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Fluid Dynamics Within a Rotating Bioreactor in Space
and Earth Environments

Yow-Min D. Tsao*
KRUG Life Sciences, Houston, Texas 77058

Ernest Boyd*
Mankato State University, Mankato, Minnesota 56001

and
David A. Wolf^ and Glenn Spaulding§

NASA Johnson Space Center, Houston, Texas 77058

We recently developed a mathematical model to characterize cell-medium interactions within a Couette-flow
bioreactor (concentric independent rotating vessel). Such models will be used to refine the conditions in biore-
actors to achieve optimal cell growth. Numerical simulations and space-flight experiments have been conducted
to test the model. Anchorage-dependent mammalian cell aggregates on the microcarrier beads in dynamic flow
environments were simulated by the trajectories of particles in the flowfield. The flowfield for the circulation of the
culturing medium was modeled by the Navier-Stokes equations. The forces on a particle were assumed to be drag
from fluid circulation, buoyancy from gravitational fields, and centrifugal forces from the rotation of the vessel.
We first solved the momentum equations for the steady-state fluid flow and then the equations for the motion of
a particle. Results obtained from this study indicated that in unit gravity the bioreactor would simulate primary
microgravity trajectories of particles and migration times. However, rotating the bioreactor under the influence
of gravity produces a significant component of particle motion and associated shear stress not found in a micro-
gravity environment. Moreover, the total force per unit of cross-sectional area on a particle in microgravity was
significantly smaller than the calculated value in unit gravity. Experimental results from space flight support the
numerical simulations.
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Nomenclature
= diameter of a microcarrier bead, /xm
= gravity acceleration, cm/s2

= PPxd3/6
= inner-cylinder Reynolds number
= outer-cylinder Reynolds number
= radial component
= radius of inner cylinder, cm
= radius of outer cylinder, cm
= radial component of velocity, cm/s
= angular component of velocity, cm/s
= axial component of velocity, cm/s
= axial component

- differential rotating rate, rpm
- angular component
- viscosity, g/cm-s
= density of microcarrier bead, g/cm3

- density of the culture medium, g/cm3

= rotation rate of inner cylinder, rpm
= rotation rate of outer cylinder, rpm

Introduction
Background

T HE Couette-flow bioreactor described here was developed for
culturing mammalian cells. The system was designed to pro-
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vide a uniform low-shear environment with controllable shear lev-
els. This allows the suspension of anchorage-dependent cells in a
low-gravity (low-shear) three-dimensional favorable culture envi-
ronment. A major design requirement was the need to suspend cells
and cell aggregates on microcarrier beads (emulated as particles)
with continuous perfusion while maintaining in the environment
the minimum shear possible in the presence of gravity. The design
provided sufficient circulation for adequate oxygenation and mass
transfer of nutrients to the cells through mechanical methods. Such a
rotational suspension system requires that inherent mechanical agi-
tation mechanisms be minimized. Strong shear effects in the system
could damage delicate cells, and are hypothesized to degrade the
formation of three-dimensional tissue-like structures.1 Micrograv-
ity is believed to provide the best environment2'3 for optimizing
the assembly of tissues from elementary cells and substrates. Par-
tially simulating microgravity hydrodynamics, the NASA rotating-
wall perfusion vessel has shown excellent performance. In this
study, we sought to characterize the hydrodynamics of these ves-
sels in an effort to predict whether further improvements could be
realized in space, where the residual gravity-induced stresses are
absent.

Numerous studies have been conducted to examine the effects of
hydrodynamic forces on cellular growth and damage. Cells growing
on glass slides or cover slips exhibited no shear damage when sub-
jected to fluid shear stresses from 6.5 to 30 dyne/cm2. However, the
laminar-flow two-dimensional environment was not imposed upon
cells with sensitive cytoplasmic extensions or cells developing into
tissue-like three-dimensional structures.

Stathopoulos and Heliums4 reported that morphological changes
in human embryonic kidney cells occurred at a shear force of
2.6 dyne/cm2; significant damage to the cells was observed at 10
dyne/cm2. Other studies have attempted to evaluate the damage cre-
ated in three-dimensional vessels which were vigorously agitated
in an effort to overcome unit-gravity particle sedimentation. Re-
ports from Croughan's laboratory5'6 showed that in spinner ves-
sels with magnetic stirrers, cell growth was correlated with a time-
averaged shear rate proportional to the tip speed of the impeller.
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They concluded that there was no detrimental hydrodynamic ef-
fects on the growth of Vero cells in a traditional 250-ml spinner
vessel with a rotation rate up to 60 rpm. Moreover, they reported
optimal growth of FS-4 cells in 125-ml vessels at 35 rpm. Cell
growth, correlated to the Kolmogorov eddy length in an analy-
sis of turbulence, was modeled as well. It has been reported that
"for complete off-bottom suspension of microcarriers (in unit grav-
ity), virtually all stirred vessels must be agitated at the turbulent
regime."

Cherry and Papoutsakis7 estimated the magnitude of various hy-
drodynamic effects on cells with microcarriers in agitated culture
reactors. The maximum shear stress on a particle sinking through a
liquid at settling velocity was calculated to be 0.07 dyne/cm2. The
maximum shear stress in a typical stirred vessel would be 5 dyne/cm2

in the boundary layer along the wall. Cherry and Papoutsakis8 dis-
cussed a model of the growth correlated with collisions of a particle
with the impeller and the vessel walls. Studies by Goodwin and
Wolf9 using BHK-21 cells in the rotating-wall perfusion vessel sug-
gest that shear stress of 1 dyne/cm2 would directly influence cell
growth rates and the aggregation of cells on the beads into three-
dimensional complexes. These studies, however, did not include
analyses of the total force on a particle as a complete dynamical
system in three dimensions. Hence, complete simulations of the full
dynamic system and the hydrodynamic forces, with estimations of
the frequency of collisions with the vessel walls, become essential.
At the same time, previous studies indicate that turbulence with
eddies on the same scale as the diameter of a particle can damage
cells. Therefore, the design of the vessel should attempt to minimize
turbulence.

Rotating culture vessels have been designed for use in micro-
gravity and unit gravity.10 These vessels minimize agitation and
turbulence, reduce the total fluid shear stress,11 provide a homoge-
neous environment for the cells, and have had significant success in
developing high-fidelity tissue assemblies for clinical research. The
purpose of the study reported here was to develop a numerical model
of the culture vessel to provide insight into why cultured cells as-
sembled into high-fidelity tissue. The model assumes the movement
of cell aggregates to be particle trajectories, and allows calculations
of the total force on particles suspended in the vessel. The intent
of the model was to simulate both microgravity and unit-gravity
cell suspensions in order to elucidate precise physical mechanisms
that would exploit microgravity conditions for further enhanced tis-
sue culture. This quantitative study also provides information for
improving design and operation of space-based bioreactors.

Description of the Concentric Rotating Bioreactor and Analysis of
Hydrodynamic Forces

The bioreactor modeled here was designed to provide a Couette
flowfield with nearly uniform shear stress throughout the vessel. The
vessel consists of two concentric cylinders, both 11 cm long, with
the outer cylinder having a radius of r0 = 4.0 cm and rotating at co0
rpm, while the inner cylinder has a radius of r,- = 2.86 cm and ro-
tates in the same direction at o>, rpm. The end walls of the vessel are
fixed with the outer cylinder and rotate with it. The gap of 1.14 cm
between the cylinders was completely filled with culture medium
into which particles (models of aggregates of cells) and microcarrier
beads were introduced. Figure 1 provides a schematic representation
of the vessel. Cylindrical coordinates (r, 0, z) were used to indicate
positions within the vessel, where r is the radial component mea-

Fig. 1 Schematic of the rotating bioreactor.

sured outward relative to the cylinders, with rt < r < r0,9 is the
angular component measured positively in the direction of rotation
of the two cylinders, and z is the axial component oriented horizon-
tally in a gravitational field with 0 < z < 11 cm.

Assumptions for this mathematical simulation were as follows:
1) The culturing medium, or substrate, was a Newtonian fluid

with a constant density ps = 1.02 g/cm3 and a constant viscosity
IJL = 0.0097 g/cnvs.

2) Particles were spherical in shape with a diameter d = 175 fj,m
and a density pp = 1.04 g/cm3, did not interact with one another,
and did not affect the flow of the culturing medium.

3) The flow of the culturing medium caused by the rotation of the
concentric cylinders was a laminar, axially symmetric Couette flow
governed by the Navier-Stokes equation.

4) The forces acting on a particle were drag from the fluid's
circulation, buoyancy from the gravitational force relative to the
difference between the densities of a particle and the fluid, and
centrifugal force from the rotation of the vessel. The numerical
values in assumptions 1 and 2 correspond to anticipated early stages
of cellular growth in the bioreactor using Cytodex-3 microcarriers
in a standard medium with 10% fetal calf serum.

Let u, v, and w represent the radial, circumferential, and axial
velocity, respectively, components of the flowfield. The rates of ro-
tation of the cylinders were limited to a range in which u, u, and
w were large enough to suspend particles in unit gravity and pro-
vide adequate mixing, but small enough to prevent turbulence. The
unique advantage of this concentric rotating bioreactor was that the
fluid shear force created by the differential rate of rotation of the two
cylinders would be more uniform and controllable, and thereby pro-
viding a better-controlled environment for understanding the effects
of fluid shear on three-dimensional cell culture.

When there is a steady flow of constant density around a sub-
merged spherical bead, the fluid will exert a force on the solid
bead surface. This force may be categorized in two parts: the back-
ground force and the kinetic force. To describe the background
force, the flowfield between two concentric rotating cylinders is
used. The velocity profile can be derived by the balance of the
centrifugal force, pressure gradient force, and viscous force. The
background shear stress can be estimated from the velocity gra-
dient, and we projected this force onto the plane of characteristic
area for convenience of comparison with the kinetic force. The ki-
netic force points in the same direction as the approach velocity
and is defined as a product of a characteristic area, the kinetic en-
ergy, and the drag coefficient. This force can also be called the
drag force. In our calculations, we use the terminal velocity for
the steady-state fall of a spherical bead as the approach velocity.
Figure 2 shows the sum of the background shear force at a differen-
tial rotating rate of 6 rpm and the drag force (kinetic force) in unit
gravity on particles of different sizes in the bioreactor. The total
force experienced by a 175-/im particle was about 0.6 dyne/cm2.
When the approach flow velocity to a particle was kept constant,
smaller particles experienced stronger viscous effect. Therefore, at
the beginning of cell culturing the cell would experience a stronger
drag force per unit area from the same approaching flow veloc-
ity. Hence, minimizing the flow velocity in the early stages of the
cell culturing becomes important. This represents an ideal use of
microgravity, since during the early stages of the cell culturing
there is already a sufficient supply of oxygen and nutrients so that
with the absence of sedimentation the bioreactor does not need to
be rotated at all, i.e., a quiescent environment can be maintained
while the initial aggregates of cells and microcarriers become es-
tablished.

The results shown in Fig. 2 did not take into account the dynamical
motion of particles. Hence, they may overestimate the total force
actually experienced by particles. Therefore, a mathematical model
of the dynamics of a particle motion was developed to obtain detailed
information on particle flow patterns, the particle trajectory, and the
total force on a particle.

Dynamical Model
Assume («, v, w) represent the (radial, circumferential, axial)

components of the velocity of the flow field as functions of time t.
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Table 1 Rotation rates for the Couette-flow bioreactor
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Fig. 2 Hydrodynamic forces acting on particles in unit gravity.

Then the Navier-Stokes equations for the flow field are12
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and P is the fluid pressure measured in dyne/cm2. The boundary
conditions for the flowfield were the standard constraints of no slip
and no penetration.

The momentum equations for a trajectory of a particle contain
terms for the forces of Stokes drag, gravitational buoyancy, and
centrifugal effect.13 If (r, 9, z) represent the position of a particle at
time t , then the equations of motion of a particle are

mr—- = —c

tfz /dz \-— = -at — -w ]
At2 \dt )

(6)

(7)

In this study, the initial conditions for a particle at t = 0 were taken
to be r = 3 cm, 9 = 0, z = 1, 2.5,4,7, 8.5, or 10 cm, and the
derivatives were all set equal to zero.

Preliminary studies consisted of three trials using different rota-
tion speeds <w/ and co0 for the inner and outer-cylinders. The rotation
rates are listed in Table 1. Ranges were chosen based on current op-
erationally practical usage rates with the intent of extrapolating the
results to microgravity for comparison of values derived from the
model with the experimental results derived from U.S. Space Shuttle
flights. The flowfield in this study was designed to avoid instabil-
ity from the centrifuge effect. The inner-cylinder Reynolds number
(Ret) ranged from 850 to 1200; the outer cylinder Reynolds number

Trial

1
2
3

Inner-cylinder
speeds/, rpm

24
30
36

Outer-cylinder
speed (o0, rpm

18
18
18

Differential
rate Ao>, rpm

6
12
18

o

CO

co/=24 rpm
V5v co0 = 18 rpm
^00

0.0 2.75 5.5 8.25 11.0
Z AXIS (CM)

Fig. 3 Streamlines in the (r, z) plane and circulation times for trial 1.
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X

co, = 30 rpm
co0= 18 rpm

0.0 2.75 5.5 8.25 11.0
Z AXIS (CM)

Fig. 4 Streamlines in the (r, z) plane and circulation times for trial 2.

(Re0) was fixed at 900. Based on the studies of Anderek et al.,14

we judged the flow field in our study to be nonwavy axisymmetric
Couette flow.

We assumed that one continuous fluid phase would always be
present, with particles suspended within the fluid. Therefore, the
computational approach to this problem was to solve a system of par-
tial differential equations, Eqs. (1-4), for the steady-state flowfield
of the fluid, and then to solve the system of ordinary differential
equations, Eqs. (5-7), for tracking representative particles. For Eqs.
(1-4) a staggered discrete grid for the velocity components was
used in a semi-implicit finite-difference algorithm employing a hy-
brid scheme developed by Spalding.15"17 The grid has 61 subdivi-
sions in the z direction and 10 subdivisions in the r direction. Since
the flow was axially symmetric, flowfields were projected into the
rectangular region of the (r, z) plane. Bilinear interpolation was
used to approximate the complete steady-state flowfield throughout
the region. Equations (5-7) were solved for the trajectories given
the steady-state values of (w, t>, w). The initial-value problem was
a two-time-scale, three-dimensional, second-order system of ordi-
nary differential equations. Both time scales came from the large
difference between the rate of rotation and the rate of circulation
in the secondary flow. The fast time scale, for the rotation of the
vessel at approximately 20 rpm, was on the order of seconds, while
the slow time scale, for the circulation of the flow, was on the or-
der of minutes to hours. As a two-time-scale problem, Eqs. (5-7)
gave a stiff system of ordinary differential equations with a 6 x 6
Jacobian matrix having at least two large eigenvalues and at least
two small eigenvalues, requiring Gear's stiff method for trajectory
calculations.

Simulation Results
Figures 3-5 illustrate segments of the secondary flowfields from

the three trials. Printed along each streamline is the circulation time
in seconds computed for the segment plotted in the (r, z) plane. At
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Fig. 5 Streamlines in the (r, z) plane and circulation times for trial 3.
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Fig. 7 Trajectories in the (r, z) plane for trial 2 at unit gravity.
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Fig. 6 Trajectories in the (r, z) plane for trial 1 at unit gravity.

the end vessel walls, viscous force slows the flow velocity, and the
force due to the pressure gradient drives the flow inward to form the
secondary flow. The circulation is two-compartmental, with coun-
terclockwise flow in the left half and clockwise flow in the right half.
A Runge-Kutta-Fehlberg numerical method16 was used to generate
the streamlines. However, the zero boundary conditions along the
vessel walls, and the limitations in numerical accuracy due to the
linear interpolation of the data for the flowfield, prevented the com-
plete circulation from being plotted along streamlines near the end
walls of the vessel. In these narrow regions, circulation was very
slow, since u and w are close to zero. Figures 3-5 indicate that
circulation may be poor in the middle of the vessel. For instance,
results from trial 1 show a circulation time approximately 2 h; in-
creasing the rotation speed in trial 3 decreased the circulation time to
approximately 25 min. Higher differential rates of rotation created
a stronger secondary flow; more studies are needed to determine if
these circulation times impose significant mass-transfer limitations
on distributing nutrients to the cells.

For each of the three trials, six trajectories were plotted in Figs.
6-8 at unit gravity (g = 980 cm/s2) and in Figs. 9-11 at low grav-
ity (g = 0.0980 cm/s2), which was a reasonable assumption for the
Space Shuttle flight environment. The initial conditions for these six
trajectories were r = 3 cm, 9 = 0, z = 1,2.5,4,7,8.5, and 10 cm,
with all first derivatives initially equal to zero. These figures demon-
strate that a particle does not follow the streamlines precisely, but in-
stead it migrates across streamlines. If a particle was within a region
of strong circulation, then it completed its own cycle and remained
suspended in the fluid. However, hi most regions of the vessel a par-
ticle hit either the outer cylinder wall or an end wall. Computation
of a trajectory was terminated when a particle either completed one
cycle or hit a vessel wall. In trial 1, particles required more than 20
min to migrate to a vessel wall; in trial 3, by contrast, the time was
reduced to less than 13 min. There was no appreciable difference in
circulation time between unit gravity and microgravity. Thus, higher
differential rotational rates provide stronger circulation and seem to
increase the frequency of interactions between the particles and the
vessel walls. Significant cellular damage was attributed to the im-
pact of cells on the vessel wall, based upon observations of actual
cell culture conditions. Quantitative evaluation of damage from wall
collisions and resulting particle trajectories has yet to be performed.

The most noticeable difference between trajectories in unit grav-
ity and microgravity was the presence (Figs. 6-8) of the significant

2.75 5.5 8.25 11.0
Z AXIS (CM)

Fig. 8 Trajectories hi the (r, z) plane for trial 3 at unit gravity.
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0.0 2.75 5.5 8.25 11.0
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Fig. 9 Trajectories hi the (r, z) plane for trial 1 at microgravity.
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Fig. 10 Trajectories hi the (r, z) plane for trial 2 at microgravity.
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Fig. 11 Trajectories hi the (r, z) plane for trial 3 at microgravity.
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Fig. 12 Average force acting on a particle at unit gravity.
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Fig. 13 Average force acting on a particle at microgravity.

gravity-induced particle oscillations in unit gravity, as previously de-
scribed by Wolf and Schwarz.11 The oscillations give the particles
the appearance of tumbling, occurring once for every revolution of
the vessel and having amplitudes on the order of 0.02 cm, depending
on particle sedimentation rate, vessel rotation rate, and gravitational
strength. Intuitively, one can speculate that the oscillations repre-
sent a deviation in the trajectory as a direct result of unit-gravity
sedimentation and may cause the boundary-layer separation along
particles. This gravity-induced motion is therefore a prime justifica-
tion for development of improved microgravity culture techniques
in which this effect is absent. The utility of dynamic modeling is
in the ability to calculate the total force on a particle as a function
of time. In this study, the total force per unit of cross-sectional area
on a particle was computed in real time by calculating the vector
sum of the forces in Eqs. (5-7) divided by the cross-sectional area,
7rd2/4, of a particle. The time-average values of the total force are
plotted in Figs. 12 and 13 for the six trajectories in each of the three
trials at both unit gravity and microgravity. The average force ranged
from 0.0005 to 0.0014 dyne/cm2 in unit gravity and from 0.00004 to
0.00028 dyne/cm2 in microgravity. These values were significantly
less than that anticipated by the analysis of hydrodynamic forces.
In general, the force on a particle in microgravity was one order of
magnitude smaller than that in unit gravity.

Experimental Verification
The numerical model was verified experimentally in the space

environment. In order to increase the cell-culture capacity and op-
timize the flowfield, we used a 500-ml vessel in the study. The
only deviation from the vessel used in numerical simulation was
that the inner-cylinder radius was changed to 1.25 cm. We kept
very slow rotation, such that Ret ranged from 190 to 490 and Re0

from 240 to 1560. The flowfield in this space experiment was az-
imuthal laminar flow with weak Ekman vortices.14 The bioreactor
was flown on Space Shuttle Atlantis in November 1991. The ex-
perimental apparatus, shown in Fig. 14, consisted of one module
divided into two sections: one with the reactor vessel, fluid-filled
components, light, and vessel drive motors, and the other with cam-
era, tape supply, control electronics, and power supply. The fluid
used was water rather than liquid-cell culture media, and small
beads served as cell aggregates. The experiment included 16 dif-
ferent sequences based on the rotating speeds of the inner and outer
cylinders and perfusion loop. Table 2 shows the setup of experiment
protocols.

The flight data verified that sequences 1 and 2 produced optimal
operating conditions. In sequence 1, the outer wall was rotated at 2
rpm and the inner wall at 6 rpm. Video images showed that at startup
the beads were congregated on the outer wall. After about an hour,
the small beads (1000 /xm) were trapped by the flowfield in the
left half of the vessel and were well distributed from the inner wall
to the outer wall. The medium beads (3000 fim) were uniformly
distributed in both halves of the vessel. The large beads (5000 fjum)
were positioned near the end caps and closer to the inner wall. The
rotation rates in sequence 2 were the same as those in sequence 1;
however, a perfusion rate of 20 cm3/min was established. The old
medium was removed from the center of the inner cylinder and fresh
medium injected from both ends. The small and medium beads were
closer to the inner wall, and the large beads moved farther away from
the end caps.

Table 2 Bioreactor sequence chart and particle suspension
results for the space-flight experiment11

Sequence

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Outer speed,
rpm

2
2
5
5
5
5
5
5
5
5

13
13
9
9
7
7

Inner speed,
rpm

6
6
5
5
7
7
9
9

13
13
5
5
5
5
5
5

Pump rate,b
cnrVmin

0
20
0

20
0

20
0

20
0

20
0

20
0

20
0

20

Results0

S1

S1

0
o
0
0
o
o
s2

s2

o
o
0
o
o
0

aSpace Shuttle middeck experiment DSO-316 on STS-44,
bThe medium comes in from the both ends of the inner cylinder and extracts
out from the middle of the same cylinder.
C51: suspension of all particles achieved; S2: suspension of 1000-/xm particles
achieved; O: all particles move to the outer cylinder.

ELECTRONICS
CELL CULTURE
VESSEL

Fig. 14 Flight hardware of DSO-316 with rear cover removed.
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Table 3 Comparison of predicted and observed
axial (z-direction) migration of particles in sequence

1 of space-flight experiment

Speed, mm/s

Particle size ̂ m Predicted Observed

1000
3000
5000

0.014
0.016
0.020

0.039
0.044
0.075

3.91-

3.53-

E 3'15-
¥ 2.77-^
5 2'39-
tr 2.01-

1.63-

1.25-

0 Outer: 2 rpm
5 ° ° ° Inner: 6 rpm

l'\° ° 0

. 3&~A. "x o
Z^^^^S^ o
1 ° o^\ - __ 1

O 0° °j| o ° =3-

Measured Particle Distribution
o 1 000 micron
O 3000 micron
Q 5000 micron

Calculated Trajectories
175 micron — 4. 3000 micron
500 micron — — 5. 5000 micron
1 000 micron

O °Jr° o ° Background shear: 0.01 7 dyne/cm2

0.0 2.75 5.5
LENGTH (cm)

8.25 11.0

Fig. 15 Comparison of observed particle distributions and numerical
simulations.

Fig. 16 Video recording of sequence 1 in microgravity experiment.

Figure 15 shows an overlay of the observed particle distributions
from the analysis of the continuous video images and the predicted
trajectories based on the three particle sizes as described. There
was one video camera mounted in the DSO 316 experiment; the
recordings only showed the two-dimensional distribution of parti-
cles. Figure 16 shows a freeze frame of particles distribution in the
experiment. The results of simulations showed that the secondary
flow was strong enough to force particles to assume curved trajec-
tories and undergo a circular motion with circulation time of 25 ± 5
min. The distribution from tfoe flight data showed that when particles
hit the end cap, only the 1000-jU,m particles could be swept away
by the fluid circulation. The larger particles were too heavy to be
dragged away by the fluid's inward circulation and stayed near the
surface of the inner spin cylinder.

We measured the migration of particles along the z axis; Table 3
shows a comparison between the observed and the predicted migra-
tion velocity for different sizes of particles. When the perfusion was
turned on, the particles were brought in toward the inner wall, and
the 5000-jitm particles were moved outward by the circulation force.
Sequences 9 and 10 also indicated that partial suspension of parti-
cles (1000 jjim) was achieved. The secondary flow was not strong
enough to overcome the centrifugal effect (outer cylinder rotated at
5 rpm) for larger particles. Sequences 3 to 8, with the inner cylinder
rotated faster than the outer cylinder, showed that the centrifugal
force was too strong; all particles were sent towards the outer wall
eventually. These flight data were in good agreement with the cal-
culated trajectories from the model (Fig. 17). Sequences 11 to 16,
with the outer cylinder rotated faster than the inner cylinder, showed

3.91-

3.53-

e 3.15-

£2-77-
g 2.39J

2 2.01-

1.63-

1.25-

Outer: 5 rpm
Inner: 7 rpm

00 2.75
LENGTH (cm)

5

5.5

2.01-

1.63-

1.25-

Outer: 5 rpm
Inner: 13 rpm

0.0 2,75
LENGTH (cm)

3.91-

3.53-

3.15-

2.01-

1.63-

1.25-

Outer: 5 rpm
Inner: 9 rpm

0.0 2.75
LENGTH (cm)

Calculated Trajectories
—— 1. 175 micron — - 4. 3000 mjcron
—— 2. 500 micron —— 5. 5000 micron
— - - 3 . 1000 micron

5.5

Fig. 17 Numerical simulation of particle trajectories for sequences 5,
7,9 in space-flight experiment.

Fig. 18 Video recording of sequence 13 in microgravity experiment.

that all particles were sent towards the outer wall due to the dom-
inant centrifugal force, but we observed some lOOO-jitm particles
attached to the inner cylinder (Fig. 18), which may cause clogging
of the perfusion mechanism.

A small bubble was observed at the initiation of the experiment.
The number of bubbles increased as the experiment progressed. The
bubbles were primarily positioned around the inner wall, mainly
due to centrifugal force. We also observed that some of the beads,
regardless of size, were captured by the bubbles and held by surface
tension. The largest bubble was about 5 ml and was located against
the left-side end cap. The exact source of the bubbles has yet to be
determined. The flight data indicate the following findings:

1) The range of inner vs outer rotation speeds resulting in cell
suspension is consistent with the mathematical model.

2) The axial migration of particles in the reactor vessel is approx-
imately 3 times bigger than the mathematical model predicts, due
to modeling inaccuracies.

3) Experiments suggest that counterrotating cylinders do not sus-
pend particles, except for some small particles which seem to be
caught in a local low-pressure region near the inner cylinder.

Conclusions
Mathematical models of the rotating bioreactors designed at John-

son Space Center were developed to partially simulate microgravity
with respect to the trajectories and time frame of a slowly sedi-
menting particle's motion. Except for a gravity-induced oscillation
on each revolution, a particle in unit gravity will follow the same
primary trajectory as a particle in space, even though the strengths
of the dominant forces controlling the dynamics are quite different.
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Although microcarrier beads can be suspended without turbulence
in these rotating bioreactors on Earth, the advantage of operating
the bioreactor in space is the significant reduction of total force on a
particle through eliminating the g-induced oscillatory particle mo-
tion. This motion is the primary cause of residual shear stress in the
rotating culture vessels operated in unit gravity. The total force on a
particle in this study was less than the values reported by other inves-
tigators using different vessel geometries to model hydrodynamic
effects on cell growth. The hydrodynamic conditions in the Cou-
ette bioreactor are well defined and nonturbulent, making it a good
choice for studies relating hydrodynamics to cell or tissue-culture
performance. The tumbling effect may facilitate energy dissipation
by the particle, leading to a force per unit cross-sectional area on a
particle that is less than the analysis of hydrodynamic forces would
indicate. In either unit gravity or space, the greatest potential for cell
damage occurs when the particle is near the vessel wall or collides
with the wall.

Increasing the differential rate of rotation in this study strength-
ened the secondary flow but did not seem to entrap particles within
the flow. Faster rotation decreased the time between impacts with the
vessel walls, thereby increasing the number of collisions. A larger
gap between the inner and outer cylinders would decrease the num-
ber of collisions, but would weaken the circulation of the fluid from
the secondary flow. Further study is needed to determine optimal
design and optimal rates of rotation to minimize particle collisions
with the outside wall and end caps due to the stronger secondary
flow while still providing adequate circulation for mass transfer of
nutrients and removal of cellular waste products.
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