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Abstract

This numerical study considers the steady, axisymmetrig flo
inside a novel open-top rotating-base bioreactor. The flow i
simulated over a Reynolds number range that corresponds to
steady axisymmetric flow. The swirling flow consists of two
distinct recirculation zones, namely a primary dominagtame,

and a secondary recirculation bubble that is formed close to
the axis of rotation. Of particular interest to tissue epgiting

is the stress distribution inside the bioreactor. The stres
is quantified by the coordinate-independent principal sstre
terms, namely, the positive tensile, intermediate, andhineg
compressive components. The analysis indicates that #nere
three main regions of high strain within the bioreactor: ret t
rotating bottom lid; on the side walls; and at the surfaceselo
to the breakdown bubble. Finally, the local flow environment
of a suspended scaffold is determined.

Keywords: bioreactor, computational fluid dynamics, pipat
stresses, tissue engineering

Introduction

Tissue engineering is fast emerging as an important field
in biotechnology as medical researchers seek to devielop
vivo clinical procedures for potential human tissue repair or
replacement, for example, articular cartilage defects],[28
cardiac cells [3]). A common device that is used in cell and
tissue culturen-vitro is the laboratory-scaled bioreactor. To
facilitate the wider use of engineered tissues, among&rsth
[27] have attempted to address the bioprocess-relate@ issu
of scale-up. In order to have a successful scale-up, we would
have to address one equally important issue in the developme
of bioreactors, that is the control and reproducibility bet
environmental conditions in the bioreactor from existing
laboratory-scaled low-density cultures to the high-dignsi
and/or large volume cultures (see [4], [10]). In short, a
thorough understanding of the hydrodynamic and mass trans-
port phenomena, made possible through a characterization o
the different hydrodynamic effects in the bioreactor, guieed.

Amongst others, some of the typical bioreactor designs
that are currently in use are as follows; spinner-flask (SF)
bioreactor [21], rotating concentric wall (RW) bioreacfar]

& [16], rotating-wall perfusion-flow bioreactor [1], and e&h
wavy-walled bioreactor [2]. While there are a variety ofttas

to consider in the design requirements of a bioreactor @ge [
from the fluid dynamics perspective, probably the two more
important factors are the mass and momentum transport. In a
comparison study of the traditional static flask, and theeahix
vessels (SF and RW bioreactors) in the cultivation of aldicu
cartilage, [25] and [26] have found that the low diffusional
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rates of mass transfer in the static flask has resulted in axmat
with lower collagen, high water contents, and formation of
glyco-amino-glycan (GAG) only at the peripheries. In geher

a mixed flask, which has higher rates of mass transfer from
convection, results in an improved biochemical compaositb

the tissue culture, and allows for changes in the morphology
of the cartilage constructs. However, it is equally cleatth
excessive mixing will invariably lead to high levels of fluid
shear. While moderate levels of fluid shear have been shown
to result in increased cell viability, high shear levelsééeen
known to result in cell death. In this regard, the recentawvi

on articular cartilage bioreactors by [5] suggests a pesfes
towards low shear systems.

In this study, a numerical study of the flow- and- stress
environments inside a novel bottom-wall rotating bioreact
similar to [6],[7] is presented. We would adopt the same
acronym that is given to this particular mixed-flask bioteac
by [24], e.g., the rotating disc bioreactor (RDB). As alldde
to by [7], the laminar RDB is proposed as a viable alternative
to the turbulent SF. In particular, there is a growing insete
characterize and possibly, control the hydrodynamic d@rd
inside the bioreactor through the vortex breakdown (VB)
theory, for example, see [11], [29], [30], [31]. The novetty
the design has led [22] to study the time-histories of thealle
stress fields and to use particle tracking to predict theonaif

the cell aggregates inside the flow.

The objectives of this paper are two-fold. Firstly, the nuiced
simulations are used to validate the experimental resti[§],0

[7]. Secondly, this study attempts to provide further ihsig
into the hydrodynamic conditions inside the novel RDB,
particularly near the free surface and the suspended #taffo
(regions whereby there is a general difficulty in obtaining
accurate experimental data). Similar to the approach ofibgis

et al. (2006), this study takes on a fluid-dynamics perspecti
in which non-dimensional parameters are used to quantify
the flow and stress fields. Often studies quantifying the
effects of applying constant shear rates on different aadisl
(e.g., [17],[18]) have reported shear and mixing condgion
in dimensional form, and thus the results are specific to the
bioreactor’s physical properties as well as the cell linendpe
cultured. In contrast, a dimensionless classification @ th
flow and stress fields provides significant latitude to bicrea
designers in the design and selection procedures of a sepled
bioreactor. Reporting of the stress distribution in thedflis
done through the principal stresses which, by definitioe, ar
independent of the orientation of the axes (see [8]).

Methods



In this section, details of the numerical simulations are
reported. For simplicity, the working fluid is water, and st i
assumed to be Newtonian and incompressible. The schematic
of the bioreactor is shown in Figure 1. The computational
domain has a rectangular geometry that corresponds to an
aspect ratio ofH/R = 1.5, and a fluid-air volume ratio of
0.9:0.1. Inclusion of air above the free surface allowsanef
distortion. Previous simulations using a stress-freeZooitial
boundary has predicted subtle differences in the stress fiel
at the free surface in comparison to the experimental esult
obtained by Dusting et al. (2006). The commercially avadab

Parameter Symbol
Angular rotation speed Q
Cylinder radius R
Cylinder height L

Fluid height H
Bioreactor aspect ratio H/R

Normalized scaffold height z/R
Normalized scaffold radius rs/R

Reynolds numbeRe %

Table 1: Specifications of the bioreactor.

CFD software package, Fluent (version 6.3), was used to
solve the incompressible Navier Stokes (NS) equations.
Fluent has been used successfully for a free surface flow in
the case of a submerged cylinder ([15]). Fluent provides
two different formulations for linearising the discretizé\S
equations and consequently, solving the system of nonlinea
equations, namely theegregatedand coupledsolver. For this
study, the former was used as it was originally developed for
incompressible flows. Even though the flow is expected to
be steady at the Reynolds number range studied, an unsteady
solver was selected. This is because the multiphase model is
only available with the unsteady solver.

A first-order time-stepping scheme was used to march the sim-
ulations forward in time. The convective variables were dis
cretized in space using the third-order MUSCL scheme while
the SIMPLE algoritm was used for the pressure-velocity cou-
pling. A spatial resolution study was conducted with thel gri
concentrated in regions with significant gradients (e.thse

to the wall, and on the free-surface), and a minimum spatial
step-size ofAx/R = 3.0 x 104 was used. Temporal marching-
wise, a time-step oAt /(2m) = 3 x 102 was found to be ad-
equate to prevent unphysical oscillations from forminghreg t
free-surface.

As the flow is assumed be to axisymmetric, the axis boundary
condition is imposed at the inner radial boundary; 0. Note,
however, that finite flow asymmetries can result from smgll ri
imperfections (see [23]). The no-slip condition is imposgd
the side wally = R, and on the surfaces of the scaffold. At the
fluid-air interface boundaryg = H, a free surface condition is
imposed, and the Volume-of-Fluids (VOF) method is used.

The initial conditions are that the fluid is at rest and the
rotation of the bottom disk commences abruptly at the start
of the simulationt = 0. The simulations are evolved in time
until the solution reaches reaches steady state. Typically
the postprocessing took place after approximately 100 non-
dimensionalised time units, where one time unit is the pkoio

the lid rotation. To verify that this was sufficient, selettmses
were evolved for a further 50 non-dimensionalised timesunit
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Figure 1: Schematic of the bioreactor

Numerical convergence is deemed to have been satisfied once
the stress levels (monitored at the regions of interese-wialll

and VB region close to the scaffold) agrees to within 2% over
every time-step.

In three-dimensional space, the stress field is a symmetric
(six-component) tensor. However, it is possible to redimee t
number of components to three by transforming to a rotated
coordinate system. In this coordinate system, the tensor is
diagonal, and the diagonal elements are called the prihcipa
stress terms. These terms define the stress environment
experienced locally by a cell in the bioreactor. In order to
determine the principal stress terms, it is necessary toi@ea

the eigenvalues of the stress tensor, which is defined insterm
of velocity gradients. This is done via a postprocessing,ste
implemented inFluent using a User-defined Function (UDF),
based on the subroutindacobi available from Numerical
Recipes ([13]), to calculate the eigenvalues of the steyssor.

Results and discussion

Flow field

The flow structure in the bioreactor at a constant aspeda rati
of H/R= 15 is studied at a representative range of Reynolds
numbers: 600K Re< 1920. As mentioned earlier, selection
of this particular range assures that the flow field is steady
and axisymmetric (Spohn et al. 1993). It has been widely
reported in the literature (see Spohn et al. 1993, Spohn et
al. 1998, Piva & Meiburg 2005) that the formation of a VB
region begins with a narrow bubble developing close to the
centreline. As the Reynolds number is increased, the bubble
grows in size, and its upper stagnation point gradually raove
toward the free surface. The closed recirculation torus is
complete once the lower stagnation point reaches the free
surface too. To illustrate the evolved steady flow structure,

in particular, the vortex breakdown region, axial and azhmal
velocity components, and the streamfunction, will be prea
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Figure 2. Contours of the non-dimensional azimuthal velooity,(QR) , for (a) Re= 780, (b)Re= 1350, and (dRe= 1920. Range

of the contour levels is 0.6 vg/(QR) < 1.0 withA=0.025.

L

Figure 3. Contours of the normalized streamfunctign,= P/ (QR3), in the meridional plane fad /R= 1.5 at (a)Re= 780, (b)Re=
1350, and (cRe= 1920. The dotted lines denote anti-clockwise recircutgtin, while the solid lines denote clock-wise recirculation,

Y. The minimum values ofy; are as follows; (@)W1 )min= —2.7 x 104, (b) (W})min = —3.9x 1074, (¢) (W})min = —5.1x 104,
The equally-spaced interval size is as followgs; = 103, Ay, = 2.5x 1075,

Since the flow is being driven by the rotating bottom lid,
it is clear that the azimuthal velocity component should, in
general, dominate over both axial and radial velocity compo
nents. Figure 2 shows the contours of the magnitude of the
non-dimensional azimuthal velocity componew,/(QR), at
Re= 7801350 and 1920. The concentration of the contour
lines close to the bottom lid shows that angular momentum is
being transported to the interior of the flow. We can observe
from the contour plots, the formation of a nearly cylindtica
core region with increasing Reynolds number, as discusged b
[20]. The approximately linear increase in the verticaltoom
lines located in the central region indicates rigid-bodation.
Similar to the results of [20], this cylindrical core regjamhich

is clearly observed at higher Reynolds number, spans oeer th
entire cylinder heighti.

Figure 3 shows the contours of the streamfunction in thedneri
ional plane as a function of increasing Reynolds number. The
plots show a dominant anti-clockwise meridional recirtola
generated by the centrifuging effect of the spinning bottioim

at each Reynolds number. In addition, a weaker recircigatin
region is also present, rotating in the opposite directiamy
located close to the centreline and free surface. It is dtwar
Re= 780 that the weak and narrdwbbleis initially embedded
inside the vessel. As the Reynolds number is increased,Bhe V
bubble moves upstream towards the free surface boundagy. Th
contours show that the bubble has attached itself to the free
surface aRe= 900. A widening of the VB bubble can be seen
in Figure 3(c) as a result of the lower stagnation point mgvin
upstream towards the free surface. R&= 1920, there is a
significant increase in the diameter of the recirculatioruso
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at higher Reynolds number. These observations are camisiste
with the experimental visualizations of both [19] and [8],[
which were recorded using dye visualisation and steredscop
particle image velocimetry (SPIV), respectively.

Stress field

Figure 4 show the contours of the normalized tensile stress
term, o3/(uQ), as a function of Reynolds number. It has

to be noted that since the contours positive tensile stress
and the negative compressive stress reveals an almost exact
mirror image, only contours of the former are reported here.
Furthermore, the symmetry af; and oz implies that the
intermediate stressip, can be ignored as its magnitude would

be close to zero because of incompressibility.

In regard to stresses that are generated along the cylinder
walls, the contours show that the dominant stresses artetbca
along the bottom wall, and a significant part of the side wall.
These high stress regions can be attributed to the presénce o
the boundary layers, i.e., the Ekman boundary layer and the
Stewartson boundary layer, respectively. By examining the
azimuthal velocity contour plots (see Figure 3), it is cldaat
these two stress regions are strongly associated with itmeagr

flow features. As [20] have mentioned, the momentum transfer
between the wall and the interior would be mostly dependent
on the cylinder aspect ratid{ /R, rather than the Reynolds
number. Therefore, we would expect these two stress retpons
display similar intensity levels irrespective of Reynofdsnber.
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Figure 4. Contours of the non-dimensionalized principal tensilesmrcr’3 = 03/pQ, at (a)Re= 1000, (b)Re= 1600, (c)Re= 1920.

Apart from the stresses that are formed close to the cylinder
walls, a third stress region is located close to the freeaserf

In contrast to the cylinder wall stresses, the contoursriglea
show an increase in the intensity as the Reynolds number is
increased. This third stress region, which originates at th
approximate location af/R= 0.3 at the free-surface, is clearly
linked to the secondary flow features. To be more specific,
this region is a direct result of the inwards travelling flow
along the free-surface that is being ‘forced’ to separate at
the radial location of /R~ 0.3. Flow separation would lead

to sharp gradients, which in turn, generate stresses. Ifinal
perhaps of greater interest is the fact that as the Reynolds
number increases, an interior stress region starts to ftonga
the boundary separating the VB bubble from the dominant
anti-clockwise recirculation region. As the Reynolds nemb

is increased, the tail-end of this stress region slantsaligdi
outwards and is consistent with the general pattern of the VB
bubble geometry.

Bioreactor with a submerged scaffold

This section considers the bioreactor configuration with a
submerged scaffold. The scaffold is idealized as a station-
ary, solid circular disk that is placed at a fixed location of
(r,z) = (0,0.5H). Three different disk sizes (normalized
with respect to the cylinder radiuR) were studied, i.e.,
rs/R=1/132/13 and 3/13. For all cases, the scaffold aspect
ratio is fixed ats/rs = 0.4 wherets is the thickness of the scaf-
fold, andrs is the radius of the scaffold. The Reynolds number
was kept constant éRe= 1200. Numerically, the solution
techniques applied in this case are identical to the schffele
situation. Similar to the earlier case, our numerical rssul
showed that the asymptotic solution was steady.

Figure 5 show the contours of the non-dimensionalized
azimuthal velocity,vg/(QR), as a function of aspect ratio,
rs/R. While it is clear that the presence of a scaffold would add
a further parameter that can affect the flow structure, ieapp
that the primary flow features are still mostly dependent on
the Reynolds number and the cylinder aspect radtigR. In
comparison with the scaffold-free case at a similar Reysold
number, there remain distinct similarities in the general
structures of the primary flow, namely the transfer of angula
momentum from the bottom rotating wall to the interior, the
loss in momentum to the side-wall as the flow moves upstream,
and finally, the presence of a centrally located, cylindrocae
region.

It has been reported earlier that increasing the Reynolageu
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had resulted in the formation of a centrally located, cylical
core region. Similar to what was observed in the scaffobd-fr
case (see Figure 3), Figure 5 showed the presence of such a
region, and it is clear that the azimuthal rotation rate & th
core is decreasing with an increasingR. This is expected
due to the loss in angular momentum from the core region to
the no-slip, solid surfaces of the scaffold. The effect i$ no
dissimilar to the viscous diffusion of a vortex core. Anathe
flow feature of note is that while the azimuthal velocity cant
lines have remained vertical across the cylinder height,
(which implies that the central core has a rigid body rotatio
characteristic) fors/R=1/13,2/13, at the largest aspect ratio
of rs/R = 3/13, only the downstream region adopts a similar
pattern. This observation suggests that the central carelfm
swirling flows is most likely to be driven by the rotating et
wall.

The secondary flow features are shown through the contours
of the normalized streamfunction/(pQR®), in figure 6.

In order to develop a better appreciation of how a scaffold
affects the secondary flow features, in particular the VB
bubble, the streamfunction contours of a no-scaffold case i
included here. Our numerical simulations showed the presen
of a steady and robust VB bubble at all thre¢R aspect
ratios, which is consistent with the results of [6],[7]. # i
clear that the dominant anti-clockwise recirculation oegi
was not being affected by the scaffold. The same cannot be
said for the VB bubble, as discussed in the following paralgra

Figure 6 also shows that while the circulation of the VB bebbl
remains relatively unaffected, the topology of the VB bebbl
undergoes rather significant changes as a result of an siogea
scaffold aspect ratias/R. At rs/R= 1/13, there is very little
distortion of the VB bubble as the edges of the scaffold have
only impinged on the outer boundaries of the VB bubble where
the velocity magnitudes are comparatively small. However,
as the scaffold aspect ratio is increasedd(R = 2/13, the
scaffold starts to interfere with the overall VB bubble.
particular, there is a distinct narrowing in the streamfiorc
contours that are formed along the upper surface of theaddaff

In short, the VB bubble takes on a more compact shape as the
scaffold aspect ratio is increased. The compression effect
described by [7], is most prominentiayR = 3/13. It is clear

that the compression effect occurs even when the diameter of
the scaffold is smaller than the size of the VB bubble. Prbhab

as a consequence of the compression effect, we would expect
relatively large stress levels to be formed around the tojase

of the scaffold (this will be discussed in the next paragjaph

It is worthwhile mentioning that our axisymmetric simutats
cannot capture the spiral pattern found downstream of the

In
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Figure 5. Contours of the normalized azimuthal velocitg/(QR),
rs/R=3/13. The contour levels used are identical to Figure 2.
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Figure 6. Contours of the normalized streamfunctiqﬁ(: W/ (pQR®)), at Re= 1200 for (a)rs/R=1/13, (b)rs/R=2/13, and (c)
rs/R=3/13. The dotted lines denote anti-clockwise recirculatlﬁp,while the solid lines denote clock-wise recirculatiqji,. The
minimum value ofy; is 9.25x 10~3. Note that the intervals used here are identical to Figure 3.

scaffold as observed experimentally by [7]. However, it is
quite possible that this particular flow pattern is a restilt o
an asymmetry, for example, the off-centred alignment of the
scaffold or rig imperfections. Future work is planned whwre
3D simulations will be performed to investigate the exisgen
of the spiral pattern.

Figure 7 shows the contours of the non-dimensionalised
principal tensile stress termsg/(PQ), with the scaffold placed
inside the bioreactor. Similar to the scaffold-free cabere

are three dominant stress regions, i.e., along the bottollp wa
side-wall, and the radial position of R ~ 0.3 along the free
surface boundary. The stress distribution of these thigiens
remains unchanged as the size of the scaffold was increased,
which reinforces our earlier findings that the scaffold has
relatively little impact on the momentum transfer takingqs
along the walls, and the flow separation from the free-serfac

In short, these three stress regions are associatedReitind

H/R, rather tharrs/R. In contrast, the stresses that are formed
close to the scaffold demonstrated a clear dependence on
rs/R. The peak stresses are localized around the edges of the
scaffold, which is in agreement with the numerical resufts o
Williams et al. 2002, and the experimental observations7pf [
Perhaps, of greater interest is the fact that the contoww sh

a clear increase in both intensity and extent as the scaffold
aspect ratias/R, is increased. This is most likely a result of
the compression effect on the VB bubble by the scaffold.

Table 2 shows the non-dimensionalised maximum and area-
weighted average wall shear stresses that are found onghe to
and bottom surfaces of the scaffold. As expected, the marimu

shear stresses occur at the edges of the scaffold wherethe flo
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has to separate at the sharp corners. The area-weightedjaver
shear stress at the bottom surface is typically two ordensagf-
nitude smaller than the top surface. The relatively smahsh
stress levels along the bottom surface is expected as Figcire
shows the presence of a stagnation region downstream of the
scaffold. Table 3 shows that the dimensional shear stresses
the scaffold increased with Reynolds number.

rs/R (Tmau  (Tmai (M 9]

1/13  3.03 237 B4102%) 22510°%)
2/13  3.87 295  BA107?) 2341074
3/13  3.84 324  @®11072) 244104

Table 2: Non-dimensionalised maximum wall shear stress,
Tmax/(HQ), and area-weighted average wall shear stress,
T/(1Q), at the upper surfaca), and lower surfacel, of the
scaffold, shown here as a function of the scaffold asped,rat
rs/R.

Re (Du (Pa) (T (Pa)
1200 713x10° 2.78x10°7
1600 119x104 4.39x10°7
1920 155x104 5.86x10°7

Table 3: Dimensional area-weighted average wall sheassstre
T, at the upper and lower surfaces for the scaffoldRat=
12001600 and 1920. Note that the scaffold aspect ratio is held
constant ats/R= 3/13.
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Figure 7. Contours of principal tensile stresseg,/(pw), at Re= 1200 for (a)rs/R = 1/13, (b)rs/R=2/13, and (cys/R= 3/13.

The contour levels shown in this plot are consistent to Fgur

Conclusions

In this study, the momentum transport of a simple spinner-
flask bioreactor is modelled using CFD. The present study
is confined to the Reynolds number range over which the
flow is axisymmetric, steady, and lies in the laminar regime.
The axisymmetricity of the RDB offers a greater ease of
characterization in the shear environment. Thereforeg@ab
progression from this study would be to use the basis of the
RDB in achieving optimal shear rates while maintaining a 3D
fluid environment that is laminar and possibly, steady. This
is not unlike the concentric cylinder bioreactor configimat
where the flow was confined to the laminar regime while
maintaining reasonable shear rates ([16]). To that effeetare
currently expanding our scope of research to include skcaffo
geometrical considerations such as off-centred placesraert
multiple disks.

An important feature of confined swirling flow configurations
is the possibility of vortex breakdown (VB). This study fol's

on from an experimental one by [6],[7] who had examined
the flow and stress environment inside a bioreactor from a
fluid dynamics viewpoint. Similar to the use of VB theory in
other practical applications that have a swirling flow as @ ke
feature, our intention is to explore the possibility of gsithe
vortex breakdown region to provide a controlled, relagivel
low-stress environment for tissue growth scaffolds. A key
result is the quantification of the local stress fields near a
circular disk scaffold that is placed on the axis of a bioteac
The simplicity of the design means that the flow- and- stress
environments are also amenable to the design of scaled-up
bioreactors.

The meridional flow shows two distinct recirculation flow
patterns, i.e., a dominant, anti-clockwise primary radation
region, and a weaker, clockwise secondary region — the
VB bubble. To first order, these two regions are effectively
isolated, i.e., there is no convective transport of nutheaste
between these two regions (because of the closed streamline
see Figure 6). However, species transport can occur through
diffusion across the dividing streamlines or through opgrof

the bubble resulting from rig imperfections (e.g., [203J2A
parallel study is currently being undertaken in examinihg t
species transport in spinner-flasks bioreactors using CFD.

The presence of the rotating bottom lid and the stationaty-si
wall meant that any cell aggregates that are suspendedhwithi
the primary recirculation region would most likely experce
large shear rates while being carried by the secondary flow as
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the latter is being driven radially outwards. In contrasie t
stress distribution suggests that the VB region is a swtabl
region for the suspension of cell aggregates that requites a
shear condition. It is clear that the centrally-locatedexicore
region does not contribute to the stress field in the VB bubble
mainly because of its rigid body rotation-like charactgéeis
Furthermore, the weak velocity gradients in the secondavy fl
(that forms the VB bubble) imply that the VB bubble is a region
of relatively low shear.

In the second part of this study, a scaffold (idealized adid so
and stationary circular disk) was placed along the ceniedit

an axial height of/H = 0.5. In terms of the stress distribution,
the addition of a scaffold did not significantly alter the mai
stress regions that were found earlier in the scaffold-free
case, e.g., along the bottom lid, side-wall, and the parhef t
free-surface where the inwardly travelling fluid is forcedsep-
arate. As expected, large stresses were formed on the Iscaffo
particularly around the edges, due to the non-slip walleagf
While the scaffold had little impact on the overall dynamiés

the flow i.e., the VB bubble had remained steady, it appears
that topology-wise, the VB bubble has been compressed.sit wa
found that the compression effect increased with the sichffo
aspect ratio. A direct result of the compression is a distinc
stagnation region lying directly underneath the scaffdidis
clear that such a region would not be conducive for suspended
cell aggregates owing to its low levels of mixing and species
transport.
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