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a b s t r a c t

The flow environment in the micro-bioreactor with a tissue engineering scaffold was numerically mod-
eled. The finite volume method based on multi-block grid was applied to simulate the coupled flow and
oxygen transport in both porous medium and homogenous fluid regions. At porous–fluid interface, a
stress jump condition that includes both viscous and inertial effects was imposed. A parametric study
was performed to investigate the effects of Reynolds, Darcy, and Damkohler numbers on the flow and
oxygen concentration fields inside and outside the scaffold. The minimum oxygen concentration in the
scaffold and its location under different conditions were summarized.
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1. Introduction

Scaffolds have been extensively used in tissue engineering [1–5]
because they provide a defined, three-dimensional structure for
cell attachment and tissue organization [6]. The scaffold structure
is expected to have a high porosity for cell–scaffold interaction, cell
proliferation and extracellular matrix regeneration, and a high per-
meability for the purpose of transporting nutrients and metabo-
lites to and from the cells. The bioreactors should provide
suitable environment which includes efficient nutrient delivery,
waste removal, and mechanical stimulation.

There have been a few studies of flow around scaffolds in biore-
actors, in which the scaffold was assumed as a solid body to study
its effect on the flow environment. Dusting et al. [7] experimentally
investigated, using particle image velocimetry technique, the flow
field and shear stress outside a scaffold in a spinner-flask bioreac-
tor. It was found that vortex breakdown may still occur and rela-
tively large stresses occur along the edge of scaffold protruding
into the boundary of the vortex breakdown region. Williams
et al. [8] developed a FLUENT model to calculate flow fields, shear
stresses and oxygen profiles around tissue-engineering constructs,
also with the assumption of impermeable constructs, in a concen-
tric cylinder bioreactor. The oxygen distribution in the bioreactor
showed that oxygen transport from the fluid-phase to the cartilage
constructs was uniform.
ll rights reserved.
There are also a few numerical studies which consider the por-
ous flow through scaffolds. Porter et al. [9] applied the lattice-
Boltzmann method to simulate the culture media flowing through
scaffolds in a bioreactor. Microcomputed tomography imaging was
used to define the micro-architecture of the scaffold for the simu-
lations. The local shear stress was estimated from velocity deriva-
tives at various media flow rates. Boschetti et al. [10] developed a
computational fluid dynamic model of the flow though a three-
dimensional scaffold of homogeneous geometry. The scaffold was
idealized as composing of many sub-units which were obtained
by subtracting a solid sphere from a concentric solid cube. In both
of the above two approaches, a large number of elements are
needed to describe the micro-structure of the scaffolds.

Moving away from the approach based on the scaffold micro-
structure, Sucosky et al. [11] investigated the flow and shear stress
around and through tissue-engineering scaffolds in a spinner-flask
bioreactor agitated by a magnetic stir bar. However, the scaffolds
were initially assumed as solid structures to calculate the flow
and pressure field around them using the commercial software
FLUENT. Using these flow and pressure field, the Darcy’s law was
applied to predict the flow of culture medium through the
scaffolds.

The flow in bioreactors with scaffold should be defined as a sys-
tem which composes of regions of porous media and homogenous
fluid. Several numerical methods have been proposed to simulate
such type of flow systems. Assuming continuity of both velocity
and stress at the porous–fluid interface, Costa et al. [12] proposed
a control-volume finite element method to simulate the problems
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Nomenclature

C Concentration
C0 Reference concentration
C* Equilibrium weighted average concentration in scaffold
CF Forchheimer coefficient
Da Damkohler number = cVmR2/(C0Df)
Dar Darcy number = K/R2

Dc Diffusivity of oxygen in animal cell phase
Deff Effective diffusivity of oxygen in scaffold
Df Binary diffusivity
Fr Froude number = X2R2/(gH)
g gravitational constant (= 9.81 m/s2)
H Height
H/R Aspect ratio
km Half-saturation parameter
K Permeability
Keq Partition coefficient
p Pressure
r, z, h Cylindrical coordinates
R Radius

Re Reynolds number
ut Velocity component parallel to the interface
un Velocity component normal to the interface
~vinterface Interface velocity vector
vz, vr, vh Velocity components in cylindrical coordinates
Vm Maximum oxygen uptake rate per cell

Greek symbols
b1, b2 Adjustable parameters for stress jump condition
c Cell density
e Porosity
ec Volume fractions occupied by animal cells
es Volume fractions occupied by the scaffold
m Kinematic viscosity
q Density of the fluid
X Angular velocity

Superscripts
* Intrinsic average
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of coupled viscous and porous flows. Betchen et al. [13] developed
a finite volume model, also based on continuity of both velocity
and stress at the interface, but special attention was given to the
pressure–velocity coupling there. The implementation of the stress
jump condition based on Ochoa-Tapia and Whitaker [14,15] can be
found in the numerical work of Silva and de Lemos [16]. Yu et al.
[17] developed a numerical approach based on the finite volume
method with a collocated variable arrangement to treat the stress
jump condition given by Ochoa-Tapia and Whitaker [18], which
includes both viscous and inertial effects. This method [17] has
been extended to simulate the swirling flow in a bioreactor with
a scaffold [19].

The objective of this study was to apply numerical simula-
tions to predict the fluid dynamics and oxygen transport inside
a micro-bioreactor for animal cell culture. A tissue engineering
scaffold was mounted in the bioreactor for cell attachment. Chi-
nese hamster ovary (CHO) cells culture was considered here be-
cause it is a popular tool in biological research. The present
bioreactor, similar to those of Dusting et al. [7] and Yu et al.
[20], consists of an open cylinder chamber filled with culture
medium; and the medium mixing is generated by the rotating
bottom-wall. Such type of bioreactors has an advantage of pro-
viding a favorable cell-culture environment with steady, laminar
flow and low shear stress [7]. The tissue engineering scaffold was
assumed to be a rigid, homogeneous and isotropic porous med-
ium. The finite volume method based on body-fitted and multi-
block grid [17,19] was applied. Based on the numerical results,
the effect of the presence of scaffold on the flow and oxygen con-
centration fields was studied. The effects of the important
parameters, such as the Reynolds and Darcy numbers, on flow
and oxygen concentration fields inside and outside the scaffold
were investigated.
2. Computational methods

2.1. Mathematical model

The micro-bioreactor with a tissue engineering scaffold is
shown schematically in Fig. 1a. The scaffold with a concentric hole
is coaxially mounted in the bioreactor. All CHO cells are assumed to
be uniformly attached to the scaffold and no cells are suspended in
the culture medium. The substrate considered here is oxygen as
insufficient oxygen supply is one of the limiting factors for cell
culture.

The computational domain for the bioreactor with the scaffold
is shown in Fig. 1b. The geometry is axisymmetric because the
scaffold and the bioreactor are concentric. For a typical application,
the height of the bioreactor is 10 mm and the diameter is 20 mm.
The thickness of the scaffold is 2 mm and the diameter is 12 mm.
The diameter of the hole is 3 mm. The scaffold is fixed at the 60%
height of the bioreactor.

The porous medium was assumed to consist of the scaffold
structure and cells attached on the scaffold, with volume fractions
es and ec occupied by the scaffold and cells, respectively. The poros-
ity of the porous medium e, which is the void fraction occupied by
the culture medium, can be calculated as:

e ¼ 1� ðes þ ecÞ ð1Þ

Generally, for the scaffold without cells, the porosity may vary from
0.6–0.95 [2,21]. The permeability of the scaffold is in the range of
10�12 to 10�9 m2 [22,23]. However, when cells are attached to the
scaffold, the porosity and permeability may change with the cell
proliferation. During the process of cell culture, the porosity may
drop from 0.92 to 0.73 and the permeability may decrease to 10%
of the initial value [24].

The porous medium is considered to be rigid, homogeneous and
isotropic, and saturated with the culture medium. Considering the
culture medium as a Newtonian fluid and oxygen consumption by
CHO cells to be based on Michaelis–Menten equation, the govern-
ing equations for the flow and oxygen transport [25–27] can be
written as given below.

For homogenous fluid region:
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Fig. 1. Micro-bioreactor system with a tissue engineering scaffold; (a) Schematic; (b) computational domain (c) grid topology and domain partitioning, a big grid size was
chosen to demonstrate the grid topology clearly.
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For porous medium region:
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where C is the concentration in homogenous fluid region; C* is the
equilibrium weighted average concentration in porous medium
region [26]; Keq is the partition coefficient and set to 1 [27]
currently; Deff is the effective diffusivity of oxygen in the porous
medium, and its value is determined by the Maxwell’s equation
[27,28] in this study. However, the Maxwell’s equation neglects
the resistance for mass transfer across the cell membrane. If this
resistance has to be considered, Deff can be approximated by the
Chang’s unit cell model [28,29].

Note that Eq. (11) starts from a boundary value problem of
diffusion–convection and reaction in cell culture systems. The
diffusion–convection equation is applied to describe nutrient
transport in culture medium. The scaffold is considered as a rigid
impermeable phase, while animal cells are considered as a con-
tinuum. The physical model used in the cell phase to describe
reaction and mass transport is a single diffusion-reaction
equation. The set of microscopic equations governing transport
phenomena in the culture systems is averaged in a representa-
tive elementary volume, which is much larger than the pore
scale and considerably smaller than the macroscopic flow
domain, to form a macroscopic, one-equation model to describe
the nutrient transport by diffusion and convection. A complete
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derivation of Eq. (11) has been addressed in details in the work
by Lasseux et al. [26].

The length and velocity components were scaled by 1/R and 1/
(XR), respectively. The Reynolds number is defined as Re = XR2/m
and kept within 2000 to ensure steady flow condition. The Darcy
number is defined as Dar = K/R2 and the range of Dar varies from
10�7 to 10�5. The Damkohler number is defined as Da = cVmR2/
(C0Df). The aspect ratio of the bioreactor is fixed at H/R = 1.0.

The effective Reynolds number for the flow around the porous
scaffold is small although the present Reynolds number based on
the rotating bottom-wall is up to 2000. The effective reference
length scale for the scaffold is about half of the bioreactor radius.
The velocity components in r–z plane at the upper region of the
bioreactor without the scaffold are less than 1/20 of the swirling
velocity XR. Therefore, the effective Reynolds number for the flow
around the scaffold is less than 40 even though the Reynolds num-
ber based on the rotating bottom-wall is up to 2000.

2.2. Boundary conditions

To solve Eqs. (2)–(11), the appropriate boundary conditions
have to be imposed at the interface between the homogenous fluid
and porous medium regions. The mass conservation requires the
continuities of velocity components at the interface, which can
be expressed as:
Fig. 2. Flow field and streamlines in the bioreactor; (a) scaffold with concentric hole;
Contour levels Ci are non-uniformly spaced, with 25 positive levels Ci = Max(variable) �
vr jfluid ¼ vr jporous ¼ vr jinterface ð12Þ
vzjfluid ¼ vzjporous ¼ vzjinterface ð13Þ
vhjfluid ¼ vhjporous ¼ vhjinterface ð14Þ

The continuity of the normal stress can be written as:
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where vn is the velocity component perpendicular to the interface.
Based on the non-local form of the volume-averaged momentum
equation, the shear-jump condition, which includes both viscous
and inertial jump parameters b1 and b2, can be expressed as [18]:
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where n is the unit vector normal to the interface; vt is the velocity
component parallel to the interface; b1 and b2 are adjustable param-
eters which account for the stress jump at the interface. Ochoa-
Tapia and Whitaker [18] stated that the parameters b1 and b2 are
dependent on permeability and porosity and found that these two
parameters are both of order one. Unfortunately, the values of these
parameters for different porous media need to be determined
experimentally. However, the effects of the jump parameters b1

and b2 on the mass transport are generally small [30]. Thus b1
(b) scaffold without the concentric hole; H/R = 1, Re = 1500, Dar = 5 � 10�6, e = 0.6.
(i/25)4 and 25 negative levels Ci = Min(variable) � (i/25)4.
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and b2 were fixed at 0.7 and 0 in this study unless specified
otherwise.

As for the oxygen transport, considering a steady-state condi-
tion and based on the non-local form of the volume-averaged mass
transport equation, the interface boundary conditions [31] can be
written as:

eDeff
oC�

on

����
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� Df
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Cjfluid ¼ C�jporous ¼ Cjinterface ð18Þ

For the velocity, the non-slip boundary condition was imposed on
the solid wall. The deformation of the free surface due to the rota-
tion of the fluid is proportional to the Froude number Fr. As the
Reynolds number is less than 2000, Fr is negligibly small (in the
order of 10�3). Thus, the free surface can be simplified as a flat
stress-free surface. For the oxygen transfer, the zero flux conditions
were imposed for both side-wall and bottom-wall. The oxygen con-
centration at the free surface was assumed to be constant and equal
to the saturation concentration C0 in the culture media as deter-
mined from Henry’s law.

To solve the above equations, a finite volume method with a
collocated variable arrangement was used. The multi-block grid
method proposed by Lilek et al. [32] was applied. Note that the
present numerical method has been successfully applied for both
swirling flow problems [33,34] and the coupled problems involv-
Fig. 3. Flow fields and streamlines in the bioreactor at different Re; H/R = 1, Dar = 5 � 1
with 25 positive levels Ci = Max(variable) � (i/25)4 and 25 negative levels Ci = Min(varia
ing both porous medium and homogenous fluid regions [17,19].
An outline of the present method is given in the Appendix.

An example of the grid topology and domain partitioning is pre-
sented in Fig. 1c. The preliminary numerical tests with three differ-
ent mesh sizes of 1/100, 1/200 and 1/400 (scaled by the radius of
micro-bioreactor R) confirmed that the solutions based on mesh
size of 1/200 are grid-independent. Thus, the present numerical
simulations were carried out based on a dimensionless mesh size
of 1/200.

3. Results and discussion

3.1. Flow pattern

Fig. 2a presents the typical flow field and streamlines in the bio-
reactor with the scaffold. The rotating bottom-wall imparts angu-
lar momentum to the fluid just above it and centrifuges the fluid
towards the side-wall. The fluid then spirals up along the side-wall.
Near the free surface, the fluid converges towards the center. A
vortex breakdown bubble is attached to the free surface. There is
a recirculation region at the right hand side, which is compressed
by the presence of the scaffold. The scaffold diverts some of the
fluid to the axial region. The scaffold also confines the vortex
breakdown bubble to a region above it. The fluid approaches the
scaffold almost normally, due to the presence of the vortex break-
0�6, e = 0.6; (a) Re = 500; (b) Re = 1000. Contour levels Ci are non-uniformly spaced,
ble) � (i/25)4.
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down bubble. There is some porous flow through the scaffold.
There is no recirculation region below the scaffold, which is consis-
tent with Dusting et al.’s experiment result [7].

The presence of the scaffold will obstruct the recirculating flow
generated by the rotating bottom-wall. If the obstruction is large,
regions of flow separation and wake may be formed. Such unfavor-
able flow patterns are found for a scaffold configuration without
the axial hole (see Fig. 2b), in which the axial returning flow is pre-
vented. Only a very small proportion of the fluid passes through
the scaffold. A large vortex breakdown bubble is formed above
the scaffold. The vortex breakdown bubble hampers flow mixing
above the scaffold. Thus it is important that a scaffold configura-
tion does not cause large recirculation bubbles.

The flow field shown above (Fig. 2a) is for Re = 1500. Two other
Reynolds numbers, 500 and 1000, are considered in Fig. 3. With an
increase in Re, the velocity around the top surface of the scaffold
becomes higher, which means more fluid is convected to the upper
region. The streamline results show that the recirculation region
elongates towards the free surface. There are two phenomena asso-
ciated with the change of Re, due to the formation of a vortex
breakdown bubble near the top surface. At a low Re, the flow
moves towards the scaffold more obliquely than that at a high Re
(compare Figs. 2 and 3a). On the other hand, the flow divides at
different locations on the scaffold surface at different Re. The flow
divides at the top right hand corner of the scaffold at a low Re
(Fig. 3a). However, at a high Re the dividing point has moved to
the top surface (Fig. 2a).
0.002
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0.002
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Fig. 4. Flow fields within the scaffold in the bioreactor at different Re; H/R = s1,
Dar = 5 �10�6, e = 0.6; (a) Re = 500; (b) Re = 1000; (c) Re = 1500.
It is seen that there is a vortex breakdown bubble at Re = 1500
(Fig. 2a). However, the results for other Re (data not shown) indi-
cate that the onset of vortex breakdown is between Re = 1000
and 1200. This critical Re for the onset of vortex breakdown is high-
er than that (Re around 500) in the bioreactor without the scaffold
i.e. the open chamber with end-wall rotating [35]. The size of the
vortex breakdown bubble is also smaller. The presence of the scaf-
fold seems to hamper the formation of a vortex breakdown bubble.

The porous flow within the scaffold is shown enlarged in Fig. 4
at different Re. Generally, the flow enters the scaffold from the top
and right surfaces and exits from the bottom and left surfaces. The
porous flow pattern is related to the external flow pattern.
Although the porous flow is dominant in the axial direction (from
top to bottom), there are noticeable radial velocity components at
the corner regions, mainly due to the external corner flow. At the
corner, the external flow changes direction and has a higher radial
component, which causes noticeable porous flow in the radial
direction.

By comparing Fig. 4a, b, and c, it is noted that there is more por-
ous flow at higher Re. However, the increase is not much at
Re = 1500. The porous flows at the left and right corners are higher
at Re = 1000 due to the external flow approaching the scaffold less
obliquely than that at Re = 500. However, at Re = 1500, only the
porous flow at the right corner increases noticeably compared with
that at Re = 1000. This is attributed to the formation of the vortex
breakdown bubble which has diverted some of the external flow
to the right side. The porous flow at this high Re = 1500 also has
a relatively larger radial velocity component towards the left hand
side, and this is attributed to the larger interface velocity at the top
surface (Fig. 2a) arising from the presence of the nearby vortex
breakdown bubble.

To show the effect of the permeability, an extreme case, that is
the flow around an impermeable scaffold, was simulated with
Re = 1500. It is found that the flow field around the impermeable
scaffold (Fig. 5) does not differ greatly from that of the permeable
scaffold (Fig. 2a). The flow field is dominated by the vortex break-
down bubble and recirculation region which appear to be around
the same size for various cases. The swirling flow behaviour, in par-
ticular the vortex breakdown phenomenon, seems to be mainly
influenced by the chamber aspect ratio, the Reynolds number,
the scaffold configuration and the scaffold location. The effect of
the permeability or porosity is secondary for the present range of
parameters.

Fig. 6 shows the effect of Dar on the porous flow within the scaf-
folds. It is seen that the porous velocity is noticeably higher at a
higher Dar (see also Fig. 4c). This is expected because a higher
Darcy number means more porous flow for a certain pressure drop.
The porosity has a negligible effect on the flow field within the
scaffold. The scaffold permeability is the primary factor which
determines the porous flow in it.

3.2. Oxygen concentration

The concentrations are presented in the form of the equilibrium
weighted average [26] and non-dimensionalized by the saturated
concentration C0 at the free surface. Fig. 7a shows the oxygen con-
centration field in the bioreactor. The oxygen source is above the
free surface which is assumed to be at saturated value. By compar-
ing Figs. 7 and 2a, it is seen that the concentration contours are
generally similar to the streamline contours. Near the axial region,
oxygen from the free surface is convected downwards to the bot-
tom. Along the rotating bottom-wall, oxygen moves within a thin
boundary layer to the side-wall and then up along the wall to
the surface. The concentrations in the narrow core at the axis
and the thin boundary layers along the walls are high because they
are not spread over a large region; moreover, they are not
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consumed by any cells. Near the top axial region there is also a
high concentration region, where oxygen from the free surface is
recirculated within the vortex breakdown bubble.

At the top region near the side-wall, oxygen is transported from
the free surface and convected downwards by the recirculating
flow. Some of the downward flow convects oxygen to the scaffold.
Note that the oxygen convection to the scaffold is mainly from this
region to the right of the vortex breakdown bubble. The axial re-
gion and the vortex breakdown region play a small role in convect-
ing oxygen to the scaffold. The concentration in the main
recirculation region is about 15% below the saturated concentra-
tion, which is not as high as that at the axis region. This indicates
that the mixing in the bioreactor may be satisfactory. The concen-
tration around the scaffold is satisfactory despite the minimal role
of the axial region and the vortex breakdown bubble in oxygen
transport.
The concentration in the scaffold is around 40% lower than that
in the surrounding medium. The concentration is higher at the top
and right surfaces and lower near the bottom surface of the scaf-
fold. The concentration inside the scaffold reduces due to the con-
sumption by the cells inside. The concentration contours are
influenced by the general direction of the porous flow. The medium
enters from the top and right surfaces and exits from the left and
bottom surfaces, which is consistent with the concentration con-
tours. The concentration falls as the medium passes through the
scaffold, because oxygen is being consumed by the cells. When
the low-oxygen medium exits from the bottom surface, it radially
converges towards the left bottom edge. From that corner, a streak
of low-oxygen fluid spirals downwards.

Fig. 7b shows the oxygen concentration distribution in the bio-
reactor without any medium circulation (Re = 0). It is seen that
without flow, the oxygen concentration falls rapidly from its satu-
ration value at the surface to around 10% at the scaffold surface and
near zero within the scaffold. This indicates that diffusion alone is
not adequate to transfer enough oxygen into the scaffold.

Fig. 8 shows the oxygen concentration distributions within the
scaffold at different medium circulation (Re = 500 and 1500). With
recirculating flow generated by the bottom-wall rotation, there is
more oxygen convection to the scaffold surface. At a high Re, the
concentration within the scaffold is above 80% of saturation but
at a small Re it is below 20%.

The concentration within the scaffold could reach a low value
especially at a small Re (Fig. 8a). It is important to make sure that
the minimum value does not fall below the critical value to avoid
hypoxia. Fig. 9a summarizes the variation of the minimum oxygen
concentrations within the scaffold with Re. It is seen that the min-
imum concentrations increase rapidly with an increase in Re
(Fig. 9a). At a low Re = 500, it is below that the critical value of
5% of saturation for CHO cell culture [36]. Thus, the micro-bioreac-
tor should be operated at Re above 500. However, to have an opti-
mal concentration around 50% of saturation [37], the Reynolds
number should be around 1000.

Fig. 9b shows the locations of the minimum oxygen concentra-
tion in the scaffold at different Re. With no medium circulation
(Re = 0) the location of the minimum concentration is around the
central region because of oxygen diffusion from the four surfaces
of the scaffold. With porous flow, the location of the minimum
oxygen concentration moves downwards to the bottom surface.
It is around the middle of the bottom surface at moderate Re from
500 to 1000. This is because the porous flow is generally from top
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ig. 8. Oxygen concentration distributions within the scaffold at different Re; H/
= 1, Dar = 5 � 10�6, e = 0.6, Da = 200; (a) Re = 500 and (b) Re = 1500.
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Fig. 7. Oxygen concentration distribution in the bioreactor; (a) Re = 1500; (b)Re = 0;
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to bottom surfaces. At a Re from 1000 to 2000, the minimum loca-
tion moves towards the left edge. This is because there is a bigger
component of porous flow in the radial direction as discussed
above.

Fig. 10 shows the oxygen concentration distributions within the
scaffold for different Dar. It is seen that, for a low Dar, the concen-
tration within the scaffold is low (Fig. 10b). In the central region it
is around 50% of its saturation value, and near the bottom it falls to
around 25% of saturation. In comparison, the concentration for a
high Darof 10�5 is above 80% of saturation (Fig. 10a). The porous
flow at a small Dar is small and thus less oxygen is convected into
scaffold, resulting in lower concentration.

Fig. 11a shows the minimum oxygen concentrations within the
scaffold at different Dar. It is seen that the minimum concentration
is very low at small Dar due to low porous flow. In fact at Dar below
5 � 10�7 it is even below the critical concentration of 5%. To ensure
F
R

that the concentration is optimal everywhere within the scaffold,
the Darcy number should be larger than 1 � 10�6. Note that this
condition is for Re = 1500. At a lower Re, the concentration will
be lower.

Fig. 11b shows the variation in the locations of the minimum
oxygen concentrations within the scaffold with Dar. At a higher
Dar, the minimum concentration shifts towards the bottom left
corner due to more porous flow. However, the shift is not much
as compared to that caused by changing Re (Fig. 9b). The shift of
minimum location is influenced by porous flow and its direction,
on which the Reynolds number has a dominant effect. There is
no much difference between the concentration contours for differ-
ent porosity. The scaffold permeability has an important effect on
oxygen concentration distribution in it, and the porosity is of sec-
ondary importance.

Fig. 12 shows the oxygen concentration distributions within the
scaffold for different Da. It is seen that, for a high Da=740, the con-
centration within the scaffold is low (Fig. 12b). In the central region
it is around 40% of its saturation value, and near the bottom it falls
to around 10% of saturation. In comparison, the concentration for a
low Da = 74 is above 90% of saturation (Fig. 12a). A higher Damkoh-
ler number means a higher oxygen consumption rate. Thus, more
oxygen is consumed by the cells, resulting in lower concentration
distribution.

Fig. 13 shows the minimum oxygen concentrations within the
scaffold at different Da. It is seen that the minimum concentration
is very low at a high Da due to high oxygen consumption rate. In
fact at Da above 800 it is even below the critical concentration
(5% of saturation). To ensure that the concentration is optimal
(around 50% of saturation) everywhere within the scaffold, the
Damkohler number should be less than 500. Note that this condi-
tion is for Re = 1500 and Dar = 5 � 10�6. At a lower Re or Dar, the
concentration will be lower.

During the cell culture, the cell density may increase much be-
cause of the proliferation. An increase in the cell density means an
increase in Da. Thus, the oxygen concentration within the scaffold
drops with the cell proliferation. Moreover, when cells are seeded
in the scaffold, they occupy void space and change the micro-struc-
ture of the porous medium. Thus, the presence of the cells may
make the porosity and permeability of the scaffold decrease. As
mentioned before, the permeability has an important effect on
the porous flow, subsequently the oxygen convection in the scaf-
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ig. 10. Oxygen concentration distributions within the scaffold at different Dar; H/
= 1, Re = 1500, e = 0.6, Da = 200; (a) Dar = 1 � 10�5 and (b) Dar = 1 � 10�6.

Re

C

0 500 1000 1500 2000
0

0.2

0.4

0.6

0.8

1

m
in

a) minimum oxygen concentrations 

R

Z

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Re = 1200, 1500, 2000

Re = 500Re = 0

Re = 1000

A

C

D

B

b) locations of minimum oxygen concentrations 

Minimum concentration, the present numerical results

Fig. 9. Variation of the minimum oxygen concentrations and their locations within
the scaffold with Re; H/R = 1, Dar = 5 � 10�6, e = 0.6, Da = 200.

Dar 10

C

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1

6×

m
in

a) minimum oxygen concentrations 

R

Z

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Dar = 4e-7

Dar = 5e-6
Dar = 1e-5

Dar = 5e-7

Dar = 1e-6

A D

CB

b) locations of minimum oxygen concentrations 

Minimum concentration, the present numerical results

ig. 11. Variation of the minimum oxygen concentrations and their locations
ithin the scaffold with Dar; H/R = 1, Re = 1500, e = 0.6, Da = 200.

324 P. Yu et al. / International Journal of Heat and Mass Transfer 52 (2009) 316–327
fold. If an increase in the cell density reduces the permeability of
the scaffold, the oxygen concentration will suffer an additional
drop with the cell proliferation. However, it is very difficult to
quantitatively investigate the effect of the cell density on the per-
meability as it is very difficult to determine the change of the mi-
cro-structure of the scaffold when the cells attach and multiply
there.

Besides the above dimensionless parameters, there are other
parameters that may also affect the concentration distribution in
the scaffold. In the above simulations, the jump parameters b1

and b2 were fixed at 0.7 and 0. However, the variation of minimum
oxygen concentration in the scaffold is less than 1% if b1 was varied
from 0.7 to �0.7. This indicates that the jump parameters have
negligible effect on the concentration field, which is similar to
the effect of jump parameters on the temperature field or Nusselt
number distribution reported by Alazmi and Vafai [30]. Another
parameter that needs to be paid attention to is the half-saturation
parameter km (substrate concentration at which specific uptake
rate is half maximal). For cell culture, cell hypoxia is often defined
as the condition when the oxygen concentration is less than km [38].
F
R

F
w
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Fig. 12. Oxygen concentration distributions within the scaffold at different Da; H/R = 1, Re = 1500, Dar = 5 � 10�6, e = 0.6; (a) Da = 74 and (b) Da = 740.
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The minimum oxygen concentration in the scaffold increases with
km. However, compared with other parameters such as Re and Dar,
the effect of km on the minimum oxygen concentration is relatively
smaller. For the conditions of Dar = 5 � 10�6, Re = 1500 and
Da = 200, the variation of minimum oxygen concentration in the
scaffold is less than 5% if the dimensionless km (non-dimensional-
ized by the saturated concentration C0) was varied from 0 to 0.1.

4. Concluding remarks

In this study, the flow and oxygen concentration fields in a mi-
cro-bioreactor with a tissue engineering scaffold were simulated.
The medium mixing in the micro-bioreactor was generated by
the rotating bottom-wall. The present flow configuration is similar
to that of Dusting et al. [7]. However, the scaffold geometry was
different in this study which also considered the effects of the por-
ous flow.

It is seen that there is a recirculation region above the bottom-
wall. Beyond a certain Reynolds number, a vortex breakdown
bubble attached to the free surface is observed. These phenomena
are similar to those in the micro-bioreactor without scaffold.
However, compared with those in the micro-bioreactor without
scaffold, the presence of the scaffold compresses the recirculation
region, delays the onset of vortex breakdown and confines the
vortex breakdown bubble to a region above the scaffold. There
is some porous flow through the scaffold. Generally, the porous
flow is dominant in the axial direction (from the top to bottom).
Interestingly there is no wake or recirculation region below the
scaffold.

The Reynolds number has noticeable effects on the flow fields
both outside and inside the scaffold. At a higher Reynolds number,
the velocity around the top surface of the scaffold becomes higher
and the flow approaches the scaffold more perpendicularly. Also,
there is more porous flow within the scaffold with an increase in
Reynolds number. The vortex breakdown bubble occurs at Rey-
nolds number above 1200, which causes a relatively larger radial
velocity component towards the left hand side within the scaffold.

The flow field outside the scaffold is not affected much by the var-
iation in the permeability or the porosity. However, the porous flow
within the scaffold is higher at larger permeability. The general
direction of the porous flow has influence on the concentration con-
tours. Generally, the oxygen concentration within the scaffold is
higher and the concentration difference between the top and bottom
surfaces is lower at a higher Reynolds number or Darcy number.

Also summarized are the minimum oxygen concentrations in
the scaffold at different Reynolds numbers, Darcy numbers, and
Damkohler numbers, which would benefit the practical cell culture
applications.

Appendix

The velocity vector at the interface is given by ~vinterface and can
be written as:



Fig. A1. Interface between two blocks with matching grids.
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~vinterface ¼ vr~er þ vz~ez þ vh~eh ¼ vn~nþ vt~t ðA1Þ

And the component ut then can be written as:

vt ¼ ðvr~er þ vz~ez þ vh~ehÞ �~t ðA2Þ

By combining Eqs. (17), (18), and (A2):

l
e

o~vinterface

on

����
porous

�l o~vinterface

on

����
fluid
¼ b1

lffiffiffiffi
K
p vt~t þ b2qv2

t
~t ðA3Þ

As the flow is axisymmetric, the unit vector ð~tÞ parallel to the inter-
face (Fig. A1) is calculated from:

~t ¼ vrDr þ vzDz
l

� �
Dr~er þ Dz~ez

l

� �
þ vh~eh

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vrDr þ vzDz
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� �2

þ v2
h

s

ðA4Þ

By substituting the components of ~vinterface in z, r, and h directions,
the Eq. (A3) becomes:
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The derivatives at the interface are calculated from the values at
auxiliary nodes L0 and R0; these nodes lie at the intersection of the
cell face normal n and straight lines connecting nodes L and N or
R and NR, respectively, as shown in Fig. A1. The normal gradients
at the interface can be calculated by using the first order difference
approximation:

ovr

on

����
porous

¼ vr jR0 �vrje
LeR0

;
ovz

on

����
porous

¼ vzjR0 �vzje
LeR0

;
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����
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¼ vhjR0 �vhje
LeR0

ðA8Þ
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fluid
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;
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����
fluid
¼ vzje�vzjL0

LL0e
;
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����
fluid
¼ vhje�vhjL0

LL0e
ðA9Þ

The velocity components at L0 and R0 can be calculated by using
bilinear interpolation or by using the gradient at the control-vol-
ume center:

vr jL0 ¼ vrjL þ ðgradvrÞL � ~L
0L ðA10Þ
Similarly, the normal gradients of C at the interface can also be cal-
culated by using the first order difference approximation:

oC�

on

����
porous

¼ C�jR0 � Cje
LeR0

ðA11Þ

oC
on

����
fluid
¼ Cje � CjL0

LL0e
ðA12Þ

The values of C at L0 and R0 can be calculated by using bilinear inter-
polation or by using the gradient at the control volume center:

CjL0 ¼ CjL þ ðgradCÞL � ~L
0L ðA13Þ
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