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Fluid Dynamics of a Micro-Bioreactor for Tissue Engineering

P.Yu',T.S.Lee |, Y. Zeng ' and H. T. Low >

Abstract: A numerical model is developed for the in-
vestigation of flow field and mass transport in a micro-
bioreactor, of working volume below 5 ml, in which
medium mixing is generated by a magnetic stirrer-rod ro-
tating on the bottom. The flow-field results show that a
recirculation region exists above the stirrer rod and ro-
tates with it; the related fluid mixing is characterized
by a circulation coefficient of up to 0.2 which is about
five times smaller than that of a one-litre stirred-tank
bioreactor. The oxygen transfer coefficient is less than
5 h~'which is two orders smaller than that of a 10-
litre fermentor with aeration, hence the oxygen transfer
rate is insufficient for bacteria culture and bubble aer-
ation is needed as was used in the prototype by Kos-
tov et al. (2001). However, it is shown that for certain
animal cell cultures, the oxygen concentration level in
the micro-bioreactor can become adequate without using
bubble aeration, provided that the magnetic rod is rotated
at a high speed (rod Reynolds number of 716). At such
high rotation-speed, the micro-bioreactor exhibits a peak
shear-stress below 0.5 N m~2 that is acceptable for ani-
mal cell culture. The maximum local-energy dissipation
rate is below 18 kW m~> which is five times smaller than
that in a ten-litre Rushton-impeller bioreactor.

keyword: Micro-Bioreactor, Hydrodynamic stress,
Oxygen transfer, Stirred tank, Tissue Engineering.

1 Introduction

The in-vitro culture of mammalian cells is essential in
the development of bioartificial organs and many types
of bioreactor have been designed for this purpose. In
bioreactor design, the fluid dynamics or transport proper-
ties are of practical importance. A basic issue is medium
mixing to provide a homogeneous distribution of the sub-
strate in order to expose all cells to optimal conditions
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(Lubbert and Jorgensen, 2001). Another important issue
is the mass transfer of oxygen into the medium, the rate
of which is low as the dissolved oxygen-concentration
for aqueous solution is low.

Over recent years computational fluid dynamics (CFD)
has enjoyed an outstanding success in the investigation of
bioreactor performance. There have been several compu-
tational studies on the laminar flow field and fluid mixing
in large-scale industrial stirred-tank bioreactors (Harvey
et al., 2000; Zalc et al, 2001). The velocity fields were
computed and based on the velocities, the particle tra-
jectories were mapped. A mixing time was then defined
based on the time required for a particle to move a certain
distance.

From the computed flow-field, the local shear rate at a
fixed position may be obtained from the first derivatives
of the velocity components. An example of such flow
field and shear stress computation is given in the analy-
sis by Begley and Kleis (2000) for the NASA rotating-
wall perfused-vessel bioreactor. It was found that im-
proved flow patterns, with better mass transport charac-
teristics and low shear stress, may be obtained from dif-
ferent operating conditions, for example differential ro-
tation speeds of inner and outer cylinders. Lappa (2003)
numerically computed the velocity and shear-stress dis-
tribution around a construct in a rotating bioreactor; this
analysis also considered the effect of shear stress on tis-
sue growth rate; non-uniform tissue growth was observed
on the construct, with the upstream corners having higher
growth due to higher stresses.

The above literature survey indicates that many flow
studies have been concerned with conventional bioreac-
tors using large volumes of media for big-scale produc-
tions. However, large bioreactors are not suitable for con-
ducting large numbers of simultaneous experiments to
systematically study the effects of environmental param-
eters on cell growth. In the framework of studies devoted
to the initial stages of cell culture, it is more economi-
cal and convenient to grow cells in small volumes; and
multi-well culture plates have been widely used in such
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a context. But with such static wells, there is no medium
perfusion and the mass transport is thus limited. These
static wells are not suitable for high-density cell growth.
To overcome this limitation, the well plates may be agi-
tated on a rotational shaker that enhances mass transfer,
thus enabling higher cell density to be cultured (Girard et
al., 2001). The performance of various small scale biore-
actors, with working volume below 100 ml, have been
reviewed by S Kumar et al. (2004).

Kostov et al. (2001) designed a novel micro-bioreactor
of working volume 2 ml that could form the basis of a
multiple-bioreactor system for high throughput biopro-
cessing. In their novel design, a small magnetic stir bar
was placed on the bottom of a 1 cm square cuvettte, and
the bar was magnetically rotated at 300 rpm to provide
agitation. Suspended Escherichia coli cells were cultured
in the micro-bioreactor. An optical sensing system was
developed to measure the variation with time of pH, dis-
solved oxygen and optical density and these profiles were
satisfactory as compared with those in a one-litre biore-
actor. Oxygen adequacy was ensured with bubble aera-
tion.

However, till date this novel micro-bioreactor of Kostov
et al. (2001) has not been tested with other types of cells
(other than suspended Escherichia coli cells) like mam-
malian cells which are less robust to fluid shear stress
and more sensitive to medium mixing conditions. Fur-
thermore it is not known whether the oxygen transfer
would be adequate if the bioreactor was operated in a
simpler way without the bubble aeration system. These
basic fluid-dynamic and oxygen-transfer issues represent
the motivation of the present study devoted to develop a
computational fluid dynamics model of the flow field and
mass transport in the micro-bioreactor.

In the present computational work, the flow field and
oxygen concentration-field are investigated in a micro-
bioreactor, consisting of a culture well in which a small
magnetic stirring-rod is placed on the bottom to enhance
the medium mixing. The flow and mass transport in
the micro-bioreactor are studied by a numerical model
based on finite-volume method. The results of velocity
components, circulation coefficients, and hydrodynamic
stresses are presented in non-dimensional form for gen-
eral applications.
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2 Computational Methods

2.1 Mathematical Model

The magnetic rod is located on the bottom and rotates
about the axis of the chamber as shown in Figure 1. The
chamber is filled with the medium, and does not have
any microcarriers. In a typical application, the medium
volume is about 4 ml. In contrast, industrial bioreactors
of the stirred-tank type may be of several thousand litres
in volume (Leist et al. 1990). The chamber of the present
micro-bioreactor has diameter D of 22 mm and height H
of 12 mm. The stirrer-rod diameter d is 1 mm and its
length L is 12 mm.

The moving reference frame method is used to model
the flow. In the original inertial frame, the flow is un-
steady because the rod sweeps the flow domain period-
ically. By transferring the coordinates system from the
original frame to the rotating frame of the stirrer rod, the
flow is steady relative to the rotating frame. This simpli-
fies the flow modeling. The velocities in the two refer-
ence frames are related by the following equation:
ﬁ,:ﬁ-(fzx?) (1)
where i is the absolute velocity, i, is the relative velocity,
Q is the angular velocity vector or the angular velocity
of the rotating frame; and 7 is the position vector in the
rotating frame.

For flows in rotating domains, the equations for conser-
vations of mass and momentum (Batchelor, 1967) may
be expressed as:

V- (pii,) =0 @)

V- (piid) +p (@ x7i,) =—Vp+V- (3) 3)
where p is the medium density, p is the static pressure,
and T is the stress tensor. Note that the gravitational body

force and external body forces are neglected.

The substrate numerically modeled here is oxygen. In-
sufficient oxygen supply is one of the limiting factors in
the scaling up of animal cell culture processes (Leist et al.
1990). It is envisaged that the present scaling-down pro-
cess may likewise be limited by insufficient oxygen sup-
ply, especially if there is no bubble aeration. The species
continuity equation is:

i-VC=D/N?C—R, “)
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Figure 1 : [llustration of the micro-bioreactor system.

where C is the molar concentration (mol m~3) of oxygen,
D. is its binary diffusivity in the media (m? s~') and R,,,
is the molar rate of species consumption per unit volume
(mol m=3 s~ 1),

The oxygen consumption by the cells is based on
Michaelis-Menten equation. Hence the oxygen reaction
rate R, is written as:

B e
" CHky,

&)

where 7 is the cell density in the micro-bioreactor, V), is
the maximum oxygen uptake-rate (specific) of the cell
and k,, is the Michaelis constant, or oxygen concentra-
tion at which the reaction rate is half maximal. The cells
are assumed uniformly suspended and their density is as-
sumed constant throughout the process.

The no-slip conditions are imposed at the solid boundary.
At the surface of the medium, the velocity is assumed
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zero (Ng et al., 1999). The oxygen concentration at the
surface is assumed constant and equal to the saturation
concentration in the media as determined from Henry’s
law.

The Reynolds number based on the rod length is defined
as:

pNL?
u

Re =

(6)

where u is the dynamic viscosity and N (rev s~!) is
the rotating speed of the stirrer rod. Different Reynolds
numbers from 143 to 716, corresponding to the rotation
speeds from 1 to 5 rev s~! respectively, are simulated.
Since the maximum Reynolds number is less than the
critical value of 1,000 (Nagata, 1975) the flow is assumed
laminar.

The non-dimensional parameter, Damkohler number, is
used to quantitatively describe the nutrients consump-
tion:

 Wal?
oD,

Da (N

where C is the saturation concentration in the medium.
As an example, a typical value of the Damkohler number
can be calculated for a typical CHO cell culture from the
data of Deshpande and Heinzle (2004). If the cell density
y=1x105cells ml~!, oxygen uptake rate V,,, = 8x10 ~ 17
mol cell™!' s~! and saturation concentration Cy= 0.2, the
Damkohler number is 19.6.

2.2 Numerical Method

The commercial software FLUENT, a finite-volume
based code, was used for the numerical solution of the
flow field. Commercial software such as this have been
used to simulate the flow field in bioreactors by several
researchers (Unger et al., 2000; Begley and Kleis, 2000;
Williams et al., 2002). FLUENT uses a control-volume
approach to integrate the governing equations over each
cell in the mesh. The resulting set of algebraic equa-
tions are linearized and solved numerically. The second
order upwind scheme was applied for discretization and
the SIMPLEC method was used to solve the governing
equations.

It was found that in the numerical model, a small gap

has to be imposed between the rod and the base of the
bioreactor. Without this artifact, the commercial mesh
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Figure 2 : Dimensionless velocity-components (refer-
ence = tNL) versus radial position at height z/H = 0.125,
Reynolds number Re = 716 and angular coordinate from
rod 6 = 90°.

generator code GAMBIT could not generate an accurate
mesh for the whole flow domain. In this study, a gap of
0.1 mm was imposed in the model.

2.3 Validation

For rotation flow problem, the mesh should be suffi-
ciently refined to resolve large gradients in pressure and
rotation speed. To check grid independence, a study has
been performed with three sets of mesh at the highest
Reynolds number of 716. The cells numbers of the three
sets of mesh are 245,188, 326,533 and 444,973. Dimen-
sionless velocity components curves for the different sets
of meshes are shown in Fig. 2. As a compromise between
computational accuracy and time, a mesh with 326,533
cells has been selected for the final computation.

To verify the CFD model, the flow in a tank stirred
by a two-blade impeller has been simulated, using the
same conditions as those in the experiments of Youcefi’s
(1993). The comparison of the numerical and experi-
mental results is presented in Figure 3. The agreement
indicates that the present numerical model gives velocity
components with satisfactory accuracy.
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Figure 3 : Dimensionless tangential-velocity versus ra-
dial position at height z = 1.1 mm, Re = 38 and angular
coordinate from impeller 6 = 90°.

3 Results and Discussion

The results are presented for a stirring rod of length ratio
L/D = 0.545, rod diameter ratio d /L = 0.083 and biore-
actor height ratio H/D = 0.545. The results and discus-
sion are split into four parts: flow field, medium mixing,
oxygen transfer, and hydrodynamic stress.

3.1 Flow Field

It is essential to know the flow field, as it indicates the ex-
tent of medium mixing in the bioreactor. The various ve-
locity components are also needed to calculate the shear
stress level and oxygen transport.

Fig 4 presents the velocity field in a vertical plane (at
angle 0° from the magnetic rod) for three different
Reynolds numbers 286, 430 and 716. It shows that the
fluid in the micro-bioreactor does not behave like that of
a solid body rotation which has no axial mixing. The
flow pattern shows that a central recirculating-region is
formed.

The fluid recoils away from the rotating rod towards the
wall, where it flows upward and returns downward near
the axis. This creates a recirculation flow above the stir-
ring rod. This recirculation is weak at small Re of 286.
At higher Reynolds number 430, the recirculation flow
appears stronger.
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may be detrimental to cell culture as

it may have the effect of centrifuging cells towards the

micro

bioreactor wall.

716

region may be poor because the axial mass-transfer is

From the velocity distribution (Fig. 4), the flow in the
upper part of the chamber is weak. The mixing in this

3.2 Medium Mixing

c) Re

Figure 4 : Velocity field in a vertical plane at angular coordinate from rod 6
716.
which is similar to that of the swirling

At high Re of 716 (Fig 4c¢), the vortices generated by the medium mixing,

rotating rod are different from those at smaller Reynolds
numbers. There is a well defined vortex breakdown near

the axial region,
flow in a cylindrical container (Escudier, 1984; Lopez,

1990). In the present flow situation, the critical Reynolds

number for vortex breakdown was found to be about 580.
The recirculation flow, though beneficial for enhancing
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Figure 5 : Variation of circulation capacity with height
at various Reynolds number.

largely dependent on axial velocity components, as gen-
erated by the secondary circulation. The circulation ca-
pacity (Costes and Couderc, 1988; Kuncewicz, 1992;
Dong et al., 1994) is defined as:
0c=7 [ v as ®)
A

where | V| is the modulus of axial velocity component V.,
and dA is the incremental area over which V, acts. Since a
mass balance shows that the upward and downward flows
are equal at any horizontal plane, the circulation capac-
ity Qc is therefore the upward axial-flow rate through a
certain horizontal plane. A larger axial upward flow rate
will give better mixing. The circulation capacity along
the vertical direction at different Reynolds numbers is
presented in Fig 5. For each Reynolds number, the cir-
culation capacity Qc reaches a maximum at height of z =
2 mm plane that is just above the rod. Then it decreases
gradually with height. At higher Reynolds number, the
circulation capacity is larger, giving enhanced mixing.
The dimensionless form of the circulation capacity is the
circulation coefficient:

Oc
No. = ND? (©)]
Fig 6 shows the circulation coefficient along the height z
at different Reynolds numbers. The trends of the circu-

lation coefficient Ny, at different Reynolds numbers are
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Figure 6 : Variation of circulation coefficient with height
at various Reynolds numbers.

rather similar and so are their magnitudes, indicating an
approximate collapse of data. Therefore the circulation
coefficient Np. may be considered a non-dimensional pa-
rameter independent of Reynolds number. The maximum
circulation coefficient is about 0.21 and occurs at a height
z of 2 mm.

The circulation coefficient of the present stirred-rod is
small compared with that of impellers in larger bioreac-
tors, for which the circulation coefficient is around 1.0
in a one-litre bioreactor (Dong et al., 1994). One reason
for the difference is that their impeller has six blades but
the present magnetic rod is equivalent to only two blades.
Furthermore the diameter of the present rod is small and
its profile is not aerodynamically designed. Also, the
present stirring rod is located at the bottom of the cham-
ber, which is not effective for flow mixing. The small
circulation coefficient indicates that fluid mixing is not
high in the present micro-bioreactor. Thus it is necessary
to check whether mass transport is adequate, particularly
for oxygen transfer without bubble aeration.

3.3 Oxygen transfer

The oxygen-concentration distributions in the micro-
bioreactor at various Reynolds and Damkholer numbers
are presented in Figs 7a and 7b. The oxygen concen-
tration level is non-dimensionalized by its saturation-
concentration in the medium. The oxygen concentration
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is low in the central region above the stirrer-rod tip (Fig
7a) because of the low mass-transport in the recircula-
tion region there (Fig 4a). The Reynolds number of 286
is too low to provide sufficient mixing, thus the oxygen
concentration is not high. At a higher Reynolds num-
ber of 716 (Fig 7b) the concentration distribution is more
uniform than that at the lower Reynolds number. The
concentration is still low in the region above the stirrer-
rod tip because of the recirculation region there (Fig 4c).
The concentration is higher in the region of the vortex-
breakdown bubble (Fig 4c) due to higher flow-velocities
there which convect oxygen from the top surface.

From the oxygen concentration field, its minimum values
were determined and are presented in Fig. 8 at various
Reynolds and Damkohler numbers. The minimum con-
centration is lower at smaller Re due to poor mixing as
expected; and it is also lower at higher Damkohler num-
ber due to higher consumption by the cells.

The critical value of the dimensionless oxygen-
concentration that causes cell hypoxia for CHO is 0.05
(Lin and Miller, 1992). Assuming the Damkholer
number of CHO is less than 50, operating the micro-
bioreactor at the small rotating speed corresponding to
Re 286 (Fig 8) would be adequate to achieve suffi-
cient oxygen transfer. The critical oxygen concentration
of rat hepatocytes is 0.035 (Roy et al., 2001). How-
ever its Damkholer number is above 50, which thus re-
quires a higher operating speed with Reynolds number
above 286. When operating at rod Reynolds number of
716, the micro-bioreactor can support animal cell cul-
ture up to Damkholer number of 120 (Fig 8), assuming
a critical value of 0.05 for the dimensionless oxygen-
concentration.

From the oxygen concentration-field, the volumetric
oxygen-transfer coefficient is determined from:

OTR = kya(Co—Cp,) (10)

where OTR is the volumetric oxygen-transfer rate, kya is
the volumetric oxygen-transfer coefficient, Cy is the oxy-
gen saturation-concentration in the medium, and C,, is
the average oxygen-concentration. The average oxygen-
concentrationC,,, may be determined from the concentra-
tion field. At steady state, the oxygen transferred into the
micro-bioreactor is in equilibrium with the oxygen con-
sumed by the cells. Thus the volumetric oxygen-transfer
rate OTR may be calculated from volumetric integration
of Eq. 5 using the oxygen concentration-field.
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Figure 7 : Oxygen-concentration field in a vertical plane
at angular coordinate from rod 6 =0 ° ; a) Re = 286, Da
=54;b)Re =716, Da = 122.

The oxygen-transfer coefficient is an important parame-
ter in the performance of bioreactors. The transfer coef-
ficient is useful for determining the oxygen transfer in a
bioreactor, for laboratory-scale use or when scaling up to
a larger process. The coefficient has been used to mea-
sure the oxygen-uptake rate of cells, that is an important
experimental parameter to monitor and control cell cul-
ture experiments (Ruffieux et al., 1998; Oliveira et al.,
2005).
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Damkohler number at various Reynolds number.

The oxygen transfer coefficient kza of the micro-
bioreactor operating at various Reynolds numbers is pre-
sented in Fig 9. The result is not affected by Damkohler
numbers, within a reasonable range, because the oxygen
transfer coefficient is a characteristic of the stirring sys-
tem and does not depend on the cell consumption rate.

For the present range of Reynolds number (Fig 9), the
oxygen-transfer coefficient kza is less than 5 h™!. Tt
is small compared with the k;a of 16.8 h~! in a two-
litre centrifugal-impeller bioreactor with aeration sparger
(Zhong et al, 2002); indeed their study determined that
the plant cell growth was limited when the oxygen trans-
fer coefficient was lower than 6.4 h~!. In the case of
bacteria culture, an oxygen transfer coefficient kza of up
to 768 h~! has been achieved in a 10-litre fermentor with
aeration (Badino et al, 2001).

The present micro-bioreactor would be unable to gener-
ate sufficient oxygen transfer for bacteria and plant cul-
ture. Clearly for bacteria culture, aeration is needed to
achieve adequate oxygen transfer as was used by Kostov
et al. (2001). However for animal cell cultures which
have a lower oxygen uptake rate, the critical oxygen-
concentration level in the present micro-bioreactor, as
shown earlier for CHO cells and hepatocytes, is ade-
quate without using aeration bubbles which may cause
cell trauma (Wang et al., 1994).
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Figure 9 : Variation of volumetric oxygen-transfer coef-
ficient with Reynolds number.

3.4 Hydrodynamic Stress

Animal cells are sensitive to hydrodynamic stress (Chisti,
2001) and its effects have been studied (see for example
Schurch et al., 1988, Zhang et al., 1995). In this section,
results of shear stress, normal stress and energy dissipa-
tion rate will be presented.

The three shear stress components in cylindrical coordi-
nates (Currie, 2002) are:

A7 10V,
Sre—ﬂ_r$<7>+;ae] (1)
[dVy 10V,
S ;%] (12
[V oV,
Sre = ? + a_z] (13)

The mean shear-stress level is defined from the resultant
stress (Begley and Kleis, 2000):

1

2 2 2\1%
3 (Sre +S6z +Srz) 2

Su (14)

The mean shear-stress levels are shown in Fig 10. Their
values are relatively low inside throughout the micro-
bioreactor. The maxima of mean shear-stresses are found

to occur near the rod and its wake region; and the peak
value is near the tip of the rod (see Fig. 10).
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Figure 10 : Shear-stress field in a horizontal plane at z/H
=0.01 and Reynolds number Re = 430.

The peak shear stress at different Reynolds numbers is
presented in Fig 11 (that also shows the normal stress
to be discussed later). The peak shear-stress is below
0.5 N m~2, that is not large. The present shear-stress is
comparable to the experimental value of 0.26 N m~2 for
the shear stress in a stirred bioreactor obtained by Joshi
et al., (1996).

Mammalian cells are sensitive to high shear stress which
may affect their viability and functions, and may even
damage them. For hybridoma cell line, Born et al. (1992)
reported that laminar shear stress up to 208 N m~2, acting
for 20 minutes, in unaerated flow led to substantial loss
in cell count and viability. For CHO-K1 cells, Shiragami
and Unno (1994) found that shear stress of 0.7 N m~?
caused cell detachment from the surface. Thus the peak
shear-stress of below 0.5 N m~2 in the present micro-
bioreactor is acceptable for animal cell culture.

Besides the shear stress, also of detriment to cells are
the normal stress as found by Joshi et al.( 2001); Garcia-
Briones and Chalmers (1994). In a stirred tank biore-
actor, the normal stress would be of the same order of
magnitude as the shear stress. The three normal stress
components in cylindrical coordinates (Currie, 2002) are:

S =22 (15)
or
- V., 1V
Seo = 2u [7‘1‘;%] (16)
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Figure 11 : Peak values of shear and normal stresses
against Reynolds number.

aV.
S =25 (17)
Z
The mean normal stress may be defined as:
1 1
Sn = g(S%ﬂ'S%e +52)2 (18)

The normal stress-field has a rather similar distribution
and magnitude as the shear stress. The values of mean
normal stress are relatively low throughout the micro-
bioreactor, with high values near the rod and its wake
region. The peak normal stress at various Reynolds num-
ber is presented in Fig 11. At the same Reynolds num-
ber, the peak normal stress is about twice the peak shear
stress.

It has been proposed that the damaging hydrodynamic
forces on cells arise from the velocity gradients. Hence,
the energy dissipation rate, that includes all velocity gra-
dient components, may be used to evaluate the hydro-
dynamic environment. The energy dissipation levels in
bioreactors have been related to cell damage (Garcia-
Briones and Chalmers, 1994; Gregoriade et al., 2000; Ma
et al., 2002). The energy dissipation rate is expressed as:
® = [(Vii+Vii") : Vii (19)
Fig 12 shows the distribution of local energy dissipa-
tion rate in the micro-bioreactor. The maximum value
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Figure 12 : Distribution of local energy dissipation-rate
in a horizontal plane z/H =0.01 at Re = 430.

lies near the tip of the rod. The maximum and volume-
averaged values of energy dissipation rate are presented
in Fig 13. The maximum local energy dissipation rate is
below 18,000 W m~3. In comparison a value of 90,000
W m—3 was determined in a 10 litre vessel equipped
with one Rushton impeller (Zhou and Kresta, 1996). The
maximum energy dissipation rate in the present micro-
bioreactor is acceptable as it is much smaller than the
damaging value for CHO cell line, which is in the range
of 10* kW m~3 (Gregoriade et al., 2000).

It is noted that the ratio of maximum to mean values of
the energy dissipationrate is in the order of four (Fig 13).
For other bioreactors, the ratio is of order two (Zhou and
Kresta, 1996; Ma et al., 2002). The present high-ratio is
attributed to the stirrer being located at the bottom of the
micro-bioreactor, that generates higher velocity gradients
and hence high energy dissipation rate.

4 Concluding remarks

A numerical model was developed for a micro-
bioreactor, of working volume below 5 ml, in which
the medium was mixed by a magnetic stirrer rod at the
base. The fluid mixing, oxygen concentration and hydro-
dynamic stresses in the micro-bioreactor were evaluated
with a view to applications in animal cell culture.

The computed flow field shows that a recirculation re-
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Figure 13 : Average and maximum values of energy dis-
sipation rate at various Reynolds number.

gion arises above the rotating stirrer-rod, that provides
the medium mixing in the axial direction. The medium
mixing is characterized by a circulation coefficient of
about 0.2, which is about 5 times smaller than that in
a one-litre bioreactor with six impellers. Thus a high ro-
tational speed is needed to ensure adequate mixing, as
indicated by the results of the concentration-level and
transfer-coefficient of oxygen.

At the highest rotation speed studied, rod Reynolds num-
ber of 716, the volumetric oxygen-transfer coefficient of
the micro-bioreactor is around 5 h~! that is small com-
pared with the value of 768 h~! achieved in a 10-litre
bacteria-culture bioreactor with aeration. Thus for bac-
teria culture, it is necessary to enhance oxygen trans-
fer by bubble aeration as was used by Kostov et al.
(2001). However, the oxygen-concentration level in the
present micro-bioreactor is adequate for certain animal-
cell cultures without using bubble aeration. Assuming
a critical value of 0.05 for the dimensionless oxygen-
concentration, animal cell with Damkholer number up to
120 may be grown in the micro-bioreactor if operated at
a high Reynolds number of 716.

The peak shear stress, at the high Reynolds number of
716, is around 0.5 Pa which is around two times that
in a large scale stirred-tank bioreactor but, nevertheless,
still below the level acceptable for animal cell culture.
The maximum energy dissipation rate (that characterizes
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the detrimental velocity gradients) is 18 kWm™3; that is
around 5 times lower than that in a 10 litre stirred-tank
bioreactor fitted with a Rushton impeller. Hence the hy-
drodynamic stress environment would be acceptable for
animal cell culture when the micro-bioreactor is operated
at the high Reynolds number of 716.
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