Washington University in St. Louis

Washington University Open Scholarship

Engineering and Applied Science Theses &

Dissertations McKelvey School of Engineering

Spring 5-15-2020

Blood Flow Simulation of Particle Trapping in Models of Arterial
Bifurcations

Qihang Xu

Follow this and additional works at: https://openscholarship.wustl.edu/eng_etds

b Part of the Other Mechanical Engineering Commons

Recommended Citation

Xu, Qihang, "Blood Flow Simulation of Particle Trapping in Models of Arterial Bifurcations" (2020).
Engineering and Applied Science Theses & Dissertations. 525.
https://openscholarship.wustl.edu/eng_etds/525

This Thesis is brought to you for free and open access by the McKelvey School of Engineering at Washington
University Open Scholarship. It has been accepted for inclusion in Engineering and Applied Science Theses &
Dissertations by an authorized administrator of Washington University Open Scholarship. For more information,
please contact digital@wumail.wustl.edu.


https://openscholarship.wustl.edu/
https://openscholarship.wustl.edu/eng_etds
https://openscholarship.wustl.edu/eng_etds
https://openscholarship.wustl.edu/eng
https://openscholarship.wustl.edu/eng_etds?utm_source=openscholarship.wustl.edu%2Feng_etds%2F525&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/304?utm_source=openscholarship.wustl.edu%2Feng_etds%2F525&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/eng_etds/525?utm_source=openscholarship.wustl.edu%2Feng_etds%2F525&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digital@wumail.wustl.edu

WASHINGTON UNIVERSITY IN ST. LOUIS
James McKelvey School of Engineering

Department of Mechanical Engineering and Materials Science

Thesis Examination Committee:
Dr. Ramesh K. Agarwal, Chair
Dr. David Peters

Dr. Swami Karunamoorthy

Blood Flow Simulations of Particle Trapping in Models of Arterial Bifurcations
by
Qihang Xu

A thesis presented to the James McKelvey School of Engineering
of Washington University in St. Louis in partial fulfillment of the
requirements for the degree of
Master of Science

May 2020

Saint Louis, Missouti



© 2020, Qihang Xu



Table of Contents

LSt Of FIGUIES...ccviriviririniriniinnininiicniininninisnsnsssssnsisnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnsssnses iv
R o) i ) o) (. TR vi
INOIIEACIAULE «.vvveervrerreeienricsrereeeeesriessresosseeessreesseessssessssressssesssssssssseesssessssssesssessssessssnsssssessssessssasssssessaneses vii
ACKNOWIEAGIMENLS....cvviriririeiiiriiiiiisiiniss s asassessasasrssseasssasssassssssssssassenss viii
J B 1Ta 1T R x (o3 o W ix
AADSEIACE cuveveerereisriereeisesessesseesseeseessesssssesssesseesssssssssonesssessessssssesnsestsssessesnsssssonsestossesseenssssesssensessesseessesssonsonsasses x
T ItEOAUCHON ...ttt ettt e et e et e s et et e s essesat et essesaesetebessesstensesessesrtensesesstessensesesnsensenses 1
O O 2 4 T3 v TSR 1

1.2 OULHNE wetiiieeee ettt ettt ettt s et e e e teeseaeeseatesaseesaseeessee st sesaasesantesasseeasseesssesassesansesareeesseesnnes 2

1.3 Scope Of the ThESIS ..ccciiiiiiiiiiiiiiiii bbb 3

2 Laminat & TUDULENt FIOW ......c.ooviiiiieiiiececeeeeeeeet ettt ettt ettt et re st e bt enterestesaensenis 4
2.1 O VEIVIEW wetteteeeeeteeeeeeeeeeee ettt setteseteeeteessaseseseesantesasteessssesassesassesasseesssesassesassesasaeessseesassesassesassesnnseennnes 4

2.2 Governing EQUAtIONS .....ccuiiiiiieiieiieicicics sttt 4

2.3 Turbulence MOdElNng .......cccoviiiiiiiiiiiiiiiiiiiii s 5
2.3.1 Reynolds-Averaged Navier-Stokes (RANS) EqQuations ........cccccecevviicvniccirencnen 5

2.3.2  SST k- @ TULDULENCE IMOAEL ..ottt et s v s eaesseesvesnesanessnesane 6

2.3.3  Wray- Agarwal Turbulence Model .......ccoccociiiiiinininiiiiniicerinicerceeeseeeecenens 6

3 Mechanism of Particle TLAPPING........cccovviiimiiiiiiiiiiicicicie s saes 7
3.1 Physics of Particle Trapping.....cccccviiiiiiimiiiiieiiiieiicesssise e sesssssessssssssesessssssesesssans 7

3.2 Theoretical Model Of FOrce BalamCe .. ..oouueviecieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeveseeesevesvesevesevessvesvessnesnesane 8

3.3 Particle Trapping Probability ... 9

4 Particle Trapping in T-JUNCHOMN .......c.cuvmiiiiriiiicic s 10
4.1  Mechanism of Particle Trapping in T-Junction at low Reynolds Numbers.........c.ccccuvueecee. 10
1] OVOIVIEW ettt et e et e et e et eeeeeeeeseeeseeeseeeeeeeeaseeaseeaseeaseeaseeaseeasesaseeaseeaseeasesaseeasesaneans 10

4.1.2  Influence of Particle Diameter in Particle Trapping.......ccocoevvviiiniiiniiiincnnnn 14

4.1.3 Influence of Reynolds Number in Particle Trapping .......cccccvvivervviieriiniiiniininnnns 16

4.2 Mechanism of Particle Trapping in T-Junction at High Reynolds Number............cccco.ee.e. 19

4.3 VAlAATON ettt ettt et e et e et e et e et e et eeeeeaaeeeseeesteaseeesteanteasteaneeanteanteanteanteanteaneeaneenneeanen 23

5 Particle Trapping in Y-JUNCHOM .......c.cviviimiiiiiciiicicii st 27
5.1 Mechanism of Particle Trapping in Y-Junction at low Reynolds Numbers ........cccccceeeurunces 27
DL T OVEIVIEW ettt e e e e e et eeeeseeeseeeseeeseeeseeeseeesaeeseeesaeeseeesaeesaeesauesaeesseesneesaeesseesneesneeseesnee 27

5.1.2  Y-Junction Flow with StENOSIS.......coeviiimiiiiiiiiiiiciiicssaes 30



5.1.3 Influence of Bifurcation Angle (BA) on Particle Trapping........cccccoevvevevririiuereuninns

5.2 ValAAHON 1ttt ettt bbbttt

6 CONCIUSIONS.....coviiiiiiiic bbbt
T FUEULEE WOLK ...ttt ettt ettt
REFEIEINCES ...

111



List of Figures

Figure 1.1 Particle Trapping Phenomenon in T-JUNCtion ... 1

Figure 4.1 Geometry of T-Junction with Circular Cross-section & Structured Grids inside T-

JUICHON o bbb 11
Figure 4.2 Refined Boundary Layer at Inlet Pipe & Outlet PIpe......ccooeeuiiviiciviniiciiniicicicccinen 11
Figure 4.3 Parabolic Velocity Profile at INlet........ccovicuiiniiciiniiceiiecieceeeeeeeseeeneseeenensesenens 12
Figure 4.4 Pressure Contours, Velocity Contours, Wall Shear Stress Contours & Streamlines in T-

Junction FIow (Re = 3060) ....cccoviiiniiiiiiiiicii s 13
Figure 4.5 Axial Pressure Gradient along Vortex Cote LiNe ... 14
Figure 4.6 Particle Tracking of Different Particle Diameters in T-Junction (Re = 360)........c.cccceueeee. 15

Figure 4.7 Particle Trapping at Different Reynolds Numbers in T-Junction at Re =150, 250, 360 &

Figure 4.8 Pressure Contours, Velocity Contours, Wall Shear Stress Contours & Streamlines for
TULDULENE FIOW .ttt ettt ettt b et sa et e se b e se s ebe s et ase et esa s esensesanseseseseseasesensasans 21

Figure 4.9 Pressure Gradient and Axial Velocity in the Vortex Core Line in Turbulent T-Junction

FLOW ot 22
Figure 4.10 Particle Trapping for Re = 3000 Using SST k- Model & WA Model..........ccoeuvicunnee. 23
Figure 4.11: Physical Model for CFD Validation Case (T-Junction) ........c.ccceceeuvenieerrenieennenccensenenes 23
Figure 4.12 Mesh & Refined Boundary Layer Region of the T-Junction........ccccveveeeurenecerrnecrennenenes 24
Figure 4.13 Streamlines and Vortex Structure for Re = 150, 25
Figure 4.14 Axial Pressure Gradient Versus X Position for Re = 150, 200 and 250 ........ccccevvvucurunceee 25
Figure 4.15 Variation in Axial Pressure Gradient with X along the Vortex Core Line [1]......ccccccuuce. 26
Figure 5.1 Geometry & Mesh of Y-JUNCHON ..o 27
Figure 5.2 Pressure Contours, Velocity Contours, Wall Shear Stress Contours and Streamlines in Y-

Junction Laminar FIOW ..o s 29
Figure 5.3 Particle Trapping in Y- Junction Flow at Re = 360, 420, 480 & 540......ccccevvviviviiincnnns 30
Figure 5.4 Geometry & Mesh in the Bifurcation Model with Stenosis ........ccocvurvicviiriiiniiccicninnn. 31

Figure 5.5 Velocity Distributions at Various Pipe Cross — Sections in Y-Junction Flow with and
WILHOUE SEENOSIS .viieiiiiiiiicieiictc sttt 32
Figure 5.6 Vorticity Distributions at Various Pipe Cross-Sections in Y-Junction Flow with and

WILILOUE STEMOSIS tuvtiuviiriiiriierteiteieteeete et eeteeerteestesstessteestesstesstesstesstenssessestenssenssessenssenssessenssenssenssesssenssenssenssan 33



Figure 5.7 Particle Trapping in Different Models at BA= 100°, 95°, 92.5°, 87.5°, 85° and 80° ......... 35
Figure 5.8 Geometry of Y-Junction for CFD Validation ... 36
Figure 5.9 Pressure Contours, Velocity Contours, Wall Shear Stress Contours and Streamlines for

Lu’s Y-JUNCON IMOAEL ...ttt 37
Figure 5.10 WSS Distribution at Line A and Simulation Results from Omid Arjmandi -Tash et al. [§]



List of Tables

Table 5.1 Percentage of Particles Trapped in Models with Different Bifurcation Angles

vi



Nomenclature

CFD Computational Fluid Dynamics
PDE Partial Differential Equation

U Velocity Vector

D Lateral Size or Diameter of Inlet
L Length of The Pipes

Re Reynolds Number

p Static Pressure

dP/dX Axial Pressure Gradient

p Density of Fluid or Particles

U Viscosity of Fluid

Q Mass Flow Rate at Inlet

WSS Wall Shear Stress

BA Bifurcation Angle

vii



Acknowledgments

First, I am very grateful to Dr. Ramesh Agarwal for his professional guidance, effective suggestions

and continuous encouragement.
I'am also grateful to Dr. Peters and Dr. Karunamoorthy for serving on my thesis committee.
I am also grateful to my parents for their care and love for last 24 years.

Finally, I would like to thank my friends in CFD lab for their enthusiastic help and advice.

Qihang Xu

Washington University in St. Louis

May 2020

viit



Dedicated to my family

ixX



ABSTRACT

Blood Flow Simulation of Particle Trapping in Models of Arterial Bifurcations

Qihang Xu
Master of Science in Mechanical Engineering
Washington University in St. Louis, 2020
Research Advisor: Professor Ramesh K. Agarwal

This thesis describes the particle trapping mechanism in blood flow in different arterial bifurcation
models. For validation of CFD calculations, a T-junction model and a Y-junction model are analyzed.
In both the models, there is one inlet pipe with two outlet pipes creating a symmetric bifurcation at
some angle from the centerline of the inlet pipe. Naiver-Stokes (RANS) equations are solved for single
phase laminar flow using the commercial CFD software ANSYS Fluent. After validation, Eulerian
simulations are performed by using the Discrete Phase Model (DPM) for two-phase flow with particles
injected in different bifurcation models with bifurcation angle of an outlet pipe varying from 80° to
100° w.r.t the centerline of the inlet pipe (90° being the bifurcation angle of T-junction). By changing
the average Reynolds number of the flow and the injected particle diameters, the mechanism of
particle trapping is investigated in laminar flow. The contours of velocity magnitude, pressure and wall
shear stress are also obtained and analyzed. It is found that the particle trapping increases as the
bifurcation angle decreases from 90° and becomes negligible as the bifurcation angle increases from
90°. This is a very important result which has never been reported in the previous literature. In
addition, turbulent flow computations for T-junction flow are performed using the SST k-w and Wray-
Agarwal turbulence models. Finally, the influence of stenosis in Y-Junction is studied and analyzed.
The results have implications in understanding the hemodynamic flows in arterial bifurcations without

and with stenosis.



Chapter 1 Introduction

1.1  Ovetview

Bifurcations occur in many pipe systems which split the flow into different branches, e.g. blood flow
in vascular systems [1-2]. In past several years, particle trapping in bifurcation flows has been a topic
of significant interest in the study of blood transport. In hemodynamics, low-density particles and
bubbles such as gas [3-4] are very easily trapped in the bifurcations of the vessels and finally form gas
embolisms. According to Vigolo et al. [1], when mean inlet flow Reynolds number is above 200, low-
density particles will be trapped near the T-junction and will be transported slowly in the outlet pipes
over a relatively long time. This phenomenon is attributed to the density difference between the

particles and the fluid and distribution of velocity and pressure fields inside the T-junction.
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Figure 1.1 Particle Trapping Phenomenon in T-Junction Flow

Based on single phase fluid simulation in T-junction, when Re > 50, two counter-rotating vortices
begin to form near the T-junction and are distributed symmetrically in the pipe. When Re > 250, the
pressure increases in the vortex structure which leads to an adverse axial pressure gradient. As axial
velocity at the vortex core decreases, low-density particles get trapped there. The vortex core is
determined as the position which has a local minimum pressure in y-z cross-section along the x axis
of the outlet pipe. When Re > 360, the fluid velocity reverses at a certain position which signifies the
vortex breakdown [5-7]. Vigolo et al. [1] also conducted an experiment to study the mechanism of

particle trapping using a 90° bifurcation with a square cross-section duct with lateral size ranging from



0.4 to 4.8 mm. It was found that at low inlet Reynolds number, no particle trapping occurred until the
Reynolds number was increased to 200. When 200 < Re < 550, permanent particle trapping could
occur. But only the big particles can get into the vortex core and are trapped for a long time while
small particles rotate keeping away from the vortex core line. When 550 < Re < 900, particles are

trapped but the flow becomes unsteady.

There are also some studies with focus on Y-junction flows. Arjmandi-Tash et al. [8] performed
simulations to study the impact of different bifurcation angles. They found that the change in angle
has great influence on Wall Shear Stress (WSS) distribution. CFD results in this thesis are compared
with their computations for the purpose of validation and show good agreement. Antonova [9] also
studied the effect of stenosis in Y-junction flows and concluded that the vorticity patterns are more
likely to be influenced than the velocity magnitudes due to the presence of stenosis. The detailed

simulations presented in this thesis match her conclusions quite well.

1.2 Outline

This thesis investigates the general mechanism of particle trapping in different bifurcation models by
numerical simulation. The results for T-junction flow generally match the results of Vigolo et al. [1].
When Re = 360, particle trapping occurs only for particles with diameters above 5% of pipe’s diameter.
The probability of a particle getting trapped increases as the particle gets bigger. But when particle
diameter is fixed at 5% of pipe’s diameter, particle trapping occurs only in the flow with Reynolds
number above 250. A higher probability of particle trapping occurs in laminar flows with higher
Reynolds number. Computations are also performed for bifurcation angle of an outlet pipe varying
from 80° to 100° w.r.t the centerline of the inlet pipe (90° being the bifurcation angle of T-junction).
It is found that the particle trapping increases as the bifurcation angle decreases from 90° and becomes
negligible as the bifurcation angle increases from 90°. In addition, computations are also performed
for turbulent flow at Re = 3000; SST k- [10] and Wray-Agarwal turbulence models [11] are used to
solve the RANS equations. The turbulent flow computations show a totally different flow field and
more importantly particle trapping does not occur in both T- and Y-junction flows. Finally, the effect

of stenosis in Y-junction flow is studied and the results generally match those of Antonova [9].

The contents of various chapters are described below.



Chapter 2: Laminar & Turbulent Flow: This chapter briefly introduces basic concepts of laminar and
turbulent flows. The governing PDEs of fluid dynamics including Reynolds-Averaged Navier-Stokes

(RANS) equations and some turbulence models are briefly described.

Chapter 3: Mechanism of Particle Trapping: This chapter reviews the relevant studies and provides
detailed description of the physics of particle trapping. It describes how force balance is achieved on
particles trapped inside the vortex core. Force balance equations include axial force balance equation
and radial force balance equation. The factors influencing the particle trapping include particle

diameter, fluid Reynolds number and the bifurcation angle.

Chapter 4: Mechanisms of Particle Trapping in T-Junction Flow: This chapter describes how particle
trapping can be influenced by Reynolds number and particle diameters in T-junction flow. The
computations are validated against experimental data. The contours of pressure, velocity and WSS are

provided. It is shown that both SST k- and WA turbulence models give similar results.

Chapter 5: Mechanism of Particle Trapping in Y-Junction Flow: Detailed calculations show that at low
Reynolds numbers, particle trapping only occurs when bifurcation angle is less than 90°. Computations
are also performed for a Y-junction with stenosis; the simulations match predictions of other

investigators quite well showing that the stenosis has a larger influence on vorticity than velocity field.

Chapter 6 & Chapter 7: Conclusions &Future work: Chapter 6 provides conclusions based on research
conducted in the thesis and Chapter 7 provides a description of the research issues that should be

addressed in the future work.

1.3  Scope of the Thesis

All bifurcation models considered in this thesis are built and modified using the software
SOLIDWORKS and are meshed by ICEM-CFD. Numerical simulations are conducted by using the
commercial CFD software ANSYS Fluent and post processing is done in ANSYS CFD Post. Both
laminar and turbulent flow cases are considered and compared with experimental data and
computations of other investigators where available. Turbulent flow computations are performed
using the SST k- and Wray-Agarwal turbulence models. After recording the numerical data from

Fluent, it is imported into Microsoft Excel for further processing into quantities of interest.



Chapter 2 Laminar & Turbulent Flows

2.1  Overview

Laminar flow occurs when fluid flows at relatively low velocity in pipes. Adjacent layers slide parallel
to each other without fluctuations and never mix with each other. Since the fluid particles move in an
orderly fashion and always parallel to the walls, no cross-currents, or eddies or switls occur in laminar
flows. Thus, the shear stress in laminar flow is mainly governed by the Stokes hypothesis that is the
shear stress is linearly proportional to strain with proportionality constant being the dynamic viscosity

of the fluid.

On the other hand, turbulent flows are characterized by fluctuations in flow field variables, namely
the pressure, density, temperature and velocity in both space and time. Compared to laminar flows as
described above, turbulent flows never move in layers and exhibit chaotic behavior. To distinguish
between laminar and turbulent flows, a dimensionless number called the Reynolds number is
employed. In internal flows such as pipes, the flow becomes turbulent for Reynolds number > 2000
based on diameter of the pipe. The smooth pipe flows at Reynolds < 1500 are laminar and flows in

the range 1500 < Re < 2000 are called transitional. The Reynolds number is defined as:

Re = 2-1)

ul
v

2.2  Governing Equations

The governing equations of fluid flow are defined by the three PDEs which describe the conservation

of mass, momentum and energy as follows [12]:

Consetrvation of mass:

9 0 N\
ac oy, (P1) = 2.2)
Conservation of momentum:
QoY O () = — 9P 4 9%Tij
at (pul) + axi (pulu]) - 6xi + axi (23)



Conservation of energy:

9 a2+ 2 [ow u2) =249 (7 4290
ot [p (h o )] + 0x; [pu] (h T )] =t 0x; <u‘TU + Aaxj> @4
Here T;; is the stress tensor and h is the enthalpy which can be expressed as:
Y (L A D U
Tij - K (axj + 6xi) 3 uaxi 61] (25)
h= C,T (2.6)

2.3  Tutbulence Modeling

2.3.1 Reynolds-Averaged Navier-Stokes (RANS) Equations

Navier-Stokes equations given in section 2.2 describe the behavior of unsteady, viscous, heat
conducting fluid. In principle they can be solved for turbulent flows by Direct Numerical Simulation
(DNS) which does not require any modeling or empiricism or by Large Eddy Simulation (LES)in
which only the small scale eddies are modeled. However both these approaches are highly compute
intensive and therefore are only used for simulation of flows with simple geometries at low Reynolds
numbers. The most widely used approach employed in industrial applications is the time-averaging of
Navier-Stokes equations over some time period. The time-averaging results in the so called Reynolds-
Averaged Navier-Stokes (RANS) equations which include the so called “Reynolds Stresses” that needs
to be modeled. The modeling of “turbulent Stresses” is called “Turbulence Modeling.” The
incompressible Reynolds-Averaged Navier-Stokes (RANS) equations in time-averaged variables can

be expressed as follows:

Vau=0 @.7)

d
p (5 +uvu) = —Vp + (utp)Vu 2.8)

where udenotes the time-averaged velocity, p the pressure, p the density, u the dynamic viscosity and
U, the eddy viscosity in the Boussinesq approximation (equivalent to Stokes law for turbulent flow).
U, is determined by a turbulence model. In the next two sections, we briefly describe the two

turbulence models that have been used in this thesis in the numerical simulations.



2.3.2 SST k- Model

The two-equation SST k- model [10] is given by the two transport equations: one for & and another

for w as follows:

d(pk) O(pujk) - - a { k }
+ =P — D+ +— [(p+ orpe) s—
d(pw) O(puy u} _ d Bw poua Ok Ow
4, is the turbulent eddy viscosity which can be expressed as:
park
pe = -
mar(ajw,2Fz) (2-11)

Various functions and constants used in the model are given in Reference [10].

2.3.3 Wray- Agarwal Turbulence Model

The latest version of Wray-Agarwal model [11] is a wall-distance free WA2018 model which solves

for variable R in the following equation:

: 5 03
dP duR 9 { OR ROR 08 o | Bz, 3x; JR OR
[UJ'?R + 1’) ‘|'Cl‘;?q flc”ku,____[l fl)””” C”Ac i (% Cm
d'f d.I.J ey dz; §dr;dr S Or; O 2.12)
The eddy viscosity can be expressed as:
iy = pfu 0l (2-13)

Various functions and constants used in the model are given in Reference [11].



Chapter 3 Mechanism of Particle Trapping

3.1  Physics of Particle Trapping

To explore why particles can be trapped inside bifurcation pipes, an appropriate fluid-particle force
model is needed. There are several fluid-particle interactions based force models in the literature. In
most of these models, a single particle experiencing drag, lift, gravity and pressure gradient forces due
to fluid is mainly considered. The effects of rotation and near-wall effects are generally neglected at
low Reynolds numbers and assuming that most particles keep some distance away from the wall.

According to Newton’s second law, a force balance model can be written as:

4P, dv 1 ~ 4 4
Eiaa = 2 (CDlurellurel + CLlurellurel X w) - ga Vp + ga V'Tf 3.1)

Eq. (3.1) is a dimensionless force balance equation with reference quantities D (lateral size or diameter
of the pipe) representing the length, U representing the velocity, {#p representing the pressure, and
(LU)*p representing the force. Also in Eq. (3.1), a, PpsPs 7, and Upe; = U — V, p and 77 denote the

non-dimensional particle radius, particle density, fluid density, particle velocity, fluid—particle relative
velocity, pressure and shear stress on the particle. Cp and Cj, respectively denote the drag coefficient

and lift coefficient. @ is a unit vector describing the direction of vorticity vector.

Lift force on a particle can be contributed by inertia [13-14] as well as by deformation. According to
Vigolo’s study [1], the deformation of particle has almost no influence on the results. Therefore,
considering only the inertial lift force, the simulation in this thesis adopted the lift model of Kurose

and Komori [13].

Through detailed simulation with the software LIGGGHTS, Vigolo [1] found that drag and pressure-
gradient compete with each other in the radial direction, while the influence of lift and viscous stresses
is too small and can be ignored. These are reasonable assumptions since the results show that the slip
velocity between fluid and particle is small enough. Even at high fluid Reynolds number, the typical

particle Reynolds number is much smaller than 1. Other advanced lift model also show similar result



showing that the lift force is negligible, since these models also depend on the particle Reynolds

numbet.

It has also been shown that the forces in the tangential direction are also negligible. Finally, considering
all forces acting on the particle, it can be concluded that when a particle gets trapped, the pressure-
gradient force in the vortex core is completely balanced by the drag force which acts in the opposite
direction. Thus the physics of particle trapping can be mainly attributed to the balance between the

pressure-gradient force and drag force.

3.2 'Theoretical Model of Force Balance

Based on the considerations presented in section 3.1, we only consider drag forces and pressure-
gradient forces to study the force balance of the trapped particles. Thus, neglecting lift, viscous stresses
and other forces, the force balance equation in the axial direction in the pipe can be written as:

4 pp dv

_‘ _4 a2 a0?r -
3pf dt 2 |urel|urel 3a‘7p+3apf (l-Ql r Z-QXV) (3'2)

In Eq. (2), Q represents the non-dimensional rotational velocity around the vortices. The velocities in
this equation are the velocities relative to the rotating coordinate system. The last term is the sum of
centrifugal and Coriolis force. Similarly, we can also write the radial force balance equation as:
2
4Py . C 4 dp Ppu
“Pgi=By2 —Zq (222 (3.3)
3 Py 2 3 or Py T
A critical value of a can be deduced noting that the particle radius must be larger than the radius of

the vortex core so that the particles have a chance to get away from the vortex core. Particle density

plays an important role in the force balance in the radial direction. When =2 reaches certain value, the
°r

critical particle diameters can be very large and all particles can leave the vortex core and thus no

particle trapping will occur.



3.3  Particle Trapping Probability

According to Vigilo et al. [1], flow reversal happens when Reynolds number is higher than 350. Then
permanent particle trapping can happen, and a certain percentage of particles released can be trapped
in the vortex core permanently. They showed that fluid Reynolds number, particle diameter and
particle-fluid density ratio all have a big influence in particles entering or leaving the vortex core. This
thesis studies the influence of Reynolds number and particle diameters by numerical simulation; the
computed results match the predictions of Vigilio et al. quite well. This thesis also investigates the
influence of bifurcation angle. It is found that the probability of particle trapping and its rate increases
as the bifurcation angle decreases from 90 ° and becomes negligible as the bifurcation angle increases

from 90°. This is a very important result which has never been reported in the previous literature.



Chapter 4 Particle Trapping in T-junction Flow

4.1  Mechanisms of Particle Trapping in T-junction at Low

Reynolds Numbers

4.1.1 Overview

Based on Vigolo et al.’s work [1], it can be inferred that Reynolds number is the main parameter that
influences the particle trapping irrespective of the size and other geometric parameters of the T-
junction. In this section, we consider a T Junction geometry with both inlet and outlet of circular
cross-section. The diameters of both inlet and outlet pipes are 2 cm and lengths of the pipes are 20
cm. 3D models were established in SOLIDWORKS and meshed as blocks with structured grids using
ICEM-CFD as shown in Figure 4.1 Compared to unstructured grids, structured grids have the
advantages of fast generation, high quality and simple data structure. In Figure 4.2, the region of
boundary layer is also refined to maintain the accuracy of the calculation. The total number of

hexahedral cells is 1,097,354.
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Figure 4.1: (A) Geometry of T-Junction with Circular Cross-section & (B) Structured Grids inside

T-Junction
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Figure 4.2: Refined Boundary Layer in (A) Inlet Pipe & (B) Outlet Pipe
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To analyze laminar flow, velocity profile at the inlet is considered to be parabolic with maximum
centetline value of 0.03618 (m/s) which is two times the average velocity. The velocity profile for Re

= 360 is shown in Figure 4.3.

u,[m/s]

-0.015 -0.01 -0.005 o] 0.005 0.01 0015
X

Figure 4.3: Parabolic Velocity Profile at Inlet

The Contours of velocity, pressure, wall-shear stress, and streamlines are shown in Figure 4.4.
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Figure 4.4: (A) Pressure Contouts, (B) Velocity Contours, (C) Wall Shear Stress Contours,and
(D) Streamlines in T- Junction Flow (Re = 360)

Figure 4.5 shows the variation in axial pressure gradient with x along the vortex core line at Re = 360.
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Figure 4.5: Axial Pressure Gradient along Vortex Core Line

4.1.2 Influence of Particle Diameter in Particle Trapping

For particle injection, 1632 particles are released from the inlet with the local fluid velocity. The
particles are considered to be of uniform diameter D, =0.01 mm, 0.1 mm, 1 mm and 2 mm with
density = 150kg/m’ which is 15% of the density of water. Particle flow rate is fixed at 10° kg/s. The

graphs of particle tracking for different particle diameters are shown in Figure 4.6.

(A) Dy = 0.01 mm
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B) Dp= 0.1 mm
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It can be noticed from Figure 4.6 (A) and (B) that no particle is trapped in the vortex core. The small

particles rotate keeping some distance from the core line. But when D, is increased to 1mm which is
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5% of the inlet diameter, some particles get trapped in the vortex line and form a particle chain inside
the vortices. When D, = 2 mm, particle trapping is more obvious as shown in Figure 4.6 (D). The
petcentage of particles trapped increases from 31.07% (507/1632) to 55.2% (898/1632) when particle

diameter is increased from 1 mm to 2 mm.

All case studies were computed in a pressure-based CFD solver in Fluent with the transitional
turbulence model k-kl-omega. A coupled scheme was used to solve pressure and momentum
equations simultaneously. PRESTO! pressure interpolation, Green-Gauss node-based gradient
scheme, and second-order upwind schemes for momentum and turbulent kinetic energy were chosen.
Each case converged to a residual value of 10° and continued until 1000 time step iterations were
achieved. Several pressure, velocity, and average WSS monitors were employed, recording data at every

time step to insure proper convergence.

Once each calculation was complete, data was extracted within the solver through the reports tab.
Reports for facet average/minimum/maximum WSS as well as volumetric flow rate for both PA exits
were taken. All post processing was done in ANSYS CFD Post. Several WSS and velocity contour

plots were created for each computed case.

4.1.3 The Influence of Reynolds Number in Particle Trapping

To explore the influence of Reynolds number in particle trapping, we chose to fix the particle diameter
to 1 mm and changed the Reynolds number from 150 to 480. It is shown in Figure 4.7 that no trapping
occurs at Re = 150 and 250, and most particles get trapped at Re = 480 compared to other low

Reynolds number cases.
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Figure 4.7: Particle Trapping at Different Reynolds Numbers in T-Junction at Re = (A) 150, (B) 250, (C) 360
and (D) 480
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It can be noticed that no particle can get inside the vortex core until Reynolds number increases to
250. Also, the particle trapping is not permanent: the particles at the vortex core move slowly and
finally escape from the outlet. Detailed simulations show that the permanent particle trapping only
happens when Re > 350. And the increase in Reynolds number can also increase the percentage of
particles trapped. About 50.06% of particles (817/1632) get trapped in the case of Re = 480, while
only 31.07% of them (507/1632) get trapped when Re =3060.

4.2  Mechanisms of Particle Trapping in T-Junction at
High Reynolds Number

In this section, we again consider the circular cross-section geometry of T-junction and set inlet
boundary condition as the mass-flow inlet with flow rate of 0.04726kg/s. Reynolds number is about
3,000 which results in turbulent flow. We consider SST k-w and WA turbulence models [10] to solve
the Reynolds-Averaged Navier-Stokes (RANS) equations. The computations of pressure, velocity,

wall shear stress contours and streamlines are shown in Figure 4.8.
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Figure 4.8: (A) Pressure Contouts, (B) Velocity Contouts, (C) Wall Shear Stress Contours & (D) Streamlines
for Turbulent Flow (Top are Results from SST Model and Bottom are from WA Model)

Numerical simulations show that both SST k-w and Wray-Agarwal (WA) turbulence models give
similar results as shown in Figure 4.9. The differences in solutions of SST k-w and Wray-Agarwal
(WA) turbulence models in highest axial velocity and pressure gradient are no more than 8.5% and
2.7% respectively. Experimental results are needed for validation and verification. The particles
distribution/ trapping shown in Figure 4.10 is totally different from that in laminar flow and no particle

is trapped in the vortex core.

21



@)

/o /m]
N
B

"\

velocity [m/s]

015

Figure 4.9: (A) Pressure Gradient and (B) Axial Velocity in The Vottex Cote Line in Turbulent T-Junction
Flow Using SST k-® and Wray-Agarwal Turbulence Models

@)

22



Figure 4.10: Particle Trapping for Re = 3000 Using (A) SST Model and (B) WA Model

3.4 Validation

The validation model of T-junction flow is created according to the size in the experiment of Vigolo
et al.’s [1]. Their experimental device has 1 inlet and 2 outlets with square cross-section with each side
of 4 mm. The axial lengths of all three pipes are 40 mm as shown in Figure 4.11. An optimized mesh
method is applied to the model with lateral length and pipe length having a division number of 40 and
400 respectively. To improve the accuracy of the calculation, the boundary layer region is refined
smoothly with a bias factor of 1.2 as shown in Figure 4.12. The number of grid nodes is 2,063,801,

which are found to be sufficient to obtain a mesh independent solution.

Figure 4.11: Physical Model for CFD Validation Study (T-Junction with Pipes of Square

Cross-Section)
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Figure 4.12: (A) Mesh and (B) Refined Boundary Layer Region of the T-Junction

For boundary conditions, the inlet is set as the mass-flow-inlet with flow rate ranging from 6.018x10-
4 kg/s to 1.003%x10-3 kg/s with the average velocity ranging from 0.03768 m/s to 0.0628 m/s. Flow
direction is set towards the negative direction of y- axis. Boundary conditions on the two outlets are

pressure-outlet with gauge pressure of 0. No slip condition is used at all walls. The material of the

fluid is water with density of 998.2kg/m’ and viscosity of 0.001003kg/ (m- s).

Figure 4.13 shows the streamlines inside the T-junction when Re=150. The flow field clearly shows
two symmetric vortices in the junction area; colors indicate the magnitude of velocity. To achieve
validation and verification, data for pressure gradient along the vortex core line is considered. The
vortex core is determined as the point of local minimum pressure in Y-Z cross section where X is
non-dimensional coordinate defined as x/L. The computed axial pressure gradients along the vortex

core line are shown in Figure 4.14.
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Figure 4.13: (A) Streamlines and (B) Vortex Structure for Re = 150
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Figure 4.14: Axial Pressure Gradient Versus X Position for Re = 150, 200 and 250
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Figure 4.15 shows the experimental results for axial pressure gradient with x position for Re = 150,
200 and 250. Comparing the graphs in Figure 4.14 and Figure 4.15, it can be noticed that the simulation
results match the experimental data quite well and both numerical and experimental results indicate a
shift in the pressure gradient when Re is between 200 and 250. Small difference in the results in two

figures may be attributed to differences in determining the position of the vortex core line.

Figure 4.15: Variation in Axial Pressure Gradient with X Along the Vortex Core Line [1]
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Chapter 5 Particle Trapping in Y-junction Flows

51 Mechanisms of Particle Trapping in T-junction Flow

at Low Reynolds Numbers

5.1.1 Overview

The model used in this section is shown in Figure 5.1. All pipes are straight having a uniform diameter
of 2 cm and length of 20 cm. The angle between 2 daughter pipes is 90°. The average Reynolds number
at the inlet is 360 and all other setup is the same as in the case of T-junction flow in chapter 4 with

pipes of square cross-section.
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Figure 5.1: (A) Geometry and (B) Mesh inside Y-Junction

The contours of pressure, velocity, wall shear stress and streamlines are as shown in Figure 5.2.
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Figure 5.2: (A) Pressure Contours, (B) Velocity Contours, (C) Wall Shear Stress Contours and (D) Streamlines

in Y-Junction Laminar Flow

To study the mechanism of particle trapping in Y-junction laminar flow, we increase the Reynolds
number from 360 to 420, 480 and 520. As the Reynolds number is increased, no particle trapping is

observed as shown in Figure 5.3. Further study about particle trapping in Y-junction flow is needed.
@)
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Figure 5.3: Particle Trapping in Y- Junction Flow at Re = (A) 360, (B) 420, (C) 480 and (D) 540

5.1.2 Y-Junction Flow with Stenosis

To investigate the influence of stenosis near Y-junction, we add a stenosis at the entrance of one
daughter pipe of the Y-junction model. The stenosis has a length of 2 cm and height of 0.5 cm. Its
shape is an arc with radius of 2 cm. The geometry of the bifurcation and stenosis is shown in Figure

5.4.
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Figure 5.4: (A) Geometry and (B) Mesh in the Bifurcation Model with Stenosis

Figure 5.5 and Figure 5.6 include several plots of velocity and vorticity distribution in different Y-
junction models. The plots are equally spaced normal to the flow direction. It can be seen that the
stenosis has much more impact on vorticity than on velocity magnitude. The maximum value of

vorticity after the bifurcation is about 36/s in the model with stenosis while the maximum vorticity in
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the normal bifurcation without stenosis is not more than 23/s. The largest velocity in the two models

after bifurcation is about 0.031 m/s. These results are close to the simulation results of Antonova [9].
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Figute 5.5: Velocity Disttibution at Vatious Pipe Cross — Sections in Y-Junction Flow, (A) with and (B)

without Stenosis
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Figure 5.6: Vorticity Distribution at Various Pipe Cross-Sections in Y-Junction Flow, (A) with and (B)

without Stenosis

5.1.3 Influence of Bifurcation Angle (BA) on Particle Trapping

In the previous sections, we have shown that the particle trapping exists in T-junction (BA= 90°) flow
while no particle is trapped in Y-junction (BA=135°). We can therefore assume bifurcation angle may
play an important role in particle trapping; how BA affects the particle trapping is investigated in this
section. Six bifurcation models are built with BA ranging from 80° to 100°. Inlet Reynolds number is
360 and particle diameter is fixed at Imm (5% of pipe diameter) which is the same as in the third case
of section 3.2.2. The results show that particle trapping occurs only when the bifurcation angle is less

than or equal to 90° as shown in Figure 5.7.
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Figure 5.7: Particle Trapping in Different Models at BA= (A) 100°, (B) 95°, (C) 92.5°, (D) 87.5°,
(E) 85° and (F) 80°
Table 5.1 shows the percentage of particle trapping for various bifurcation angles.
Bifurcation Angle (°) | Particle Trapping? | Trapped Number/Total Trapped (%)
(Y/N) Number
100 N 0/824 0
95 N 0/824 0
92.5 N 0/824 0
90 Y 507/1632 31.06%
87.5 Y 307/824 37.26%
85 Y 322/824 39.08%
80 Y 406/824 49.27%

Table 5.1: Percentage of Particles Trapped in Models with Different Bifurcation Angle
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Table 1 shows that the particle trapping begins to occur when BA is between 90° and 92.5°. No
particle trapping is found when BA is above 92.5°. This observation also explains why there was no
particle trapped in Y-junction model (BA=135°). When BA changes near 90°, numbers of particles
trapped changes dramatically. The percentage of particles trapped increases from 0% to 31.06% when

BA is reduced from 92.5° to 90°. Particle trapping continues to increase as BA is further reduced to

80°.

5.2  Validation

In this section, we still study the geometry of Y-junction and create the model of Lu et al. [15-17] to
validate the computation of laminar flow. All the pipes have the same diameter of 0.6 cm and the
mother pipe is 1.8 cm long. After bifurcation, there are two daughter pipes at 90° angle. One daughter
pipe is straight having a length of 4.8 cm. The other daughter pipe is straight for 0.9 cm after
bifurcation before it undergoes 45° bending with a radius of 2.4 cm and then it becomes straight again

for 2.4 cm until the end. The model of the bifurcation is shown in Figure 5.8.

Q9™

Figure 5.8: Geometry of Y-Junction for CFD Validation

Contours of pressure, velocity, wall shear stress and streamlines are shown in Figure 5.9. Wall shear
stress (WSS) distribution at line A is shown in Figure 5.9 (A) which has good agreement with the

results from Omid et al. [8] as shown in Figure 5.9 (B).
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Figure 5.9: (A) Pressure Contours (B) Velocity Contours, (C) Wall Shear Stress Contours and (D) Streamlines
for Lu’s Y-Junction Model
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Figure 5.10: (A) WSS Disttibution at Line A and (B) Simulation Results from
Omid Arjmandi -Tash et al. [8]
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Chapter 6 Conclusions

Eulerian simulations are performed by using the Discrete Phase Model (DPM) for two-phase flow
with particles injected in different bifurcation models with bifurcation angle of an outlet pipe varying
from 80° to 100° w.r.t the centerline of the inlet pipe (90° being the bifurcation angle of T-junction).
By changing the average Reynolds number of the flow and the injected particles diameters, the
mechanism of particle trapping is investigated in laminar flow. It is found that the particle trapping
increases as the bifurcation angle decreases from 90° and becomes negligible as the bifurcation angle
increases from 90°. This is a very important result which has never been reported in the previous
literature. It is found that particle trapping in bifurcation flows is related to the particle diameters,
Reynolds number and bifurcation angle in laminar flow. In addition, turbulent flow computations for
T-junction flow are performed using the SST k-w and Wray-Agarwal turbulence models. No particle
trapping is observed in turbulent flow in T-junction flow. The influence of stenosis in Y-junction flow
is also studied and analyzed. Stenosis has much bigger influence on vorticity than velocity in Y-
junction flow. The results reported in this paper have implications in understanding the hemodynamic

flows in arterial bifurcations without and with stenosis.
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Chapter 7 Future Work

Several problems need to be addressed to extend the work in this thesis including further investigation
on probability of particle trapping, more CFD validation, non-Newtonian fluid flow simulations as
well as simulations in blood vessel models involving multiple branches of bifurcations and stenosis,

and experimental work both in-vitro and in-vivo.

Current work in this thesis has investigated the influence of fluid Reynolds number, particle diameter
and bifurcation angles on particle trapping; additional factors need to be considered in the future work.
According to relevant literature, probability of particle trapping is also related to initial particles
positions where they are injected; the trapping probability has almost a linear relationship with the
depth of the initial position. At the same time, the exact bifurcation angle where particle trapping

begins to appear may be addressed by optimizing the models.

More turbulent flow cases need to be considered in the future with emphasis on turbulence modeling
especially for transient simulations. For the cases considered in thesis, it has been shown that both
SST k- and WA turbulence models give very similar result; however other turbulence models should
be considered and their influence on the accuracy of simulations should be investigated. The
simulations with non-Newtonian model of blood flow should be performed and their influence on

the accuracy of simulations should be investigated.

The simulations in other realistic vessel models should be considered for patient specific geometries.
More detailed cardiovascular models can be created and optimized to study the particle trapping
phenomenon. Blalock-Taussig (BT) Shunt, which is used in surgical procedure to address the problem
of ‘Blue Baby Syndrome” in new born children, can be a good application for the study of T-junction

blood flow.
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