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CHAPTER |

INTRODUCTION

Patients suffering from organ failure need engineered tisshes there is a scarcity of
matched sources. Engineered tissues which can be implanted imézifsient provide
an alternative to traditional organ donation. In tissue engineeeilg,ate seeded on to
porous scaffolds generated from biodegradable materials. Cellpagulated and
matured into tissues by supplying nutrients in bioreactors thatitdee uniform
distribution. A bioreactor is an essential component for cultureettd in vitro for i)
providing the way of mechanical stimulation of cells essentialcértain cell growth
through the flow of nutrient medium and ii) maintaining uniform pk &mperature.
There are many configurations of bioreactors based on the typsxofg and flow
scheme. Particularly, the axial flow bioreactors arentdrest to regenerate a variety of
tissues as they offer several advantages, such as convectianoutvient distribution
and the ability to operate at high flow rates. The flow is axial when the sobd#fold and
outlets are oriented along the same axis. Currently used feowalbioreactors have

different dimensions and have been used for tissue culture of many types of cells.



Many of the dimensions in the bioreactor generation are randondgtesglwithout a
rational basis. No systematic modeling to study the hydrodyneharacteristics and
nutrient distribution has been performed.

Modeling the bioreactors using the Computational Fluid Dynamics JGhBDulation

tools has been adapted for other types of bioreactors, such as fmgtthparallel-flow

and rotary. Modeling was done mainly to study the hydrodynami@acteaistics, such
as the shear stress and the pressure drop, and the nutrient distribliiientype of

modeling has to be extended to the axial flow bioreactor. Different geomietensions
are to be optimized in the bioreactor to ensure uniform sheassted nutrient
distribution throughout the region of scaffold. Experimental validatioomotleling

through simulation is necessary to prove the credibility of sitima Hence the specific

aims of this study are:

Specific Aim 1: Optimization of Bioreactor via CFD Simulation

Bioreactor design has several parameters such as the intettler diameters, or the
scaffold thickness that require optimization. In addition, diffecsiiis need different
factors suitable for their growth, including the flow rate, shetaess, and nutrient
consumption. As a part of optimizing the design of the axial flow bioreactor, tioe @fffe
scaling up was analyzed, showing uniform distribution in all reactdie diameter of
the bioreactor was first scaled up from x mm to 5x mm to anuuiate corresponding
size scaffolds without altering the thickness and geometric sifape bioreactor. The
initial bioreactor had an angular entry to facilitate uniform distribution ofenit. Since

the scaled up bioreactor had large hold-up volume, the semi-andlef(sae entry cone



was increased from sa° to 2.67X sa° to minimize the expensive médidrup volume.
The increase in the semi-angle resulted in poor distribution akntgmear the ends of
the scaffold. Hence, incorporating a distributor system was denesi in the entry
region. Different configurations such as distributors and concebtafies were
evaluated. As the nutrient distribution of the newly designed bioreaemsatisfactory,
further analysis was carried using this design to optimizerakother factors. The inlet
diameter was increased from id to 3 id mm and the outlet tgaweas increased from od
to 3 od mm. The thickness of the scaffold was increased froormzan3 z mm to
determine the possibility of increasing the cell number in the &toe The flow rate of
the nutrient medium was increased from 5 mL/min to 25 mL/ minudysthe pressure
drop across the bioreactor and the shear stress experienteddajls. The permeability
of the scaffold changes as the cell grows, and this effast taken into account by
decreasing the pore diameter fromu#b t025 um. Based on these factors, an optimum

bioreactor configuration was selected.

Specific Aim 2: Validation of the Simulation Results

To validate the modeling approach and effectiveness of the newignee axial flow
bioreactor, experiments were conducted. Bioreactors were coedtramtording to the
dimensions from specific aim 1. The pressure drop across the di@raas measured
for the same flow rates as for the simulation. Experimeme veonducted for the
bioreactor with the scaffold and without the scaffold to valid&ie model of the
bioreactor both in the non-porous and the porous region. A residencdisimigution

(RTD) analysis was carried out to understand the effect of gtebditor system on the



nutrient distribution. The step input technique, which employs an ioject a red

colored food dye, was used to obtain the RTD. RTD analysis wadaathe bioreactor
at a nutrient flow rate of 15 mL/min with the following condition3: veithout the

distributor and without the scaffold, b) with the distributor and withoutstiaéfold and

c) with the distributor and with the scaffold. Theoretical messidence time {) was

calculated from the volumetric flow rate and the volume of the kityea These
calculations showed a dead volume of nearly 20% in the new biorealhese regions
are similar to those observed in the simulation results.

Based on these analyses, various modifications are suggestedwehikchsignificantly

improve the performance of the bioreactor. These results show thibiliysof using

axial flow bioreactors for various tissue engineering applications.



CHAPTER Il

BACKGROUND

2.1 Tissue Engineering

The loss and damage of tissues impairs healthiness of individuatw different ways.
Worldwide, US $350 Billion are expended for substitute of organs. &alypource for
substitution tissue include the patient's own, a donor, or from an arsmake.
However, there is a scarcity of matched donors and also thefristections by viruses
(such as HIV, hepatitis C) or a graft rejection. Artdiamplants such as those used in
knee or hip or blood vessel replacement, have limitations due tolithgad lifespan,
insufficient bonding to the surrounding tissue, and allergic reactiarsedaby material
abrasion. New therapy concepts for practical medical applicai@nsequired. To this
end, tissue engineered substitutes generated outside the body could wsrategies
for the restoration of damaged tissues.

The goal of tissue engineering is the development of cell-basettstaissto restore,
maintain or improve tissue function. These substitutes should have-spgalfic
properties with respect to biochemical activity, microstructarechanical integrity and
bio stability. Cell based concepts include the (i) directsipéantation of isolated cells,

(ii) implantation of a bioactive scaffold for the stimulation of cell growthimithe



original tissue and (iii) implantation of a threeménsional bio hybrid structure of
scaffold and cultured cells or tissi(Portner, NageHeyer et al. 20C). The basic

principle of tissue engineering is illustratecFigure 2.1
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Figure 2.1 Basic principle of Tissue engineering. (a) Patient, (b) Cells frora biopsy,
(c) Monolayer cell culture, (d) Expanded cells, (eCulture on a 3D polymeric
scaffold, (f) Generation of a graf (2008).

Stem cells or mature cells from the tissue to lgemerated are populated in a f-dish

using the growth media until sufficient number @llg is formed. The medium us
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typically contains electrolytes, glucose, hormones, growth faciois,essential amino
acids, similar to that in the body. Oxygen from the environneatlowed to dissolve
and diffuse in the medium constantly. Once there is enough nuhbells, they can be
seeded on a polymeric scaffold to provide cell attachment, diffetient or growth in a
bioreactor. In the bioreactor, growth medium is constantly mikadreby fluid flow or

agitator. When the construct is mature enough, then it is implantbeé iarea of defect

in patient’s body.

2.2. Porous scaffolds

Scaffolds are the temporary porous structures necessary to singparaturation of cells
into tissues in the desired shape and thickness. The primary caristitiseaffold is a
biodegradable material that can either be obtained from naturatesosuch as
exoskeletons of shrimps and crab shells (Devarapalli 2008) dnesynéd artificially.
Material used to build scaffold should be bio-compatible, bio-degradabiey eell
attachment and tissue formation without any inflammatory octmesponse (Freed LE
1994a; Sawtell RM 1995; Chapekar 2000; Agarwal CM and Ray 2001). rgéplect to
the mechanical properties, it should be strong enough to withstangrdbess of
implantation and the loads it will experience in vivo (Chapekar 200@rwa CM and
Ray 2001; Freyman T M, IV et al. 2001; Kuo CK and PX. 2001). Thé&osta
microenvironment should mimic to that of native tissue condition. Orpmoriant
attribute of the scaffold is permeability and it facilitatesliffusion of nutrients into the
matrix and removal of metabolic and degradation by-products fré¢peBaron RG and

KA 2000). Permeability depends on the porosity, the type and size ef. pdrarge



number of interconnected pores are necessary for the cells toldo¢oanfiltrate the
structure uniformly (Freed LE 1994a; Chapekar 2000; Kuo CK and PX..2@049 the
size of pores within the scaffold is important for the attachraedtgrowth of cells. It is
intended to build open pores as it has nutrient —access on both sidescafat bktter
cell infiltration.

Material used for this study is a polymeric blend of chitosahgelatin. Chitosan-based
scaffolds has been explored in various tissue engineering djgpigcdue to a number of
advantages they offer, including cost, large-scale, anti-micraloi@ity, availability,
superior mechanical properties and biocompatibility (Khor and Lim ;2003, Seo et al.
2008). Chitosan is a bioactive, biocompatible, and biodegradable polysdeddror
and Lim 2003). Chitosan is similar in structure to that of glyowsaglycan present in
the extracellular matrix (ECM) and is readily available frearious sources (D.L.
Nettles, S.H. Elder et al. 2002). Chitosan can be processed ifgiedifforms such as
porous scaffolds, injectable gels, nanofibers, or films (Ratakdwdhar et al. 2012).
The required porous microstructure, biological activity and mechhrstrength of
chitosan can be achieved by varying the concentration of chitosaneededr
deacetylation, and blending with other materials(D.L. Nettles, Elder et al. 2002).
For instance, chitosan—gelatin scaffolds have also been useBd¢tihans, A.A. Sauren
et al. 1984; J.S. Mao, L. Zhao et al. 2003) to incorporate cell adhastmigration
properties of gelatin (Shigemasa, Saito et al. 1994; Chung, Yaig2©02; J. Li, J. Pan
et al. 2003), since gelatin contains Arg-Gly-Asp (RGD) like secgie¢hat improves the
biological activity (Huang, Onyeri et al. 2005). Also additiorgefatin to chitosan can

make the scaffolds withstand higher stresses (Ratakonda, Setdila012). Chitosan-



gelatin solution can be prepared by dissolving in dilute acids sincepHe6, the
compound becomes protonated and hence soluble (Madihally and Matthew 1999).
There are several techniques available to manufacture porous tesrglah as solvent
casting and particulate leaching, emulsification/freeze-drycomputer aided design,
phase separation, nanofibers self-assembly and textile technology @idnMadihally
2011). The technique used to prepare chitosan-gelatin scaffold is lsmhtede freezing
and lyophilization technique (CRFLT) as it has been extensivediyest in the laboratory
(Madihally and Matthew 1999; Huang, Onyeri et al. 2005; Tillmaim et al. 2006).
This technique is also useful, because both the pore alignment anor¢hgize can be
controlled (Madihally and Matthew 1999). In CRFLT, the polymer tsmtuis cooled
below its melting point and then lyophilized to sublimate the solventreardby forming
a porous structure. The pore diameter can be controlled by vatyendreezing
temperature (Madihally and Matthew 1999) and alignment of the popehd® on the
direction of cooling, since the crystal growth will be in the dion of heat transfer.
Different concentrations of chitosan-gelatin scaffolds rangioign 10.5% to 2 % had been
tested (Ratakonda, Sridhar et al. 2012) and 2%-2% chitosan-gelatioldseaftised in
this study since it is shown to have conducive properties for a®bnization.
Characteristics such as the porosity, size of the pores and péityed the 2%-2%

chitosan-gelatin scaffold is also well-established in the laboratdrg{®2010).

2.3. Bioreactors in Tissue engineering
Bioreactors are generally defined as devices in which biologiwddoa biochemical

processes develop under closely monitored and tightly controlled envmtainand



operating conditions (e.g. pH, temperature, pressure, nutrient supplyaatel removal).
The requirements of the bioreactors for tissue regeneration ingladéng the specific
criteria for 3D tissue constructs based on cells and scaffoldsding the proliferation
of cells, seeding of cells on macro-porous scaffolds, nutrienidpiary oxygen) supply
within the resulting tissue, and mechanical stimulation of the develdissues (Martin,
Wendt et al. 2004). Mechanical stress plays an important modulatory role in certain
cells, primarily those exposed to different types of stressélel body. For example,
bones in the lower legs are under constant compressive stressheHileod vessels are
under constant hydrodynamic stress. The application of hydrodysémess is shown to
improve ECM secretion in chondrocytes (Cioffi, Boschetti et al. 2006us bioreactors
are also utilized to apply stresses of required level in different contigusa
There are several types of bioreactors in use such as ati#ttice techniques, rotary
vessels and perfusion flow systems. Static culture techniqueg pstri-dishes have
limitations of tissue growth localized to the construct peripliishyaug SL 1997) mainly
due to the inadequate distribution of nutrients (Freed, Marquis d988; Pazzano,
Mercier et al. 2000). Rotary vessels such as slow turninglatessels and high aspect
ratio vessels have problems such as inhomogeneous tissue growth awgkmmortrient
distribution (Devarapalli 2008). Perfusion flow systems such aall@laflow, flow
through and axial flow has several advantages such as

1) enhancing nutrient transport as they allow medium to be trandptimteugh the

interconnected pores of the scaffolds (Bancroft GN 2003),

i) providing mechanical stimulation to the cells by applyingdishear stresses that

depend upon flow rate of the perfusing medium [30] and
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lii) support culturing high-aspect ratio tissues (which are #s® ¢n most tissue types)
with high cell density and large cell-numbers as they are msjuio achieve
physiologically meaningful functions in tissue engineering f{i@ri and Naughton
2002; Strain and Neuberger 2002).
These bioreactors utilize a pump to perfuse medium continuously throug
interconnected porous network of the seeded scaffold. The fluid pathbegshfined
so as to ensure the flow path is through the scaffold, rather thandathe edges. A
circular cross-section of the bioreactor is preferred as i do¢ have edges and this
minimizes dead zones. The dead zones in the bioreactor lead to cell death or.necrosis
Flow-through and parallel-flow bioreactorBigure 2.2) have been previously studied
(Devarapalli 2008; Podichetty 2009). These two types of bioreagimssess the
capability to grow complex tissues (tissue that contain more dhancell type). In
parallel-flow bioreactors, fluid flows on top of the porous scaffophlyang wall shear
stress at the top surface (Dhane 2010). These bioreactors gtedadl@m flow-
chambers used in vascular studies where the cells werbeattéx the surface. Many
modifications have been attempted while introducing porous scaffoltisasuadding a
medium reservoir below the scaffold, circulating fluid both sideh@fscaffold either in
steady state, or in oscillation. Some applications includelaggeti bladder and skin
(Devarapalli 2008), since there is possibility of controlling the wla¢ar stresses. The
high degree of structure heterogeneity usually noticed in 3D-esrgitheconstructs
cultured in static conditions (i.e., presence of a necrotic ceegadn, surrounded by a
dense layer of viable cells) suggests that diffusional transpost mtateproperly ensure

uniform mass transfer within the constructs (Wendt, Riboldi eR@l1). Since the

11



nutrient distribution to the interior of the scaffold is dictateddiffusion, parallel-flow
bioreactors are restricted by the porosity of scaffold, whigmifstantly influences
effective diffusivity. Some studies have shown reduced oxygen avayldon lower
values of pore size and porosity. The split channel designs (parallel-flow ondeslofi
the scaffold) allow better nutrient distribution with lower pressdrop. Increase in
scaffold thickness has a negative effect on nutrient distribution in paralleldactors.

In flow-through bioreactors, fluid flows through the pores of the scafébiehg the
diameter. The flow-through bioreactor is better suited formexgging high aspect ratio
tissues due to (Lawrence, Devarapalli et al. 2009): (i) providinfprumisupport to the
scaffold, and (ii) continuously replenishing the nutrients while progidietter control on
hydrodynamic shear stress induced by the fluid flow. Hence;thlosugh bioreactors
have generated significant interest in bone regeneration applicaivbiese scaffolds
could withstand high fluid flow rate. Use of flow-through bioreactsressentially
dependent on the mechanical strength of the scaffold. Since thédlsito pass through
a porous medium of narrow channel for a longer distance, very flighrates are
necessary to overcome the pressure drop across the scaffolibughitflow-through
bioreactor has convective flow, at higher flow rates it has highspre drop and shear
stress that might wash away the newly secreted matiregits prior to their assembly
(Devarapalli 2008). Some modifications in the shape, size, and the nafrdzaffolds
have been tested; however, using these bioreactor configuratioastrsted by the

scaffold mechanical properties.
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Figure 2.2. (a) Flow Througl Bioreactor,(b) Parallel Flow Bioreactor
Alternatively, changing the flow configuration taial direction is advantageous as fl
has to pass onihroughthe thickness of the scaffolddence the pressure drwould be
significantly reduced. These bioreactors will be referred as the afl@i+ bioreactors.
Axial-flow bioreactors can be operated at high flow ragsghere will be less pressi
drop and shear stress. Axial flow type can beuldef culture highly metabolic actiy
cells which require a higlreplenishmentof nutrients. Some configurations of ax
bioreactors have lea explored to regenerate vais tissues Kigure 2.5). These
bioreactors havalifferent inlet and outlet diameters, different scaffold dedeis and
different entry semangles. Systematic analysis of the influencevafious geometric
ratios, however, hasot beenexplored in these bioreactor&€ven when modeling we
performedto explain the hydrodynamic chateristics, porous regiowas not considered
for in the governing ecation. Also,nutrient distribution patterns in thebioreactors
have not been modeled.he challenge in axial flow bioreactors is obtagnthe uniform
distribution of nutrients throughout the region tfe scaffold. In addition thes
bioreactors areeks than 50 m in diameter and effect of scaling up thector has not

been investigated.
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Culture Medium

Culture Chambers

c) )]

Figure 2.3 Axial flow bioreactors in use. (a) Micrdluidic bioreactor for large scale

culture of hepatocytes(Leclerc, Sakai et al. 2004)(b) bioreactor for bone tissur-
engineering applications(Bancroft GN 2003)(c) perfusion bioreactor for cardiac
cell (Dvir T 2006), and (d) perfusion bioreactor for abdominal wall &lls (Pu, Rhodes

et al. 2010).
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The current requirements in the design of axial-flow bioreactor are awsollo
i) modeling the bioreactor to study the fluid flow charactessseparately in the
porous and non-porous domain
i) scaling up of the bioreactor to accommodate various sizescaifolds (both
thickness and diameter) necessary for regenerating various tissues
iii) minimizing the bioreactor hold-up volume
iv) studying the influence of geometry of the bioreactor ardfflow characteristics
and nutrient distribution
V) evaluating the effect of changing porous characterisfitke scaffold during the
regenerative process
vi) understanding the influence of medium flow rates and
vii) ensuring the uniform shear stress and nutrient distribution throtgihewegion
of the scaffold for different types of cells

The objective of this study was to perform detailed analyses/arious factors in

modeling the axial-flow bioreactor.

2.4 Computational Fluid Dynamics Simulation

Evaluating the hydrodynamic characteristics and the distributiowtoients is essential
to predict the efficacy of the bioreactor in regeneratingesirdble tissue. Although
experimental methods are reliable, it is time consuming msef characterizing the
complete 3D fluid flow within a bioreactor. The computational hods such as
simulation are powerful and cost-effective method used for modeticigptimizing the

design of the bioreactor. The use of computational methods to prediahderstand the

15



flow-dependent processes in the bioreactor can improve the operdrmance of the
system, and reduce both the time and cost of development (Martin ametise2005).
In addition they allow a faster design approach by modeling diffe@nfigurations and
generating visual results for a better understanding (Hidaégptida, Thirunavukkarasu
et al. 2012). However, the influence of various parameters on distdbution and
nutrient sufficiency in the bioreactor are not explored while desigraxial-flow
bioreactors.

A more detailed description of fluid mechanics and nutrient transortbe achieved
using Computational Fluid Dynamics (CFD) technology (Hutmachdr&ngh 2008).
The method used in this technique is to discretize the fluid domensmaller finite
elements like mesh and use iterative method to solve the equgdieesing fluid flow.
Several bioreactor designs can be evaluated and characterizedQHEIhgrior to
fabrication and experimentation. CFD modeling involves choosing i) thendiions of
the reactor, ii) appropriate governing equations with boundary conditiprtbei values
for the constants involved in the governing equation, and iv) necesshty sodve these
equations for different dependent variables. In addition, spectareders such as inlet
medium flow rates and shear stresses can be varied to bettest pheir influence and
thereby optimizing tissue growth (Hutmacher and Singh 2008). €élhigue can also
be useful in evaluation of parameters in some locations insidedreabtior where it is
impossible to position probes for experimental measurement. Salicgrowth is a
dynamic process, the effect of certain parameters such ssupgedrop on permeability

can also be evaluated using CFD technique.
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2.5 Fluid Flow Characteristics
The bioreactor uses mechanical stimulation to obtain de novo tisfudiamechanical
properties comparable to the damaged or desired tissMechanical stimulation
techniques involve subjecting a scaffold to mechanical stressesilveng the in vivo
environment. It is shown that applying mechanical stimulationubyesting a scaffold
to dynamic flow provides a uniform cell distribution throughout the tldiegensional
seeded construct resulting in a homogenous matrix deposition (Maréngdt\\ét al.
2004). It is necessary to study the hydrodynamic charaatertst evaluate parameters
such as shear stress which can influence the growth of cells.
Navier-Stokes equation explains the fluid behavior in non-porous regions.
—VP+nV?v+F =0 (2.1)
whereP is the pressurd; is any external forces acting on the fluids the velocity ang
is the viscosity. They are useful to calculate the pressurepdofifes, the shear stress at
various points in the bioreactor and also the velocity profiles. wHhs of the bioreactor
are assumed to be rigid and hence the condition ‘no slip at the walls’ holds true.
Darcy’s law describes the flow of a fluid in a porous medium (Equation 2.2)

—k(VP)
= 2.2
v n (2.2)

wherek is the permeability of the porous medium. There is a problemimg dNavier-

Stokes and Darcy’s law equations together, since the order of éhjeséions are not
equal and hence will not be able to maintain continuity at thépfyemus interface. This
can be eliminated by using Brinkman equation which has the sameasrties Navier-
Stokes equation and hence the continuity in the mass flux and strelse applied at the
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free/porous interface (Hidalgo-Bastida, Thirunavukkarasu et al. 20ABp Brinkman
equation makes sure that the viscous stress experienced withimdhe included when
permeability is large.
Brinkman equation 2.3 is formed when the pressure drop term frolatoy’s law is
replaced in the external force term of Navier-Stokes Equatiopu@a, Frenkel et al.
2003).

~VP + 7%y - =0 (2.3)
When the permeability is infinite the last term in the above temuas zero and the
equation 2.3 reduces to Navier-Stokes Equation and when the viscous dortiee
second term in the above equation is negligible, equation 2.3 rettu@sscy’s law.
The permeability values depend upon the type of pores and it can b&atealdrom
Poiseuille’s and Darcy’s law for cylindrical pores and Kozemyrian equation for non-
cylindrical pores (Truskey GA 2004).
It is also known that fluids diffuse through the porous medium. Hence, tooedaf
diffusion coefficients in the porous medium is essential. This edound out using the
diffusion models based on electric conductivity by Maxwell (Madkaed Garnett 2011)
and Fricke (Fricke 1924) or models based on tortuosity in a sicaple lattice model by
Mackie and Meares (Mackie and Meares 1955; Mackie and Meares b86&yse these
two models give a simple dependence of the reduced diffusion ceeffan the polymer
volume fraction(Waggoner, Blum et al. 1993). Since Mackie-Meag@sionship has a
simpler expression, this model is used. Before using this equatinnécessary to

know the infinite diffusivities which can be calculated from Stokes-Einsteiniequat
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2.6 Nutrient Distribution with Consumption

Nutrient media is critical for the survival of cells. The baw®r design has to ensure
that nutrients are uniformly distributed throughout the region ofsitedfold. The
consumption of nutrients depends upon the type of cells cultured. To tandetse
consumption patterns, studying of reaction kinetics is essentiallyi8g consumption of
oxygen and glucose are critical since oxygen is required diular respiration and
glucose is the major energy source for the cells. Sinceygpenf systems ensure a
continuous supply of nutrients, the concentration of nutrients is deterioyrieir flow
rate. It has to be understood that the nutrients in the flow madeaboth being
convected and diffused. So the concentration of nutrients at anyoposit the
bioreactor can be predicted using the convection-diffusion equation.

Consumption rate for both oxygen and glucose is predicted by the NischBmnten
kinetics. Since this study aims at building a more efficigatfusion bioreactor by
comparing it with the previous studies, the reaction rate consbastsd on smooth
muscle cells were used similar to parallel and flow throbgieactors (Devarapalli
2008; Podichetty 2009).

The inlet concentration for oxygen for smooth muscle cell was fouie 10.22 mol/rh
by using Henry’s law to find the solubility of oxygen in waaB7°C and 1 atm and the
inlet concentration of glucose was found out as 5.5 nidlased on the growth media
formulations (Devarapalli, Lawrence et al. 2009). The inlet ftates of the nutrient
medium are calculated using equation 2.4 which is based on theddssieentration of
oxygen in the outlet and this depends on the type of cell cultured.

UACOZ
VR

—T0,,Inlet = (2.4)

19



where,v is the volumetric flow rateyr is the volume of the bioreactor and,, is the

desired change in concentration of Oxygen at the bioreactor olittetleft hand side of
the equation is the Michaelis-Menten rate law at the inletesdration. For smooth
muscle cells with desired outlet concentration of 0.0P*Ifol/mL (Devarapalli,

Lawrence et al. 2009), the inlet volumetric flow rate was found out to be 0.1 mL/min.

2.7 Importance of Residence Time Distribution

Perfusion bioreactors dealt in this study have a high-aspectwéh large scaffold
diameter relative to the thickness. As the scaffold sizeases, the fluid distribution
can become non-uniform caused mainly due to two factors: i) chagrestid ii) dead
zones (Lawrence, Devarapalli et al. 2009). These types of non-urifmsnresults in
improper distribution of nutrients and non-uniform shear stress distnbuthich must
be avoided as it always lowers the performance of the unite(ispiel). Channeling
occurs when some of the fluid molecules bypass the bioreactor witlspetrsing in the
entire volume of the reactor. Dead zones are created when thedfles not reach
certain regions of the bioreactor and thereby reducing thetieéfecolume of the
bioreactor. If dead zones occur in regions where cells asemitedecreased nutrient
transport leads to the cell death or necrosis and it will affieet quality of the
surrounding cells as well.

To understand the fluid distribution in a reactor, residence timeibdison (RTD)
analysis is performed. Residence time of the reactor igdirttee the molecules have
resided in the reactor. Since different molecules reside flereft times based on their

distribution, a distribution in time is obtained. RTD does not dependeotype of cells,
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but only depends on the fluid distribution characteristics of the&obor. RTD signifies
the amount of time the cells and the nutrients are in contaca(®aalli, Lawrence et al.
20009).

Mean residence timey,ttan be calculated from RTD, which explains the mean time the
molecules spend in the bioreactor. If the molecules are distributed intiteev®lume of
the bioreactor, ideal residence time (also called spacg, tinean be calculated using the
ratio of the volume of the reactor to the flow rate of the groméidiom. Ideally, the
mean residence timg $hould be equal to the space time of the reactofomparing the
mean residence time to the ideal space time provides informain the nutrient
distribution characteristics. Decreasgdcan be attributed to different phenomena such
as dead zones and channeling which results in less consumption oftaut8eran ideal
design of the bioreactor is a one, which has space time nearhtedo@ mean residence
time. Distribution of nutrients in the reactor has to be unifdwmaughout the region of

the scaffold in the bioreactor to ensure homogeneity of the cells.
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CHAPTER Il

OPTIMIZATION OF BIOREACTOR VIA CFD SIMULATION
3.1 Introduction
The objective of this study was to simulate an axial-flow brieathat could support
high aspect ratio scaffold for tissue regeneration. Since nigtréee vital for the survival
of cells, the bioreactor design must have uniform nutrient distributicoughout the
scaffold. In addition, it is necessary to minimize the volumia@fioreactor to decrease
the holdup volume of the expensive media.
To fulfill these objectives, several parameters such asedenof the bioreactor and
semi-angle of the cone were varied. In each analysispthene of the bioreactor @v/in
mL), outlet oxygen concentration ¢& ouwin mol/n), maximum shear stress in the
scaffold in dyne/cnf) and pressure dropP in Pa) across the bioreactor were evaluated
from the simulation results. Based on these evaluations, a cotibgusauitable for
housing high aspect ratio scaffolds was selected for furttedysas. The effect of inlet
diameter, outlet diameter, thickness of the scaffold, flow rateeohutrient medium, and
permeability of the scaffold were evaluated. Based on thesgsasalchanges were

incorporated into the bioreactor design
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3.2 Setting the $nulation

Simulation was set upsing the following step(Figure 3.1)
1. Drawing the bioreactor she
2. Governing Equations and the Boundary Condit
3. Meshing the syste

4. Post-processinthe Result

()

(d)

Figure 3.1 Steps involved in CFD Simulation. (a) Cawing the system in the mode
view, (b) Governing Equations and the Boundary Conttions, (c) Meshing the

system, (d) Pos-processing the results

3.2.1Creating the Bioreactor Desigt
COMSOL Multiphysics v 4.2 was used to create thialdlow bioreactor desigrStep by

step procedure fadrawing the bioreactor is described Appendix A. In brief, Reacting
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Flow, Diluted Species the module was selected, which integrated free and porous media
flow (Fluid dynamics) and transport of diluted species (Reaction Engingehgsics.
Bioreactor geometry had 6 regions: the inlet, the bottom cone, tbagscaffold, hold

up region, top cone and the outlet.

3.2.2 Selection of Governing Equations and the Boundary Conditions
The governing equations and constants used in this study werardionthe previously
described conditions (Devarapalli, Lawrence et al. 2009). In lomifient medium was
assumed to have the physical properties of water at 37 °CFréaand Porous Media
Flow module was used to obtain pressure drop and shear stress profile. The
concentration profiles of oxygen and glucose were obtained Tir@msport of Diluted
Species module. Since cells are embedded in the scaffold, they wereemtsto be
part of the porous scaffold. The following assumptions were made ailying the
equations:
1. Incompressible fluid
Density of the fluid was assumed to be constant which resulted in thal$paui
of continuity as shown by the equation 3.1:
(7.v) =0 (3.1)
wherev is the velocity of the fluid.
2. Newtonian fluid
Resistance to flow of fluid was assumed to be given by the dwésvtaw of
viscosity

3. Steady state
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It was assumed that the properties of the fluid do not changdimihand also
there was zero accumulation of any quantity with constant inflow and outflow.
4. Uniform distribution of cells
It was assumed that the seeding of the cells on the porousldcatis done
uniformly so that a constant cell density throughout the region cfcdigold was
achieved.
5. Rigid bioreactor walls
It was assumed that the bioreactor walls were rigid sothieaho slip boundary
condition was valid at the fluid-solid interface.
6. Rigid porous scaffold
It was assumed that the microscopic structure of the porous sdcalfiblnot

deform during the process of cell culture.

3.2.2.1 Fluid Flow Characteristics

Bioreactor was divided into two domains/regions: porous and non-porous. The fluid flow

characteristics in the non-porous region were evaluated by using Naviers Stplaion:
plueV)u=-Ve|-z+ps| (3.2)

wherep is the fluid density (kg/f), p is the pressure (Pag; is the Kronecker delta

function andu is the velocity in the open channel (m/s). Density of the fhad taken as

1000 Kg/nf and dynamic viscosity was taken as 0.0006915 N.s/m

In the porous region, the fluid flow characteristics were governed byrBanlequation:
Vp:yvzus—%us (3.3)

wherek is the permeability of the porous mediwmdenotes the fluid superficial velocity
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vector, p is the fluid pressure and is the effective viscosity in the porous
medium(Truskey GA 2004).

Assuming uniformly distributed cylindrical pores in the scaffoldynpmability was
calculated using Kozeny equation (Truskey GA 2004),

ndiny
128

k =

(3.4)

where ny is the number of pores per unit area, @t the average diameter. The
permeability was calculated for chitosan gelatin scaffolth ware architecture similar to
a previous study (Podichetty 2009):

Table 3.1.Pore Architecture

No. of pores per mf(na) 318
Diameter(d) of pores(um) 55
Porosity,gp (%) 77

The initial velocity 4y was set based on the desired flow rate. The outlet pressigre w
equivalent to 1atm (or zero gauge pressure) and no slip at thenaalissed for the other

boundaries.

3.2.2.2 Nutrient Consumption Pattern
The concentration of nutrients, oxygen and glucose was evaluated wusingctve
diffusive equation:

Ve(-DVC,)+ueVC, =r, (3.5)

whereca is the concentration of species in mol/B is the diffusion coefficient of the
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species in water amd is the reaction rate of species A.

From literature (Dhane 2010), the diffusion coefficient for oxygewater was found to
be 1.1937*10 m?/s and glucose in water was 4.8¥16/s. These values were used in
the simulation studies. The consumption of these nutrients was akganiellow

Michaelis Menten’s equation, and the reaction rateas given by:

V,,C
[———M>A
A K, +C, (3.6)

whereVy, is the maximum reaction rate (mof&), Cais the inlet concentration of oxygen
(mol/m® and Ky is the Michaelis Menten constant (moljm From literature,
(Motterlini, Kerger et al. 1998; Alpert E 2002a; Devarapalli, Lewge et al. 2009) rate
constantKy andVy for oxygen and glucose for smooth muscle cells were obtained for
cell density of 1.2*1& cells/n. These kinetic parameters are liste@able 3.2.

Table 3.2.Rate Constants for Smooth Muscle Cells

Glucose Oxygen
Vu(mol/m®.s) 4.862*10 3.164*10°
Km(mol/nm) 0.93 0.205

An inlet oxygen concentration of 0.22 mof/mas used based on calculations using
Henry’s law at 37 °C and an inlet glucose concentration of 5.5rhals used based on
the growth media formulations utilized in culturing smooth musdles.c&hese values
were used as the boundary conditions for solving this system. Twrdctor the
constant cell density in the scaffold with various diameters aed, 8\ was calculated

using appropriate number of cells as described in Section 3.3.1.
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3.2.3 Meshing the System

Finite element method (FEM) in COMSOL: Multiphysics v4.2 appr@tes a partial
differential equation problem that has a finite number of unknown pagesnete.,
discretization of the original problem. The starting point forfithiée element method is
creating a mesh, partitioning the geometry into small unita simple shape, such as
triangle. These are called (mesh) elements. Since theatiorenodel involved more
than one geometric shape, free meshing technique was used. There aypéisretftee
meshing in COMSOL Multiphysics v4.2 namely free triangulage fguadrilateral and
free tetrahedral. The free tetrahedral mesh was usedafmus designs based on the
physical settings of the models. Also the simulator seletttedsize of each mesh
element to provide mesh-independent results. The number of nodes Hosyséem

changed based on the geometry of each bioreactor model.

3.2.4 Generating Results

After running the simulation, solution for each of the dependent variaodéved in the
equations were obtained. The desired profiles of the dependeablgarnamely the
pressure drop across the bioreactor, shear stress within ffiddsaad concentration of
oxygen and glucose were evaluated by creating 3D plot groups. The slioptatwas

used to create the 3D- profiles of the dependent variables.

3.3 RESULTS
3.3.1 Effect of Increased Scaffold Diameter

To study the effects of increase in the scaffold diameter,bioreactor diameter was
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scaled up to 2x, 3.5x and5x mm to accommodate corresponding dioédscaFor this
purpose, the angles and other geometric variations were propdytionateased.
However, the inlet and outlet diameters were kept the constémt.total volume of the
bioreactor was calculated by adding the volume of each regioheirbibreactor as
described below. The value of the kinetic paraméigwas based on the total number of
cells in scaffold of diameter 5x mm and thickness z mm andetheensity of 1.2*162
cells/n?. Hence the number of cells and the value gffaf 2x and 3.5x mm diameter
bioreactor was calculated based on the original cell density.as shdahlen3.3

Table 3.3.Values of the Number of Cells and

Diameter of the Number of cells Vu for oxygen Vw for glucose
scaffold(mm) (Million) (umol/m?.s) (umol/m3.s)
X 0.754 1.26 1.96
2X 3.01 5.06 7.78
3.5x 9.23 15.5 23.8
5x 18.8 31.6 48.6

The effect of scaling up the bioreactor was the increase ieautor volume from 4.66 to
319 mL. TheTable 3.4 shows the simulations results performed at a flow rate of
0.1mL/min, and pore size of 55um for bioreactors with different diened scaffolds.
Based on the conservation of mass, velocity would decrease withaseck cross
sectional area. Since fluid distribution area increased withsta#fold diameter, it
resulted in the reduction of hydrodynamic shear stresses in diiéold. The

hydrodynamic shear stress distribution across the scaffoldunié®am. Interestingly,
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pressure drop across the bioreactor decreased. The uniform dmtribLihutrients in
the entire scaffold was observed in all the bioreactors. They@\weoportional increase
in nutrient consumption due to increased cell number. This resultedreaded outlet
oxygen consumption.

Based on the previous work (Devarapalli, Lawrence et al. 2009)munnivolumetric

flow (v) was calculated using the relation:

o | =vAC, IV, (3.7)

Oz finlet
where \k is the volume of the bioreactor an@o; is the desired change in concentration
of Oxygen at the bioreactor outlet. Valug-ef0,);,;.; Obtained from the Michaelis-
Menten kinetic equation with the constant values fréable 3.2 was 16.36x1

mol/m®s. The volume of the bioreactor was found using the equation

VR:(MF\?th) +Ventry + Ve

scaffold entry exit

(3.8)

where,rris the radius of the bioreactdrjs the thickness of the reacteg,is the porosity
of the scaffoldVenry is the volume of the inlet and the entrance cone region which is a
frustum whose volum¥&usum) iS given by the following equation

mh(Rr+r?+R?)

Vf rustum — 3 (3.9)

Whereh is the heightR is the radius of the lower base and the radius of the upper
base of a frustum of a con&,,; in equation 3.8 is the volume of the outlet and the exit
cone region which is again a frustum. Using a deslggvalue of 0.12 mol/rh) from

equation 3.7, volumetric flow rate was calculated to be 0.1mL/min.
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Table 3.4.Effect of Increased Scaffold Diameter

D (mm) X 2x 3.5x 5x
No. of Nodes 92743 127344 144701 15447

Vg (ML) 4.66 14.02 116 31¢

AP(Pa) 0.09 0.02 0.007 0.00¢
t(udyne/cnd) 50 11 3 1.4

O, Conc.

Profile

(mol/m®)

G500

TO |

Co2,out(mol/m)

0.219

0.215

0.18

0.09¢
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3.3.2. Influence of Semi Angle on Nutrient Distribution

In order to minimize the volume of the bioreactor, semi-angteetntry and exit cones
were varied from $40 2.76 s& while keeping the inlet and the outlet diameters the same
(Table 3.5. As anticipated increasing the semi-angle at the entrandethe exit
significantly decreased the volume of the bioreactor. To understamchplet of these
changes on fluid flow and nutrient distribution, simulations wertopeaed at a flow rate

of 0.1mL/min and a scaffold pore size of 55um. First, the number of nodesch
bioreactor was increased with semi-angle. However, theremavagnificant alteration

in the pressure drop in any of the bioreactors and the pressure drop ranged iagaldlipa
On the contrary, a significant increase in the shear stresslgasved when the semi-
angle was 2.76 8a But this value of shear stress was relatively low to dfigtow
through configuration (Dhane 2010) which was 1000udyrfe/cincreasing the semi-
angle above 1.5 $ahowed reduced flow distribution towards the circumference of the
scaffold. This resulted in reduced consumption or increase in the axtygen

concentration. Hence, a modification in the design was necessary.
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Table 3.5.Influence of Semi Angl on Nutrient Distribution

Angle sd 1.5 s& 2 sd 2.67 sd
No. of nodes 99174 111068 112892 122488
Vr(mL) 496 319 197 77.0
AP(Pa) 0.003 0.004 0.004 0.004
t (udyne/cni) 1.5 1.6 1.7 30
O, Conc. %
Profile
(mol/m®)
o = o ® N
Coz,ou{mol/m®) 0.097 0.098 0.1 0.12
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3.3.3. Incorporating a Distribution System

Increase in the semi-angle of the entry and exit shapes tedbeevolume of the
bioreactor while not providing uniform nutrient distributighgure3.2 (a)) To improve
the nutrient distribution in these bioreactors, modifications werddenes! in the section
immediately below the scaffold. Initially, this cross-sectih not have any distributor
systems. Hence, concentric baffles were inserted at ragtdarals to regulate the flow.
Yet, the distribution was not satisfactory as seen ffagnre 3.2(e) Hence, a bioreactor
with distributor systenfFigure3.2(c))was designed. To make the construction simpler,
conical structure beneath the scaffold was eliminated andepkced with a cylindrical
structure having a thickness of z mm. On this cylindricailcttre, eight distributors in
the form of a cuboid were inserted with equally spacing. Eacdhbditor had z mm
width, z mm depth and z mm long. Upon, this, were the outlethdonutrient medium
which were in the form of cylinders having 0.5z mm height and adiaseeter of 0.75z
mm. The nutrient distribution for this desi¢fhigure 3.2(f)) was satisfactory as it had
uniform distribution throughout the region of the scaffold which can ba f®m the

scale inFigure 3.2(g)showing the concentration of oxygen in mol/m
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Figure 3.2Effect of bioreactor design on nutrient distribution.(a) to (c) Side view of the bioreactor, (d) to JIOxygen

Concentaration. Profile across the scaffol in the region immediately beneath the scaffold , ) Coin mol/m?



3.3.4 Effect of Changes in Inlet and Outlet Diameters

In the new design of the axial-flow bioreactor, the effectshainging the inlet diameter
(id, 2id and 3id mm) and the outlet diameter (od, 2od and 3od mm) weredstudie
independently. The semi-angle of the cone was proportionally chadwggung the
height constant. Observed simulation results are showralre 3.6 and Table 3.7.
Overall, no effects with change in inlet diameter or the bdilmeter were observed in
the pressure drop, maximum shear stress and the nutrient distripaiiern. Hence, the

initial design was used in subsequent studies.
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Table 3.6. Effectof Inlet Diameter on Pressure Drop and Nutrient Concentratiot

Diameter(mm) id 2id 3id
No. of nodes 382484 400781 421787
e
BT . _ T
° ™ = ® o ~ S o @
AP(Pa) 18.8 17.0 17.5
t(udyne/cnd) 3*10° 3*10° 3*10°
Coz.ou{mol/m®) 0.219 0.219 0.219

Each of the above bioreactors had a hgddsolume of 61.5mL and ttsimulations were performed for a flow rate 5 mL/min and

pore size of 55 um.
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TABLE 3.7. Effect of Outlet Diameter on Pressure Drop and Nutrient Concentratior

Diameter(mm)

od

2od

3od

No. of nodes

117516

AP(Pa) Profile

585617

75730

AP(Pa) 14.2 14.2 14.2
t(udyne/cnd) 3*10° 3*10° 3*10°
Coz.ou(mol/nT) 0.217 0.217 0.218

Each bioreactor had a holgh volume of 61.5mL and the simulations were pentxt for a flow rate of 25 mL/min and pore size

55 pum.
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3.3.5 Influence of Scaffold Thickness

Tissues come in different thickness. To understand the possdiilgsowing different
thickness of tissues, scaffold thickness was increased from zrorBand simulations
were repeated. All other dimensions were kept constant includieg and outlet
diameter and semi-angle. Further, the cell density was keptant i.e., number of cells
in the reactor was proportionally increased with thickness. Tremsdts Table 3.8)
showed that increase in thickness marginally increases pressyracross the reactor.
However, shear stress did not change as the same volumetriafeowas used. Despite
increase in number of cells to maintain constant cell dertbigye was no significant
decrease in the outlet concentration of oxygen. This suggesteth¢héibw rate is

sufficient to grow tissues up to 3z mm thickness and no additional changes are required.
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Table 3.8. Effectof Scaffold Thicknesson Pressure Drop and Nutrient Concentratior

Scaffold Thickness z 2z 3z
(mm)
No of nodes 400781 436670 385673
Vr(mL) 61.59 77.09 92.67

AP(Pa) Profile

wrrertiivere ee— e —

L S s

AP(Pa) 17 19.9 21.4

7 (ndyne/cnd) 3*10° 3*10° 3*10°
Coz.ou(mol/m®) 0.219 0.215 0.210

All the simulations were performed at a flow rate25mL/min and a pore size of 55 um.
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3.3.6 Effect of Flow Rate

The flow rate of the nutrient medium was increased from 5mL/min to 25 mL/min. Asms&mnm
flow rate exposes the cells to higher shear stress and gresspr; these two become important
parameters for this particular study. From the results, & el@served that as the flow rate
increases, the pressure drop across the bioreactor also increhsds,s explained by the
Hagen-Poiseuille equation. THeable 3.9 shows the effect of flow rate on pressure drop and
nutrient concentration. Dimensionless numbers such as Reynolds aetl iRenbers were
calculated at 25 mL/min. Maximum Reynolds number measured @&dswhich shows that the
flow was laminar. Peclet number measured at the middle afctd#old for oxygen was 45.83
and for glucose was 11.46 which imply that the nutrient flow througipdheus scaffold was

convection dominant.
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Table 3.9Effect of Flow Rate on Pressure Drop and Nutrient Concentration

FlowRate 15 20 25
(mL/min)
No. of nodes 400781 400781 400781

S e ——

Profile
I T .
N - @ @ 5 5 = &
AP(Pa) 10.0 13.5 17.0
t(ndyne/cr) 2*10° 2*10° 3*10°
Coz.0ut 0.219 0.219 0.219
(mol/m®)

Each bioreactor had a holgh volume of 61.5mL and the simulations were pentat for 55um pore siz
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3.3.7 Effect of Permeability on Pressure Drop

During tissue regenerative process, cells proliferate, scaffgjchdes, and extracellular matrix
deposition takes place. These transient processes alter theapéitm of the scaffold,
eventually decreasing its value to the level of mature tigsteatould be replaced in the body.
To understand the implications of these dynamic changes, siomslatiere carried out altering
the permeability in the Brinkman equation. To provide a physicareatiithe reduction in
permeability, different pore sizes were assumed while not changingrtiieen of pores. Similar
to our previous report (Lawrence, Devarapalli et al. 2009), teespre drop increased with
reduced permeability. The pressure drop was inversely proportomdd as predicted by the
Brinkman equation. The permeability changed along with the pore(Ba®de3.10. The
process of tissue regeneration would reduce the pore space aviaiaied flow. Hence the
pore size decreased but the number of pores per area would remaongtent. Hence, to
understand these dynamic changes, simulations were carried out witbrdiffere sizes ranging
from 25um to 75 pum at nutrient medium flow rate of 25 mL/min andtaahsumber of pores
per unit area of 318 pores/mrtPodichetty 2009). Thd&able 3.11 shows the effect of
permeability on pressure drop.

Table 3.10 Effect of Pore Size on Permeability

Pore Size(um) Permeability(*16m?)
25 305
50 4878
75 24700
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Table 3.11 Effect of Permeability on Pressure Drop

Pore Size(um) 25 50

75

No. of nodes 400781 400781

40078:

AP(Pa) Profile

L e

I
AP(Pa) 69.3 4.68 1.21
t(udyne/Cm) 0.6*10° 0.6*10° 0.6*10°
Coz,ou{mol/m?) 0.218 0.218 0.21¢

Each bioreactor had a holgh volume of 61.5mL and the simulations were pentxt at a flow rate of 25mL/m|
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3.4. Summary

Thus the bioreactor design was optimized using the simulation.olttserved that with
increase in scaffold diameter, the hold-up volume increased. educe the hold-up
volume, the semi-angle was increased. However, the resultimgndest non-uniform

distribution of nutrients. Hence the change in the design of the btiorewas

incorporated by adding a distributor system. This design wastesgtleor further study
and optimized as it yielded uniform nutrient distribution and sheessst There was no
significance of the change in the inlet or outlet diametut when the flow rate was
increased, the pressure drop across the bioreactor increasedwhdsahe thickness of
the scaffold was increased, the outlet oxygen concentration dedydas still was more
than the minimum oxygen concentration required for the survival ofalle cThe pore

size was changed to study the effect of permeability iarmdas observed that with

increase in the pore size, the pressure drop across the bioreactor decreased.
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CHAPTER IV

EXPERIMENTAL VALIDATION
4.1. Introduction
In the previous chapter, various design features of the dowalbioreactor were studied.
From these simulations, a high-aspect ratio bioreactor contigiravith distributor
system shown ifrigure3.2(c) was suggested to be suitable for culturing cells. In order
to understand the utility of the simulation, experimental validatioth®fmethodology
and nutrient distribution is necessary. A bioreactor prototype awastructed for
experimental studies. Scaffolds of chitosan gelatin werecktled using Controlled Rate
Freezing and Lyophilization Technique (CRFLT). Using the bmoraand the scaffold,
experiments were performed at same flow rates as inithdagion studies to measure
the pressure drop across the bioreactor. In addition, to underdtandutrient
distribution in the bioreactor residence time distribution analysisilg step input

technique was performed.
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4.2 Materials and Methods
4.2.1. BioreactorConstruction
Bioreactor was manufactured using biocompa polycarbonate polymer(Mathur,
Collier et al. 1997). For the purpose cloading the scaffold and the cells, bioreax
assembly was split into two pieceFigure 4.1):

)] top piececontainingthe conical structure and outlet and

1)) bottom piece containing the et and the distributor system.

Both pieces were attachwsing stainless steel screasd they house a cavity which

used for placing the Teflon sheet and the sce.

Figure 4.1 Constructed Bioreactor Pieces.4) Bottom piece of the reactor showin
the distributor system, (b) Teflon sheet with spritklers placed on the distributor

system, and(c) Top piece of the reactor showing the conical sigon.

4.22. Preparation of the Porous ‘caffold

Chitosan with 19810 kDa MW and 85% degree of deacetylation, Geladtype-A

(Bloom 300), and glacial acetic acid were obtaifrech Sigma Aldrich (St. Louis, MO)
Ethanol (200 proof) was obtained from Aaper Alcoremidd Chemical Compar
(Shelbyville, KY).

47



Chitosangelatin solution was ppared in 0.1M acetic acidising deionized wat.
Scaffolds were dbricater using CRFLT Figure 4.2, following a methodolog
extensively used in our laborat: (Madihally and Matthew 199%loshfeghian, Tillmar
et al. 2006). In briefa well of known diameter was @pared on Teflon sheet usi
silicon glue and thehitosal-gelatin solution was poured the well and was frozen -
80°C overnight. On top of the frozen solution, a wet paper towes \wkaced to remov
the skinny layer and the assembly was refrozeior Ry lyophilization (or sublimation
paper towel containing the skinny layer was peetéti Frozen solutions wel
lyophilized ovenight using bench top Virtis freeze dryer (Gardjndl). Removal of

ice by sublimation resulted in pores resemblingsifepe of ic.

[aw]
. = ® .- A

Polymer Cooling o @ [an] Sublimation

o 3 [ .- (e} 3
Solvent --- .-
e ® o
® @9 o

Homogenous solution Crystallization Polymer Foam

Figure 4.2.&hematic of theCRFLT Process wsed in Scaffold Ceneration.
Prior to using these scaffoldacetic acid remaining in the scaffdhids to be remov..
For this purpose,ried samples were first incubated with f ethanolfor ten minutes and

washed four times witphosphate buffered saline (PE

4.2.3. Validating Pressure Drog
Experiments were performed tmeasure the pressure drop fadw rates used |
simulation studiesin order to validate the governing equations usethe simulation.

Experimental set umonsised of a fluid reservoir, a variable speeMasterflex L/S
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peristaltic pump, an in-line physiological pressure transducapt(CSP844, Capto, and
Skoppum, Norway), the in-house fabricated bioreactor and a waste corftaguee4.d).
The pressure transducer was connected to a computer via Powerl&y<ism (ADI
Instruments, Inc., Colorado Springs, CO) and data were acquired @sarg™ 5 for
Windows. In all experiments, averaged voltage values for 1 minuteictunaere
recorded. A correlation was developed between voltage measurédteasatresponding
pressure drop, with the help of a manometer (Podichetty 2009). Froenréplecate
experiments, average calibration was found to be:
Pressure (in Pa) = 4287.3*Voltage (in mV) + 6512.6.

This relationship was used in all pressure drop determination exgegsim Peristaltic
pump was also calibrated for the tubing size by determininfdherate to the settings
on the pump. The volumetric flow rate was determined by collecting the volunegef w
in one minute using a measuring jar. A calibration was developagdetthe pump
setting to the actual flow rate, which was used while setting various ftes ra
Experiments were conducted at flow rates of 5,10,15,20 and 25 mL/min. afAferng
the bioreactor to achieve a steady voltage, voltage readergsmeasured. Experiments
were performed in the following three conditions:

i) without bioreactor-the bioreactor was removed from the flow system and the tubes

were connected to measure the pressure drop without the bioreaatdr.tifae the

pressure reading was subtracted from the pressure drop value #owerates. This

difference gave the pressure drop due to fittings and tubing inldhe sfystem

without the bioreactor.
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Figure 4.3.Experimental Setup to Measure Pressure Drop agss the Bioreactor. (a

Feed, (b) Pump, (c) Bioreactor, (d) Pressure transater, (e) Powerlab, (f) Outle

i) with the bioreactor and without scaffold- the bioreactor was placed in the fl
system withoutthe scaffold and the pressure drop was meast Again, each
pressure reading was subtracted from the pressune a zero flow rate. T
determine the pressure drop due to the bioreatboe di.e., without the scaffold
pressure drop from the exgpments without the bioreactor were subtrac

iii) with the bioreactor and 2%-2% chitosan-gelatin scaffolds - the scaffold was
placed inside the bioreactor and the pressure weagpmeasure( Then pressure drc
was subtracted from the value measured at zerortbev To determine the press
drop due to the bioreactor and scaffold, pressup &tom the experiments witho

the reactor were subtract
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4.2.4 Residence Time Distribution Analysis

The flow system used to measure the pressure drop was modiftpae( 4.4) to
introduce a tracer in the step input mode, similar to a previous ptidniqghawrence,
Devarapalli et al. 2009). In brief, the tubing system was dedign order to include two
fluid reservoirs and two waste containers. Two separate tulrespassed through the
peristaltic pump, one from a water reservoir and another fronsexviar filled with

tracer solution.

Tracer Sample
Solution \1 Collection
L
|
V2 |
Tracer | Pressure
° ° Waste | Transducer
|
V3 H :
L |
I
Water Water 1 To computer
Waste ¥

Figure 4.4. Schematic of the Perfusion System to Assess the Residénoe
Distribution in the Bioreactor (Original source: (Devarapalli 2008))
These tubes were connected using 2 three way stopcocks (V1 ankaY8)verted the
fluid either towards the bioreactor or into a waste containere o sides were
connected using a three way stopcock (V2), allowing dye solutievatar to enter the

bioreactor.
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The following steps were used to measure the mean residence,tohé)e bioreactor:
Step 1: The flow system was primed with the valve positiaghsolye waste and V3 to
bioreactor to circulate water through the bioreactor. Wass mun through the system
until steady state was obtained. Once the steady statetef was reached, tracer
solution was introduced into the bioreactor, by changing the posfiovii and V3
simultaneously: V1 was opened to the bioreactor and V3 was divertedter waste
container. Upon introduction of the tracer, 0.5 to 1 mL samples wdeeteal at various
times until 4 times the space time (from rule of thumb, ttodeur times the space time
was the transient time needed for steady state).

Step 2: One hundred micro liter of sample from each time pointispensed in to a 96-
well plate. Based on the initial spectral scan of the traokution, absorbance was
measured at 490 nm using Spectramax Emax spectrometer (Moldaelaces,
Sunnyvale, CA). Absorbance of the original tracer solutiog) (#as measured and
A(t)/Ap was calculated. Based on Beer's Law, the relative coratemtrC(t)/G was

calculated from equation 4.1

cw _ Ay
G A

Step 3: Using Sigma Plot 12 (SPSS Science, Chicago, IL), G(iV/&s plotted for

(4.1)

various time points. Based on the curve characteristics, Chapmaar3eper equation

(4.2) was selected to fit the data points
C(t) bt |°
c d1-e") (4.2)

where a, b and c are the constants, which were determinedify tite experimentally

obtained C/@vs t curve.
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Step 4: The residence time distribution function, E(t), for a pos#iep change in the
tracer concentration was calculated using the equation (Fogler 2006)

E(t) = %{Cmcl_x(t)} (4.3)

For this purpose, Chapman 3-parameter equation was differentiated w.ahtimeed to
calculate E(t) at various time steps.

Step5: Mean residence time was calculated using the equation 4.4

TtE(t)dt
t _ 0

mean —

w (4.4)
jE(t)dt

0
For this purpose, tE(t) was calculated at different time iaternand integrated
numerically to find the area under the curve. Further, E(t)dtalasintegrated for the
experimental duration. Although the denominator in Eq.(4.4) should equklfoo
infinite time, but it was less than 1 in all experiments fqregimental duration. Hence
the numerator was divided by the denominator value to oltain t
Experiments were repeated three times for each condition andgesmalere performed
individually to determinet.an The average values were calculated along with the
standard deviations. Significant differences between two groupsewaheated using a
one way analysis of variance (ANOVA) with 99% confidence intervéhen p<0.05,

differences were considered to be statistically significant.
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4.3 Results and Discussion

4.3.1 Pressure Drop Comparison

While performing CFD simulations, various assumptions were used ingluithe
calculation of permeability using cylindrical pores for chitogatatin scaffolds prepared
by freezing at -80C. Hence, validating the simulation results with experimeetallts
was necessary. For this purpose, scaffolds were prepared atateomditions and
pressure drop was measured experimentally at various flow rdtes. pressure drop
values obtained from the experiment were compafadufe4.5 with those from
simulation to validate the governing equations used in the simulalio&.pressure drop
values recorded in each step are showhaiples B.1 -B.4in Appendix B. These results
indicated less deviation in pressure drop for the bioreactor withowscHifold between
the simulation and experimental results. In the presence of the scdféojtessure drop
increased linearly with flow rate. When the scaffold was gmsthe fluid passed
through the porous medium which resulted in increased pressure drop.
Experimentally determined pressure drop values with the scafiigdds approximately
double the simulation values at all flow rates. Since the peeginap is inversely
proportional to the scaffold permeability in the Brinkman’s equation (fmqua.3), it
was suspected that this deviation was due to reduced permeaDitigypossibility is that
incomplete removal of the skinny layer in the scaffold could inerd¢las resistance to
flow by decreasing the number of open pores that allow fluid fldw.understand this
possibility, simulations were performed at different flow rates usitfglmvalue of the
original permeability. These simulation results agreed withetkgerimental results

suggesting the possibility of reduced permeability due to skinny layer.
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Another possibility is that the permeability value calculations Kozeny iequadsed on

cylindrical pores oriented in the direction of flow may not be apmmtg This is
possibleas the same assumption was valid in flow-through bioreactor. eHaatuating
the permeability with the assumption of pores aligned perpendiculae ftotv direction

is necessary. Curvatures within each pore could increase the resistioge t

40 ~
&
® Experiment- No Scaffold
O Simulation-No Scaffold
A  Experiment- with Scaffold v
30 4 V¥ Similation- with Scaffold
< v  Slmulation with k/2- with Scaffold
o
o v
o
) &
20
o v
7 v
0
bt A
o v v
10 - v
& v
v 8 8
0 © o Q 9 : .
0 5 10 15 20 25

Flow rate (mL/min)
Figure 4.5Experimental Validation of Pressure Drop (Pa) vs. Flow Rate (mbdin)

4.3.2 Residence Time Distribution
One of the requirements of bioreactors is uniform distribution of miri@ the entire
scaffold area. Residence time distribution (RTD) analysisised to measure the

dispersal of a molecule in a flowing medium owing to the combingdnaof a velocity
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profile and molecular diffusion. The RTD experiments were padd in the axial-flow

bioreactor to understand the distribution of nutrients. A red coloreddgedracer was
used to determine the nutrient mean residence time in the boredtt three set of
conditions, i) bioreactor without the scaffold and without the distribufobioreactor

without the scaffold and with the distributor and iii) bioreactor thih scaffold and with
the distributor.

The changes in the tracer concentration at the bioreactor oetletplotted for various
time periods Figures 4.6) TheTables B.5, B.6and B.7 in Appendix B shows the

values recorded experimentally. The results showed that duringattiareoperation

without the distributor and without the scaffold, the tracer exitedbioreactor sooner

compared to other cases.
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Figure 4.6. Transient Changes in the Concentration of the Tracer at the Outlef
the Axial Flow Bioreactor

When distributor alone was present without the scaffold, the traokrldonger time to

exit the bioreactor, even compared to with the scaffold operationowever,
incorporating the scaffold into the bioreactor reduces the free eobfnthe bioreactor
which results in reduced residence time; free volume is the spadable for fluid flow

i.e., subtracting the volume occupied by the scaffold biomaterihttee distributor. This
could be the reason for observed difference between with and without the scaffatd resul
Next, E(t) was calculated for different time steps and plo#gda function of time
(Figures 4.7. The E(t) peak heights for the case when the bioreactoropasted

without the distributor and without the scaffold (case 1) and whetbitteactor was
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operated with the distributor and with the scaffold (case 3) higheer than for the case

when the bioreactor was operated with the distributor and without the scaff@djcas

1.6
1.4 4 e without distributor and without scaffold
o with distributor and without scaffold

1.2 1 E v  with distributor and with scaffold
1.0

\d

ﬁ 0.8
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0.4 T
MR
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O
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0.0 t‘, - o 'OQCVO,O'OQKHD, * o v % o9

0 2 4 6 8 10 12

time (min)

Figure 4.7E-curve for the Axial Flow Bioreactor
Additionally, peak spreading was observed in case 1, case 2, an@® ¢adiating
dispersion of the tracer or flow non-idealities. These obBengsuggest that there are
dead-spaces within the bioreactor.
To understand the distribution of nutrients, tE(t) curvgres 4.8)was plotted from
which t, was calculated. The,tfor the bioreactor without distributor and without
scaffold was (29t 1.9) s, which was significantly smaller than the bioreactdh wi
distributor and without scaffold (11445.3) s. This could be attributed to channeling

without distribution as observed in the simulation. Some axial flmrehctors which
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have not used distributor or entrance cone to facilitate nutrienibdigtn may be

subjected to similar effects(Bancroft GN 2003). Hence,

0.5
° without distributor and without scaffold
E{ o with distributor and without scaffold
0.4 v with distributor and with scaffold

{ o O
0.3 - o =

tE(Y)
O

0.0 T *— *- T 9- T @ T L 2 T

time(min)

Figure 4.8 tE(t) vs t Curve
incorporation of a distributor is essential to disperse the ntdrieWhen scaffold was
introduced into the bioreactor, tm decreased marginally (309§ attributed to
decreased free volume.
To compare the deviations in the distribution of nutrients from ideatlitions, space
time was calculated using free volume of the reacfable 4.1)for a volumetric flow
rate of 15mL/min. Theytfor the bioreactor without distributor and without scaffold
obtained experimentally was 6 times less than the calculatad.vThis implies that the

fluid distribution was limited to only 15% volume in the central regibrcorporation of
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the distributor into the bioreactor distributed the nutrients tdyné8% of the bioreactor,

suggesting significant improvement in the nutrient distribution.

Table 4.1.Comparison of Residence Time Distributions

with scaffold

Bioreactor type Free | Mean residence timgy,(min) | Distributed Dead
Volume | Theoretical| Experimental| Volume Volume
(mL) (mL) (mL)
Without distributor 48 3.2 0.48 7.2 40.8
and without scaffold
With distributor and 41 2.73 191 28.65 12.35
without scaffold
With distributor and 37 2.47 1.83 26.4 9.6

Presence of scaffolds also showed similar distribution.

Fronsithelation results, it

could be suggested that additional holes can be incorporated into theutbstwhere

low oxygen concentration is observédigure 3.2(f)).

One could connect annular

channels into the bottom piece of the bioreactor near the periphery of the cylinder.
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CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The axial-flow bioreactor developed had several advantages thanrteatly available
ones. However, various geometric factors affecting the diswibati nutrients in axial-
flow bioreactor for use in tissue regeneration are not well stwtt. The current study
evaluated the influence of various factors on nutrient distributionaxal-flow
bioreactors with an ability to accommodate high aspect ratioegss The following are

the conclusions based on the two specified aims::

Specific Aim 1: Optimization of Bioreactor via CFD Simulation

i) When the diameter of the bioreactor was scaled up from x to 5 thenhold-
up volume of the bioreactor increased from 4.66 mL to 319 mL. However,
the nutrient distribution was similar..

i) When the semi-angle of the cone was increased for the 5 x mmetdia
bioreactor from sa°® to 2.67 sa°®, the volume of the bioreactor dedrease
drastically. This also affected the nutrient distribution, paditylat the
periphery of the scaffold.

i) When the distribution system was incorporated in the region imneédiat
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Vi)

below the scaffold, nutrient distribution increased to larger reguinthe

scaffold.

Changing the inlet diameter or the outlet diameter while keegiingther
configurations constant had no effect on the hydrodynamic chasticeeand

the nutrient distribution.

When the thickness of the scaffold was increased from z to 3 awitim
constant cell density, pressure drop increased. Further, the outlet
concentration of oxygen decreased marginally. However, the outlgeoxy
concentration was still higher suggesting the possibility of grgwhicker
tissues using axial-flow bioreactors.

When the flow rate was increased from 5 mL/min to 25 ml/min teespire
drop across the bioreactor increased from 10 Pa to 17 Pa. To undemnstand t
changes in nutrient transport during tissue regenerative process thie pore
sizes could decrease, the pore size was decreased from #B2anum.
During this time, the pressure drop across the bioreactor detrease69.3

Pato 1.21 Pa but there was sufficient oxygen for the growth of cells.

Specific Aim 2: Validation of the Simulation Results with the Expeninents

When the flow rate was increased from 5 mL/min to 25 mL/min the
experimental pressure drop for the bioreactor without the scafiotédased

from 0.5 Pa to 2.8 Pa. Pressure drop obtained from the simulation for the
bioreactor without the scaffold increased from 0.26 to 1. 76 Pa forathe s

change in the flow rate. Hence the experimental resultslatall the
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simulation of the bioreactor in the non-porous region. When the expesiment
were conducted for the bioreactor with the scaffold the pressureadrops
the bioreactor increased from 6.3 Pa to 38.6 Pa, whereas the mimulat
pressure drop increased from 6.2 to 17.0Pa. The reason for the dewiation i
the pressure drop at higher flow rates was attributed to theyskiyer in the
top region of the scaffold. Hence, when the simulation was pestbruith
half the value of the initial permeability used, the pressure dromased
from 6.2 Pa to 31.7 Pa.

i) Dead volume obtained from the RTD analysis for the bioreactothput the
distributor and without the scaffold was 40.8 mL ,and ii) with tiséributor
and with the scaffold was 9.6 mL. Experiments suggesting thigakezin
the dead volume with the addition of the distribution system validete t

simulation results.

5.2 Recommendations
The future recommendations of the study can be:

Improvement in distribution system: Current distributor systeaneased the nutrient
distribution to nearly 70% of the bioreactor. However, additionalilligor systems
have to be evaluated to ensure nutrient distribution in the enti@nrefthe scaffold.
For example, the distributor systems in the form of annulus negettighery of the
scaffold could be implemented to improve the nutrient distribution and thereby raduce t
dead volume of the bioreactor. However, simulations have to be perfooneftrm

these possibilities.
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Asymmetrical openings in the Teflon sheet over the distributotiosei.e., smaller
diameter distributors near the center and larger diameténbdisrs towards the
periphery of the bioreactor to make sure that the shear strefiseamgtrient distribution

is uniform throughout the region of the scaffold.

Experimental Validation of bioreactors: In this study, RTD studiex® performed using
the scaffolds. However, to understand the utility of the biooeatd to validate the
nutrient distribution with consumption, cell culture studies have to Herpeed. One
has to seed the same number of cells and measure the outlet oaggentration as well

glucose concentration.

Pressure drop studies showed difference between the experimentation andogsimulati
These could be attributed to the presence of skinny layer. Further experare
necessary where skinny layer is completely removed and then pressurerdssylfae
bioreactor is determined experimentally matches with the simulasoltse However, if
there is a discrepancy between simulation and experimental resultsteigstsould
suggest modification in the calculation of permeability. Alternative, scaffolsared

by other techniques such as electrospinning and salt leaching could be employed to

validate simulation methodology.
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APPPENDICES

APPENDIX A: COMSOL 4.2 Manual

1.Start > All Programs > COMSOL 4.2>Click onCOMSOL Multiphysics 4.2.

Model.

Windows Anytime Upgrade
& Windows DVD Maker
E=d Windows Fax and Scan COMSOL
S Windows Live Mail
£2 Windows Live Messenger
B Windows Live Movie Maker
& Windows Live Photo Gallery Pictures
£ Windows Media Center
@ Windows Media Player

Documents

Music

m

] Windows Update

- XP5 Viewer Computer
 Accessories
, COMSOL4.2 Control Panel

'3 COMSOL Multiphysics 4.2 oL
a Model Animations
[5] Uninstall COMSOL Multiphysics 4.2
J 32-bit
| Client Server Help and Support
, Docurmnentation

Devices and Printers

Default Programs

. License Tools -

1 Back

| Search programs and files » | G Shut down e
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2. After opening COMSOL 4.2, the model wizard asks for the spacendion. Select

3D.

Then Click on the arrow mark above which reads Next.

File Edit Wiew Options Help
D88 s B&
K'fl: Model Builder = (1% Model Wizard = O || ¢h Graphics ™

i

"='s M B3| Select Space Dimension o
13 Untitled.mph (root)
= (Global Definitions @ 3D
5 Results () 2D axisymmetric
© 20
(71D axisymmetric
o1D
oD

3. In the Add Physics Windows go to Chemical Species Transporttiiteddow,

Diluted Species. Then click on the ‘+" button to add the selected physics.
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3

:51'

Add Physics

a2

X

X

'.l.l]

S

Recently Used

f_,.:qt Reacting Flow, Diluted Species (rfds)

E‘,‘ Transport of Diluted Species (chds)

#2 Heat Transfer (ht)

1% Turbulent Flow, k- (spf)

== Laminar Flow (spf)

AC/DC

Acoustics

Chemical Species Transport

Iﬁ Surface Reactions (chsr)

E Transport of Diluted Species (chds)

(1 Transport of Concentrated Species (chcs)
2 MNernst-Planck Equations (chnp)

. Species Transport in Porous Media (chpm)
-E-« Reaction Engineering (re)

Et' Reacting Flow, Concentrated Species (rfcs)
f_;.-'-t Reacting Flow, Diluted Species (rfds)

1 Flrchest (flch

[ »

m

§

Selected physics

m
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4. In the dependent variables part of the model wizard, select the nahdpecies as 2
and label them as c1 and c2 in the concentrations column and keegt heites. Click

on the ‘Next’ button.

mm =8

Selected physics

‘,f,_}_ Reacting Flow, Diluted Species (rfds)

Dependent variables

Mumber of species: 2
Concentrations: 1
o2
ol
F .
Velocity field: u
Velocity field components: u
\
w
Pressure: p
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5. In the Select Study Type, Click on Stationary. Then click orskibutton located

above.
+3 Model Wizard = 0
Select Study Type & A
Studies

4 % Preset Studies

[~ Stationary

[, Time Dependent
. % Custom Studies

Selected physics

.= Reacting Flow, Diluted Species (rfds)

6. In the Settings window select the Length Unit as mm.

7. In the model builder window, go to modell and right click on Geometndlsalect
Work Plane. In the setting window for work plane, select the medju-coordinate.

Right click on Work Plane and rename as Inlet.
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8. Next right click on Geometry located inside the work planestirdnd select Circle
and edit the radius field as desired. Then Click on Build Selected button located above.

5 Untitied mph - COMSOL Muttphysics

File Edit View Options Help
DB 8 s & H~ S r NI E&E @
1T Model Builder = 8| kil Settings
- F— D - IL.I
= Mg By A Geometry

4 1% Untitled.mph (roct)
= (Global Definitions

4 W) Model1 (modl)

[ = Definitions

4 & Geometryl
4 [ Inlet (wpl)

¥ Geom[™— ;
b View ? #  Buld All F&
ﬁ Form Unic 2 Import
#E Materials

> [ Freeand Porg *{_) Circle
[ [‘i",' Transpert of [ *.—  Ellipse

-:a:m% Mesh 1 S e
e ==Y Stl..ld],fl -
» igi Results [ Square
* / Bézier Polygon
*f5. Parametric Curve

Point

Pelygon

H
*#  Edit Object
=

Measurements
<#Z] Rename F2
Properties
Dynamic Help F1
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9. Then click on the Zoom Extents Button locatethm graphics windo\

==
W =i L
T

—_ — . - - —  —

10. Right click on Inlet in the model builder windand select Extrude. In the settir
window edit the distance from Work Plar This completes the procedure for creatir

work plane and extruding
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T Mode! Builder

'T Mg T O

1% Untitled.mph (oot
= Global Definitions
v Model 1 (modl)
= Definitions
'}E\ Geometry 1
& Inlet (wpl)
'}E\ Geometry
Circlel (c1)
[xy View 2
Extrude 1 (extl)
#¥ Form Union (fin)
# Materials
;}; Reacting Flow, Diluted Species (rfds)
£S5 Meshl
22 Studyl
Results

l’ Settings 7

& Extrude

+ General

Waork plane: ’wpl v] =

Input chjects:

wpl dk

Keep input objects
Keep cross-sectional faces

+ Distances from Work Plane

Distances (mm)

3

Reverse direction

| »

m
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11. Now create one more Work plane and rename it as Runner.(Righbon Geometry
in runner section and select Rectangle. Edit the width heigtwrs&c There are totally
four rectangles in the runner section and all of these anadextito obtain cuboid having

all the three dimensions the same.

12. Next Create Work Plane and rename it as Sprinkler. This |d&ndirectly above
the workplane ‘Runner’. Forty Circles of equal radius have to beibuhis work plane

and then extruded.

13. Next create a work plane and rename it as Porous Region.pldhésis located

immediately above the ‘Sprinkler’ and a circle is built and extruded.

14. Create a work plane and rename it as ‘Hold-up region’ and ctimgecoordinate
such that its workplane is located immediately above the porownregi circle is built

and extruded.

15. Now right click on Geometryl located below the definitions in tleelahbuilder
window. Select ‘Cone’. Edit the radius, height and semi-angld. fién the position
window edit z such that it lies immediately above the hold-up regi@efer Picture

below.
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"7 Model Builder

' %o B = B[ ¢h Graphics -

By Extrude 4 (extd)
'S; Sprinkler (wp5)
By Extrude 5 (ext5)

By Extrude 7 (ext?)

By Extrude & (ext8)
= Conel (tonel)
'ﬁ; outlet (wp9)
By Extrude 9 (extd)
Union 1 (unil)

#8 Materials

g porous region (wpd)

g hold-up region (we)

ﬁ Form Assembly (fin)

@) Free and Porous Media Flow {fp)
[i",' Transport of Diluted Species (thds)
&a Reacting Flow, Diluted Species (ds)

&5 Mesh1
%2 Study 1 -
il
» Cone n
I ~ Ohj lT]pe Il

Type:|Seid 07

- Size and Shape

Radius: mm
Height: mm
Semi-angle: deg
I"_ Positi I
z
w 0 mm I
y: 0 mm
o rmm
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16. Create one more work plane and rename as outlet with z- coordinate immediately
above the cone. Build a circle and extrude the work plane.

17. The geometry built is shown below:
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18. Next step is entering the constants and this is done by rigkinglion the Global
definitions in the model builder window and choosing parameters. Theredheed

parameter with the variable name, expression, value and description can be typed.

T Medel Builder = o B T

1% 25ml_min_Sprinkler_Height_lmm.mph (root)
E Global Definitions
Pi Parameters
v Modell (modl)
= Definitions
hp\' Geometry 1
T inlet (wp2)
by Bxtrude 2 (ext?)
‘E; runner (wpd)
by Bxtrude 4 (extd)
“E; Sprinkler (wp5)
By Extrude 5 (ext5)
‘E; porous region (wp7)
By Bdtrude 7 (ext?)
‘E; hold-up region (wpé)
By BExtrude 8 (ext8)
> Conel (conel)

“E; outlet (iwpd)

224 Settings & =

Pi Parameters

+ Parameters
Mame Expression Value Descriptio
Rho 1000(kg/m 3] 1000 kg/m* densitiy
Eta 0.0006915[MN*s... 6915E-4 M-s.. dynamicwv
wi 0.01475[m/s] 0.01475 m/s velocity
K 7.27E-11[m"2]  7.27E-11 m* permeakili
V. g 4.862710"-5[... 4.862E-5 mo...
Km_g 0.93[mel/m~3] 093 mol/m®
V o 31647105, 3.164E-5 mao...
Km_o 0.205[mel/m*3]  0.205 mel/m’
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19. The next step is inserting the boundary conditions for the governingoaguaRight
click on the Reacting Flow, Dilutes Species in the model buidadow and select
inflow and outflow from the species transport field. Select buhet Outlet from the fluid
flow field. Select reactions from the Species transport fiekdso select the porous
matrix properties field. After selecting these fieldsriecessary to select the domain for
each field and any constants for that field. The below is thle &howing the field,

domain and the constants.
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Field Domain/BoundariesConstants/Boundary| Values
Condition
Transport Properties  All Domains Density Rho(User Defined

Dynamic Viscosity

Eta(User Defined)

Diffusion coefficients

De; | 1.1937e-9rfis

De, | 4.8e-9nM/s

No flux All boundaries None Not Applicable
Wall All Boundaries None Not applicable
Initial values All Domains None None
Inflow Bottom most Coc1 0.22 mol/m
boundary Coc2 5.5 mol/n
Outflow Top most boundary None None
Reactions Porous RegiorReactions R -V_o*cl/(Km_o+cl)
Domain Reactions & -V_g*c2/(Km_g+c2)
Inlet Bottom most Velocity | Velocity | O X
boundary fieldu |0 y
w0 z
Outlet Top most boundary Pressure, no visgdufa
stress
Porous Porous Region Porosity 0.77(User Defined)
Properties Domain Permeability K(User Defined)
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20. This step explains the meshing portion of the simulation. The seqtigre is
selected as User-Controlled mesh. The fields below the mesh di®oldy one size
and one free tetrahedral as shown below. In the size fieldgheeet size is calibrated
for should be selected as General physics and in the free ttthfield the domain

selection geometric entity level should be selected as Entire geometry

T Model Builder ='z Mo g T 0

Transport Properties 1 ~
gl Mo Fluxl
= Walll
Initial Values 1
gl Inflow 1
g Outflow 1
Reactions 1
o Inletl
m! Dutlet 2
Porous Matrix Properties 1
4 55 Mesh 1
;_ilj Size
Free Tetrahedral 1
. 20 Study 1
4 (i Results
. i Data Sets
55 Derived Values
Tables 18

m

ieh Settings
£# Mesh
* Mesh Settings

Sequence type:

User-cantrolled mesh -
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21. Next is setting up the solver. Click in the studyl option in théehbuilder window
to expand and expand the solver configurations and then the solverl. expasa the
stationary solver 1 and then disable the iterative and segiegption. Then click on
Fully coupled 1 option and in the settings window damping and terminatiorbea

edited. Then compute button is selected to run the simulation.

7 Model Builder ='z e TC
@ Free Tetrahedral 1 4
%ﬂ Study 1

|7 Step 1: Stationary
[re. Solver Configurations
Solverl

:j—‘t"_{f Compile Equations: Staticnary
uww Dependent Variables 1

W medl_c2

e modl_cl

W modl_u2

¥e modl_p2

[ =)
| S EISEl S

=]

|7 Staticnary Solverl
Direct
E Advanced
Segregated 1
Iterative 1
Iterative 2
= Fully Coupled 1 1

m

{ Settings g =|E&°C
= Fully Coupled
* General

Linear solver [Direct - l

+* Damping and Termination

Damping method: Automatic vl
Initial damping factor: 1
Minimum damping factor le-4

Restriction for step-size update: 10

Use recovery damping facter [Automatic VI
Recovery damping factor 0.75

Termination technique: [Iterations or tolerance VI
Mumber of iterations: 15

Tolerance factor: 1

+ Results While Solving
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22. This step explains generating results after running the simulatiogist GRick on the
Results option in the model builder window and select the 3D plot groupenate it.
Then by right clicking the renamed 3D plot group its possible extalslice plot. The
slice plot expressions are modified by clicking on the insertesspyn option field in the
expressions section of the slice window. The units and the planeasiabee edited. Also

the range has to be edited sometimes.

T Model B32ve (Curl+S) | =z BB =8

Iterative 2 -
=5 Fully Coupled 1
g1 Results
i Data Sets
LE Derived Values
Tables
[E] Oxygen Concentration
(i) slice1
[E] Glucose Concentration
E] Pressure Drop
[E] Velocity Profile
[E] Shear Rate
B Export -

m

744 Settings .

|2 LESLITRLIUTL

Concentration

* Plane Data

Plane type: [Quick V]
Plane: [yz—planes v]
Entry method: [Number of planes V]
Planes: 1

- Range

[T Manual color range

0.19065258896348544

m

0.2209037553115529
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APPENDIX B

Experimental Observations

Table B.1.Experimental pressure drop without bioreactor

Flow rate Pressure Drop(Pa) Normalized Pressure Drop(Pa) Average
(mL/min) Pressure
Drop(Pa)
Setl Set 2 Set 3 Setl Set 2 Set|3
0 676.73 683.16 681.87 0 0 0 0
5 747.47 749.61 749.18 70.74 57.45 67.31 65,2
10 812.63 811.35 806.20 135.91 128.19 12433 129.5
15 861.10 859.37 858.94 184.3b 176.21 177.07 179.2
20 936.97 939.97 938.25 260.24 256.81 256.38 257.8
25 995.27 999.99 1002.56  318.5b 316.83 320469 318.7
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Table B.2. Experimental pressure drop across bioreactor without scaffdl

Flow rate Pressure Drop(Pa) Normalized Pressure Drop(Pa)  Average
(mL/min) Pressure
Drop(Pa)
Setl Set 2 Set 3 Setl Set 2 Set|3
0 -1247.41) -1247.41| -1247.41 0 0 0 0
5 -1176.05| -1180.43| -1179.59 71.36 66.98 67.82 68.7
10 -1110.67 -1118.35| -1122.22  136.75 129.06 125.19 130.3
15 -1061.58 -1069.75| -1068.94  185.83 177.66 178.48 1807
20 -984.91| -988.31] -988.79 262.50 259.10 258.62 260.1
25 -925.94| -927.72] -923.91 321.48 319.69 323,50 321.6
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Table B.3. Experimental pressure drop across bioreactor with scaffold

Flow rate Pressure Drop(Pa) Normalized Pressurg  Average
(mL/min) Drop(Pa) Pressure
Drop(Pa)
Setl Set 2 Set 3 Setl SetP Set 3
0 -1247.41| -1247.41  -732.94 0 0 0 0
5 -1170.50| -1174.76 -659.183 76.91 72.6 73,81 74.46
10 -1098.21| -1105.62 -595.21 149.21 141[79 137.73 142.9
15 -1041.86] -1050.60 -534.9Y 205.55 196,81 197.96 200.1
20 -958.87 | -962.80] -448.46 288.54 284.61 284.48 285.8]
25 -890.47| -892.08 -373.4% 356.95 355.33 359.49 357.26

D
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Table B.4 Simulation vs. Experiment pressure drop

Flow rate Pressure drop(Pa) w/o scaffold Pressure drop(Pa) with scaffold
(mL/min)
Experiment| Std.Deviation SimulatigrExperiment| Std.Deviation| Simulation
0 0 0 0 0 0 0
5 0.5 0.06 0.26 6.3 0.18 6.2
10 0.8 0.02 0.57 134 0.15 12.4
15 1.4 0.04 0.92 20.9 0.3 18.9
20 2.3 0.03 1.32 28 0.25 25.2
25 2.8 0.06 1.76 38.6 0.21 31.7
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Table B.5 Mean residence time of bioreactor without distributor and whout

scaffold
C()/Co E(t) tE(t)

Time, t(min) |  AVG STD AVG STD AVG STD
0.13 0.00 0.00 1.37 0.12 0.17 0.02
0.38 0.32 0.02 1.13 0.05 0.42 0.02
0.63 0.53 0.08 0.68 0.05 0.42 0.03
0.88 0.80 0.03 0.37 0.03 0.33 0.03
1.13 0.87 0.04 0.20 0.02 0.23 0.02
1.38 0.90 0.04 0.11 0.01 0.15 0.02
1.63 0.88 0.07 0.06 0.01 0.09 0.01
1.88 0.94 0.02 0.03 0.00 0.05 0.01
2.50 0.91 0.08 0.01 0.00 0.01 0.00
3.50 0.96 0.03 0.00 0.00 0.00 0.00
5.00 0.98 0.01 0.00 0.00 0.00 0.00
7.00 0.97 0.04 0.00 0.00 0.00 0.00
9.00 0.97 0.03 0.00 0.00 0.00 0.00
11.00 0.95 0.04 0.00 0.00 0.00 0.00
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Table B.6 Mean residence time of bioreactor with distributor and withou scaffold

C(t)/Co E(t) tE(t)

Time, t(min) | AVG STD AVG STD AVG STD
0.25 0.00 0.00 0.46 0.02 0.11 0.00
0.75 0.32 0.01 0.32 0.01 0.24 0.01
1.25 0.36 0.04 0.24 0.00 0.30 0.00
1.75 0.54 0.04 0.18 0.00 0.32 0.00
2.25 0.62 0.05 0.14 0.00 0.32 0.00
2.75 0.73 0.03 0.11 0.00 0.31 0.01
3.25 0.75 0.01 0.09 0.00 0.29 0.01
3.75 0.77 0.04 0.07 0.00 0.26 0.01
4.25 0.85 0.04 0.06 0.00 0.24 0.01
4.75 0.84 0.01 0.04 0.00 0.21 0.01
5.25 0.89 0.01 0.03 0.00 0.18 0.01
5.75 0.88 0.03 0.03 0.00 0.16 0.01
6.25 0.95 0.02 0.02 0.00 0.14 0.01
6.75 0.97 0.02 0.02 0.00 0.12 0.01
7.25 0.97 0.03 0.01 0.00 0.10 0.01
7.75 0.94 0.02 0.01 0.00 0.09 0.01
8.50 0.96 0.06 0.01 0.00 0.07 0.01
9.50 0.95 0.06 0.01 0.00 0.05 0.01
10.50 0.96 0.09 0.00 0.00 0.03 0.01
11.50 0.99 0.07 0.00 0.00 0.02 0.00
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Table B.7 Mean residence time of bioreactor with distributor and withscaffold

Time. C(t)/Co E(t) tE(t)
t(min) AVG STD AVG STD AVG STD
0.08 0.00 0.00 0.95 0.04 0.08 0.00
0.25 0.36 0.05 0.47 0.02 0.12 0.01
0.42 0.40 0.09 0.33 0.03 0.14 0.01
0.58 0.39 0.06 0.26 0.03 0.15 0.02
0.75 0.40 0.06 0.22 0.02 0.16 0.02
0.92 0.44 0.08 0.19 0.02 0.17 0.02
1.08 0.46 0.05 0.16 0.02 0.18 0.02
1.25 0.61 0.01 0.15 0.02 0.18 0.02
1.42 0.66 0.08 0.13 0.02 0.18 0.02
1.58 0.60 0.03 0.12 0.02 0.19 0.02
1.75 0.57 0.06 0.11 0.01 0.19 0.02
1.92 0.67 0.08 0.10 0.01 0.19 0.02
2.08 0.70 0.16 0.09 0.01 0.19 0.02
2.25 0.67 0.04 0.08 0.01 0.19 0.02
2.42 0.67 0.15 0.08 0.01 0.19 0.02
2.58 0.66 0.04 0.07 0.01 0.19 0.02
2.75 0.65 0.02 0.07 0.01 0.19 0.02
2.92 0.78 0.02 0.06 0.01 0.19 0.02
3.50 0.81 0.03 0.05 0.00 0.18 0.01
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