption will have to be verified by the

cyclic loading experiments described in Chapter 5.

The question of how damage of different stress amplitudes and frequencies
accumulates cannot be answered at this point. To keep the cell damage accumu-
lation hypothesis as simple as possible a linear damage accumulation of different
single load regimes will be assumed. Using the definition of the Miner rule, the

overall damage may be imagined as the sum of damages under different constant
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and cyclic shear stresses each having their critical exposure time or critical cycle

number
D= = 4+ . 4.12
=1 T; =1 N;(f ) ( )

In Eqn. (4.12), the critical cycle number at a given stress amplitude is shown
as a function of the frequency of the applied stress, an assumption which will
require v;eriﬁca.tion and evaluation by the cyclic stress experiments. Applying
Eqn. (4.12) for haemolysis prediction of cells under a varying mechanical load-
ing, one has to be aware of the high degree of idealization and additive effects
of simplifying assumptions.

A wide open field is also the influence of non-mechanical parameters on the
progression of blood damage as well as on the damage accumulation properties.
A precise, more generally valid damage accumulation hypothesis is seen as a
necessity for future investigations. However, for the time being, the proposed
theory is a simple and useful tool for a general damage prediction and enables

consideration of real blood flow conditions.
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Chapter 5

Blood Trauma under Cyclic
Mechanical Loading

5.1 Selection of Loading Principle

Blood flow in the natural circulatory system and in artificial devices is of an
unsteady nature, leading to a time-dependency of its mechanical loading pa-
rameters, namely shear stresses and pressure. Damage models therefore need
to take account of a dynamic loading process in assessing the haematological
response. According to the general mechanical damage prediction procedure,
formulated in Chapter 4, the task consists in combining information about the
actual loading conditions, as performed for the particular case of blood flow
through a centrifugal blood pump in Chapter 6, with blood damage resistance
properties.

Systematic tests to investigate haematological responses require the applica-
tion of well-defined loading conditions, such as a constant or an uniform-periodic
time function. Knowledge of blood destruction behaviour especially under a
sinusoidal mechanical loading is important since an arbitrary time-dependent
function can be decomposed into a set of harmonic functions.

With respect to the selection of haemolysis to represent blood trauma in the
general damage prediction model, special attention will be paid in this study

to the lysis of RBCs under an oscillating mechanical load. Investigations will
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be concentrated on shear stress as a mechanical loading parameter. Pressure
fluctuations, although omitted in this approach, will certainly need a closer look

in the future.

The frequency and amplitude ranges of existing haemolysis investigations
under an oscillating shear stress loading were limited to a ‘physiological’ level
of f < 1 Hz and shear rates 4 < 1000 s™! corresponding to shear stresses 7 <
3 Pa [65]. The actual stress loading of blood particles that occurs within the
strongly non-uniform flow of a blood pump (as determined in Chapter 6) or
during passage through a heart valve [95, 96] is, however, of far higher amplitude
and frequency.

In order to examine the haemolytic response to an oscillating stress with
an extended range of parameters (for instance 7, < 100 Pa, f < 100 Hz), an
appropriate shearing principle and device have to be selected. Besides achiev-
ing the desired performance, an important mechanical requirement in such an

apparatus is to produce a well-defined, analysable flow regime.

Couette-type viscometers employing an oscillatory driving mechanism as de-
scribed by Billington [97], Copley [98] and Hashimoto [65] are unable to produce
the required shear rate amplitudes and frequencies. Also, a well-defined flow
might not be ensured in an oscillatory circular Couette device. Instabilities of
the flow field which lead to a variety of regimes differing strongly from Cou-
ette flow have been observed and analysed . A transition diagram of those flow
regimes for the case of concentric cylinders, which rotate independently with a
constant rotational speed, is given by Andereck [99] (Fig 5.1).

Dependent parameters are the inner- and outer-cylinder Reynolds numbers
R; and R, calculated as R;{ R,} = a{b}(b-a) 2:;{Q%,}/v with a and b being the
inner- and outer-cylinder radii, Q;{{2,} the angular velocity of the inner {outer}
cylinder and » the kinematic viscosity. The Couette flow developed with the
inner cylinder being at rest and for a certain range of low Reynolds numbers
was obtained with a slow acceleration of the outer cylinder from rest to its final

rotational rate. Transition boundaries were defined as stable for average angular
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Couette flow

|
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Figure 5.1: Regimes observed in flow between independently rotating concentric

cylinders.

accelerations of less than 0.15 rad/min? [99]. Since high acceleration rates are
unavoidable in the considered frequency range, caution needs to be taken in
stating the existence of a pure Couette flow even in the case of rotating the
outer cylinder (cone, disc).

Couette flow within transversely oscillating parallel walls presents a possible
alternative. However, the need to produce a highly accurate device and prac-
tical difficulties in sealing the translating part as well priming the system and
withdrawal of blood samples led to the rejection of this otherwise physically

acceptable concept.

Capillary tube viscometers with a developed Poiseuille flow are not subjected
to secondary flow phenomena. The flow is well-defined for the steady-flow case
as well as for an axial oscillatory movement. The disadvantage of a non-constant
shear stress distribution over the radius compared to its uniformity for Couette

flow in a constant flow regime, vanishes for a time-dependent motion. Fluid
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particles in both cases are subjected to radius-dependent amplitudes.

Considering the above facts, a capillary tube geometry was found suitable
to perform oscillating shearing experiments with the necessary accuracy and
reproducibility.

To produce the desired shear stress distribution by creating a harmonic axial
motion of the blood column relative to the capillary walls, two main principles
can be distinguished. Firstly, the movement of the fluid within a stationary cap-
illary tube can be achieved by applying an external oscillating pressure gradient.
Secondly, an oscillating movement of the capillary tube itself results in the de-
sired relative motion between blood column and walls due to inertia effects. A
combination of both concepts may, of course, be considered.

The oscillating tube principle was selected as this avoids problems of critical
tube entrance and exit effects [27] as well as problems of sealing and heat devel-
opment (for example in a piston-drive unit) that are associated with a pressure
driven system.

The hydrodynamic theory for the flow within an oscillating capillary tube
and examples of velocity and shear stress distributions are given in the following
section. The experimental setup as well as the selection of the optimal geomet-

rical and kinematic parameters are described in Section 5.3.

5.2 Physical Model of Flow Within An Oscil-
lating Capillary

The basic equations describing the motion of a viscous, incompressible, New-
tonian fluid under the influence of internal forces (pressure and shear stresses)

are:
p (% +(v- V)v) = -Vp+1Viv (5.1)

Here, the simplifying assumption of neglecting the surface tension forces has

been made.

For the case of fluid motion in a rigid tube of circular cross section, cylindrical
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symmetry (no ¢-dependence) can be assumed, in which the fluid flow is always

parallel to the tube axis (v = vk). We find

9p dp
o= 0 ; 9 0
dv Ov Op 19 ( ov %
P (E + 'v-a—z) = —E +17 (;E (T’E) + w) . (5.2)
The continuity condition Vv = 0 allows us to deduce that g_v_ = 0. In addi-
z
tion, for the non-existence of an external pressure gradient, physical constraints
at the endpoints of the tube ensure that g—lz) = 0. Hence, Eqn. (5.2) becomes
ov nd [ Ov

Separation of Eqn. (5.3) into independent time and spatial equations is
achieved by setting v(r,t) = v,(r)v:(2):
1 dv, 7 1 1 d{ dv,
—_ L =L [rL]. 4
v(t) dt p ve(r) r dr (r dr (54)
Since the left hand side of this equation depends only upon ¢ while the right
hand side is determined by r, the two halves may independently be equated to

a constant value, —k:

‘—igt‘ = —kvg
P (55)
r? A r=——£r2v,..

dr? dr n
The first of these yields the time dependent part of the solution,

vi(t) = eH. (5.6)

Clearly, this formula only leads to acceptable solutions if ¥ > 0. In this case,
the second equation is recognizable as Bessel’s equation of order zero, and may

be solved in terms of Bessel functions [100, 101]; see Appendix A, to find the

radial solution
v(r) = AJo(Ar) + BY,(Ar), (5.7)
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where A2 = kp/n. Physical constraints require that the Y function does not

appear in the solution (B = 0), so that
v(r,t) = v, (r)v(t) = AJo(Mr) e (5.8)

Steady-state solutions may be found by eliminating the time dependence,

that is, by choosing k = 0. In this case A = 0 and solution (5.8) becomes
v(r,t) = vo. (5.9)

Oscillating solutions may be found almost as simply. If both sides of equation
(5.4) are equated to an imaginary value iw, w > 0, the solutions (5.6) and (5.7)

then take the form below:
v t — eiwt
) (5.10)

v(r) = AJo(i¥?)r) = A [ ber(Ar) + i bei(Ar) ],

where A is now given by A2 = wp/n. In (5.10), ber and bei denote the real
and imaginary parts of the Bessel function, respectively, which are listed in
Appendix A. The independent solution, v.(r) = A Ko(:'/2)r), must be rejected
due to physical considerations. If w < 0, we set A2 = —wp/n, leading to the

solution:
v, (r) = AJo(i*Ar) = A [ ber(Ar) — i bei(Ar) ]. (5.11)
Combining both time and space parts of the former solution, we find
v(r,t) = A Jo(:¥/2xr) €. (5.12)

That is,
v(r,t)=A [ ber(Ar) cos(wt) — bei(Ar) sin(wt)

. (5.13)
+ i (ber(Ar) sin(wt) + bei(Ar) cos(wt)) ]

If the velocity of the moving tube is given with v(R,t) = voeiwt then the
coefficient A becomes

Vo __ ber(AR) —i bei(AR)
Jo(PEAR) ~ " ber(AR)? + bei(AR)? °

A= (5.14)
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with R denoting the tubes’s inner radius.
Taking only the real part of solution (5.13), we find eventually the velocity
distribution within the tube,

v(n ) = SR DO
[ ber(AR) { ber(\r)cos(wt) — bei(Ar)sin(wt) } + (5.15)

bei(AR) { ber(Ar)sin(wt) + bei(AR) cos(wt) } | .

The time-dependent radial shear stress distribution is obtained by

ov(r,t
T,,,-(T, t)= K ér )
—y. Yo .
= " ber(AR)? + bei(AR)? (5.16)

[ ber(AR) { ber’(Ar) cos(wt) — bei’(Ar) sin(wt) } +
bei(AR) { ber’(Ar)sin(wt) + bei’(AR) cos(wt) } ] .

where ber’ and bei’ denote the derivative of the real and imaginary part of the

Bessel function of first order with respect to the radius, listed in Appendix A.

In order to assign a characteristic shear stress value to a cross section of
the fluid column where its elements experience a radius-dependent shear stress

loading, a bulk shear stress is defined as follows:

n(t) = %(t)% /OR 7(r,t)?rdr (5.17)

with
L — length of the fluid column

V — wvolume of the fluid column

Tm — arithmetic mean value of absolute shear stress magnitude

A similar approach was used by Ramstack [70] for steady tube flow.
The weighting factor r in the shear stress integration over the radius en-
sures the consideration of the volume portion exposed to a particular radial

stress value. Integration of the square values instead of absolute magnitudes of

58



the shear stress is performed to avoid difficulties in the numerical integration
procedure. They are normalised by their arithmetic mean value.

Velocity and shear stress distributions over one time period for a certain
oscillation frequency, tube radius and viscosity are plotted in Figs B.1 and B.2
in Appendix B. The graph of the corresponding bulk shear stress over one time
period is shown in Fig B.3. .

The restriction on positive bulk shear stress values must be seen as a result of
the idealizations used, bearing in mind that every radial fluid layer experiences in
fact an oscillating shear loading with a mean value equal to zero. The maximum
value of the periodic bulk shear stress 7, is therefore taken as the representative

radial value of the shear stress amplitudes of the different radial layers.

The applicability of the proposed theory for the specific case of the motion
of a blood column in an oscillating capillary tube will now be discussed.

Blood as a cell-plasma suspension does not satisfy the assumption of a homo-
geneous fluid. Also, constitutional relations reveal a non-Newtonian behaviour
at shear rates below approx. 100 s™! [102]. Studies of the former property of a
cell suspension in a steady tube flow by Goldsmith [51] showed axial centerline
velocities being smaller than for Poiseuille flow at the same flow rate. It is as-
sumed that differences under dynamic flow conditions are determined by inertia
effects, therefore strongly influenced by acceleration and deceleration values and
hence, for a harmonic movement, frequency-dependent. Shear rate values be-
low the critical threshold for Newtonian behaviour exist only in the axial region
which is associated with a very small portion of the overall fluid volume.

The existence of a merely axial tube flow has been disproved for steady blood
flow in small capillaries (d < 500pm ) [102]. A tendency of radial migration of
cellular blood components was observed under these conditions (Fahraeus effect),
so flow does not obey Poiseuille’s equation for flow of Newtonian fluids through
tubes. For tubes with a diameter exceeding 500 pm this effect has not been
shown.

In summary, the formulation of a continuum mechanics theory for the mo-

tion of a Newtonian fluid in an oscillating capillary tube presents an ideal case.
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Deviation of blood flow from the postulated theory can be expected, but is as-
sumed minimal when the conditions mentioned above are satisfied. Furthermore,
with the simplification of a bulk shear stress as the representative value across
the tube radius, the effort involved in formulating a more accurate, blood flow-
specific theory is not warranted, especially when basic relations under dynamic

conditions have not yet been sufficiently investigated.

5.3 Experimental Setup

In order to perform an axial oscillating motion with high amplitude and fre-
quency ranges, an appropriate driving mechanism had to be chosen. The elec-
tromagnetic vibrator Derritron VP4 (Derritron Electronic Vibrators Ltd.) was

found suitable for this task. This high performance, wide frequency range (1.5

Acceleration
(2]
100 +
Bare Plate 316¢g
/ Added Mass 0454kg 154 ¢g
10
Added Mass 2.27kg  5.05g
1
Moving System Weight
043 kg
0.1 } } }
1 10 100 1000 10000
f [Hz]

Figure 5.2: Performance curve of vibrator VP4 (Derritron Electronic Vibrators

Ltd.).
Hz-10 kHz), permanent magnetic field vibrator with the lightweight moving
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Frequency [Hz] | Maxz. displacement [mm] | Corresp. Tomas [Pa]
20 7.40 11.7
25 6.40 15.1
30 5.50 17.8
40 5.60 28.3
50 5.00 35.1
60 3.45 30.7
70 2.28 24.3
80 1.60 20.1
90 1.20 17.3
100 1.00 16.2

Table 5.1: Frequency-dependent maximum displacement amplitudes of vibrator
Derritron VP4 and corresponding bulk shear stress amplitude for tube radius
R=0.315 mm and haematocrit Hct=0.42.

plate cast in a heavy magnesium alloy provides a stiff and robust assembly
with a smooth and useful frequency response. Driven by a 100 W amplifier,
the moving table, weighing 0.43 kg, is accelerated at 31.6 g (see performance
curve in Fig 5.2) with a stated maximum peak-to-peak displacement of 6.35
mm. The actual maximum displacement amplitudes in operation were found to
be higher and dependent on the frequency within the range of interest (Table
5.1). A device to hold the capillary tubes and in turn connected to the vibrator
plate was designed. Geometrical requirements of this design were determined
by several parameters. The capillary diameter was chosen in order to achieve a
maximum shear stress, according to values presented in Appendix B (Fig B.4).
The amount of blood volume and therefore capillary length and number of cap-
illaries were determined by the minimum volume of blood plasma necessary for
the haemoglobin analysis procedure. Furthermore, undesired vertical vibrations
in a horizontal position of the capillaries increase with increasing length of the
capillaries. A higher statistical significance of the results is achieved with a
larger number of capillaries.

As a result of these considerations, an aluminium box was fabricated which
could be mounted on a shaft providing the connection to the moving plate of

the vibrator. Slots were milled into the box base to hold 10 capillaries of 0.63
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mm inner diameter and a length of 12.5 cm (CAMLAB Ltd.). The technical
drawing of the box and the connection piece to the vibrator plate are shown in
Figs 5.3 and 5.4, respectively. Silicone rubber tubes are slipped on the ends of
the capillary and angled upwards to prevent blood spillage. The box is closed
with a plastic plate screwed onto the box for safety reasons as well as to enable
control of environmental conditions for the blood-air interface.

Since fresh human venous blood was used for the study, haemolytic effects
Jdue to oxygenation processes [58] may occur because the blood column is exposed
to atmosphere at the capillary ends. This effect was minimised by purging the
box with a constant flow rate of a 5% O,/5% CO,/N; gas mixture. Gas flow
was measured with a variable area flowmeter (Rotameter, Brooks Instruments)
and maintained at 200 ml/min. Adequate gas outflow was ensured by a hole in

the opposite corner of the box.

A simultaneous measurement and monitoring of the vibrator’s motion was
provided by attaching acceleration sensors, SUPER-G (Hakuto International
(UK) Ltd.), to the box and displaying acceleration curves on an oscilloscope.
SUPER-G is a low frequency, compact and light sensor made of a piezoelectric
plastic material showing high sensitivity with good separation in horizontal and
vertical directions. In a frequency range of 0.5-500 Hz acceleration values of 0.1-
25 g (g - gravity acceleration) are detected. The sensitivity of the accelerator

is S=200 mV/g. Acceleration, displacement and velocity amplitude values can

thus be obtained using Eqn. (5.18).

.‘SI =2 w=w-z (5.18)

a= 2
with a -acceleration, U - accelerator voltage output, z(o) - displacement
(amplitude), vq - velocity amplitude, w - angular frequency.

Measured oscillations in the vertical direction at the outer end of the box
showed magnitudes of up to a quarter of the horizontal values. In order to
prevent those undesired off-line movements, a damping mechanism consisting
of a thick-walled silicone rubber tube was fixed vertically to the box reducing

vertical vibrations to a maximum value of 5% of the horizontal vibrations.
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Figure 5.3: Box to hold capillary for oscillating shear stress experiments. All

dimensions in mm.

63



©
ASY

65

A g,

S\
|///Z ml \
W A0

0239,@’

|

\ T
@

b-

Figure 5.4: Connecting piece between vibrator and box. All dimensions in mm.



Fig 5.5 shows the layout of the entire experimental setup.

Figure 5.5: Experimental setup.

5.4 Experimental Regime

The experimental protocol for haemolysis evaluation under an oscillating shear
stress loading comprised the following phases: pre-experimental, i.e. blood col-
lection and preparation; experimental, which is the sequence of performing the

tests, and post-experimental, i.e. blood analysis.

Pre-Experimental Phase

Haemolysis studies were performed with human blood obtained by venepunc-
ture from two healthy, non-smoking volunteers. Immediately after withdrawal,

the blood was anticoagulated by filling it into standard heparinized 5-ml or
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10-ml tubes containing 9-11 units (75 pg) and 18-22 units (150 pg) heparin,

respectively. Heparin was preferred to EDTA, another standard anticoagulant,

since test runs in which blood was anticoagulated by the latter showed generally

higher haemolysis values.

The haematocrit of the blood sample was determined prior to the shear tests

using a microhaematocrit centrifuge.

Experimental Phase

Experiments were undertaken in the following order of steps:

1.

10.

Gentle mixing of blood in heparinized tube to reverse sedimentation.
Filling of capillaries with blood by capillary action from tube *!.

Slipping silicone rubber tubes over the capillary ends and placing them

into the box (which is connected to the vibrator).
Closure of box and perfusion of box with low-oxygen gas mixture.

Performance of shearing procedure with certain displacement amplitude,

frequency and cycle number *2.
Opening of box, taking capillaries out.

Cutting capillaries to separate middle part of blood column from end parts

=3

Sealing one end of middle part.

Centrifugation for 8 min at 1000 g acceleration in microhaematocrit cen-

trifuge.

Collection of plasma by cutting capillary and blowing plasma column out

with pipette holder *4.

66



Steps 1-10 were repeated with variation of the kinematic parameters within a
time period of approximately 3.5 hours after blood withdrawal. This time limit
was set by the rise in plasma free haemoglobin (fHb) of the unsheared control
sample. Continuous monitoring of those values over the period of experimenta-
tion revealed a non-linear, exponentially rising trend, see Fig 5.6.

An assumption for this repetitive approach is the independency of shear-
induced haemolysis on the time at which the experiment is performed. A series of
shear experiments undertaken with constant parameters over a period of 4 hours

revealed that there was a constant difference between fHb values for sheared and

unsheared samples.

*1 Capillary tubes having a length of 12.5 cm are filled with a blood column
of 7.5 cm length, thus ensuring that blood remains within the capillary during

axial oscillation.

*2 Axial oscillations were performed at two frequencies, 40 Hz and 70 Hz. The
displacement amplitude was varied in order to obtain a representative range of
the corresponding bulk shear stress amplitude. The number of cycles was set to

350, 800, 2000, 4200 or 8000. Table 5.2 lists the variations of these kinematic

parameters.
f = 40 Hz f =170 Hz
Zo [mm] 5.6;4.5;2.5;0.5 2.28 ; 11.65 ; 1.0
Neyele 8000 ; 4200 ; 2000 ; 800 4200 ; 2000 ; 350

Table 5.2: Kinematic parameters chosen for oscillating shear stress experiments.
Whole blood viscosity values were obtained by applying the following relation
postulated by Mockros [103]:

1B = 1Plasma * 52'31.1{‘:‘ (519)

with Hct - Haematocrit

and 7Piasme = 1.6 mPa s at 20 °C
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(20 °C - room temperature at which all experiments were performed).

*3 Despite creating a low-oxygen environment for the blood column, higher
fHb values of the end pieces of the sheared samples could be recorded. In order
to eliminate these end-effects, systematic studies on the extension of this non-
shear stress related lysis process were undertaken. -Stepwise reduction of the
portion of the blood column examined for fHb revealed a decrease in the values
reaching a constant value at a specific length (5.5 cm). Thus, only a 5.5cm
length of the blood column centred about its mid-point was processed for the

haemolysis analysis.

*4 To ensure that the centrifugation had led to a clear separation of plasma
and blood cells, microscopic observations of the plasma at the cut capillary end
adjacent to the cellular phase were undertaken. Neither blood cells nor cell

fragments within the plasma were observed.

Post-Experimental Phase

Plasma samples were either analysed immediately after collection or stored
at -20°C before analysis. Both treatments showed no differences in the results.

A quantitative, colorimetric determination of haemoglobin in plasma was
performed using the Sigma Procedure No.527. The method is based on the cat-
alytic action of haemoglobin on the oxidation of 3,3’,5,5"-tetramethylbenzidene
by hydrogen peroxide. The colour formed in the reaction is proportional to the
haemoglobin concentration in the test sample.

Absorbance of the reacted sample was performed with a UV-VIS spectropho-
tometer at 600 nm (UV-1201 Spectrophotometer, Shimadzu Corp., Japan). Cal-
ibration is not required since a standard is included in each series of assays.

Plasma free haemoglobin was calculated as

ATest - ABlank :
Hb = - 30 dl
f AStandard - ABIank mg/

with a concentration of haemoglobin in the standard of 30 mg/dl and A - light

absorbtion.
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The procedure is stated to be linear over a haemoglobin concentration range
of 0-50 mg/dl. If fHb values were expected to extend beyond this linearity
threshold, an appropriate dilution of the plasma with 0.9%-NaCl-solution was

performed.
Each plasma sample was analysed in duplicate. Thus, by averaging readings,

the effect of subjective errors in the analysing procedure could be reduced.

5.5 Results

5.5.1 Plasma Free Haemoglobin

Haemolysis due to the applied stress is calculated as the free plasma haemoglobin

value of the sheared sample less the value of the unsheared control sample.

fHb Donor 1 fHb Donor2
[mg/dl] (15 Tests) (me/dll (18 Tests)
50 50
40 40
30 0
20 2 -
10 <+ 10 4
o 4 + ! ; 0
(1 1 2 3 4 (] 1 2 3
t [h] t [h]

Figure 5.6: Haemoglobin release of unsheared control samples versus time for

both donors.

The fHb values of the unsheared control samples representing non-shear
stress-related destruction of red blood cells for both donors are given in Fig
5.6. Here, a similar increase of haemolysis with time was observed for every test
run varying within a certain ‘band width’ which is presented in this graphical

diagram.
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According to the experimental regime listed in Table 5.2 in Section 5.4, a
dependency of blood trauma on the stress amplitude, the number of stress cycles
and the frequency of oscillation was examined under the action of an oscillating
shear stress. Values for bulk shear stress amplitudes were obtained by applying
Eqns. (5.16) and (5.17).

Results are represented separately for the two donors as well as combining
both together.

Figs 5.7 to 5.18 illustrate the test results for the experimental conditions
examined. Each data point represents the arithmetic mean value and standard
deviation of a population of n test samples, with n specified within the figure.

In general, a large variation of data was found to exist for both donors and
this, together with the relatively small number of data, made interpretation of

the data difficult. Certain trends could however be observed.

The dependency of RBC damage on the shear stress amplitude is shown in
Figs 5.7, 5.8 and 5.9 with the number of cycles as a variable and the frequency
is kept constant at 40 Hz. These figures show a gradual increase in haemoglobin
liberation with increasing stress amplitude. This tendency was found for both
donors.

For a higher oscillating frequency of 70 Hz, a rise of fHb value with increase
in stress amplitude was also found, Figs 5.10 and 5.11. It was, however, not as
significant as for the lower frequency.

Haemolysis values for both frequencies are compared in Fig 5.12 for a cycle
number, N = 4200. Unfortunately, the range of stress amplitudes was more
restricted for {=70 Hz due to operational conditions of the vibrator, namely
maximum displacement amplitude xo = 2.28 mm for f = 70 Hz compared to xg
= 5.6 mm for f = 40 Hz.

Figs 5.13 to 5.15 depict dependency of fHb values on the cycle number (with
the stress amplitude as the variable). The expected dependency of haemolysis on
this parameter can be stated clearly for the frequency of 40 Hz, it is however, not
so obvious for a frequency of f = 70 Hz, as illustrated in Figs 5.16 to 5.18. Also

apparent in these figures is the increase in fHb with increasing stress amplitude
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Figure 5.7: Haemoglobin release at f=40 Hz versus shear stress amplitude for

donor 1.
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Figure 5.8: Haemoglobin release at f=40 Hz versus shear stress amplitude for

donor 2.
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Figure 5.9: Haemoglobin release at {=40 Hz versus shear stress amplitude com-

bining all data.
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Figure 5.10: Haemoglobin release at f=70 Hz versus shear stress amplitude for

donor 1.
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Figure 5.11: Haemoglobin release at f=70 Hz versus shear stress amplitude

combining all data.
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Figure 5.12: Haemoglobin release at f=70 Hz and f=40 Hz versus shear stress

amplitude combining all data.
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Figure 5.13: Haemoglobin release at =40 Hz versus cycle number for donor 1.
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Figure 5.14: Haemoglobin release at f=40 Hz versus cycle number for donor 2.
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Figure 5.15: Haemoglobin release at f=40 Hz versus cycle number combining all
data.
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Figure 5.16: Haemoglobin release at f=70 Hz versus cycle number for donor 1.
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Figure 5.17: Haemoglobin release at f=70 Hz versus cycle number for donor 2.
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Figure 5.18: Haemoglobin release at =70 Hz versus cycle number combining all
data.
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for any given f and N combination. This direct dependency of fHb-values
on the two parameters, shear stress amplitude and number of cycles is made
more explicit by a combined representation in a 3D-plot obtained by bilinear
interpolation from the discrete mean fHb values of all data for both frequencies

as shown in Figs 5.19 and 5.20.

Similar to S-N-diagrams for fatigue behaviour of engineering materials (Sec-
tion 4.4), the 3-dimensional interpolations of haemolysis values shown in Figs
5.19 and 5.20 are used to determine a S-N-damage curve for red blood cells.
The lines which approximate 0.05 % of haemoglobin liberation corresponding
to a plasma haemoglobin value of 7.5 mg/dl with a whole blood haemoglobin
concentration of 15.0 g/dl are shown in Fig 5.21. Here, the frequency repre-
sents the third parameter. This representation reveals three distinct sections of
different damage behaviour: Cycle numbers up to approx. 600 did not cause
damage within the shear stress range examined considering 0.05 % Hb libera-
tion as a damage threshold. For cycle numbers in the range of 600-1500 a strong
dependency of the damaging stress amplitude on the cycle number can be dis-
cerned. For cycle numbers exceeding this range these threshold amplitudes vary
only little. The existence of an endurance strength 7p of the cell membrane
analogous to that of engineering materials appears possible from this diagram.
Stresses below such an endurance strength would cause damage only after a very
large cycle number. This hypothesis needs to be verified by examination of cell

trauma at far higher cycle numbers. Results of a statistical analysis of the

Source DF | SeqSS | Adj.SS | AdjMS | F P
Tamplit. 1 60.07 52.74 52.74 3.07 | 0.087
Neycle 1 65.84 70.27 70.27 4.09 | 0.049
f 1 13.82 13.82 13.82 0.81 ] 0.375
Error 42 721.06 721.06 17.17
Total 45 860.79

Table 5.3: Analysis of Variance for fHb.

experimental fHb data for the two frequencies at two cycle numbers over the
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Figure 5.19: Dependency of Hb-liberation on shear stress amplitude and number

of cycles at a frequency of 40 Hz.
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Figure 5.20: Dependency of Hb-liberation on shear stress amplitude and number
of cycles at a frequency of 70 Hz.
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Figure 5.21: S-N damage curve for 0.05 % Hb liberation.

whole range of stress amplitudes by means of an ‘unbalanced analysis of
variance’ [104] are presented in Table 5.3. Differences of fHb values for the two
cycle numbers (2000; 4200) are statistically significant (F > 4; P < 0.05); the 7,-
dependency is only of marginal significance and that of a frequency dependency
could not be shown. However, these results must be viewed in terms of a very

small cycle number.

5.5.2 Error Analysis

For the assessment of accuracy of the experimental data, a comprehensive error
analysis is indispensable. Only the detection of error sources and if possible,
their qualitative or quantitative determination, ajlows a realistic interpretation
of data and conclusions for an improved experimental technique. Generally,

experimental errors are divided into systematic and random errors, with the
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latter being subdivided into subjective, i.e caused by the experimenter, and non-
subjective. Possible errors associated with the oscillating shear stress studies are

examined below according to the above classification.

Systematic Errors

e Non-axial vibrations: Due to the need for a horizontal axis of vibration
and the design of a free end of the moving apparatus, vertical vibrations
could not be prevented. They were, however, largely reduced by the damp-
ing device described in Chapter 5.3. The maximum vertical displacement
could thus be kept at a small fraction of the horizontal displacement with
Yo S 0.05 Zo.

o Instrument accuracy

- vibrator (amplifier) distortion < 0.5%
- accelerometer accuracy +5%
- spectrophotometer for plasma Hb analysis
wavelength accuracy £1.0 nm ; photometer accuracy +0.15%
- pipette accuracy 1%

e Deviation of actual movement of blood column from theoretically calcu-

lated. Measured maximum values of blood column displacement were in

good agreement with theory within the accuracy of measurement (+ 0.5

mm).

Subjective Random Errors

o Carelessness in blood withdrawal, leading to higher initial haemolysis

rates.

¢ Time delay between end of shearing procedure and cutting of oxygenated

ends from middle part of capillary.
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e Inaccuracy in timing duration of test (maximum =+ 0.5s) for shearing pro-

cedure.

o Inaccurate handling of chemicals in plasma Hb determination analysis.
This error was reduced by taking the arithmetic mean values of two assays

of each plasma sample.

Non-Subjective Random Errors

e Variations in the haematological conditions between individuals and on
different days. The latter were found to be an important source of data

deviation.

o End effects resulting from blood-air-interface were sought to be eliminated
largely by examining only the middle part of the blood column. The
mechanisms of haemolysis caused by the dynamic exposure to a low-oxygen
environment are, however, not identified, so negative effects cannot be

ruled out.

¢ Radial migration, sedimentation and a relative motion between blood and
wall at the capillary wall as possible consequences of an inhomogeneous
plasma-cell-suspension can lead to inaccuracies of the proposed theory.

However, they could not be specified.

o Viscous heating of the blood column during the shearing procedure can
have undesirable haemolysis as a consequence. Temperature changes are

believed not to exceed 1° C.

From this tabulation of different error sources for the haemolysis experi-
ments performed, it can be seen that they are manifold. Systematic errors play
an unimportant role in data variation. Fluctuating biological conditions and
other non-subjective random errors, which are strongly related to the special
properties of blood and the shearing principle, are believed to have the major
impact on inaccuracies. Subjective random errors are unavoidable, but can be

kept to a minimum.
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5.6 Discussion

A method was proposed which allows the investigation of blood damage be-
haviour under a time-dependent, oscillating shear stress loading. The analysis
of the axial oscillation of a capillary tube containing a blood column was shown
to have a closed form solution and yields a reproducable flow field and hence
shear stress distribution. It was therefore chosen as the loading principle. The
definition of a bulk shear stress allowed the assignment of a representative shear
stress value at every time step, with an identical motion of every cross-section.
The use of an averaged shear stress value presents a departure from an accurate
analysis. It is, however, a necessary means to assess the loading-damage relation
of a non-uniform radial stress distribution unless a layer-specific blood analysis
is able to be performed. The elimination of these restrictions would improve the
accuracy of future oscillating shear stress-damage experiments.

Blood trauma was specified with red cell damage documented by haemoglobin
liberation. A variation of three kinematic parameters, namely bulk shear stress
amplitude, cycle number and frequency of oscillation, characterising a sinusoidal
stress loading with a zero mean stress, was performed. Whole blood samples of

two bealthy donors were analysed.

In summarising the results, the studies revealed an increased release of
haemoglobin with increasing shear stress amplitudes and with an increasing
number of stress cycles. These findings are not unexpected, since related de-
pendencies are well established for stress magnitude and exposure time under a
constant shear stress loading.

A major result of the study was the establishment of a characteristic S-
N-damage curve. It supports the hypothesis that the damage behaviour of
red blood cells under a cyclic mechanical loading can be characterised as a
fatigue process. Oscillating stresses with amplitudes above a limiting threshold
or endurance strength cause the membrane to deform extremely or rupture after
a certain number of stress cycles with a consequent haemoglobin release. S-N

curves representing a specific amount of Hb-liberation at different oscillating
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frequencies showed similar tendencies.

Time-dependent constitutive relationships for the cell membrane could be
responsible for this frequency-dependency. A transition from the phenomeno-
logical kind of investigation to a cell-based microscopic examination is, however,
indispensable in order to postulate mechanisms for the macroscopic damage ob-
servations. Knowledge of the motion of the cell membrane in the oscillating flow
field , for example, would yield predictions of the time-dependent stress distri-
bution within the membrane, allowing conclusions to be made on the intrinsic
membrane fatigue behaviour. Furthermore, interactions between single cells and
cell-wall contacts with their effect on membrane stresses require detailed investi-
gations to explain possible discrepancies between microscopic, single-cell studies

and phenomenological observations.

Although the mechanical damage behaviour studies performed by the au-
thor have shown interesting trends they must be viewed with caution. Large
deviations of the data and the prevalence of random errors will require that a
. far higher number of samples be tested in future in order to obtain statistically
significant results. Consideration needs to be given on an improved oscillating
shear stress loading principle and device to further minimize non-subjective ran-
dom errors. The creation of a uniform stress distribution across the gap or a
layer-related blood analysis is deemed important. Blood-air interfaces need to
be avoided or minimized as also should be wall contacts for their disturbing in-
fluences. A verification of the applicability of theoretical flow models to practical
conditions by accurate flow measurements is desirable.

Investigations of damage behaviour with extended stress amplitude, fre-
quency and cycle number are necessary to obtain a more comprehensive picture.

The influence of non-mechanical parameters was not considered in these stud-
ies. Anticoagulant, pH-value, temperature differences, blood gas contents, etc.
must be systematically checked for their effect on damage processes.

In conclusion, it can be said that some progress has been made with these
experimental investigations in the determination of red cell damage behaviour

under a time-dependent, oscillating shear stress loading.
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Chapter 6

Numerical Simulation of Flow
Within Centrifugal Blood

Pumps

6.1 General Aspects

Flow processes may be identified by two different approaches: experimental
investigation and theoretical calculation.

Theoretical calculations offer benefits in giving detailed and complete hydro-
dynamic information, like velocity and pressure fields, turbulence values and wall
shear stresses. Furthermore, realistic conditions can be simulated in situations
where scaled or simplified models need to be used for experimental investiga-
tions. Speed and cost factors are especially important for studying complicated
physical situations, parameter variations or a large number of design variants in
an optimization process.

The solution of a set of partial differential equations representing the math-
ematical model of flow processes by numerical methods has become increasingly
attractive. They offer a cost and time effective method to calculate complex
flows due to falling hardware costs, rising computer capacities as well as faster
and more sophisticated numerical algorithms. On the minus side, computer ca-

pacities are still too limited to solve extremely fast and small-scale phenomena
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such as turbulence. The necessary model assumptions and simplifications, for in-
stance turbulence models, are the main disadvantage associated with numerical
fluid dynamics.

Experimental investigations are, however, inevitable, to observe basic phe-
nomena, to provide information about initial and boundary conditions for nu-

merical calculations, to sufficiently validate them and to backup mathematical
flow models.

The full Navier-Stokes equations are the most general description of fluid
flow. For an isotropic, one-phase fluid they contain four coupled non-linear
differential equations of second order which describe the conservation of mass
and momentum. Using tensor notation (Einstein summation convention) they

are presented in equations (6.1) and (6.2). Further detailed information about
their derivation may be found in [42, pp. 64-65),[105].

Op O _

it g = 0 (6
0 0 _ Op  Om; .
at(pu‘) + 3—%(1’%"') = "ot t S (6.2)

In the above equations, u; represents the velocities in z;-coordinate directions,
p is the static pressure, p is the density, 7;; is the viscous stress tensor, and the

S terms are additional source terms. The molecular fluxes 7;; are expressed in

terms of velocity gradients,
Ou; Bu,- 2 Ou
e = —t a3 Zu—=06; (6.3)
i # (az,- + 62:,-) t3heg
where p is the dynamic viscosity of the fluid.

Approximations of the full Navier-Stokes equations are undertaken by com-
ponent wise simplifications known as dynamic approximations or by dimensional
simplifications, in particular spatial and time approximations [106].

Neglect of viscous forces leads to a system of four coupled, non-linear dif-

ferential equations of first order, called Euler equations. They provide a valid

approximation far from solid walls or when the influence of boundary layers can
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be neglected. The assumption of irrotational flow leads to a single, second-order,
non-linear differential equation, the Laplace equation of the velocity potential.
As such it represents a major barrier in simulating internal flows.

Spatial approximations are undertaken by considering flow in only one or
two dimensions which leads to a related reduction of the number of equations
to be solved and hence minimization of computing space and time.

For incompressible flow the full Navier-Stokes equations simplify to:

6u.~
3u, _ Op  Or;
&n +”a (ww) = ~35 * %, (6.5)

For the description of fluid motion in rotating elements it is advantageous to
relate the conservation equations to a rotating coordinate system. For unsteady,
incompressible flows the equations of mass and momentum conservation take the

following form in the relative system:

6v,~ _
—63:,- =0 (6.6)
av. d
+ p5—(v;9:) + peijrwierimwiTm+2peijrwivy =
8t Oz;
(6.7)
i )
311, 6:::,- '

In these equations, v; represents the relative velocity component in z;-direction.
The symbol w; designates the components of the angular velocity of the rotating
system in the three coordinate directions and the permutation symbol e;;x is

defined as follows

+1 ,with ijk being an even permutation (e.g. 123,231,312)
eijk =4 —1 ,with ijk being an odd permutation (e.g. 321,213, 132)

0 ,if at least two indices are equal .
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Many of the flows encountered in engineering problems are turbulent. They
are characterised by stochastic fluctuations of all dependent parameters. Since
a direct simulation with a time and spatial resolution of turbulence structures
is currently not possible for most flows of interest, a modelling of instantaneous
scalar values is made. They are expressed in terms of mean and fluctuating
components through a process of time averaging, called Reynolds-stress aver-
aging [107]. Each dependent variable in the original conservation equation is

decomposed into these two components by

$=0+¢ . (6.8)

The mean component @ is,
®= O d 6.9
Kt— ¢ t, ( . )

where the time interval At is long compared to the time scale of turbulent
fluctuations.

The time-averaged original momentum conservation equations contain also
correlations of the turbulent fluctuations pu, J, called Reynolds stresses, and

take for incompressible flow the form:

aU.‘ a aP G
pﬁ + p'az(UJU,) = —'a— + z; [T,J puU,; I + S (610)
or for the rotating frame of reference:
6V
Por P 9z; (V V) + peijrwierimwizm+2peiw; Vi =
5P 9 _ (6.11)
~ oz t o0 Tij — pov;| +5; .

These additional terms must be related to the mean flow variables and the
fluid properties using a turbulence model before a closed solution of the above
equation system becomes possible. A detailed listing of existing turbulence
models is beyond the scope of this work, but can be found in [108, 109]. A
widely used two-equation model is the k£ — € model. This model is based on the
gradient diffusion hypothesis by Boussinesq which expresses Reynolds stresses

as

—F ou; oU;| 2
—pugu; = [31;-*- 3:1:;] —-gp&_,k (6.12)
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where g, the turbulent viscosity, and k, the turbulent kinetic energy, are defined

as
C k2 177
Bt = % 4 k= Eu,-u,- .

Local values for k and ¢, the rate of dissipation of k, are obtained from the

semi-empirical transport Eqns. (6.13) and (6.14):

ok 3 [y Ok

ot +p3 (Uik) = oz; (ak 8:1:,) TG —pe (6.13)
de 0 0 ([pe Oe
Pt * Paa; Vi) = 5, (a, ax,) 7 (mG = cape) (6.14)

where

_(8U; | 8U;\ av;
G= (a:z:j + a:l:.') a:l:j )

The empirical constants ¢, ¢;, ¢z, 0%, 0. have values of 0.09, 1.44, 1.92, 1.0,

1.3, respectively.

Since an analytical solution of the Reynolds-averaged Navier-Stokes equa-
tions does not exist for most practical flow problems, numerical methods are
employed. The basis of the numerical approach is to convert the governing
set of continuum differential equations by discretization methods into algebraic
equations which can be solved by traditional mathematical methods. This con-

tains three main problems:
1. Discretization of the flow domain, e.g. construction of a numerical grid.
2. Discretization of the partial differential equations.
3. Solution of the resulting system of algebraic equations.

Numerous numerical methods have been developed to perform the above
task, of which the main representatives are Finite-Difference, Finite-Element
and Finite-Volume methods. A detailed description of these methods and dis-

cussion of their common features and differences can be found in [110]. All of
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them have been applied to solve hydrodynamic problems, and no method is nec-
essarily superior in terms of accuracy and geometric flexibility. The property
of a discretization method to implicitly satisfy global conservation constraints,
especially desirable for fluid flow, is best facilitated by a finite-volume approach.

For the task of quantifying flow field variables within a centrifugal blood
pump, their numerical calculation is seen as the abpropriately accurate and
effective approach. Complex geometries and a rotating body make experimental
investigations difficult and costly. However, sophisticated measurements are
desirable for the validation of numerically obtained flow parameters.

A computational fluid dynamics (CFD) software package, TASCflow TM, was
found to provide modelling capabilities with respect to numerical grid genera-
tion, numerical discretization and solution algorithms that made it suited to the
above task. The main concepts incorporated into this code are presented in the

following section, (6.2).

The mathematical models derived in section 6.2 are based on the assump-
tion of a homogeneous, Newtonian fluid, whereas blood consists of an non-
homogeneous cell-plasma suspension which shows non-Newtonian characteris-
tics in the low shear rate region (¥ < 100s~!) [102]. Neglect of non-Newtonian
behaviour for flow calculations within centrifugal blood pumps is justified con-
sidering the average shear rates which are above that critical threshold. Incor-
poration of flow inhomogeneities was considered to be a too difficult task to be

achieved within the timescale of this study.

6.2 TASCflow 7™ - a Computational Fluid Dy-

namics Software Package

The commercial code TASCflow T¥ (Advanced Scientific Computing Ltd.) in-
corporates an element-based finite-volume method for computing viscous flow.
Its ability to model flow in a rotating frame of reference involving complex ge-

ometries with a high robustness, accuracy and efficiency [111, 112] made the
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code especially suitable for calculating the flow within centrifugal blood pumps.
The fundamental features and concepts offered by TASCflow 7™ with regards
to discretization of the flow domain and of the governing differential equations

as well as solution strategies of the algebraic equations will be introduced.

Computational Grid

The subdivision of the computational domain is performed with a general
non-orthogonal, boundary-fitted, structured grid. The code permits the separate
generation of several grids and consequent connection of interfaces of these sub-
grids. This multi-grid capability prevents very distorted non-orthogonal grids
or large block-off portions of the domain. The possibility to specify subregions
of the domain which are to be discretized using a locally finer grid is given. The
so-called grid ‘embedding’ enables the resolution of small length scale regions
without adding a large number of unnecessary nodes elsewhere. Internal bound-
aries can be defined as block-off regions. Fig 6.1 is an example of grid-embedding
and a block-off region [113].

I
i

Lasnil
H
M

Figure 6.1: Example of grid embedding in TASCflow M,

Fig 6.1 shows an elemental discretization of the domain. The definition of

finite volumes in terms of these elements (called ‘flux elements’) is given in Fig
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6.2. The subdivision of hexahedral flux elements (in the 3D case) into eight
octants, each of them associated with one of the eight nodes, allows a high

geometrical flexibility and the formulation of accurate discrete equations.

- . - CONTROL
: -~ VOLUME

Figure 6.2: Definition of the finite volume.

Discretization of the Differential Equation

The transport equation for the general variable ® can be expressed in differ-

ential equation form as
i G, a
L(2) = 5-(pu®) + a—y(Pv‘I’) + 5 (pwd)+

2 (0% _ 0 (L08) _ 8 (08) o _, O
"9z \"8z) @y \ 8y 0z \ 0z -

where T is the diffusion coefficient.

Eqn. (6.15) is also written in a convenient form for conservative discretization

V.jt=5° (6.16)
with

7 = p5® —TV® (6.17)



where j? is the vector flux of ® by advection and diffusion.

Integrating (6.16) over the volume V yields

LV?W=A?ﬁM=L§w (6.18)

where A is the surface area of this volume and n the unit normal vector to the

surface.
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Figure 6.3: Representative control volume, node and integration point layout.

For a single 3D control volume, shown in Fig 6.3, with its west, east, south,

north, bottom and top neighbouring points, Eqn. (6.18) can be approximated
by

Jetdntdi—dy—Jdo=Jy =52V (6.19)

where J, for example is the total advection and diffusion flux across the east

face of the control volume

Je e m 0, —-T. A, (6_(1))
oz ),
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and 3* the average value of S? over V.

The flux terms in Eqn. (6.19) are approximated through algebraic relations
involving the nodal variables and assuming a spatial distribution of ® between
the nodes. In TASCflow discretization of advective fluxes is performed by either
‘Mass Weighted Skew upstream differencing’ (MWS) or ‘Linear Profile Skew up-
stream differencing’ (LPS) [114, 115]. The skewed upstream differencing reduces,
for Mass Weighting, or eliminates, for Linear Profile, the possibility of false dif-
fusion due to flows not aligned with the grid. Additionally, advective flux terms
thus obtained can be corrected in TASCflow with the so-called ‘Physical Advec-
tion Correction’ (PAC) term to obtain a spatial second order truncation error.
The diffusive (molecular and turbulent) fluxes are approximated by ‘Central
Differencing Scheme’ (CDS). Source and sink terms are assumed to be constant

over the control volume considered.

With all the relations considered between volume face points and nodal vari-

ables, the algebraic equation for ® at node P becomes:

(Z A:b) Pp=7 A% - Dup + b3 (6.20)
nb nb

, resulting, for a computational grid containing n nodes, in a system of n alge-
braic equations. In (6.20) nb refers to neighbours of node P. ® represents any
advected and/or diffused variable, including components of velocity u,v and w,
energy, turbulent kinetic energy and its dissipation, and other transport scalars.

The inclusion of time-dependent flows is similarly undertaken by integrating

the time derivative term from time tg to t = to + At.

Solution of Discrete Equations

The linear equation sets are usually too large to solve economically by direct
solution methods, so iterative methods are used.

Many CFD codes for incompressible flows generate and solve the discrete
equations for each variable in isolation. Since this does not account for the
strong coupling between variables, for example through Coriolis terms, bound-

ary conditions, or pressure/velocity coupling, the sequence of linear solutions
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often converges slowly to the non-linear solution. In TASCflow, the important
inter-variable couplings are represented in the linear equations. A block itera-
tion methods, the block-line Gauss-Seidel, is used to simultaneously update the
variables of the momentum and mass conservation equations. These block iter-
ation methods of solving the coupled equations greatly improve the reliability of
the convergence of the linear equations. They requiré, however, a large number
of local iterations when the problem becomes large, or has highly anisotropic
coefficient ratios, such as those that occur when the cell aspect ratio is large. In

TASCflow two strategies are used to address these issues:

1. The Additive Correction Multigrid method [116] is used to accelerate the
solution. This is a fully coupled, conservative, linear multigrid implemen-
tation that ensures that calculation times can be achieved which increase

only linearly with the number of grid nodes.

2. Another variant of this accelerator, called Block Correction, is also imple-

mented to address the coefficient ratio problem.

The turbulence equations are solved separately and successively. Details of

the solution procedure are described in [113].

6.3 Numerical Simulation of the Flow Within
the Isoflow T Centrifugal Blood Pump

6.3.1 Introduction

As stated previously, the Isoflow 7™ pump (Aries Medical) was selected to
demonstrate the numerical analysis of flow conditions within a centrifugal blood
pump with complex geometry and to determine the mechanical loading of blood

constituents passing through the pump.

A centrifugal pump delivers kinetic energy to the fluid by the rotating motion

of its impeller and as a consequence generates two distinct relative motions of
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the fluid: to the stationary part (casing) and to the rotating part (rotor). The
existence of these relative motions is recognised in this study by the separate
calculation of the impeller flow relative to the rotating impeller with inclusion
of inflow through the inflow port, and of the flow relative to the stationary
outlet system. Geometrical modelling, determination of boundary conditions,
details of the numerical procedure and results are ﬁresented for both cases in

the following sections.

In the numerical analysis undertaken in the frame of this work the approx-
imation of steady flow within the impeller and outlet domain was assumed.
However, with respect to a comprehensive blood damage assessment, a spatial
model should be as close to reality as possible and a 3D-analysis is therefore
necessary. Thus, all regions where high stresses are anticipated may be exam-
ined. In particular, the gap between blades and casing, the rear of the impeller
disc as well as inflow and outflow domains are of great interest in a flow and

stress analysis.

6.3.2 Simulation of the Inlet/Impeller Flow

Geometrical Model

The Isoflow ™ pump is a centrifugal impeller pump. The impeller disc consists
of an inner and outer segment separated by an annular gap (Fig 6.4). The
segments are rigidly connected by four long curved vanes tapering in height
towards the disc periphery. Similarly-shaped short vanes extending over the
outer segment only are located between the long vanes. The impeller shaft
rotates in a bearing in a polycarbonate casing which incorporates axial inflow
and tangential outflow ports. Rotating fluid seals are avoided by magnetically
coupling the impeller to an external drive motor. A schematic drawing of the
pump is shown in Fig 6.4, its main dimensions are given in Appendix C.
Because of the periodicity of the geometry, it is sufficient to examine a 90°
sector of the impeller plane. Using a boundary fitted grid of hexahedral ele-

ments, a long blade-to-long blade section containing one small blade was chosen
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Figure 6.4: Schematic drawing of the Isoflow 7™ centrifugal blood pump.

for the pump analysis. Differences in the geometrical profile of suction and pres-
sure sides of the long blade were neglected and the camber line was taken as
representative for the long blade’s geometry. Small blade, disc and shaft are
modelled by block-off volumes. The stator inflow port was modelled separately
and attached to the main grid. Grid refinements were placed in the vicinity of
the edges of blades, casing walls, disc and shaft, i.e. areas where high velocity
gradients are anticipated.

The grid modelling of the complete interior of the Isoflow T pump is pre-
sented in Fig 6.5. The grid contains approx. 35,000 finite-volume elements.

In order to demonstrate the suitability and effectiveness of a numerical flow
analysis for design parameter studies, the gap size between the blades and the
front casing was varied. This geometrical parameter was altered in order to
compare the predicted blood damage with an experimental investigation of the
dependency of blood destruction on the gap size in a centrifugal blood pump
reported by [117]. The original pump geometry (gap size linearly increasing with
increasing radius from 3 mm at the leading edge to 5 mm at the trailing edge)

and a gap size reduced by factor two (ranging from 1.5 mm to 2.5 mm) were
analysed.
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Figure 6.5: Numerical grid for entire inlet/impeller domain.
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Boundary Conditions

The boundary condition at the inlet is a uniform axial flow in the absolute frame
of reference calculated from a given mass flow rate. The CFD code performs
an automatic conversion into the relative (rotating) frame of reference. Five
rotational speed/flow rate combinations were investigated. Input parameters
for rotational speed and flow rate were chosen as listed in Table 6.1 together

with the related Reynolds numbers at the inlet for each operating condition:

n (rpm) [ Q (1/min) Re
500 1 785
1000 3 2,350
1500 5 3,925
2000 7 5,500
2000 10 7,850

Table 6.1: Input parameters for rotational speed and flow rate and Reynolds
numbers at inlet.

Values for the turbulent kinetic energy k and its dissipation € at the inflow

boundary were set according to the following relations [113]:

kl 5

Ic=§(Tu:i=v)2 i €=

2

where

Tu — Turbulence intensity, which is assumed to be 2% (Tu = 0.02)
L — Eddy length scale, is assumed to be approzimately 10% of a
characteristic length (tube diameter) (L = 0.001 m)

v — Mean velocity.

A k—emodel was included in all rotational speed/flow rate combinations despite

partially low Reynolds numbers suggesting laminar or transitional flow in the

inflow tube, since turbulent flow was expected to occur in the impeller region.
A reference pressure value of 0 Pa was specified at an arbitrary node of the

outflow region. A direction for the velocity at the outlet had to be set in order
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to prevent convergence problems. Values for ¥ and e at the ouflow boundary
were obtained by a first-order extrapolation. The outflow region corresponding
to the cross-sectional area of the actual outlet port was located in the centre of

the outer circumference, according to Fig 6.6. Since the flow was modelled in

Figure 6.6: Definition of outflow domain for inlet/impeller flow simulation.

a rotating frame of reference, a stationary wall boundary condition was applied
to all parts of the rotor (disc, blades, shaft), whereas the casing was defined as
counterrotating walls. Near wall regions are modelled using ‘wall functions’. A
qualitative diagram of this region for a general turbulent flow is shown in Fig

6.7. The region consists of three distinctive zones whose depths are related to
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Figure 6.7: Near wall region.

the dimensionless distance function nt. n* is defined as

+_ 0 An-u,

n 6.21
. (6:21)
where
&)
u, = | —
(4
with
Tw — wall shear stress ; An — distance wall — node.
The three distinctive layers are in TASCflow TM related to nt as
nt <30 viscous sublayer (constant 7,) + buf fer layer
30 <n*t <500 log — law region (6.22)

nt > 500 turbulent core .
For a cyclic blade-to-blade analysis periodic boundary conditions were spec-

ified above and below the long blade. The values for density and kinematic
viscosity of the medium were taken to be 1000 kg/m? and 3-10~® m?/s, respec-
tively, to approximate blood properties under normal temperature and haema-

tocrit conditions.
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Numerical Calculation

The numerical solution of the discretized Reynolds-averaged Navier-Stokes equa-
tions for the rotating frame of reference was performed for all rotational speed/
flow rate combinations and for the reduced gap variant at n=2000 rpm/Q=7
1/min. Advective fluxes were discretized applying the MWS method, having a

SS (Large Blade)

Impeller Dis

P\S (Small/Blade)

PS (Large Blade)

Figure 6.8: Geometric notations in blade-to-blade plane.

spatial truncation error of first order, and by the LPS method combined with
PAC, having a spatial truncation error of second order. The Cartesian com-
ponents of the relative velocity vector, static pressure, turbulent kinetic energy
and its dissipation, turbulent viscosity, the Reynolds stress tensor and viscous
wall shear stresses were calculated.

The solution was considered convergent when the maximum normalized res-
idual fell below a value of 1 x 10~3. The convergency criteria was reached after
a maximum of 200 iterations which corresponds to a computational time of

approximately 3 hours on an IBM RS 6000/53 H workstation.
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Figure 6.9: Geometric notations in impeller-channel plane.

Results

Because of the numerous flow parameters calculated for each rotational speed/
flow rate combination as well as for the reduced gap variant, a comprehensive
presentation of all results would not be practicable. It was therefore decided
to put emphasis on the discussion of computed flow characteristics for the case
of n=2000 rpm/Q=7 1/min. The effect of variation of rotational speed (and
flow rate), flow rate (at constant rotational speed) and the gap size between
blades and front casing on the flow parameters is presented as a comparison
with this case. Geometrical notations for the three characteristic planes , blade-
to-blade plane, impeller-channel plane and meridional plane, which are used
in the consequent graphical presentations are given in Figs 6.8, 6.9 and 6.10,
respectively.

Speed/flow rate combination, n=2000 rpm/Q=7 1/min

Figs 6.11 to 6.14 show plots of velocity vectors projected on an intrinsic blade-
to-blade plane, a blade-to-blade plane coinciding with the impeller disc and two
impeller channel planes (upstream and downstream of the small-blade leading
edge), respectively. Flow disturbances, stagnation areas and recirculation zones
are clearly recognizable and can be assigned to their particular location. Velocity

plots in the meridional plane coinciding with pressure and suction sides of the
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Figure 6.10: Geometric notations in meridional plane.

large and small blades allow a more spatial imaging of flow processes (Figs 6.15
to 6.18). Secondary flow phenomena are especially significant in the vicinity of
the small blade and at the suction side of the large blade. Velocity distributions
in planes which represent the gap between blades and front casing, and between
the disc and the rear casing (Figs 6.19 and 6.20) indicate of the disturbing effects
of flow redirection (from axial to radial), pressure- driven backflow, boundary
layers and impeller disc. Secondary flows in form of vortices and counterrotating
flow are apparent and occur mainly in the inner-radial zone.

A contour plot of the static pressure difference distribution in the blade-to-
blade plane (Fig 6.21) reveals the approximate linear rise of the static pressure
with radius (an exact linear dependency is only valid for a solid body rotation)
and differences between pressure and suction sides of the blades. The continu-
ity of the static pressure distribution in an axial gap plane in vicinity of the
front casing (Fig 6.22) validates the periodic boundary condition. Irregularities
resulting from the overflow of the blades can be observed.

The turbulent viscosity as a measure of friction in the fluid due to turbulent
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7

Figure 6.11: Velocity distribution in blade-to-blade plane (n=2000rpm/ Q

1/min).

Po+30020°0

T@-3TS6 ' h

Te-3€E@6°6

P@+3S8K T

PB+3086°T

PB+3S4LK "

PO+3TL6° 2

0@+388k "€

PB+3TS86 "€

P@+38Sh ' h

PB+3TS6 ' h

B@+39hhK S

B@+3ZhB°S

PB+3LER 'S

P@+3ZE6° 9

PO+342Zh " L

P0+3Z26° £

@0+34Th"8

PB+3€TE "8

P2+380hL "6

@@+3EB6° 6
0334ds

fz./

/ﬂﬁ,///// \

/5

/
7 1"}
R \\\\CO&&XAHMMNNNW f“\\
o e 7

W

”

\ /
) A

105



71/min).

Figure 6.12: Velocity distribution in blade-to-blade plane coinciding with im-

peller disc (n=2000rpm/ Q
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71/min).

F gure 6.13: Velocity distribution in impeller-channel plane upstream of leading

edge of small blade (n=2000rpm/ Q
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Figure 6.14: Velocity distribution in impeller-channel plane downstream of lead-

ing edge of small blade (n=2000rpm/ Q="71/min).
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Figure 6.15: Velocity distribution in meridional plane at pressure side of large

bl de (n=2000rpm/ Q

71/min).
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Figure 6.16: Velocity distribution in meridional plane at suction side of large

blade (n=2000rpm/ Q="71/min).
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71/min).

Figure 6.17: Velocity distribution in meridional plane at pressure side of small

blade (n=2000rpm/ Q
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F'gure 6.18: Velocity distribution in meridional plane at suction side of small

blade (n=2000rpm/ Q=71/min).

\W1 2227 7

3 AES VAT,

112

i‘llllll ‘
l\\\\\\\ .
Y A ASNNS N S

i STl ¥

~

Al

A}

—— N
Gt A T Yy Kl

RO P A AP P
3P g g PR

85503508 -AT ¥
P T T e T e 5, 5 Y

7/
§ 0 VR PP AP
.
‘
'
A
~~~~~~ NNS N

e Iob % GA] RUE ek U K

R B AU O AT e R e SR SIS R B R Rl e - (e B e Pt )
8 8 9890 80 T8 80 88 888808 8 88T 6
+ + + 3 + + + + + + + + + P + + + + I I +
W w w w w w w w w w w w w w w w w w w w w
N -~ ()] [29] N o n J m N - [0} o N (] n J m N -
0 N o m (] wn - N m m n — 4] N o J S (o} N N - Q
W m o] J o (e} - N N o J (] wn () o N N m @® J ()
w . . . . . . . . . . . . . . . . . . . . .
a © o) N N N o o wn n T J m m m N o~ ~ - o J e
n

L A S ACRRT s L e et RS RS ST A o e

5 = 2= x X tl 33208

l:; j 'Zl:—. <

A L bp e

i‘~\\\\‘ I 282530

NV gy e T

Ynwviwwsys y 7 \\\\\\\\

A WA R e \\\\\\\\\

S H LA S e ¢ Hih e B o 5t W

/ TN S




Figure 6.19: Velocity distribution in axial gap plane between blades and front

71/min).

casing (n=2000rpm/ Q
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Figure 6.20: Velocity distribution in axial gap plane between impeller disc and

71/min).

rear casing (n=2000rpm/ Q
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in blade-to-blade plane (n=2000rpm/

differences

Static pressure

71/min).

Figure 6.21
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ial gap plane between blades and

1n ax

Static pressure differences i

Figure 6.22
front casing (n=2000rpm/ Q

71/min).
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eddies has been normalised with respect to the molecular viscosity which is
a constant fluid property by

. . t
visc_ratio = L} .

7
Contour plots of this ratio are shown in Figs 6.23 to 6.26. Highest values of

approximately 60 were recorded near to the outlet area (Fig 6.23). Areas of
considerable high turbulent viscosity are found at the large blade’s suction side at
an location upstream of the small blade (Figs 6.24, 6.25) and further downstream
at the rear casing (Fig 6.26). The viscosity ratio in many areas of the flow is an
expression for dominating eddy transport over molecular transport within this
kind of centrifugal pump. It underlines the necessity to incorporate a turbulence
model into the analysis, especially with respect to a comprehensive spatial stress
analysis.

The distribution of viscous wall shear stresses for representative parts of the
stator and rotor are given in Figs 6.27 to 6.29. Maximal values were recorded
at the outer radius of the impeller disc. Values at the blade and casing surfaces
were comparatively low on the global scale and showed local maxima on the
front and outer part of the casing (Figs 6.28, 6.29).

For the assessment of the mechanical loading of blood particles when passing
a centrifugal pump, an appropriate parameter must be chosen. For this purpose
it was suggested that a scalar stress value be determined on the basis of the com-
parative stress theory presented in Chapter 4.3. Values for the scalar stress for
each nodal point were obtained by applying Eqn. (4.8). The components of the
stress tensor itself contained viscous and turbulent stresses. At stationary walls
the scalar stress value equals the magnitude of the wall shear stress. Contours
of the scalar stress in different planes of the flow domain are shown in Figs 6.30
to 6.36. The highest values by far (= 1 kPa) are found in the near outlet region
(Fig 6.30). Viscous and turbulent kinetic energy have their global maxima in
this part of the impeller flow and therefore support this observation. However,
the influence of the imposed directed outflow condition on these results is not
entirely clear. Figs 6.31 to 6.34 display, respectively, local scalar stress values in

an impeller-channel plane, a blade-to-blade plane, a meridional plane coinciding
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F gure 6.24: Turbulent to molecular viscosity ratio in impeller-channel plane

upstream of leading edge of small blade (n=2000rpm/ Q=7 1/min).
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Figure 6.26: Turbulent to molecular viscosity ratio in impeller-channel plane
downstream of leading edge of small blade (n=2000rpm,/ Q=7 1/min).
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Wall shear stress on impeller disc (n=2000rpm/ Q="71/min).

Figure 6.27
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Wall shear stress on blade surfaces and rear casing (n=2000rpm/

71/min).

Figure 6.28
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2000

Wall shear stress on inlet port, front and outer casing (n=

71/min).

Figure 6.29
rpm/ Q
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71/min).

Scalar stress in near-outlet plane (n=2000rpm/ Q

Figure 6.30
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71/min).

impeller-channe] plane (n=2000rpm/ Q=

mn

Scalar stress

Figure 6.31
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71/min).

Figure 6.32: Scalar stress in blade-to-blade plane (n=2000rpm/ Q
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Scalar stress in plane meridionally cutting small blade (n= 2000

Figure 6.34

=T71/min).
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Figure 6.35: Scalar stress in axial gap plane between blades and front casing

71/min).
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Figure 6.36
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with the large blade surface and a plane which meridionally cuts the small
blade. All reveal maxima in the wall regions decreasing with a high gradient to
a fairly homogeneous value in the remaining flow domain. The outlet region was
excluded in these plots to allow a more detailed presentation of the remaining
regions. Impeller flow planes containing no solid boundaries, i.e. the gap planes
at the front and rear casing (with the outlet region 'excluded), showed a more

radially structured increase of scalar stress values (Figs 6.35, 6.36).

Other speed/flow rate combinations
An increase in flow rate (Q=10 1/min) at the same rotational speed as above

(n=2000rpm) revealed no remarkable differences in flow parameters, as shown

by the static pressure difference distribution in an axial plane, Fig 6.37 (compare
with Fig 6.21) and by the scalar stress field in the gap plane to the front casing,
Fig 6.38 (compare with Fig 6.35). A reduction of rotational speed and flow rate
(=500 rpm, Q=1 1/min) showed only minimal changes in the qualitative flow
pattern, for instance for the velocity vector plots in Figs 6.39 to 6.41 (compare
with Figs 6.11, and 6.16). Kinetic energy, viscous as well as turbulent, is, how-
ever, largely reduced. An indicator for the degree of turbulence, the viscosity
ratio, has its highest values of 12 in the outflow area (Fig 6.42). Large turbu-
lent fluctuations in the bulk flow do not occur, see Fig 6.43. Maxima of scalar
stresses of approximately 55 Pa are reduced by an order of two (Fig 6.44) with
a further polarization of local maxima to the near wall regions (Fig 6.45).
Table 6.2 lists calculated pressure heads and maximum scalar stress values
for all n/Q combinations analysed showing an expected proportional dependency

of maximal stress values on the rotational speed.

Reduced gap size
The effect of decreasing the gap size between blades and front casing at

n=2000 rpm/Q=7 1/min is assessed by comparing flow parameters with the

original design variant.
Velocity profiles showed, for the reduced gap, distinct secondary flow vortex
structure in the blade-to-blade plane (Fig 6.46). Stronger backflow and

132



differences in blade-to-blade plane (n=2000rpm/

Static pressure

10 1/min).

Figure 6.37
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1

Figure 6.39: Velocity distribution in blade-to-blade plane (n=500 rpm / Q=

1/min).
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1

Figure 6.40: Velocity distribution in impeller-channel plane (n=500rpm/ Q

1/min).
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Figure 6.41: Velécity distribution in meridional plane at suction side of large

blade (n=500rpm/ Q=11/min).
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Figure 6.43: Turbulent to molecular viscosity ratio in blade-to-blade plane

11/min).
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11/min).

Scalar stress in near outlet-plane (n=500rpm/ Q

Figure 6.44
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Figure 6.45: Scalar stress in impeller-channel plane (n=500rpm/ Q=11/min).
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7

Figure 6.46: Velocity distribution in blade-to-blade plane (n=2000 rpm/ Q

}/min -reduced gap).
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Figure 6.47: Velocity distribution in impeller-channel plane (n=2000rpm/ Q

7 1/min -reduced gap).
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Figure 6.48: Velocity distribution in axial gap plane between blades and front

casing (n=2000rpm/ Q

71/min -reduced gap).
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Static pressure differences in axial gap plane between blades and

Figure 6.49

front casing (n=2000rpm/ Q=71/min -reduced gap).
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Figure 6.50: Turbulent to molecular viscosity ratio in blade-to-blade plane

(n=2000rpm,/ Q=71/min -reduced gap).
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(n=2000rpm/

ing

Wall shear stress on inlet port, front and outer casi

Figure 6.52

Q

71/min -reduced gap).
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7

Wall shear stress on blades and rear casing (n=2000rpm/ Q

Figure 6.53

1/min -reduced gap).
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Scalar stress in blade-to-blade plane (n=2000rpm/ Q

Figure 6.55

reduced gap).
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impeller-channel plane (n=2000rpm/ Q
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: Scalar stress

Figure 6.56
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counterrotating flow in the impeller-channel plane (Fig 6.47) and in the gap
plane itself (Fig 6.48) were also recorded. An increase of the hydraulic perfor-
mance can is obtained through a higher static pressure head, as shown for the
gap plane in Fig 6.49. Stronger irregularities due to the altered gap flow condi-
tions can also be observed. A shift of the areas of higher turbulence to the outer
radius occurs, see Figs 6.50 and 6.51. The reduction in gap size showed impor-
tant effects on the distribution of viscous wall shear stresses. Maxima are, not
unexpectedly, found at the front casing, but also at the rear casing (Figs 6.52,
6.53). Distributions on the blade surfaces, however, remained similar. A general
increase in the level of scalar stress values as a consequence of the geometrical
change is obtained. While the global maxima of approximately 1,5 kPa is also
found in the near outlet region (Fig 6.54), significant qualitative changes can be
observed in other areas. Local maxima are sited in the bulk flow rather than in

near wall regions and show a strong proportionality to the radius (Figs 6.55 to
6.57).

n [rpm] / Q [I/min] Heale [kPa) | 0scatorm.. [P2]
500 / 1 14 55
1000 / 3 5.5 225
1500 / 5 14.0 525
2000/ 7 24.5 1040
2000 /7 (reduced gap) 28.0 1470
2000 / 10 25.1 1200

Table 6.2: Static pressure head and maximum scalar stress calculated for various

input parameters.

Particle stress-time predictions
In order to relate the stress conditions within the pump to the actual me-

chanical loading experienced by blood elements on their passage through the
pump, the ability of TASCflow ™ to determine streaklines in a 3D flow was
utilised. Streaklines of particles starting at every nodal position (i,j) of the inflow

area, see Appendix D, were calculated to achieve a high statistical significance,
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and locations were stored in form of nearest nodal points. A time-dependent
stress loading function for each of these particle streaklines was obtained by
assigning scalar stress values at the particular nodal position and determining
passage times by knowledge of the spatial location and the velocity field. As a
result a diversity of stress-time functions of fluid particles passing the pump were
obtained which showed differences in transit time as well as in distribution and
frequency of stress maxima. A few examples of these functions are shown for the
operating condition of n=2000rpm/Q="71/min (original gap size) in Figs 6.58 to
6.61. Locations of local maxima of scalar stresses within the pump domain are
indicated apd explained in the figure captions. From these graphs it can be de-
duced that fluid particles on their passage through the pump undergo a highly
irregular, fluctuating stress loading. The highest values occur when particles
passing the vicinity of the near outlet region (600-1000 Pa). Local maxima in
the range of 50 - 200 Pa are recorded at a variety of locations especially in the
vicinity of the casing according to the scalar stress distribution discussed above.

Two examples of stress-time functions for particles at a reduced rotational
speed of n=500 rpm are shown in Figs 6.62 and 6.63. Here similar observations
regarding the general properties of these functions can be made but with a highly
reduced stress scale. Transit times in general increased for this rotational speed.

The stress-time function also provides a clear and comprehensive means of
assessing the effect of geometrical changes on loading properties. Two represen-
tative graphs of stress-time functions for a pump with a reduced blade-casing
gap show the increase of stress maxima compared to the design gap flow (Figs

6.64 and 6.565). The non-uniformity of the functions and order of transit times

remained similar.

Numerical error estimation

An estimation of numerical errors was performed by comparing the first-
order MWS with the second-order LPS discretization method. Differences of
less than 0.001 % for the velocity components and of less than 5 % for the

static pressure between simulations using the two methods revealed a sufficient

numerical accuracy.
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Stress loading of particle starting from 2, 20
Scalar Stress [Pa] ’
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Figure 6.58: Loading-time function for n=2000rpm/Q=71/min; Locations: a-
near outlet region, b-overflow of large blade at midlength, c-front casing near

trailing edge of large blade, d-outer casing near large blade, e-rear casing between

blades at mid blade length, f-outlet.
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Stress loading of particle starting from 5, 25
Scalar Suess [Pa]
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Figure 6.59: Loading-time function for n=2000rpm/Q=71/min; Locations: a-
near outlet region, b-rear casing near leading edge of small blade, c-front casing

near trailing edge of large blade, d-outlet.
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Stress loading of particle starting from 2, 13
Scalar Swess [Pa) '
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Figure 6.60: Loading-time function for n=2000rpm/Q=71/min; Locations: a-
near outlet region, b-front casing near trailing edge of small blade, c-rear casing
at mid blade-to-blade distance near leading edge, d-rear casing near large blade

at mid length, e-outlet.
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Stress loading of particle starting from 3, 5
Scalar Suess [Pa)
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Figure 6.61: Loading-time function for n=2000rpm/Q=71/min; Locations: a-
near outlet region, b-rear casing near large blade at midlength (PS), c-rear casing

near small blade at midlength.
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Stress loading of particle starting from 2, 10

Scalar Stress [Pa)
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Figure 6.62: Loading-time function for n=500rpm/Q=11/min; Locations: a-near

outlet region, b-rear casing near leading edge of small blade, c-outer casing near

large blade (PS), d-rear casing near large blade at midlength.
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Stress loading of particle starting from 2, 21
Scalar Swess [Pa) ’
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Figure 6.63: Loading-time function for n=500rpm/Q=11/min; Locations: a-near
outlet region, b-front casing near trailing edge of large blade, c-rear casing near
leading edge of small blade (PS), d-rear casing near leading edge of small blade
(SS), e-rear casing near large blade (SS) at midlength.
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Stress loading of particle starting from 5, 21
Scalar Stress [kPa]
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Figure 6.64: Loading-time function for n=2000rpm/Q=71/min (reduced gap);
Locations: a-near outlet region, b-outer casing near large blade, c-tip flow around

small blade.
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Stress loading of particle starting from 2, 4
Scalar Stress [kPa] '
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Figure 6.65: Loading-time function for n=2000rpm/Q="7]/min (reduced gap);
Locations: a-near outlet region, b-tip flow around small blade, c-front casing

near trailing edge of large blade (SS), d-flow around impeller disc near trailing

edge of small blade.
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n | Hueas[kPa)] | Hegic[kPal FH':‘:-
500 1.1 14 1.27
1000 4.5 5.5 1.22
1500 11.5 14.0 1.22
2000 19.5 24.5 1.25

Table 6.3: Comparison of static pressure head calculated and measured.

Predicted vs. measured pressure heads

Since velocity measurements within the pump are not available, the validity
of the CFD analysis has been examined by comparison of the predicted static
pressure head with that measured experimentally (see Table 6.3). The pump

performance was obtained with a water/glycerol solution ( ¥ = 310~ m?/s)
and is given in Fig 6.66.

b
H |
(mm Hg]
250 ¢
00 +
2 n [rpm]
150 + 2000
100 4 \
1500
50 +
0 :500 t }
0 2 4 6 8 10
Q [Vmin]

Figure 6.66: Performance curve of Isoflow ™ centrifugal pump for a water /

glycerol solution (v = 3-10~% m?/s).

The measured pressure head was corrected for tube friction loss since pres-
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sure taps for the measurements were located at a distance of 30 cm upstream
and downstream of inlet and outlet ports, respectively. Values obtained by nu-
merical calculation were approximately 20% to 30% higher, which could have
been caused by an unrealistic modelling of the inflow and outflow boundary

conditions and of the turbulent flow conditions.

6.3.3 Simulation of the Outlet Flow

The task of the outlet system in a centrifugal pump is to collect the fluid from
the impeller and to transfer kinetic energy into potential energy by reducing
the flow velocity efficiently. To perform this energy transmission with losses as
low as possible, the volute must be carefully designed and should match the
impeller flow [14, 118]. From consideration of an ideal two-dimensional impeller
discharge flow which can be represented by a spiral vortex, the spiral-shaped
volute developing into a diffuser is the most common vaneless outlet system for
industrial pumps.

The design-outlet of the Isoflow T™ pump is a port of constant circular
cross-section attached tangentially to the impeller casing which exhibits neither
the spiral form nor a diffuser geometry. Therefore, flow in this geometry was
numerically analysed and its performance compared with that of a spiral volute

discharging into a diffuser.

Geometrical Model

a) Design Outlet

The original outlet system was modelled 3-dimensionally including the annu-
lar gap between impeller discharge radius and outer casing, and the outlet port,
see Fig 6.67. The cross section of the outlet port at the interface to the impeller
casing was assumed to be rectangular. This simplification was undertaken to
match the outlet cross section of the impeller flow calculations and to avoid
complicated numerical grids. A smooth, linear transition into the circular cross
section at the end of the outflowing end of the outlet port was assumed. Grids

for the circular and for the outlet port parts were generated separately and sub-
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sequently attached to each other. Grid refinements were placed in the transition
area from one subgrid into the other. The entire grid contained approximately

30,000 finite-volume elements.

Figure 6.67: Axial cross section of design outlet.

b) Spiral Volute

An Archimedean spiral (outer radius increasing linearly with angular posi-
tion) was chosen as the volute form. The angle subtended by the spiral is 360°,
where the ratio of the radii of the spiral end to the spiral beginning is 1.1 . The
spiral volute extends into a diffuser with a widening angle of 2.5° and meets the
design port diameter at its end, see Fig 6.68. The beginning cross section of the
diffuser is rectangular similar to the design outlet model. Volute and diffuser
grids were modelled separately and attached. Grid refinements were also placed

at the transition region between both subgrids. The grid contains approximately
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Figure 6.68: Axial cross section of spiral volute.

22,000 finite volume elements and is presented in Fig 6.69.

Boundary Conditions

The simplifying approximation of a uniform boundary condition along the cir-
cumference for the inflow was made. The velocity for each nodal point at the
impeller discharge radius was defined, the radial component resulting from the
flow rate and cross-sectional area and the circumferential component equalling
the circumferential speed of the impeller at that radius. The axial component
was set to zero. This inlet velocity assumption can be justified from the results
of the impeller flow simulation which showed a small proportion of disturbances
to this uniform distribution as seen in the results of the impeller flow simula-

tion. An exception was made for the part of the inlet plane which represents
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the impeller disc and was defined as a rotating wall.
Rotational speed and flow rate were chosen as n=2000 rpm and Q=7 1/min,

respectively. The outlet condition satisfies mass conservation at the outlet plane

Figure 6.69: Numerical grid of spiral volute.

in relation to the inlet mass flow. Stationary wall boundary conditions were ap-
plied to all parts of the casing. Near wall regions are modelled by wall functions

as represented in Chapter 6.3.2. Values for dynamic viscosity and density were
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the same as in the impeller flow studies (p=1000kg/m?, v=3-10-% m?/s).

Numerical Calculation

For the outlet flow the same flow parameters were numerically determined with
exception of the velocity vector which in this case is the absolute velocity.
Advective fluxes were discretized applying the MWS method.
The same convergency criteria applied as for the impeller flow calculations.
Convergency was reached for the design-outlet flow after 120 iterations and for

the spiral volute after 40 iterations.

Results

a) Design Outlet

Fig 6.70 depicts a plot of the velocity vector projected into an axial outlet
plane at mid-height position. It shows a fairly uniform, slightly increasing veloc-
ity distribution along the impeller circumference in a direction clockwise from
point A (Fig 6.67). The sudden widening of the flow domain with entrance into
the outlet port leads to an abrupt decrease in velocity accompanied by strong
flow disturbances. Secondary flow effects can also be seen in the velocity plot in
a meridional cross section of the outlet port (Fig 6.71). The development of the
velocity modulus along the outlet port in the downstream direction (Figs 6.72
to 6.74) indicates a flow pattern which is highly inconsistent and differs strongly
from that for fully developed tube flow.

The velocity distribution in the outlet domain is mirrored by the static pres-
sure field. Fig 6.75 shows a slight decrease of the static pressure along the
circumference and an increase with inflow into the outlet port.

The ratio of turbulent to molecular viscosity has its highest values of ap-
proximately 200 at a position of the inflow domain (Fig 6.76) which coincides
with the lowest pressure values. High values of the viscosity ratio can be found
throughout the flow domain as shown in Figs 6.77 and 6.78. These results leave
no doubt about the existence of turbulence in the outlet region.

Maximal viscous wall shear stresses of approximately 380 Pa are predicted
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Figure 6.70:

Velocity distribution in axial plane (design outlet).
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Figure 6.72: Velocity distribution in beginning cross section of outlet port (de-

tlet).
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Figure 6.73: Velocity distribution in midlength cross section of outlet port (de-
sign outlet).

SPEED

) ] [ (-] S -] -] ~ Q
[ (] e ] -] Q () Q Q
+ + + + + + + i +
w w w w w 17 w w w
N (] o N o J m n S
n N @© n N 423 (e} -~ [\
N N - o - wn S m (]
J m m N N -4 - wn Q

i

§
l g

173



ign

in end cross section of outlet port (des

0on

Velocity distribut

Figure 6.74
outlet).

Te-3858°T
T@-3586"h
T@-3777°8
@0+3EZT T

@0+39€ER"T

@@+36hL° T
@2+3798°Z |
@@+3hLE"2 m

E

@B+3989°Z
Q33dS

174



ial plane (design outlet).

Static pressure in ax

Figure 6.75

h@+3S86° T-

H@+3S9L° T~

h@+3hhS " T~

h@+3hZE" T~

BI8 SRR,

h@+3EOBT " T~

RN

€@+3HEB 8-

€0+3629°9-

€@+3SZh " h-
€0+3022° 2-
T@+3h089" T-

€0+388T7°2
d

T

oot I

175



ty ratio in inlet plane (design outlet).
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Figure 6.78: Turbulent to molecular viscosity ratio in cross section of outlet port

(design outlet).
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Figure 6.80: Scalar stress in inflow plane (design outlet).
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Figure 6.81: Scalar stress
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Figure 6.82: Scalar stress in meridional plane of outlet port (design outlet).
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Figure 6.83: Scalar stress in cross-section of beginning outlet port (design out-

let).
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Figure 6.84: Scalar stress in midlength cross-section of outlet port (design out-

let).
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Stress loading of particle starting from 91, 20
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Figure 6.85: Loading-time function for design outlet; Locations: a-inlet (90°), b-
mid gap (45°), c-near inlet (135°), d-near inlet (60°), e-near inlet (240°), f-first
half of outlet port, g-entrance into outlet port.
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Stress loading of particle starting from 1, 3
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Figure 6.86: Loading-time function for design outlet; Locations: a-mid gap
(45%), b-near inlet (150°), c-near inlet (45%), d-near inlet (210°), e-second half of

outlet port.

186



Stress loading of particle starting from 31, 15
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Figure 6.87: Loading-time function for design outlet; Locations: a-mid gap
(45%), b-near inlet (60°), c-near inlet (70°), d-near inlet (210°), e-first half of

outlet port.

187



1.20

l.10

1.00

0.0

0.80

070

0.60

0.s0

040

030

Q.20

010

0.00

Stress loading of particle starting from 91, 10
Scalar Stress [kPa]

a - )
b d
_
‘e C
e
By A
1/ ﬁ
TRV
i T
(

Time [ms]
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port, f-first half of outlet port.
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at the transition from the annular gap to the outlet port at the outer radius
(Fig 6.79). They are, however, of little significance for the comparative scalar
stresses. The latter have their maximum of approximately 2.2 kPa at the inflow
location where also the highest viscosity ratio was predicted (Fig 6.80). Con-
centrations of high scalar stresses and local maxima in the order of 700 Pa can
be found in various parts of the circular outflow domain, depicted in Fig 6.81,

and various cross sections of the outlet port (Figs 6.82 to 6.84).

Stress loading-time functions of fluid particles were determined on the basis
of 3D-flow streaklines starting at various inlet positions similarly to those for the
impeller flow calculations. Locations of maxima are given in angular position
clockwise starting from the transition into the outlet port at the outer radius
(x=0), see Fig 6.67. The graphs of stress functions, in Figs 6.85 to 6.88, revealed
a highly fluctuating pattern. Frequent changes between maxima and minima
which are both of a fairly uniform magnitude can be observed. These findings
can be explained by the high velocities and a directed flow in the impeller-casing
gap. Strong flow disturbances in the outlet port are predicted with backflow into

the impeller-casing domain which as shown in Figs 6.85 and 6.87.

b) Spiral Volute
The velocity distribution in the spiral volute shows remarkable differences to

that in the design outlet geometry. Due to the cross-sectional widening of the
spiral part, the mean cross-sectional velocity slightly decreases (Fig 6.89). The
flow into the diffuser occurs without a sudden velocity reduction. The diffuser
geometry itself leads to a gentle decrease of speed downstream with a nearly
axis-symmetric flow pattern (Figs 6.90 to 6.92).

Pressure rise and therefore hydraulic performance were drastically increased
by the changed geometry. Whilst uniformity of the pressure distribution around
the impeller discharge radius is desirable, this is not achieved with that particular
spiral volute (Fig 6.93). A comparison of the static pressure distribution along
this radius related to the overall outlet pressure head for the two geometries is

shown in Fig 6.100. Considerable differences between the flow field in both
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Figure 6.89: Velocity distribution in axial plane (spiral volute outlet).
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Figure 6.91: Velocity distribution in beginning cross section of diffuser (spiral

volute outlet).
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Figure 6.92: Velocity distribution in end cross section of diffuser (spiral volute

outlet).
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Figure 6.94: Turbulent to molecular v
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Figure 6.95: Wall shear stress at inner radius wall of diffuser (spiral volute

outlet).
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Figure 6.96: Scalar stress in inlet plane (spiral volute outlet).
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ial plane (spiral volute outlet).
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Figure 6.97
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Figure 6.98: Scalar stress in meridional plane of diffuser (spiral volute outlet).
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Figure 6.99: Scalar stress in midlength cross section of diffuser (spiral volute

outlet).
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Rel. pressure around impeller discharge radius
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Figure 6.100: Static pressure related to the overall pressure head along the

impeller discharge radius for design outlet and spiral volute.
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Rel. pressure around outer volute radius
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Figure 6.101: Static pressure related to the overall pressure head along the outer

radius of the volute for design outlet and spiral volute.



outlet forms is revealed by the respective static pressure distributions along
the outer radius of the volute in Fig 6.101.

The viscosity ratio was highest at the inlet domain where the spiral volute
has its almost largest outer radius. The maximum turbulent viscosity is higher
than for the design case, but turbulence is absent in the diffuser region (Fig
6.94). Wall shear stresses were highest at the diffuser tongue (Fig 6.95).

The significant parameter for mechanical loading assessment , the scalar
stress, is reduced in the volute design to maximum values of approximately 1.1
kPa. These occurred at the inner radius of the end section (Figs 6.96 and 6.97).
At the entrance into the diffuser scalar stresses values are in the order of 750

Pa, but decrease rapidly (Figs 6.97 to 6.99).

Stress-time functions for particles passing the spiral volute outlet (Figs 6.102
to 6.105) showed similar properties to those of the design outlet. A considerable
reduction in local stress maxima could not be achieved, however, backflow from

the outlet tube (diffuser) does not occur in this case.

6.4 Discussion

The determination of mechanical loading conditions of blood components within
a flow device is an important part of the proposed blood damage prediction
procedure. To solve the above task the application of numerical methods to
calculate the flow parameters of interest presents a powerful, cost and time
effective means.

Taking as an example the Aries Medical Isoflow 7 pump, numerical flow
simulation could be shown to provide distinct information about arbitrary and
time-dependent mechanical loading characteristics. A comprehensive 3-dimen-
sional analysis of the entire flow domain, including inlet, impeller and outlet
regions was performed with separation into impeller/inlet flow relative to the
rotating impeller and outlet flow relative to the sfationary casing.

According to the assumption that stresses present a major traumatic param-

eter of blood in artificial organs, the time-dependent stress loading of fluid
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Stress loading of particle starting from 36, 10
Scalar Stress [kPa]
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Figure 6.102: Loading-time function for spiral volute; Locations: a-inlet (340°),

b-near inlet (120°), c-near inlet (340°), d-near inlet (170°), e-near inlet (240°),
f-mid gap (0°).
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Stress loading of particle starting from 61, 3
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Figure 6.103: Loading-time function for spiral volute; Locations: a-mid gap
(180°), b-mid gap (340°), c-near inlet (320°), d-near inlet (340°), e-outer radius
(340°), f-near inlet (270°).
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Stress loading of particle starting from 71, 10
Scalar Stress [kPa]
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Figure 6.104: Loading-time function for spiral volute; Locations: a-near inlet

(120°), b-near inlet (340°), c-near inlet (240°), d-near inlet (170°), e-mid gap
(340°), f-outer radius (340°), g-near inlet (270°). .
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Stress loading of particle starting from 11, 3
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Figure 6.105: Loading-time function for spiral volute; Locations: a-inlet (300°),

b-near inlet (240°), c-mid gap (340°), d-near inlet (300°).
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elements passing the pump was analysed by assigning scalar stress values to

particle streaklines. In analogy, pressure-time functions of blood elements pass-

ing the pump are easily obtainable. The scalar stress value resulted from both

Newtonian and Reynolds stress tensor components. Thus, besides a very dis-

tinct insight into pump flow phenomena, the investigations undertaken provided

for the first time a realistic picture of actual particle stress loading functions.

The latter were found to be of a highly irregular, fluctuating nature. Maxima

of the stress functions are observed in the near-outlet domain and to a lower

degree in near-casing wall regions for the relative impeller flow and especially in

the volute domain for the absolute outlet flow.

Conclusions from the results obtained can be drawn as follows:

1.

The approximation of a 2-dimensional blade-to-blade analysis applied in
hitherto performed centrifugal blood pump simulations is not sufficient
and a 3-dimensional analysis of the entire pump domain is essential for

assessing influential stress parameters.

. A careful design and realistic analysis of the pump outflow domain deems

especially important since mechanical loading of blood particles is greatest
in this pump area.

Although the impeller domain does not present the highest stress values,
its optimization must be seen under the aspect of reducing particle transit

times.

The fact that components of the Reynolds stress tensor presented the
predominant part of the overall stress values proves the existence of tur-
bulence in these pumps under certain operating conditions and underlines

the importance of incorporating a turbulence model into the analysis.

Numerical flow simulations with resulting comparative stress-time func-
tions provided an excellent means to assess the effect of varying operating

conditions and of geometrical changes to the design on the blood cell load-

ing.
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6. The complex, highly unsteady nature of mechanical loading of blood cells
in centrifugal pumps requires the formulation and application of an ap-
propriate general blood damage theory for a successful prediction of blood

trauma.

An improvement of the numerical pump flow analysis is seen in the further
liquidation of simplifying approximations, in particular, the consideration of
the time dependency of the actual pump flow. Furthermore, the extension of
simulating fluid-particle-suspension flow and calculating streaklines of particles
with density and volume equal to that of blood cells as well as consideration of
heat transfer processes present tasks of the future. A CFD code which meets the
demands on such a comprehensive analysis is, for the case of flow relative to a
rotating frame of reference, currently not available. Also, a considerable increase
in computing time and in capacity requirements need to be taken into account
with realisation of these refinements of numerical blood pump flow analysis.

The experimental prediction of the flow field is seen as important for a fi-
nal validation of the numerically obtained results. In particular, because of their
high significance for a stress prediction, the measurement of turbulent structures
and its parameters must show if the model assumptions undertaken are satis-
fying. However, a complex geometry and the rotating impeller, require highly

sophisticated measurement techniques and represent a challenging future task.
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Chapter 7

Theoretical Trauma Prediction
of Blood Within a Centrifugal
Blood Pump

7.1 Data Reduction

In Chapter 6 the numerical simulation of the flow field in the entire stator-
rotor configuration of a centrifugal blood pump provided stress-time loading
functions of RBCs during pump transit. The time-dependent tracking of particle
streastreakklines through the pump domain from the inlet to the outlet plane
also enabled the spatial location of a particular load to be specified. Thus, areas
with a high dama;ge potential can be identified and selected for modification.
Since the stress-time functions are of a highly irregular nature some form
of data reduction is required which enables the application of known damage
criteria under defined loading conditions. This data reduction process has the
task to perform a classification which selects all loading parts with an essential
influence on RBC destruction. All loading parts which are not relevant for

damage are excluded.

In the process of service life prediction of engineering materials and equip-

ment, a variety of classification methods, known as counting methods, for load
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data reduction are employed [119] of which the most common are:
1. One-parameter counting methods (in which only one characteristic, e.g.
amplitude, is counted):
- peak counting
- mean-crossing peak counting
- range counting
- range-pair counting
- level crossing counting
2. Two-parameter counting methods (in which two characteristics, e.g. stress
amplitude and order of appearance, are registered simultaneously)
- range-mean counting

- rain-flow cycle counting

Because of the initial stage of the blood damage prediction, the application

of a simple reduction method is seen as appropriate, and

X

21

Classes
of x

Figure 7.1: One-parameter range-counting classification method

a one-parametric classification, the range-counting method, was selected.
The main principles of this classification method are displayed in Fig 7.1. A di-

vision into equally-sized ranges or classes of the loading parameter is undertaken

211



and maximum-minimum intervals ordered into these classes. These intervals are
seen as one cycle of an oscillating function with the difference between maximum-
minimum representing the double amplitude. The zero-level coincides with the

mean value for each range. The number of appearances of a cycle in a specific

class is counted.

Cycles Impeller - Domain

Figure 7.2: Data reduction for particle loading function 2,13 (Impeller).

The result of the data reduction into stress amplitude classes is shown for a
loading function in the impeller domain (see Fig.6.60) and in the outlet domain
(see Fig 6.85) in Figs 7.2 and 7.3, respectively. A classification into damag-
ing and non-damaging stress amplitudes, i.e. those below endurance (fatigue)
strength, say 25 Pa, could be undertaken as pr;asented in Figures 7.2 and 7.3
considering the experimental investigations carried out in Chapter 5. However,

stress amplitudes beyond this point have not been examined yet with regard to
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Figure 7.3: Data reduction for particle loading function 90,20 (Outlet).

their haemolytic effect, so that a higher critical threshold cannot be excluded.
Comparison of the classified cyclic loading functions between impeller and

outlet domain of the pump revealed the occurence of higher amplitudes and a

more dense spectrum for the outlet domain. Thus, it may be concluded that

the outlet domain of the centrifugal pump exerts a dominant effect on blood

damage.

7.2 Damage Accumulation and Overall Dam-

age Prediction

The linear damage hypothesis proposed in this thesis assumes that equal me-

chanical loading amplitudes cause an equal increase in damage. As a conse-
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quence, the damaging action of a mechanical load is independent of the sequence
of the partial loads.

The application of the damage accumulation hypothesis may be demon-
strated for a selected blood particle passing the Isoflow 7™ pump. If a volume
element is marked at the entrance into the pump domain, it is possible to pursue
this particle exactly on its path through the pump, as shown in Chapter 6. On
its path the particle passes various areas of the pump domain in which the stress
conditions can change considerably. An increase in damage of that particle is
assumed if the stress level exceeds a certain value (endurance strength). In the
linear damage theory these partial damage contributions along the particle path
may be summed to give an overall damage. A RBC which follows the streak-
lines through the impeller and outlet domain, for which the data reduction of

loading functions was performed in the previous section, would thus experience

an overall damage of:

k n; ! n:
DParticlc = (E _) + Z ’]vi (71)
impeller outlet

i=1 Vi j=14%j

Here, the n; and n; denote the number of appearances of the ith or jth stress

amplitude and they are set in relation to the critical cycle number. The damage

is summed up over all stress amplitudes.

To predict a statistically relevant average value for the damage, e.g. haemol-
ysis, caused to the entire blood volume passing the pump, a sufficient large
number of particles starting at the inlet plane must be examined with regard to
their loading conditions and subsequent damage. Each of these fluid particles
represents a finite volume partion according to the geometrical division of the
inlet domain by the numerical grid. It is assumed that all blood elements within
this finite volume follow the same pathline through the pump and therefore ex-

perience a similar loading. For n particles, the overall damage of a blood volume

can thus be expressed as

n

1
DPump = ; ZDfPorticle © (7°2)

=1
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However, an examination of damage by means of single particle pathlines is

necessary to assess the most critical mechanical loading conditions.

Blood elements could experience additional mechanical trauma on their path
through the entire circulatory system, e.g. passage through heart valves. This
increase would also need to be considered for the damage accumulation. A
repeated passage through the pump would add the same amount of damage
to the blood volume, although the initial value can be influenced by additional

damage sources or by removal of haemoglobin by the reticuloendothelial system.

7.3 Discussion

The method presented in this chapter to theoretically predict the damage prog-
ress in blood pumps or other blood conducting systems presents a new approach
to minimisation of blood trauma in these devices. Practical application of this
method for a quantitative damage prediction is hindered by the lack of blood
damage data under cyclic stress loading over a sufficiently wide range of stress
amplitudes.

The determination of blood loading functions by means of particle pathlines
obtained from a CFD simulation has the advantage of indicating critical local
loading maxima at the design phase. It therefore facilitates a directed design
improvement which seeks to minimise stress loading peaks. This is desirable
because of the non-linear relationship between stress amplitude and critical stress
cycle number. An optimal decrease in stress amplidudes would be achieved if
they fall below the endurance strength. This non-linear relation also provides
the reason for the necessity of considering damage caused by different stress
amplitudes accumulatively rather than performing an averaging of the stress

amplitudes.

Taking the Isoflow T pump as an example for theoretical trauma predic-
tion, major differences between impeller and outlet domain with respect to stress

levels and frequency of appearance of stress peaks could be observed classifying
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the outlet region as the most critical for blood trauma. A high potential for de-
sign improvement with regard to liberalisation of loading parameters exists and
studies should be concentrated on the outlet domain. The division of the pump
domain performed for the numerical simulation has proven to be advantageous
especially with respect to the simulation of geometrical changes in particular
parts of the pump.

No consideration of hydrostatic pressure loading for the overall damage pre-
diction has been undertaken in this study. The methods and principles of the
mechanically-caused damage prediction demonstrated for stress loading may be
similarly applied for a pressure load. The knowledge about blood damage re-

sistance to particular simple constant and cyclic pressure loading functions is,

however, very limited.

Changes to the design which lead to an increase in the hydraulic performance,
as demonstrated with reduction of the blade-front casing gap, can have an un-
desirable increase of trauma-causing stress levels as a consequence. Therefore,
a compromise between minimisation of trauma and pump performance might

often be necessary, the decrease of the former might be achieved only with an

equal or lower level of the latter.

The proposed method offers the possibility for a multi-parameter optimisa-
tion, e.g. trauma potential and performance, by means of a CFD simulation at
the design stage. This ability could reduce experimental costs and labour efforts

enormously because only an optimised design would need to be experimentally

evaluated.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In the design and use of artificial organs consideration must be given not only
to high efficiency, low specific mass and minimal material and production costs
but also to biological compatibility, human acceptance, reliability and ease of

handling and control.

Blood pumps also have to meet these general demands, besides the specific
task of ensuring the blood perfusion of the body whilst allowing a sufficient
flow rate against the circulatory resistance. The survey of existing blood pumps
highlighted that the latter requirement is fulfilled. A far more difficult task
is the assessment and consequent minimization of blood destruction caused by
artificial pumping devices. Such trauma is an additional burden to the already
severely ill patient.

Existing models which seek to correlate mechanical loading in these pumps
and the amount of blood trauma are oversimplified. They are primarily based
on knowledge obtained from static mechanical blood damage tests. In reality,
blood particles pass through the pump along complicated paths resulting in a
highly irregular loading condition for every blood volume element. In order to
enable the prediction of blood damage under the action of these complex loading

conditions, a general blood damage model was developed in this thesis.
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This model concept comprises a combination of the information about me-
chanical loading-time functions of blood with the knowledge of its resistance
properties to basic loading functions. A linear damage accumulation theory
contributes towards the determination of partial damage events and their corre-
lation in the overall damage process. The application of this novel blood damage
prediction theory was demonstrated for blood flow through a commercial cen-
trifugal pump, the Isoflow ™ pump (Aries Medical).

A 3-dimensional numerical simulation of flow within the entire and authentic
stator-rotor configuration of the pump was performed. The calculation of par-
ticle streaklines permitted the tracking of blood elements from the inlet to the
outlet of the pump domain and the description of the stress-loading conditions
along this path. The six component-stress tensor containing viscous and turbu-
lent stresses was reduced to a scalar stress value by means of a comparative stress
theory to enable correlation with uniaxial mechanical blood damage tests. The
numerical flow simulation was shown to be an efficient tool to study the effect
of a variation of operation conditions (rotational speed, flow rate) and of pump
geometry (blade-casing gap, volute shape) on the mechanical blood loading.

With this approach, a new method of assessing the spatial and time-depen-
dent mechanical loading conditions of blood cells on their transit through a
pump was developed. The highly irregular stress loading-time functions could
be reduced to discrete amplitude ranges of a harmonic stress function acting for

a particular number of cycles by means of a one-parameter classification method.

Because of insufficient information on blood damage resistance properties
under cyclic stress loading, an appropriate test setup was designed to perform
haemolysis tests in a hitherto unexplored amplitude and frequency range. The
principle of creating an oscillating shear stress within a blood column through
its relative motion to an axially oscillating capillary was analysed and applied.

A complex dependency of haemolysis values oﬁ stress amplitude, number of
stress cycles and frequency was found. Stress-cycle number damage curves for

a particular frequency were derived which are indicative for the existence of an
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endurance strength of red blood cells.

Finally, a method for prediction of overall haemolysis rates as a consequence
of the actual mechanical loading of blood on its pump transit was methodically
described.

Thus, for the first time, distinct information about the actual mechanical
loading of blood within a centrifugal pump was obtained and set in relation to
its traumatic effect by means of a new, general blood damage prediction theory.

This theory considers the essential parameters influencing the damage process.

An effective blood pump optimization with respect to its traumatic potential
and pumping performance appears plausible and possible in the design phase by
application of this computer-aided approach. The proposed method would allow
the designer to observe and assess the effect of changes of pump geometry and/or
operating conditions on the resultant blood trauma generation. A numerical
optimization technique in combination with a CFD simulation will undoubtedly
be a powerful tool for this purpose. Objective functions for the optimization
process will result from the mechanical loading-damage relationships described
in the blood damage theory. An experimental validation would then need to
concentrate only on the already optimised design.

Furthermore, suggestions for a low-damage operating regime during clinical
use of the pump could be given on the basis of theoretical damage predictions
for a variety of operating conditions. An objective non-experimental comparison

of different pump types is also feasible.

8.2 Future Work

The application of the blood damage prediction model presented is not restricted
to the particular case of centrifugal pumps. Because the theory is comprehen-
sive and general, a similar approach to the traumatic assessment of any blood

conducting system can be readily performed.
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For the validation and further development of this new damage prediction

concept future investigations should focus on:

1.

Extension of the CFD analysis to time-dependent flows and consideration

of a cell-plasma suspension flow.

Further examination of blood resistance properi;ies under a cyclic mechan-

ical loading for an extended amplitude range (up to 500 Pa).

Experimental validation of assumptions undertaken in the damage accu-
mulation hypothesis by controlled multi-load or step-load tests (the devel-
opment of on-line measurement methods of blood damage would prove to

be advantageous for this task).

. Investigation of similarities and differences between the cellular blood com-

ponents in their response to mechanical loading.

Formation of a database for blood damage parameters obtained from sys-
tematic mechanical blood damage tests with chemical and biological fac-

tors also taken into account.



Appendix A
Bessel Functions

A linear differential equation of second order of the form

@+——+y=0 (A.1)

has two distinct or linearly independent solutions.

The Bessel function of first kind of order n is defined as
Lyl (e (o)t (e
In(z)= ('””) {;5 Tt ) Ant2)  3(nt3) T }
(1 )n+2r (A-2)
- DV

which yields for the Bessel function of first kind of order zero

2zt z8 . Gz)”
Jo=1—22+2242 224262 . —;}( 1) —|)2— (A.3)
It can be shown that the following relations hold:
dJo(z) . d
T =—d ﬂ[x - Ji(2)] =z - Jo(z)

Thus y; = Jo(z) is one solution of the differential equation (A.1). The second
solution is given with the Bessel function of second kind of order zero Y which

is not a numerical multiple of Jo(z) and is defined as follows

1 y2 (3z) 1z)°
Yola)=Jo(e) fog = +{(52) - %(1 +)+ ((3'))2 (145+5) - .(}A 5)
Jo(z) - log:z:—z1 (-1) (zl;;zr(l-l-l+§+ +%)
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Thus, the general solution of Eqn (A.1) takes the form
y = AJo(z) + BYo(z). (A.5)

Writing kz for z in Eqn. (A.1), with k being an’ unrestricted but non-zero

finite constant, gives
—=+-5 +Fy=0, (A.6)
zdz
so by applying (A.5), the complex solution of (A.6) is
y = A Jo(kz) + B Yo(kz) . (A.7)

The substitution z = iz = /=1 z transforms Eqn. (A.6) into:

ﬂ.}.lg_kzyzo. (AS)

dz?  zdz

The solution of Eqn(A.8) is
y = A Iy(kz) + B Ko(kz) (A.9)

where Iy and K, are the modified Bessel functions of first and second kind
respectively of zero order.
I is defined as

z? z

2t og

4 3:6
t o

=1+ + - - (A.10)

Similarly, the solution of the differential equation occurring in many engi-

neering applications of the form

d? 1d .
Ez + ;d—z - zkzy =0. (A.ll)

is

y = Alg(kzi?) + BKo(kzii) = AJo(kzi?) + BKo(kzi?) (A.12)



with

1 4 (1kz)8

2 T T Er
(A.13)
lkz (1kz)® (3kz)®
-G G ) G- G ).

According to Kelvin, the expression in the first bracket of the right hand side
in (A.13) is termed as ber (kz), and that in the second bracket as bei (kz) , so
that Eqn. (A.13) can be written as:

Jo(kzi?) = ber (kz) +i bei (kz) . (A.14)

These series and their derivatives are absolutely and uniformly convergent in
any closed interval of x real. Hence, they may be differentiated and integrated
term by term. The first derivative with respect to x of the real and imaginary
Bessel functions ber (kx) and bei (kx) can therefore be written as

d {ber(k:z:)}_: ' [_ (kz)® + (kz)” (k)" 4. ]
dzx 224 2242628  2242628210%12 (A.15)

d {bei(kz)} k[g_(kz)s (kz)® _...]
— daz 22426 ' 2242628210 '
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Appendix B

Velocity and Shear Stress
Distribution in Oscillating

Capillary

The radius and time dependent velocity distribution of a viscous, Newtonian
fluid within a capillary tube which performs sinisoidal axial oscillations is deter-

mined applying Eqn. (5.15).

A graphical display of the radial velocity distribution during one period of
oscillation is given in Fig B.1 with the following geometric and kinematic pa-

rameters:

R=03mm;p=1000 kg/m®;np=3*10"3 Pas;
f=50 Hz ; vo = 3.14 m/s (xo = 5 mm)

The distribution of the shear stress 7, over one period of oscillation for the
above parameters using Eqn. (5.16) is given in Fig B.2.

The bulk shear stress graph representing a time - step related characteristic
shear stress value according to Eqn. (5.17) for the above case is shown in Fig

B.3.

The effect of variation of different parameters on the periodic bulk shear
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stress is given in Figs B.4 to B.7 with variation of the tube radius R (Fig B.4),
haematocrit leading to a kinematic viscosity according to Eqn. (5.19), (Fig B.5),
frequency (Fig B.6) and displacement amplitude - related to velocity amplitude

by relations (5.18), (Fig B.7). The corresponding constant parameters are chosen

as in the above case.
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Figure B.1: Velocity distribution within oscillating capillary for one period (p=3
mPa; p = 1000 kg/m?; {=50 Hz; R=0.3 mm; v,=3.14 m/s)
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0 45Pa

Figure B.2: Shear stress distribution within oscillating capillary for one period
(=3 mPa; p = 1000 kg/m?; =50 Hz; R=0.3 mm; v9=3.14 m/s)

227



Bulk shear stress[Pa)

28.00

26.00

24,00

22.00

20.00

18.00

16.00

14.00

12.00

10.00

8.00

6.00

4,00

Bulk-shear-stress curve

0.00

0.20

040

0.60

0.80

1.00

Time [T]

Figure B.3: Bulk shear stress curve for the shear stress distribution presented

in Fig B.2 for one time period
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Bulk shear stress in dependency 6t‘ tube radius

Bulk shear stress(Pa)
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Figure B.4: Dependency of bulk shear stress amplitude on the tube’s inner radius
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Bulk shear stress in dependency of viscosity(haematocrit)
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Figure B.5: Dependency of bulk shear stress amplitude on the viscosity via

haemotocrit
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Bulk shear stress in dependency of frequency
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Figure B.6: Dependency of bulk shear stress amplitude on the oscillation fre-
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Appendix C

Pump Dimensions
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Figure C.1: Main dimensions of Isoflow 7™ centrifugal blood pump (Aries Med-

ical). All dimensions in mm.
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Appendix D

Grid Notations at Inflow Plane

——

28

/

Figure D.1: Grid node notation (i,j) at inflow plane of inflow port for Isoflow
TM centrifugal blood pump (Aries Medical).
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