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Abstract

In this thesis several blood related problems #wndiesd: 1. Malaria-infected, the removal of
parasitized red blood cells (pRBCs) using a magrfetice; 2. A new mathematical model for
thrombus growth, which incorporates the thrombwsdl interaction, shear induced platelets
activation, shear induced platelets embolizatiord ateposited platelets stabilization, is
developed, and a successful direct numerical piediof thrombus formation in an axial blood
pump is obtained. According to our knowledge, tisighe first time such a study has been
performed ; 3. Based on the application of Mixtlireeory (or Theory of Interacting Continua), a
multiphase model for blood flow is derived, andeavrviscosity term, which considers the effect

of shear stress and volume fraction of RBCs, i®thiced.

First, a blood filter systenmPharesis™system, that will allow the removal of toxic madar
infected, parasitized RBCs (pRBCs or i-RB@&s)n circulation using magnetic force is studied.
The problem is modeled as a multi-component flosteay using CFD-DEM method, where
plasma is treated as a Newtonian fluid, the RBQE @RBCs are modeled as soft-sphere solid
particles which move under the influence of thespla, other RBCs and the magnetic field. The
simulation results show that for a channel with m@hheight of 100 microns the addition of
upstream constriction of 80% improved the straiien by 111% (from 28% to 139%); and a

downstream diffuser reduced remixing, hence impicféiciency of stratification to 260%.

Second, based on the Sorenson’s model of thronadooeafion [1, 2], a new mathematical model
describing the process of thrombus growth is deelo In this model the blood is treated as a
Newtonian fluid, and the transport and reactionsghaf chemical and biological species are

modeled using CRD (convection-reaction-diffusioguations. A computational fluid dynamic

iv



(CFD) solver for the mathematical model is devetbpising the libraries of OpenFOAM
Applying the CFD solver, several representative chemark problems are studied: rapid
thrombus growth in vivo by injecting Adenosine digphate (ADP) using iontophoretic method
and thrombus growth in rectangular microchannehwitvices. Very good agreements between
the numerical and the experimental results valittegenodel and indicate its potential to study a
host of complex and practical problems in the faitdihen applying the model, thrombus growth
in an axial blood pump is studied. First, the fliigld analysis in the blood pump is studied using
visualization and numerical simulations. Then apgyhe thrombus model, a direct prediction
of the thrombus growth is performed. The simulagbows a very good agreement with clinical
observations. For reducing the computational castlimensionally-reduced model is also
developed, based on the complete thrombus model.dlinensionally-reduced model shows

good capability to predict the thrombus depositioblood pump as well.

And finally, for describing the multiphase charaistéics of blood, using the framework of
Mixture Theory, a two-fluid model is applied, whdahe plasma is treated as a Newtonian fluid
and the red blood cells (RBCs) are treated as arghmning fluid. A computational fluid
dynamic (CFD) simulation incorporating the congiitee model is implemented using
OpenFOAM® where benchmark problems including a saddxpansion and various driven
slots and crevices are studied numerically. Thearigal results exhibit good agreement with
the experimental observations with respect to lbévelocity field and the volume fraction

distribution of the RBCs.
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Chapter 1 Introduction

1.1 Motivation

In this thesis three projects are studied: 1. &itran of malaria-infected, parasitized red blood
cells (pRBCs) removal using magnetic force; 2. Dgwment of mathematical model for
thrombus growth and direct prediction of thrombwepakition in an axial blood pump; 3.

Multiphase modeling of blood flow using Mixture Tdrg and RBCs induced platelet transport.
1.1.1Malaria infected RBCs separation

Malaria is a parasitic disease transmitted by fite &f an infected mosquito, which places an
unacceptable burden on the health and economidagewent of billions of people across more
than 100 countries. The World Health OrganizatioWHQ) estimates that each year
approximately 300 million malaria episodes occubglly resulting in nearly one million deaths,
85% of which are children under five years of a8je The majority of the deaths are caused by
the Plasmodium falciparumthe most deadly of the five malaria parasite gethat infect
humans. These infections quickly progresss&vere malaria,a leading cause of pediatric
morbidity, hospitalization, and mortality in Sub¥@aan Africa[4, 5]. It is responsible for more
than 200,000 cases of fetal loss and more thanOQOp@aternal deaths annually [@evere
malaria also occurs in 5% of the nearB0,000 imported malaria casely travelers from
endemic areagrange 1-38%) [7, 8].Even when managed aggressivelyith intravenous
antimalarial chemotherapies (artesunate or quinmneftality rates remain as high as 40% for
parasitic load above 20%][6, 7, $xtracorporeal systems currently used to accelarati-RBC

clearance(e.g., COBE Spectra® Apheresis System, CaridianB&e€) not engineered to



selectively separateRBCsfrom healthy RBCs: to remove the infecteB8Cs 70%-95% of the
healthy blood is wasted. Studies of Paul et al] [ive shown that the malaria-infected,
parasitized RBCs (pRBCs) behave like paramagnaeititicges in a magnetic field. Therefore, it
is possible to separate and remove the pRBCs Ing wsimagnetic force. This is precisely the
motivation for the proposethPharesis™system: that will allow the removal of toxi)RBCs

from circulation with minimal or no requirement leéalthy blood.

Malaria =
ransmission Plasmod
Cycle wd‘)’ il ool (a)
/ g _/
' J E Tst
Vector

Initial
human
host

Liver
—. infection

Blood
—._infection [ -

In utero
transmission

Figure 1.1 (a) Malaria transmission cycle; (b) Mi@aarasites infect two blood cells.[11, 12]



1.1.2 Thrombus model development and thrombus growitin an axial blood pump

Thrombus model development

A thrombus usually refers to a blood clot anchai@dlamaged vascular walls. The thrombus
formation in the coronary can lead to heart attdg@és15], and the formatted thrombus can be
transported to the brain by blood circulation cagstardiogenic strokes [16]. Heart attacks and
strokes have been the leading cause of death ielafmd countries [15, 17, 18]. Thrombus
generation in blood related medical devices cawilyegeduce the efficiency and lead to device
malfunction. For ventricular assist devices (VAO®)mp thrombus is one of the main causes of
morbidity, which further leads to the risk of suddegeath of patients or requiring surgery to
replace the device [19, 20]. In order to understre thrombus phenomenon, and also the
development of blood wetted medical devices, amurate mathematical model for predicting

thrombogenicity is urgently needed.

Figure 1.2 Infarct in the kidney of a sheep reaglfrom the implantation of a pediatric

ventricular assist device. [21]



Thrombus growth in an axial blood pump

In the United States cardiovascular disease i¢etding cause of death and claims one of every
2.6 lives. Expenditures for this disease exceedd&ibion per year.[22, 23] At end stage of
cardiovascular disease, cardiac transplantatioresepts the only restorative therapy for the
patient; however, the supply of donor organs iy Viemited. As a consequence, the waiting time
for a transplant continues to increase and now emdgeaeveral months.[24] Ventricular assist
devices (VADs) have emerged as a salvage theragying as a “bridge to transplant” by
providing mechanical circulatory support until tpatient can be transplanted.[25] Moreover,
continuous flow pumps have been investigated byynrasearchers as long-term ventricular
assist devices (VADSs) for patients with heart faglun recent years.[26-33] However, serious
complications, such as bleeding and stroke, jedparte quality of life of patients, and may

require pump exchange or result in death due toppimmombus (PT).

Figure 1.3Representative thrombus in an axial blood puii3]

4



1.1.3 Multiphase modeling of blood flow

Thrombus formation procedure is closely relatedanous hemodynamic fields, such as shear
rate, shear stress, distribution of the RBCs (rémbd cells) which further influence the
distribution of the platelets because of partideBision [35-39]. It is known that the thrombus
initiation and growth near the walls of the vess®lshe medical devices is strongly influenced
by the number density of the platelets near thés\j40]. It is also well known that in blood flow,
due to the complex mutual interactions betweenghestand plasma, such as drag and lift force,
and interactions between particles, such as amlissithe RBCs tend to accumulate near the
centerline of the blood vessels, called Bahraeus-Lindquiseffect, while the platelets tend to
move away from the center of the blood vesselsaacdmulate near the walls of the vessels [41-
43]. Through many mesoscale computational stuttesdistribution of the platelets is believed
to be mainly due to the collisions between the RB@d the platelets [40, 41, 44]. Direct
measurements indicate that when the RBCs are intemt] the platelet transport to vessel walls
increase several hundred times [41, 45-48], whigams that the multiphase characteristics of
blood , such as velocity and volume fraction fiebdghe RBCs, have major impact on platelets
distribution. This is an important factor in thescade of events responsible for coagulation
and/or thrombus. For modeling the RBCs inducedef#ts transportation, a multiphase model

for blood flow is necessary.

Blood is a unique multi-component fluid whose cosipon affects the rheological properties
that are responsible for its vital physiologicahdtions. Its primary constituents are flexible,
discoid red blood cells (RBCs) (approximately 45%lume fraction) suspended within
essentially a Newtonian plasma [49]. In the contektblood-wetted medical devices, the

trafficking of RBCs within the plasma greatly cobtites to both safety and efficacy.

5



Accordingly the design of improved cardiovasculavides requires an accurate model of these
phenomena. Conversely, the inadequacies of cumenlels stifle our ability to design these

devices with any confidence [50].

In the past several decades, investigations ofcbftmawv in micro-scale channels have revealed
several important phenomena due to the compleXagmeal properties of blood. In vessels with
diameters ranging from approximately 0.05 to 1.5,rlood exhibits a thin layer adjacent to the
wall that is depleted of RBCs [51]. This deplet@frRBCs near the wall causes the hematocrit of
branch vessels to be depleted — a phenomenon kasplasma-skimmings1-54]. In summary,

it is evident that blood flow at micro-scale exlgbmore complex behavior and acts as a multi-
component material, which cannot be described tgngle phase model. Motivated by the
observation of the plasma-skimming phenomenonpuarimultiphase models for blood have
been developed. The Immersed Boundary Method (IBbybined with the Lattice Boltzmann
Method (LBM) is a useful method for investigatingetcomplex behavior of blood in micro-
scale flows, particularly due to the deformatioluster formation and collisions of the RBCs
[55-57]. Although the IBM-LBM method has been veugeful in displaying the complex
behavior of blood, it is prohibitive for many preetl problems due to its high computational
cost. An alternative method consists of the scedativo-fluid or Eulerian-Eulerian two phase
model [58]. In the literature, two methods basecomntinuum mechanics have been widely used:
the Mixture Theory (or the theory of interactinghtiaua) [59] and the Averaging Method [60].
In this work the Mixture Theory is applied as aibder deriving a two-phase model for blood

[61].
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Figure 1.4 (a) Platelets non-uniform distributiarsudden expansion channel by experiment [62];

(b) Platelets non-uniform distribution in blood sekby mesoscale simulation. [44]

1.2 Thesis overview

The thesis is organized as follows. In chapter Bload filter systemmPharesis™system, that
will allow the removal of toxi¢-RBCsfrom circulation using magnetic force is considerddhe
problem is studied computationally by modeling $t @ multi-component flow system using
CFD-DEM method. The simulation results suggest that proposed design, a rectangular
channel with a constriction and a diffuser aftex tdonstriction, highly improves the separation
efficiency. In chapter 3, based on the Sorensommdeh[1, 2], a mathematical model describing
the process of thrombus growth is developed. Sevepmesentative benchmark problems are
studied for validating the model. In chapter 4othbus formation in an axial blood pump is
studied. Flow field analysis in the blood pump @ before applying the mathematical model

developed in chapter 3, in order to predict theriiyus growth in blood pump . For reducing the
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computational cost, a dimensionally-reduced thranimiodel is developed, based on the
complete model developed in chapter 3. In chaptersihg the framework of mixture theory a
multiphase model for blood flow is developed. Hyah summary of this thesis work and a

future work plans are presented in Chapter 6.



Chapter 2 Optimization of microfluidic channels for

magnetic separation of malaria-infected red blood &lls

2.1 Introduction

Malaria afflicts 300 to 500 million people worldvedand consumes 40% of the health
expenditures of over 100 countries. The propasé&tharesis™system allows the removal of

toxic i-RBCsfrom circulation with minimal or no requirementadnor blood.

In the mPharesis™ (magnetic aphaeresis) systerpatient’s peripheral blood is continuously
withdrawn, purified, and returned to the circulatigFigure 2.1 top). The design of the
mPharesis™ filter features a series of cascadedhdanilow channels (Figure 2.1 bottom)
through which the infected blood is transported ardosed to a high magnetic field gradient
(>1000 T/m), causing the malaria-infected, parasitiRBCs (pRBCs) to migrate or “marginate,”
where upon they are skimmed off by a side brandee@sslit, in Figure 2.1 bottom). The
purified blood is then returned to the patient frameturn outlet, (C in Figure 2.1 bottom). This
design allows continuous filtration, analogous eaal dialysis. The engineering challenge is to
optimize the efficiency of this magnetic separdmrmaintain the overall size of the system

within the desired envelope. [63]
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Figure 2.1 The envisioned mPharé¥isystem (top) in clinical setting, and (bottom)ngiple of operation of
mPharesisTM filter. (A) Blood inlet, (B) Bleed-sl{{C) Return outlet. [63]

This present study focused on the influence ofgia@metry of an individual separation channel
on the efficiency of magnetic separation. Spedifjcait explored the hypothesis that the
introduction of a constriction at the entrance bé tchannel would improve the efficiency
compared to a standard parallel-plate channel.aBBamption was that since the magnetic force
diminishes very rapidly with distance from the meigpoles, it would be advantageous to
initially divert the magnetic cells in close proxtgnto the greatest gradient where they would be
retained by the magnetic force. Downstream of thestriction, the non-magnetic healthy cells
would diffuse across the height of the channellevtiie magnetic cells would remain close to

the wall.
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For simulating the separation of the pRBCs and REBCte model applied to study the current
problem the pRBCs and RBCs should be distinguightdleach other, therefore a solid-fluid
multiphase (or multi-component) system has to baieg to model the blood flow system in
current work. According to the scale of the proldemodeled, the solid-fluid multiphase models
may be classified into three distinct types [64].tAe largest scale, such as engineering scale
fluidization and pneumatic conveying, the Euler{mo-fluid) approach is usually applied, in
which the solid particles are usually modeled amplex fluid and two phases are coupled
through momentum exchange (interaction) terms[&®&e66]. When the order of the number of
the particles in the system is about or less th@r0®), we have the discrete element method
(DEM). The discrete element method (DEM) is wideged for the understanding of particulate
behavior in many industrial applications such asning, metals manufacturing, and
pharmaceutical manufacturing. Applying the CFD-DEMthod, Fenech et al. [67] studied the
RBC aggregation in shear flow, and Chesnutt andsh&l [68] showed effect of the RBCs
collision and aggregation on the large variatiotn@matocrit throughout the circulatory system
by studying the blood flow through a bifurcatiororFnvestigating microscopic behavior of
particles, such as deformation, cluster formatiod tmbling of RBCs, the Immersed Boundary
Method (IBM) combined with the Lattice Boltzman Met (LBM) has become a popular

method [56, 57, 69].

In current problem, considering the requirementdistinguishing the pRBCs and RBCs, for
applying three-fluid model the constitutive equataf the interaction force between pRBCs and
RBCs, which is absence so far, has to be known;,LBd-IBM method, considering that the
order of the number of the particles in the systerabout0(10°), the computational cost of

applying LBM-IBM method is prohibitively expensivand wasteful. Therefore, in current
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chapter, the CFD-DEM method will be applied. Intget2, the governing equation of the CFD-
DEM method will be discussed; in section 3, the arekis™ (magnetic aphaeresis) system will
be introduced in detail; in section 4, the effe€ttloe channel geometries on the pRBCs

separation will be studied.
2.2 Governing equations

We use an Eulerian-Lagriangian framework where dbetinuous phase, i.e., the plasma is
modeled as a fluid (the Eulerian approach) anddispersed phase, i.e., the red blood cells
(RBCs) are modeled as particles. The interactiooef between these two components, the

external magnetic force, and the contact forced nede modeled.

Continuous phase (Plasma)
In the absence of thermo-chemical effects, the igowg equations consist of the conservation of
mass, linear momentum and angular momentum. Thatiequfor the conservation of mass in

the Eulerian form reads,

d
% + div(pyv,) = 0 (2.1)

where subscript p refers to the plasma phé%ée,the derivative with respect to timdiy is the
divergence operatop, = ep,o, ppo IS the pure density of the plasma in the reference
configuration is the porosity angp = (1 — ¢) is the volume fraction (hematocrit) of the RBCs
andv is the velocity field. Usually when one CFD mesimt&ins0(102) particles, the porosity
can be directly calculated as proposed by Hoomars. ¢70]. However when the size of the

particle is in the same order of the CFD mesh,mie¢hod by Hoomans may cause numerical
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instability. Instead Link et al[71] have proposedeav method, which is applied in our work, for

overcoming this difficulty. The balance of the lameanomentum can be written as,

DPv, ]
Popr = dw(Tp) + ppby, + Fp, (2.2)
here>22 = 22 1 (vp,)v, , T, stands for the Cauchy stress tensdt ts th
W ereT =S¢ Vp)Vp, Iy stanas fTor e aucny sitress tens ﬁ’ represents e

interaction forces (exchange of momentum) betwberptasma and RBCs, aibg refers to the

body force. The balance of the angular momentunii@mphat, in the absence of couple stresses,

the Cauchy stress tensor is symmetric.
RBCs
The equation of motion for the RBCs is represebigd

D?x,
m,—— =

Dt Fcontact + Fpr + Fext (2'3)

wherem,. is the mass of RBCs,. is the spatial position of RBCE_,,tqc: IS the force due to
collision with other RBCs or walls, etd,, is the interaction force from the continuous phase
i.e., the plasma, anil,,; is the force due to external sources, such astgravagnetic force, etc.
In our study, forF .,,tqce, We ONly consider the particle-particle and p#etigall collisions; for
F,, only the drag force is included and the drag rhbgteRusche and Issa [72] is applidt;;

implies that the pRBCs are influenced by the appfieagnetic force (an expression for this will

be discussed in a later section).
2.3 Constitutive equations
Plasma

In this chapter, we assume that the plasma belssvadinear viscous fluid
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T, = [-p(1 = $) + 2,(1 = P)trD, |1 + 211, (1 — $)D,, (2.4)
wherep is the pressure of the mixturg, andu,, are the (constant) first and second coefficients

of viscosity of the pure plasma, wheg = %[(grad v,) + (grad vp)T], ‘tr’ stands for the

trace of a second order tensor, &nslthe identity tensor.
RBCs collision: Soft-sphere model

In general, particle collisions can be handledvey different method : a hard-sphere model [70]
and a soft-sphere model [73]. In a hard-sphereesydhe forces between the particles are not
explicitly considered and the trajectories of pheis are determined by momentum conserving
binary collisions; therefore numerically the haphsre models are faster than the soft-sphere
models [64]. However, for a more dense system htre-sphere model may lead to a drastic
kinetic energy, which is called the inelastic cpfia [74, 75], and as a result the soft-sphere
method is widely used for such a system. The gwfere model incorporates multiple particle-
particle interactions and the trajectories arerdateed by integrating Newton's second law. For
simulating the blood flow, considering the bulk wale fraction of the RBCs (hematocrit) is

about 0.4-0.45, the soft-sphere method is appfiexli study.

ijn
contact !

According to Cundall and Strack [73], the normampmnent of the contact forcE

acting on patrticle i by particle j (or wall) is,

ijn _
Fcontact - _kn6nnij - nnvr,ij,n (2-5)

wherek,, andn,, are the normal spring stiffness and damping caiefits respectivelyy, =

(R; +R;) — |r; — ;| is the overlap between two RB®,is the radius of a RBGy; =

(r; —;)/|r; — ;| is the normal unnit vector between two RBEs;;, = (v,;;. n;j)n;j is the
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normal relative velocityy,.;; = (v; — v;) + (R;w; + Rjw;) X n;; is the relative velocity, ane

is the angular velocity. The tangential componérihe contact force between the particles is

ijn
ijn ijt in e (2.6)
—ir|Féontact|tij for [Fegneace| > tr|Feg

contact contact contact

ijt
Fij.t —kebe = NtVrijt for |Fcontact| < .uf|F

contact —

wherek;, n,, andu, are the tangential spring stiffness, tangentiahgiag coefficient, and
friction coefficients, respectivelyy,.;;; = v,;; —v,;j, is the relative tangential velocity,
t; = vr,ij,t/|vr,ij,t| is the tangential unit vector, aidis the tangential displacement and is

given by (detail see [64, 76])

t
ij,t ijn
8toH + f vT,i}'.tdt for |Fcontact| = ‘uf|Fcontact
to (2.7)
ij,n ijt ijn

_:uf|Fcontact|tif/kt for |Fcontact| > #f|Fcontact

t

qh?+c qhyhy — sh, qh.h, + sh,,
H = |qhyhy, + sh, qh3 +c  qhyh, —sh, (2.8)
qhyh, — sh, qhyh, + shy qh? +c

whereh = (nij X nijo)/|nij X nij0|, c=cos@p,s=sing,q=1—c,p = arcsin|nij X nij0|,
8t andn;j,are the tangential displacement and normal dinectio the previous time step,
respectively angl is the frictional coefficient. The mechanism oé tharticle-wall collision is

the same as the particle-particle collision (foradederivations see [64]). The determination of

the stiffness and damping coefficients can be faarid4, 77].
2.4 Magnetic Field and Geometry

According to Han and Frazier [78] and Kim et &9], the expression for the magnetic force
produced by a ferromagnetic cylindrical wire placetler a uniform external magnetic field,

referenced to a coordinate system centered atitiee(xy, y’) is:
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Fmagnetic (x,y)

ka? +3(a+y)?2 —x?)x’'
= Zk/vlo()(rbc _Xp)vrbcaZHg( )

!

2 N2 3 ex
(x +(a+y)) (2.9)

k 2 _ 3 2 "2 l
+ Zk.uo()(rbc - Xp)VrbcazHg ( : * T (a i y) )3(a i y)
(x? + (a+y)?)

€y,

wheree, ande, are the unit vectors in the x’ and y’ directiorsspectivelyk = %ﬂ here,
w 0

u,, andu, are the magnetic permeability of the ferromagnefie and free space ,respectively;
Xy andy,,. are the magnetic susceptibilities of the plasmataedoRBC}V,,, is the volume of
the pRBC; and is the radius of the wire. According to Kim et[&9], Han and Frazier [78] and
Hackett et al. [80], the magnitude Bf,, gneticex IS much less thaR,,,gnerice,, and it therefore
neglected in this simulation. For conservation omputational cost, we further assume that

Foagnetic€y 1S Uniform along the x direction which simplifidse expression as:

(@®+(a+y))(a+y)
F c(y) =2 — X )Wopca?HE - e,
magnetic y .uo()(rbc Xp) rbc 0 ((a +y)2)3 y

(2.10)
@+ @+y))a+y)
(a+y"e Er

= CVype

whereC = 6.6701e~° kg.m/s? anda = 50e~® m. (See Figure 2.2(a).)

Because the magnitude of the magnetic force deeass quickly, the pRBCs at the
farthest (bottom) wall experience significantlyddsrce than those on the top wall (appx 3%).
Yet these cells have the farthest to travel to detaly stratify the blood. For this reason, we
introduce an upstream constriction, shown in Fig2ub) to initially bring all cells in close
proximity to the greatest magnetic force. Thergaftee channel expands to its full height, which

permit the RBCs to transport away from the magnetd!, leaving the pRBCs trapped in a
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boundary layer. An added diffuser is introducedgtt@amline this process. (See Figure 2.2(c).)

Without loss of generality, the length of the chelsrare all specified as 10mm.

The above governing equations were implemented penBOAM, and solved on a PC
workstation (Dell T3500.) The initial condition fdine simulation is a cell-free domain. At t=0,
the cells are injected from the inlet in the radbpRBCs:RBCs = 1:9. Additional physical

parameters and flow conditions are provided in @&bl. Zero pressure is applied at the outlet.
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Figure 2.2 (a) Channel without constriction; (blha@nel with constriction. (c). Channel with congtdn and
diffuser. For all the cases the length of the cletsmare 10 mm (along x direction), the height ef thannel where
there is no constriction iB00um (along y direction) and the simulation is two dima@nal therefore there is no

dimension on z direction.

Plasma viscosi 0.96¢F

Plasma densi 1027 kg/n’
Diameter of RBCs 8 um

Young's modules of RB(C 26kP{81]
Poisson'’s ratio of RB( 0.5[81]

Friction coefficient between RBCs and between RBE wal 0.08[7¢]
Hematocrit (Average volume fraction of RB! 40%

0.01m/s

Bulk inlet velocity (Whole blood)

Table 2.1 Physical properties and flow conditidro €conomize computational cost the diameter oRBEs are

specified a8um.)

2.5 Results
All simulations were run for more than 3s to asssteady state conditions were reached. To

account for the discretization of the pRBC and Rft@ses, all data shown in the following
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sections are averaged from 100 different time stép®r to simulations of the various
geometries of the channels, a mesh dependency stadyfirst performed using the 10mm-
length rectangular channel (Figure 2.2(a)) )), #mal results are shown in Figure 2.3. It was
found that meshes of 18288 and 31248 nodes botbelgloapproximated the theoretical
(Newtonian) prediction, therefore a mesh with 182&&les was chosen. Mesh dependency

studies were confirmed for the other geometrieselb

50

40 - —=— Nodes = 18288
—e— Nodes = 31248
—— Theoritical(Newtonian)

w
o
T

Distance (um)
3
T

10 -

0 )
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

Velocity (m/s)

Figure 2.3 Mesh dependency study and model vatidati
For quantifying the separation efficiency, the pRBf&nsity distribution across the channel was
evaluated at the outlet. To accommodate the dsiee of the cells, the outlet was discretized
into 20 regions, each 5 microns in height. Althoubk bleed slit was not included in the
simulation, the presumption was that the flow exgtihe outlet would be split such that the
concentrated pRBC layer of blood would be collectati the remaining blood returned to the
patient. (The specific split ratio would be chodsased on clinical considerations, such as

availability of blood, risk of anemia, etc.)
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Effect of Inlet Constriction H

The pRBC distributions are provided in Figure Zdrectangular constriction of 50% and 80%,
2mm in length, and are compared with the baselh@e donstriction). Table 2.2 shows the
percentage of the pRBCs in the near-wall subzorie rfiecrons). We defined enrichment

efficiency to compare the concentration in thissago the bullkconcentratiorof pRBCs,

i chment effict _ pRBC concentration near wall 1 (2.11)
enrichinent eticency = bulk pRBC concentration '

As contrasted to the channel without constrictishich provided very limited enrichment (28%)
the channels were markedly more efficient (91.5% &89% for the 50 micron and 20 micron

constriction respectively.)
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Figure 2.4 Percentage density distribution at tiiéebalong the y direction, effect of HPercentage density =

number of pRBCs in a subzone/total number of pRBGdl subzones.

Constriction(k,) pRBC percentage dens Enrichmen

(No constrictior) 25.6% 28.0%
50% (50um) 38.3% 91.5%
80% @B0um) 47.8% 139.0%

Table 2.2 Effect of constriction height.

Effect of Constriction Lengths L

To evaluate the relative benefit of lengthening ¢bastriction L, six (6) different lengths were
evaluated (0.2, 0.5, 1.0, 2.0, 4.0 and 8.0 mm) émcting a height of 20 micron. These results
are provided in Figure 2.5 and Table 2.3. It cars&en that there is a slight improvement with
length from 0.2mm up to 4mm, beyond which furthgteasion to 8mm vyields diminishing

returns.

Length of theconstriction(L) Percentage dens Enrichmen
gmmr 55.2% 176.%
4mmr 55.9% 179.4%
2mmr 47.8% 139.0%
Immr 48.8% 143.8%
0.5mn 45.6% 128.0%
0.2mn 40.7% 103.2%

Table 2.3 Effect of constriction length.
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Figure 2.5Percentage density distribution at the outlet akibvegy directioneffect of L.

Effect of the diffuser after the constrictiof L

Following the constriction, it is desired for th®&8s to gradually advect from the wall, leaving
the pRBCs trapped in the magnetic boundary layewever a sudden expansion may cause a
flow disturbance that may draw pRBCs away from wadl. Therefore a tapered diffuser was
introduced for the case &@0um x 2mm constriction. (See Figure 2.2.). The coroesiing
results are provided in Figure 2.6 and Table 2.&lwreveals a dramatic improvement (by 121%,
from 139% to 260%) by introducing a diffuser oftjdsnm. The incremental improvement by

extending the diffuser to 2mm was negligible.
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Figure 2.6Percentage density distribution t the outlet althgy directiongffect of L.

Length of the diffuser(y) Percentage dens Enrichmen

none (sudden expansit 47.8% 139.0%%
Immr 72.1% 263.2%
2mm 72.1% 260.6%

Table 2.4 Effect of diffuser.

2.6 Discussion

The World Health Organization (WHO) estimates teath year approximately 300 million

malaria episodes occur globally resulting in nearlg million deaths, 85% of which are children
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under five years of age [82]. Extracorporeal systamrrently used to accelerate theBC
clearance(e.g., COBE Spectra® Apheresis System, CaridianB&e€) not engineered to
selectively separateRBCsfrom healthy RBCs: to remove the infeclR8Cs 70%-95% of the
healthy blood is wasted. This is precisely the wadion for the proposethPharesis™system:
that will allow the removal of toxicRBCsfrom circulation with minimal or no requirement of

healthy blood.

In this chapter, the CFD-DEM method is applied. Bionulating the separation of the pRBCs
and RBCs, the pRBCs and RBCs should be distingdigben each other, which implies a solid-
fluid multiphase (or multi-component) system hadvecapplied to model the blood flow system.
Therefore, several possible models for current lprabcan be three-fluid model, CFD-DEM
model, and meso-scale simulation such as LBM-IBMnfersed Boundary Method combined
with the Lattice Boltzmann Method). For applyingg®-fluid model, the constitutive equation of
the interaction force between pRBCs and RBCs, wha$ not been studied so far, has to be
known. For LBM-IBM method, considering that the riagn of the particles in the system is
about0(10°), the computational cost of applying LBM-IBM methisdprohibitively expensive
and wasteful. Yin et. al[83] studied cell sepanmatising magnetic field with LBM-IBM but the

order of the number of the cells simulated is an¢0?).

Different with the general CFD-DEM, in current wokolume fraction of RBCsp, is computed

using the method introduced by Link et al. [71] flocreasing the numerical stability. Because
usually when one CFD mesh contaihd 0%) particles, the volume fraction of the fluid can be
directly calculated as proposed by Hoomans ef78l, however when the size of the patrticle is

in the same order of the CFD mesh the method byrtdms may cause numerical instability.
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The current study shows that as the length of émsteictions/L., increases, more of the pRBCs
concentrate near the magnetic wall, since longesttiztions provides more time for the pRBCs
to experience a greater magnetic force field, balsio should be noticed that the improvement is
not so dramatic. From the Table 2.3, we also aadh that there is no big difference between the
4mm and the 8mm constrictions, which may imply ttiere is an upper limit to the length
which can provide the pRBCs enough time to moveatdwo and finally contact the magnetic

wall.

In addition to the collisions between RBCs, hydmaiyic force (drag force) plays main role
preventing pRBCs from concentrating near the magmedll after the constriction, which means
reducing the hydrodynamic force at the outlet o# tonstriction may highly improve the
separation. Figure 2.4 shows the channel \ith= 80um, L, = 2mm constriction has the
similar performance to the one with = 50um, L. = 2mm in the region where y ranges from
90 to100um. This is considered to be due to the competitietwben the hydrodynamic force
and magnetic force. Smaller constriction makes p&B@ve larger possibility to experience
larger magnetic force which pulls the pRBCs penettae streamline, however at the outlet of
the constriction the pRBCs also experience a ladgag force, which makes the pRBCs move
along the streamline. Therefore, addition of audiéfr at the outlet di, = 80um, L, = 2mm
constriction dramatically increases the near w&B@s enrichment efficiency from 139% to
260%, also see Figure 2.8(d) and (e) for visualmammson. It can be seen that with such a high
pRBCs concentration, shown in Figure 2.8(e), inrteighborhood of the magnetic wall, this is a

promising sign for removing the pRBCs without lagor consuming the healthy RBCs.

In current work, we chosen = 6.6701e~° kg.m/s? anda = 50e~® m. The practical value of

C anda depends on various parameters and conditions whithlead to a magnetic force
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smaller or larger than the one applied in currentkwAccording to [78, 84], the y-direction
velocity of pRBCs are linearly proportional to thmagnetic force (already consider the effect of
the drag force), and obviously the x-direction eélp of pRBCs are linearly proportional to the
inlet velocity, which implies that increasing thagmetic force and inlet velocity for same times
will give the same separation results, also seeemigal verification shown in Figure 2.7.
Therefore, for experimental design or test consiilen, if the practical magnetic force is
different with the one applied here, same separafticiency can be achieved by adjusting the

inlet velocity.

Considering we focus on studying the effect ofchannel geometry on the separation efficiency,
therefore for saving computational cost we assERg ..ice, keep constant along x, namely
expressed as equation (2.10). Because in praétical,....e, varies along x direction and the
magnitude is equal or smaller than the force deedrby equation (2.10). For achieving same
pRBC separation, with same conditions, applyinga¢iqu (2.9) requires much longer separation

channel than equation (2.10) which implies a macbdr computational cost.

Figure 2.7 Snapshot of RBCs distribution in thercted region near the outlet(see dash-line box guife 2.2(b))

using channel witltl, = 80um, L. = 2mm constriction and.; = 2mm diffuser. Red: Infected RBCs; Blue:
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Normal RBCs. (a) Inlet velocity is 0.01ms= —3.375e~? kg.m/s?, see equation (2.10); (b) Inlet velocity is
0.001m/sC = —3.375e71% kg.m/s2.
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Figure 2.8 Snapshot of RBCs distribution in thercted region near the outlet, namely from x=9.5mm to
x=10mm(outlet), see dash-line box in Figure 2.2R8d: Infected RBCs; Blue: Normal RBCs. (a) Chanvigtout
constriction and diffuser; (b) Channel with = 50um, L. = 2mm constriction and no diffuser; (c) Channel with
H. = 50um, L. = 2mm constriction and.; = 2mm diffuser; (d) Channel witk{, = 80um, L, = 2mm

constriction and no diffuser; (e) Channel with= 80um, L. = 2mm constriction and.; = 2mm diffuser.
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2.7 Summary

In this chapter, a malaria infected RBCs (pRBCppsation system is studied and channels with
constriction/constrictions and a diffuser after smiction are suggested as promising designs for
such a separation system. The CFD-DEM approachefiaatLagrangian) is applied to model
the blood flow. The plasma is treated as a Newtofiiad (as the Eulerian phase), and the RBCs
are treated as soft spheres (as the Lagrangiame)plaghermore the pRBCs are influenced by

the magnetic field while the healthy RBCs are not.

Through the numerical studies, we find that chamneithout any features, namely the
rectangular channel, only has a little improvementthe pRBCs separation [see Table 2.2],
while channels with constriction/constrictions aaddiffuser can significantly increase the
separation efficiency (also see Figure 2.8 for camspn on separation efficiency among
different channel designs). From Figure 2.8(e), cae find that when using a channel with
20um height constriction and 2mm length diffuser, altredsthe pRBCs are concentrated in the
neighborhood of the magnetic wall and can be easityoved by adding a side branch channel.
We also proved that increasing or decreasing the fate and the magnetic force by same times
gives almost exact same separation efficiency, Wwhimplies our results gives general
information for other various different cases, sashdifferent particles with different magnetic

field.

Therefore it should be emphasized that the chawitél a diffuser after a constriction is a
promising design for practical application. Furthere, through these simulation studies we also
find that channels with longer constriction showaderately better separation efficiency, while

channels with multi-constrictions have similar peniance to the single constriction. Therefore
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a channel with long constriction or multi-constiacts should be chosen carefully considering

the higher pressure drop that it requires for smopeerations.
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Chapter 3 A three dimensional thrombus growth model

3.1 Introduction

Thrombus formation in the coronary artery can leatieart attacks [13-15], and thrombus can
be transported to the brain by blood circulationstiag cardiogenic strokes [16]. Heart attacks
and strokes have been the leading cause of deattieweloped countries [15, 17, 18].

Furthermore, the thrombus generation in blood edlahedical devices can heavily reduce the
efficiency and lead to device malfunction. Thromlgeneration is a complex phenomenon,
related to various hemodynamics and biomechanrcalggses, which generally can be classified
into two main sub-processes: platelet activatigggregation and coagulation [40]. In the early
stages of thrombus formation, the platelets plamaor role, where thrombus formation is

initiated with the activation of the platelets expd to unfavorable high shear rates or high
concentration of chemical agonists; the activatiedefets will aggregate and release agonists

activating more unactivated platelets [41, 85-87].
3.2 Thrombus formation

Bizzozero in 1882 first recognized that during pmecedure of thrombus formation the platelets
are the predominant antagonists [15, 88]. Recertiet have revealed most of the complex
biological reactions during thrombus formation [B®-91], which leads to the possibility of
accurately describing the thrombus formation by eligping mathematical models [87, 92].
Figures 1-3 show the major biological reactionshodmbus formation. Figure 3.1(a) shows the
backbone of the thrombus system involving seveaalcade reactions, and Figure 3.1(b) and

Figure 3.1(c) show the feed-forward and feedbadpdopromoting and inhibiting coagulation
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reactions respectively. For a detailed discussibrthe reactions and interactions see [91].
Positive and negative feedback loops, which invaluenerous chemical species and reactions,
compete with each other and also coupled with ff@lds, are the most essential processes
which need to be considered to accurately desthitoenbus formation. Therefore, it can be seen
that a comprehensive description of thrombus géioeraequires a model which can describe
complex cascade reactions, such as platelets tatiyglatelet-platelet aggregation, platelet-
surface(wall) adhesion, transportation of the péateand chemical species in flow, and the
interaction between the formed thrombus and the fleld [1, 2]. The large number of chemical
species and the complexity of cascade reaction ntalery difficult to synthesize a coherent

picture of coagulation dynamics using traditiorsdddratory approaches [91].
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Figure 3.1 Backbone of the thrombus formation ieactystem (upper left). Enzymatic feedback duthmpmbus

formation (upper right). Chemical inhibition durittgrombus formation (lower). [91]

One of the most popular tools modeling and undedétg the mechanisms of thrombus
formation is CRD (convection-reaction-diffusion)dalCRD-like equations. One of the most
comprehensive continuum CRD-like blood clotting raloid the one introduced by Kuharsky &
Fogelson [91] The ‘Kuharsky and Fogelson (KF) model’ consideragidation biochemistry,
platelets activation, platelets deposition and ¢fect of the thrombus formation on the flow
field; This procedure is shown in Figure 3.1. ThE Kiodel mainly describes the thrombus
growth when there exists an exposed subendothdliyniaking into account plasma-phase,
subendothelial-bound and platelet-bound enzymeszgntbgens as well as the activated and
unactivated platelets, by considering the physicad chemical platelet and coagulation events
that occur in a thin layer, called the reactioneggust above a small vascular injury [93], which
is not applicable for many practical cases, suctoasin various complex blood related medical
devices.Sorensen et al. [1, 2] formulated another represieet model based on CRD equations
that platelet-biomaterial surface, which includastérs such as collagen and subendothelium,
platelet-platelet adhesion, platelet activation dyweighted linear combination of agonist
concentrations, agonist release and synthesis éattivated platelets, platelet-phospholipid-
dependent thrombus generation, and thrombus irdrbiity heparin [1, 2]. In Sorensen’'s model,
the platelets are activated only by the agonisBR Athrombus and TXAADP is released by the
unactivated platelets when activated, thrombus @rA. are synthesized due to activated
platelets, and the platelets-surface adhesion defed by some proper boundary flux conditions.
All the parameters in Sorensen’'s model are availibin experimental literatures or by fitting
the experimental data. Shortcomings of this modelthat it does not consider 1. the shear

induced platelets activation which can be essefdrablood flow in medical devices where the
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exposed subendothelium does not exist, 2. the simeliced platelets activation which is
essential for devices like blood pump, 3. The extt@on between formatted thrombus and blood

flow.
3.3 Mathematical model

Our thrombus model mainly includes two groups afapns: the blood flow equations and the

convection-diffusion-reaction equations of chemanadl biological species.
3.3.1 Blood (RBCs and plasma)

In this part of our work, we treat blood as a Nevian fluid in practical applications in medical

devices, such as blood pump, where the blood shaais always larger than 100.s

d
Dv

whereT; = [-p(1 — @) + 2u;(1 — ¢)D, p is the pressurgy, is the dynamic viscosity
which is 3.5cPp; = (1 — )pso, pso is the density of pure blood which 1860 kg/m?, ¢ is
the volume fraction of deposited platelets(thrombaisd is defined as the ratio of deposited
platelets concentration and maximum platelets aumagon in spaceh; is the body forcey,
andv; are the velocity of blood and the thrombus (Usual} is equal to Om/s, when the
wall/surface where thrombus grew from is statid, Wwhen the wall/surface is moving, such as
the surface of a impeller of a blood pump, theis not equal to Om/s.g,(v; — vr) is the
resistance force on the blood from the thrombus@nd 1 x 10° is a parameter which is chosen
by borrowing the idea from drag force and assundegosited platelets behave like densely

compacted particles (see Johnson et al. [94] an@Vel[66]). Alternatively, the resistance force
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can also be treated as a Brinkman-type term usiegsi in porous media modeling ( see

Leiderman and Fogelson [93]).
3.3.2 Thrombus: Chemical and biological species

All chemical and biological species are assumebedlifferent, and described by convection-

diffusion-reaction equations [1, 2]

% + div(vs - [C;]) = div(D; - V[C;]) + S; (3.3)
whereD; refers to the diffusivity of speciesn blood;[C;] is the concentration of speciesand
S;is a reaction source term for specie§he species considered in the current model fare:
normal(unactivated) resting platelets, [RP]; 2.ivated resting platelets, [AP]; 3. platelet-
granule-releasedaj,], and platelets synthesized platelet agoniatg][which can be inhibited
via first-order reactions; 4. prothrombus, [PT]ttarombus, [T], generated from prothrombus on
platelet phospholipid membranes; and 6. ATIII, [AWhich inhibits thrombus and whose action
is catalyzed by heparin via the kinetic model oiffién. Table 3.1 lists the appropriate form for
the source term$;, along with the abbreviation and the units useddg, for each species
included in the model. Besides the species intreduabove, we also have three other species

(deposited platelets), namely deposited unactivatégated platelets, [RP[APg4], and

stabilized deposited activated platelets, JARhich do not have convection and diffusion terms

—L=5 (3.4)

The source terms, the abbreviation and units usethése three species are listed in Table 3.2.
At the boundary, platelet-surface adhesion andhall other species reactions are modeled by

surface-flux boundary conditions. Here similar he reaction terms in the internal domain, the
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negative flux implies consumption and the posifive implies generation. Following the ideas
of Sorenson et al. [1, 2], the expressions andrigg®mmn of the species boundary conditions are
listed in Table 3.3. The value or the expressioth twe description of all the source terms and

parameters are summarized in the Appendix for eadgrstanding.

Table 3.1. Model species and reaction source terms.

Species [C;] abbreviation S; form

_kapa[RP] - kspa[RP] + femb [RPd]

Unactivated Resting PLT [RP]
- krpd [RP]
kapa[RP] + kspa [RP] + femb [Apd]
Activated PLT [AP]
- kapd[AP]
PLT-released agonists 2 (kapa[RP] + kspa[RP] + kapalRP4] + kpa[RP4]
[apr]
(ADP) + 0k rpalRP]) — kyj[ap:]
PLT-synthesize@agonist
[aps] spj([AP] + [APq]) — ky j - [aps]
(TxA))
—&[PT](¢ac ([AP] + [AP4])
Prothrombus [PT]
+ ¢re ([RP] + [RP,]))
—T - [T] + [PT](¢ar ([AP] + [AP4])
Thrombus [T]
+ ¢re ([RP] + [RP,]))
ATII [AT] —TI'-€[T]
Table 3.2. Model species and reaction source terms.
Species [C;] abbreviation S; form
(1 - e)krpd[RP]
Deposited Resting PLT [RP

- kapa[RPd] - kspa[RPd] - femb [RPd]
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ripd[RP] + kapd[AP]
Deposited Activated PLT [AP
+ kapa [RPd] + kspa [RPd] - (femb + fstb)[APd]

Deposited anstabilized

[APS] fstb [APd]
PLT
Table 3.3(a). Species boundary conditions.
Specieq(;] ji form Descriptior
Consumption due to [R-Surface
[RP] —Skrpap[RP] + fembp [RP4] adhesion; Generation due to shear
embolization.
Consumption due to [AlSurface
[AP] —Skapap[AP] + fempp[APq4] adhesion; Generation due to shear
embolization.
Generation due to agonists and st
activation of [RE]; Generation due to
[apr] Aj(kapa[RPd] + kspa[RPd] + 95krpdb [RP])
surface contact activation of [RP]-
Surface adhesion.
Platele-synthesized generation due
[aps] Spj [APd]
[AP]
Consumption due tc¢hrombu, [T],
[PT] —&[PT](¢at[APal + &re[RP4]) _
generation.
Generation from pithrombu: [PT]
[T] [PT](@at[APal + ¢re[RP4]) _
due to deposited platelets.
[AT] 0.C No reaction flu:

Table 3.3(b) Species boundary conditions.
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Generation due to [RP]-Surface

¢ adhesion; Consumption due to
f (1 - H)Skrpdb [RP] - kapa[RPd] - kspa[RPd]
0

[RPy] agonists and shear activation;
= fempy [RPqldt Consumption due to shear
embolization.
Generation due to [AlFSurface
adhesion; Generation due to surface
f tSka,,db[AP] + 0Skypap [RP] contact activation of [RP]-Surface
[AP{] :kapa[RPd] + leopalRP] adhesion; Generation due to agonists
C(Forrs + ) [AP,ldt and shear activation of [RP];
Consumption due to shear
embolization and stabilization.
¢
[AP{] fofsw [AP,;] dt Generation due to stabilization.

3.4 Results and discussion

A CFD solver for the mathematical model describbdva is developed using the solvers and
the libraries of OpenFOAR] a C++ toolbox for the development of customizatharical
solvers, and pre-/post-processing utilities for gwdution of continuum mechanics problems,
including computational fluid dynamics (CFD) [99]he values and the expressions for all the
material parameters used here are summarized iAgpendix. For each geometry studied, the
domain is discretized as hexahedral meshes usiBlllIn each of the cases, mesh-dependence

studies were performed to assure insensitivithéormesh size.

Platelets deposition in blood vessel with ADP itigt the effect of the mean velocity on the

shape of the deposited platelets
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Begent and Born [96] and Born and Richardson [80dlied the effect of the mean velocity on
the shape of the platelet thrombi produced by lpimdoesis of ADFn vivo in hamsters. The
schematic of the simulated blood vessel is showhigare 3.2. The inlet velocity is 8 /s

and 180@m/s. The reaction rates and the embolization ratectorent case are,., = 7.0 X
107"m/s, kg = 2.5 X 107°m/s andk,,,;, = 0.9 X 10~°m/s; and the embolization rate and the
platelets deposition rate at the ADP injecting spaitere the vessel is injured, &g,,,, = 1.0 X
107°m/s, kypap = 4.0 X 107"m/s andkg,qp, = 4.0 X 10~*m/s . It should be emphasized that
in current case the effect of the boundary pararsete the shape of the thrombus is moderate,
compared with the parameters, suclkask,, and so on. All the other general parameters see
Appendix. The inlet [RP] and [AP] afex 101* and5 x 10'2. Figure 3.4 and Figure 3.5 show a
snapshot of thrombus at different time steps. it ba seen that thrombus grow towards both
upstream and downstream, which agrees with theriegetal observation by Begent and Born
[96] [see Figure 3.6]. The upstream growth may be t the capture of the incoming platelets
and the relatively low shear rates; while the paseneeded for the downstream growth are
supplied by the platelets in the flow and also reedbplatelets by shear from the neighboring
upstream. Figure 3.7 shows the comparison of thghheersus the length of the thrombus
observed experimentally and the numerically. Frdwa tigures, we can find that the model
clearly catches the effect of the mean velocityttom shape of the thrombi and agree with the

experiments very well. The curve in Figure 3.7 duatively validates our model and simulation.

0. 500mm
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Figure 3.2 Schematic of the simulated blood ve3dad. diameter of the simulated blood vessel isfirfdgand the
length is 0.5mm. The ADP injection part locatethatbottom vessel wall and its diameterig3which is the
diameter of the micro-pipette injecting the ADPngsiontophoretic method. [96, 97] In this problese set only
the injection spot area, which is injured, is higatlhesive to the unactivated and activated pksteReset of the
healthy vessel wall is little adhesive to the it because normal and healthy blood vesseléstalproduce

inhibiting agonist resisting platelets deposition.

U Streamlines

0.00158

Figure 3.3 (a) Snapshots of thrombus and strearaftee simulated for 450s at mean velocity 8@Q's. The red
body is the thrombus, and it is plotted in the oegivhere the volume fraction of the deposited throsis larger
than 0.3.
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Figure 3.5 Procedure of the thrombus growth at nvedocity 180(um/s.

120s
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Figure 3.6 Snapshot of the thrombus created andumed by Begent and Born [96].
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Figure 3.7 Thrombus height VS length by numerigalutation and experiments. Experimental data isnf{86, 97].
Figure 3.8 shows the streamlines and a snapshdiffefent species fields on the radial-axial
slice plane. Figure 3.8(a), the streamlines indithat in the region occupied by the thrombus no
fluid flows. This produces vessel stenosis if thessvly created thrombus stabilizes. Figure
3.8(b) indicates that near the surface of the thlmsrmthe shear rate is much higher than other
places and it will become greater as the size efttihombus increases which implies that the
platelets deposition will be more difficult due gbear embolization. Figure 3.8(c)-(h) show that
agonists concentrate near the surface of the trusrahd they activate the resting platelets and

make them maintain a high concentration there, vbigoports the thrombus propagation.
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Figure 3.8 The streamline, shear rate and diffespaties fields on the radial-axial slice plang S@eamline; (b)
Shear rate field; (c) Activated platelets; (d) Uinaated resting platelets; (e) PLT-released ager(kDP); (f) PLT-
synthesized agonists (T¥A (g) Thrombus; (h) Pro-thrombus; (i) ATIII; (j)dposited activated platelets (thrombus).

The plane penetrates the middle of the ADP injectipot. The mean velocity is 1808/s and the time step is
450s.
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Platelets deposition in rectangular channel withravice

A further benchmark problem, namely, a rectangctt@annel with a crevice, will be studied. This
is motivated by a persistent problem involved instmolood wetted devices, namely the seams
and joints between component parts of a devicelaw fircuit which are predisposed to
thrombus deposition (See Figure 3.9). It shouldno¢ed that in the previous study, the
experiments were performed on mouse, while in tireeat study the experimental material is

the human blood which implies that the model patarsenay be moderately different.

It is widely believed that the platelets depositrate is similar for all mammalian. Therefore the
parameters, such as the embolization datg, = 0.9 X 10~°m/s, and the platelets deposition
ratesk,, = 7.0 X 10~"m/s andk,, = 2.5 X 10~>m/s, obtained in the previous simulation are
applied in current case. The embolization rate \@atlplatelets deposition rates, which varies
depending on the wall property, are chosen to Herdnt to the previous case,,,,, = 1.4 X
107°m/s,, kypap = 1.0 X 1072°m/s andkgpq, = 2.0 X 10~°m/s. The inlet [RP] and [AP] is

3 x 10™ and1 x 1013,

Figure 3.10 shows the concentration field for tepaskited platelets of based on the numerical
predictions and the experiments, after simulatias tun for 600s. It can be observed that a very
good agreement is achieved. At the region B showiRigure 3.10 (rear corner of the crevice),
numerous platelets deposited. Furthermore, thera st of deposited platelets at the wall
neighboring to the rear corner, which is counteitive, because both numerical and
experimental results show that plane wall at thetream of the crevices does not have serious
platelets deposition. In other wordbe platelets deposition at the walls located imatety

after the crevices should contribute to the crewdsdch provides the nidus for platelets
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activation and also provides the activated platetet platelets deposition at the downstream
wall of the crevice. Those platelets which arevatéd in the crevices by shear, agonists or

contact with the deposited platelets will not bally captured in the crevices.

Through the experimental and numerical results, éhbancement of the crevices on the
thrombus formation can be clearly seen. As mentigreviously, these kinds of crevices exists
widely in various blood wetted devices as the seanusjoints which become potential sites for
thrombus. In addition, from the experimental resuit also can be seen that at the entrance
regions near the corner of the crevices some thugsrabe also deposited; this is observed in our

simulations, as well. This further validates ourtimemnatical model.

e
E Symmetric plane ,
o
e ilnlet Outlet
| -
e £ | o.50m)
- L3om  -20m

Figure 3.9 Schematic of the rectangular channdi witrevice. The half of the channel height is Irhrie total
length of the channel is 1.6075mm and the depBhlismm. The height and length of the crevice is Bmi& and
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0.075mm. The inlet velocity is 0.0173m/s (Re=32.20)upstream corner of the crevice; B: rear coofehe

crevice.

Figure 3.10 (a) Thrombus concentration field byeripent after 600s; (b) Thrombus concentratiordftey

numerical simulation at 600s.
Figure 3.11 shows a few snapshots of the thrombuasentration field at different time steps.
From the figures, it can be seen that the throngvawth starts form the corner and wall centre
of crevices. As time passes , at the rear corheramount of the accumulated deposited platelets
become more dominant. This may be because at #necoener, except for the platelets which
were activated locally, a lot of platelets are\atéd without being deposited at the beginning
corner and are transported to the rear corner wthegeare captured. This makes the growth rate
of the thrombus at the rear corner much faster.M\the deposited thrombus at the rear corner
accumulates to a certain, rather large value tlwmiatg produced by those deposited platelets
become dense enough to activate the unactivatedusgting platelets. In this region, the
amount of the platelets activated by agonists @lmuch larger than those activated by the

shear stress, which indicates an even much fastanbus deposition at the rear corner.

At the downstream wall of the rear corner, gradu#iie thrombus is growingyhich is an
unexpected result since plane wall at the upstrefatime crevices does not have serious platelets

deposition. Here we should emphasize again thaéwoe plays a very important role (as the
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nidus) in the thrombus formation in the blood wettevices. If there are no crevices, the
thrombus growth may be very slow. The slow or maagh of thrombus is indeed great news for

those who need to use blood wetted devices.

500s

350s

400s 600s

450s 700s

Figure 3.11 Evolution of thrombus growth in rectalag crevice.

Figure 3.12 shows the streamline and snapshotropuatation fields of different species. From
the figures, it can be seen that in surroundingsacé the thrombus, including those in and out of
the crevices, the concentration of the activatedejgts is high. These activated platelets, except

those which are consumed locally, are transponethé downstream, such as the rear of the
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thrombus, see Figure 3.12. These activated platelmise the thrombus to become larger and

also propagate further downstream.
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Figure 3.12 The streamline, shear rate and diffesecies fields on the x-y slice plane at depttOgm: (a)
Streamline; (b) Shear rate field; (c) Activatedtelets; (d) Unactivated resting platelets; (e) REleased agonists
(ADP); (f) PLT-synthesized agonists (TXA(g) Thrombus; (h) Pro-thrombus; (i) ATIII; (j)dposited activated

platelets (thrombus). The time step is 700s.

3.5 Summary

In this chapter, based on the Sorenson’s mode&][la mathematical model for describing the
process of thrombus growth is developed. The moudlides blood flow modeled as a single
phase Newtonian fluid, and transport and reactmigirombus growth which is modeled by
convection-diffusion-reaction (CDR) equations. Tdwvantage of using CDR equations is their
continuity, which enables their applicability to complex andgtical thrombus related problems,
such as those observed in medical devices likesdbloumps. Our model systematically
considers the three thrombus growth processeslinitiation, which considers the platelets-
boundary (wall) deposition; 2. Propagation whicbki® at the agonists activation of platelets and
platelets-deposited platelets deposition; and &bifstation which account for newly deposited
platelets that are converted to be solid like wdiich cannot be removed by hydrodynamic force.
The model also includes the interaction betweenttinembus and blood flow: 1. thrombus
resists the flow; and 2. the shear stress remdwvesiewly deposited platelets on the surface of
thrombus. We applied this model to two represevediienchmark problems a blood vessel with
ADP injection and a rectangular channel with a mevThe numerical results show very good
agreements with the experimental data which engesréuture study of other practical problems,

such as cardiovascular devices.

3.6 Appendix

Appendix 1.1 Value, expression and description ohe parameters, coefficient and reaction

source terms.
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Table 3.4. Species units, coefficient of speciéfsision and initial conditiony is the local shear rate. For more

detail see Sorenson[1, 2] and Goodman[98].

Specie Species
D;(m?s™1) Initial (inlet) condition in blood
units
PLT m~3 1.5 x 10 — 3.0 x 10*(Human)
[RP] 1.58 x 10713 + 6.0 x 10713y
1.9 x 10* — 10.0 x 10'*(Mouse)
[AP] PLT m~3 1.58 x 10713 + 6.0 x 10~ 3y 0.01[RP] — 0.05[RP]
[ap,] nmol m~3 2.57 x 10710 0.0
[aps] nmol m~3 2.14 x 10710 0.0
[PT] nmol m~3 332x 10711 1.1 x 106
[T] Um™3 416 x 10711 0.0
[AT] nmol m~3 3.49 x 10711 2.844 x 10°
[RPy] PLT m~3 N/A 0.0
[AP] PLT m~3 N/A 0.0
[AP] PLT m~3 N/A 0.0

Table 3.5. Value or expression and descriptioreattion terms and parameters in current chapter.

Terms  Value or expression units Descriptior
kapa ( 0,a<10 ™ Platelets activation due to agonistg; is
| Q
—,0>10 S .
ter the characteristic time, which can be used
[ 1 1

for adjusting the activation rate, and here

we choose,; = 1s as provided Sorenson

1021

,—
tact tet  tact

(1, 2f; kapa =

implies the

reaction cannot be faster than physical

platelets activation procedure and 99%

50



platelets will be activated during t
activation procedure if the agonists or shear
stress is large enought,., is the
characteristic timei,.. is suggested to
range from 0.1s to 0.5s considering the
results by Frojmovic et. al [99] and

Richardson [100].

Q Ta 4 (N/A) a; refers to the concentration of ADP, TxA
;Wj Gcrie and Thrombus. Value of; anda; i, see
Table 3.6
kspa 1 ™ Platelet activation due to shear stress,
e . Expression t ., = 4.0 x 10°77%%  was
_ JW’ fetspa = Lact provided by  Goodman[98] and
U teespa’ fetspa < fact Hellums[86].
krpa div(kpg ;1)kyrq (s™) Unactivated platele - deposited activate
platelets ([RP]-[AR]), deposition ratef
refers to the face of a mesh cell and the
unit normal to the face. Detail about how
this term is calculated are provided in
Appendix 1.2.
k.,  To be determined, depends  (ms™')  Constant related ., .
blood material.
kapa div(kpg fi)kgq ™) Activated  plateletdeposited  activate

platelets ([AP]-[AR]) deposition rate.

Detail about how this term is calculated are
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provided ir Appendix 1.2

kaa To be determined, depends  (ms™')  Constant related ;.

blood material.

femb kempdiv(Kemp, s 1) 51 Platelet embolization due to shear str

- (1 — exp(—0.00957)) Expressiorexp(—0.00957 ) was suggested
by Goodman[98].
kemp,f Koy = {%) ’I‘de.f i(()) (N/A)
’ pd.f —
kemp ~ TO be determined, depends ms™! Platelet shear embolization relate
blood material. constant.

Fombb Kembp st Platelet embolization in boundary due

Diapyr

shear stressDiap;;r = 2.78 X 107%m is

(1 — exp(—0.00957))
the diameter of platelets.

kempp TO be determined, depends ms~! Platelet shear embolization rela
blood material. constant.
PLT gy PLTgmax PLTm~3 The maximum concentration of platelets
Diapyr

spacePLTs may = 7 X 101°PLTm ™2 is the
total capacity of the surface for platelets;

DiapLT = 2.78 X 10_6m.

A 2.4 %1078 nmol PLT~3 The amount of agonisj released pe
platelet.
0 1.0 (N/A) Platelets activation by conte
ky; 0.0161 (s™ The inhibition rate of agoni
Spj 9.5 x 10712 nmol PLT~3 . The rate of synthesis of an agor
€ 9.11x 1073 nmol U™ Unit conversio. From NIH units to S
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units

Dat 3.69 x 10715 m3 nmol~! Thrombu: generation rate on the surface
PLT-! Us~! activated platelets
Ort 6.5 x 10716 m3 nmol~! Thrombu: generation rate on the surface
PLT-1 Us~1 unactivated platelets
r ki [H][AT] (s™H Griffith’s template model for the kinetics
aKyr Ky + aKyre[T] + [AT]e[T]
the heparin-catalyzed inactivation of
thrombus by ATIII.
kir 13.33¢ ™) A first-order rate constar
[H] 2.09 x 10° nmol m~3  Heparin concentratic
a 1.0 (N/A) A factor to simulate a change in affinity
heparin for ATl when it is bound to
thrombus or for thrombus when it is bound
to ATIII.
Kar 0.1 x 10° nmolm=3 The dissociation conste for
heparin/ATIII.
Kr 3.50 x 10* nmolm=3 The dissociation conste for
heparin/thrombus.
S 1 _ [RPap] +P[LATPab] + [APsp] (N/A) Percentage of thwall (boundar) not been
o occupied by deposited platelets.
kypap ~ TO be determined, depends  (ms™')  Unactivated platele-boundary(wall)
blood material. deposition rate.
kapap ~ TO be determined, depends  (ms™!)  Activated platelet-boundary(wall)

blood material.

deposition rate.
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fsen 0.0 ™) Deposited activated platelets stabilizat

rate.

) RP; + AP; + AP (N/A) Volume fraction of deposited platel
PLT 1 0x

Table 3.6. Threshold concentration of that agdoisplatelet activation and agonist-specific weigbdr more detail

see Sorenson [1, 2] and Goodman[98].

Species aj crit w;
ADP([ap,]) 2.00 X 10°nmol m~3 1
TxA([aps]) 0.60 X 10°nmol m—3 3.3

Thrombus([T]) 0.01 x 10°Um™3 220

Appendix 1.2 Unactivated/activated platelets-deposd activated platelets deposition rate

k.,a and kq,, represent the unactivated/activated plateletssitgmb activated platelets
deposition rate. In other words, the rate of tretimg unactivated/activated platelets captured by
the deposited activated platelets. g, of cell 5 is calculated as, see Figure 3.13 (asscef

1, 2 and 3 are the boundary cells having boundarg B1, B2 and B3.),
Kkrpa = div(kpg ;1)krq

f refers to the faces shared by cells 2-5, 4-5,aw® 5-8. Considering that thrombus tends to
grow layer by layer otherwise it may be easily okxh by hydrodynamic force, we assume that
when the volume fraction of the deposited platetdtsa cell is larger than some value (here
chosen as 0.8 which is a little larger than 0.1 (haximum packing of sphere), considering the

non-uniform size of platelets which leads to highessible maximum packing), this cell is able
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to influence the nelgthI’ CE, kpd,f — [RPd]f+[APd]f+[AP5]f > 0. [RPd]f+[APd]f+[A

P
)/ represents
PLTmax PLTmax

the percentage of the area occupied by depositixbted platelets at that mesh surface
those deposited activated platelets are goingptuoaincoming platelet We also consider that
in some zone&vhere the velocity of the fluid is extremely slave thrombu: may not grow layer

by layer but more loosely, therefore we also sat tlurrent cell is able to influence the neigh
cells when|(1 — ¢)(vy — vr)| is smaller than some value, which means € of the fluid on
the thrombuss small and ththrombus is stabldzor instance, using cell 2 as considered ce
volume fraction of cell 2 is smaller than (and if|(1 — ¢)(v; — vr)| of cell 2 is larger tha
1 x 107%m/s, k,q  of the faces shared by cell-2, 2-3 and 5 will be considered ¢k, ; = 0

which impliesk, r related to cell 2 is ignored. In addition, thisnist applied to the bounda

faces.
7/ 8 9
4 5 6
1 2 3
B1 B2 B3

Figure3.13 Schematic of cells and faces of a mesh.
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Chapter 4 Direct prediction of thrombus formation in an

axial flow blood pump

4.1 Introduction

VADs have significantly contributed to improve swal in end stage heart failure patients and
have now been implanted over in about 10,000 patieworldwide.[101] However, the
complication rates associated VADs especially fooiinboembolism, infection, and bleeding
have limited wider adoption of VADs.[102] Seriousmiplications, such as bleeding and stroke,
jeopardizes the quality of life of patients, andymaquire pump exchange or result in death due
to pump thrombus (PT). Initially developed whemsgplant waiting times were less than 30 days,
pulsatile VADs are now regularly used to suppotigrds for over 1 year.[103] Consequently,
durability issues have arisen in these long-terppstt cases. More recently rotary VADs have
been developed due their superior durability, laickalves, absence of a compliance chamber or
requirement for external venting, and their smadiee, which reduces infection potential and

provides better anatomic fit in smaller patients,[204, 105]

As opposed to pulsatile VADs, which generate fldwough the compression of a blood-
containing chamber in the same manner as the riagiat, a rotary VAD generates flow through
the rapid rotation of an impeller, imparting momentto the blood. The rotational flow pattern
is susceptible to the formation of vortices anddkgelopment of turbulence. Previous research
indicates that fluid dynamic conditions have a eloselation with thromboembolic
complications.[106] The formation of vortices irosé proximity to artificial surfaces promotes

blood clotting and thrombus deposition.[107] Thisggests that the fluid path should be
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optimized to avoid exposure of blood elements tgloesidence times and elevated shear stress.
Thus, the aim of this research is to perform anremation of the flow conditions within a VAD
under clinically relevant flow conditions. The dagsulting from this study may be used to avoid
conditions which may increase the probability abthbus formation in rotary pumps, providing

better patient support and improved outcomes.

This chapter analyzes the flow field in an axiaddad pump using visualization and numerical
simulation, and applied the model developed in tdrapto directly predict the thrombus growth.
In section 4, based on the mathematical model imsselction 3, a dimensionality-reduced model
is developed for economizing the computational ,cegtich is essential for blood pump

engineering design and optimization.

4.2 Flow field analysis by numerical simulation anchigh-speed visualization in axial flow

blood pump

The purpose of this study is to examine the floeldfiunder clinically relevant pulsatile

conditions by high-speed videography and numesicaulation.
4.2.1 Material and methods
Mathematical model and numerical setup

Different to the problems in purely inertial framas axial pump, like Heartmate Il, always has
one stage, namely rotator or impeller, which shdaddmodeled in rotational frame. In inertial

frame, the incompressible Navior-Stokes equatieads,

d’Uf'[ _ va_,
dt at

+div(vy, ® vry) = —V(p/ps) + v - div (V(”f,l)) (4.1)
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div(vs,) =0 42)

wherevy ; refers to the velocity in inertial frame or abdelwelocity,p is the pressurey is the

density of the fluid and is the kinematic viscosity. Consider the relatlipsbetween the

velocity in inertial and rotational frame is,

Vi =Vfp+tw@XT
£L=EIR 4.3)
wherevy r is the velocity in rotating frame or relative velky, w is theangular velocity of the
rotating stage andis the space vector between the considered poohtr@tating origin. Then

the incompressible Navior-Stokes equations in iatat frame with relative velocity reads,

av}f’R dw

ot +Exr+div(vf_R ®vf,R)+2wxvf_R +twoXwXr
(4.4)
= —V(p/pf) + v - div (V(vf_R))
diV(‘Uf'R) =0 (45)

And the incompressible Navior-Stokes equationsctvig applied in developing CFD solver, in

rotational frame with absolute velocity reads,

vy, dw . .
atR +ooXT+ div(ver ® v;) + @ x v, = =V(p/ps) + v - div (V(vf_,)) .6)
div(vs;) = 0 a7
For steady state flow, in inertial frame,
div(vf,l ® vf,,) = —V(p/pf) +v - div (V(vf,,)) 4.8)
in rotational frame,
div(ver @ vry) + @ xv; = =V(p/ps) + v - div (V(vf,,)) 4.10)
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div(vs,) =0 (411
The blood analogue was treated as a Newtonian fiigth has the viscosity of 3.5 cP and
density of 1.08g/cth The simulation was performed using CFX, ANSYS,. liCanonsburg, PA.

The geometry and mesh are shown in Figure 4.1.cbhgutational domain was by divided to
be three different stages: 1: the straightener vanémpeller and 3: diffuser, see Figure 4.1.
Except stage 2 and hub of stage 3 rotating at §0@0 all the other parts including the shroud of
the stage 2 are considered in stationary frame.kThe model was applied to account for the

turbulence, and the interface coupling betweentiortal and stationary domains was modeled

using the frozen rotor method. At the inlet a fixeelocity profile was applied and outlet

pressure boundary condition was set as 0 Pa.

Figure 4.1. (a) Axial pump geometry; (b) Mesh: H(t);Mesh: Shroud. Stage 1: inlet straightener y&tage 2:

impeller; Stage 3: diffuser.

Experimental setup
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As shown in Figure 4.2, a transparent replica efileartmate 1l was made in our lab. The pump
fluid path consists of a single axial rotor wrappeith three blades, an inlet flow straightener
with three straight blades, an outlet stator wrappéh three straight blades, all within a casing
duct. The diameter of the casing duct is 12mm. feigu2 shows the inlet and outlet sections of
the axial pump. The hub of the pump rotor is cdhjcghaped at both ends and cylindrical at the
middle. The pump rotor is radially and axially sopged by two ball-and-cup bearing located at
both ends of the rotor hub. The pump rotor is detidy an integrated motor, and a permanent

magnet within the hub cooperates with field cadlsated outside the flow tube.

Figure 4.3 shows the experimental setup for ourgptlow visualization. The pump was placed
in a simplified circulatory simulator comprised @servoir, restrictor valve, in series with a
pneumatic pump to simulate the pulsatile contrdoubf the native heart. Pressure meter (P1 and
P2) and flow meter were provided to measure presdififerential and flow through the pump.
The region of interest for this study was the wgestm pump stage (as circled in Figure 4.2),
encompassing the leeward ball-cup bearing regiahséay vanes. The region was illuminated
with a laser sheet (appx 1mm thick) using a Diodeyped solid-state laser (532 nm wavelength,
DPSSL-1000), created by cylindrical lens (rod, 5 miameter, 3.7 mm focal length) in series
with a convex lens (5mm focal length). Backgroundreg was eliminated using an optical
Longpass filter (550 nm, FGL550s, Thorlabs) pravidiexcellent contrast of the fluorescent
particles. Video was acquired using a high speeddSMamera (Photron Fastcam SA4, Photron
USA, Inc). Steady-state flow conditions were stddidefined previously in terms of non-

dimensional coefficients as nominal, low flow anghflow.

A transparent blood analog fluid consisting of wiéglecerin solution titrated to a viscosity of

3.5 cP and a density of 1.08 gftat room temperature (approximately @D was used as test
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fluid for all of these studies. The resulting comication of glycerol was approximately 33% by
volume. Neutrally buoyant 30 um fluorescent micteses (Fluoro-Max Fluorescent Particles,
Thermo Scientific) were seeded into the test fligidvisualization. Although this solution is a
Newtonian fluid, it is suitable for these studieshuse of the high shear rates, in which the non-

Newtonian properties of blood such as shear thgnaimd viscoelasticity are negligible.

INLET REGION
OF INTEREST

LEEWARD , AFT
BEARING ! " BEARING

Figure 4.2. Transparent replica of the Heartmatmt schematic of visualization area
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Figure 4.3. Experimental visualization setup
4.2.2 Results

Figure 4.4 shows the streamlines in rotational statlonary frame at the different inflow rate. It
can be clearly seen that, with a same impellertiostal speed, at a low flow rate, streamlines
tend to be distorted and there exits vortexeshatow flow rate, in the impeller, the streamline
circles for more times than at the high flow ragfdoe leaving the impeller. This implies a
greater dwell time for and repeated contact with biomaterial surface. Figure 4.5 shows the
streamlines comparison between numerical simulaimhexperiments, at different inflow rate.
At nominal and high flow rates, the flow fields wefiound to be generally stable, well attached,
and streamlined. As the flow rate was reduced,pédriransition to disturbed velocity field

occurred in which a large toroidal vortex was exkib upstream of the flow straightener vanes,
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and chaotic pathlines were observed in the regifoth@ leeward bearing. It was common to
observe patrticles trapped within recirculation Hebpand drawn antegrade along the nose cone,
causing repeated contact between particle andrgesuirface. The addition of pulsatility shifted
the transition between stable and disturbed flowa tagher flow rate. In general, the disturbed
flow periodically became streamlined during theederation phase (dQ/dt >0), and was most
chaotic during deceleration. This initial wave aflgatility served to displace some vortices,

washing them downstream. Particles trapped witeairculation bubbles, and drawn antegrade

along the nose cone, causing repeated contact éetpagticles and bearing surface.
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Figure 4.4. Streamlines: (a) Velocity in rotatiofraime when inflow rate is 2.0L/min and rorotatibspeed of
impeller is 9000RPM; (b) Velocity in rotational fre when inflow rate is 4.5L/min and rorotationateg of
impeller is 9000RPM; (c) Velocity in stationary fine when inflow rate is 2.0L/min and rorotationaésg of
impeller is 9000RPM; (d) Velocity in stationary ffin@ when inflow rate is 4.5L/min and rorotationateg of

impeller is 9000RPM.

Figure 4.5. Fluorescent particle pathlines revedl mumerical simulation flow field near inlet dulcside the pump

4.2.3 Discussion

In this section, flow patterns were analyzed by edoal simulation and high speed camera in a
transparent Heartmate Il replica under differenéerapng conditions. Numerical simulations
shown reasonable agreement with the experiment#reations. Flow condition was studied.

Aberrant flow features caused by flow condition everbserved. Under low-flow, pathlines

64



within the HM2 are chaotic and potentially prothtmotic. Through the study, it may can be
concluded that a lower flow rate with high RPM n@ytribute to thrombus growth. In an axial
blood pump, thrombus is commonly found at the dathe inlet straightenor vane and at the

beginning part of the impeller.
4.3 Direct prediction of thrombus growth in axial dood pump

Perhaps due to the complex flow field in axial Wopump and complicated biological and
chemical procedure of thrombus growth, to our kremlgk, no one has successfully directly
predicted the thrombus deposition in a blood pumplate. Of course, a successful numerical
prediction will be very essential for whole thead axial blood pump. In this section, we apply
the mathematical model developed and validatedhapter 3 to directly predict the procedure of

the thrombus growth in HeartMate |II.
4.3.1 Mathematical model and numerical setup

Due to the interaction between the blood and thisnbhe Navior-Stokes equation is modified

form the last section. In the inertial frame, theampressible Navior-Stokes equations reads,

dv v
d;?l = a];'l + le(vf,I ® vfrl) = —V(p/pf) + V- le (V(Vf'l)) - Cz(vjfrl - ‘IJT) (412)

le(’Uf,[) =0 (413)
wherevy is the velocity of the thrombus (detail abayt, see last chapter.), ad is the

resistance force coefficient. It should be emplasithat the velocity of the thrombus is a
variable depending on the rotational propertiesheforiginal boundary it developed from. The

incompressible Navior-Stokes equations including tinteraction with the thrombus, in

rotational frame with absolute velocity reads,
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an'R dw i
o +Exr+dlv(vf,R V) +w XV,

(4.14)
=-V(p/ps) +v-div (V(vf,,)) — Cy(vp; —vr)

div(vf,,) =0 (4.15)
It should be emphasized that in the rotational &aiie velocity applied in the transport
equations are relative velocity . The blood properties are set as same to theseagton.
Based on the equations above and also the thromodel introduced in section 4, A CFD
solver is developed using the solvers and therigsaof OpenFOAM. Considering the high
computational cost of current problem, for acceiegathe thrombus formation, the deposition
reaction related parameters are scakgeg:= 2.0 X 10™°m/s, kg, = 1.0 X 1073m/s, kpppp =
3.0 x107'm/s , kypgp = 1.0 X 107 °m/s , kgpap = 1.0 x 10™*m/s and kempp = 6.0 X
10~°m/s; The inlet [RP] and [AP] i8 x 10** and3 x 102, All the other parameters related to

the thrombus model is summarized in Chapter 3.
4.3.2 Results
Procedure of the thrombus growth

Figure 3.4 shows an overview of the simulated thresndistribution in the axial blood pump,
HeartMatell, after 300s. The flow rate is 4.5L/naind the rotational speed is 9000 RPM. This
simulation took about 2*24 hours, using 40 CPU<R).4~rom the figure, we can see that the
regions where thrombus accumulated most are tle$laf the inlet straightener vane, the rear
of the straightener and inlet part of the impelre Figure 4.1. These parts are the regions in
which thrombus is most reported clinically (Seeureg4.7 [34, 108]). Comparing Figure 3.4 and
Figure 4.7, it can be found that simulation alsedpted region absent of thrombus, such as the

leading edge of the blades of the inlet straighterane. The Figure 4.8 shows thrombus
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deposition in pump stage 1, namely the inlet shtaiger vane, after simulating for 2000s. We
can see that along the downstream direction, atré¢lae of the thick thrombus, a sudden
expansion like geometry comes out, see the dastvedSimilar to a crevice, thrombus can easily
grow in such geometry as well. Furthermore fromuFég4.8 we can also infer that the thrombus
will keep growing and potentially blocking the pagsway of the pump, increasing the pressure,
leading to hemolysis. Finally the thrombus will satthe malfunction of the blood pump, which

implies a replacement surgery for patients.

Figure 4.6 Thrombus deposition in axial blood puafier simulating for 300s. The inlet flow rate i&4/min, and
the rotational speed of impeller is 9000RPM. Sthged stage 2 are simulated.
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Figure 4.7 Clinical observation of thrombus deposiin axial blood pump. (a) Inlet of straightervane; (b) Inlet
of impeller. [34]
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Figure 4.8 Thrombus deposition in axial blood pusifter simulating for 2000s. The inlet flow ratedi$L/min, and
the rotational speed of impeller is 9000RPM. Onége 1 is simulated.

Figure 4.9 shows the evolution of the thrombus dihowvrhich indicates the thrombus starting at
the rear of the inlet straightener vane. This ddie€ to the region of lowest shear rate, see
Figure 4.10. These early deposited thrombus previdese for incoming platelets, similar to the
case of the thrombus deposition in blood vesseliatiin chapter 3; concomitantly the agonists
produced by deposited platelets activate the sodqulatelets. In the other words, the early
thrombus provides the advantages for thrombus patma, which of course is the

disadvantages for blood pumps and patients.
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Figure 4.9 Thrombus deposition procedure in aXiabth pump: the straightener vane and the impéellee. inlet
flow rate is 4.5L/min. The rotational speed of irti@eis 9000RPM.
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Figure 4.10 Walll shear rate field in pump. Thetifilew rate is 4.5L/min. The rotational speed opietler is
9000RPM.
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Figure 4.11 Streamlines near inlet duct inside pufie inlet flow rate is 4.5L/min. The rotationple®d of
impeller is 9000RPM.
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Effect of the flow rate

Figure 4.12 shows an overview of the thrombus itistion after simulating for 300s for two
different inflow rates. It can be seen that at Ibaw rate, the amount of the accumulated
thrombus is much larger than at high inflow ratdjickh agrees with the observation and
conjecture we made in section 2. At the low inflate, at the rear of the inlet straightener vane
and the inlet part of the impeller, a lot of vosexdevelop and platelets, following the
streamlines, repeatedly contact with the bearimtpsa (See Figure 4.16). Such repeated contact
makes platelets have larger possibility to be attis and adhere with the bearing surface or
deposited thrombus. Figure 4.13 shows the thromgrumwth procedure at low inflow
rates(2.0L/min). Similar to the high flow rate,thre low flow rate thrombus still starts at rear of

the inlet straightener vane, however thrombus actated faster with the low flow rate.
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Figure 4.12 Thrombus deposition after simulating3a0s under two inflow rates: (a) 4.5L/min; (bQ2min. The
rotational speed of impeller is 9000RPM.
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Figure 4.13 Thrombus deposition procedure in ad@bd pump: the straightener vane and the impé€llee.inlet
flow rate is 2.0L/min. The rotational speed of irtigeis 9000RPM.

(a)
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Figure 4.14 Clinical observation of thrombus deposiin impeller of axial blood pump.
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Figure 4.15 Walll shear rate field in pump. Thetifilew rate is 2.0L/min. The rotational speed opietler is
9000RPM.
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Figure 4.16 Streamlines near inlet duct inside pufie inlet flow rate is 2.0L/min. The rotationple®d of
impeller is 9000RPM.

4.3.3 Discussion

In this section, we successfully predicted the ritvas growth in blood pump applying the
mathematical model developed in chapter 3. The lsimon results agree with the clinical
observation very well: The simulations shown thabmbus mostly prefer accumulating at the

straightener vane blades, rear of the straighteare and the inlet part of the impeller; The
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simulations also shown that with a same RPM, thimsréccumulates faster at a lower inflow
rate. It should be emphasized that, in this segctibwan be found that thrombus prefer to
accumulated in the region where the shear ratasively low. We should also notice that shear
rate plays complicated role during the procedurdahef thrombus growth: 1. Platelets shear
activation; 2 Deposited platelets shear emboliratiWe may infer that at a low shear rate, the
effect of the shear activation is more obviousthateffect of the shear embolization is small and
even negligible. At some high shear rate, the thmesndeposition is mainly controlled by the
shear embolization. In other words, if shear rateigher than some value, no newly deposited

platelets will be stabilized and stay.

4.4 Direct prediction of thrombus growth in axial Hood pump using a dimensionality-

reduced model

In last section, we have performed a successf@ctiprediction on the thrombus growth in

blood pump. The model used in the last sectionomputationally expensive(one case takes
about 2 days and is far away from steady-stateirtwis a disadvantage for engineering
applications. Therefore, in this section, we présedimensionality-reduced model. Similar to

the idea of the Sorenson's model, we constraintbi@athrombus is only able to developed in
"boundaries” but not able to intrude into the fléald, which means we do not need to update
the flow field, namely solving the Navior-Stokesuatjons, while the thrombus grows. It also
can be expected that without blood-thrombus intemacwe may can use a larger time step to

achieve the steady-state condition.

4.4.1 Mathematical model and numerical setup

Blood (RBCs and plasma)
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In the dimensionality-reduced thrombus model, tirerhbus will not intrude into the flow field.

Therefore, the Navior-Stokes equations are sartifeo&e in section 2. In inertial frame,

d’Uf' a'Uf' . .
7’ = atl + dlv(vf,, ® vf,,) = —V(p/pf) + v -div (V(vf,,)) (4.16)
div(vs,) =0 @.17)
In rotational frame,
6vf,R dw . .
T XT div(ve g ® v;) + @ x v, = =V(p/ps) + v - div (V(vf_,)) 4.18)
dlv(vf,,) =0 (4.19)

The blood properties are the same as the lasbsecti
Thrombus: Chemical and biological species

Similar to the model introduced in chapter 3, imstdimensionality-reduced model, all the
chemical and biological species are also desciiyatbnvection-diffusion-reaction equations [1,

2]. In inertial frame,

0([3Ctl] + div(vf,l . [Ci]) = diU(Di . V[Ci]) + Si (4.20)

In rotational frame,

% +div(vpg - [C]) = div(D; - VIG]) + S; (4.21)

D; refers to the diffusivity of specieésn blood;[(;] is the concentration of speciesands; is a
reaction source term for speciesTable 4.1 lists the appropriate form for the seutermss;,
along with the abbreviation and units used [fg], for each species included in the model.

Similar to the model in chapter 3, the governingagtpns for deposited unactivated/activated

78



platelets and stabilized deposited activated @tgelvhich do not have convection and diffusion

terms, are

s, (4.22)

The source terms, the abbreviation and units usethése two spices are listed in Table 4.2. The
expressions and description of the species bourdangitions are listed in Table 4.3. For more

detail about the values/expressions and descrptdrthe terms appearing in the model, see

chapter 3.
Table 4.1. Model species and reaction source terms.
Species [C;] abbreviation S; form
Unactivated Resting PLT [RP] —kapa[RP] — kgpa[RP]
Activated PLT [AP] kapalRP] + kspa[RP]
PLT-release@gonist
[apr] Aj(kapa[RP] + kspa [RP) = ky,j[ap:]
(ADP)
PLT-synthesize@agonist
[aps] Spj[AP] = kqj - [aps]
(TxAY)
Prothrombus [PT] —&[PT](¢pat[AP] + ¢ [RP])
Thrombus [T] =T - [T] + [PT] (¢t [AP] + ¢+ [RP])
ATIII [AT] —TI - ¢[T]
Table 4.2. Model species and reaction source terms.
Species [C;] abbreviation S; form
DepositecResting PL [RP4] N/A
DepositecActivated PL1 [AP(] N/A
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Deposited and stabilize

[AP{] N/A
PLT
Table 4.3 (a). Species boundary conditions.
Specieq(;] ji form Descriptior
[AP4] Consumption due to [R-Surface ant
- Skrpdb + Tkra [RP] )
[RP] smax [RP] — [APgp] adhension;
+ fempb [RPal Generation due to shear embolization.
[APgp] Consumption due to [AlSurface ani
- Skapdb +Tkaa [AP] ] )
[AP] smax [AP] — [APg4,] adhesion; Generation
+ fempp[APa] due to shear embolization.
Generation due to agonists and st
& (k“”“[RPd] F KspalRPal activation of [R]; Generation due to
[ap:]
AP surface contact activation of [RP]-
+0 Skrpdb"'Mkra [RP] [RP]
PLT ¢ o
Surface adhesion.
Platele-synthesized generation due
[aps] Spj [Apd]
[AP]
Consumption due tc¢hrombu, [T],
[PT] —&[PTI(Par[APal + ¢+ [RPa]) .
generation.
Generation from pithrombu: [PT]
[T] [PT](¢qc[APq] + ¢re[RPa]) _
due to deposited platelets.
[AT] 0.C No reaction flu:

Table 4.3 (b). Species boundary conditions.
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[RP]

t
f (1-6) <5krpdb + min <1.0,
0

[AP,,]
PLT,

)i

- kapa[RPd] - kspa[RPd] - fembb [de]dt

Generation due to[RP]-
Surface and[RP] — [APgp]
adhesion; Consumption due to
agonists and shear activation;

Consumption due to shear

embolization.

[AP]

ft <Sk _p + min (1.0 M) k >[AP]
0 ap ’ PLTS’max aa

AP
+0 <5krpdb + min <1.0, APy

P LTs,max

Jo )i

+ kapa[RPd] + kspa[RPd] - (fembb + fstb) [Apd] dt

Generation due to [Ak

Surface and[AP] — [APgp]

adhesion; Generation due to
surface contact activation of
[RP]-Surface adhesion;
Generation due to agonists
and shear activation of [RP];
Consumption due to shear

embolization and

stabilization.

[AP]

f fuplAP,] dt
0

Generation due t

stabilization.

4.4.2 Results and Discussion

less therl x 1073571,
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All the parameters related to the thrombus modsluimmarized in Chapter 3 and last section.
The geometry, meshes and all the numerical setiémgssame to the last two sections. The

simulations are considered as steady-state angesdppvhen the relative change of [ARre



Using the same number of the CPUs to the simulgtiosection 3, the steady-state solutions are
achieved by simulating for 3 hours, which is 16dsraster than using complete model. Figure
4.17 and Figure 4.18 shows the thrombus distributip complete and dimensionality-reduced

model at 4.5LPM inflow rate. We can see that threrttbus distributions agree with each other
well: the high thrombus concentration regions camiecThis means the dimensionality-reduced
model is able to catch the thrombus deposition, iarchn therefore be a potential tool for

designing or optimizing a blood pump with less thbws deposition. Of course, from the figures,
it also can be found that the total accumulatedntfoius predicted dimensionality-reduced model
is different to the results by complete model. Tikiexpected due to the difference between two

models.
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Figure 4.17 Numerical simulation of thrombus defiosiin axial blood pump: (a) Complete model; (b)

Dimensionality-reduced model. The flow rate is 4rBln. The rotational speed of impeller is 9000RPM.

7e+15

(N

APad3

Figure 4.18 Thrombus deposition procedure in ei@d pump using dimensionality-reduced model. fitv rate

is 4.5L/min. The rotational speed of impeller iDORPM.
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4.5 Summary

In this chapter, we studied the thrombus growtlannaxial blood pump. In section two, before
applying the model developed in chapter 3 to diygatedict the thrombus growth, we did flow

field analysis in the blood pump using visualizatend numerical simulation firstly. Through

analysis, we found that at the rear of inlet stregger vane and inlet part of impeller, streamlines
are distorted and vortexes tend to come out, wimglies thrombus may tend to deposit there.
In section 3, applying the mathematical model impthr 3, we successfully predicted the
thrombus growth in blood pump. The simulation ressalgree with the clinical observation very
well. Due to the expensive computational expengb@®inodel applied in section 3, in section 4

a dimensionality-reduced model was employed whgreea well with the complete model.
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Chapter 5 Study of blood flow using a two-fluid approach

5.1 Introduction

Blood-related diseases, including cardiovascularglirovascular diseases and malaria, are the
leading causes of death in the world [109]. Foraasing the survival rates of the patients and
also improving their life quality, numerous medidalvices and therapies have been developed.
Their safety and efficacy is intimately relatedtb@ properties and behavior of flowing blood.
Comparing with the costly experimental trial-andserespecially at the initial phase of a project,
numerical simulations have been emphasized for thgh efficiency and low costs in the design

of medical devices [63].

Whole blood is a suspension of red blood cells (RB@hite blood cells (WBCs) and platelets,
in plasma. The volume fraction (hematocrit) of RBEs&bout 45%, therefore the properties of
whole blood is greatly influenced by their rheolkmdibehavior. The most prominent properties
are their aggregation and disaggregation as aiamof shear rate, their deformability, and their
alignment responding to extensional flow. (For &ddal detail, the reader is directed to [49, 66,
110-112]). These properties are manifested onladuale as shear-thinning and stress relaxation
[113]. At the micro-scale, for example in a vesa#lose diameter in the range of 20 to 500
microns (and shear rates below 10), shese non-Newtonian phenomena blood are redgensi

for the trafficking of RBCs (hence their distribori of volume fraction) [114-116].

The multi-component features of blood are consiiéoebe important for many blood related
phenomena, such as thrombus and atherogenesisnisodeposition is closely related to the

distribution of the platelets, which in turn isludnced by the distribution of RBCs, hence the
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collisions between the RBCs and platelets [17, B533]. In addition, in the past several

decades many important multi-component phenomema haen revealed through the various
investigations on blood flow in micro-scale chasndlood flowing in small tubes exhibits a

thin layer of pure plasma, which is called the déph layer of RBCs [51], and as a result,
plasma-skimming occurs in the branch vessel dowastrof the depletion layer [54]. Because of
the depletion of RBCs, this phenomenon may impairdport of oxygen in distal capillaries [51].
The Fahraeus effect occurs when blood flows intamow and long vessel from a larger vessel
(for vessel diameters ranging from 0.05 to 1.5 mfhg hematocrit in the narrow tube reduces
compared with that of the larger feeding tube [11¥8]. The Fahraeus—Lindqvist effect is a
result of Fahraeus effect, which corresponds te@eahse of the viscosity in the narrow tube
compared with that of the feeding (larger) tube7[1In summary, it is evident that blood flow at

micro-scales acts as a multi-component material, eahibits more complex behavior than can

be described by a single phase model.

In the past several decades, various multiphaseelnobr blood have been developed.
Mesoscale simulations, such as timemersed Boundary MethodBM) combined with the
Lattice Boltzmann MethofLBM), are useful methods for investigating thengex behavior of
blood or RBCs in micro-scale flow, particularly dieethe deformation, aggregation of the RBCs,
see [56, 57, 69]. In these studies, the RBC cyteske and membrane are modeled as a network
of springs in combination with bending rigidity amdnstraints for surface-area and volume
conservation. The fluid forces experienced by RBf®s then calculated by integrating the
pressure and shear stresses along the RBCs s[if&je Although these mesoscale simulations
have been useful in displaying non-Newtonian betragf blood, they are still prohibitive for

industrial and engineering scale simulations dueth® high computational cost [64]. An
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alternative method, the two-fluid approach two ghasodel overcomes the limitation of high
computational cost but still provides useful infation, such as the volume fraction distribution
of the RBCs [58, 120]. For the two-phase formulatitvo methods have been widely used: the
Averaging Method60, 65, 121] andMixture Theory(or the Theory of Interacting Continua)
which is applied in current chapter [59, 122, 1ZBhe mixture theory is a homogenization
approach within the framework of continuum mechanfast presented by Truesdell[124], in
which the phenomena of diffusion, dissociation, boration, and chemical reaction in the
broadest sense can be represented [125]. For #heshad the theory, the historical development
and applications, the reader is directed to rewéeticles by Atkin and Craine [44, 126, 127],
Bowen [128], Bedford and Drumheller [129], Masso{i80, 131] and the books by Truesdell

[125] and Rajagopal and Tao [59, 123].

A two-fluid model for blood, based on mixture thgowas previously introduced Massoudi and
Antaki [132], and further detailed in Massoudi &t 61], and Wu et al.,[66, 133]. The model

treats plasma as a Newtonian fluid while the RBf&steeated as a shear-thinning fluid whose
viscosity depends on the volume fraction accordimgexperimental observations of Brooks
[134]. For studying this two-component system, reehdimensional CFD solver is implemented

based on the solvers and libraries in the OpenFOAM®

5.2 Methods

5.2.1 Governing equations

In the absence of thermo-chemical and electromaga#ects, the governing equations consist
of the conservation of mass, linear momentum arglilan momentum. The equations for the

conservation of mass in the Eulerian form are [128]
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d
% + div(ppvy) = 0 (5.1)

0 5.2
% + div(psvs) =0 (52

where% is the derivative with respect to timgiy is the divergence operator, the subscript ‘f
refers to the fluid (plasma) phase, and ‘s’ to $odéid particles (the RBC) phase, where=
(1 = P)pfo.ps = Ppso. Pro @Ndpy, are the pure density of the plasma and the RBChen

reference configuration, respectivelyjs the volume fraction (hematocrit) of RBCs ani the

velocity field. The balance of the linear momentcam be written as,

vaf .
DSv _ (5.4)
Ps Dts = div(T) + psbs — fi
where in general for any scalfr, DDf = % +v*-gradf,a = f,s, and (for any vector
w),DD—t“’ = %’ + (gradw)v“, where ‘grad’ is the gradient operat®f, andT ;stand for the Cauchy

stress tensors for the plasma and the RBCs, respgd; represents the interaction forces
(exchange of momentum) between the componentshaaddb; refer to the body forces. The
balance of the angular momentum implies that, & &bsence of couple stresses, the total
Cauchy stress tensor is symmetric. The above oekfiorp, andp; follow from the definition

of mixture density, i.e.p.ix = p1 + p, and the ‘volume additivity constraint’. This puts a
restriction on the motion of the mixture [135], wlét is assumed that the volume of the mixture
is the sum of the volumes of the individual constitts in their reference configurations. A
mixture stress tensor can be defined as [1B§]=T; + T,, where,T; = (1 — ¢)T; and

T, = ¢T,, so that the mixture stress tensor reduces toathatpure fluid agp—1. Obviously
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this is an idealization. At a certajn,, called the maximum packing fraction, the partides in
such a close proximity to each other that unlesy #ire crushed or deformefl,can no longer
change. Therefore, in the numerical solution taladl practical problems of interest, we have to

set certain limits or restrictions @nso thatp can never be greater thep,.

To close these equations, constitutive relatiomsreeded for the individual stress tensors and

for the interaction force. These are describethéfollowing section.
5.2.2 Constitutive equations

Mathematically, the purpose of the constitutiveatiehs is to provide connections between
kinematic, mechanical, and thermal fields thatcmapatible with the balance equations and that,
in conjunction with them, provide a theory thatuseful and solvable for properly posed
problems. Deriving constitutive relations for thieess tensors and the interaction forces are
among the outstanding issues of research in makghflows. The non-linearities in the
constitutive relations give rise to a host of ie#ing problems from a computational point of
view. In general, the constitutive expressionsIipandT depend on the kinematical quantities
associated with both the constituents. However.aasime thal; andT; depend only on the
kinematical quantities associated with the solid timd phases, respectively. This assumption is
sometimes called “the principle of phase separaton was first put forward by Adkins [137,

138]. In this chapter, we assume that the plasrhavss as a linear viscous fluid
Tr = [-p(1 — ¢) + A (1 — $)trD |1 + 2u,(1 — $)D; (5:5)
wherep is the pressure of the mixtuvk, andu, are the (constant) first and second coefficients

of viscosity of the pure plasma, wheg = %[(grad vs) + (grad vf)T], ‘tr’ stands for the

trace of a second order tensor, and the identity tensor. (See [61, 66] for moreads}. The

89



RBCs are assumed to behave as a shear-thinnimly Whiose viscosity is also a function of the

volume fraction,

Te = [-p§ + Boo(® + $2)trD Il + ps($, trD;)p D (50
1+ In(1+k(¢)(2trD2)"*)
1+ k(¢)(2trD,?)"?

(5.7)

ps(P,trD)P = | poo(P) + (10(@) — 1o (@)

The material parametens,, 1, andk are assumed to depend ¢rnn the form of polynomial

function andB,, is a constant. The mixture viscosity is assumdaktthe weighted sum:

Umix = Ur(1 — @) + psp (5.9)

These equations are calibrated based on experihmeatsurements of viscosity of suspensions

of RBCs in ACD-plasma reported by Brooks [134](%egure 5.1).

fo = 537.002¢)3 + 55.006¢)%2 — 0.129¢) (5.9)
1, = 27.873¢3 — 21.218¢2 + 14.439¢ (5.9)b
k=11 (5.9)c

It is noted that equations (5.9a) and (5.9b) impigt the viscosity of RBCs approaches zero
when the hematocrit approaches zero. The valudektis suggested by Yeleswarapu et al.
[139]. Compared with the correlations used by Jand Hassanein [120] and Wu et al. [140],
considering the larger set of experimental datal s@e, this correlation is better for studying
the problem when the hematocrit is relatively Idar, example blood flow in micro-scale vessel

where the hematocrit is about 20%.

90



70 |- m  Experimental-Ht=0.086
l ® Experimental-Ht=0.131
60l 4 A Experimental-Ht=0.299
Vv Experimental-Ht=0.374
— i 4 Experimental-Ht=0.505
A 50} > Expetimental-Ht=0.613
8 | € Experimental-Ht=0.702
— Fitted-Ht=0.086
*? 40| < — Fitted-Ht=0.131
8 I & — Fitted-Ht=0.299
o 3§ —— Fitted-Ht=0.374
0 | Fitted-Ht=0.505
> —— Fitted-Ht=0.613
«w 20F —— Fitted-Ht=0.702
8 L
@ 10p 4
ok
. PR | . PR | . PR | . P
0.1 1 10 100 1000

Shear rate (s™)

Figure 5.1 RBCs viscosity as a function of the shate. Experimental data is by Brooks [134].

For the interaction force between the two compa)ewe only consider terms which would

correspond to the Stokes drag force and Saffmberarslift force. [94, 141]

9 3(6.46 Yz _
Fi= o f () (v, — )+ igféuf ) (20,2 D, (v, — vy)

wherea is the diameter of RBCs, here assumedas,&ndf (¢) = exp(2.68¢) + ¢°*3 is the

(5.10)

drag model (hindrance function) measured by Rusdaelssa [72]. For more discussions on the

interaction force, see [66, 132].

5.3 Results and Discussion

In this section, several problems are studied nicgaléy. Comparisons between the numerical
and the experimental data are presented for thecigeland the volume fraction profiles. The

velocity and the volume fraction fields are, in ggad, given by:

Ve = vp (X, Y,z t) ey + V5, (X, Y, Z; t)ey + vr,(x,y,z; t)e,
Vs = Uy (X, Y, Z; 1) €5 + Vg, (X, Y, Z; )€y, + Vg, (x, Y, Z; Ve, (5.11)
¢ =,y zt)
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Using equation (5.11), substituting equations (24p.10) into equations (5.3) and (5.4), the
momentum equations in the vectorial form are olethithere we have assumed that both phases

are incompressible). For the plasma phase,

avjc
(1—¢)ps 5t (grad vs)vs

= —grad((1 — ¢) p) + div (2u;(1 — $)Ds) + ps(1 — ¢p) by (5.12)

3(6.46)(psuy)"””

4ma ¢(2tTDf2)_1/4Df(vS —vy)

9
Fo D F @) (vs —vp) +

For the RBCs phase,

v,
¢ps [ﬁ + (grad vs)vs]

1+ (1+k(2erD,2)'"%)
= —grad(¢p) + div| | po(p) + (4o(®) — 1 () D, (5.13)

1+ k(2trp,?)"*

_3(646)(pry)”
4ma

+pudbs — L £ (v, —vy) o(2tr0,2) D, (v, — v;)

A CFD solver for the mathematical model describedva, i.e. equations (5.1), (5.2), (5.12), and
(5.13), is developed using the solvers and thauiibs of OpenFOAM®. This is a C++ toolbox
for the development of customized numerical solvargl pre-/post-processing utilities for the
solution of continuum mechanics problems, includiogputational fluid dynamics (CFD) [95].
The details of the numerical algorithms dealinghwiite two-fluid (Eulerian-Eulerian) approach
have been discussed in various publications (63).142, 143]). For all the cases studied in this

chapter, we use the following values for the matgsfopertiesy, = 0.96¢P, p = 1027kg/m?

andp, = 1093kg/m3. The boundary conditions are listed in Table &dr details see [142]).
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Boundan Pressur Velocity Volume Fractiol

Inlet Fixed flux Fixed valui Fixed valui

Outlet Fixed value (referenc Zero gradier Zero gradier

Wall Fixed flux Fixed value (C Zero gradier
Symmetric Plar symmetryPlan symmetryPlan symmetryPlan

Table 5.1 Boundary conditions for simulations iis tstudy. [95, 142]
For each geometry studied, the domain was disexktashexahedral meshassing ICEM. In
each of the cases, mesh-dependence studies wdoenpest to assure insensitivity. To save
computational time and expense, for cases 4.1a4d34.4 we have taken advantage of the
symmetric characteristics of the problems; theeethe meshes used in the simulations are 1/4

of the geometries for cases 4.1 and 4.3, and 1if2ecfeometries for case 4.4.

Velocity distribution in a tubular sudden expansarannel for low inlet hematocrit

The initial benchmark problem was to reproducerdseilts of the classic experiment of Karino
and Goldsmith [144] which entails of water and 1&dened RBCs through a tubular sudden
expansion channel (See Figure 5.2). Two flow ratese simulated, corresponding to inlet
velocity of 0.0757m/s (Re=12.2) and 0.233m/s (Re8BBecause hardened RBCs were used
for this study, the effect of deformability on wvisity was ignored. Figure 5.3 shows the
resulting streamlines and the velocity fields. Feggb.4a and Figure 5.4b show the velocity
distribution along the radial line (A-B) from thertter of the tube to the wall, crossing the vortex

center, illustrating excellent agreement betweerstmulation and experimental observations.
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0.0755mm

o

Figure 5.2. The geometry of the tubular sudden esijoa channel. The radius of the tube before ated tfe
sudden expansion is 0.0755mm and 0.252mm, aneémigehl before and after the sudden expansion is anim

2mm.

Reattachment point = 660 pm i

Figure 5.3. Streamlines and velocity field follogisudden expansion. Re=12.2(a) and 37.8(b) respéctiThe
measured positions of the reattachment point230um for Re=12.2 an715um for Re=37.8The scale bars

represent the velocity magnitude.
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Figure 5.4. a. Velocity profile along the A-B linghen Re=12.2; b. Velocity profile along the A-Bdi when
Re=37.8 (Experimental data from [144])

Blood flow in a rectangular channel

The second simulation aimed to reproduce the exyetal observations of Patrick et al. [145]
in a rectangular micro channel. Figure 5.5 showesctioss section of the computational domain.
The inlet velocity as prescribed 350 um/s and the inlet hematocrit were 0.45. Figure 5.6
shows very good agreement between the numericatlyeaperimentally obtained values of the

velocity of the RBCs for the conditions of steadyl dully developed flow.

Figure 5.5. Schematic of the rectangular micro-cesrwith a depth of 10@m (z direction).
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Figure 5.6. (Left) Numerical and experimental [1468amwise (x) velocity distribution of the RBGsafunction

of the distance to the wall y at the depths gaB8and z=16um.

Volume fraction distribution in a rectangular suddexpansion channel

The third benchmark study was aimed to replicateetkperiments of Zhao et al. [62] involving
flow of blood in a microchannel sudden expansioee(S-igure 5.7). The hematocrit was
prescribed to be 0.20 and the inlet velocity wak6®m/s 0.833m/s. Figure 5.8 shows the
comparison of the volume fraction of the RBCs aixdi from the simulatioafter the flow has

reached steady-state (corresponding to 0.15s &8b9 for low flow rate and high flow rate,

respectively.) To account for the finite depth-@fid of the experimental images, the numerical
results shown in Figure 5.8 are averaged in th&exiibbn corresponding to the dimensions
shown in Zhao et al. [62]. Comparison of the sitedaRBC volume fraction with the

microscopically observed RBC concentration reveatsy good qualitative agreement,
particularly with respect to the depletion zonesmparison of simulated streamlines (Figure 3)
with the experimental images also indicates simit@rease in the size and intensity of the

recirculation zone.
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Figure 5.10 shows the results of a mesh sensitstiigy for this problem. The average volume
fraction profile of the RBCs is plotted as a fupatiof mesh size (number of nodes) at t=0.035s.

The profiles illustrate convergence between 68266 225544 nodes. Accordingly, 125544

nodes as used for all subsequent simulations tare@ecuracy.

Imm . 2mm

10mm
0.20mm

.

Figure 5.7. Schematic of the sudden expansion rulcamnel, with a depth of 1Q6n (z direction).

Figure 5.8. Volume fraction of the RBCs obtainazhfrsimulation (top) compared to experimental obestéon of
Zhao et al. [62](bottom). Left: inlet velocity =1&7 m/s; right: 0.833 m/s. Hematocrit = 0.2. Thalsdar
represents the volume fraction magnitude of the KRBC
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Figure 5.9 Streamline of the mixture velocity folett velocity = 0.167 m/s(left) and 0.833 m/s (tiglat the depth z

= 5Qum, for hematocrit = 0.2. The scale bars representéhocity magnitude.
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Figure 5.10. Averaged volume fraction profile of ®Balong y direction from center of the channghtowall, at

x=1.03mm (the line A-B shown in Figure 5.8), whie tnlet velocity is 0.833 m/s.

Volume fraction distribution in a rectangular chamwith crevices

Based on the satisfactory performance of the modethe preceding benchmark problems, a
final simulation study was performed to simula@aflover a series of driven slots and crevices.
This is motivated by a persistent problem involwednost blood wetted devices, namely the
seams and joints between component parts of aelevilow circuit which are predisposed to

thrombus deposition (See Figure 5.11). For thigctd®e inlet hematocrit was prescribed to be
0.40 and the inlet velocity was 0.0238 m/s. FighrE2 shows the comparison of the volume
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fraction for the RBCs after the flow has reacheel skeady-state condition (simulated for 7s.).
The numerical field was averaged along the z-dmacsimilar to the previous case to account

for depth-of-field of the experimental images.

These results are juxtaposed to microscopic imag&sned using the method of Zhao et al. [62]
in microchannels of the same dimensions, and usida@tar conditions. Briefly, platelets-sized
fluorescent particles (g@m, Duke Scientific) was added to a suspension oCRfost cells
(hematocrit = 40%) in a ratio of approximately 1:Qthe sample solution was delivered by
syringe pump (Harvard PHD) at the prescribed flate r corresponding to the velocity indicated
above in the simulations. The fluorescence sigres waptured by a sensitive, high-resolution
CCD camera (SensiCam-QE, Cooke Corp). The quaktaigreement between simulation and
experiment is readily apparent. In particular, babults reveal a deficit of RBCs in the depths
of the narrow crevices and slots, see Figure ) 2e) (f) and (g). Counter-rotating recirculation
bubbles were also apparent in the crevices of EBigut2 (c) (d) and (h) adjacent to the main
flow path. (See also video examples in supplememtatierials.) Further detail is provided in
Figure 5.13 which indicates the streamlines and ®BGlume fraction field in the deep

rectangular crevice shown in Figure 6c¢.

0.45m 0.26m 0,10m
i
0.45m 1.30m 1.25m 0.80m 0.80m
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Figure 5.11. Schematic of the channel with dees gajih a depth of 70m (z direction).
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Figure 5.12. Volume fraction of the RBCs obtaineahf simulation (top) compared with experimentaleslations
of RBC ghosts seeded witlud fluorescent particles (bottom). Both simulatiowd @&xperiment correspond to inlet
velocity = 0.0238 m/s and hematocrit = 0.4. Ocazaily a portion of RBCs and fluorescent particlesght points)
are observed to deviate from the main stream agdatei into the depths of the crevices, and becoappéd. The
highly bright regions correspond to concentratezliamilation of fluorescent particles. (Additionataiks can be
seen in the videos provided in the supplementatrizds.) The scale bar represents the volume fnactiagnitude
of the RBCs.
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Figure 5.13. Simulated streamlines (A) and voluraetfon (B) in crevice of Figure 6c, at depth z=.3%. The
scale bars represent the velocity magnitude (A)taad/olume fraction magnitude of the RBCs(B).

5.4 Summary

In this chapter, the multiphase characteristicsbloiod flow are studied using a two-fluid
approach. The mathematical model is developed basdbe framework of the mixture theory,
and the model is solved numerically by a CFD solbailt based on OpenFOAM®. The
mathematical model is applied to several benchmpesklems and compared favorably with the
available experimental data. In particular, theueabf the model was illustrated by the accurate

prediction of volume fraction distribution of RBGs which is essential for developing a
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predictive model for thrombus in blood-wetted degicThis represents the ongoing and future

objectives of this research.
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Chapter 6 Summary and future work

6.1 Summary
Malaria infected RBCs separation

A malaria infected RBCs (pRBCs) separation systafharesis™ (magnetic aphaeresis) system,
is studied and channels with constriction/consong. The CFD-DEM approach is applied to
model the problem. Through the study, we found beatause the magnitude of magnetic force
decays very quickly as the distance between theGsR&d magnet increases, therefore using
the channel without any design, namely the rectangiannel, only has a little improvement on
the pRBCs separation. But when the constrictioradsled, which enforces the pRBCs to
experience larger magnetic force field, and diffuséhich reduces the re-mixing at the outlet of
constriction, the separation efficiency highly ieases. Therefore it should be emphasized that

the channel with a diffuser after a constriction ba a promising design for practical design.
Thrombus model development and thrombus growth ex&l blood pump

Then based on the model by Sorensethrombus model which incorporates the thrombos«bl
interaction, shear induced platelets activatioeasinduced platelets embolization and deposited
platelets stabilization, is developed. Based onntla¢hematical model, a CFD solver based on
OpenFOAM® is developed. Using the developed solgeme specific problems, such as
thrombus formation in blood vessel and channel witkvice et al., are studied. Good
agreements between the experimental date and reahessults confirm the validation of our
thrombus model. Applying the mathematical modelclmapter 3, we successfully directly

predicted the thrombus growth in blood pump. Thauation results agree with the clinical
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observation very well: most thrombus accumulatettha@trear of inlet straightener vane and inlet
part of impeller. Due to the expensive computati@xgpense of the model developed in chapter
3, which is a disadvantage for engineering appboata dimensionality-reduced model is
developed. Through study, the dimensionality-redut@del also shows good ability to predict
the thrombus deposition in blood pump, which inpliteis a promising tool for thrombus related

engineering application.

Multiphase modeling of blood flow

A two-phase model of blood flow using mixture theo formulated and validated by applying
the model to study some fundamental problems antpadng with existing experimental data.
Based on the two-phase model, a mathematical motdehrombus growth also has been
developed. Using mixture theory, in current worlkadal flow is treated as a two phase system,
where the RBCs are modeled as a non-Newtonian, fluiiich not only considers the effects of
volume fraction (hematocrit) but also has a visgosihich depends on the shear rate, and
plasma is assumed to behave as a linear viscods Based on some experimental data, a new
correlation of the viscosity of the RBCs is fittel.three dimensional CFD solver based on
OpenFOAM® is developed. Applying the solver, bldtalv in some fundamental geometries
are studied. The numerical results exhibited gap@ement with the experimental observations
with respect to both the velocity field and the urok fraction distribution of RBCs. In the
further, based on the velocity and volume fractimhds of RBCs got by Mixture Theory, a
RBCs-platelets collision induced platelets trantgt@mn flux term can be developed for more

accurately describing the platelets spatial digtidm which is essential for thrombus formation.
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6.2 Future work

After the platelets are activated and depositsyeagded platelets start consolidation, which
makes the aggregated platelets more stable andmiloblized by hydrodynamic forces easily.
This stabilization procedure is especially impotrtim studying the problems having high shear
rate. In this thesis, we also have introduced thbil&zation equation for deposited platelets, but
this stabilization equation only having a conststabilization rate term is simple. Many related
chemical species should be included are not coresidd herefore for improving the thrombus

model, the procedure of deposited platelets sratitin will be further developed.

Furthermore, in current work thrombus in vivo aret mwidely studied, such as thrombus
disposition on injured vessel wall and hemostasisted problems which are absolutely worth a
deep study. Besides some other possible topicbedhe agonists and medicines having strong
effect on thrombus formation. For example, aspoam greatly inhibit platelets activation by
inhibiting the GPVI which plays a major role in lagen induced platelets activation. Studying
on these agonists and medicines related problempr@ayde us deeper understanding on the

thrombus formation and improve the model develapeslirrent thesis.

In addition, in current thesis only the geometrycbfinnel with crevice has been studied. In
practical, many other representative geometries, ,sare common in various blood wetted

medical devices and vulnerable to thrombus.
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Site of plaque rupture

Figure 6.1Diagram of arterial thrombus responsibieacute myocardial infarction. [146]
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