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CHAPTER |

INTRODUCTION

1.1 NEED FOR TISSUE ENGINEERING

According to the United Network Organ Sharing (UNOS) the memof patients
waiting for organ transplantation in the United States was around 40,0998 and this
number raised to nearly 100,000 in 2008. However, the number of donorsthas n
increased in these years and is only 8000 in 2008. Hence the patieetxdi of organ
transplantation are increasing steadily when compared to the nwhlbegan donors
present, which is the fundamental reason for increased intaerése field of tissue
engineering. Tissue engineering gives the hope of regarmgeraeeded tissues by using
biomaterials that are biodegradable.

Tissue engineering is an interdisciplinary subject which deglsimproving the
patient care by replacing the damaged part of organs/tisstiesegenerated tissue,
using concepts from life sciences and engineering. Thenmamg requirements that a
biomaterial need to satisfy in order to be used as a scaffotddarells to grow on them
(Freyman T 2001), unlike traditional prosthetic devices. Prosthesisteghnique in
which the damaged part (say a part of the limb, hand or bone) in theidoglylaced
with a biocompatible material which does not support the cell grdwt does the
functionality of that particular part (Kannan et al. 2005). Wheieasssue engineering

the tissue is regenerated using a biodegradable material in the form dbklscaf



Scaffolds are prepared in the shape that the tissue to &eerated and replaced (Lisa
Christenson 1997). Scaffolds are generated from biomaterials thattproetl adhesion
and cell growth, in addition to being biocompatible, non-toxic and strongglntou
support the cells until the cells produce their own extra celtakrix (ECM)(Lawrence
and Madihally 2008).

Many natural and synthetic polymers, like chitosan, polycaprolack@k)( poly
lactic-co-glycolic acid (PLGA), gelatin are used in gehieta tissue engineering
scaffolds. Small intestinal submucosa(SIS) is a naturabxrtaait was and is being used
successfully in regenerating the tissue for bladder implantsvever, the reproducibility
and repeatability of the results from natural matrices isayjbnconcern as the properties
of the natural matrix vary depending on the location, age and gehdbe animal.
Hence, there is a growing interest in developing new matricésathaobtained from
synthetic polymers. There have been significant research aetbdment in polymer
processing technology for the past few decades (Hayashi 1994uiidl et al. 2007,
Sarasam et al. 2006). Blending synthetic and natural polymetsebasan approach to
develop new biomaterials with wide range of physicochemical prepeahd biological
interactions. There are many scaffolding techniques developed tovienibre quality of
the materials used for tissue engineering purposes (Blan dad2B08; Bonfield 2006;
Freed et al. 1994; Salerno et al. 2007).

Two types of tissue engineering techniques, “unseeded” and “seeded” a
investigated for their effectiveness in tissue regeneratiome Uhseeded technique
involves the direct implementation of a biodegradable scaffold into thearhuody

encouraging the natural process of regeneration to occur. The optinwinonenental



conditions such as temperature, pH, and sufficient amount of nutriepiiseck for the

cells to grow are maintained inside the body. In contrast, there are issmgstthat need

to be grownin vitro first and then transplanted to replace the damaged part in the
patient’s body. Seeded techniques utilizesitro seeding of cells from the tissue to be
developed on to porous matrices, establishing cell-composite draftare implantech

vivo. In this case, the cells are to be grown in a system wherautrients supply is
replenished and the optimum conditions are maintained similar to thé¢haiathey are
maintained in the human body. Since a significant number of calseguired to
colonize a three dimensional porous structures, bioreactors aretaspobvide a
continuous supply of essential nutrients (i.e., amino acids, glucose, oxygerggulate

the pH and temperature as the cell seeded matrix matures.

1.2 IMPORTANCE OF BIOREACTOR DESIGN

Bioreactors of different configurations and flow systems haven beidely
utilized for regenerating tissues vitro. Bioreactors help in maintaining the specific
conditions like pH, temperature and allows for replenishment of theenist(Martin and
Vermette 2005). For growing tissues like skin and bladder, the tissexs to be
regenerated on scaffolds with a high aspect ratio whereutfecs area is significantly
high compared to the thickness. Fluid flow is also utilized asag to introduce
hydrodynamic stresses on to cells. Some cells changestheiture and composition to
meet the functional demands by responding to the mechanical st(€ssmn et al. 1999;
Gray et al. 1988; Jeong et al. 2005). A popular bioreactor configaratvolves

growing cell seeded constructs in microgravity (Marolt et28l06). However, for



growing large aspect ratio tissues, microgravity reactor dvdeform the structure due to
bending and rolling while tumbling through the growth medium, creatiag@om stress
pattern within the developing material. Hence, microgravitytoegenay not be suitable
for regenerating thin cross-sectional tissues. Among altghetors that are currently
being studied the parallel plate construct (Lawrence et al. 2@elhce BJ 2008) has
the following advantages over the other systems:

(a) gives good support to the scaffold

(b) prevents deformation of the scaffold

(c) shear induced by the fluid flow

(d) continuous flow replenishes the nutrients

Unlike the traditional rectangular reactor (Huang et al. 2005aaMa et al.
2007), a circular reactor has curvature effects which reduce tdesgaaes at the edges
when the rectangular reactor is scaled up. Thereforemibiie practical to use a circular
reactor for growing large tissues clinically.

Flow and nutrient consumption patterns within bioreactors containing large
porous structures with high aspect ratios have not been studiedinglihg and dead
zones are the two main factors for the non-ideal fluid distribution tonsiwithin a
bioreactor when it is scaled up. Channeling would not allow the fiudisperse within
the reactor and the dead zones would end up with low supply of nutrrehtiseace
damaging the tissue in that region. Sometime dead zone can leadrési®a Non-
uniform flow patterns lead to (i) poor distribution of nutrients arjch@n-uniform shear
stress distribution. These factors affect cellular colonizatimh the assembly of ECM

elements, which affects the quality of regenerated tisslibss, in a scaled up system,



the residence time distribution studies play a major role intoealesign for tissue
engineering purposes. Further, tissue regeneration is a dynamaspmwhere the porous
characteristics change due to proliferation of cetls, novo deposition of matrix
components, and degradation of the porous architecture. These charmegesthaff
transport characteristics. There is a lack of understanainghe influence of these

factors.

1.3 OBJECTIVES

This study utilized a circular parallel plate reactor andluated the design
requirements for regenerating tissues with high aspect rdtarther, the effects of
changing porous characteristics during tissue regeneratidvuggttitode novo synthesis
of matrix elements and cell colonization were also evaluated.twidhenain objectives of

this study are:

Specific aim 1: Characterize the flow dynamics of a circular bioreactor containing

porous structures.

The non-ideal fluid distribution is characterized using the resalemme
distribution (RTD). The RTD measures the amount of time diftem@olecules present
in the fluid spend within the reactor, allowing for consumption by thiéulae
components. Understanding these characteristics is importaesigning the reactor
shape and optimizing the location of the inlets and outlets. ThedR&lsis was done
using Solid Works simulation software CFX 11 (ANSYS Inc, Canonsburg), &#l/or

Comsol Multiphysics 3.4 (COMSOL, Inc., Burlington, MA), the flow dymcs of the



system was analyzed by considering that the Brinkman equationdumdsn the porous
region and the Navier-Stokes equation holds in the non porous region. athe siate
results were used for the initial values and a tracer fluid appdied as a step input to
understand fluid distribution. The simulation produced a RTD that watated using
bioreactors fabricated in-house from polycarbonates. RTDs wereinaibta
experimentally by introducing a red food dye as a step chargémteactor containing
porous structures. The simulations and experiments had similar aatioenand RTD
profiles, showing that methodology is a valid approach to andllyweproperties in the
reactor systems. In this study, apart from the pressurer Stesss distribution
throughout the reactor with the porous structure in COMSOL Multipby&i4 was also

analyzed.

Specific_aim_2: Understand the consumption patterns in the bioreactor; the

relationship between residence time distribution and the consumption patterns

The RTD analysis is independent of the metabolic reactiormuglh the total
consumption of nutrients is determined by the residence time. To tamdetee nutrient
distribution with consumption, simulations were performed by incorpaydtie reaction
systems in COMSOL Multiphysics along with the Brinkman equatiodetabolic
consumption for both oxygen and glucose was included using a Michaelis-Menten kinetic
rate law derived from literature for three different celpegy namely chondrocytes,
smooth muscle cells and hepatocytes to understand the effedttypeabn the nutrients
flow rate requirements for the cells to grow. Based on the stesss profiles, first

reactor was reconfigured to place the inlets and outlety &oa the porous structure.



Initially the reactor shape, inlet and outlet positions were apgidn Later on, it was
found from the shear stress distribution analysis and residenceéistribution analysis
that the shear stresses were higher at the inlet and. oliiteavoid high shear stresses
within the porous region, the inlet and outlet were moved away fromdiois region.
Six different circular reactors with extended inlets and outiétdifferent shape were
designed. The simulations were done in AnSYS 11.0 without the porousiistrudhe
pressure, shear stress distribution was analyzed in six desidmma was chosen as the
best design for further analysis in COMSOL3.4. The modified desith improved
extensions had better shear stress distribution in the absepaeo$ structure. Further,
the comparison of the outlet oxygen concentration and the minimum roxyge
concentration indicated that the modified design has better nutriénibutien compared

to the design where the inlet and outlet are on the porous structure.



CHAPTER I

REVIEW OF LITERATURE

2.1TISSUE ENGINEERING
The field of Tissue Engineering provides the promise of gengrétinctionally
replaceable tissue parts. The technology is based on using ibiddlelg scaffolds as a
guide and support for the in-growth of cells during tissue regeémerarl he two principal
techniques being used in Tissue Engineering for repairing the damagedissgardre
(i) tissue regeneratiam situ and
(i) implantation of tissues grown on the scaffdlasitro
The first technique involves use of a scaffolditu to regenerate the tissue. This
approach has been used in the regeneration of supporting tissues sadilage. In the
second technique the tissue regeneration process takesmplece prior to implantation
(Figure 2.1). The tissue regeneratéea vitro should have good mechanical properties,
should not create any host tissue reaction due to immunogenicitherstdffold used
should degrade completely prior to the transplantation. Unlike in itheivo
transplantation of the disintegrated cells and the scaffoldantiaro process gives a
chance to engineer the tissue before the transplantation thusngllomprovement of

the cell grafting and survival.
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Figure 2.1:Invitro Tissue Engineering

2.2 POROUS TEMPLATES

A tissue in reality is composed of different cells arranigedn orderly manner.
When they are disengaged and grown to form large structures, heeetl a support
system which gives temporary mechanical support and degradestlmactissue is
regenerated (Lisa Christenson 1997). Porous templates made ofedrialwahat are
degradable and promote cell growth are utilized as a support sf@Ghemdy and Sharma

1990; Hayashi 1994). These are also called as scaffolds.



Some of the natural and synthetic polymers being used as scaffeldsit@san,
polycaprolactone (PCL), poly lactic-co-glycolic acid (PLGApd gelatin. These are
either used independently or mixed together to form a compositeaheds the purpose
of growing a specific tissue. Chitosan is a natural polymeweirfrom chitin, the
primary structural polymer obtained mainly from exoskeletons ofnghand crab shells.
It is a relatively an inexpensive natural polymer that is wideded in the biomedical
industry for different purposes such as wound healing and drug delivery systemsyOltea
and Enescu 2007; Prabaharan 2008). In this project, chitosan was usedafsld s
since, the fabrication techniques of the chitosan scaffolds aledertloped in the
laboratory.

Fabrication of porous structure: Advances have been made in synthesizing
porous structures from various polymers. Gas foaming, fiber extrasd bonding,
three-dimensional printing, phase separation, emulsion freezegdpamnogen leaching
and electro spinning are some of the methods used in preparationadfotddg@lan and
Birla 2008; Hollister 2006; Raghunath et al. 2007; Salerno et al. 2007ouglh each
technigue has advantages and disadvantages, controlled rate freezipgoaiidation
technique (CRFLT) is the method of choice while forming poroustsites from natural
polymers such as chitosan and collagen, which dissolve in acidia. waG&FLT
generates open pore structures, suitable for guiding cell intgro8RFLT is carried out
at low temperatures and avoids the concern associated with $hef loi®logical activity
of proteins due to thermal denaturation. CRFLT is a method used isttidig as the
chitosan scaffold fabricated by using these techniques have bessiegly studied in

the laboratory (Huang et al. 2005a; Madihally and Matthew 1999; Tillman et al. 2006b).
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In controlled rate freezing, a polymer solution is used to genarstaffold. The
solution is then cooled below the melting point of the solvent which isequbsatly
removed leaving the polymer with interconnected pores. For exarhgleChitosan
solution is prepared in acidic water and is frozen in a refrigerator maintair@l & for
4 — 5 h or until the solution is completely frozen. Then the samfteage dried in a
lyophilizer. The direction in which the chitosan fibers align depends@mulirection in
which the heat transfer takes place. If there is a uniformrgp@om all the directions
then the scaffold obtained would be having uniform pores. The aligrnwhéine pores
would be in the direction from which the cooling of the samplestgace. The water
molecules in between the polymeric fibers get vaporized resuttipgres, and providing
a porous structure.

To regenerate a tissue that is practically useful in theicslrgurposes for
implantation it is necessary to provide a three dimensional environhagneplicates the
normal physiological conditions observed in the body (Bonfield 2006). Thus,
important to understand the 3D characteristics of the porous alatévianyin vitro
experiments have shown that cells respond differently in attachmephology,
migration, and proliferation on 3D scaffolds unlike traditional 2D tissutire. Some of
these that affect the cell colonization in 3D environment wasntBc reviewed by
Madihally et al (Lawrence and Madihally 2008).

Porosity: High porosity supports cell growth. The higher the porosityhthleer
is the supply of the nutrients. Porosity also plays an imporbémtr cell adhesion and

migration as high porosity helps in providing large surface areather cellular

11



interaction and extra cellular regeneration (Freed et al. 18Bdug-Riley et al. 1998;
Marois et al. 1999).

Pore size: Pore size affects the cell binding, morphology and cell growtie T
pore size depends on the way the biomaterial is processed sctdfald. Appropriate
pore size helps in spreading the cells uniformly. Small porenséehinder the supply
of the nutrients and on the other hand reducing the pore size improwedréneellular
matrix retention (Grad et al. 2004; S Grad 2004). Thus, it is negdedaave an optimal
pore size that supports the cell growth. The optimal pore lsstgtomotes cell growth
for majority of the cell types such as hepatocytes found in, Is@ooth muscle cells
present in various tissues, and chondrocytes present in cartilageousd 50 -
150pum(Yannas et al. 1989). As the cells grow the pore size desr@asffon et al.
2006; Thomson et al. 1995).

Topography: Topography is the surface characteristics of the scaffold and dictates
the type of cell adhesion, migration, growth and spreading which furtfieences the
cell behavior. Surface roughness increases the cell migeatan Smooth muscle cells
and chondrocytes showed improved adhesion and growth when the roughness of the
polymer scaffold is increased. In a study (Sarasam and Mad2@0b; Sarasam et al.
2006) when Polycaprolactone (PCL) and chitosan are blended, the tamidbac
properties of the material were minimized but the surfacehroegs of the composite
scaffold increased. Thus, allowing the fibroblasts to prolifeaat spread in a much
better way than before.

Mechanotransduction: Many parts of the body are exposed to stresses either due

to the weight they carry (such as bone), the function they perfarahn (@as bladder and

12



cartilage) or due to the flow of fluid (lung and blood vessels). ,Thus important to
grow the cells outside the body by exposing them to the sameioasdihat they are
exposed to within the body. Mechanotransduction is the term usdtefogdponses that
cells generate to mechanical stresses during the tisggaemtion process. The two
ways in which stresses can be applied on the cells are hydmity and mechanical.
The hydrodynamic stresses are due to the fluid flow in theemmystnd mechanical
stresses are due to the external forces applied on the scaffbie.in vitro studies
indicate that the flow through the scaffold would dictate the onstructural shear
stresses and the shear stresses initiate signal traimsdoescades that lead to altered
gene expression profiles (Chen et al. 1999; Gray et al. 1988; Huah@@05a; Jeong et
al. 2005; Papadaki et al. 1999). For example, some cell types likehehalotells
present in the lumen of blood vessels, and chondrocytes align themsdiveslirection
of the flow when cultured in flow through systems (Gray et al. 1B8@&ng et al. 2005a,;
Takahashi and Berk 1996). The presence of flow within the systesmich the cells are
grown on the scaffold also affects the production of extracelloiatrix elements
(ECMs). Apart from the bulk stresses due to fluid flow the amlisn experience the

stresses due to some material resistance to movement during migration anghadhe

2.3 BIOREACTORS IN TISSUE ENGINEERING:

Bioreactors are widely utilized in tissue engineering asay to distribute
nutrients within the biodegradable porous structures and to provide phimices
required by the developing tissue (Gooch et al. 2001; Gray et al. H@#ig et al.

2005a; Martin and Vermette 2005). Bioreactors are describedsesrsyin which the

13



biological processes of growing cells takes place under glosehitored operating
conditions like temperature, pressure, pH, and nutrient supply (Jaasin@2@d8). The
efficient supply of nutrients along with mechanical stresses shpport the cellular
proliferation and differentiation on a 3D scaffold is an importaep dbwards the
development of functional grafts that replace the damaged paissae of the body
(Butler et al. 2000). The requirements for 3D culture of celsnamch different from

that on a monolayer or 2D cultures (Cukierman et al. 2001). Thus ither need for
development of models to understand these nutrients and other physiothemica
requirements.

Traditionally, cells are cultured in petri dish&sgure 2.2 with a certain amount
of medium containing necessary factors. In a petri dish, cellst@ehed to the bottom
of the plastic and the nutrient supply was maintained by replagithe medium in a
timely fashion (Martin and Vermette 2005). This static calture is limited by the
number of cells that can be grown with extra cellular métrimation at the center of the

construct (Botchwey et al. 2003; Goldstein et al. 2001; Phillips et al. 2006). It was

Figure 2.2: Petri Dish for tissue culture

14



observed that the thickness of the tissue grown was around 0.5mm fotidgsugeand
0.18mm for cardiac tissue, which was not comparable with the thickhebe actual
tissue. Hence, there was a need for further improvements.

Controlled flow systems such as spinner flasks, rotary vesseld]av-through
perfusion systems are being used to increase the proliferatiotiffierent cell types
(Hoerstrup et al. 2000; Lichtenberg et al. 2005). Cells respond to lyydnodc stress by
remodeling their surrounding extracellular matrix elements ehdnge the tissue
composition to meet the functional demands. Some of the bioreactasduin tissue
engineering are discussed below in brief:

Stirred tank reactor: The stirred tank reactor is similar to the regular continuous
stirred tank reactor (CSTR) seen in any chemical industrytiiMand Vermette 2005).
The scaffold along with the cells seeded on it, is suspended ineitieirm Eigure 2.3
and the medium is rotated with the help of a magnetic stirreereTwas a poor balance
between the increasing mass transfer and the shear strigssisvto be maintained at
optimum levels because of which there was tissue damage atdcttreess of the tissue
grown was around 0.3mm. There was not much improvement in the quality tiésue

generated from this stirred tank reactor.

15



Controlled
CO, content

Scaffold with
seeded cells

Magnetic stir bar (for
magnetically stirred
flask reactors)

Figure 2.3: Stirred tank reactoQourtesy: Martin Y, Vermette P. 2005. Bioreactors for
tissue mass culture: Design, characterization, and recent advanceseBaima
26(35):7481-7503)

Slow turning lateral vessel (STLV): The stirred tank reactor was further
modified to a slow turning lateral vessel in which two concengiinaders Figure 2.4
were rotated independent of each other (Martin and Vermette 200%. continuous
flow loop allows the replenishment of the nutrients and the gas meyeha provided by
the inner concentric cylinder. The cells are seeded on micrercheads which attach
together to form larger tissues. Though the tissue thicknesga@porthis case is much
higher than the other two cases, the tissue grown was not of unifmkness, the tissue

was thick at the edges and thinner at the center. This kindpafbdem encountered

while generating a tissue is called as necrosis.
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Figure 2.4: Slow turning lateral vessel reactaCdurtesy: Martin Y, Vermette P. 2005.
Bioreactors for tissue mass culture: Design, characterization, and a€vantces.
Biomaterials. 26(35):7481-7503).

High aspect ratio vessel (HARV): The high aspect ratio vessel reactor is similar
to slow turning lateral vessel reactéiqure 2.5 except for the fact that the length and
the speed of the reactor has been reduced (Martin and Vermette Z0@5kpeed has
been reduced to 12-15rpm unlike in a slow turning lateral vessel \lergpeed was
around 15-30rpm. The disadvantage of this reactor is that as sie ggows the
terminal velocity increases and the tissue starts hittingbtitam thus hindering the

supply of the nutrients.

Gas exchange
membrane Cells seeded on
porous substrate

=[]
P
g 1
&z I
=1 |
o |
M|
) !
O6em|  jnpurandowput . 10em
for medium
Sidle view regenertion Fromt view

Figure 2.5: High aspect ratio vess&l@urtesy: Martin Y, Vermette P. 2005.
Bioreactors for tissue mass culture: Design, characterization, and a€vantces.
Biomaterials. 26(35):7481-7503)
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Paralld plate reactors. One of the ways to increase the diffusion of the nutrients

through the scaffold is by using a flow-through perfusiigyre 2.6) bioreactor system.

=

—RERRRRO I

Figure 2.6: Parallel plate reactor

Parallel plate bioreactors have been used for growing and mamgtaihprimary
cell for cellular therapy purposes of different cell typeslig et al. 1993; Palsson et al.
1993) Apart from improving the diffusion of the nutrients and replenishiegnedium,
the flow-through bioreactor stimulates mechanical stresses ihdiige to the nutrient
flow which improves the proliferation, attachment and activityamhe of the cell types
(Botchwey et al. 2003; Goldstein et al. 2001; Jeong et al. 2005; Phillipk 2006;
Sikavitsas et al. 2003; Sikavitsas et al. 2005). Flow rate thrthgtscaffold micro
architecture dictates the local shear stresses experibpdbéd cells. While the scaffold
is subjected to the bulk forces supplied by the tissue and fluid ft@acdlls experience
the micromechanical properties of the individual fibers and Idezdrsstresses within the
porous structure.

Using bioreactors, an improvement in the quality of the regestbrggsue is
observed in some studies (Niklason et al. 1999). However, other studies show
deterioration in the quality of the tissue (Heydarkhan-Haguakle2006). Flow of
growth medium improves nutrient and waste transport, but alteratiadghe synthesis of

matrix elements induced by shear stresses could deteribeatitssues (Gooch et al.
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2001). Additionally, shear stress affects the scaffold archieecs well as cellular

alignment within the structures (Gray et al. 1988; Huang et al. 2005a).

2.4 CFD MODELING:

Computational fluid dynamics (CFD) is a tool used in manysacdachemical
engineering and biomedical engineering to simulate flowsaség and liquids, heat and
mass transfer, moving bodies, multiphase physics, and chemictibnsa To better
understand the effect of fluid flow in bioreactors, a number of fulleve been
performed using CFD (Brown A 2007; Brown and Meenan 2007; Cioffi.e2@06;
Hutmacher and Singh 2008; Porter et al. 2005a; Porter B 2005; Samt®&aaman
2003; Sander EA 2003; Williams et al. 2002). Some analysis has bermd cat on
how the shear stresses affect the cellular activity andtigrdout these studies depended
on two dimensional fluid flow and the mass transfer related toflthé flow was
described in a two dimensional mathematical model. Paktsainstudied the effect of
bioreactor geometry on the fluid flow and on the concentration distributitizing the
Navier Stokes equations (Palsson 1996). However, this study did not atmotims
presence of a porous structure within the flow domain. Hence, findings these
studies are only useful in conditions where no porous structures aenpreln other
studies (Chung et al. 2007), porosity based permeability was usedeistand the fluid
dynamics in a perfusion system. However, the porosity could ehaitiger by decrease
in number of pores or by decrease in the pore diameter. Henway ot reflect the true

regeneration.
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In majority of these studies small scale cylindrical sitdff were utilized, which
focus on only the wall shear stresses (Bilgen B 2007; Williahs2802) and the flow
characteristics were analyzed using either Darcy’s aréd&tokes equation (Capuani et
al. 2003). These studies assess the flow patterns and sheasseitiser within the
bioreactor or around the porous construct. Some studies do not accounotypmr
transport through the scaffold (Timmins et al. 2007; Williams et28D2). Flow
characteristics are analyzed using either Darcy’s equéBioschetti et al. 2006), or the
Brinkman equation which is considered as an extension of Darcy'sag(@hung et al.
2007). The Brinkman equation accounts for both viscous and drag forces indhe por
medium and reduces to either the Navier-Stokes equation or Daaway'$ €ither force
becomes dominant (Capuani et al. 2003). Brinkman equation is the omlyfléw
equation that accounts for both the viscous and drag forces in the porousnnaeui
reduces to either Navier’'s or Darcy’s equation when one of tkeddrecome dominant.
In our study, to mimic the tissue regeneration process, we Brsekinan equation to
study the flow dynamics within the porous structure and calclldte permeability
based on the pore size keeping the number of pores constant. However, porous
characteristics change during tissue regeneration, i.e., pefityeaddi the matrix
decreases due to decreased pore size. Further, many tiesumsatnple cartilage and
bladder) have a high aspect ratio (large surface area retatitlee thickness of the
matrix).

The perfusion systems described above hold scaffold of desiralk@abscfor
implantation (~ 2 mm thick) but the surface area is very siedlause of which the flow

is across the thickness rather than across the cross sectiba s€affold. However,
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tissues such as skin and bladdave larger surface area compared to the thickness of the
reactor. Thus, the surface areas to the thickness ratiogaréohithese tissues and hence,
are called as high aspect ratio tissues. Ultimatelyalpbplate reactor with high aspect
ratio is to be used in order to grow these large tissues. Toomwerthe disadvantages
mentioned earlier in the traditional reactors for growing tiskeskin, and bladder that
have high aspect ratio, a bioreactor that can grow tissuesgasasrl0 cm in diameter
and 2 mm thick was designed. One of the ways to understand thédiuiin a reactor
system is by performing residence time distribution (RTD) studies.

Residence time distribution: The amount of time spent by different molecules in
the reactor is called as residence time (Fogler 2006a; 2Q@&6b). The non-ideal
distribution of the fluid is characterized by using the residetime distribution.
Channeling and dead zones within the reactor would lead to non idegldttevns. The
non ideal flow patterns would restrict the uniform distribution of thegients and the
shear stresses throughout the reactor. This may lead to the famugriowth of tissue.
Thus, understanding of the residence time distribution is needed intorolgtimize the
reactor shape, inlet and outlet. The residence time distibutaracteristics of the
bioreactor are studied by giving a sudden step input of a tracdrabhgiroperties similar
to water. Step input is a sudden change given to a system unddy state. The
component which is suddenly introduced affects the output of thenrsystd requires
some time to reach a steady output. The RTD studies were oveflaokeactors
designed for tissue engineering scaffolds because of two main reasons:

(a) small scale reactor design in which RTD was not significant
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(b) The cell growth was along the thickness rather than along tigghlef the
scaffold

Concentration profile:. The amount of nutrients (oxygen and glucose) consumed
by a particular cell type and the residence time distributionthef nutrient are
interconnected. The fluid flow analysis along with the concentralisinibution of the
nutrients is analyzed in our study using computational softwakesUFX 11 and
Comsol Multiphysics 3.4.

Initially the RTD studies were done without the porous structure lzem ftuid
flow was analyzed with the porous structure to understand thet effe3D porous
structure on the fluid flow. Once, the fluid dynamics of theesysivas understood the
convection diffusion term was incorporated into the simulations to uaddrshe
nutrient consumption patterns of different cell types. Apart froalyaing the system
using simulation software the results were validated by rursonge RTD experiments.
The experiments proved that the presence of porous structure wouldséndrea
channeling within the system thus not allowing the nutrients to get completely aahsum

In the present study, the concepts of RTD and law of conservatioass were
successfully used to understand the flow system and design a lmorthattserves the
purpose of growing tissues of high aspect ratio. As said eafliear stresses do affect
the cell proliferation and growth. Hence, the shear stressnvifie porous structure was
analyzed and it's affect on the tissue growth was minidnkae moving the high stress

regions away from the porous structure.
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CHAPTER Il

FLOW DYNAMICS IN CIRCULAR BIOREACTORS

CONTAINING TISSUE ENGINEERING SCAFFOLDS

3.1. INTRODUCTION

Flow within bioreactors containing large porous structures with &sglect ratios
has not been studied. In these scale-up systems, non-ideal fluidutiistriconditions
could arise from two possible factors: channeling, and dead zones. dNdmameling is
present, some of the fluid leaves the reactor immediately witiepersing within the
reactor. Dead zones reduce the effective volume of the reat@rolong the residence
time of some of the fluid elements. Non-uniform flow patterns lead to i) pooibdisbn
of nutrients and ii) non-uniform shear stress distribution. Theger$aaffect cellular
colonization and the assembly of extracellular matrix elenvenitsh affect the quality of
regenerated tissues. Hence, one has to understand the flultldmtriand the effect of
shape of the reactor.

The non-ideal fluid distribution is characterized using the res&letime
distribution (RTD). The RTD measures the amount of time drftem@lecules present
in the fluid spend within the reactor (Fogler 2006b; Lawrence.e2094). In other
words, RTD is a measure of dispersal of a molecule in a flomedium owing to the

combined action of a velocity profile and molecular diffusion. Understanding these
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characteristics is important in designing the reactor shapegmdizing the location of
the inlets and outlets.

From the fundamentals of reactor design, it is known that reactpeshaith
sharp corners are potential dead zones and an approach to minintzeotes is
avoiding shapes with sharp corners. Hence, this study dtiéizeircular parallel plate
reactor that allows large tissue scaffolds (~10 cm diaet€he circular reactor was
studied to understand the effect of inlet and outlet location on fluiddlstsibution with
and without the porous structure. The reactor with three differéeit amd outlet
conditions was simulated using CFD packages CFX 11 (ANSYS Inc, Cangn&iauj
and/or Comsol Multiphysics 3.4 (COMSOL, Inc., Burlington, MA) to untderd the
effect of variation in the inlet and outlet positions and experimeete performed to
validate the simulation results. These results show signifinargase in pressure drop

when the porous characteristics are modified.

3.2. MATERIALS & METHODS
3.2.1. Sources of Materials

Chitosan with >310 kDa MW and 85% degree of deacetylation, and gaeiat
acid were obtained from Sigma Aldrich Chemical Co (St. Louis, .M@&jhanol (200
proof) was obtained from Aaper Alcohol and Chemical Company §gnée, KY). All

other reagents were purchased from Fisher Scientific (Waltham, MA).

3.2.2. Obtaining RTD function using CFD

Circular reactor of 10 cm diametand 0.2 cm high, with a 0.6 cm inlet and outlet
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diameter were used. The three inlet and outlet configuratiégaré 3.1) were chosen
to understand the effect of inlet and outlet locations and design on flow patterns.

Case 1: with inlet at the center and outlet at the periphery on the opposite side.

Case 2: with inlet and outlet at the periphery and outlet on the peripherygrbut

the opposite sides.

Case 3: was similar to case 2 except both the inlet and outlet wetbeosame

side.

These reactor geometries were created using a CAD pacRatieworks" or
ANSYS Workbench 11). The CFX mesh was then created using ANSY®R2KAsh
software. A critical challenge was overcoming problems as®utiwvith the aspect ratio
i.e., very large surface area relative to the thickness aftthenel. To ensure at least 10
nodes over the thickness of the reactor, the maximum elementfsz@ onm was

chosen. A detail description of designing the reactors in CFX is givepgandix A

Casel ! Case? Case 3

13
Figure 3.1 Schematic of reactor designs utilized in this study shpwnajor

dimensions in millimeters.

Preliminary simulations used a water mass flowrate thaesponded to the
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average wall shear stress present in human blood vessels, 2.6 g/s (1%6) rfHiiang et
al. 2005a). Flow rates of 0.33 g/s (20 mL/min) and 0.0825 g/s (5 mLyveir®) used for
later simulations and experimental validation because higher flesvatmpressed the
porous structure. The simulation was run at steady state in wrdasualize flow
distributions and to generate the initial velocity profile f@nsient simulations. The
outlet was set at atmospheric pressure and the walls were smooth with no sliprrondit

Residence time distributions (RTDs) were obtained by introducitigcar into
the reactor feed starting at time equal to zero seconds.radee for the simulations was
created as a duplicate fluid based on water and then renamedtexs tirhis created a
tracer with the same physical properties as that of watee. tracer was introduced as a
step change in the concentration (representéfh)asThe values for steady state flow of
water were used as initial conditions. Then, the inlet fluid sveisched from 100%
water to 100% tracer at time equals zero seconds.

The simulations were performed using 5s time-steps until the mivatien
reached 0.99 of the initial concentration (25 steps, 120 s). Transsgers were written

for every 5 s an@ix(t) was calculated using:

D CogVagFArAG
DV, FArAG

Crix () = (3.1)

where Gy is the average tracer concentration across thditie elements and Ay is

the average velocity in thedirection between those elements and were obtained

using cartesian coordinates relationsvx?+z°> and @ =tan'(x/z). Cuix(t) is also

measured from the experiments at a given time. t Nlex RTD function,E(t), was
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calculated for a positive step change in the trammicentration using the equation

(Fogler 2006b)

E(t) = %{Cmc—(t)} (3.2)

Additionally, the RTD function was converted to @nsionless timed) in order
to directly compare multiple geometries and flowesa The dimensionless form of the

equation E(®)) was calculated using the equation

ot (3.3)

.
where 7 is the space time of the reactor i.e., the rafithe volume of the reactor to
volumetric flow rate. The data obtained from siatidns was used to find out the
theoretical residence time distribution. The sangallculations of determining the RTD

from the data obtained from the simulations is shawAppendix A.

3.2.3. Obtaining RTD function using experimental setup

The RTD function was determined experimentally fyaducing a red food dye
as a step change in the inlet concentration. @ular reactor similar to Case 3 (diameter
of 10 cm, a height of 2 mm, and a 0.6 cm inlet antllet) was constructed in-house from
polycarbonate as shown kiigures 3.2A and 3.2B.
The reactors were attached to a flow systéigure 3.20) consisting oftwo fluid
reservoirs, a variable speed Masterflex L/S pdtistaump (Cole-Parmer, Vernon Hills,
IL), an in-line physiological pressure transduc&agto SP844, Capto, Skoppum,
Norway), the bioreactor, and two waste reservoir$he pressure transducer was

connected to a computer via Powerlab/4SP Systeml (Afiruments, Inc., Colorado

27



Springs, CO) and data were acquired through Ché&rtéf Windows. The tubing system
for the reactor was designed in order to producsep change in the reactor’s inlet
concentration. Two separate tubes were run thrauggristaltic pump, one from a water
reservoir and another from a reservoir filled wilye tracer solution. These tubes each
led to a three way stopcock (V1 and V3) that wossthd the fluid either towards the
reactor or into a waste reservoir. The two sidesewconnected to a T-joint (V2),

allowing dye solution or water to enter the reactor

B
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Figure 3.2 Reactor set-up used in experimentation (a) Tiew wf the circular reactor.
(b) Side view of the circular reactor. (c) Flowsppused for RTD analyses.

28



Initially the flow loop was primed with the valveogitions (V1 to dye waste and
V3 to reactor) set so as the water traveled thrdbglreactor while the dye solution was
send to a waste container. Water was run throbghsystem until steady state was
obtained. At time zero, V1 and V3 were changeduiemeously (V1 to reactor and V3
to water waste) so the dye solution traveled thinaihg reactor and water was sent to the
waste container. Fractions were collected in av2#l plate at the reactor outlet over
regular intervals. Next 100 pL of each fractiorsviransferred to a 96 well plate and the
absorbance was measured at 490 nm; initial spestaal over visible spectra showed that
the maximum absorbance was at 490 nm wavelengtihe rElative concentration
(C(t)/Cp) was calculated from the relative absorbance (A/A

c(t) _ A®) (3.4)
Co A

whereAy is the initial concentration of the dye solutiofihe RTD function E(t)) was

calculated using Eq.(4) as before. Since 20 mL/flimrate compressed the porous

scaffold structure, 5 mL/min was used. Sampledr@ps) were collected every 5 s for 20

mL/min flow rate and at every 20 s for the 5 mlésif rate.

3.2.4. Preparation of porous structure

Porous structuresF{gure 3.3 of dimensions appropriate for the reactor were
generated by freezing 0.5% (wt/v) chitosan solugoepared in 0.1 M acetic acid at -
80°C, then lyophilized overnight (Virtis, GardinédY). The porosity and pore size
distribution of these matrices in hydrated conditias been extensively characterized in
our laboratory (Huang et al. 2005a; Huang et ab62Tillman et al. 2006a). Scaffolds

were stabilized in 100% ethanol and incubated didye prior to use in experiments.
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The pore size distribution and porous structurgattaristics of the wet scaffolds were
analyzed using light microscopy. Prior to viewiogder light microscopy, chitosan

structures were sectioned to view cross sectiomlitacture. Pore size and number of
pores was determined from digital micrographs uSigma Scan Pro software (Systat

Software, Inc., Point Richmond, CA).

Figure 3.3: Chitosan porous structure (A) 10 cm in diameter 2mm thick (B)
Scanning electron microscopy (SEM) picture of caio
3.2.5. Simulation including the porous structure
Next, a porous medium was created within the reaspace to better understand
the effect of porous structure on fluid flow, simtibns were performed using COMSOL
Multiphysics 3.4 (COMSOL inc, Burlington, MA). Cas3 geometry was created in
COMSOL using configuration identical to describdabwee. Fluid flow through the

porous structures was modeled using the Brinkmaatean

,uVZUS—%uS -Vp (3.5)
Veu =0 (3.6)

where « is the permeability of the porous medium, denotes the fluid superficial
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velocity vector p is the fluid pressure, andthe effective viscosity in the porous medium
(Truskey et al. 2004). Nonporous sections of dator were modeled as incompressible
Navier-Stokes regions. The permeability) (©Of the porous medium is a geometric
characteristic of the porous structure at severajth scales (Truskey et al. 2004). The

permeability was calculated using 85um and 120gsonef and the equation
x=——n,d (3.7)

wheren, is the number of pores per unit area a@nd the pore diameter assuming the
pores to be circular in shape. To understand ffieeteof pore size and number of pores,
x values were calculated fofdble 3.1 and Table 3.2 different pore sizes and pore
numbers. These values were used in the simulati®imear stresses within the reactor

were calculated using the shear stress tensoriequat

T :n(Vu +(Vu)T) (3.8)
wheren is the dynamic viscosity (Pa-s) ands the velocity in the open channel (m/s).
The shear stress tensor is an integral part oNtheer-Stokes equations describing flow
in a free channel at steady state, given by

p(u-V)u=—Vo[—r+ péij] (3.9)

Veu=0 (3.10)
wherep is the fluid’s density (kg/f), p is the pressure (Pa) angs the Kronecker delta
function. Both the permeability (k, ynand void fraction €, dimensionless) were

incorporated into Eq.(9) in order to account fag fforous characteristics of the matrix,

yielding another form of the Brinkman Equation
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MRS

€p

U=-V {__TJF P@,} (3.11)

The simulation was run at 5 mL/min (similar to expeents), with atmospheric
pressure as the outlet condition. From the stetalg output results, the pressure drop
and the maximum shear stress were determined aitregsorous subdomain. Further,
the shear stress was visualized as the viscoug fpet area in the z direction, as

calculated by

cen (3.12)

3.3. RESULTS
3.3.1. Steady state profile in reactors without porous structure:

The streamline patterns for water flowing throudje treactor without porous
structures were analyzed in all the reactors @dstestate. For individual reactor cases,
no significant difference in the streamline pattemwas observed between 156 mL/min
and 20 mL/min flow rates. In caseHidure 3.4A), streamlines were not observed in the
entire reactor, particularly on the opposite enthefoutlet. A reduced flow velocity and
distribution at the opposite end of the outlet,i¢cating that there is dead volume and
channelling. The fluid travelled around the edgésthe reactor and then reversed
direction to reach the exit. Flow patterns in cassnd case 3(gure 3.4A) showed no
significant difference and uniform streamlines,icgating minimal dead-volumes. This

shows that changing that the outlet side may nat taetor in thin reactors.

3.3.2. Transient profile in reactors without porous structure:

The contour plots for the tracer flowing througte tteactor without the porous
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structure were analyzed in all the three react®ise contours indicate that Cadeipire
3.4B), is least preferred among all the three, as byetid of 28§ second there were some
dead space at the edges of the reactor indicatingna nutrient flow in those regions.

In Case 2 and Case Bigure 3.4B), the tracer was distributed uniformly throughthg
reactor indicating that there are no dead spaSexce, it was easier to set up Case 3 than

Case 2 for ease purpose we choose Case 3 forrfestperimentation and validations.

3.3.3. Residence time distributions without porous structure

Transient residence time distributions for the érawere analyzed at the reactor
outlet to better understand the flow distributidnnatrients. First, the changes in the
tracer concentration across the outlet diameterevetamined so that a method to
determineCyx(t) from the simulation results could be developed.

All the Cases showed non-linear change in traceceatration except few initial
and final time stepsfgure 3.6. Further, the concentrations were not uniform or
symmetric. Among all the three, the degree of noifiounity is more in Casel than in
the other two Cases. Since the concentration lprofi the circular reactors were not
linear, expressions faCix(t) were developed using multi-parameter regressi@noagh
at each time step. Results obtained using thesatiega showed large errors with the
RTD calculations and were not utilized further. efdfore, in circular reactofGyx(t) was

approximated using Eq.(1).
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Figure 3.4 (A)Steady state stream line profiles in diffarezactors simulated with a flow rate of 20 mL/mi¢B) Contour plots of
tracer concentration in different reactors at 20mih flow rate.
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Figure 3.5 Concentration profiles at the reactor outletddferent times at 20 mL/min
flow rate.

The relative concentrationCg;/Cy) was plotted against dimensionless time
(Figure 3.60). In case 1 the tracer exited the reactor muatnesothan in other
geometries. This premature exit of the tracer adod attributed to the dead volume or
channeling. Next:(t) was calculated for different time steps and ptbtie a function of
dimensionless timeHgure 3.6D). For case 1 the peak was higher and shifted left
compared to case 2 and case 3 indicating an irereakead volume and channeling.

The bump in the E(t) curve in case@~({.3) is further evidence for channeling.
The simulation results for case 3, were validatgdekperiment. The simulations and
experiments had similar concentration and RTD f@efwhen plotted, showing that
methodology is a valid approach to analyze flowpprties in the reactor systems.
Figure 3.6A, 3.6Bshows similar variation in the relative concentratwith respect to
dimensionless time. The peaks in case of 156 mLaArermuch higher than in case of 20

mL/min indicating that the channeling is much higathigher flow rates.
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Figure 3.6 The residence time distribution of the tracefl% mL/min and 20 mL/min

(A,C) Concentration of the tracer at the outletcotular reactor.

circular reactor.

3.3.4. Effect of porous structure on flow distribution

(B,D) E-curve for

This study utilized chitosan porous structures are@ by freeze drying at -80°C.

Chitosan was selected because i) it is opticadlgdparent, enabling visual monitoring of

the flow distribution, ii) the matrix will not degde in the absence of enzymes, iii) its

mechanical properties are well described, andavg gharacteristics of the scaffold have

been analyzed extensivel(Huang et al. 2005a; Hedrg. 2005b; Huang et al. 2006;

Tillman et al. 2006a). Scaffolds formed by fregzet -80°C showed an average pore
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size of 85 pm (+ 20 pm) and 120 poresfmand a porosity of 85%. Porosity values
were used to calculate the available reactor volantespace time.

When RTD was examined for reactors containing theoyss structure, results
indicated Figure 3.7) that the tracer exited the reactor sooner redatty conditions
without the porous structure. This could be atiiglol to the increased resistance to flow
caused by the presence of the porous structurenvalogld favor channeling. When fluid
entered the system, the hydrodynamic forces defdrine polymer scaffold, creating a
shorter path to the outlet of the reactor. Thi®heation was especially prevalent in the
circular reactors where the inlets are locatedctlyeabove the porous matrix. While
performing experiments, it was observed that tlafelcls were compressed at the inlet
and the flow traveled over the top of the matrixl afong the walls without significantly

infiltrating into the porous structure.
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Figure 3.7. Effect of flow rate and porous structure on tegidence time of the tracer.
a) Concentration of the tracer at the outlet ofwdar reactor. b) E-curve for circular
reactor.
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3.3.5. Effect of changing pore sizes of the porous structure omegsure drop and
shear stress

Next, the pressure drop across the reactors arghtrae stresses developed within
the porous structures were assessed. When fabgaataffold the number of pores and
the pores per area do not change independently. eXample, a matrix with smaller
pores should have more pores in any given area #heoaffold with larger pores.
Therefore, simulations were performed using varipaee sizes and pores per area to
better understand the effects of the porous amthite. Values for pore size and pores
per area were centered on an experimentally detednialue (85 um diameter pores and
120 pores/mf) (Table 3.1). These results showed significant changes inptessure
drop across the porous structure of the readtagufe 3.8A). The pressure drop
increased when the pore size was reduced, andcasextevhen the number of pores per
unit area (pores/mfh was increased. Additionally, the pressure drams vinversely

proportional to I as predicted by the Brinkman equation (Eq.(3.11))
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Table 3.1. Effect of pore size and pore number on pressure drop and sheatesss. (5

mL/min)
Circular Reactor
Pore Size Pressure DropueXimum Shear Stress
(um) | Pores/ mm | k (umf) | (kPa) in x (dyne/crd) | in y (dyne/cn)
10 13813 3.390 12.526 0.26 0.271
17.5 4510 10.382 4.091 0.258 0.271
25 2210 21.188 2.005 0.256 0.27
37.5 982 47.662 0.891 0.251 0.269
50 553 84.829 0.501 0.245 0.267
85 191 244.708 0.174 0.226 0.259
120 96 488.580 0.087 0.208 0.246
150 61 757.939 0.056 0.195 0.232
200 35 1374.447( 0.031 0.177 0.207

The experimentally measured pressure dreguie 3.8A) within the reactors was

slightly higher than pressure drop predicted bysineulation. The experimental pressure
drop varied from 7-9 mmHg (0.930 — 1.20 kPa) whghigher than the simulated value
(0.570 kPa). This slight increase from simulatiesults could be attributed to multiple
reasons. (a) A slightly thicker porous structurant the reactor height was used in order
to anchor the porous structure to the reactorjmgatd compression of the structure/pores
and increased pressure drop. (b) The scaffold asy have been compressed by fluid

flow, leading to increased pressure drop.

The shear stress increased in a linear fashioheapdre size decreased, but that
the shear stress increased exponentially as thedwrsity (pores/mfhincreased.Flow
in the circular reactor follows a curved path. fEfiere, shear stress for the circular
reactor varied in two directions (bothandy). The maximum shear stress values for the

circular reactor were determined in both the dioeast. Shear stress was almost uniform
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throughout the reactor with maximums near the ialetl the outlet in botkx andy

directions Figure 3.9 but not necessarily at the same point. The maxirshear stress

observed in bott andy directions are around 0.237 and 0.271 dynesfespectively.
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3.3.6. Effect of changing porosity of the porous structure on presee drop and shear

stress

During the course of tissue remodeling, cells witbliferate andde novo
synthesize extracellular matrix elements which @eposited in the porous structures.
These processes reduce the pore space availabfeiitbflow. Hence the pore size
decreases but the number of pores per area daes not

To understand the implications of these dynamicngbka, simulations were
carried out with six decreasing pore sizéable 3.2 with constant the number of pores
per unit area that was determined experimentaly (lores/mrf). These results showed
(Figure 3.8A) significant increase in the pressure drop acthesbed with decreased

pore size. The shear stresses increased in anaaninanner as the pore size decreased.

Table 3.2. Effect of reduced pore size with camsfore number on pressure drop and
shear stress.

Circular Reactor
Pores/mm | K (unt) | Pressure Drog Maximum shear stress
Pore Size (kPa) x-direction y-direction
(Lm) (dyne/cm) (dyne/cm)

85 191 244.708| 0.174 0.226 0.259
50 191 29.299 | 1.449 0.255 0.27
37.5 191 9.270 4.581 0.259 0.271
25 191 1.831 23.189 0.260 0.271
17.5 191 0.439 96.574 0.260 0.271
10 191 0.0469 [ 905.781 0.261 0.271
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3.4. DISCUSSION

In this study, simulations and experimental valmatwere performed with and
without porous structures to understand the flloevfdistribution within the bioreactor
The reactor systems used have distinct advantagesefenerating large clinically
transplantable tissues such as cartilage, bladukskin; scaffolds can have very large
surface area to volume ratios with very small thess. Another popular bioreactor
configuration involves growing cell seeded condsum microgravity (Marolt et al.
2006). However, for growing large aspect raticues, microgravity reactor would
deform the structure due to bending and rolling levhumbling through the growth
medium, creating a random stress pattern within dbeeloping material. Hence,
microgravity reactors may not be suitable for reggating thin cross-sectional tissues.
The parallel plate reactors provide stability amgbort for the porous structure and
developing tissue.

Unlike in the traditional rectangular reactor, thicular curvature induced
secondary circulations in the flow field. The R&Dalyses showed increased non-ideal
fluid distribution pattern in the circular reactoPresence of porous structure further
increased channeling effects in the circular react@he RTD analysis was based on the
average concentration profile, which is valid foradler outlet size. However, one has to
consider the non-linear concentration profile whdeeraging across larger outlets.
Further, the experimental results showed compressiothe porous structure at 20
mL/min flowrates. The compression can be attridutethe mechanical properties of the
chitosan porous structure (elastic modulus is 22&)k To minimize the compressive

damage on the porous structure, flow rate was emtlt@ 5 mL/min. However, in the
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simulation results, these compressive changes weteconsidered and the porous
medium was treated as a rigid matrix. Hence, @&rtbtudies in which the elastic
properties of the porous structure are coupledéofiuid force are necessary to better
understand the fluid distribution.

Understanding pressure drop changes is importagietermine the pressure to be
maintained during tissue regeneration (Sodian.€2G0). To mimic tissue regeneration
process, the number of pores was kept constanevdatreasing the pore size. The
exponential increase in pressure drop as pore sgsk indicates that liquid flow
through a porous scaffold will decrease and pogstadp unless flow system is adjusted
to provide large pressure gradients. The nonlin@aperties of both shear stress
distributions and pressure drop suggest that tiser@om for optimization of the porous
structure. Others have reported the effect of gimgnporous structure due to cell growth
on the growth media distribution in cylindrical §o&dds (Chung et al. 2007). These
studies used porosity based permeability valueg;hwtould change by either decreased
number of pores or decreased the pore size. Hahamay not reflect the true
regeneration characteristics.

While the scaffold is subjected to the bulk forsepplied by the tissue and fluid
flow, the cells experience the micromechanical propes of the individual fibers and
local shear stresses within the porous structiiew within the reactor determines the
orientation of cells within the material. Shearesses generated by the fluid motion
influence alignment of endothelial cells (Huangakt2005a) and chondrocytes (Gray et
al. 1988) grown in the parallel plate reactor. gAlnent of cells and the de novo

synthesized matrix elements determine the ultimgatdity of the regenerated tissue. We
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evaluated the shear stresses within the porouststeuthrough simulations. Shear stress
in the porous structures are less compared tostmated wall shear stresses (Gutierrez
and Crumpler 2008). The shear stress in the postusture is (-0.01 to 0.01 dynes
/e in the circular reactor. The shear stresses igteer in, the regions that were near
the inlet and the outlet where the porous struci@ts compressed because of the flow.
A microgravity reactor rotating at 10 rpm has arerage wall shear stress of 0.2
dyne/cnf and a maximum shear stress of 0.3 dyné&{&@hen and Hu 2006), comparable
to parallel plate bioreactors. However, the tumdplfree fall motion of the scaffolds
produces a non-uniform stress distribution. Anptimethod uses mechanical action to
stretch or compress the scaffold material (Altmamle 2002; Kim et al. 1999). One
configuration utilizes screw driven actuators topart bidirectional stresses to the
material (Grashow et al. 2006). Further studiesreecessary to determine the optimal
method or methods for controlling the mechanicacds acting on material within
bioreactors (Arrigoni et al. 2008). Cellular cansts grownin vitro shrink, possibly as a
result of cellular attachment and contraction oraasesult of hydrodynamic forces
compressing the scaffold.

Non-ideal fluid flow patterns lead to non-unifornstdibution of nutrients present
in the fluid. The RTD analysis is independent lo¢ tmetabolic reactions and hence
nutrient consumption is not integrated into the CKiddeling. To understand the
implications of non-ideal fluid distribution on $ige regeneration, nutrient transfer
characteristics have to be analyzed. Nutrientspart and consumption can be
investigated through the use of the reactions pgekdlow rate needs to be optimized

based on the i) nutrient distribution, ii) effect assembly of matrix elements, and iii)
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cellular response to local shear stress. Furthgeranents have to be performed in this

regard.
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CHAPTER IV

OPTIMIZATION OF BIOREACTOR FOR TISSUE

ENGINEERING: NUTRIENT CONSUMPTIONS

4.1. INTRODUCTION

Regeneration of tissues outside the body utilizesystem where cells are
populated in a porous biodegradable scaffolds io@mum environment similar to the
human body. Bioreactors of different shapes aoa fystems have been utilized as a
way to maintain optimum environmental conditiongluding sufficient amount of
nutrients (Cummings and Waters 2007; Martin eR@D4; Martin and Vermette 2005).
To ensure complete nutrient distribution, flow-thgh configuration has been utilized as
an approach to grow tissues (Botchwey et al. 2@ddstein et al. 2001; Jeong et al.
2005; Phillips et al. 2006; Sikavitsas et al. 208%kavitsas et al. 2005). Apart from
improving the distribution of the nutrients andlegpshing the medium, the flow-through
configuration stimulates mechanical stresses imdludb@e to the nutrient flow which
improves the proliferation, attachment and actieitgome of the cell types.

Flow rate through the scaffold microarchitectureedily dictates the sufficiency
of nutrients necessary for cellular activity anddbshear stresses experienced by the
cells. Very low flow rate could lead to nutriergftiency and limited cell survivability.
However, high flow rate leads to high shear stress®d cells respond to the level of

hydrodynamic stress by remodeling their surrounéixtgacellular matrix and changing
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the tissue composition (Chatzizisis et al. 2007¢8&w et al. 2007). Further, high flow
rates could deteriorate the quality of the regaedréssues via washout of the novo
synthesized matrix elements prior to complete abgemFlow conditions also affect
scaffold degradation rates which in turn affect greictural and mechanical properties
(Agrawal et al. 2000). Cellular constructs grouanvitro shrink, possibly as a result of
contraction or as a result of hydrodynamic forcempressing the scaffold (Lo et al.
2000). Optimizing the flow rate of the nutrients very important while designing a
bioreactor for tissue regeneration.

Nutrient consumption and shear stress distributionflow-through perfusion
reactors have been widely investigated using coatjmunal fluid dynamic methodologies
(Chung et al. 2008; Chung et al. 2007; Porter e2@D5b; Raimondi et al. 2006). The
majority of these studies assess the flow pattenasshear stresses around small porous
constructs. However, the fundamental concepts in developingsé¢heeactors for
regenerating large tissues (for example skin, dadahd cartilage) are not well defined.
Many tissues have a high aspect ratio (large seirémea relative to the thickness of the
matrix) and contain multiple cell types. Effect tdw-through configuration within
these systems has not been studied.

Previously, we reported the effect of the bioreasttape and position of inlets and
outlets on flow distribution and shear stress ighhaspect ratio reactors containing
porous structures (Lawrence BJ 2008). The nonk-itigd distribution was characterized
using the residence time distribution (RTD) anaysihich measures the amount of time
different molecules present in the fluid spend witihe reactor (Fogler 2006b; Lawrence

et al. 2004), allowing for consumption by the clliucomponents. The RTD analysis is
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independent of the metabolic reactions, althoughtttal consumption of nutrients is
determined by the residence time. Hence, simuiatibave to be performed with
consumption to understand the nutrient distribution
The objective of this study was to evaluate therient distribution with
consumption in high aspect ratio flow-through bamters containing porous structures.
Since the previous circular reactors showed higkasistress regions at the inlet and
outlet, six new reconfigured reactors with differemtension shapes were analyzed for
shear stress distribution. Simulations were pearéal using CFD packages CFX 11
(ANSYS Inc, Canonsburg, PA.) for flow distributionithout porous structure and
Comsol Multiphysics 3.4 (COMSOL, Inc., BurlingtoRlA) for flow distribution with
nutrient consumption in the porous structure. @esign was chosen depending on the
pressure drop and shear stress distribution. Metabonsumption for both oxygen and
glucose was included using Michaelis-Menten typte taw for oxygen (and glucose
consumption in some cell types). Nutrient transpod consumption was investigated in
three different cell types based on the reactitesreeported in the literature (Alpert et al.
2002b; Fogler 2006b; Motterlini et al. 1998b; Sasge al. 2005b)
a. smooth muscle cells — present in various tissusy, nesponsive to stress levels
b. hepatocytes — metabolically very active, and vensgive to nutrient levels
c. chondrocytes — anatomically located in a less noditademand area and it is less
proliferative.
The shear stress and pressure drop analysis wasl@® and compared with the
previous design. To understand the effects of gingnporous characteristics during

tissue regeneration attributed w@e novo synthesis of matrix elements and cell
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colonization, simulations were also performed. Seheesults show significant flow rate

dependency on cell type used.

4.2. MATERIALS & METHODS
4.2.1. Reactor Designs

Design 1 was similar to Case 3 in the previous Chapter witbt and outlet
located directly on top of the porous structureix 8ifferent reactor designs with
different inlets and exits shapes were evaludtegli(e 4.1):

Design 2 had a 0.6 cm wide channel extension at the erdrand the exit. The
center of the inlet and the outlet were at a dgaof 1.3 cm away from the porous
region.

In Design 3, the rectangular extensions were increased togiHeof 1.8 cm and a
breadth of 1cm. Further, a 2 mm region to the liddke inlet or outlet was also placed
to allow the fluid to flow to the back of those m@gs with the idea of dispersing the
stresses.

In Design 4, the rectangular extensions were further increésedlength of 5 cm
and a breadth of 3 cm. The inlet and outlet weosired 2.7 cm away from the porous
region.

Design 5 had triangular extensions with an angle of 45 amypotenuse of 4 cm
length. The inlet and outlet were at a distanc@mim from the porous region.

Design 6 had semicircular extensions of radius 2.5 cmlieriblet and the outlet.
The center of the inlet and the outlet were atséadice of 1.3 cm away from the porous

region.
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Design 7 had curved extensions. The fluid at the inlet d@sed to flow through a
constricted area which expanded smoothly into #igd area where the scaffold was
placed. The outlet was the mirror replica of thiet.

These reactor geometries were created using a C#iRage (Solidworkd' or
ANSYS Workbench 11). The CFX mesh was then creatadg ANSYS CAD2Mesh
software. A critical challenge was overcoming peots associated with the aspect ratio
i.e., very large surface area relative to the théds of the channel. Maximum element
size of 0.1 mm was chosen and a fine triangulaihmess created such that there were at
least 10 nodes across the thickness of the reaCtoe.simulations were performed under
steady state conditions. The outlet was set abgheric pressure and the walls were
smooth with no slip condition. All the simulatiomsANSYS were carried out at a flow

rate of 1 mL/min.
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Figure 4.1. Schematic of the six reactor designs.
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4.2.2. Simulating fluid flow in the porous structure

Based on the pressure drop and shear stress dliigtnianalysis, Design 6 was
selected for further analysis using porous strigcturhe steady state analysis of the fluid
flow was performed using the COMSOL 3.4 Multiphgs{€OMSOL, Inc., Burlington,
MA). Three dimensional (3D) reactor models werated by using work plane settings
option in the Draw tab; this allows drawing a 2[@ge®r model which can be extruded to
create a 3D reactor model in the 3D Model View. xtNéhe subdomain and boundary
conditions were set in the Physics tab. As théasararea is very large compared to the
thickness of the reactor, a rectangular mesh waated to ensure that there were
minimum 4 nodes across the 2 mm thickness of thetoe by doing a swept mesh;
rectangular mesh is more uniform than the regulangular mesh and computationally
less demanding. Initially the flow rate was setbamnlL/min, which is the maximum
possible flow rate that can be used without affectthe chitosan porous structure.
Further, the flow rate was reduced by ten foldsnftomL/min to 0.001 mL/min until the
nutrients were consumed fully. First, the simalas were performed to determine the
velocity profiles by solving (a) the IncompressiNavier —Stokes equation on the non-
porous regions and (b) the Brinkman equation omptiveus regions, as described in the
previous chapter. While solving the incompressikievier-Stokes equations, the flow

rate was given as 5 mL/min and the outlet boundanglition was set as zero pressure.

4.2.3. Simulating reaction in the porous region of the reactor

Using the steady state velocity profiles, the sgestdte concentration profiles of

oxygen and glucose were obtained by solving theawou of continuity using the
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chemical reaction engineering module in COMSOL 3Miltiphysics.  Nutrient
consumption was included in the simulation via the law. The convective diffusion
equation was used to obtain the concentration @ingposition along the cross section
of the reaction:

Ve(-DVc)+ueVc=r, (4.1)
whereca is the concentration of the species (md)/ima is the rate of reaction of the
species under consideration (mol/s), D is the diffusivity of the species (#is), andu is
velocity vector (m/s). Physical properties of watere used as it constitutes bulk of the
growth medium. The flow properties (i.e., viscpsand density) of the nutrient stream
depend on the properties of the bulk fluid. Sitieecells are present only in the porous
scaffolds, the consumption of nutrients was defimedy in the porous region, the
reaction term was zero in the non-porous regions.

A Michaelis-Menten rate law was used for both oxyged glucose consumption
based on the reaction rates reported in the litsxgfAlpert et al. 2002b; Fogler 2006b;
Motterlini et al. 1998b; Sengers et al. 2005b).e Tate law is given by the expression

V. C,
Cpoo 42
Ak, +c, (4.2)

wherer, is the reaction rate, is the maximum reaction rate, akd is the Michaelis
constant. For oxygeon was replaced by;dhe concentration of oxygen. In the case of
glucose,ca is replaced by c£the concentration of glucose. Both the rate lavese
defined in the COMSOL, enabling the simultaneowssiaiization of both the oxygen and

glucose profiles within the porous structure.
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4.2.4. Determination of Michaelis-Menten parameters from Literature

Based on the reaction rates reported in the litegator cells cultured on tissue
culture surface plastic (Alpert et al. 2002b; Fog@06b; Motterlini et al. 1998b; Sengers
et al. 2005b), th&, and vy values were obtained for three cell types. Theetk
parameters for oxygen and glucose consumption emaiocytes reported by Sengets
al was used (Sengers et al. 2005a). For smooth eusdls, the oxygen kinetic
parameters were calculated from the partial presgsirtime plot reported by Motterlini
et al (Motterlini et al. 1998b). Partial pressure ofyggn with respect to time was
converted to concentration using Henrys law consaaB7C and 1 atm. Then, Hanes-
Woolf plot was developed to determig and v, values. The kinetic parameters
reported by Alperet al data was used (Alpert et al. 2002a) for glucosesgmption in
smooth muscle cells. For hepatocytes the kinetrampeters of oxygen were calculated
from the partial pressure vs time reported by Betigl. (Balis et al. 1999)Table 4.1
shows the kinetic parameters calculated for theeticell typest 1.20x167 cells/nf.

Table 4.1. Kinetic parameters for different cell types.

Cell type Oxygen Glucose Inlet concentratiol
Km Vi Km Vm Oxygen | Glucose

(mol/m®) | (umol/nt.s)| (mol/m® | (umol/int.s) | (mol/m®) | (mol/m?)
Chondrocyteg 6.0x10° 2.47 0.35 45.1 0.205 5.1
SMCs 0.205 31.6 0.93 48.6 0.19¢ 55
Hepatocytes 0.0263 41.1 - - 0.214 -

The concentration of oxygen and glucose at the islgiven as:

C = Ciojna (4_3)

The initial concentration of oxygen in the growtleaium was determined using
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the Henry's law constant at 37 for each cell type. Initial concentrations otigbse
were based on the growth media formulations useedoh cell type. Mass transport at
the outlet was assumed to be dominated by conwveuwtith negligible contribution from
diffusion i.e.,

n-cu=R, (4.4)
At all other boundaries, insulating conditions wepecified as

n-(-D;Vg +cu)=0 (4.5)

4.3. RESULTS
4.3.1. Effect of Inlet and Outlet shape on pressure drop and shear stress

Assessment of shear stresses developed withinaifoei structures in Design 1
showed an increase in shear stress at the inlethanoutlet locations. In addition, while
performing experiments in circular reactors, it widnserved that the porous structures
were compressed at the inlet and the flow travelest the top of the porous structures
and along the walls with some infiltration into gherous structure

Based on these observations, the circular reacsrreconfigured by placing the
inlets and outlets away from the porous structuk&en the pressure distribution across
the porous region where the cells are grown walyze Figure 4.2), Design 7 showed
significant pressure drop across the reactor, mgldue to the sudden expansion at the
inlet and sudden reduction at the outlet. Desigpé&ated at a higher pressure relative to
other designs within the porous region. In Designg, 5 and 6 the pressure distribution
throughout the porous structure was uniform witghhand low pressures near the

entrance and exit respectively. Thus, from thesuree distribution analysis, Designs 2,
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4,5, and 6 were considered as potential desigefslus tissue regeneration.

Next, the shear stress distribution was analyzedlliihe six designs. These
results showedHigure 4.3 that the shear stress was high near the enteamtehe exit
in designs 2, 3 and 7. In design 2, the sheassstnas higher than in any other designs
and it was higher near the entrance. As showkigare 4.3 only Design 6 had uniform
shear stress in the region where porous structaie present (indicated by the dotted
circle). All other designs had some region witkive reactor area where shear stress
varied. Based on these observations, Design 6caasidered for further analysis along

with Design 1.
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Design 1 Design 2 Design 3

-5.971-5.639 -4.106 -3.174 -2.242-1.309 -0.377 0.056 1.488 2.420 3.353 4.285 5.217 6.150 7.082

Pressure (mPa)
Figure 4.2: Pressure Distribution across the cross section in all the sixsigns
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Design 1 Design 2 Design 3

Design 4 Design 5 Design 6

0 7.329 14.66 21.99 29.31 36.64 43.97 51.3 58.63 65.96 73.29 80.61 87.94 95.27 102.6

I = 1

Wall Shear Stress ( uPa)

Figure 4.3: Shear Stress Distribution across the cross section in alltisix designs
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4.3.2. Effect of flow rate on pressure drop and shear stress

Next, the pressure drop across different reactodstiae shear stresses developed
within the porous structures were assessed foerdift flow rates.Table 4.2shows the
variation in the pressure drop and the shear ssefss chondrocytes and smooth muscle
cells are same in Design 1 and they are only fanadf the flow rate. These were based
on Brinkman equation, without the effect of the amption of the nutrients. Hence, the
pressure drop and shear stress were function dfaverate and not of the cell types and
their rate constants. Nevertheless, increas®w ffiite increased pressure drop and shear
stress in both the designs. However, Design 6 sbanarginal decrease in pressure drop
in all the flow rates. Importantly, the shear stréevels in Design 6 were lower by an
order of magnitude relative to Design 1 for similai rates. Further shear stress levels
were uniform in the region where porous structur@s vpresent in Design 6, unlike
Design 1 where significantly high level of sheaesses were observed at the inlet and

the outlet.
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Table 4.2. Pressure drop and shear stress within the reagti simulations at a variety of different flowrates. 85um Pore Size,

120 Pores/mmf, 154 K(um?)

Design 1

Design 6

Chondrocytes Smooth Muscle Cells

Flow rate Max.Shear Stress Max.Shear Stress Max.Shear Stress
(mL/min) | AP (Pa) (dynes/crf) AP (Pa) (dynes/crf) AP (Pa) (dynes/crf)

x-direction | y-direction x-direction | y-direction x-direction | y-direction
5 276.105 | 0.0153 0.0174 276.105 | 0.0153 0.0174 212.612 | 3.785x10° | 7.513x10°
1 55.248 |[3.055x10° | 3.481x10° |55.248 |3.055x10° |3.481x10° | 42.542 |7.573x10" | 1.431x10°
0.1 5525 |[3.055x10" | 3.481x10° [5.525 |3.055x10" |3.481x10* | 4.254 |7.573x10 |1.431x1¢
0.01 0.552 |3.055x10° |3.481x1C° | 0.552 |3.055x1C° |3.481x10° |0.425 |7.573x1¢ | 1.431x10
0.001 0.055 |3.055x1¢ |3.481x1C° | 0.055 |3.055x1C° |3.481x1¢ |0.042 |7.573x10 |1.431x1C°

61




4.3.3. Effect of permeability on Pressure drop and shear stresses:

During the course of tissue remodeling, cells fecdite and synthesize matrix elements

which are deposited in the porous structures. §hmecesses reduce the pore space
available for fluid flow. Hence the pore size dsges but the number of pores per area
does not. To understand the implications of tridggamic changes, simulations were

carried out with six decreasing pore sizes (fronu@&bto 10 um) at constant number of

pores per unit area determined experimentally (i@@s/mm). These resultsTable

4.3) showed significant increase in pressure dropsactie reactor with decreased pore
size. Comparison of results from Design 1 with iBe<$ showed that pressure drop in

Design 1 was consistently higher than Design 6.

The shear stresses increased in a non-linear masnde pore sizes decreased.
However, the change was not as significant as thsspre drop. Based on Eq.(3.11),
shear stress is a function of void fraction, unjkessure drop. Since, void fraction was
kept constant at 85% in these simulations, redseggitivity of shear stress to altered
pore structure could be void fraction in shearsstre To understand the role of void
fraction, simulations were performed by varying Woed fraction. These results showed

a marginal increase in shear stress with nearly &fsction in void fraction.
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Table 4.3 Pressure Drop and Shear Stress within the reaction simulatis for decreasing pore size in the reactors at 0.1

mL/min.
Design 1 Design 6

Maximum Shear Outlet Maximum Shear Outlet
Pore Pressurg Stress (uPa) Oxygen Pressurg Stress (UPa) Oxygen
Size | Pores/| k Drop | x- y- Concentrationf Drop | x- y- Concentration
m)| mm® | (umd)| (Pa) | direction | direction (mol/m?) (Pa) | direction | direction (mol/m?)
85 120 154 0.85| 5.525 305.5 348.1 0.084 4.254 375.7] 14.31 0.07
50 120 18.4 | 0.85| 46.077| 308.1 351.6 0.084 35.4(726.23 15.24 0.07
37.5| 120 582 | 0.85( 145.60p 308.3 352.0 0.084 112} 76.29 16.80 0.07
25 120 1.15 | 0.85| 737.236 373.6 336.8 0.084 5@7.326.32 17.57 0.07
17.5| 120 0.276/ 0.85| 3070.54 373.7 336.8 | 0.084 2363.79 | 76.33 17.73 0.07
10 120 0.029| 0.85| 28796.F 373.7 336.8 0.084 @215 76.33 17.78 0.07
85 120 154 0.42| 5.534 302.8 344.2
50 120 184 | 0.084 46.154| 305.2 347.5
37.5] 120 582 | 0.03¢ 145.80Rp 305.9 348.6
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4.3.4. Steady state concentration profile of nutrients

To understand the nutrient distribution with congtion, simulations were
performed with defined rate laws using both oxyged glucose rate law data for three
cell types namely smooth muscle cells, chondrocgtes hepatocytes. The simulations
were performed at the same cell density (1.2%&6lls/n). These results showed that
oxygen being the limiting reactant was consumedmfaster than glucose for all cell
types in all the reactonsigure 4.4 and Figure 4.5 The simulations also show that the
oxygen consumption is higher in hepatocytes thaatler two cell types. This can be
attributed to the fact that hepatocytes are highBtabolic in nature compared to the
other two cell types.

Next, we asked the question: what is threshold flate at which the outlet
oxygen concentration (and glucose) reaches zehe. simulation of concentration profile
was started with an experimental flow rate obtaifrech the RTD studies(Lawrence BJ
2008) as 5 mL/min. This flow rate was reduceddyy folds until a minimum flow rate
was reached were the nutrients are completely coedby the cells. Simulations were
performed using flow rates ranging from 0.001 mldrfvery close to static culture) to 5
mL/min. From simulations, for Design 6 the themadt oxygen limitation wasHigure
4.4) from 0.1 to 0.01 mL/min in case of chondrocyte$p 0.1 mL/min in case of smooth

muscle cells and 5 to 1 ml/min in case of hepatxyt
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Figure 4.4 Oxygen concentration profile across Design @iféerent flow rates (A)

Chondrocytes (B) Smooth Muscle Cells (C) Hepatacyte



A Flow rate: 0.1 mL/min Flow rate: 0.01 mL/min

-

Flow rate: 1 mL/min Flow rate: 0.1 mL/min Flow rate: 0.01 mL/min

Figure 4.5 Glucose concentration profile across Designdifégrent flow rates (A)

Chondrocytes (B) Smooth Muscle Cells

4.3.5. Influence of residence time distribution on oxygen consumption for SB4

The residence time distribution analysis is indeleen of the metabolic reactions,
although the total consumption of nutrients is dateed by the residence time. The
contact time between cells and the nutrients dependhe residence time of the oxygen
in the reactor and the residence time in turn dépem the volume of fluid distribution at
constant flow rate. To understand the improvementiid distribution in Design 1 and

Design 6, concentration of oxygen at the outlt,, was calculated using

c _ 2.CagVag"ArAD

avg " avg

T YV, TATAG

avg
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where Gygis the average oxygen concentration across thditite elements anag is

the average velocity in thedirection between those elements and were obtained

using Cartesian coordinates relations+/x* + z and @ =tan™(x/ z). Averaging was

necessary as the concentration of the nutrieriteeagxit in Design 1 was not uniform due
to the occurrence of reaction in the porous regiofhese results indicated that the
consumption of oxygen was high in Design 6 relativeDesign 1; the outlet oxygen
concentration was 0.070 mol/min in Design 6 an@4.®ol/min in Design 1.

Increased consumption could be attributed to imgaddiuid distribution i.e., with
reduced channeling and dead volume. For exampdsgpce of regions with decreased
flow rate would reduce the replenishment of nutsewgreating a local minimum in the
nutrient concentration. To assess whether theoklygen concentration corresponds to
the minimum concentration in the reactor i.e.,itteal fluid flow characteristics, stream
line plots of oxygen concentration were generatdthese results indicated that both
Design 1 and Design 6 had a minimum pokg(gre 4.6 near the exit of the reactor.
There is a significant difference between the twasighs in the minimum oxygen
concentration and the outlet oxygen concentrationDesignl, the minimum oxygen
concentration was 0.016 mol/min although the outtgicentration was 0.084 mol/min
which implies that the medium has enough oxygenniotitbeing utilized completely; in
Design 6, the minimum oxygen concentration was ®.1®l/min which was very close
to the outlet oxygen concentration of 0.070 mol/mimplying better utilization of
oxygen. Thus the low flow regions were reducedDesign 6, if not completely
eliminated. This suggests a significant improvemeriluid flow although one needs to

completely eliminate the low flow regions for geatgng a healthy tissue.
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Figure 4.6. Comparison of (A) Oxygen outlet concentration $§Bgar stress distribution in Design 1 and Design 6
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From Figure 4.6t is clear that the concentration of the nutseat the exit in
Design 1 is not uniform as the reaction is takidgce at that region and hence a
difference was observed in the consumption pattear that region due to the fluid flow.
In case of Design 5 the exit concentration seembetanuch uniform as there is no
consumption taking place near this region. By modg Design 1 to Design 6 (i) the
high stress areas within the porous structure wkmanated and (ii) the low flow regions
were reduced. Though the minimum in Design 6 ishatboundary near the porous
structure it was observed that the concentrationxyfgen is much higher in this case
than in Design 1 which implies that the low flongiens have been reduced if not
completely eliminated in Design 6. The differemsgween the minimum concentration
in these low flow regions and the outlet concermgratshowed that there is a huge
difference between these two. In case of DesigreIminimum oxygen concentration is
0.016 mol/min where as the outlet concentratiof.@34 mol/min which implies, the
medium is having enough oxygen for the cells tongkt this is not being uitilized
completely. Whereas in Design 6 the outlet oxygencentration (0.070 mol/min) and
the minimum concentration (0.046 mol/min) are corapke which implies that oxygen is
being consumed to the maximum extent. These low flegions are dependent on the
residence time distribution within the reactor. nle, one needs to have a thorough
understanding of this to completely eliminate tbe lflow regions and thus generate a

healthy tissue.
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4.3.6 Effect of varying cell density on oxygen consumption

During tissue regeneration, cells grow and poputlaéeporous structure. This
increase in cell number could affect the fluid floeguirement. To understand the effect
of increasing cell number on nutrient consumptismulations were performed by
assuming one and two doublings of initial cell segddensity. These result&igure
4.7) showed that concentration of oxygen drasticajcrdased with increasing cell
density of smooth muscle cells at the same flow.rdRegions with insufficient oxygen
concentrations were observed in both reactor desigth two doublings in addition to
the outlet concentration reaching zero, suggestinged to increase the fluid flow rate.
Thus dynamic changes in the cell population aldectfthe nutrient requirements.
However, changes in cell numbéiable 4.4 at constant permeability did not alter the
pressure drop and shear stress at a constantdtew This could be explained by the fact
that shear stresses and pressure drop were deterimynthe Navier-Stokes equation and
Brinkman equation, independent of the reaction.ndde change in cell number did not

change shear stress and pressure drop.
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Table 4.4 Effect of Cell density on Pressure Drop, Shearr8ss and Outlet oxygen

concentration at 85 um and 25 pm pore size, 120 pores/im

Design 1 Design 6
Minimum Outlet Minimum

Pore Oxygen Oxygen Oxygen Outlet Oxygen

Cell Size K Concentration| Concentrati| Concentration| Concentration
Multiplier | (um)| (un?) (mol/m?°) on (mol/n?) (mol/m?) (mol/m®)
1x 85 154 0.0164 0.084 0.040 0.070
2% 85 154 9.679x1d" 0.036 0.005 0.017
4x 85 154 <0 0.006 7.605x1® 0.001
1x 25 1.15 0.017 0.084 0.040 0.070
2x 25 | 1.15 9.677x10* 0.036 0.005 0.017
4x 25 | 1.15 <0 0.006 7.794x18 0.001

0.1

&

B C ;
0.2 014 016 0.8
; L T

Figure 4.7. Effect of Cell density on oxygen consumption pAy1.2x10? cells/n? (B)

p =2.4x102 cells/nt (C) p =4.8x102 cells/n?

4.4. DISCUSSION

This study focused on understanding the fluid diigtron with consumption in a

flow-through bioreactor system useful in generalarge pieces of high quality tissues.

In a recent report from our laboratory, the effettinlet and outlet locations on fluid
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distribution was demonstrated (Lawrence et al. 2008 hese results showed that
presence of inlet and outlet of the reactor diyech top of the porous structure
compressed the porous structure. Further, sinonlatesults confirmed a significant

increase in shear stresses at the inlet and tHet aft the reactor while performing

experiments and in simulation results. Since aafgpond to hydrodynamic stress by
remodeling their surrounding ECM and change th&u@sstructure and composition to
meet the functional demands (Gooch et al. 2001ng @ al. 2005a; Waters et al. 2006),
it is important to have uniform shear stress dstion in the entire porous structure. To
address the uneven shear stress distributiongtetar was reconfigured by altering the
inlet and outlet of the reactor was investigatingxtensions were incorporated to the
design by moving the inlet and outlet away from ploeous structure region. Design 6

with circular inlet and outlet shape produced umfshear stress in the porous region.

The pressure drop in the new design was less vel&ti the previous design
(Design 1). Previously, experimentally measureelspure drop has been reported for
Design 1. However, the experimental pressure daoied from 7-9 mmHg (0.930 — 1.20
kPa) which is higher than the simulated value (0.%Pa) at 5 mL/min flowrate.
Nevertheless, these results validated the utilitythe computational fluid dynamic
simulation. Hence, the effect of nutrient consumpfor three different cell types was

effectively integrated into the simulations in thext step.

A number of different cell types have been studiedler flow conditions in
bioreactors to regenerate various tissues includiadder, cartilage, blood vessels, skin,
and bone (Botchwey et al. 2003; Hoerstrup et aD02(5hito et al. 2001). These

structures are located at various anatomical looatiwith variations in the blood flow
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rate. However, there is no comparison of physickgfunction to metabolic demand
which determines the necessary minimum flow ratesstch cell type. As such, three
different cell types were analyzed via simulatiosing the rate constants data from
literature. These results showed different minimilow requirements before reaching
the nutrient limiting conditions. Chondrocytes d@he cells primarily responsible for
maintaining cartilage, an avascular tissue whosetion is to provide cushioning and
lubrication at joints. Smooth muscle cells expamdl contract to ensure involuntary
movement within the body. Hepatocytes form theamelic hub of the body and there is
significant blood circulation. Chondrocytes are ffam the blood supply while smooth
muscle cells are near the blood stream. The stronldata confirmed that chondrocytes
consumed oxygen and glucose slower than smoothlenaslis, and that the minimum
flow rate required for smooth muscle cells is adeorof magnitude higher than for
chondrocytes. Hepatocytes being highly metabaitsamed oxygen and glucose faster

than chondrocytes and smooth muscle cells.

The reconfigured reactor showed improvement in iewir distribution with
consumption. Local minimum was nearer to the outecentration. However, these
simulations are based on the bulk phase fluid figveonsidering diffusivity in water and
indicate only the macroscopic gradient. Hencey tth@ not account for the transport
across the cell membrane. Evaluating the micrasaogncentration gradient at the cell
wall necessary for oxygen to freely diffuse acrtss cell wall at a specific rate of
diffusion as established by Fick’s first law is assary. Importantly, rate constants were
obtained from literature which is based on eithg@o-tlimensional cultures or cells

cultured on gels (Alpert et al. 2002a; Balis etl&l99; Motterlini et al. 1998a; Sengers et
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al. 2005a). However, recent developments in tissgeneration have demonstrated that
cell growth kinetics in three-dimensional culturiss different than two-dimensional
cultures (Cukierman et al. 2001; Stephens et &i7R0Hence, to improve the simulation,
one has to assess the glucose and oxygen consuantptioree-dimensional cell cultures
on substrates under investigation. Further, erpantal validation in presence of cells to
determine whether those minimum flow rates arei@afit to ensure nutrient distribution
is necessary. In addition, one has to determiaettect of flow rate on the quality of the
regenerated tissue. Evaluating the microscopicaatnation gradient at the cell wall is

necessary for oxygen to freely diffuse across tleveall.

Results also showed a need for changing the flde oa inlet pressure when
tissue regeneration occurs either to ensure duehémge in cell number or due to
decreased permeability. Thus, one has to consiiese factors during the regeneration
process using flow-through reactor. Since flove niatdirectly coupled to the shear stress
cells would experience, one has to assess theywilithe flow-through configuration in
tissue regeneration. Nevertheless, one of thetdtrans to the current study is that
change in permeability, void fraction, and rateoafygen consumption are treated as
completely independent phenomena. However, thesenterdependent factors which
dynamically change during tissue regeneration. r8foee, future work should focus on
providing a better understanding of the microsgdlenomena that occur during tissue
regeneration in order to better couple the changeaction rate to changes in the

porous structure as cells colonize the scaffoldenlt

In summary, the new design decreased (i) non-unifgrin hydrodynamic stress

within the porous structure and (i) non-uniformtment distribution. One has to

74



optimize the fluid flow rate based on the type efl to be colonized. Further, flow rate
and pressure drop have to be altered during thenezgtion process to ensure uniform

nutrient distribution without limitation.
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CHAPTER YV

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSIONS

This study utilized a circular parallel plate reactnd evaluated the design
requirements for regenerating tissues with higreetspatio (100 mm diameter to 2 mm
thick). The reactor system used has distinct adwges for regenerating large clinically
transplantable tissues such as cartilage, bladu#rskin; scaffolds can have very large
surface area to volume ratios with very small theets. Conclusions from these studies
are summarize below according to the two specifitsa

Specific aim 1: Characterize the flow dynamics of a circular bioreactor containing

porous structures.

1. To understand the flow dynamics within the bioreactransient simulations were
performed using CFX 11 (ANSYS Inc, Canonsburg, BAJ three different inlet and
outlet locations placed directly on top of the pwmrostructure. Analysis of the
residence time distribution (RTD) showed that thletiand outlet locations affect the
fluid distribution in terms of channeling and deadume.

2. The RTD analyses were experimentally validatedgisirbioreactor configuration and
porous structure formed using chitosan solution andtrolled rate freezing and
lyophilization technique. These results confirmtb@ RTD results obtained from

simulation results.
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3. Experimental results showed that presence of amet outlet of the reactor directly
on top of the porous structure compressed the gostruicture. Analysis of fluid
distribution in presence of the porous structuredebed using Brinkman equation
was also performed in COMSOL software. Assessroéshear stresses developed
within the porous structures showed an increasghear stress at the inlet and the

outlet locations in circular reactors.

4. The experimentally measured pressure drop variaah ff-9 mmHg (0.930 — 1.20
kPa) for circular reactors which is slightly hightsan the simulated value (0.570
kPa) at 5 mL/min flowrate. This slight increasenfr simulation results could be
attributed to: a) a slightly thicker porous sturetthan the reactor height in order to
anchor the porous structure to the reactor, leadingcompression of the
structure/pores and increased pressure drop; bpression of the scaffold due to
fluid force, leading to increased pressure dropesk results validated the utility of
the computational fluid dynamic simulation.

5. To mimic the tissue regeneration process, simulativere performed by decreasing
the pore size at constant number of pores. Theséts showed significant increase
in the pressure drop across the porous structutte deicreased pore size (inversely
proportional to ¥ as predicted by Brinkman equation). The expoaémicrease in
pressure drop as pore sizes shrink indicatesithatlIflow through a porous scaffold
will decrease and possibly stop unless flow systenadjusted to provide large
pressure gradients. The shear stresses increasedonlinear manner as the pore

size decreased.
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Specific aim 2: Understand the consumption patterns in the bioreactor and the effect

of residence time distribution on the consumption patterns

1. To address the uneven shear stress distributiccylar reactor was reconfigured by
altering the inlet and outlet of the reactor witk different designs. Extensions were
incorporated to the design by moving the inlet andlet away from the porous
structure region. From the shear stress distobudind pressure drop analyses, one
reactor (Design 6) with semicircular entry and ed@sign showed uniform shear
stress distribution in the absence of porous sirast

2. To understand the nutrient distribution with congtion, simulations were
performed using convective diffusion equation inNI&OL Multiphysics software.
The effect of oxygen and glucose consumption wésctely integrated into the
simulations using Michaelis-Menten rate law withteraconstants obtained from
literature. The simulation results indicated ttia nutrients flow rate requirements
for the cells to grow varied for different cell g the minimum flow rate required
for smooth muscle cells was an order of magnitudgdr than for chondrocytes.
Hepatocytes consumed oxygen and glucose fasteothantwo cell types.

3. Comparison of the outlet oxygen concentration witie minimum oxygen
concentration also suggested improved nutrientibligton in reconfigured circular
reactor. The outlet oxygen consumption was 0.08#min and 0.070 mol/min in the
old and new designs respectively were as the mimmxygen concentration was
0.0164 mol/min and 0.046 mol/min.

4. During tissue regeneration, cells grow and populliie porous structure. To

understand the implications of change in cell nundrefluid flow rate, simulations
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were performed using one and two doublings ofahitell seeding density. These
results indicated presence of regions with insigfit oxygen concentration at high
cell density, in addition to the outlet concentratreaching zero, suggesting a need to

increase the fluid flow rate.

5.2 RECOMMENDATIONS

1. The simulation studies treated porous structuresigid porous beds, without
incorporating the elastic properties. However, perous structures are elastic
materials. Hence, to improve the simulations oag to incorporate changes in the
porous structures due to fluid flow, using elagtioperties.

2. In this study, change in permeability, void fraati@nd rate of oxygen consumption
are treated as completely independent phenomena.owevér, these are
interdependent factors which dynamically changeindurtissue regeneration.
Therefore, to better describe the changing pore sizile the tissue is growing, one
has to do repeated measurements of cell density panoheability using micro
computer tomography at hydrated conditions. Theselts have to be integrated into
the simulation studies.

3. The kinetic parametdt, andv,, taken from the literature are based on eitheudiss
culture plastic surfaces or on hydrogels which hdifferent mechanical and physical
properties compared to the porous structures. rRRedevelopments in tissue
regeneration have demonstrated that cell growthetkis in three-dimensional

cultures is different than two-dimensional culturééus, to improve the predictions
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of the simulation results, one has to incorporagekinetic data obtained by culturing
different cells on the three dimensional porousritves.

. Simulation studies showed that reconfigured bidwra@llowed uniform flow
distribution (i.e., shear stress) in the entireoparstructure. Further minimum flow
rates to ensure nutrient distributions were aldoesed in three cell types. However,
experimental validation is necessary in presenceet$ to determine whether those
minimum flow rates are sufficient to ensure nutridistribution. One has to measure
cell viability, particularly from regions correspging to the low oxygen
concentration as determined by the simulation tesul

Increased flow rate increases the shear stredseimtcroenvironment which could
wash away de novo synthesized ECM components er akllular responses
deleteriously. These changes could lead to poatitguof the regenerated tissue.
Hence, one has to determine the effect of flow cstehe quality of the regenerated
tissue.

. Simulations for nutrient consumption were perforned steady state preset fluid
distribution using Brinkman equation. Further, yomate kinetic data was used
without stoichiometric equation which considers ffese changes in the metabolic
reaction. For example, carbon dioxide producedthi@ reaction may not stay
completely in the liquid phase. These changes dvaflect the density and the
viscosity of the medium. To understand the impices of these changes on fluid
distribution, performing simulation of flow dynamsicand nutrient consumption

patterns simultaneously is necessary.
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APPENDICES

APPENDIX A: CFX Manual

This is a modified version of “building and runniagCFX model” from Benjamin J.

Lawrence.

A.l. Creating Geometry:

1. Start > All programs >SelectANSYS Workbench.

2. From theNew section, Click orEmpty project. Project page will appear containing
unsaved project

3. Go to File > Saveand save the project &iscReactor.wbdbin a new directory.
(Make sure to create a new working directory. Tineatiory should not be located on
desktop or contain spaces.)

4. At the left side of the project page, Click dlew geometry This will open up a
designer modeler page. In the pop up window seldiimeters as the desired units.

The designer Modeler window has four main areashaw below:
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Menu and Toolbar >

Model

View

Details View

Do

Figure A.1: Outline of the CFX designer modeler window.

8.

9.

Select theX plane in theTree View (Figure A 1) on which the sketch is based.
Sketching> Settings>Grid> turn on 2D & Snap

Major grid spacing: 20 mm

Minor-Steps per each major: 10

Sketching> draw> circle

10. Create a circle of 100 mm diameter.

11. Sketching>dimensionXilick on diameter. Now, click on the circle and then

anywhere inside the circle. The diameter of theleirs labeled a1, this doesn'’t
affect the design, and it's just to indicate theneinsions. In modeling adjust D1

100mm pressEnter in the keyboard to change the D1 value.
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12.Click on Extrude from the 3D feature toolbar. In th2etails View which is to the
bottom left of the window, change tliepth to 2 mm. click on generate button
(which is to the left of the Extrude button in tBB Feature toolbar.)to extrude the
operation.( other way of extruding is to right &licn theExtrudel in Tree View and
click onGeneratg

13.To the left side, in th@8ree View click on the plus sign next tb part, 1 body.
Position the cursor o8olid. Now, right click and selechide body.

14.SelectZX Plane in the tree view, create reew sketchby click on the new sketch
button (this new sketch button is to the left o #xtrude button in the 3D feature
toolbar).

15.Create a circle with center at x = 24 mm, z = 28 from the origin. The diameter of
the circle is 6 mm. set the diameter as done befiek Extrude button in the 3D
feature toolbar

16.Click on Extrude?2 in the tree view, at the bottom left corner we caeDetails
View, SelectBase Objectand change t&ketch2,change the&epth to 10 mmClick
ondirections and selecReverse Click on generate button to extrude the operation

17. Similarly, selectzX plane again, selechew sketchanddraw a circle with the
center at x = -28 mm and z = -28 mm. Adjust thengiger of the circle to 6 mm.
Click Extrude. Click orExtrude3 in theTree View, to the bottom left corner select
Details View, Base Object> Sketch3set thedepth 10mm change thelirection to
Normal and click orgenerate

18. Click on the plus sign beside tfiepart, 1 Body)> Solid> Show Body

19.The geometry is now complete. Click Bile> Save(save the file as DiscReactor)
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A.2. Generating CFX Mesh:

1. On the ANSYS Workbench window now we can see twbs tBiscReactor
(Project), DiscReactor (DesignerModeler)Click on theDiscReactor (Project)and
go to the project page, to the left side of thiggpaow we can see a new entry called
asGenerate CFX Mesh Click on this.

2. A new tab will be opened as CFXMesh; this will loesemewhat similar to the

designer modeler. But, if we see the tree viewhi® top left side we would feel the

difference between designer modeler and CFX Mesh.

3. Set up the 2D RegionRight click over Regionsin Tree View. Selectinsert>

Composite 2D Region.A new object,composite 2D Regionlwill be inserted under

regions in Tree View. IDetails View, We can see two buttons next to tbeation,

Apply andCancel Click on the circular face that is extruded ndrteathe ZX plane.

Now click Apply. Right click on thecomposite 2D regionlin theTree View and select

Rename Name the region aslet.

4. Similarly create another Composite 2D region far tircular face that is extruded

reverse to the ZX plane and name ibatet.

5. The remaining faces will be automatically assigriedthe 2D region names as

Default 2D Region

6. Click on Mesh>Spacing>Default Body Spacing >In the Details View change

Maximum Spacing: 1 and pressEnter in the keyboard to see the change. Select

Inflation and change the value to 1.2

7. Leave the remaining settings as default.
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8. In the toolbar Click onGo> Generate All surface MeshesAfter all the surface
meshes are created. Click Go> generate Volume Mesh.
9. Click on Options in Tree View change the name of the file froumnamed.gtmto

DiscReactor.gtm Go toFile > Save

10. The mesh is now completggure A.2 and Figure A.3.

Figure A.2: Snapshot of the reactor mesh in the CFX Mesh.M&emum body spacing
is 1 mm, Angular resolution is 30and Minimum edge length is 0.265 mm and

maximum edge length is 5.3 mm.
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Figure A.3: Snapshot of theeactor wire mesh.

11.Go back to the project window and selEtde> Saveto save the CFX-Mesh database
asDiscReactor.cmdbin the same directory as the other project files.

12.Now, we can see three tabs at the top of the ANSW¥@kbench:DiscReactor
[Project], DiscReactor [DesignerModelerjand DiscReactor [CFXMesh]

13.In the project window Seleé&ile> Save alland therExit.

1.3. Creating boundary conditions in CFX Pre:

1. Click on Open Simulation file. Select theDiscReactor.gtm file and then Click

Open.
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2. Click on Materials tab, select Water and then Click on ieplicate button( it will
be similar to the copy button that we see in MS &Yor

3. Click onPhysicstab, Define th&imulation Type asSteady Stateand ClickOK.

4. On the top in the toolbar click ongy icond@ate a domain A window pops up.
Name the domain(say Domainl) and click OK.

5. In thePhysicstab we can seBomain in theTree View, click on it. A window pops
up. Click General Options> Fluid List> ChooseWater and Tracer. Click on Fluid
Models>Check Homogeneous Model for both Multiphase and Heat transféModel.

Leave the rest as default values. Click OK.

1.3.1. Inlet boundary condition:

1. Click on l: icon in the toolbar to Create inlet Boundary cadiodi

Name the Boundary as Inlet and Click OK. A Inletibdary conditions window will pop
up.

2. InBasic Settingstab> SelectBoundary type > Inlet andLocation> Inlet.

3. In Boundary Details tab>Flow Regime>subsonic Mass and momentum>Select
Bulk mass flow rate (set the mass flow rate as 0.0026 kg/s). Leaveetsteas default.

4. In Fluid values tab > click on Tracer volumectran> set automatic with value as 0

and water volume fraction> set automatic with valgel. Click OK.
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1.3.2. Outlet boundary condition:

1. Click on l: icon in the toolbar to Create outlet Boundary ¢tod. A window
will pop up. Name the boundary as Outlet and Cik.A outlet boundary conditions
window will pop up.

2. InBasic Settingstab > selecBoundary type> Outlet andLocation > Ouitlet.

3. In Boundary Details tab> Flow Regime> Subsonic Mass and momentum> bulk

mass flow rate(set the mass flow rate to 0.0026 kg/s). Click OK.

1.3.3. Wall boundary condition:

1. Click on l: icon in the toolbar to Create Boundary conditidlame the
boundary as wall. Click OK. A Wall Boundary condits window will pop up.

2. In Basic Settings tab> Boundary type> Wall and select location>Default
Boundary conditions.

3. InBoundary Detailstab > SelecNo Slip, Smooth wall Click OK.

1.3.4. Global Initialization:

1. Clickongr o icon in the toolbar to do Global Initiaditzon.

2. In Global Settingstab> Turn onTurbulent Eddy Dissipation. Leave the rest as
defaults.

3. In Fluid Settings tab > SelecfTracer Volume Fraction as 0and SelecWater
Volume Fraction as 1.

4. Leave the rest as defaults( i.8glver Control, Result9
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5. Go toFile > Click onWrite Solver File. Add a file name asDiscReactor.def and
Click OK. Solver manager window will pop up. Cli€K and start the run.(make
sure that the DiscReactor.def file is loaded in $loéver Manager before running the
solver)

6. After the solver runs the simulations successftily results file is saved in the
working directory with .res extension.( the file name would probably be

DiscReactor_001.res)

A.4. Modifying the Simulation for Transient Flow:

1. In CFX Pre, go to File> Open> DiscReactor.def File > Save As>
DiscReactor_trans.def

2. ChangeSimulation type > Basic Settings> Options> Transient

3. Set thetime duration as 20 s.number of time stepsas 12 andime duration
between each time steps 1 s.

4. Physicstab > Inlnlet boundary Conditions > ChangeVolume fraction of tracer
as 1 and Volume fraction of water as 0.

5. Global Initialization > Fluid Settings> Change therolume fractions of water and
tracer as automatic.

6. Physicstab> Results > Output Control> Transient Results> Create Tranient
Results File.Selecttime interval as 1sec(this will allow us to record the data for
each time step)

7. Go to File > write solver file. Add file name assbReactor_trans.def , Click OK.
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A.5. Write a Solver file:

1.

2.

3.

4.

Open the CFX Solver BrowdgiscReactor_trans.deffile
Initial Values file > Browse theSteady State results fildrom the working directory
Click OK and start the Run.

The Transient results file is saved in the workindirectory as

DiscReactor_trans_001.res

A.6. Posting the Results in CFX Post:

1.

2.

File > Load Results

In the toolbar search for / icon. Click on it ta€ate a line”. To the right of this
icon there is “create a plane” icon. Click on itd@ate a plane. In the same row we
can see icons like “contour plot”, “streamlines’aét

After clicking on ‘treate a plané icon, a window will pop up. Name the plane (say
Planel) and Click OK. Create a ZX plane near the exjt=a®mm distance.

To create a contour plot. Click on Contour plotnida the toolbar. Then Select the
domain as Domainl. Select the plane as PlanelctSile variable for which a
contour plot is to be drawn (say tracer.volumefoat In the toolbar search for an
icon that looks like a “clock”. Click on it. A wirav will pop up with 20 time steps,
to see the contour plot for different time stepekcbn a particular time step and then
click OK. We can see the colors changing in the 8otkw for each time step.

Go toFile> Export. Name the file (say DiscReactor_20.csv fol" 2iine step) Select

Planel Select the variables (say tracer.superficial aigJo tracer.volumefraction).

Click OK.
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6.

7.

A .csv file will be created and saved in the wogkidirectory. Go to the working
directory and click on this file to see the resuitsMS Excel. In order to do any
modifications and further calculations save the @ising “Save As” and Save the .csv
file as .xls file)

Do the same for the rest of the time steps to éxtperdata for each time step.

A.7. Taking Pictures:

To take pictures in CFX (In CFX Pre / CFX Post).

1.

2.

Go toFile> Print.

SelectFormat — JPEG

File — Click on the browse button and select the dorgcin which u want to save
this image and then give the file name and save.

To print the image on a paper, check ase white backdground”.
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APPENDIX B. DETERMINATION OF RTD FOR A CIRCULAR REACTOR
USING THE CFX SIMULATION (SAMPLE CALCULATIONS)

B.1. Introduction

CFX is a commercial Computational Fluid Dynami€FD) program used to
simulate fluid flow in a wide variety of applicatis. It allows engineers to test systems in
a virtual environment. It is used by companies adbthe world in a wide range of
industries including aerospace, chemical procesgpwer generation, automotive, oil
and gas, heating, ventilation and air conditiongrgg many others to improve processes,
solve performance issues and vastly reduce prdonetto market.
The six steps that are to be followed to do sinnutatin CFX are:
1. Creating a geometry in CAD Mesh
2. Meshing the geometry in Designer Modular
3. Creating the boundary conditions in CFX Pre
4. Solving for the flow in CFX Solver
5. Posting the results in the CFX Post

6. Exporting the data from CFX Post to Excel sheefdadher calculations.

B.2. DESIGNING OF A CIRCULAR REACTOR:

Three reactors have been designed in CEXPPENDIX2 explains in detail
about the designing of the circular reactor in CFXor both the cases, the axis is
considered at the center of the circular region revhthe cells grow on the porous
structure. . In Casel, the reactor has the inléh@ocenter and outlet to the side. The

outlet with a diameter of 6mm is in the negative di¥ection and is extruded to a length
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of 10mm in the negative Y direction. In Case2,rdwctor has both the inlet and outlet to
the sides. The inlet with a diameter of 6 mm isthe negative ZX direction and is

extruded to a length of 10 mm in the positive Yediron, whereas, the outlet with a
diameter of 6mm is in the positive ZX direction aacextruded to a length of 10 mm in

the negative Y direction Case 3 is same as Caseegpefor the fact that both the inlet

and outlet are extruded on the same side in thiéy®¥ direction. Figurel(Chapter 3)

Shows the schematics of circular reactor with d#ife inlet and outlet positions

B.2.1. Calculation of RTD function:

The RTD is obtained for circular reactor by applyia step change in the
concentration of a tracer flowing into the readtoo) and evaluating the temporal mixing
cup tracer concentration at the reactor outlg§§Gince, the direction of flow changes in
the circular reactor, concentration and velocityhbeary with r andd. At the outlet,
variation in velocity and trace volume fraction kvrespect to x, y and z co-ordinates are
obtained from the simulations done in CFX for e&icme step. From these values we

need to find out 1§, concentration.

Since, the reactor is based on the ZX plane /x> + z° andé = tan’l(%)

i) [uetiiz) ] =

Calculations of rf, concentration are show below for some data pdinése data

points correspond to the 2@econd simulation: (Case2):
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Table B1. Output Results from CFX for a Time point

X [m] Y [m] Z [m] tracer. Superficial Velocity | tracer Volume
Fraction
[m/s]

2.442x10° | -9.00x10° | 2.526x10° 7.930x10° 1.000
2.467x10° | -9.00x10° | 2.506x1CF 7.708x10° 1.000
2.353x10° | -9.00x10° | 2.504x10F 7.567x10° 1.000
2.353x10° | -9.00x10° | 2.524x10° 7.811x10° 1.000
2.255x10° | -9.00x10° | 2.558x1(F 7.573x10° 1.000
2.24310° | -9.00x10° | 2.545x10° 7.428x10° 1.000
2.233x10° | -9.00x10° | 2.552x1CF 7.439x10° 1.000
2.681x10° | -9.00x10° | 2.861x10 8.735x10° 1.000
2.692x10° | -9.00x10° | 2.866x10° 8.609x10° 1.000
2.694x10° | -9.00x10° | 2.854x1CF 8.597x10° 1.000
2.160x10° | -9.00x10° | 2.960x10° 8.121x10° 1.000
2.159x10° | -9.00x10° | 2.963x1CF 7.991x10° 1.000
2.165x10° | -9.00x10° | 2.973x10° 8.016x10° 1.000
2.240x10° | -9.00x10° | 3.053x10F 8.275x10° 1.000
2.240x10° | -9.00x10° | 3.043x10F 8.361x10° 1.000
2.231x10° | -9.00x10° | 3.047x10° 8.251x10° 1.000
2.463x10° | -9.00x10° | 3.093x1CF 8.793x10° 1.000
2.453x10° | -9.00x10° | 3.083x10° 8.893x10° 1.000
2.452x10° | -9.00x10° | 3.095x10° 8.774x10° 1.000
2.558x10° | -9.00x10° | 3.041x10° 8.979x10° 1.000

These above values are the data that we got frensithulations done in CFX.

The X, Y, Z co-ordinates are with respect to thesato the center of the disc. But, we

need the distance from the center of the outlat.tub
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Z ! I 24mn

D z=0.028-Z
28mm

Figure B.1: Shifting the ZX axis to the center of the outletnfi the center of the circular

reactor.

Figure B.1 shows that the center of the outlet tube is astanice of x = 24mm
and z = 28mm from the center of the circular regi@mne the cells grow. Thus, to get the
distance of a point in the outlet with respectite tenter of the outlet the X, Z values are
to be subtracted from 0.024, 0.028 respectivelygeb X, z in meters. For example,
consider the first point,

X =0.02442 m and Z = 0.02526 m then x = 0.0242842 = -0.00042 and z =
0.028-0.02526 = 0.00274. ¢,and concentration are calculated from the formatasy

above.
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Table B2. Conversion into Cylindrical coordinates

x(m) z(m) R 0(radians) dr de
-4.200x10" | 2.740x10° | 2.770x10° | -1.518x10"
-5.700x10" | 2.940x10° | 2.990%x10° | -1.929x10" | 2.200x10 | 4.104x10°
4.700x10° | 2.960x10° | 3.000x10° | 1.582x10' 0.000 3.510x16
4.700x10" | 2.760x10° | 2.800x10° | 1.698x10" | 2.000E-04| 1.164xID
1.550x10° | 2.420x10° | 2.880x10° | 5.693x10" | 8.000x10° | 3.995x10"
1.570x10° | 2.550x10° | 3.000x10° | 5.528x10" | 1.200x10 | 1.653x10°
1.670x10° | 2.480x10° | 2.990x10° | 5.934x10' 0.000 4.061x16
-2.810x10° | -6.100x10° | 2.870x10’ -1.785 1.200x10 2.379
-2.920%10° | -6.600x10° | 2.990x10’ -1.794 1.200x10 | 8.740x10°
-2.940%10° | -5.400x10" | 2.990x10’ -1.753 0.000 4.107x10
2.400x10° | -1.600x10° | 2.880x10’ 2.159 1.100x106 3.912

2.510x10° | -1.630x10° | 2.990x10’ 2.148 1.100x16 | 1.085x10°
2.450x10° | -1.730x10° | 3.000x10° 2.187 0.000 3.863x10
1.600x10° | -2.530x10° | 3.000x10° 2.579 0.000 3.924x10
1.600x10° | -2.430x10° | 2.910x10° 2.559 8.000 1.963x10
1.690%x10° | -2.470x10° | 2.990x10’ 2.541 8.000 1.849%10
-6.300x10" | -2.930x10° | 2.990%x10’ -2.929 0.000 5.470
-5.300x10" | -2.830x10° | 2.880%x1C’ -2.958 1.200 2.914x10
-5.200x10" | -2.950x10° | 3.000x10’ -2.967 1.200 8.550x10
-1.580x10° | -2.410x10° | 2.880%x10’ -2.562 1.200 4.049x10
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Table B3. Calculation of Concentration at each time point

Conc c*v*r |avg(cvr) V*r avg(vr) cvrdrd 0 vrdrd 0
(mol/m?)

2.174x10° | 4.780 2.200x10

2.174x10° | 5.017 | 4.899 2.300x10 | 2.300x10 | 4.000x10° | 1.000x10°
2.174x10° | 4.928 | 4.973 2.300x10 | 2.300x10' 0.000 1.000x10
2.174x10° | 4.750 | 4.839 2.200x10 | 2.200x10' | 1.000x10° | 1.000x10°
2.174x10° | 4.735 | 4.742 2.200x10 | 2.200x10" | 1.500x10" | 1.000x10°
2.174x10° | 4.837 | 4.786 2.200x10 | 2.200x10" | 1.000x1C0 | 1.000x10°
2.174x10' | 4.841 | 4.839 2.200x10 | 2.200x10' 0.000 1.000x10
2.174x10" | 5.459 5.150 2.500x10 | 2.400x10" | 1.450x10° | 1.000x10°
2.174x10" | 5.605 5.532 2.600x10 | 2.500x10" | 1.000x10 | 1.000x10°
2.174x10" | 5.596 5.601 2.600x10 | 2.600x10° 0.000 1.000x10
2.174x10° | 5.084 | 5.340 2.300x10 | 2.500x10" | 2.390x10° | 1.000x10°
2.174x10' | 5.202 | 5.143 2.400x10 | 2.400x10' | 1.000x10° | 1.000x10°
2.174x10' | 5.219 | 5.211 2.400x10 | 2.400%x10' 0.000 1.000x10
2.174x10' | 5.388 | 5.304 2.500x10 | 2.400%x10' 0.000 1.000x10
2.174x10° | 5.297 | 5.343 2.400x10 | 2.500x10 | 1.000x10° | 1.000x10°
2.174x10° | 5371 | 5.334 2.500x10 | 2.500x10' | 1.000E-05| 1.000x10
2.174x10° | 5.725 | 5.548 2.600x10 | 2.600x10° | 1.000E-05| 1.000x10
2.174x10' | 5565 | 5.645 2.600x10 | 2.600x10' | 2.000E-05| 1.000x10
2.174x10' | 5.713 | 5.639 2.600x10 | 2.600x10' | 1.000E-05| 1.000x10
2.174x10° | 5.614 | 5.663 2.600x10 | 2.600x10" | 2.700E-04| 1.000xID

As, the flow of the fluid is radial in the react@,i for each time step would be:

Cmix =

TTC(V,H) V(r,0).r.dr.dg

00

27R
”V(r,@).r.dr.d&’
00

To solve the double integral in this equation aed tipe Gnx values, first an

eqguation for concentration and velocity are to b&med in terms of r antl
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There are the two ways of getting an equation fegtaof data points:
1. Graphical method.
2. Regression.

The graphical method was not useful as the datatgpdhat we got for a plane
near the outlet has all the points scattered ans, itting these data points into a curve
was neither advisable nor possible. Below in Figuare the graphs shown for circular

reactor with inlet and outlet to the sides:

21702 4(a)
217392 1(p)
g 217301 1 .
2 “E 217391 - ey
£ = b
=2173.0 | e , .
§ = 21739.0 .
=] o - .
E2m®9 ¢t ® ¢ . " %
5 e £ 2173891 ** ¢
2 . *e - -
§ 217838 4 . :.° g .08
217388 4
ot o ’
=T j j j j : : 217387 $
0.0000 00005 00010 00015 00020 00025 O0.003( ’ i i T r j i r
- -3 2 A 0 1 2 3
Radius (m)

tracer vel ooty m/s)
tracer velocity(m/s)

radius(meters) theta(radians)

Figure B.2: (a) Variation of concentration(C) with respectie radius(r) at the outlet of
the reactor. (b) Variation of concentration(C) witspect to the cylindrical co-ordinate
theta @) (c) Variation of tracer velocity with respect tioe radius (r) (d) Variation of
tracer velocity with respect to the cylindrical cadinate thetaf). The concentration and

velocity values plotted are end the end df fithe step.
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The second way of fitting these data points int@@unation was regression which
was also of not much use as the concentration alatity values that were calculated
using the equation that was obtained from regrass®re much greater than the actual
values. The error was around more than 150% and wgeto 300% for some data points.

Thus, it's clear that the data points cannot fibiany particular equation and this
double integration is to be solved by doing sommenical analysis.

Hence, to find out the outlet concentrations fazheime step the Cmix equation

was modified by applying the concept of discretegnation as follows:

D CoyVagrArAG

G = DV, FArAG

where G,x(t) is the measured tracer concentration from Kpeements at a given time
when collecting samples at the reactor exit. Fautar reactor the simulations was run
using 5 s time-steps until the volume fraction reat0.99 (20 steps, 120 s). Transient
results were written for every 5 s ( Flow rate :ni@dmin).

Assuming that all the set of data points in thenelare uniform, dr andfdis
found by taking the difference between two congeeupoints. For better accuracy,
instead of taking just c*v*r to find out cvrdidaverage of cvr has been taken. Thus,
cvr.dr.d is found in between two consecutive data pointd ammmation of all the
cvrdrdd values would give us the numerator value in thg €juation. The same rule has
been applied to find out the value of denominatorthe G,x equation. Hence, by

dividing the numerator value with the denominatalue G,y is found for each time step.
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Once, Gix is determined, the RTD function E(t) is determiniédr a positive step

change in the tracer concentration, E(t) is evaldi&tom Gx(t) according to:

B = Co

While doing the simulations in CFX, the tracer vakifraction is given as 1

1.

Table B4. Calculation of Average Concentration

time Cvrdrd 0 Vrdrd 0 Cmix
0 0.000 1.000x 10 5.290x10’
1 1.160x10 | 1.000x10° 1.294x10
2 3.960x10' | 1.000x10° 4.417x106
3 1.082x10 | 1.000x10° 1.207x10
4 2.469x10 | 1.000x10° 2.756x10
5 4.827x10 | 1.000x10° 5.387x10
6 8.146x10G | 1.000x10° 9.091x10
7 1.175x10 | 1.000x10° 1.311x10
8 1.442x10 | 1.000x10° 1.610x10
9 1.622x10 [ 1.000x10° 1.810x10
10 1.755x10 | 1.000x10° 1.958x10
11 1.846x10 | 1.000x10° 2.060x10
12 1.901x1G | 1.000x10° 2.122x10
13 1.930x10 | 1.000x10° 2.154x10
14 1.942x1G | 1.000x10° 2.167x10
15 1.946x10 | 1.000x10° 2.172x10
16 1.947x10 | 1.000x10° 2.173x10
17 1.948x10 | 1.000x10° 2.174x10
18 1.948x10 | 1.000x10° 2.174x10
19 1.948x10 | 1.000x10° 2.174x10
20 1.948x10 | 1.000x10° 2.174x10

dCmix(t)

dt

1m3/ m3-100Ckg / m3-1000gm/ kg

dc,, /dt=

C(t)-C(t-1)

t—(t—1)

46

106

=21,739.13 mol/th




_t-(t-1)

Lo 2

Using the above equations dc/diyis found. Thus, substituting all these values

in the E(t) equation we get the RTD function fosareactor with inlet and outlet to the

sides.

Similarly, The RTD function has been determineddic reactor with inlet to the

center and outlet to the side

Table B5. The E(t) values are tabulated as below (Case2)

Time Cmix dc/dt Tavg E
0 5.290x10
1 1.294x16 | 1.294x106 | 5.000x10' | 5.950x10°
2 4.417x16 | 3.123x10 1.500 1.437x16
3 1.207x106 | 7.658x10 2.500 3.523x16
4 2.756x10 | 1.548x16 | 3.500 7.122x16
5 5.387x10 | 2.632x16 | 4.500 1.211x10
6 9.091x10 | 3.704x10 | 5.500 1.704x10
7 1.311x16 | 4.023x10 | 6.500 1.850x10
8 1.610x106 | 2.982x10 7.500 1.372x10
9 1.810x10 | 2.009x10 | 8.500 9.240x16
10 1.958x10 | 1.479x16 | 9.500 6.801x16
11 2.060x10 | 1.018x10 | 1.050x10 | 4.682x1C°
12 2.122x10 | 6.193x106 | 1.150x10 | 2.849x10°
13 2.154x10 | 3.188x10 | 1.250x10 | 1.467x10°
14 2.167x10 | 1.312x106 | 1.350x10 | 6.040x10°
15 2.172x10 | 4.648x10 | 1.450x10 | 2.140x10°
16 2.173x106 | 1.520x10 | 1.550x16 | 7.000x1C"
17 2.174x10| 4.916 1.650x10| 2.300x10'
18 2.174x16| 1.620 1.750x10| 7.000x10°
19 2.174x10 | 4.902x10" | 1.850x10 | 2.000x1C0°
20 2.174x16 | 1.528x10" | 1.950x10 | 1.000x1C0°
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Theoretical calculation of residence time:

The bulk mass flow rate is 0.0026kg/s

0.0026kg/ s)
: Ukg/It)

The volumetric flow rate is mass flow rate/densit = 0.0026lt/s

Since, the diameter and thickness of the disc @cenland 2mm respectively,
D2
The volume of the reactor |54—-W =m1. (10%. (0.2)/4 = 15.71 cc. =15.71*T0t

Residence time Volumeofth ereactor

volumetric flowrate

Residence time 1571x10-3(t) _ 6s
0.0026(t/5)

108



APPENDIX C: USING COMSOL 3.4
This is a quick manual for learning COMSOL 3.4 CieahEngineering Module.
C.1. Momentum Balance of Circular Reactor with p@retructure:

C.1.1. Creating Geometry:

1. Start > All Programs > COMSOL 3.4 >Click onCOMSOL Multiphysics 3.4.
Model
2. Navigator window will pop up.

@ Gateway Documentation 4
) Gateway Systems Manager 3.2  »
M) Microsoft Office 4
@) Mozila Firefox »
) Symantec Client Security >
) System Recovery >
™) wave Systems Corp >
B8 Adobe Reader 8

@ Intel Audio Studio

@) ANSYS 11.0

I' XI Microsoft Office Excd

& ANSYS Workbench
@ ANSYS CFX 11.0

@f] Microsoft Office Pow
11 2003

W1 Microsoft Office Wor

(= M e )

All Programs »

<A mpPs

/4 start . ) McAfee

4. In theApplication Modes section Click orChemical Engineering Module>
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Momentum Balance> Brinkman Equation>SelectSteady State AnalysisClick

!
1
(!
|
!
|
i

= Ak otion Madles =1 n

+ ®

- ® K-w Turbuience iodei Seady-siale anaiysis n 30
@@ Level Set Two-Phase Flow

& @ Darcy'sLaw v |

Dependent variables: uvwp

Element: \Lagrange - P, P, ~| [ Mutiphysics ]

COMSOL Multiphysics Window will pop up.
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W
I

& o | R

tos

B

(-0.429, -4.004, 4.0<6)

|aoas [eRiD [EQUAL fcsvs

5. In theMenu bar go tofile >Save And save the file with a desired name, say,

circular_reactor.mph

& comsoL Multiphysics - Geom1/Chemical Engineering Module - Brinkman Equations (chns) : [Untitled]

File Edit Opticns EuZUN Physics Mash Solve

D& o
= - & Cone...

L ) Cyinder....
e &PElipsoid...
= Geom1

e O

s Point...
/ Une...

%x Create Composite Object.

# Spit Object
B4 belete Interior Boundaries
Coerce T
M
Create Pairs...
Use Assembly
wf Draw Mode
. 1 Geoml (30)
& B
(:= ‘ =]
< 2 |
~ 8
[Dependent variables: uv |
[Dafault slamant type: Lag »] 1
Analysis bype: Skationary Fl
[Stress tensor: Total
[Canner smoothing: OFF
Monrisothermal Flow: OFf
Turbilence madal: Nona
Realzsbility: OFF

Postprocessing  Mukiphysics  Help

A=2 G PLEAF hAanOH ?

2]
»
»
RS
b
0.5
)

2]

I

[Mon-Newtonian Flow: OfF
Two-phase flow: Single-p
£ >

E} comsel -Miarosoft Word

& COMSOL Multiphysics.
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electDraw tab > Click onWork Place Settings Work plane settings A window will

pop up.
6. SelectQuick tab > Check ox-y and setz = 0. ClickOK.

Work Plane Settings

Plane LLI
©xy 2|
Ove ]
Oux + ]

Wark plane (2D geometry]: |Geu:um2 V| [ Add ]

7. SelectDraw tab > Draw Objects > Click on Ellipse/ Circle (centeredpnd create a
circle in the Model View. To draw a circle Selegh@int in the model view and move

the mouse to some extent and then click the létbhwf the mouse once.

& COMSOL Multiphysics - Geom2 : [Untitled]
File Edt Options QUERH Physics Mesh Solve Postprocessing Mukiphysics

Help

DeEd& "E [ Rectangle/Square 8 g
ety oo [0 Rectangie/Scuare (Centered) —
[ iRt O ElisalCircle
| i = $x Create Composke Obiect.
1 Gﬁ;:hnm Equal ¢ Spit Object * Pomt
[ Delete Interior Boundaries / Line
{~ Fillet/Chamfer... { 2nd Degree Bezier Curve
A Tangent... 7~ 3rd Degree Bezier Curve

8. To Change the dimensions of the object created@#ale), double click on that
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particular object a window will pop up. Bize section>ChangeA semi-axes:0.5;

ChangeB semi-axes0.5. Leave the rest as it is.
5_{%@@ e i R .
AALARL=2 0 2LES4 DM ?

Geom1 | Geom2 !

Postprocessing  Mulkiphysics  Help

E:
i T T T T T T T T T
0.8
DIE - . 5 B £ B T = .
Ellipse X
04 ; Size Rotation angle Bl
A-semiaxes: HEI a: !E] (degrees)
B-semiaxes: |EI.4 |
0.2r
Pasition
T Base; |Center v| Shyle: |S|:|Iid v| &
X 0 | Mame: [E1 |
y: 0 |
'D.E -
[ O, ][ Cancel J[ Apply H Help ]
o 4 ST g
'U.El -
'U.S -
S = -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

9. To extrude 2D Geometry object to 3D, select thecthat is to be extruded.( In our
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Case, it is the circle)

10.In the Menu bar Sele&raw tab> Extrude.

€ comsoL Multiphysics - Geom2 : [Untitled]

File Edit Options BeERW Physics Mesh  Solve  Postprocessing
NDE - §|E Draw Objects v
—_— e Specify Objects P —
Model Tree | |

Lo ks Ls Object Properties. .. EE—

*x Create Composite Object...
& Split Object

E Delete Interior Boundaries
i Fillet/Chamfer. ..

[zl Geoml [
¢ - Brinkman Equal

5 Tangent...
Coerce To b

Madify r|
Wark Plane Settings. ..

Embed...

Revaolve...

Creakte Pairs...

IUse Assembly

A window will pop up.
11.In the Extrusion parameters section > Chadgance:0.002. Leave the rest as it is

for Straight Extrusion. CliclOK.
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Objects to extrude: Extrusion parameters

e ! Distance: 11 |
Scale x: 11 |
Scale vy Il |
Displacement x: |0 |
Displacement v: |0 |
w | Twist (degrees): 0 |
Extrude to geometry: Keep cross-sectional boundaries
|Genm1 V-:|

Extruded object name:
[ExT1 |

L QK J[ Cancel J[ Help ]

In theModel View> Geom1 Taba circle with diameter 10cm and thickness of

2mm will be seen.

' COMSOL Multiphysics - Geom1/Chemical Engineering Module - Brinkman Equations (chns) - [Untitled]
File Edit Options Draw Physics Mesh Solve Postprocessing  Multiphysics  Help

DEREk: smak|Ad24=C2 @ prRadthnbhndd ?

= |l [ | ceomt | eom2|
& = = | >
Geoml 9 n p e
- Brinkman Equations (ck @ i il
m2 a —
lggls
o
-
L]
=

S

==
e |FERE|DE|L [«

i | {1 J

&
TIiEv BEOVEe8|Ho+ =0

Geom2

Space dimension: 20
Reference coordinates: x y
Dependent variables:
Base unit system: SI

w1

=

Updating ellipse with label 'E1'. -~
Updating ellipse with label 'E1l'. R
Extrudi Lo to G 157 e
b e ) COMSOL Multiphysics - Geom 1/Chemical Engineering Module - Brinkman Equations —r
-0.438, -0.47, 0.308 AXIS |GRID |[EQUAL |CSYS (c 91
3 ] a 4 20

12.Click onGeom?2 tabin the Model View. Repeat Step 6 and create decincthe
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Fourth quadrant (i.e.; quadrant in which both x &rg negative).

13.Repeat Step 7 to Change the dimensions of theecircsizesection > ChangA
semi-axes0.003 andB semi-axes0.003. In theéPosition Section> Change: -0.028
andy: - 0.028. (This is to create the inlet of 6 mmnager for the circular reactor).

14.Repeat Step 9 to extrude. In tBetrusion parameters section > ChangBistance
0.01. ClickOKk. In theModel View> Geom1 taban inlet of 1cm length with a
diameter of 6 mm is extruded.

15.1n the similar way to create an outlet in the foqggadrant(i.e.; quadrant in which both

X & y are positive) Repeat Steps 6, 12 and 13.

16. The circular reactor is created.

€ comsoL Multiphysics - Geom1/Chemical Engineering Module - Brinkman Equations (chns) : [Untitled]

File Edt Options Draw Physics Mesh Solve Postprocessing Multiphysics Help
L&k tmah| Al 24=2 @ PRrePé|(thhwe i ?
[ B |G| Geomt | Geom2)
[ ks ke ol e o , -
=-Geam1 @ & 2 —
*- Brinkman Egquations {ck @ — A Tt
RCcom2 o |—
gl
m
EAERFYS
B =
A || —
— =
-
T
Clm=
i) > =
o5 B
o
®| |
| |z
= =
AL
@ '\
= !
5 | @ |
Gom2 E
Space dimension; 20 .9‘
Reference coordinates: x v lel Yo
Dependent variables:
Base unit system: SI
il
Adding =llipse with label 'E3'. A
Updating ellipse with label 'E3'. T8
Extruding geometry to Geoml. i
0,398, 0.49, 0.33 25 [GRID [EQUAL [C5YS Memory: (691 91)

17.To clear an object. Select that particular objéct,toEdit > SelectUndo

Circle/Ellipse ( whatever object is to be cleared)
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18.To zoom Click on theﬁ in the toolbar and move the side bars in the rngde to

adjust the object in the model view to the centehe window.

C.1.2. Creating a constants list:
Creating a constants list is safe and an easiertovayput the parameters which might
be used multiple times while writing the boundaoyditions.

1. In theMenu bar > SelectOptions > click onConstants A window will pop up.

Fie Optiors _Pkaw Physics Mesh Solve Postprocessing Multiphysics Help

DRSS s2RN AL 24=2@ 20,2 ¢ T ® 2

o[BG e o)
) (SN r
S a R

Brirkman Equations (c &l

- Geom2 * |—
Ol
oms >
oo —| -

&
oo || | = \\
4l ! : ! Name Exprassicn Value Description x
-+ & - Itho 1000[kg/m*~3] 1000[kg/m?] 1l S
ol leta 0.0006915[N *s/m~2] (6.915e-4)[ka ‘%\\
m o @ |wo -2.946%10~-3[ms] -0.002946[m]s]
= B k 1.53744*104-10[m~2]|
@ |
@ |z
sa| |
v
@| |k . =
& |[w |== o] (o ) (o ) (o ] 22
= = — = — I
= - . e /

2. In the window that pops up. There will be four calhis.Name Expression Value
andDescription. In the Name column type in the name for the patam For
example, Density can be named as rho. In the Esjoresolumn enter the values of
the constant with units. And then Cligkter, the Value will be automatically shown
in the Value column. In the Description column vea evrite comments for the users

to understand about a particular constant.
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3.

Input the below data in the Constants window tlogatspup.(the below values are for
water flowing through the circular reactor comelegffilled with chitosan porous
structure having around 120 pores/mm2 pB5pore size and the volumetric flow
rate maintained at 5 mL/min)

Table C.1. Property Selection Table.

Name Expression

Rho 1000[kg/m]

Eta 0.0006915[N*s/A}

WO -2.946*10"-3[m/s]

K 1.53744*10"-10[M]

Click OK.

4.

Setting up the boundary conditions:

Subdomain settings:

1.

In theMenu bar > SelectPhysics> Click onSubdomain Settings A window will

pop up
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2. Selectsubdomain tab> In thesubdomain selection> selec.

w

Select thghysics taband Input the fluid properties. Fpr give the input asho
Similarly forn: give the input asta. Leave the remaining as it is.
4. Check ontheflow in porous media(brinkman equation) optiosy: Input the value
as 0.85anH : give the input ak.
Repeat the same for Subdomain selectiongl2 &
5. For3, 5subdomain selections repeat step 3@mdot checkthe flow in porous

media option.Click OK.

C.1.3. Boundary Settings:

1. In theMenu bar> Select thé>hysics tal» Click onBoundary settings A window

will pop up.
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condition> Selectvelocity

u0,vO,w0.setl0, vOto zero and setw0 aswO.

In Boundaries tab> select24

et
e —E
! L GeomZ ;._ é § Equaticn
I 55 x o .
I A= ¢ || =—— T

k| e

! B Lw!!cwﬂ!!mllm/
I< >
2. In theBoundarys tab> Selectl1.(it is the inlet Boundary)

In theBoundary conditions section Boundary type> Selectinlet andBoundary

In the Quantity selectsection >Check mark on the option for lower case

In theBoundary conditions section,Boundary type> SelectOutlet andBoundary

condition> selectPressureand set PressuRD to zero.

C.1.4. Creating the Mesh:

1.
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Leave the rest of the Boundaries as wall and witklip condition

In theMenu bar > SelectMesh > Free Mesh Parameter A window will pop up.
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2. In theGobal tab > we can either check on tReedefined Mesh sizesind vary the
mesh size froncoarserto finer mesh size Or custom mesh size. For our purposss let
check on custom mesh size.

Enter the below values for the following:

Maximum element size scaling factorl.5

Element growth rate: 1.6

Mesh curvature factor: 0.7

Mesh curvature cut off : 0.04

Resolution of narrow regions:0.4

Check on the optimum quality

In theBoundary tab> ForBoundary selections:1,2,5,6,12,14,16,17,18,19,25,27. In the
Boundary mesh parametersection> setnaximum element siz¢o 0.001. (This is done

in order to increase the number of volume elementthe edges of the reactor which is
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very thin).
Click Remesh.

After Remeshing is done ClicRk.

Figurel : The above two figures show different kinds of megHhiA) Free meshing (B)
Swept Meshing

C.1.5. Solving in COMSOL.:

In theMenu bar> selectSolve tab> Click onSolve

Posting Results in COMSOL.:

Cross-Section Plots:

In theMenu bar > SelectPost Processing> Click onCross-Section Plot Parameters
A window will pop up.

Selectslice plot talb> Predefined quantities SelectPressure

In theplane through 3 pointssections: input the three co-ordinates as ( @k,
0.001); (-0.05, 0.05, 0.001) & (0.05, -0.05, 0.06Hgpectively.

Uncheckthe display cross — section in main axes.

Click Apply.

A window would pop up with pressure cross sectitm. p
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X COMSOL Multiphysics - Geom1/Chemi ineeri ule - Erinkman Equaticns (chns) : [Untitled]

Max: 1.575e-3
xlo?

Min: 2.573
Stress bensar: Total 4.
thing: OFf L o

jon-isothermal flow: OFF — Min: 0
Turbulznce mocel: Nane
[Realizabilry: Off | |#voided 7 inverted clements by using linsa: geometry shape oxder ~
b e it Bl A |Fumber of degrees of freedom solved Eor: 74551 &
3 | : Solution time: 198.734 s v

To save the plot obtained click on theve iconin the toolbar. A window will pop
up click onExport > Selecffile of type as eithejpeg or bmp. Given a desired name for

the file and save in the desired directory.
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Similarly cross section plots can be drawn foreti#ht predefined quantities.

Domain Plots:

Post Processing tab selectDomain plot parameters A window will pop up.
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Brinkman Equations (chns) A Surface Settings. ..
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Default element type: Lag [ oK ] [ Cancel ] [ Apply ] [ Help J
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Stress kensar: Total -0 ]
Corner smoathing: OFF e 1]
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Turbulence model: None
Realizability: OFF @ Avoided 7 inverted elements by using linear geometry shape order ~
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Select Surface tab> In Boundary selection, PresSTRL & select the boundarys; from

1to 7,10, 12, 14, 16, 17, 18, 19, 20, 23, 25 & 27

Predefined quantities> Selectviscous force per area, x componenClick Apply.
This would give us the maximum shear stress withenreactor.

To get the shear stress plots:

Post Processing> Plot Parameters

SelectBoundary plots tab > Check Boundary Plot. (when one plot parameter is on
make sure that the other plot parameters are afhohecked).

Predefined quantities:viscous force per area, x component
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Plot Parameters

| Arrow | Streamline |  Particle Tracing | Max/Min |_Animate | |
| General | Slice | Isosurface |  Subdomain Boundary | Edge | |
[¥] Boundary plot
Boundary data

Predefined quantities: (Viscous force per area, x compon... |
Expression: [K_x_chns | [#] Smooth
Unit:

Coloring and fill Color Range
Coloring: @
Boundary color

(3) Colormap:

(O Uniform color:

([ok J [ cancel J[ apty |[ Hep |

T e e T i S e S T S D

To change th®angeof any parameter that is being analyzed ( say usdorce,
Pressure et.al) click on tliangebutton and change tha Max. and Min. values.

Click Apply .
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T comsoL Multiphysics - Geom1/Chemical Engineering Module - Brinkman Equations (chns) - [Untitled]

File Edit Options Draw
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& Avoided 7 inverted elements by using linsar geometry shape order

Number of degrees of freedom solved for: 74551
Solution time: 198.734 s

In theModel View , we can see the plot. To save the plot gd¢o> Export>

click onimage. A window will pop up . Click orExport. Select file type agpeg or

.bmp give a

name to the file and save in the desireztthry.
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C.2. Concentration distribution in the circular reactor with porous

structure:

C.2.1. Creating Geometry:

1.

If the desired geometry is already created gweto theMultiphysics tab in the Menu

bar and Click oiModel Navigator. A window will pop up.

In the window that poped uplultiphysics tab > Click on ‘+’ sign besidEluid-
Chemical Reaction Interaction> SelectReacting Flow.

Dependent variables:Keep the rest of the variables u v p as it isiantkr c1 and
c2 in place of ¢ (1, 2 specify the two specieslkagxygen and 2- glucose in our
case)

Click on the “Add” button and then Click OK. Nowcan see Brinkman ,
Incompressible Navier — Stokes equation and cororeét diffusion under Geoml in
the Model Tree. Incompressible Navier-Stokes equati coupled with convection
and diffusion hence we need speficy Brinkman equatgain to solve the
momentum balance. To delete the Brinkman equatgim click on brinkman
equation in the model tree and then click on Remdtie incompressible Navier-
Stokes can be changed to Brinkman anytime by sefettte flow through porous

media option while setting up the subdomain boundanditions.

. To create a new geometry:

Start > All Programs > COMSOL 3.4 >Click onCOMSOL Multiphysics 3.4.
Model Navigator window will pop up.

In Model Navigator > SetSpace Dimension a8D
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e Application Modes > Click on ‘+’ sign besid&€hemical Engineering Module>
Click on ‘+’ sign besidé-luid Chemical Reaction Interaction> Select' Reacting
Flow”

e Dependent variables changeuv pctouv p cl c2 ( as said earli@riddicated
species 1 and 2 respectively). Click OK. A windowl pop up.

e Draw the geometry as described from step 5 to I&r@ate Geometry at the
beginning of this Manual in Momentum balance focuiar reactor with porous

structure section.

C.2.2. Create a Constant list:
1. Go toOption tab in the Menu bar > Click ddonstants A window will pop up.

Enter the data given below.

Table C.2

Name Expression
Rho 1000[kg/r]
Eta 0.0006915[N*s/fj
w0 -2.946*10"-3[m/s]
K 1.53744*10"-10[rM]
V_g 4.862*107-5 [mol/m s]
Km_g 0.93 [mol/mi]
V_o 3.164*10"-5 [mol/m s]
Km_o 0.205[mol/r]
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Note: These V_g, Km_g, V_o, Km_o are the first ordee r@ainstants for glucose and
oxygen respectively and they are derived from tt@ dbtained in literature. This data is
specifically for smooth muscle cells. The initiancentrations of glucose and oxygen

used further while setting the Boundary conditians also taken from the literature.

C.2.3. Setting the Boundary conditions:
C.2.3.1 Setting Boundary conditions for momentum balance:

Subdomain Settings:

2. IntheModel Tree > Geom1> Selectincompressible Navier- Stokes Equation.

3. Go toPhysics talb> Click subdomain settings A window will pop up.

4. In thesubdomain selectiorsection > select 1. Sptas ‘rho’ andy as ‘eta’.

5. Check mark orFlow in porous mediaand set porosity a&: 0.85 andk as ‘K.

6. Repeat the same for 2 and 4.

7. In thesubdomain selectiorsection > select 3. and follow step® not check mark
on Flow in porous media.

8. Click onartificial diffusion > Check mark oistreamline diffusion >select
GalerkinLeast-square(GLS).

9. Repeat step 6, 7 for subdomain 5.

Boundary Settings:

1. Go toPhysics tab> click onBoundary Settings> Boundary selectionsection >
select 11.
2. Boundary conditions section>Boundary type> select ‘inlet’ andBoundary

condition > select ‘velocity’.
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3. Quantity > check mark on the option that shows all the tim&ml velocities uo, vo,
wo. Setuo andvo to ‘zero’ and sewvo to w0

4. Boundary selectionsection > select 24. SBoundary type: ‘outlet’ and set
Boundary condition as ‘Pressure’.

5. Leave the rest of the Boundaries with wall and lipcondition.

C.2.3.2. Setting Boundary conditions for mass balance:

Subdomain Settings:

1. Model Tree > SelectConvection and Diffusion(chcd)

2. Go toPhysics tabin the Menu bar > Click oBubdomain Settings A window will
pop up.

3. Subdomain Selectior> Select 1.

4. Select talt1l> check mark o (isotropic) and input the value as 21.85*10”"-10m2/s(
this is the infinite diffusion coefficient of oxygen water).

5. SetR as -V_o*c1l/(Km_o+cl)( the negative sign beforecatks that it is reactant
and being consumed). Now, Set the veloctii@s uy as v andv as w respectively.

6. Select talw2> Check mark o (isotropic) and input the values as 9.55*10"-10
m?/s.

7. SetR as —V_g*c2/(Km_g+c2). Now, set the velocitieas uy as v anadv as w
respectively.

8. Repeat the same for subdomains 2,4.

9. Subdomain Selectior> Select 3.

10.Repeat steps 1 to 7. and Set R as zero for oxygegglacose in the ¢l and c2 tabs .

131



Do the same for subdomain 5.

Boundary Settings:

1. Go toPhysics tabin the Menu Bar > Click oBoundary Settings A window will
pop up.

2. IntheBoundaries tab> Select 11. and then go¢a tab and seBoundary
conditions as concentration armd, as 0.199 mol/rh Go toc2 tab> SeBoundary
condition as concentration armp as 5.5 mol/m

3. IntheBoundariestab > Select 24. Then Go ¢ tab and seBoundary condition as
convective flux. Go te2 tab > seBoundary condition as convective flux.

4. Set rest of the Boundaries lasulation/symmetry.

Meshing:

1. In the Menu bar go tMesh tab> selecBwept Mesh Parameter A window will pop
up.

2. In thesubdomain selectiorr select 1. Check mark dvtanual specification of
element layers SelectNumber of element layersas 4. Seelement ratioas 1. and
Distribution method as linear.

3. Repeat the same for Sub domains 2 and 4.

4. In thesub domain selectior> select 3. Satumber of element layersas 8. Set
element ratioas 1. andDistribution method as linear. Repeat the same for sub domain

5. Click onOK.

Uselnteractive Meshing in theMesh tab for more ways of meshing. First we
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need to Mesh thedgesand then th&oundariesfrom which we are planning sweep
the mesh for a particular subdomain. Clickkrsee Mesh Parameterin theMeshtab
and then mesh thedgesandBoundaries before sweeping a mesh fosa@bdomain To
Mesh a particular subdomain /edge / boundary. Biestct that particular tab in theee
Mesh Parameterwindow and then go to thdodel View to select the particular

subdomain/edge.boundary.

Setting Solver:

1. Go toSolvetab in the Menu bar. Click dBolve Parameters> A window will pop
up.

2. In theAnalysis section select Stationary. Select Hudver as Stationary.

3. Go toGeneraltab >Linear system solver: Direct(PARDISO).

4. Leave the rest as same. CI0OK.

5. Select the solver according to the requirement.

6. Go toSolvetab > Click onSolver Manager. A window will pop up.

7. Selectinitial value tab> check mark omitial value evaluated using current
solution. In theValues of variables not solved for and linearization point sectior
SelectStored Solution

8. Click onSolve fortab> Selectncompressible Navier-Stokes(Chns)

9. Undo Select forConvection and Diffusionand alsdJndo select foilGeom2(2D).
10.Click Solve.

11. After the Solver runs and solves for Navier Stokggation. Click orsolvetab

>solver manager Select nitial value tab. Click onstored solutionbutton. Check
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mark onstored solution Selectsolve fortab > selec€onvection and diffusion And

then ClickSolve

Post Processing theResults:

1.

Go toPost Processindab in the Menu bar> Click dPlot parameters A window

will pop up. SelecSlicetab.

Check mark orglice plot

Predefined quantities> selecttoncentration cl1

setx levels: 0,y levels: 0 andz levelsas 5.

Click Ok. To see the concentration profile of oxygen.

Similarly select c2 in the Predefined quantitiesée the concentration profile of
glucose.This gives us the concentration profileogf/gen and glucose on 5 planes in

the axiz parallel to the surface.

To get the concentration profile on a particulang,

1.

2.

3.

4.

5.

Go toPost Processindab in the Menu bar> SeleCtoss-section plot parameter.
A window will pop up.

Click onSlicetab.

Check mark orglice plot Set thepredefined quantitiesas concentration,cl.

In thePlane Through 3 points section set the three points as follows:

x0: 0.05 0.05 -0.05

y0: 0.05 -0.05 0.05

z0:0.001 0.001 0.001

Click OK.
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Post Processingab> Click onDomain Plot Paramters> SelectViscous Force/unit
area,x-component.Click OK. This gives us the shear stress in the x direc&mmilarly
we can get the shear stress in the y direction.

Saving the Images from Post processing:

Go toFile tab> Export > Clickimage. Click Export.

Select the folder in which you want to store yoacuiment in ‘Look in’. Give a file

name. Click Export.
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