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ABSTRACT

The seeding of a porous scaffold with stem cells is a fundamental step in engisexeable
tissue constructs that are clinically viable. However, a key problem efteountered is
inhomogeneous seeding of the cells particularly when the cells are deliveneghtkine
thickness of the scaffold. To address this problem, different seeding techmdguestanology
have been investigated. Though few studies have employed computational modeling to
theoretically evaluate and characterize available seeding techaiggi¢schnology, a transient
computational fluid dynamics (CFD) quantification and optimization of an exidiimgatly
viable seeding technique and technology has yet to be reported. The objedtisestfdy was
to establish the quantitative relationships between the cell seedingreffi@nd the initial
vacuum pressure in a compact perfusion seeding device that uses the effémtenitiai
pressure induced by vacuum to seed cells on a porous scaffold. Since fluid flow provides an
ideal means of transporting the cells into the scaffold, transient CFD solutioa fofit flow in
the cubic configuration of the device was obtained using the initial vacuum jgressur
recommended in the patent for the device. Subsequently, the initial vacuum pressure was
optimized for efficient cell seeding and applied to a cylindrical configuratf the device.
Results indicate that the optimal initial vacuum pressure for homogenossexdiihg is
approximately -20kPa for both configuration of the seeding device. This optitnell aicuum
pressure is approximately 80% lower than recommended in the patent. Thiprssehts a 3-D
computational model that can be employed as part of a systemic stepwise lappaegigning

and optimizing cell seeding techniques and corresponding technology.
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NOMENCLATURE

pressure drop

velocity field

permeability

the velocity field for the secondary phase

density of the secondary phase

the mass transfer from the primary phase (air) to the secondary phase

the mass transfer from the secondary phase to the primary phase

source term (zero by default)

secondary phase volume fraction

primary phase volume fraction

index for current time step

index for previous time step

index for current iteration

index for previous iteration

face value of the secondary phase volume fraction, CICSAM
volume of cell

volume flux through the face, based on normal velocity
static pressure

is the molecular viscosity

gravitational force

external body force

coefficient function ofu(™

coefficient function ofu™ in neighboring nodes



F drag
F gravity
F pressure

Fvirtual mass

Fother

source consisting of the body force and other terms
velocity component at grid poipt

velocity component of neighboring nodes

velocity component correction

pressure correction

discretized pressure partial derivatives at grid point p

fluid velocity vector
particle velocity vector
fluid density

particle density

particle diameter

particle mass

particle drag force
particle buoyancy force
particle pressure force
particle virtual mass force

other forces on patrticle



Table
3.2.1:

3.2.2:

3.2.3:

3.3.1:

3.3.2:

3.3.3:

3.3.4:

3.3.5:

3.3.6:

LIST OF TABLES

Page

Summary of results for initial vacuum pressure = -100 kPa on cross-sections
parallel t0 the Y-a8XIS.......cccee i e 48.....

Summary of results for initial vacuum pressure = -100 kPa on cross-sections
parallel 10 the X-aXIS........ccuuiiii i 48.....

Summary of results for initial vacuum pressure = -100 kPa on cross-sections
parallel to the X-y Plane.........ccccooi i 49....

Summary of results for initial vacuum pressure = -60 kPa on cross-sections
parallel t0 the Y-8XIS......cooei i 56.....

Summary of results for initial vacuum pressure = -60 kPa on cross-sections
parallel t0 the X-a8XIS.......ccceieiiiiiieeeee e e e e e e e 56.....

Summary of results for initial vacuum pressure = -60 kPa on cross-sections
parallel to the X-y Plane.........ccooo i 57....

Summary of results for initial vacuum pressure = -20 kPa on cross-sections
Parallel t0 the Y-8XIS......coii ittt e e e e e e e e e e eeeeaeen

Summary of results for initial vacuum pressure = -20 kPa on cross-sections
parallel t0 the X-8XIS.......ccciiiiiiiiieeeee e e e e e e e 63....

Summary of results for initial vacuum pressure = -20 kPa on cross-sections
parallel to the X-y Plane.........ccooo o 64....

63



LIST OF FIGURES

Figure Page
1.5.1:  Sample stirred flask seeding device for tissue engineering.............cccoeeev.... 18.....
1.5.2: Sample perfusion seeding bioreactors for tissue engineering...........c........... 19......
1.6.1: Sample perfusion seeding bioreactors for tissue engineering...................... 20......
1.6.2: Sample perfusion seeding bioreactors for tissue engineering...................... 21.....
2.1.1: Seeding device for cubic scaffold.............cccceoiiiiiiiiiiiiiic 26...
2.1.2:  Alphated™ Spine teChNOIOGY.........cveveieeee et 26...
2.1.3: Schematics of seeding device showing major dimensions in millimeters.....217....
2.2.1: Demineralized DONE MALriX.........cceeiiiiiiiiiiieiiiee e 28...
2.3 10 FUILQBOMETIY ... ettt e et et e et e e e e e 30
2.3.20 QUAITET QBOMEBIIY ...ttt e e e ettt e e e e ee et e e e e eenta e e eeaeenne 30.....
2.3.3a: Cylindrical CONfIQUIAtION............uuuuueiiiiiiiee e e e e e eeeeeeens 31...
2.3.3b: Refined cylindrical configuration.............cccooeiiiieiiiiiiiieeeee e 31..
2.3.4a: CUDIC CONFIQUIALION. .. ...ttt e e e e e e e eees 32...
2.3.4b: Refined cubic configuration..............oooiiiiiiiiiiiiiii e 32...
2.4.1:  Cubic scaffold-cavity assembly boundary conditions...........ccccevvvvviiiiiiiiiiinneeenn.
2.4.2:  Cubic scaffold-cavity assembly initial conditions...............cccoeeeeiiiiieiiiiiiiinnnnns 36.
3.1.1: Investigate symmetry in the cubic scaffold- cavity assembly....................... 40..

3.2.1:  Liquid phase volume fraction (0.5 -1.0) distribution in the scaffold- cavity
assembly after 0.67 seconds for -100 kPa initial vacuum pressure.............. 44....

3.2.2:  Velocity magnitude distribution for -100 kPa initial vacuum pressure........... 45.



Figure Page
3.2.3:  Contour of the components of velocity of mixture and volume fraction of the

cell suspension (0.5 - 1) for -100 kPa initial vacuum pressure at time

£ = 0.16 SECONUS. ....uuuuiiii ettt e e et e e e e e e e e e e e e e e eaaeas 46.....

3.2.4:  Static pressure distribution for -100 kPa initial gauge pressure.................... 41....

3.2.5: Distribution of the cells in the scaffold and cavityt &0.14 seconds for
—100 kPa initial VaCuUM Pre@SSUIE..........ccveiiiiiiiiiiiiieee e 49....

3.3.1: Phase volume fraction (0.5 -1.0) distribution in the scaffold- cavity
assembly after 0.52 seconds for -60 kPa initial vacuum pressure............... 52....

3.3.2: Velocity magnitude distribution for -60 kPa initial vacuum
PIESSUIE. ....eeiiieeeettttt e e e e e e e e e e e e e e e et e e e e et e e e e e aeeeeeaeeeeeeeeessssssaana e e e eaaaeaaaaes 53

3.3.3:  Contour of the components of velocity of the mixture and volume fraction

cell suspension (0.5 - 1) for -60 kPa initial vacuum pressure at tnoe2

{00 ] [0 LSO PPPPPPPPPPPPPPP 54...
3.3.4:  Static pressure distribution for -60kPa initial gauge pressure....................... 55....

3.3.5: Distribution of the cells in the scaffold and cavityt &t0.20 seconds for
-60KPa initial VaCUUM Pre&SSUIE.........euuueriiieiiiieaeeeeeeeeeeeeeeeeisinnnnnn s e e e eeeaeeaaesd 57.....

3.3.6:  Liquid phase volume fraction (0.5 -1.0) distribution in the scaffold- cavity
assembly after 0.67 seconds for -20k initial vacuum pressure..................... 59....

3.3.7:  Velocity magnitude distribution for -20 kPa initial vacuum pressure............. 60..

3.3.8:  Contour of the components of velocity of the mixture and volume fraction of
cell suspension (0.5 - 1) for -20 kPa initial vacuum pressure at time
(O O LT o o] o o £ 61

3.3.9:  Static pressure distribution for -20kPa initial gauge pressure...................... 62...

3.3.10: Distribution of the cells in the scaffold and cavityt at2 seconds for -20kPa
INILIA] VACUUM PIrESSUIE......vveiiiiiiiisieeeeeeeeeeeeeeeeeeeesssassnnnaasseaeaeaeaeeeeseeeesnennnnes 64....

10



Figure

3.4.1:

3.4.2:

3.4.3:

Cylindrical scaffold-cavity assembly boundary conditions.................ccc...... 65...

Liquid phase volume fraction (0.5 -1.0) distribution in the cylindrical
scaffold- cavity assembly after 0.65 seconds for -20k initial vacuum
PIESSUIE.... ettt ettt ettt et et e ettt e e et e e e et e e e e e e et e e e et e e e enn e e eena e eennas 66......

Distribution of the cells in the cylindrical scaffold and cavity at0.65

seconds for -20kPa initial vacuum pressure. The cells are colored by the
(=X 0 [T o ToT I U 01T 67

11



INTRODUCTION

1.1 Tissue Engineering

Tissue engineering is an interdisciplinary field that applies the pringi@agineering and the
life sciences to the development of biological substitutes that restoresaimaantmprove
tissue function [1]. A study by Bisceglie in 1930 was the first attempt todstnate that
engineering tissue is possible. In this study, he encased mouse tumaor agidymer
membrane and inserted them into pig’s abdominal cavity. Results from this staaiegr
evidence that cells could survive and not be destroyed by the immune systeontfigtrore,
in 1972, Knazek et al. successfully cultured cells from established lines on bundtédeiai ar
plastic capillaries [3]. Based on the results from these two studies, Chicknet@r5 was able
to develop a prototype for an artificial endocrine pancreas in a rat mode).Gteck and co-
workers cultured beta cell on synthetic capillaries unit. This unit cod$tlicon
polycarbonate capillaries mixed with Amicon XM-50 fibers. Data obtair@d this study
indicated that the beta cells cultured on the artificial capillary unitrooed to synthesize, store,

and release insulif].

With further advances in the field of tissue engineering, Bell et al. in 1981 stidyegrafted
living skin-equivalent grafts on an open wound made on the back of a rat model. Thase graft
consisted of fibroblasts isolated from a skin biopsy from a rat donor cast ia t#itened from

rat collagen and seeded with epidermal cells [5]. In a similar studkeRet al. created a
biodegradable scaffold composed of a bilayer membrane with anatomic structaheanchl
composition that closely resembles dermis and able to induce synthesis of a reeddesm

membrane consisted of a distinct epidermal and dermal portion. The dermal portimadeas
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from bovine hide collagen and chondroitin 6- sulphate obtained from shark cartilage. The
epidermal portion composed of a homogeneous layer of medical grade Silaistic.
biodegradable scaffold was later used as a model for the synthesis di@al @kin to
physiologically close up 60% of the body surface of burn wounds in ten patients withutotal

size covering 50 — 90% of their body surface area [6].

Motivated by these studies, Vacanti et al. successfully attachedroeil$iver, intestine, and
pancreas to an artificial biodegradable polymer of polyglactin 910, polyanhydaities
polyorthoester [7]. In the following years, researchers focused on develogficgabirt

biodegradable scaffold that allows the physical and biological propertesrmodified.

1.2 Tissue Engineering Scaffolds

Scaffolds can be seen as 3-D supporting structures that mimic the function dbithé na
extracellular matrix and provide temporary mechanical support for celitatth aproliferate and
maintain their differentiated function [8]. Scaffolds play a key role sugsengineering.
Potential use of a material as scaffold in tissue engineering dependsipromahne structure
and the characteristic of the material. Desirable features for affgldanaterial would include
biocompatibility, degradability, high porosity and interconnectivity. Maatural and synthetic
scaffold materials have been investigated for tissue engineering #ppsc&ome of the natural
polymers are collagen and chitin. Other artificial polymers inchdtexyapatite (HA), polyo-
hydroxyester), polyglycolide (PGA), polyactides (PLLA, PDLA), polycaprmiae (PCL) etc. In

some cases the natural polymers are blended with the artificial pslymer

13



1.3 Motivation of Research

The ultimate goal of tissue engineering is the application of principles etibds of

engineering and life sciences to engineer 3D tissues by bringirigldeaid cells together to

form adequate and functionisues and organs that can be used to repair, replace or/ and
regenerate lost or damaged tissues and organs.[9,10,11]. As stated by Langerat al
excellent paper, up to 8 million surgical procedures are performed annuéiéylUmited States

to treat patients suffering from tissue loss or organ failure. These proseedquére about 40 —

90 million hospital days [11]. The total US health care cost to treat thesatpatias reported to
exceed $400 billion annually. Additionally, the total market for tissue-engineesddqs in the
United States is estimated to be $80 billion annually [1]. Moreover, Griffith etcahtig
envisioned thain vitro or ex vivoengineered 3D tissues can potentially be used as an external
organ support devices when a compatible donor is not available as well as a model saystems i
drug screening [12, 13]. It is noteworthy, however, that the process of emgin@ertissue
construct has proven to be challenging because the parameters enablingeks sf the

process are not clearly understood [14].Consequently, comprehensive multithsgiphisearch

to address these challenges is imperative. In this regard, improving and iogtipnacesses

key in engineering 3D tissue construct starting with cell source,ateliteon,in vitro cell
expansion, scaffold design, cell seeding on porous scaffold, nutrition of cells isutignge
construct and mechanical stimulation of the developing tissue has been the fosearmhess

over the past few years [8, 15, 16, 17, 18, 19].
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1.4 Advances in Tissue Engineering

Many publications have been issued on the subject of tissue engineering. Some stiidies
focused on the design and optimization of scaffolds. Other studies focused on nu el
seeding techniques and efficiency. Additionally, some studies were pedformenderstanding
the process of mecahnostimulation of cells and bioreactor cultivation. In onsefthdies, the
scaffold pore morphology was reported to have significant influence on the tigenenation
process [8]. In other studies, it was identified that the culture medium ftevamd the scaffold
3D geometry and micro-architecture influence fluid flow stimulation d$ @tached to the
scaffold [20, 21, 22]. A few studies on cell seeding efficiency reported that tiaé distribution
of cells within the scaffold after seeding is related to the distributidissafe subsequently
formed with the engineered construct [23, 24, 25, 26]. Martin et al. in a review papeede
that seeding cells into scaffolds at high densities enhance tissue éormnadD constructs,
including high rates of cartilage matrix production [27], increased bone nma¢icn [23] and
enhanced cardiac tissue structure [28]. Taken together, it is important tofdesiymal
scaffolds with architecture that is able to provide uniform mechanical stiontile cells and
temporary mechanical support for tissue regeneration; seeding devicesthitg pell seeding
techniques that can produce homogeneous cell distribution within the scaffoldbi@m@ctors
with automated and controlled procedures that promotes the manufacture of ripecahot

reliable engineered tissue complying with good manufacturing praeticerements [29, 30].
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1.5 Cell seeding for tissue engineering

Cell seeding is the process of incorporating cells into or unto the scaffold pridiuie or
implantation. Solettiet al. reported that the process of cell seeding is a fundamental step in
tissue engineering applications. An efficient seeding technique will naaioall injury, reduce
cell seeding time, seed cells uniformly on the scaffold, be highly reptddwid be user
independent [31]. However, the use of cell seeding devices has proven to be challeragiag bec
it involves mechanical forces that may result in shear-mediated lysiggering apoptotic
pathways [32, 33]. Cells can be seeded on the scaffold by lining the cells on the etitfee
scaffold (surface seeding) or by delivering the cells through the thickh#ss scaffold ( bulk
seeding). Surface seeding is by far the most commonly used seeding method kieeedint

is difficult to achieve in a controllable manner. In one of the most common bulk seeding
approaches, cells are dripped in the scaffold matrix. However, this technique dpesiooe a
high yield of cells in the scaffold. In addition, the manual nature of this procesaatgasmit
quality control on the final engineered tissue [34, 35]. Martin et al. in a review iguoeted
various methods of cell seeding namely; static, stirred flask and perfusibady86]. In Static
method the cells are spread on the surface of the scaffold with the aid obpipatte. This
method can readily be used for any cell type and scaffold configuration. Howewsr stadies
have reported low seeding efficiencies [23, 26, 37, 38, 39]. In the stirred flask metftuddsc
are suspended in a well mixed spinner flask filled with the cell suspension. Xing priovides

a relative velocity between the suspended cells and the scaffold (Eigute Thus, the cells are

transported to and into the scaffold by convection [26, 28, 40, 41, 42]. A key problem often
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encountered in stirred flask cell seeding is non-uniform distributions of cetisaviigher

density of the cells lining the scaffold surface.

Controlled
C0, content

Scaffold with
seeded cells

Magnetic stir bar (for
magnetically stirred
flask reactors)

Figure 1.51: Sample stirred flask seeding device for tissue engineering.

(CourtesyMartin Y, Vermette P. 2005. Bioreactors fortissue mass culture: Design,
characterization, and recent advances. Biomaterials26(35):7481-7503)

For the direct perfusion method, the cells suspension flows directly through tioddstafs
depositing cells directly into the scaffold pores (Figure 1.5.2). Comparison efttires
methods suggested that, the direct perfusion method produced the highest seedingyeffi

[42]. It is therefore worthwhile to pursue further advances in the direct perfustbodre

seeding.
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Figure 1.52: Sample perfusion seeding bioreactors for tissue engineering.

(Courtesy: Raimondi MT, Boschetti F, Falcone L, Migliavacca F, RenfyzZ2ubini G.2004.
The effect of media perfusion on three-dimensional cultures of human chondroatggsation
of experimental and computationalapproaches. Biorheology 41(3—4):401-410.)

1.6 Other examples of perfusion seeding devices

Over the past few years, different perfusion seeding devices have bagredds researchers.

As a fundamental element, these devices are designed to better explojrineed cell
suspension transport into the scaffold obtainable in the perfusion technique. Wendt et al. [42]
employed the use of oscillatory motion of fluid in a U-shaped tube to force the medhuthe

cell suspension through the scaffold (figure 1.6.1).
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A >

Figure 1.61: Sample perfusion seeding bioreactors for tissue engineering.

(Courtesy: Wendt, D., A. Marsano, et al. (2003). "Oscillating perfusion of cglésamns
through three-dimensional scaffolds enhances cell seeding efficiencyiéowinity."
Biotechnol Bioeng 84(2): 205-14.)

Two scaffolds (C) where placed in chambers (B) that were atfatchthe bottom of two vertical
columns (A). The bottoms of the columns were connected with a U-tube (D) and the flow of the
media was induced with the use of a vacuum pump. The vacuum is switched between the two
columns in other to reverse the flow when the fluid reaches an optical sensor €d)reac the

top of each column.
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In another approach, Soletti et al. [31] developed a seeding device that uses tjistgyner
effects of vacuum, centrifugal force and fluid flow to seed the scaffold (figure.ITh
assembly is made up of an air-tight chamber that holds two rotating tees.t@besvere
connected to a precision syringe pump outside the chamber through hydrauhg joiats and
polyvinyl chloride (PVC) tubing. The scaffold to be seeded is mounted onto the tee\ bé f
the cell suspension through the thickness of the scaffold is induced by the vacuum in the
chamber. During this process the cells are entrapped in the pores of thel schitiokhe fluid
phase passes gradually out of the surface of the scaffold. The scaffold is continotadstly

during seeding to promote uniform circumferential seeding distribution.

INFUSED FLOW

VACUUM

INFUSED FLOW

Figure 1.62: Sample perfusion seeding bioreactors for tissue engineering.

(Courtesy: Soletti, L., A. Nieponice, et al. (2006). "A seeding device faretissgineered
tubular structures." Biomaterials 27(28): 4863-70.)
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1.7 Computational Fluid Dynamics and Modeling

Computational fluid dynamics (CFD) is a set of numerical methods applied to obta
approximate solutions to problems of fluid dynamics, heat and mass transfieisteoce, CFD
methods are able to solve the Navier-Stokes equation to determine entire fluiglitisvsich as
velocity, pressure, density, temperature etc. CFD methods are vecyiatleecause of the level
of details they provide in addition to the fact that they allow the visualization efqathy
phenomena (e.qg. fluid flow) often when it is impractical to position probes within ffsecph
domain for measurement of parameters such as; velocity, temperature goedssdowever, a
key problem often encountered is the increased complexity of theassbgoverning
equations. In most cases, these equations are partial differential equatemsapafinear.
Nevertheless, an important benefit of CFD methods is the ability to evawat®ife design
alternatives without having to perform numerous and expensive experiments. Thisfaenefi
outweighs the challenges often encountered in numerical methods. It is imporiatd that the

CFD models are to be validated with experimental techniques.

1.8 Application of Computational Fluid Dynamics to Cell Seeding

Although, CFD methods has been predominantly used to model mechanical and chemical
engineering flow and heat transfer problems, over the past few yearsjr@lBtisns have
found wide application in tissue engineerifgr example, CFD simulations has successfully
been used to quantify shear stresses acting inside microstructures [43, 44 néBjén a
example, CFD simulations were used to numerically characterize twwdnflthin a spinner

flask under operating conditions used in cartilage tissue engineering [48aryinseveral
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groups have used computational simulations to demonstrate how scaffold morphdlemced
hydrodynamic shear stresses and nutrients concentration restriction imposésl within
construct [47]. Hence, CFD simulations has become a tool for tissue esgmeaderstand the
influence of fluid flow and transport on cell function without having to perform many and
expensive bioreactor experiments. Consequently, CFD simulation providescaignifisight
into the design and optimization of cell seeding devices while simultaneousiyg save and

resources.

1.9 Aim of Research Project and Specific Goals of This Thesis

A key problem, often encountered in tissue engineering of sizable construct ismogEmeous
loading or seeding of cells on scaffold. Various studies have demonstrated tttateeéfied
homogeneous cell seeding into natural and synthetic scaffold is essential fopithgyve
functional tissue equivalent. In recent years, researchers have used comglutatd dynamics
to characterize 3-D flows in tissue engineering bioreactors withrelffeonfigurations. CFD
modeling provides a detailed, efficient and nondestructive tool to theoretwallyate and
characterize large numbers of parameters that influence cells, trgsoegan in the context of
tissue engineering without having to perform numerous experiments. It isanthtgwhowever,
that little work has been done in applying CFD modeling to design and optimizeexihg
techniques and devices in tissue engineering. Till now, a transient CFD simoibé seeding
technique and device that allows the manufacture of reproducible and relialbleezedi
constructs and able to reach general clinical application is lacking. Thedf #ime study was to
introduce a time-dependent computational fluid dynamics model to charactetinptanize the

mechanism of cell seeding in a compact perfusion seeding device thdteustedt of
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differential pressure induced by vacuum to load early lineage adult (E&#)clls onto a

demineralized bone matrix (DBM) scaffold. The immediate goals are:

Goal one obtain the transient solution for fluid flow in the cubic configuration of the seeding
device using an initial vacuum pressure in the range recommended in the Gatainet(al. US

Patent 2010/0155282 A1)

Goal twa determine the optimal initial vacuum pressure needed to homogeneously and

effectively seed the scaffold with the cells by varying the vacuum pressure.

Goal threedevelop a similar model for a cylindrical configuration of the seeding el@ging

the determined optimal initial vacuum pressure.
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MATERIALS AND METHODS

2.1 Design and Functional Principle of the Seeding Device

The seeding device is made up of an airtight cavity designed to hold thedstatbe infused
with the cell suspension. The cavity is made from polyvinylchloride (PVC) aydom
cylindrical or cubic depending on the geometry of the scaffold. A support mendmesisucted
to keep the cavity in a stable and upright position. The cavity is hermetiealgdsby welding a
top polystyrene web to its peripheral. A septum is places adjacent to theateéh&ecavity. To
deliver the cell suspension into the cavity, a 20 gauge needle attachedihga syntaining the

cell suspension is inserted into the entry port situated on the septum (figures 2.1.1, 2.1.2, 2.1.3)

The seeding device takes advantage of the vacuum induced suction effect ancp@icdimg
pressure differential to initiate the flow of the cell suspension into the cB®uityng this

process, the cell suspension soaks the scaffold thereby depositing thaifmihsly in the
scaffold. Capillary effect further aids the movement of the cells mitie scaffold. The scaffold
chamber is designed to promote a laminar flow down the side walls and on the bottad wall

the cavity to prevent clumping of cells together and forced apoptosis.
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septum
scaffold

Supportframe

Polystyrene web

Figure 2.1.1: Seeding device for cubic scaffold

(Courtesy:Govil et al. US Patent 2010/0155282 A1)

P ey Entry port

'.!dl.ill.‘!_.-z'

Supportframe

Figure 2.1.2 Alphated™ Spine technology (A) seeding device for the cubaffeld (B)
packaging
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Figure 2.1.3 Schematics of seeding device showing major dimessn millimeters

(A) modified seeding device for the cubic scaffold (B) workiragi with the tip of the needl|
piercing the septum
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2.2 Scaffold

The scaffold is composeaf Demineralized Bone Matrix (DBN andis simulatei as a porous
medium withphysical characteristics includinchomogeneous porositf about 809, spherical
pores of 598 + 74.5 pm in diame and a permeabilitgoefficient in a magnitude of ®to 10
m?[48] .Two different geometrieof scaffolds wereised in this study. The first | a cylindrical
geometry with a radius of 16mm and a height of ¢ and the second a culgeometr with

dimensions: 16 x 16 X 6 mm.

Figure 2.2.1 Demineralized bone matri(A) 16 x 16 x 6 mm DBM. (B) 10xnage ofa region
of thescaffold showincdetails of a single pore
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2.3 Mesh Generation

The computational fluid dynamics (CFD) software ANSYS FLUENT (werdi2.0, ANSYS
FLUENT, Lebanon, NH) was used to characterize the 3D flow of the cell suspan#ien
scaffold- cavity assembly. ANSYS FLUENT is a commercial CBex of partial differential
equations (e.g. Navier-Stokes equation for fluid pattern analysis, Darasyfed@orous media,
energy equation for heat transfer etc.) with attached physical and wbut®dels, as well as
modules for post-processing the results. To develop the model, two sets of meshes were
generated. First, Hexahedral meshes containing 487,192 and 121,798 hexahedronstedre cre
for the full (figure 2.3.1) and quarter (figure 2.3.2) geometry of the cubic scatiity
construct respectively (Gambit 2.2 ANSYS FLUENT, Lebanon, NH). These ses&te
created to investigate the presence of symmetry in the simulated fldwofi¢he cubic scaffold-
cavity assembly. The presence of symmetry will allow the use of a geact#on of the
geometry as supposed to the full geometry. Hence, the computational tigrafisasitly
reduced and the computational cost is decreased without compromising tleewnofine
solution. Secondly, hexahedral mesh with boundaries containing approximately 435,000 and
489,000 hexahedrons was created for the quarter geometries of the cylifdgicad 2.3.3a)
and cubic (figure 2.3.4a) scaffolds- cavity construct respectivelyhé&munbre, to perform grid
independence check, hexahedral mesh containing 737,506 and 775,186 hexahedron was
generated for the quarter geometries of the cylindrical (figure 3.8ntbcubic (figure 2.3.4b)
scaffold— cavity construct respectively. Grid independence involves the ien@fameshes of
varying degrees of refinement, followed by their solution under similar nticaé condition
[47]. Following this, the solutions are compared for consistency in order to counterfahtiek

overall correctness of the simulation.
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Figure 2.33b: Refined cylindrical configuratio(A) Refined hexahedral mesh of quarter sec
needle

of cylindrical scaffoldeavity assembly with boundary dete(B) mesharound the tip of th
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Figure 2.34a Cubic configuration (A hexahedral mesh of quarter section of cubic sad-
cavity assembly with boundary dete(B) mesharound the tip of the nee:

Figure 2.34b: Refined cubic configuratio(A) Refined hexahedral mesh of quarter sectio
cubic scaffoldeavity assembly with boundary dete(B) mesh around the tip of the nee
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2.4 Model Assumptions and Boundary Conditions

Furthermore, it is important to note that modeling the scaffold pores and tlv@mnmecting
channels between pores is beyond the scope of this paper. Detailed simulation o¥itheaindi
pores would make the model a two-scale problem that would require multi-millisinsmedels
and possibly create high levels of numerical round off errors. Hence, it is impdssdiitain an

exact match between experimental and numerical modeling.

2.4.1 Scaffold Modeling

Since the pores and interconnecting channels are not modeled in details, theoilgh the
scaffold was simulated as flow through a porous media that obeys the DavcyThkrefore,
the porous media model in ANSYS FLUENT was used to model the flow through the scaffold.

In this model, the Darcy law:

<

Ap = —

RIT

was solved in the porous region. The volume blockages that was physically present was not
represented. Therefore, the superficial velocity inside the porous region based onrtietnol
flow rate was reported in other to ensure the continuity of the velocity vettmsahe porous

region interface.
2.4.1 Fluid Phase Modeling

The liquid phase, Mesenpro RS media (Gibco, Invitrogen Corporation Carlsbgdy&A
represented as an incompressible, homogeneous, Newtonian fluid with density asiti\odc
1000 kg/ni and 1.45 x 18 Pa-s respectively. CFD transient volume of fluid (VOF) formulation

with the parameters are: 3-D, laminar fluid flow, pressure inlet boundary icon@tmospheric
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pressure) and no slip boundary conditions on walls was used to simulate the mixture in the
cavity (figure 2.4.1)The VOF formulation in ANSYS FLUENT is able to model two or more
immiscible fluids with clearly defined interface. In each control voluth@hases share a
single set of momentum equations and the sum of the volume fraction of all phases Bhenity
volume fraction of the phases are determined in each computational cell &ed tfaoughout
the domain. To obtain this volume fraction in a two-phase model, for each computegignal

the continuity equation shown below was solved for the secondary phase (media):

1{0

n
,0_ a(asps) + V. (aspsﬁs) = Sas + Z(mps - msp) (2-1)
S

p=1

Note that in this study there is no mass transfer between the two phasesdeseindm,,,

are zero.
The following constraint is used to obtain the volume fraction of the primary phase:
as+ ap, =1 (2.2)

A standard finite-difference interpolation scheme (explicit approachused to discretize

equation (2.1):

n+1 .n+1 _

n
a an n
s Ps = s Ps vV + Z(psU}‘a;ff) = Z(‘I’hps — Thsp) + Sas V (2.3)
f p=1

Similarly, the momentum equation

2 (pt) + V.(pB%) = —Vp+ V.[u (V5 + VD] + pg +F (2.4)
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was solved in each computational cell in other to determine the shared veldditytie
SIMPLE (Semi-Implicit Method for Pressure Linked Equation) algorithas used to solve
equation (2.4). This algorithm enables full pressure-velocity coupling duringltites of the

eqguation. In the method, equation (2.4) was first discretized as shown below:

Sp™m
(U Y (00 = ()~ () ®5)
1 'p

And the solution of equation (2.5);, was obtained witp(™ used as an estimate pressure. Note
that u; does not satisfy the incompressibility condition. Thus, the continuity equation together
with the value of:; was used to obtain pressure correctiarollowing this, the new values of

velocity and pressure were determined as

D = g, pED = pOm 4 gy (2.6)

Note: 20 iterations were performed for every time step.

At the beginning of the simulation, the domain representing scaffold- cavémbiswas
patched with a gauge pressure of -100kPa as recommended by Govil et altgiuS Pa
2010/0155282 A1) and volume fraction of liquid phase equal 1 was patched to the tip of the
needle (figure 2.4.2). After approximately 0.25 milliliters (ml) of the se#ipension has been
injected into the cavity, the volume fraction of the liquid phase was set to zero thestop t
injection. Air was initially modeled with the ideal gas law but at the endeoinjection the
density of air was changed to a constant (1.225 Rgdrime variable time-stepping was used in
the simulation for a total of 2 seconds. The transient results were writtéfesgnt time points

and post-processed by quantifying the velocity and pressure profiles oerdiSections of the
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scaffold as well athe volume fraction of the liquid phase and thel wiatar stresse. The CFD

simulations were performed on a-Bit Linux computer cluster using 4 CPUs in parg

Figure 2.4.1:Cubic scaffol-cavity assembly boundary conditic

air-tight cavity patched
with -100kPa pressure

tip of needle patched with
cell suspension

scaffold modeled asa
Porous media

Figure 2.4.2:Cubic scaffoldeavity assembly initial conditio
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2.4.2 Cell Presence Modeling

ANSYS FLUENT discrete phase model (DPM) was used to mimic the preseneecedlt In
the model, the trajectory of the discrete phase particles was obtaineddriing the force

balance on the particle in a Lagrangian frame of reference. Theelfatance was written as

u
(4
my ot = Fdrag + Fpressure + Fvirtual mass T Fgravity + Fother (2.7)

Fdrag = Zmp Ed—p”u — up” (2761)
My

Fpressure = ——Vp (2.7b)
Pp

Firtual = =" (2.7¢)
virtual mass > oy dt
Pp— P
Fgravity = my £ g (2.7d)

Pp

The cells were modeled as spherical particles with 6 um diameter angédspethe

continuous liquid phase. A One-Way coupling approach was employed in the simulatias, That
the effect of the discrete phase on the continuous phase is neglected and tleepdiasest

pattern is predicted based on the continuous phase flow field. A number of 0. 3EkA@ells

were injected through the inlet with a uniform surface distribution.
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2.5 Determining Optimal Cell Seeding Pressure

To determine the optimal vacuum pressure for cell seeding, two simulaticnpevésrmed in
addition to the simulation described above. To achieve this goal, the first steppadsht the
domain representing the scaffold- cavity construct with a gauge predsuO kPa at the
beginning of the simulation (case 1) then in a similar approach patch the domesentipg the
scaffold- cavity construct with a gauge pressure of -20 kPa at the begintiegsafcond
simulation (case 2). In both cases, all other conditions were similar to cosdiiescribed in

section 2.4.1 and 2.4.2 above.

2.6 Modeling Flow in a Cylindrical Configuration Using Determined Optimallnitial

Vacuum Pressure

In a new simulation, the optimal vacuum pressure obtained in section 2.5 was used te simulat
the flow of the cell suspension in a seeding device with a cylindrical cavity afidldc

Similarly, a laminar transient CFD volume of fluid (VOF) formulatiorswised t model the flow

The new case comprises of;, a pressure inlet boundary condition (atmospheueprassslip
boundary conditions on walls and symmetry conditions at the cross-section. At theirup gf

the solution, the domain representing the cavity was patched with -20 kPa gauge eredshe
domain representing the tip of the needle was patched with the cell suspension. The satution w
allowed to proceed for a total of two seconds and 0.25 ml of the cell suspension (containing 250,

000 ELA cells) was injected into the cavity.
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RESULTS

3.1 Investigating Symmetry

To investigate whether a quarter section of the cubic scaffold- cagigyrdbly can successfully
model the fluid flow in the full geometry, CFD cases were simulated for thgefometry and
guarter section of the geometry. Since the objective was to determineiemce of symmetry,
grid independent solution was not obtained for both cases. However, to limit bias that may be
introduces as a result of computational errors, both geometries were méshgebportional
number of hexahedrons. That is, the full and the quarter geometry contain 487,192 and 121,798
hexahedrons respectively. The modeling assumptions was kept the same for Isotbiotctee
boundary conditions for the quarter model are pressure inlet, symmetpjane) and symmetry
(y-zplane) and a no slip wall. The full model contains a pressure inlet and no-slip wall. The
simulations for both cases were run for approximately 0.001 seconds after wéhielsults were
inspected for similarities (figure 3.1.1 A-D). The plots of the statisqune of the mixture (air

and media) along the centerlines in the z-direction (a line through the cetitex-gfplane) and

the y-direction (line through the center of the x-z plane) for both the quartdreahdl tmodel
revealed similar profiles (figure 3.1.1 A and B). Similarly, the plots of the&citg magnitude of

the mixture (air and media) along the centerlines in the z-direction (a lmegththe center of
thex-y plane) and the y-direction (line through the center okthglane) for both the quarter

and the full model revealed close correlation between both plots (figure 3.1.1 C and D).
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Figure 3.1.1 Investigate symmetry in the cubic scaffold- cavity assembly. @jadon of static
pressure for the mixture along the centerline in the z-direction for both thedd#él and the
guarter model. (B) Variation of static pressure for the mixture alongetitertine in the y-
direction for both the full and the quarter model. (C) Variation of the velocity magrafute
mixture along the centerline in the z-direction for both the full and the quarter nidgel. (
Variation of velocity magnitude of the mixture along the centerline in theegtthn for both the

full and the quarter.
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3.2 Transient Profile in Cubic Scaffold-Cavity Assembly Using -100kPa Gaud&ressure

An important benefit of computational fluid dynamics methods is that it allowdedketa
visualization of parameters associated with fluid flow e.g. velocity, presshear stresses,
volume fraction of phases etc. Therefore, the distribution of the volume fractionaaiithe
suspension (figure 3.2.1), velocity of the mixture (figure 3.2.2) and the hydrostascige
(figure 3.2.3) were plotted and analyzed at different time points. For the volurerfraicthe
cell suspension, values between 0.5 and 1 were displayed at six different tirsgfjgping
3.2.1). Results from the CFD solution revealed that it took 0.14 seconds for approximately
0.25ml of the cell suspension to be injected into the air-tight cavity. This valsi@et far from
the 0.2 seconds that was obtained in an initial preliminary study. As shown in figurer®2t1,
of the scaffold volume was not soaked with the cell suspensidr= Atseconds, only 44% of
the volume of the cell suspension was in the scaffold. A very low gauge pressure (-L00 kPa
the air-tight cavity compared to the atmospheric pressure at the inik¢des a high
differential pressure, producing a high initial mass flow rate (1-8® leg/s at = 1.0 e-03).
Thus, the cell suspension travelled up the side walls of the air-tight cavityherttaptwalls of
the cavity and spilt into the upper chamber of the air-tight cavity. Fj@r shows the
distribution of the velocity magnitude on nine different cross-sections of tHeldcaif 4

different time points. The nine cross-sections include:

- three cross-sections perpendicular toxfais atx = 0, 4 and 8mm.
- three cross-sections perpendicular toyHais aty = 0, 4 and 8mm

- three cross-sections perpendicular tozdagis atz = -2.9, -5.9 and -8.9mm
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Since perfusion of the scaffold is of more importance in this study, these ctbesswere
selected to correspond to regions in the scaffold and the time points spanned thertime s
after the injection of the cell suspension was completed and the cell suspensidrsiappes]
moving in the cavity. As expected, for all of the cross-sections, the velocityitondg was

higher in regions of lower pressure (figure 3.2.2 and figure 3.2.4). At timetpoitl6 seconds,
regions of higher flow velocities were observed on the cross-segt8snm andk = 4mm of

the scaffold parallel to the y-axis (figure 3.2.3). These regions have higbeity in thez-
direction than in the- andy- directions (Table 3.2.1). For cross-sections parallel ta-thes,
regions of higher velocity magnitude were notices on the sectrodmm (figure 3.2.3). This
region has higher velocity in the negatiwdirection than in thg- andz-direction (Table 3.2.2)
For cross-sections parallel to thg-axis, regions of higher velocity magnitudes were observed
on the sectioz =-2.9 and -5.9mm. These sections have higher velocity in the positive z-direction
compared to the x- and y-directions (Table 3.2.3). At a later tim®,18 seconds, higher flow
velocity was observed in the region of the scaffold nearer to the center offfotdsarad region

of the scaffold nearer to the top wall£ 4, y= 4 andz = -0.29mm).When compared to results in
Table 3.2 the highest fluid flow velocity (0.928#9 was observed in the positizalirection
(Table 3.2.2). This is in agreement with the gradual pressure build up in the cavitiytrastto
the earlier time point, fluid velocities in both the posittv@ndy-direction are higher than in the
corresponding negative directions and much lower when compared to the eaglipoititn This
revealed a much lower flow of fluid out of the upper region of the scaffold. In cormpaoishe
corresponding plot of volume fraction at the time point, the fluid flowing out is idehaBeair

and not the cell suspension. The remaining time points shown in figure 3.2.2 depichsah gra
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reduction in the flow velocity distribution from the region of the scaffold nearer tattiy c

side and top walls to the center of the scaffold.

As it could be anticipated, there was an initial sudden build up of pressure in tiye-d@&dtkPa
to 75 Pain 0.16 seconds, (table 3.2.2) followed by a gradual build up in the static pressure.
Shortly after injection of the cell suspension was compléted,.16 seconds, the maximum and
minimum static pressure obtained at the center of the scaffold (cross secaitei fmathex- and

y- axis and ay = 0 andx = 0 mm respectively) and the surface of the scaffold (cross section
parallel to thex- andy- axis and ay = 8 andx = 8 mm respectively) were 75.15 Pa and -27.15 Pa
respectively (table 3.2.2). The center of the scaffold showed a higher pressiigplzoimpared
to the surface of the scaffold. This agrees with lower velocities that wesevetisn the center
part of the scaffold in the velocity magnitude contour plot (figure 3.2.2). Latepiinés

showed a gradual reduction in the maximum and an increase in the minimum pressure. In
addition, figure 3.2.3 depicts this gradual increase along the pasdivection. In general, the
buildup of the static pressure at the surface of the scaffold occurred at arsimrempared to
the center. A large number of the cells were observed on the upper chamber of yhd lesvit

indicated an ineffective seeding of the scaffold (figure 3.2.5).
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= a.00ls

Figure 3.2.1:Liquid phase volume fraction (C-1.0) distribution in the scaffo- cavity
assembly after 0.67 seconds fb00kPa initial vacuum pressu@lue color indicates th
fraction of the liquid phase that is in the scaffahd thered color indicates the fraction of t

liquid that is not in the scaffold.
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Table 3.2.1:Summary of for initial vacuum pressure = -100kPa on cross-sections parétiel t

y-axis.
Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
(=016 max 63.57 1.0059 0.6945 0.7410 0.7992
' min -23.44 0.0126 -0.5709 -0.5210 -0.7084
(=018 max 47.10 0.8230 0.4052 0.3506 0.7072
' min -3.16 0.0114 -0.5497 -0.4734 -0.3782
(= 02K max 27.26 0.3985 0.2837 0.3953 0.2088
' min 3.38 5.71 e-03 -0.2339 -0.2394 -0.2525
(= 0.20 max 25.97 0.2052 0.0811 0.1618 0.1662
' min 4.06 2.58 e-03 -0.0988 -0.1399 -0.1300

Table 3.2.2.Summary of results for initial vacuum pressure = -100 kPa on cross-sections

parallel to thex-axis.

Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
(=016 max 75.16 1.2130 0.8054 0.8909 0.7103
' min -27.15 0.0126 -0.9633 -0.4620 -0.7118
(=018 max 47.10 0.9535 0.4071 0.3423 0.9294
' min 2.03 9.67 e-03 -0.5076 -0.3360 -0.4057
(=028 max 26.31 0.4699 0.2852 0.2921 0.3881
' min 4.32 5.71 e-03 -0.2945 -0.2117 -0.2599
(= 0.20 max 25.96 0.1846 0.1025 0.1346 0.1841
' min 3.8756 2.58 e-03 -0.0100 -0.1219 -0.1577
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Table 3.2.3.Summary of results for initial vacuum pressure = -100 kPa on cross-sections

parallel to the x-y plane.

Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
(=016 max 75.16 1.0231 0.6291 0.8667 0.8942
' min -24.18 0.0127 -0.7864 -0.6404 -0.6759
(=018 max 51.85 0.8000 0.3477 0.3514 0.7265
' min 1.77 9.0 e-03 -0.3885 -0.3147 -0.4116
(= 02K max 27.27 0.4595 0.2657 0.3940 0.3459
' min 4.31 5.18 e-03 -0.2630 -0.1653 -0.2490
(= 0.20 max 25.98 0.1846 0.1000 0.1479 0.1841
' min 3.84 1.97 e-03 -0.0873 -0.1175 -0.1441
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Figure 3.2.5:Distribution of the cells in the scaffold and cavityt at0.14 seconds for -100kPa

initial vacuum pressure. The cells are colored by the residence time ndseco
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3.3 Effect of decreasing the Initial Vacuum Pressure on Fluid Flow

In an attempt to limit the flow of the cell suspension up the side walls and unto thdltopfwa
the cavity, another case (with identical boundary conditions and mesh) was sinfoddbe
scaffold-cavity assembly. However, in this new case the domain representoayitlyevas
patched with -60 kPa gauge pressure at the beginning of the solution. The ratiotrade f
decreased vacuum pressure was to reduce the resulting pressure diff@nentinus reduce the
initial flow velocity on the walls of the cavity in order to prevent the cedpsasion from

spilling over into the upper section of the cavity. The simulation took 0.18 seconds to inject
0.25ml of the cell suspension into the cavity. Though the initial mass flow ridue iatet was
lesser (1.43 e-OBg/satt = 1.0 e-03 seconds), it was not enough to prevent the cell suspension
from spilling into the upper section of the cavity (figure 3.3.1). It was observedrilya48% of
volume of the cell suspension soaked the scaffald-& seconds. Similarly, figure 3.3.2 shows
the distribution of the velocity magnitude on cross sections of the scaffold abddsarlier
and at four different time points. At time= 0.20 seconds, the cross-sections parallel tg-thas
have more pockets of higher velocity magnitude on the lower region of the sectrodiaim

and the middle ok = Omm than any other region of the sections. Though the velocity in the
positive z-direction appeared to be the highest (table 3.3.1) for these sectianfhedseregions
with higher velocities were compared with figure 3.3.3, it was observed that togywel the
positivey- andz-direction was greater than in thedirection for the cross-sectior= 4mm and
Omm.This indicated a flow in the positiyendz-direction. The cross-sections parallel to xhe
axis have more pockets of higher velocities on the top right region of the segtior®mm,
lower region of sectiog = 4mm and lower region of sectigr=- Omm than in any other region.
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Comparing these regions of higher velocities to identical regions in figuretBe3(@lowing

were observed higher velocities in the negative x-direction and in the positivecyiadir(table
3.3.2). Taken together, this indicated that air is been forced up near the surfecsaaiffold

while the cell suspension is flowing towards the center of the scaffold. Alsbgfordss-

sections parallel to they axis more pockets of higher velocity magnitude were observed on the
centers and corners (near the side walls) of seztrorb.9mm and = -2.9mm than in any other
region. For the two sections with regions of higher velocity magnitude, the hightiesleere

in the positivez- andy-direction near the vertical surfaces and the lower horizontal surface of the
scaffold respectively (figure 3.3.3 and table 3.3.3) which was consistent with airfdeied up

near the surface of the scaffold as observed in other sections. In generamé&pmints

revealed gradual decrease in the velocity magnitude on the different arbsassevith higher
velocities in regions mostly closer to the center of the scaffold (fapssgtarallel to the- and
y-axis) and top of the scaffold (for sections parallel to the z-axis).Sitoitae static pressure
profile for the earlier case, there was an initial sudden build up of pressure initiie-68 kPa

to 140.40 Pa in 0.20 seconds. This was followed by a gradual pressure build up with higher rates
in the middle of the scaffold than on the outer surfaces of the scaffold nearer ttetivalés. In
addition, the pressure build up was predominantly along the pasitivection. Att = 0.37
seconds, the rate of pressure build up on the surface of the scaffold (near side walls)asa
identical to the pressure build up at the center of the scaffold (figure 3.3.49.3[Alvkports the
summary of the static pressure, velocity magnitueeslocity, y-velocity,z-velocity on all the
sections combined and shear stresses on the walls of the cavity. Figure 3.3.3heports
distribution of the cells on the scaffold and the cavity. Similar to figure 3.2.5, aitieweff

seeding was observed.
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t= f.oils t=fids

Figure 3.3.1:Liquid phase volume fraction (C-1.0) distribution in the scaffo- cavity
assembly after 0.52 seconds 60 kPainitial vacuum pressure. Blue color indicates ttaetion
of the liquid phase that is in the scaffold and i color indicates the fraction of the liquidtt

is not in the scaffold.
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Figure 3.3.2:Velocity magnitude distribution fc-60 kPa initial vacuum pressure. The velo
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Figure 3.3.4:Static pressure distribution f-60 kPa initial gauge pressure. The static pres
contour on cross section parallel to x-axis {f = Omm,y= 8mm) andy- axis ¢ = Omm,x =
8mm)
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Table 3.3.1.Summary of results for initial vacuum pressure = -60 kPa on cross-sectralislpa

to they-axis.
Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
(= 0.26s max 141.58 0.6531 0.6418 0.6825 -0.5747
' min -26.88 0.0181 -0.7071 -0.5788 0.7275
(= 024 max 48.41 0.4740 0.3254 0.3613 0.3766
' min 3.96 7.40 e-03 -0.2396 -0.2942 -0.3853
(= 008 max 28.18 0.2867 0.1672 0.2844 0.2551
' min 3.52 5.04 e-03 -0.1846 -0.1796 -0.2457
L= 0.3% max 23.01 0.1453 0.0812 0.1197 0.1415
' min 3.02 2.14 e-03 -0.0786 -0.0751 -0.1205%

Table 3.3.2.Summary of results for initial gauge pressure = -60 kPa on crossrseptrallel to

the x-axis.
prSet:;t:re m\;eglgi(i%e x-velocity y-velocity z-velocity
(pa) (m/s) (m/s) (m/s) (m/s)
(= 0.20 max 140.40 0.6365 0.6418 0.6825 0.7275
min -20.31 0.0160 -0.7071 -0.5788 -0.57471
L= 0.94 max 35.35 0.5051 0.3108 0.4052 0.4097
min 3.96 3.51e-03 -0.2533 -0.2139 -0.3853
(008 max 27.63 0.2731 0.1632 0.1749 0.2122
min 3.22 5.04 e-03 -0.1888 -0.1663 -0.247%
(= 0.3% max 22.65 0.1564 0.0961 0.1117 0.1118
min 2.73 6.08 e-04 -0.0700 -0.0974 -0.1504

55



Table 3.3.3.Summary of results for initial gauge pressure = -60 kPa on crossrseparallel to

thex-y plane.
Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
(= 0.26s max 140.40 0.7942 0.5291 0.5473 0.7261
' min -19.78 0.0160 -0.5320 -0.4504 -0.5571
(= 024 max 48.41 0.4920 0.3919 0.4005 0.4555
' min 4.08 2.51 e-03 -0.2197 -0.2316 -0.3793
(= 008 max 28.18 0.4336 0.2278 0.2671 0.3023
' min 2.17 5.04 e-03 -0.1700 -0.1923 -0.2299
L= 0.3% max 23.02 0.1701 0.1000 0.1090 0.1316
' min 2.69 6.09 e-04 -0.0845 -0.0856 -0.161%
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Figure 3.3.5:Distribution of the cells in the scaffold and cavityt at0.20 seconds for -60kPa
initial vacuum pressure. The cells are colored by the residence time.
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Furthermore, the observed spillage of the celll suspension into the upper chathberapity

in addition to the very low volume of cell suspension in the scaffold suggested the need to
further reduce the initial vacuum presure in the cavity. To achieve this, at the bggihthe
solution the cavity was patched with a guage pressure of -20 kPa. All other condédrerisept
similar to the previous two cases. The simulation took 0.4 seconds to inject 0.25 ml of the cell
suspension into the cavity. The initial flow rate was 8.03 kggatt = 1.0 e-03 seconds. Figure
3.4.1 showed that the flow of the cell suspension was limited to the lower chantbecabity

for the entire duration of the flow. At tinte= 2 seconds, 76% off the volume of the cell
suspension was in the scaffold. This revealed a significant improvement in the amolint of ce
suspension in the scaffold and, potentially, the amount of cells seeded into the dcaffold.
general, the fluid velocity was much smaller compared to the two previous Aateget =

0.46 seconds, small regions of higher velocities were identified on the top right haedafo

one of cross sections parallel to thexis k = 0Omm), top left hand corner of one of the cross
section parallel to the—axis = Omm) and on the top section of the cross-sections parallel to
the x-y plane. Elsewhere the velocities appeared very low. When these rejohigaer
velocities were cross referenced with identical regions on figure 3.4.3, dhsasved that these
velocities were in the negative z-direction (table 3.3.4), indicating the fldlidfinto these
regions. It is noteworthy that the different components of the velocities dHesgevariation.
Thus, indicating uniform flow in all directions. Figure 3.4.5 reports a bettemgpefithe

scaffold. Majority of the cells were seeded into the scaffold.
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t= f4dfis ‘ =801

Figure 3.3.6:Liquid phase volume fraction (C-1.0) distribution in the scaffo- cavity
assembly after 0.67 seconds @0k initial vacuum pressure. Blue color indicates ttaetion of
the liquid phase that is in the scaffold and tleaelor indicates the fraction of the liquid ths

not in the scaffold.
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Figure 3.3.8:Contour of the amponents of elocity of the mixture and volume fraction cell

suspension (0.5 - 1) for@XPa initial vacuum pressure at tit = 0.46 seconds. Th
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Table 3.3.4.Summary of results for initial gauge pressure = -20kPa on croserseptrallel to

they-axis.
Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
L= 048 max 32.67 0.2487 0.0578 0.0740 0.0806
"~ [min 0.15 8.48 e-04 -0.0539 -0.1531 -0.2487
(= 0.54 max 30.84 0.2570 0.0769 0.0502 0.2566
' min -0.06 6.81 e-04 -0.0834 -0.0822 -0.109%
(= 0.65 max 30.92 0.1344 0.0336 0.0639 0.0959
' min 0.08 1.65 e-04 -0.0453 -0.0490 -0.1344
(= 08 max 30.31 0.0658 0.0272 0.0385 0.0303
' min 0.03 3.33 e-04 -0.0217 -0.0283 -0.0658

Table 3.3.5.Summary of results for initial gauge pressure = -20kPa on cross-squdi@tie! to

4

thex-axis.
Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
L= 048 max 32.44 0.2487 0.0674 0.0553 0.0892
' min 0.16 1.38 e-03 -0.0561 -0.0592 -0.2487
(= 0.54 max 30.84 0.2691 0.1894 0.0438 0.2639
' min -0.07 1.86 e-04 -0.1035 -0.0670 -0.1121
(= 0.65 max 30.95 0.1344 0.0440 0.0605 0.0747
' min 0.08 1.65 e-04 -0.0512 -0.0405 -0.1344
(= 0.8% max 30.31 0.0658 0.0309 -0.0251 0.0311
' min 0.03 3.75e-04 -0.0283 0.0319 -0.065¢
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Table 3.3.6.Summary of results for initial gauge pressure = -20kPa on cross-squdi@tie| to

thex-y plane.
Static Velocity x-velocit -velocit z-velocit
pressure magnitude y y y y
(pa) (m/s) (m/s) (m/s) (m/s)
' = 0.46 max 32.67 0.2270 0.0567 0.0521 0.0822
' min 0.15 8.35 e-04 -0.0309 -0.0583 -0.227(
(= 0.54 max 30.84 0.2691 0.0875 0.0412 0.2639
' min 20.07 2.74 e-04 _0.0544 -0.0636 -0.101(
(= 0.65 max 30.95 0.1344 0.0264 0.0346 0.0449
' min 0.08 1.70 e-04 -0.0389 -0.0351 -0.1344
(= 0.8% max 30.30 0.0635 0.0165 0.0259 0.0171
' min 0.03 1.92 e-04 -0.0146 -0.0199 -0.0635
1.62e+00
. 1.62e+00
1.62e+00
1.62e+00
1.62e+00
1.61e+00
1.61e+00
1.61e+00
1.61e+00
1.61e+00

1.61e+00
1.61e+00
1.61e+00
1.61e+00
1.61e+00
1.60e+00
1.60e+00
1.60e+00
1.60e+00
1.60e+00
1.60e+00

Figure 3.3.10:Distribution of the cells in the scaffold and cavityt at2 seconds for -20 kPa
initial vacuum pressure. The cells are colored by the residence time.
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3.4 Transient Profile in cylindrical Scaffold-Cavity Assembly Using Determined Optima
Initial Vacuum Pressure

To demonstrate the broad applicabilitythe determined optimal initial vacuum pressi
another transient VOF CFD simulation was carriedaoua cylindrical configuration of tt
seeding device (figure 3.4.Results from this new simulation were consisterthwthe cubic
configuration. Though there was minimal spillag®ithe upper chamber of the cavity, 72%
the volume of the cell suspension was in the st (figure 3.4.2) It took 0.33 seconds f0.25
ml of the cell suspension to bgected in the cavityThe initial mass flow rate at 0.01 second
7.93 kg/s. Figure 3.4.8howed the position and the residence time of ¢fie m the seedin
device. Has it can be observed, majority of thésagére located in the scaffold a the motion
of the cells is towards the upper region of thdfethpredicting better uniform seeding at la
time points. These observatioamotstrate the robustness of the ¥a initial vacuun

pressure for the seeding device.

no-slip wall

Figure 3.4.1:Cylindrical scaffol-cavity assembly boundary conditic
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t=10.65s

3 b

Xy L

Figure 3.4.2:Liquid phase volume fraction (C-1.0) distribution in the cylindrical scaffc-
cavity assembly after 0.65 seconds-20kPainitial vacuum pressure. Blue color indicates
fraction of the liquid phase that is in the scaffahd the red color indicates the fraction of

liquid that is not in the scaffold
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Figure 3.4.3:Distribution of the cells in the cylindrical scaffold and cavity at0.65 seconds
for -20kPa initial vacuum pressure. The cells are colored by the resiil@ece

66



DISCUSSION

One of the challenges faced by tissue engineers is developing effigilesgeding technique
and technology. The seeding of porous scaffold is a fundamental step in engingsuig t
constructs that are clinically viable. One of the critical issue in thsist®lve understanding
how to uniformly seed the cells into the scaffold to promote rapid and full thickness tiss
formation and remodeling. There are also a variety of technical chedlesngh as creating a
technology that is suitable for a surgical environment, user independent anulfabléchate

tissue construct in a highly reproducible manner.

To address these challenges, one approach has involved designing a seedingaddvaz t
cells into the porous scaffold by inducing continuous oscillatory fluid flow through #fielksc
pores [42]. Though higher seeding efficiency was obtained in this approach, but tii¢hise
technique in a surgical environment that requires timely seeding of thenteltee porous
scaffold is questionable. Recently a new seeding technique has been iredstigdtis based on
combining the synergistic action of vacuum, rotation, and flow to seed cells into tteddscaf
[31]. However, this technique is limited to hollow tubular tissue construct and has not been

optimized for different types of scaffold.

The aims of this study were to use numerical methods to characterize timg sftciiency of a
pre-existing seeding technology that utilizes fluid flow induced by vacuung 8ind flow
provides an ideal means of transporting the cells into the scaffold and optnigeeding
technique. Subsequently, applying the detailed information obtained from the nustewdyaio

design an optimized novel compact cell seeding technology is feasible.

To establish the quantitative relationships between the cell seedingreffiof the technique

with the initial vacuum pressure a CFD model for the seeding device waspukel he
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extreme complexity of the scaffold architecture — pores and intercormebtamnels — and
volume blockages that was physically present were excluded in the CFD modekiihe m
assumption is that the fluid flow through the porous scaffold obeys Darcy’s lawgrithe
representing the computational domain was refined to check for grid independeahsbiut
other to provide justification for modeling a quarter of the geometry as suppobeduit) t
geometry, a preliminary study was performed to investigate the peeskagmmetry. It was

determined that symmetry existed on a quarter cross-section of thetggom

Results from the study showed that inefficient seeding of the cells intoatield was obtained
when the recommended initial vacuum pressure (-100 kPa) was used. A large portiaretyf the
suspension spilt into the upper chamber of the cavity and only 40% of the volume of the cell
suspension was in the porous scaffold. The result suggested the need to furthee teerea
vacuum pressure in other to prevent the spill. To address this need, the initial vacuune press
was decreased to -60kPa and a similar simulation was performed. Reslhesrfew case
revealed very little improvement in the seeding efficiency (48% of the voddme cell
suspension was in the porous scaffold). Further decrease in the initial vacssaorete -20kPa
yielded more adequate and optimal seeding efficiency (76% of the volume of thespelhsion
was in the porous scaffold). Similar result was obtained when the -20 kPa initslrpress
applied to a cylindrical configuration of the seeding device. In general, the twgu@tibns of
the seeding device — cubic and cylindrical — were more optimal to homogeneous sé#ting

porous scaffold at -20kPa than higher initial vacuum pressure.

Taken together, the results indicated that the initial vacuum pressure hgs ampact on the
fluid flow in the seeding device cavity and thereby on the homogeneous seediagofdbs

scaffold. Hence the design of an optimal seeding device that uses vacuum inducéalfluid f
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techniques must take into account the interplay of the initial vacuum pressure fod thewv

in the cavity or chamber of the seeding device.
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CONCLUSION AND RECOMMENDATIONS

This study addressed the problem of inhomogeneous seeding of stem cells in a nawgl seedi
device and technique. Computational fluid dynamic tools were used to charactdrize a
determined the fluid flow in the device and the optimal initial vacuum pressuriidoerd cell
seeding respectively. Numerical method is extremely useful in undersgaheiimplications of
fluid flow on seeding efficiency of tissue engineering seeding devicépravides insight into

the design and optimization of such devices.

Data from the CFD simulation suggested that an initial vacuum pressure o&-2@kRptimal
for effective seeding of a cubic and cylindrical configuration of the seedingedét/is expected
that the 3-D model presented in this study will be employed as part of mgystepwise
approach useful in the optimization of cell seeding techniques and corresponding tgchholo
is noteworthy to consider the following limitations in this study: Firstly, shusly lacks an
experimental validation of the results obtained from the CFD simulation. Alhowgtro and

in vivo experiments are necessary, numerical analysis provided in this stutlyergtiuseful in
reducing the numerous and expensive experiments that will otherwise be perfbnoedime
and resources will be saved. The second limitation was the check for grid indegendenc
suggested that the solution has not fully reached grid independence. The computaidoal ¢
significantly reduce this error is very high. However, for this study such e be ignored
since the objective of this study was to optimize the cell seeding efficend not to determine
the exact location of the cells in the scaffold. Furthermore, future workevikquired to

address the above-mentioned limitations.
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APPENDICES
Appendix A
Grid Independence

Cubic configuration

T T
= = = refined = normal

Velocity Magnitude (m/s)

0 0.002 0.004 0.006 0.008 0.01

x-Position (m)

Figure A.1.1: Plot of velocity magnitudent/9 vs. x-position i) on a centerline parallel to the

x-axis for normal and refined meshtat 0.0094 seconds.

P, N W 0O N

o

Velocity Magnitude (m/s)

0.01

y-Position (m)

Figure A.1.2: Plot of velocity magnitudent/9 vs. y-position ifn) on a centerline parallel to the

y-axis for normal and refined meshtat 0.0094 seconds.
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Appendix B
Using FLUENT in ANSYS 12.1

Preparation

1. Copy mesh filefhymesh.msh.po your working folder
2. Start > Programs > ANSYS 12.1 > Fluid dynamics > click on FLUENT
3. FLUENT launcher will pop up

AMSYS Client Licensing 3
BWA »
ASAS ’
@l Fluid Dynamics
Help
RSH
) Ukilities »
; ARSYS Icepak
_ ¥} ICEM CFD
rﬂ Programs ACCessoties » A Mechanical APDL (AMSYS)
Microsoft Cffice * A Mechanical APOL Product Launcher
L}; Docurments ¥ ) Utilities P @Y TurboGrid
SO , & Internet Explorer N Uninstall
B Ansys 12,1 3 A workbench
I;) Search 3 Department Applications  #

Q) Help and Support

=] FRun...

@ Shut Down,..

4. Inthe FLUENT launcher , start the 3D double precision version of ANSYS FLUENT
(a) Select3D from dimensionlist
(b) Enabledouble precision
(c) Select your working folder fromworking directory

Windows XP Professional
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e auncher R e

FLUENT Launcher
DI!T\EHSIDH Options
130} ¥ Dauble Precision
2 [~ UseJob Scheduler
Display Dptions Processing Options
v Display tesh After Reading i Serial
¥ Embed Graphics ‘Windows = Parallel
v ‘workbench Color Scheme

<4 Show Less |

General Options | Farallel Settings | Scheduler | UDF Compiler I Erwironment |

Wersion
|‘\2_‘\_4 x| W PrefPost Orly

‘Warking Directory
Iem B ackuphThesishT hesis anaysis and result filesThesisi T hesishFinal Result j ﬁm

FLUENT Raat Path
IE.\Fluglam Files"aN5TS Inchw1214fuent ﬂ Bﬂ =

[~ Use Joumal File

oK Default LCancel Help =

Step 1: Mesh

5. Read the mesh filerfymesh.msh.pz

File > Read > Mesh...
1: Mesh vI

hesh Apr24 2011

ANSYE FLUENT 12,1 (3d, dp, phnsg, lam)
Step 2: General Settings

6. Define the solver settings
General > Transient

7. Check the mesh
General > check
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8. Scale the mesh using a scale factor of 0.001 in the X, Y, and Z directions.
General > scale
9. Reorder the domain until the bandwidth reduction is of the order of 0.1.

Mesh > Reorder > Domain

Step 3: Models

10. Define the multiphase model
Models > Multiphase > Edit...

& Multiphase Model |
Model Murmber of Eulerian Phases

C off |2 i’
* valume of Fluid
 Mixkure
™ Eulerian

) Wek Steam

Yolurme Fraction Parameters

Scheme

% Explicit
= Implicit

Courant Mumber
0.25

[ open Channel Flaw
[ open Channel Wave BC

Body Force Formulation

[ Implicit Body Force

(] 4 | Cancell Help |

(a) Selectvolume of Fluid from Model list.

(b) Enable thémplicit Body Force.

(c) Click OK to close théMultiphase Model dialog box
11.Define discrete phase.

Models > Discrete Phase > Edit...
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(a) Enable thénteraction with Continuous Phase
(b) Click theTracking tab and entes00 for Max. Number of Steps.

& Discrete Phase Model |
Inkeraction Particle Treatment

¥ Interaction with Continuous Phase W Unsteady Particle Tracking

¥ Update DPM Sources Every Flow Ikeration ' Track with Fluid Flow Time Step

Murber of Continuous Phase I 10 il Inject Particles at

Ikerations per DPM Itetation x 1 mapidls Tine Step

% | Fluid Flow) Time Step

Particle Time Skep Size (s) I 0.001
Murnber af Time Steps I 1 il
i
Clear Particles

Tracking | Physical Mudelsl LDF I Numericsl Parallell

Tracking Parameters Drag Parameters
Maz. Mumber of Steps Drag Law
e .
500 j Isphencal j
[ Specify Length Scale
Step Length Fackor
5 e
e
[a]4 | Injections. .. | Zancel | Help |

(c) Click on thdnjections... to open thénjections dialog box.
M Click theCreate button to open th8et Injection Propertiesdialog box.
(i) SelectSurfacefrom thelnjection Type drop-down list.
(i)  Selectinlet from Release from Surfacesirop-down list.
(iv)  SelectWood from theMaterial drop-down list.
(V) Enter the following values in the Point Properties tab:

Parameter Value
Diameter (m) 6e -06
Start Time(s) 0

Stop Time(s) 0.40
Temperature (K) 298.16

(vi)  Retain the default values for other parameters
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(c) Click OK to close théiscrete Phase Modetlialog box.

& Set Injection Propetties

X
Injection Marne
I imjection-0
Injection Type Release From Surfaces ﬂj
IsurFace j def ault-interior
defaul-interior: 010
def ault-interior: 011
Particle Type Laws
' Massless ' Inert ) Droplet ) Combusting ) Multicomponent ‘ [ Custom
Material Diameter Distribution Oxidizing Species Discrete Phase Domain
Haker-v. Iuniform j I j Inone j
Evaporaking Species Devolatiizing Species Broduct Species
[ [ | -
Poink Properties | Turbulent Dispersion I ‘Wet Combustion I Componentsl LDF I Multiple Reactions I
=

}

[~ Scale Flow Rate bey Face Area
- Injeck Using Face Mormal Direction

o] | File...l Cancell Help |

Step 4: Materials

Materials > Fluid > Create/Edit...

(a) Copywater-liquid from database.

12. Add water to the list of fluid materials and change the density of air tbgdsa

) Click the FLUENT Database... to open the FLUENT Database Materials

dialog box

(i) Select water-liquid from the FLUENT Fluid Materials list.

(i) Click Copy and close the Fluent Database Materials dialog box.

(b) Change the density of air to ideal-gas from the properties.
0] Selectideal-gasfrom thedensity drop down list

(c) Close theCreate/Edit Materials dialog box.
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il & FLUENT Database Materials 5'

FLUENT Fluid Makerials =| =] Material Type
vinyl-silylidene {hZcchsih) Al IFIuid j
v!nyl_-trlchlor05|l‘_ane (sicl3ch2ch) Order Materials b
i E-c] chzcclz
wate i %" Name
-wa " Chemical Formula
wood-volatiles {wood_vol) =
| | »
Copy [Matetials from Case, .. | Delete |
Properties
-
Density (kafm3) Iconstant j [re |
|998.2
Cp (Specific Heat) (jfkg-k) |c0nstc_mt j YiEe |
|4182
Thermal Conductivity (w/m-k) Iconstant j e |
Io.s
Viscosity (kgjm-s) [constart =] e, |
Io.omoos
=
New...l Edit...l Save | Copy | Close | Help |

Step 5: Phases
13. Define the primary phase.
Phase > phase-1-Primary Phase > Edit...
(a) Enterair for Name
(b) Selectair in thePhase Materialdrop-down list.
(c) Click OK to close thd’rimary Phasedialog box.
14.Define the secondary phase
Phase > phase-1-Secondary Phase > Edit...
(a) Enterwater-liquidfor Name

(b) Selectwater-liquid in thePhase Materialdrop-down list.
(c) Click OK to close th&secondary Phaselialog box.

& Primary Phase |

Mame

Iair
Phase Material [ j Edit...l

water—liiuid |
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Step 6: Boundary Conditions

15. Set the boundary conditions at the inlet
Boundary Conditions > Inlet

(a) Set the boundary condition at the inlet for the mixture

) Retain the default selection wiixture in thephasedrop-down list.

(i) Click theEdit button to open thBressure Inletpanel.

(i)  Retain the default value of O for tauge Total Pressure

(iv)  Click OK to close thd’ressure InletPanel.

x
Zone Mame Phase
I inlet I mixkure
Momentum | Thermal | Radiation | Species| DPM | Multiphase | DS |
Reference Frame I.ﬁ.l:usculute j
Gauge Total Pressure (pascal) I 0 Iu:u:unstant j
Supersonic/Initial Gauge Pressure (pascal) I 0 Iu:u:unstant j
Direction Specification Method INu:urmaI to Boundary j
(n] 4 | Zancel | Help I
(b) Set the boundary condition at the inlet for the water-liquid
0] Select thavater-liquid from thePhasedrop-down list.
(i) Click theEdit button to open thBressure Inletpanel.
(i) Click theMultiphase tab and enter 1 for théolume Fraction.
(iv)  Click OK to close thd’ressure Inletpanel.
x
Zone Mame Phase
I water-liguid

I inlek

Momentum | Thermal | Radition | Species| oPm  Multiphase | ups |

Yaolurne Fraction I 0 I.:.:nstanl:

r

(] 4 I Cancell Help |
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16. Set the boundary condition at the wall for the mixture
Boundary Conditions > walll

(a) Retain the default selection Bfixture in thePhasedrop-down list.
(b) Retain the default setting of No Slip for shear condition.
(c) Retain the default setting of stationary wall for Wall Motion.

17.Set the porous zone for the scaffold
Cell Zone Conditions > scaffold

(a) Select thevater-liquid from thePhasedrop-down list.

(b) Click theEdit button to open thEluid panel.

(c) Enable thdé>orous Zoneoption to activate the porous zone model.
(d) Select thé?orous Zonetab and ented.80for fluid porosity .

(e) Click OK to close théluid panel.

ELTEE——— |
Zaone Name Fhase

I scaffold I mixkure

v Porous Zone
[ Source Terms
™ Fixed Yalues

Mation | Parous Zone Reactionl Source Terrnsl Fixed 'u'aluesl

-
Rokation-Axis Crigin Rokation-Axis Direction —I
* () I ) ® ID
] I ) Y ID
Z(m) I 0 Z I 1
Motion TYPe |skationary j LI

Ok | Cancell Help |

Step 7: Operating Conditions

18. Set the operating reference pressure location.
Boundary Conditions > Operating Conditions...

(a) EnableGravity .

(b) Enter0.002mfor X.

(c) Enter O for Y.

(d) Enter-0.0005mfor Z.

(e) Set theGravitational Acceleration in theZ direction t0-9.81 m/s.
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(f) Enable theSpecific Operating Densityand retain the value df225 kg/mfor the
Operating Density.
(g9) Click Ok to close th@perating Conditions dialog box.

& Dperating Condit X|

Pressure Gravity

r Floating Dperating Pressure
Cperating Pressure (pascal)

Iv Graviky
Gravitational Acceleration

I 101325 % (mysz) I o
Reference Pressure Location ¥ im/s2) I 0
% (mj I 0,002
Zim/sz} I 9,81
¥ () In

Boussinesg Parameters

Z {m] | -0.0005
Cperating Temperature (k)

|293.15

‘ariable-Density Parameters

Iv specified Cperating Density
Cperating Density (kafm3)
I 1.225

(04 | CanceII Help |

Step 8: Solution

19. Set the solution method parameters.
Solution Methods

(a) Retain the selection &first Order Implicit from theTransient Formulation drop-
down list.

(b) SelectSIMPLE from the Scheme drop-down listRressure-Velocity Coupling
group box.

(c) SelectGreen-Gauss Node Baskfrom theGradient drop-down list.

(d) SelectPRESTO! from thePressuredrop-down list in the&Spatial Discretization
group box.

(e) SelectSecond Order Upwindfor Momentum andDensity.

() SelectCICSAM for volume fraction.

(9) Retain the selection &first Order Implicit for Energy.
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Solution Methods

Pressure-velocity Coupling

Schere
ISIMF‘LE

L4

Spatial Discretization
Pressure ﬂ
|PreSTO!

Densiky

ISec-:nn-:I Crder Upwind
Mamentur

ISecnru:I Crder Upwind
Yolume Fraction

Lo

Lo

L

|crcsam -]
Energy
First Qrder Upwind j —
I =
Transient Formulation
IFirst Crder Inplicit j
[T Mon-Iterative Time Advancement
I | Frozen Flux Formulation
Default |
Help |
20. Click Initialize to initialize the flow field
Solution Initialization
(a) Retain the default setting for all the parameters.
(b) Click Initialize and close the Solution Initialization panel.
21.Create an adaption register for patching
Adapt > Region...
(a) Define a register for the air-tight cavity.
) RetainHex from theShapesdlist
(i) Set up thénput Coordinates as shown in the following table:
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Input Coordinates Values

(X Min, X Max) | (0, 0.0165)
(Y Min, Y Max) | (0, 0.0165)
(Z Min, Z Max) | (-0.009, 0)

(b) Define the register for the tip of the needle.
0] EnableCylinder from theShapesdlist

(i) Set up thénput Coordinates as shown in the following table:

Input Coordinates Values
(X Min, X Max) | (0, 0)
(Y Min, Y Max) | (0, 0)
(Z Min, Z Max) | (0, 0.001)

Radius (m) 0.000419

& Region Adaption x|
Options Inpuk Coordinakes

* Inside % Min () & Max (m)

" Outkside 0 0.0165
Shapes ¥ Min (] ¥ Max (m)

% Hex 0 0.0165

" sphere

" Cylinder Z Min {m) Z Max (m)

-0.009 0
Manage, .. |
Controls. ., | 1]

Select Points with Mouse |

.ﬁ.daptl Markl Cll:usel Help I

22.Patch the liquid volume fraction and initial vacuum pressure.
Solution Initialization > Patch...

(a) Selectliquid-water from thePhasedrop-down list.
(b) Selectvolume Fraction from theVariable list.
(c) Enterl for Value.
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(d) Selectcylinder-r1 from theRegisters to PatcHist.
(e) Click Patch

(H SelectMixture from thePhasedrop-down list.

(g) SelectPressurefrom theVariable list.

(h) Enter-100,000for Value.

(i) Selecthexahedron-rOfrom theRegister to Patchlist.
() Click Patch and close th@atch dialogue box.

23.Enable the plotting of the residuals.
Monitor > Residuals > Edit...
(a) DisableCheck Convergencdor continuity, x-velocity, y-velocity, z-velocityand
energy equation fronEquations drop-down list.
(b) Click Ok to close théRkesidual Monitors dialog box.
24.Enable the autosave every 500 time step.
Calculation Activities
(a) Enter 500 forAutosave Every(Time Step).
(b) Click Edit... to open théAutosavedialog box.
(c) Enter an appropriatéile Name (100k.dat.gz).

(d) SelectFlow-Time from Append File Name withdrop-down list.
(e) Click OK to close théAutosavedialog box.

B
Save Data File Every (Time Steps)
| 500 é’ Data File Guantites... |
‘When the Data File is Saved, Save the Case I Retain Only the Most Recent Files
f* If Modified During the Calculation or Manually i humber off Data Files —
" Each Time I':' EI
Cnly Associated Case Files are Retained
File: Marme:
I 100k1 . dat.qz Browse. .. |
Append File Mame with Decimal Places in File MName
IFIu:uw-time j I & ﬂ

o] 4 | Cancell Help |
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25. Calculate the solution.
Run Calculation
(a) Selectvariable from theTime Stepping Methodlist.

(b) Enterle-05for Time Step Sizeand200,000for Number of Time Steps
(c) Click Settings...to openVariable Time Settingsdialog box.

0] Enter2 for Ending Time.

(i) Enterle -06and0.05for Minimum Time Step SizeandMaximum
Time Step Sizerespectively.

(i) Retain the defaulMaximum Step Change Factor

(iv) Click Ok

(d) Save the case and data files (100k.cas/dat.gz)
(e) Click Calculate.

Run Calculation

Check Case... | Freview Mesh Mokion,, .
Time Stepping Method Time Skep Size (s)
I'-.-'arial:ule j 1e-05
-ettings. .. | Mumber of Tirme Steps
200000 =
=
Options

[ Extrapolate Yariables
[T Data Sampling For Time Statiskics
Sampling Interal

1

F
EI Sampling Sptians. ..

Max Ikerations)Time Step Reporting Inkeryval
20 i’ I 1

[4]»

Prafile Update Inkerval
1 FY
e

Drata File Quantities. .. | fcoustic Signals, .,

Calculate |

E8
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Step 9: Post Processing

26.Read the data file for the solution after 0.0001 seconds.
File > Read > Data...

27.Create hardcopy files for animation.
File > Save Picture...

(a) SeleclIFF from theFormat list.
(b) SelectColor from Coloring list and clickApply .
(c) Close Sav®icture dialog box.

28.Create Surfaces from the scaffold and fluid zone.
Surface > Zone...

(a) SelecFluid from theZone list and entefluid-surfacefor theNew Surface Name
(b) Click Create.

(c) SelectScaffold from theZone list and ente6caffold-surfacéor theNew Surface
Name

(d) Click Create.

(e) Close th&Zone Surfacedialog box.

29.Create an iso-surface for volume fraction for liquid-water in scaffold aoddluid zone.
Surface > Iso-Surface...

(a) SelecPhases...andVolume fraction from Surface of Constantdrop-down lists.
(b) SelecWater-liquid from thePhasedrop-down lists.

(c) SelectFluid from theFrom Zone drop-down lists.

(d) Enter0.5for Iso-Valuesandvf05-fluid for theNew Surface Name

(e) ClickCreate

(f) SelectScaffold from the FromZone drop-down lists.

(9) Enter0.5for Iso-Valuesandvf05-scaffold for theNew Surface Name

(h) Click Create and close théso-Surfacedialog box.
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& Iso-Surface X|
Surface of Constant From Surface ﬂﬂ
IF‘hases. . | |default-interior -
default-interior:010
I'\-'Dlume fraction j default-interior:011
Phase inlet
— symmekry_x
Iwater—hqun:l j symmetry 001 _|
-
1in Max Symmetry_y
IIJ ID From Zones = j
Fluid
Iso-Yalues sraffold
ID.S
A i
Mew Surface Mame
IVFDS-FIuid
Create I Campute | Manage. .. | Close | Help |

30. Clip the fluid-surface and scaffold-surface to the values of volumedracfiwater-

liquid between 0.5 and 1.

Surface > Iso-Clip...

(a) SelecPhases ..andVolume fraction from theClip to Value of drop-down lists.
(b) Selectiquid-water from thePhasedrop-down list.
(c) Selectluid-surface from Clip Surface list.

(d) Enter0.5and1 for Min andMax, respectively.

(e) EnterClipfO5-fluid for theNew Surface Name

(f) Click Clip.

(9) SelectScaffold-surfacefrom Clip Surface list.
(h) EnterClip05-scaffold for theNew SurfaceName.
(1) Click Clip and close théso-Clip dialog box.
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& Iso-Clip ﬂ

Clip ko Walues of Clip Surface
[Phases... | [Flipfos-fluid
clipf05-scaffold
I\-'olume fraction j default-interior
default-inkerior:010
Fhase defaulk-inkerior:011
Iwater—liquid j
| inl=t
[ I scaffold-surface
S “ a “ scaffold_x=0
: - E o scaffald_x=0.004
. S . scaffold_x=0.003
s ' o . ‘ S scaffold_y=0 Ll
o lf = o o
Min PMa Mew Surface hame
I 0S5 I 1 | clipFoS-Fluid
Clip | Compute Manage. .. | Close Help

31.Display the mesh.
Graphics and Animations > Mesh > Set-Up...

(a) DisableEdgesfrom theOptions group box.

(b) EnableFacesfrom theOptions group box.

(c) Deselect all the surfaces.

(d) Selectlip05-scaffold, clip05-fluid, vfO5-fluid, vf05-scaffoldandwall from the
Surfaceslists.

(e) ClickDisplay and Close th#lesh Displaydialog box.

32.Manipulate the Display using the Scene Description dialog box.
Graphics and Animations > Scene...

(a) SelectlipfO5-fluid andvfO5-fluid from the Names list.

(b) Click Display... in theGeometry Attributes group box to open thgisplay
Properties dialog box.

(c) Set the sliders for Red, Green and Blu235, 0, Orespectively, in th€olor group
box.

(d) EnableLighting in theVisibility group box.

(e)DisableEdges, LinesandNodesin theVisibility group box.

(f) EnableOuter Facesin theVisibility group box.

(9) Click Apply and close th®isplay Propertiesdialog box.

(h) Repeat foclip05-scaffold andvfO5-scaffold from theNameslist. (Set slider to 0O, 0O,
225)

(i) Selectinlet andWall in the Names list.
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() Click Display... in theGeometry Attributes group box to open thBisplay
Properties dialog box.
(k) Set the slider fofransparencyto 71.
() Set the sliders for Red, Green and Blu@38, 255, 255respectively, in the Color
group box.
(m) Repeat (d) to (g)
(n) Close thé&scene Descriptiordialog box.
33.Write a journal file to save hardcopy files of each saved time points.
File > Write > Start Journal...

(a) Display Mesh (see 31)
(b) EnableLight On andHeadlight On.

Graphics and Animations > Lights...

(c) Create a hardcopy of the fluid interface.

File > Save Picture...

(d) Click Save...button to open th8elect Filedialog box.
(e) Enterl00k-image-%ot.tif

(f) Stop writing the journal

File > Write > Stop Journal...
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