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ABSTRACT

The bubble-type vortex breakdown that occurs orattie
of a confined vortex, for example inside a cylindéth
flow driven by rotation of the base, has applicasian
mixing. This configuration has well defined boundar
conditions that are easily manipulated experiménizs
well as numerically, and has traditionally beernérest
to researchers in the fields of aircraft dynamicgl a
stability theory or dynamical systems. Recentlyeriest in
the vortex breakdown flow that develops on the amis
open cylindrical vessels has grown in relation to i
application to mixing. In particular, it may progda
means for modulating certain fluid dynamic paramsetd
importance in mixing applications in fields incladi
bioengineering. In most cell and tissue cultureliappions
(be they suspension or scaffold based), a lamioar;
shear environment with high oxygen and nutrientsitgn
is desired. Therefore, levels of turbulence, ststegss,
and the mass transport properties of mixing veselof
great import. We investigate the vortex breakdohw fin
the presence of immersed bodies and report onltke f
states, and fluid dynamic properties achievableeund
different operating conditions, in a novel mixingsgel for
use in scaffold-based tissue engineering.

NOMENCLATURE

a maximum scaffold half height
b scaffold radius

H bioreactor cylinder height

P kinematic pressure

p pressure

R bioreactor cylinder radius

Re Reynolds number

t time

u velocity vector

u, radial velocity

u, axial velocity

Uy azimuthal velocity

I cylinder aspect ratio

L density

v kinematic viscosity

©Q cylinder base angular velocity

INTRODUCTION

A bioreactor can be described as any vessel tabices
cells, tissue or other organic matter, togetherh wit
chemicals and nutrients, commonly known @sgture
medium, in a way such as to stimulate the reproduction
and proliferation of said organic matter (Darliegal.,
2003). Generally they can be split into two classes
suspension based and scaffold based, where the organic
matter being cultured is either suspended in thdiume
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and harvested as a batch of cells and cell agg®gat
anchored to the surface and interior of a poroadfad
(either fixed in space or suspended in the fluidlione)
and harvested as a single construct, respectividlys
investigation will deal only with scaffold basedsdiie
culture applications.

Over the past two decades numerous prototype loitmmesa
have been suggested for the production of cartilagee
and other tissue types. These include simple peth-
reactors which provide a static culture environment
(Vunjak-Novakovic et al., 1996), mixed flasks which
provide a well mixed turbulent environment (Vunjak-
Novakovic et al., 1996), horizontal-axis rotating drum
type reactors that provide a laminar mixing envinemt
(Begley and Kleis, 2000), and perfusion reactors rethe
culture medium is perfused through the scaffolckidéion

et al., 1999). These configurations are the most common
types that have been investigated and the restdta f
numerous physical tests of these reactors with tisslie
samples have shown that further design improvensets
required before functional tissue equivalents cam b
createdin vitro (Vunjak-Novakovic, 2003). The most
common deficiencies are: 1) lack of a spatially
homogenous flow field in the vicinity of the scdffo
construct causing non-uniform levels of nutrient
absorption and physical force exposure over théasar
area; 2) levels of physical forces that are inappate
(non-physical) to the tissue being grown, this Ugua
manifests as an undesirably high level of sheasstrbut
can also be insufficient levels of shear, as wsllt@o
much or too little compressive force; 3) insuffitienass
transport through the flow field brought about bgop
mixing mechanisms; and 4) the presence of turbulent
structures in the flow which are non-physiologiaatl can

be seminal to the first three issues above.

It is with the above ideas in mind that we procesti the
investigation of the flow environment inside a nlove
bioreactor design for scaffold based tissue cultive
investigate the flow inside an open circular cyénd
driven by the constant rotation of the cylinder das
beginning with the analysis of the flow and the
development of vortex breakdown bubbles (VBBs)hia t
absence of immersed bodies, before consideringftaet

of different shaped bodies located in the flow dw t
cylinder axis, in the vicinity of the bubbles. Besidthe
well defined boundary conditions and presence effthe
surface to facilitate oxygen exchange, it is the
development of these VBBs that makes this apparatus
unique among possible candidates for bioreactbrsas
been postulated (Dustingt al., 2006) that the slowly
recirculating fluid inside the VBB may provide an



improved, low shear, homogenous and highly coratbddl
environment for scaffold culture. Numerous other
advantages include the isolation of the fluid ie ¥BB
with respect to the bulk flow, possibly allowing fdirect
injection of fresh nutrients and/or extraction ofste
products, to and from the growing construct, respely,

as well as the multitude of sizes, shapes andiantéow
velocities observed for VBB at different Reynolds
numbers. Here we conduct a more general invegiigati
into the interaction between the construct andbiligble,
and the effect of both bubble presence and consthape
on the forces seen by the construct surface, éamatruct
located in a fixed position in the vicinity of, batitside,
the VBB.

MODEL DESCRIPTION

Physical Model

The physical system being investigated is shown
schematically in figure 1, along with the base mashd
for the simulations of the cases with no immersedyb
present. The system consists of a circular cylinder
height H and radiusR, with the height-to-radius ratio
I'=H/R fixed at/= 1.5. The top of the cylinder is open
exposing the surface of the fluid of kinematic aisity v
to the atmosphere and allowing for the insertiod an
suspension of an object representing a scaffoldtooct.
Typically these constructs are supported by thiedies of
negligible diameter that have been shown to not
significantly affect the flow when located on thdirder
axis (Hussairet al., 2003). Thus, we neglect the presence
of the supporting needles. The free surface is fedlas
flat and stress-free throughout our investigatiam
accurate assumption for cylinders withl (Lopezet al.,
2004). The base rotates at a constant angularibel@c
driving the flow and facilitating the mixing. Theaffold
profile under investigation takes one of two forbeing
either an axisymmetric disk or an ellipsoid (also
axisymmetric), with axial dimensiona and radial
dimension b, with its centre located midway up the
cylinder axis. Scaffold dimensions where determigech
that the ratio of vessel volume to scaffold volume
was1000:1 and the ratio of scaffold radius to stdfhalf
height was 10:1, chosen to be consistent with naoser
cases from the tissue engineering literature. Bassghes
employed for both construct geometries are shown in
figure 2. The Reynolds number for the system isnaefi
as

2

Re: LQ
14

1)

and we consider a range of 66®<2100. This represents
a range ofRe corresponding to conditions (Wootton and
Ku, 1999), and characteristic of those encountanetthe
bioreactor literature (Dustingt al., 2006). We truncate
our analysis aRe=2100 due to early indications from a
stability analysis (not reported here) that theuagstion of
axisymmetry in the velocity field loses validity ymnd
this Re.

Copyright © 2009 CSIRO Australia 2

axis

side-wall

base

(@) (b)

Figure 1. Schematic diagram of geometry with no
immersed body: (a) the bioreactor cylinder showing
defining parameters and coordinate system, anddbg

mesh showing macro elements and boundary conditions

Q==

(@) (b)

Figure 2: Base meshes showing macro elements for (a)
the disk scaffold geometry, and (b) the ellipscadmetry.

Numerical Details

The fluid in the cylinder is assumed incompressinhel
Newtonian throughout, thus conservation of momentum
and mass for the fluid yield

au

E+(uD]])u=—DP+VD2u 2

Ou=0 3)
whereu represents the vector velocity fieldis time and
P=plp is the kinematic scalar pressure field wheiis the
scalar pressure field and is density. Simulations are
performed using an in-house package that utilisesdal
spectral element method to discretise the flowdfial the
meridional ¢, z2) semi-plane. Within each macro element
flow variables are computed at Gauss-Legendre-tobat
(GLL) quadrature points. The combination of highler
polynomial shape functions used to compute flow
variables over the GLL quadrature points on a spamssh
and the governing equations being solved in wea,fo
following application of the Galerkin method of \ghted
residuals, allows for accurate simulations achigvin
spectral convergence. This approach was recently
employed for the case of flow past spheres moving i
circular tube (Sheard and Ryan, 2007). Equationsu(2)
(3) are integrated forward in time using an opetato
splitting technique and a third-order accurate beckls-
multistep scheme. Details can be found in Karniadetk
al. (1991).



cases are: no-slip at the \wvertical sidewalls
(u,,u,,u,) =0, a steady single component velocity /\
(u,,u,,u,) = (00,rQ) along the base, and a flat

stress-free constraint on the surface, achieved aby /

symmetry condition (U,,dU, ,,0U,,,0U,,) =0.

As the flow is known to be axisymmetric over thage of
Reynolds numbers considered, only one half of the
meridional plane is modelled, with a symmetry coindi

at the axis and all azimuthal derivatives set twoze

(0, =0) throughout the domain. The boundary

conditions remain the same when an immersed body is
present on the axis, with the addition of a no-slip
condition applied to the boundary representing the
construct surface. The initial condition for thewil field is
zero velocity throughout the domain and the bassets
impulsively into motion.

The boundary conditions employed for the emptyncigr f N r W

r,z? 2,2

(2)Re=600 (Re=700

Final spatial resolution is determined at run tifog
specifying the order of interpolating polynomial thin
each macro element. For all the results reporte@, he
simulations were performed usind" @rder polynomial
interpolants, over base grids containing 600, 8&2 248
macro elements for the cases shown in figures alanzl
2h, respectively. These combinations were founfbaod

to produce results accurate to 0.1% of very higegplved
reference cases.

RESULTS AND DISCUSSION

Base Flow without Immersed Body

For the empty vessel, rotation of the base at eomst
angular velocity@ drives the swirling flow by imparting
angular momentum to the fluid adjacent to it. Thdfin
the boundary layer that forms on the disk (knowraas
Ekman layer) is dragged by viscous stresses in the
azimuthal direction (Healey, 2007), creating thempry
swirling flow. The flow in the boundary layer al$ms a
radial flow component which transports angular
momentum towards the cylinder outer walls wherés it
turned in the positive axial direction. The fluliet flows
up towards the surface until Froude number comgBait
the surface force the fluid to return to the inpart of the
cylinder where, upon colliding with the fluid retiing
from other parts of the perimeter, it is turned the
negative axial direction forming the much studied
secondary over-turning meridional flow. This bastiate is
shown in figure 3a foRe = 600, where the left hand side
of the meridional plane is shown, such that thatritgand
side of the figure represents the cylinder axisR&gnolds
number is increased, fluid with more and more aagul
momentum is forced to smaller radii by the overitugn
flow, and the streamlines in the meridional plane a
forced to gradually redistribute in such a way@satisfy
conservation of momentum. At some point near the ax
localised region of azimuthal vorticity developsjthw
opposite sign to that of the bulk flow, leading 4o
induced velocity in the positive axial directionhi¥

(e)Re=1200 (fRe=1600

induced velocity opposes the flow returning to the (g)Re=1800 (HRe=2100

cylinder base down the central vortex core and a Figure 3: Streamlines in the left meridional plane
stagnation point forms on the axis where the mageitof detailing the evolution of the vortex breakdownwflavith
the negative axial velocity shrinks to zero. Reynolds number, cases as labelled.
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Figure 4: Evolution of the vortex breakdown flow with
Reynolds number for the disk-scaffold, cases adl&be
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Figure 5: Selected cases of the vortex breakdown flow for
the ellipsoid-scaffold, cases as labelled.

Thus the formation of the recirculation regionseredd to

as vortex breakdown bubbles. Figure 3 shows the
evolution of the VBB asRe is increased. Initially
appearing on the axis in the interior of the vesasRe is
increased from 800 through to 1000 the bubble velum
increases significantly as it expands both axialyd
radially. At a Re just less than 900 the bubble makes
contact and merges with the free surface. This ection
with the fluid-air interface is expected to provide
pathway for increased oxygen transport to the iortesf

the vessel, subject of a future investigation. Res is
further increased the VBB continues to expand radiall
around the mid-section, while beginning to contract
axially from the lowest point. ARe~1800, the streamlines
around the left boundary of the VBB have become
severely compressed, creating a shear layer of ratede
strength between the bubble and the primary cefluaf;

the bubble has reached its greatest radius bythie and
has begun to peel away from the axis at the doeastr
end. This process continues and is completeReb 100,

at which point the bubble has become completelyoxem
from the cylinder axis and has formed a tauruss Thihe
final state of the VBB flow in the axisymmetric regim

Flow States in the presence of an Immersed Body

The sequence of frames in figure 4 shows flow state
corresponding to the sanf® that are shown in figure 3,
but for the flow with a disk shaped scaffold—constr
present at the axis. With the addition of a bodytlo&
cylinder axis there is an early onset of a quasi-\d&e

in the form of upstream and distal recirculatiomes,
adjacent to the upper and lower faces of the disk,



respectively. These zones are already formed aloagst
Re=600 case, with the upper bubble initially only
extending out to half the disk radius, from thesaxnd
the lower bubble appearing to envelop the whole
underside of the disk. Increasing tRe to 700 sees this
situation changed, the upstream bubble has expanded
considerably both axially and radially and now exiethe
majority of the way out to the perimeter of thekdia five-
fold increase in size. At the same time the dibtathble
has shrunken in size by around 25%, but still covtbe
majority of the underside of the disk. Neither bkse
states Re=600 orRe=700) are likely conducive to tissue
culture due to the non-uniform nature of flow owke
construct surface, although the presence of rdation
zones would likely decrease the levels of sheathat
scaffold surface due to lower fluid velocities. Bg=800
the traditional VBB has developed upstream of the
scaffold, with the last remnant of a distal bubtlieging

to the underside of the tip. Upon further increakBe the
VBB once again begins to expand in the radial andlaxi
directions and attach to the free surface, thermiknger
any recirculation zone at the lower surface ofdisk. By
Re~1000 flow has begun to impinge almost normal ® th
tip of the scaffold (figure 2e fdRe=1200), this represents
an interesting situation, with the direction ofvilanow
uniform from the perimeter to the axis on both upged
lower surfaces of the disk. A flow state such as tould
possibly be desirable from a tissue engineeringpgestive

in that it may help to promote uniform growth ontlbo
surfaces. This situation continues for the remairaddRe
considered, with the bubble volume also continuiag
increase steadily as the radial expansion continlies
bubble is no longer able to separate from the du&s to
the blockage effect of the presence of the diski, s
time the final state has a very large deformed kbb
extending from the free surface to the upper facthe
scaffold, dominating almost 25% of the area of the
meridional semi-plane, with a much smaller, teytiar
circulation cell appearing on the cylinder axisjaaédnt to
the free surface. For reliable assessment of tve states

at higherRe than those considered here, three dimensional
computations are required. These will be the stibpéc
future investigation, although it is likely thatyamajor
increase inRe above the present range would not be
beneficial to growing tissue.

Modifying the shape of the scaffold to an elliptipeofile,
while keeping the same volume and length ratios
described above, appeared to have little effedherflow
structures observed. Figure 5 shows the flow fag th
ellipsoid-scaffolds forRe=600, 700, 1800, 2100. These
include the only Reynolds numbers at which there avas
discernable difference in the flow structures obser
between the two cases. Re=600 the upper bubble is
basically identical to the disk-scaffold case, the lower
bubble is slightly smaller and is not attachedhe axis.
This bubble is a simple recirculation zone (in the
backwards facing step sense) rather than a VBB. ¥fith
increase ofRe to 700 the upper VBB increases in size
similarly to the disk-scaffold case but the lowebble has
contracted significantly further. The range 828<1800
reveals flow patterns almost identical between tilve
scaffold shapes, as evidenced (for example) bydiga.

This trend continues untiRe=2100 where we observe a
flow field almost identical to that of the disk-&cdd at
the samdRe, but with no tertiary corner bubble present.
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Figure 6: Change in strain rate magnitude over disk-
scaffold surface. Distance is in percent of totatahce,
starting from the point on the axis at the dowrstrdace,
ending on the axis at the upstream face. Solid: line
Re=600, dashed?e=1000, dash-doRe=2100.
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Figure 7: Change in strain rate magnitude over ellipsoid-
scaffold surface. Distance and lines as defindijure 6.

The absence of this tertiary bubble is unlikehatfect the
flow field in the vicinity of the scaffold. Figure§ and 7
allow a more quantitative analysis of the differdiotv
environments experienced by the two different sddéf.
They show the level of strain rate, a direct inthceof
shear stress for axisymmetric flows of Newtoniards, at
the scaffold surface as a function of position abthe
scaffold perimeter, beginning at the downstreamalaxi
location. Three Reynolds numbers are shown for
comparison, Re=600, 1000, 2100. It is immediately
observable that the sharp corners of the disk-aicaféad

to a significant increase in the maximum computaals

of strain and that two localised maxima exist
corresponding to the scaffold edges. In generagldeof
strain along a given surface (upper or lower) atatively
uniform compared to maximums, particularly at thever
Reynolds numbers. However, there is a slight non-
uniformity about the strain rate profiles betweleea tipper
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Figure 8. Maximum values of strain rate at scaffold

construct surfaces. Triangles: disk-scaffold. Sesiar
ellipsoid-scaffold.
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and lower surfaces for a given scaffold geometiy gitven
Reynolds number. The severity of this decreaseReds
increased, observable by comparing the left hadd ef
eachRe=2100 curve to its right hand side. Also worth
noting is the fact that the two maximums that eiisthe
disk-scaffold cases are not of equal magnitude card
vary by up to 31%. This is an undesirable phenomeno
when attempting to encourage uniform growth. A gileg
result not directly observable in figures 6 and7e to the
close proximity of the lines in those plots, is wioin
figure 8. The maximum value of strain rate compuaéd
the surface of each construct is plotted vireh It shows
that for a significant part of thBe range the maximum
value of strain rate (and hence shear stress) iexged at

a point on the construct surface actualbgreases with
increasingRe. This result is somewhat counter-intuitive as
an increase ifRe is usually associated with an increase in
velocity throughout the flow field, for a given Newian
fluid, and hence higher levels of shear stressoaslip
surfaces. Certainly of import to the tissue engimger
capabilities of a given bioreactor is maximising thixing
and nutrient transport potential while minimisingesure

of tissue constructs to harmful levels of fluiddes. The
ability to increase th&e, thereby possibly increasing the
vessel's mixing capability, while at the same tiraducing
the maximum levels of shear stress acting on imecers
bodies may be extremely beneficial. Figure 8 indisdhat
the present vessel may provide such capabilities av
least the range 68®e<1100. Also reinforced by figure 8
is the large decrease in maximum strain betweenligie
and ellipsoid scaffold shapes, with a drop of upB586
achievable over the whold&Re range and drops of
approximately 50% achievable for a givBa. If nothing
else, this would advocate a move away from the disk
shaped scaffolds currently employed by the majooity
physical researchers in the area of tissue engimger
CONCLUSION

An investigation into the suitability of a simpleade-
driven cylinder flow for use in tissue engineerhgs been
performed. Results of the different vortex breakddlaw
states observed have been presented and analysed fo
comparative levels of strain rate (an indicatorsbkar
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stress). It is suggested that a range of interimnBlelg
numbers, 608Re<1100, may provide an ideal regime for
tissue culture in these vessels. This was basedhen
requirement to maximise mass transport and mixihgew
keeping fluid induced forces to a minimum. Compariso
was also made between a common disk shaped scaffold
and a rounded ellipsoid scaffold and it was foumat the
latter may provide improved performance. Fully 3D
simulations at slightly higheRe may reveal further
benefits, and are the focus of ongoing investigatio
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