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ABSTRACT
The purpose of this study is to improve the design of a bioreactor for growing bone and other threedimensional tissues using a computational fluid dynamics (CFD) software to simulate flow through
a porous scaffold, and to recommend design changes based on the results. Basic requirements for
CFD modeling were that the flow in the reactor should be laminar and any flow stagnation should
be avoided in order to support cellular growth within the scaffold. We simulated three different
designs with different permeability values of the scaffold and tissue. Model simulation addressed
flow patterns in combination with pressure distribution within the bioreactor. Pressure build-up and
turbulent flow within the reactor was solved by introduction of an integrated bypass system for
pressure release. The use of CFD afforded direct feedback to optimize the bioreactor design.
Keywords: bioreactor, laminar flow, computer graphic mesh, fluid flow simulations,
computational fluid dynamics

1. INTRODUCTION
A bioreactor supports a biologically active environment for growing and expanding
cells in a culture medium [1]. It can support three-dimensional tissue cultivation and
specific cell differentiation by controlled external forces and stresses [2]. However,
design limitations have resulted in undesirable fluid-induced shear forces or stagnation
of fluid medium causing high mortality of cells and tissues, especially in perfusion
bioreactors [3, 4].
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Clinic 2 East, Toronto, On M5T 2S8 Canada. Phone: (416) 603-5641. Fax: (416) 603-5813. E-mail:
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In order to prevent cell death, some bioreactors have been proposed based on
rotational designs to mimic a micro-gravity environment including a membrane
exchange unit for metabolites and gases [5]. The rotational bioreactor design was
initially developed by NASA [6, 7]. Such rotational models have been shown to reduce
the hydrodynamic shear by approximately 10-fold [8]. Low shear is important to
maintain cell viability and tissue structure. Another example of a rotational bioreactor
that includes design properties to increase mass transfer and support large aggregates of
cells is the laminar Taylor vortex that maintains oxygenation for long-term cell culture
[9]. However, a limitation with this design is that the tissue size cannot be adequately
controlled and the growth of large amount of cells in the scaffold remains a challenge
[10, 11]. Other bioreactor designs incorporated medium stirring or cell suspension
methodologies such as microcarrier-based cultures [5, 12, 13].
The impact of shear forces on mammalian cell’s growth and function due to their
lack of stable cell walls compared to plant cells has been noted since early advances in
mammalian cell culture in the late 1980s, leading to the use of bioreactors in order to
enhance cell expansion and to improve culture conditions [14, 15]. Experimental
studies on suspension-adapted mammalian cells found turbulent shear more damaging
to cells than laminar shear of the same magnitude [16, 17]. Results from studies of shear
impact on adherent mammalian cells in 2D and 3D culture demonstrated multiple
influences on cell proliferation, cell attachment and cell differentiation [17, 18, 19].
Since responses differ among cell types and sources as well as variable culture and
stress conditions, there is a need particularly for well-defined 3D culture systems for
comparison of standardized cell culture [20].
Bioreactor designs are different between industrial and laboratory small-scale
applications. The latter designs are commonly for research purposes, but cannot be
transferred to industrial scale for the growth of clinically useful amount of tissues, since
increasing the sizes of these types of bioreactors results in detrimentally large shear forces
[4, 21, 22]. An example of industrial scale bioreactors is the Air Lift Bioreactor [23] which
is a low energy input, high-yield alternative to stirred tank bioreactors that manages to
achieve good oxygen transfer with low fluid shear [24, 25]. A limitation of the Air Lift
Bioreactor is the mixing of mass transfer and oxygen availability limiting cell growth [26],
and not allowing cultivation for high cell density required for practical application [27].
It is the objective of this work to define and improve the physical environment of a
bioreactor using a computational fluid dynamics (CFD) model that would allow for
scaling-up from research size to industrial size, improving efficiency and increasing cell
density in a controlled flow environment. This study focuses on flow perfusion bioreactors
that allow for the design including features such as variable (‘tided’) flow, control of the
flow through regions of least resistance and maintaining the flow through the scaffold [28].
2. METHODS
2.1. Geometrical Model & Mesh Model
Bioreactor models were sketched using Pro/Engineering 2000i (PTC, Needham,
Massachusetts, USA). With Pro/Engineering, sketching in three dimensions was useful
for progressive design modifications, and the sketches were compatible with the mesh
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used for flow simulations. The three designs considered in this study included a
standard reactor with a double-bell-shape vessel (design 1, see Figure 1), a pipe with a
cylindrical vessel (design 2, see Figure 4), and a standard reactor with internal irises
(design 3, see Figure 7A and 7B).
The mesh of the bioreactor model was prepared using GAMBIT (ANSYS, Inc.,
Canonsburg, Pennsylvania, USA). A cross-section of the model was composed of
35000 (design 1), 65000 (design 2) and 80000 tetrahedral elements (design 3),
respectively. For design 3, the porous region as well as the irises required a smaller
mesh of 1.27 × 10-3 m when the flow path becomes very narrow (Figure 7A and 7B).
The larger areas of fluid flow were meshed by 5.98 × 10-3 m. After transfer of the mesh
into the CFD modeling software (FLUENT software, ANSYS, Inc. Canonsburg,
Pennsylvania, USA), the grid was checked and scaled in inches.
2.2. Scaffold Properties
The scaffold was simulated with a uniform porous medium model. The scaffold
porosity was set within the range of 70–90% since the porosity for bone tissue is
approximately 78% [29]. In order to mimic various stages of cell proliferation within
the porous scaffold, 5 different permeability values representing different stages of cell
growth were chosen according to the literature [30, 31, 32]. Scaffold thickness was set
at 1 cm prior to scaling. Parameters for modeling of flow through porous media are
summarized in Table 1. The mean particle diameter Dp is determined from the Ergun
equation (eqn. 5) below.
2.3. CFD Simulation & Boundary Conditions
CFD modeling was performed using FLUENT software (ANSYS, Inc. Canonsburg,
Pennsylvania, USA). A CFD simulation with the following parameters and boundary
conditions was performed: axisymmetric model, segregated solver, laminar fluid flow,
incompressible Newtonian fluid with the viscosity of water at 37°C (the cell culture
medium has similar physical properties as water), no-slip boundary conditions on walls,
atmospheric operating pressure and reference pressure location [0, 0]. The inlet of the
bioreactor was set in terms of either mass flow rate or velocity. For calculation of mass
flow rate in kg s-1, the components of flow directions were set as [0, -1]. For flow
Table 1. Scaffold parameters for CFD simulation

Permeability,
κ, m2

Porosity,
ε

Viscous resistance
coefficient,
1/κ, 1/m2

4.5200 × 10−13
5.0000 × 10−12
5.0000 × 10−11
5.0000 × 10−10
5.0000 × 10−9

8.0000 × 10−1
8.0000 × 10−1
8.0000 × 10−1
8.0000 × 10−1
8.0000 × 10−1

2.2124 × 1012
2.0000 × 1011
2.0000 × 1010
2.0000 × 109
2.0000 × 108

Inertial resistance
coefficient,
Particle diameter,
C2, 1/m
Dp , m
5.9404 × 105
1.7861 × 105
5.6481 × 104
1.7861 × 104
5.6481 × 103

2.3015 × 10−6
7.6547 × 10−6
2.4206 × 10−5
7.6547 × 10−5
2.4206 × 10−4
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velocity simulations, the inlet velocity was set at 7.34 × 10−5 m s−1 [33]. The
convergence criterion was set at 0.001 for continuity, x-velocity and y-velocity. The
number of iterations was set at 500 and if there was no convergence, factors for pressure
and momentum were adjusted until the solution converged. Plots of flow velocity,
pressure, velocity vectors and flow path lines were generated for the fluid analysis.
2.4. Flow Characterization
Laminar flow is determined by the Reynolds number. When fluid moves smoothly in
parallel layers and the Reynolds number is lower than the critical value of 2000, the
flow is assumed to be laminar, whereas for Reynolds numbers above 3000, the flow is
considered to be turbulent [34]. The Reynolds number is calculated as
Re = V × d ν

(1)

where V is the average flow velocity, d is the diameter of the bioreactor and ν is the
kinematic viscosity of water with ν = 10−6m2 s−1 = 1 cSt at 20°C [35]. The average flow
velocity V is obtained from
Q=V × A

(2)

where Q is the volumetric flow rate and A is the cross-sectional flow area with
2
A=π ×d 4

(3)

For laminar flow of viscous fluids, the velocity increases towards the center of the
scaffold and is a function of the radial location. The velocity is also inversely
proportional to the viscosity of the fluid [36]. The viscosity and permeability for the
simulation are related by Darcy’s Law [18, 36, 37]:
Q  κ   ∆P 
=
×

A  µ   L 

(4)

where κ is the hydrodynamic permeability, µ is the dynamic viscosity (considered to be
the same as water at 20°C with 0.001 Pa s), ∆P is the pressure drop across the porous
scaffold, and L is the thickness of the scaffold.
The Ergun equation below can be applied to calculate the pressure drop across a
porous medium (packed bed model) by linearly combining the Blake-Kozeny model for
laminar flow with the Burke-Plummer model for turbulent flow (the first and second
terms on the right side of eqn. 5, respectively) [38, 39]:
∆P 150 µ (1 − ε )2 V
(1 − ε ) ρV 2
=
+ 1.75 ×
2 3
L
D pε
ε 3 Dp

(5)
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where ε is the porosity of the scaffold, ρ is the density of the fluid and Dp is the mean
particle diameter of the porous medium [39]. Related to this equation, the viscous
resistance coefficient 1/κ (which dominates at low Re) and the inertial resistance
coefficient C2 (which dominates at high Re) can be derived as follows [40]:
1 150 (1 − ε )2
=
κ
D p2 × ε 3

(6)

3.5 (1 − ε )
Dp × ε 3

(7)

C2 =

2.5. Prototype testing and cell culture conditions
Human adipose mesenchymal stem cells were derived from fat tissue of donors
undergoing abdominoplasty after obtaining approval from the Research Ethics
Committee and informed consent from the patients. Briefly, cells were isolated by
collagenase digestion and sequential centrifugation according to standard protocols
[41]. Adipose mesenchymal stem cells were expanded in standard culture medium
(DMEM-F12 (PAA laboratories, US), 5% FCS, supplemented with antibiotics,
sodium pyuvate and non-essential amino-acids (all Biochrom, US)) and then seeded
onto macroporous ceramic scaffolds (Sponceram® Zellwerk GmbH, Germany).
Scaffolds were cultured under static conditions in a Petri dish inside a cell culture
incubator at 37°C, 5% CO2, and under dynamic condition within the bioreactor
prototype with continuous perfusion of 1 ml/min via a peristaltic pump (Ismatec,
Germany) at 37°C for 1 month in standard culture medium with HEPES buffer
solution at 0.01M (PAA Laboratories, US). Scaffold were stained with fluorescein
diacetate 2,4 µmolL−1 (Sigma, Germany), washed with phosphate buffer saline
(PAA laboratories, US) and cell vitality was analysed via stereomicroscopy
(Olympus SZX16).
3. RESULTS
3.1. Design 1
The primary design was based on a standard perfusion bioreactor [42]. The mesh model
by GAMBIT is presented in Figure 1.
Flow simulations by FLUENT revealed significant problems with flow stagnation
as well as relevant pressure build-up upstream of the reactor as demonstrated in
Figure 2A and B. There was a significant decrease in flow velocity across the
scaffold, which might adversely affect mass transport and oxygen transfer to the
cells in the scaffold.
Figure 3 shows the distribution of flow vectors which are not parallel (laminar)
downstream of the scaffold. These results suggest that this design of the bioreactor
needs to be improved in order to reduce flow stagnation and irregularities.
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1A

1B

1C

Figure 1.

Mesh of bioreactor design 1. 1A: flow inlet. 1B: scaffold. 1C: flow outlet.

2.68e−07
2.41e−07
2.14e−07
1.88e−07
1.61e−07
1.34e−07

Scaffold

1.07e−07
8.04e−08
5.36e−08
2.68e−08
0.00e+00

Figure 2A.

Flow path lines of bioreactor design 1 show significant stagnation above
and below scaffold level (velocity values in m s−1; e-08 = × 10−8).
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6.04e−02
5.44e−02
4.83e−02
4.23e−02
3.62e−02
3.02e−02
2.42e−02
1.81e−02
1.21e−02
6.04e−03
0.00e+00

Figure 2B.

Pressure distribution of bioreactor design 1 reveals significant pressure
build-up upstream of scaffold (pressure values in Pa; e-02 = × 10−2).
2.71e−07
2.44e−07
2.17e−07
1.90e−07
1.63e−07
1.36e−07
1.09e−07
8.14e−07
5.43e−08
2.71e−08
1.82e−13

Figure 3.

Flow vectors of bioreactor design 1 show irregular currents downstream of
scaffold, suggesting turbulence (velocity values in m s−1; e-08 = × 10−8).
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3.2. Design 2
Based on the CFD results of design 1, the geometry of the bioreactor was modified to
resemble a pipe in order to optimize flow patterns. Figure 4 shows the GAMBIT mesh
of bioreactor design 2.
Results of flow simulation by FLUENT software are presented in Figures 5 and 6,
demonstrating flow path lines more regular with less stagnation (Figure 5A) but there
was still a significant pressure build-up in the upper half of the vessel (Figure 5B). Flow
vectors are more regular and parallel to each other, suggesting laminar flow pattern,
than in design 1, as shown in Figure 6.
3.3. Design 3
Deficiency of both of the previous designs led to the introduction of a third design.
From the simulation results of those designs, we learned that a bypass system would
be conducive to releasing pressure build-up in the system and preventing flow
irregularities. Therefore, irises were introduced to our design 3 in order to control the
flow and pressure in the bioreactor [43, 44]. The iris system opens and closes like the
iris of eye, and can be controlled by pressure sensors installed upstream and
downstream of the scaffold in the bioreactor. Although the openings of these irises
were adjustable, they were set as completely closed or completely open in our
simulation. Figure 7 demonstrates the mesh for design 3 using GAMBIT solid
geometry Modeler and GAMBIT mesh modeler given the flow domain. Figure 7A
shows the design with closed irises, where the main flow field was meshed with a
mesh size of 5.98 × 10−3 m. In order to model the design with open irises as shown in

Figure 4.

Mesh of bioreactor design 2. 4A: flow inlet. 4B: scaffold position. 4C:
flow outlet.
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1.09e−04
9.80e−05
8.71e−05
7.62e−05
6.53e−05
5.45e−05
4.36e−05
3.27e−05
2.18e−05
1.09e−05
0.00e+00

Figure 5A.

Flow path lines of bioreactor design 2 show less stagnation compared to
design 1 (velocity values in m s−1; e-05 = × 10−5).
8.32e−02
7.49e−02
6.66e−02
5.83e−02
4.99e−02
4.16e−02
3.33e−02
2.50e−02
1.66e−02
8.32e−03
0.00e+00

Figure 5B.

Pressure distribution of bioreactor design 2 (pressure values in Pa;
e-02 = × 10−2).
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1.09e−04
9.84e−05
8.75e−05
7.65e−05
6.56e−05
5.47e−05
4.38e−05
3.28e−05
2.19e−05
1.10e−05
3.97e−08

Figure 6.

Flow vectors of bioreactor design 2 are more regular compared to design
1 (velocity values in m s−1; e-05 = × 10−5).

Figure 7B, a finer mesh size of 1.27 × 10−3 m was adopted since the open flow path
became very narrow.
CFD simulations of design 3 exemplary for some scaffold permeability values
(Table 1) are exhibited in Figure 8 (flow path lines) and Figure 9 (pressure drop across
scaffold) for closed irises, as well as in Figure 10 (flow path lines) and Figure 11
(pressure drop across scaffold) for open irises.
When irises were closed, fluid flow did not converge for the lowest permeability 4.5 ×
10−13 m2 and 5 × 10−12 m2, and even with open irises, there were some flow
irregularities for these values of permeability (Figure 10 A). However, at higher values
of permeability, there was laminar flow at scaffold level when irises were open (Figure
10 B – D). Opening of the iris system significantly reduced the pressure drop across
the scaffold from 1.05 Pa to 2.0 × 10−3 Pa (Figures 9 and 11, simulated for permeability
of 5 × 10−9 m2).
Figure 12 presents a closer view of pressure distribution at scaffold level for closed
(Figure 12A) and open irises (Figure 12B). The calculated Reynolds number with
closed irises was 2942, indicating turbulence with high pressure drop and shear, while
opening of the iris reduced the Reynolds number to 641, indicating laminar flow.
Table 2 summarizes results of CFD simulation for pressure distribution of the three
designs, where opening of the iris system in design 3 allows decrease of high pressure
upstream of the scaffold.
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7A (1)

7A (2)

7A (3)

Figure 7A.

Mesh for bioreactor design 3 with a mesh size of 5.98 × 10−3 m for the
main flow field and finer mesh size of 1.27 × 10−3 m at the scaffold level.
7A(1): flow inlet. 7A(2): scaffold. 7A(3): flow outlet.
7B (1)

7B (2)

7B (3)

7B (4)

Figure 7B.

Mesh for bioreactor design 3 with irises also meshed with a finer mesh
size of 1.27 × 10−3 m. 7B(1): flow inlet. 7B(2): scaffold. 7B(3): iris
system. 7B(4): flow outlet.
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(A)
7.69e−05
6.93e−05
6.16e−05
6.39e−05
4.62e−05
3.85e−05
3.08e−05
2.31e−05
1.54e−05
7.69e−06
0.00e+00
(B)
7.69e−05
6.93e−05
6.16e−05
6.39e−05
4.62e−05
3.85e−05
3.08e−05
2.31e−05
1.54e−05
7.69e−06
0.00e+00

Figure 8.

Flow path lines of bioreactor design 3 with closed irises showing some
stagnation at scaffold level (A) and full view (B) (velocity in m s−1; e-05
= × 10−5, permeability = 5 × 10−9 m2).

Based on results of the CFD modeling, a prototype reactor was built as shown in
Figure 13. Results of biological experiments with human adipose mesenchymal stem cells
cultured in a macroporous ceramic scaffold demonstrated constant high cellular viability
after 1 month of dynamic culture within the bioreactors, as shown in Figure 14A, in
contrast to static culture in the Petri dish (Fig 14B).
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Pressure variation across the scaffold in bioreactor design 3 showing
pressure drop of 1.05 Pa at the scaffold for permeability 5 × 10−9 m2
(inlet location −0.35 m, scaffold location −0.225 m, outlet location −0.125 m).

4. DISCUSSION
Different perfusion bioreactors have been developed for tissue engineering
applications, especially for bone tissue engineering [28, 45, 46]. However, many
systems were characterized only by perfusion rate and lack substantial information
about shear stress within the reactor vessel [47]. The results of our study suggest that
reactor geometry has a significant impact on flow perfusion and pressure distribution
around the scaffold. Common designs such as bell-shaped and cylindrical vessels
cannot guarantee continuous perfusion across scaffolds without creating areas of flow
stagnation or pressure build-up, as demonstrated in our CFD simulation results.
Furthermore, our results show that increase in permeability of the scaffold due to
cellular growth has an impact on flow vectors and pressure distribution.
In our approach, we focused on modeling of flow path lines within a reactor vessel
and across the scaffold with different values of permeability due to cellular growth.
However, we did not study the shear stress within the scaffold itself. For this issue, the
interconnectivity and tortuosity of scaffold pores as well as cellular growth within the
pores need to be considered [48]. Calculations will require precisely defined scaffold
geometry through, e.g., CT scanning, and infinite elements analysis tools [49, 50].
Recent studies on CFD modeling have been performed on modeling fluid flow through
regular and irregular scaffolds during perfusion without considering reactor shape
[51, 52, 53, 54].
From the analysis of the different designs, it was apparent that optimizing the
geometry of the reactor was necessary to reduce flow irregularities. Designs 2 and 3 did
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(C)

(D)
1.34e−04
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1.21e−04

1.21e−04

1.08e−04

1.08e−04

9.41e−05

9.41e−05
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8.06e−05
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6.72e−05

5.38e−05

5.38e−05

4.03e−05

4.03e−05

2.09e−05

2.09e−05

1.34e−05

1.34e−05

0.00e+00

Figure 10.

0.00e+00

Flow path lines of bioreactor design 3 with open irises showing some
flow perturbation at a low permeability of 5 × 10−12 m2 (A), laminar
flow at higher values of permeability of 5 × 10−10 m2 (B) and 5 × 10−9
m2 (C), and a full view for 5 × 10−9 m2 permeability (D) (velocity in m s−1;
e-05 = × 10−5 ).

not have as much flow stagnation as design 1, even when the irises in design 3 were
closed. The pressure build-up in design 2 was undesirable despite its regular flow
pattern with little stagnation.
A novel approach in our design 3 is the internal bypass system in the form of irises
which successfully reduced upstream pressure build-up due to cellular growth within
the scaffold. Furthermore, opening of the iris reduced the Reynolds number to change
the flow pattern from turbulent to laminar flow. The iris system however requires a fine
balance since its size can determine the amount of perfusion through the scaffold as
well as the pressure drop across the scaffold. By balancing with the iris system, a
laminar flow can be achieved within the bioreactor despite cellular growth in the
scaffold.
The benefit of laminar flow for tissue engineering needs further experimental
evaluation. This flow pattern might be advantageous to support cell proliferation and
extracellular matrix formation within a scaffold; however, both of which lead to a
decrease in scaffold permeability and an increase in shear stress [53, 55]. In bone
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Pressure variation across the scaffold in bioreactor design 3 with open
irises, showing significantly reduced pressure drop of 2 × 10−3 Pa at the
scaffold for permeability of 5 × 10−9 m2 (inlet position −0.35m, scaffold
position −0.225 m, outlet position −0.125 m).

(A)

(B)
1.08e−03
9.87e−04
8.97e−04
8.07e−04
7.18e−04
6.28e−04
5.38e−04
4.49e−04
3.59e−04
2.69e−04
1.79e−04
8.97e−05
0.00e+00

4.93e−03
4.52e−03
4.11e−03
3.70e−03
3.29e−03
2.88e−03
2.47e−03
2.05e−03
1.64e−03
1.23e−03
8.22e−04
4.11e−04
0.00e+00

Figure 12.

Pressure distribution of bioreactor design 3 around the scaffold with
closed (A) and open (B) irises. (Pressure in Pa; e-04 = × 10−4).

Table 2. Comparison of CFD simulation results for pressure variation across the
scaffold in different designs of bioreactor
Design 3

Upstream Pressure [Pa]
Downstream Pressure [Pa]

Design 1

Design 2

Irises closed

Irises open

6.04 × 10−2
0

8.32 × 10−2
0

4.93 × 10−3
0

1.08 × 10−3
8.97 × 10−5
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Flow inlet

Flow control
Flow outlet

Figure 13.

Prototype bioreactor based on design 3.

(A)

(B)

1 mm

Figure 14.

1 mm

Dynamic cultivation of cell-seeded scaffolds in the prototype bioreactor
promotes cell vitality in contrast with static culture. Adipose
mesenchymal stem cells are cultivated on a macorporous ceramic
scaffold (section) for 1 month under continuous perfusion in the
bioreactor (A) versus static culture in a Petri dish (B). Cells were stained
with fluorescein diacetate and observed under an Olympus
stereomicroscope.
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tissue engineering, osteogenic differentiation is stimulated by higher perfusion rate in
perfusion bioreactors where turbulent flow patterns may occur [56]. Interestingly, the
shear stress required to induce osteogenic differentiation of cells have been found to
be two to three orders of magnitude (102 to 103) higher in two-dimensional perfusion
chambers than in three-dimensional cultures [57]. The results with our prototype
bioreactor also demonstrate a benefit of laminar flow compared to static culture
conditions in respect to cell viability and osteogenic differentiation of adiposederived stem cells [58]. Scaling of the model as performed in the current approach
will allow volume increase of the reactor to an industrial size without change of the
internal flow pattern.
In order to further optimize CFD prediction of the model, additional mesh refinement
would be required, for which as many square edges in the mesh as possible have to be
removed, especially in the area around the tissue and scaffold. Since our system
considers fluid pressure in a finite element model, the flow creates a displacement
deformation and therefore the mesh needs to minimize the square surfaces [59].
A problem with utilizing software for the CFD simulations is the limitations of the
software (FLUENT was employed in the present study) itself in simulating flow across
low-permeability media. The results could be improved with a more powerful software
capable of solving flow under very low permeability.
A further improvement of the bioreactor design can be achieved by threedimensional CFD modeling to characterize the flows through the scaffold and the irises.
However, a complete three-dimensional modeling of flow is very costly with respect to
computer time or hardware, even if using open source software. Furthermore, turbulent
flow needs to be analyzed by solving the Navier-Stokes equation which could be very
difficult and costly [59]. Other approaches employed Lattice Boltzmann equation which
requires many very small increments for optimization of the turbulence [60, 61, 62]. We
are currently working on three-dimensional modeling of the bioreactor in order to
resolve issues of turbulence and specify flow patterns based on scaffold properties and
dimensions of the irises.
One of the major considerations for any bioreactor design is the support of cell
proliferation. This also includes formation of extracellular matrix as a provider for
cellular three-dimensional arrangement. The Reynolds number in the reactor affects cell
proliferation and extracellular matrix formation. Studies are still needed to examine the
effect of physical stresses on cellular behaviour, cell growth, extracellular matrix
formation and cell differentiation which depends on the cell type. Further interesting
issues are how cells sense changes in the extracellular environment, and how changes
in the extracellular matrix content and composition change cell physiology (e.g., during
the mineralization process of bone callus tissue in fracture healing). Three-dimensional
cell culture differs significantly from the standard two-dimensional cell culture in a
Petri dish where overcrowding often leads to cell growth arrest and cell death [63, 64,
65]. The biological complexity always needs to be considered for optimal in vitro 2D
and 3D cell culture. With well-characterized bioreactor systems for tissue engineering,
we may achieve a better understanding for the essential factors and stimuli for tissue
formation, growth and remodeling.
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5. CONCLUSION
Different perfusion bioreactor designs were analyzed by CFD software regarding flow
pattern and pressure distribution around a porous scaffold with changing permeability
representing cell growth. Results demonstrated that common designs such as bell-shaped
and cylindrical geometries display regions of flow stagnation and flow irregularities as
well as pressure build-up upstream of the scaffold. Laminar flow was achieved by
introducing an internal iris system acting as bypass to regulate pressure drop and flow
path lines after permeability decreased due to cellular growth within the scaffold. Using
irises to control fluid flow, we have developed a method to overcome many limitations
of flow patterns in current bioreactor systems by regulating the pressure. The
advancement of tissue engineering will continue towards growing clinically relevant
tissues for musculoskeletal reconstruction or organ replacement. This advancement
requires bioreactors of high performance. Our data demonstrate that bioreactor geometry
can have a significant impact on internal flow patterns and pressure distributions. CFD
modeling provides a useful tool to improve bioreactor design.
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NOMENCLATURE
A
cross-sectional flow area, m2
C2
inertial resistance coefficient, m−1
d
diameter of bioreactor, m
Dp
mean particle diameter, m
L
thickness of scaffold, m
P
pressure, Pa
Q
volumetric flow rate, m3 s−1
Re
Reynolds number, dimensionless
V
average flow velocity, m s−1
Greek
ε
κ
1/κ
µ
ν
ρ

porosity, dimensionless
hydrodynamic permeability, m2
viscous resistance coefficient, m−2
dynamic viscosity, Pa-s
kinematic viscosity, m2 s−1
density of fluid, kg m−3
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