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Abstract

Three dimensional particle tracking velocimetry (3-D PTV) was used to characterize the flow fieldsin the impeller
region of three microcarrier reactor vessels. Threetypical cell culture bioreactors were chosen: 250 ml small-scale
spinner vessels, 3 L bench-scale reactor, and 20 L medium-scale reactor. Conditions studied correspond to the
actual operating conditionsin industrial setting and were determined based on the current scale-up paradigm: the
Kolmogorov eddy length criterion. In this paper we present characterization of hydrodynamics on the basis of
flow structures produced because of agitation. Flow structures were determined from 3-D mean velocity results
obtained using 3-D PTV. Although the impellers used in 3 L and 20 L reactors were almost identical, the flow
structures produced in the two reactors differed considerably. Results indicate that near geometric scale up does not
necessarily amount to scale-up of flow patterns and indicates that intensity as well as distribution of energy may

vary considerably during such a scale-up.

Background

Microcarrier cultures are traditionally grownin stirred
reactor systems. These reactors exhibit two areas
believed responsible for cell damage due to hydro-
dynamics: the forces associated with gas bubbles used
for aeration and the turbulent forces generated in the
impeller region of agitated vessel s(Papoutsakis, 1991).
Although microcarrier culture is widely used in small
scale (sub 20 L) operation, success at large scale is
limited (Cherry and Papoutsakis, 1990; Auninset al.,
1993). Several researchers (Croughan et al., 1987,
Cherry and Papoutsakis, 1986, etc.) have concentrated
on understanding the effects of agitation in mirocarrier
cultures; but few effortshave been madeto mechanisti-
cally understand impeller agitation and flow structures
produced by the impeller and other internals. There
are also no studies that have been performed to relate
flow structureswith possible damagein shear sensitive
cultures (Auninset al., 1993).

Most of the past research on agitationin stirred ves-
sels, not just in animal cell culture, but in the area of

mixing, has recommended the use of global parame-
ters as scaleup criteria (Smith et al., 1990). Examples
of these globa parameters are: impeller tip speeds,
impeller Reynolds Number, pumping efficiency, pow-
er per unit volume (PV 1), and more recently the Kol-
mogorov edddy length. These global parametersdo not
account for ‘local’ non-homogeneity of flow in mix-
ing vessels. Non-homogeneity in flow is the result of
structures that are produced by the impeller and other
internalswithin the vesel. Associated with these struc-
tures are high levels of hydrodynamic energy (Stoots
and Calabrese, 1995). These local flow structures are
a complex function of geometry and operating condi-
tions of the vessel sand cannot be described adequately
by global scale-up parameters.

Global parametersare popular becausethey arerea-
sonably easy to determine and apply/work adequately
in most circumstances. In the past it was difficult and
time consuming to characterize flow structures that
exist in mixing vessels. However, recent advances in
computer technology and image processing (Adrian,
1991) is allowing flow visualization techniques such
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as: 3-D particletracking velocimetry (3-D PTV), scan-
ning particle image velocimetry (SPIV), and 2-D PIV
to be performed easily and rapidly. These flow visu-
alization techniques allow complex flow structures to
be determined. Consequently, instead of using global
parametersto characterize flow in mixing vessels, it is
becoming possibleto develop ‘local’ energy character-
izations of flow within vessels.

We propose that the difficulty in scale-up of micro-
carrier cultureistheresult of thelack of preservation of
local flow structures as the reactor vessels are scaled-
up. Implicit in this hypothesis is the concept (shown
by Stoots and Calabrese, 1995) that highly localized
regions of high energy dissipation exist and that these
areas are associated with flow structures. It isalso sug-
gested that cell damage on microcarriers takes place
in these regions of energy dissipation above athresh-
old level. Finally, it is suggested that as a system is
scaled-up, preservation of minimum levels of energy
dissipation is desired to provide sufficient mixing and
prevent clumping while preventing the maximum lev-
el of energy dissipation from exceeding the threshold
level which causes damage.

In previous publications (Venkat et al., 1993;
Venkat et al., 1996), the flow structure and associated
energy dissipationina250 ml spinnenr flask were pre-
sented. Inthis paper theflow structurein three‘typical’
bioreactorsis presented: the 250 ml spinner studied in
the previous publication, a 3 L bench-scale bioreac-
tor, and a model of a 20 L pilot-scale bioreactor. The
studies were conducted under conditions of constant
Kolmogorov eddy length (Table 1) one of the ‘glob-
al’ parameters suggested to be used for scale-up. Fur-
thermore, these vessels are routinely operated in an
industrial setting under these same conditions. Publi-
cationsin preparation compare and discuss the various
energy dissipation rates associated with the flow struc-
tures within these different vessels. Finally, to test the
hypothesis that a threshold level of energy dissipation
is needed to damage/remove cells from microcarri-
ers, experimental studiesin well-defined hydrodynam-
ic conditions are being conducted.

Materials and methods
Bioreactors and details of the impeller geometry
Figure 1 shows schematic of the three reactor vessels

used in our study. The 250 ml spinner vessel was a
Corning vessel (cat. No. 26502—250, Sigma Chemi-

Table 1. 3-D PTV experimental conditions. Also includes the Kol-
mogorov eddy length values calculated based on the methodology
suggested by Cherry and Papoutsakis (1986)

Reactor Impeller  Impeller  Impeller Kolmogorov
Diameter agitation Reynolds eddy length
(cm) (RPM) Number (microns)?

Spinner? 5.6 90 6.7 x 108 98
150 11x 10* 71
210 16 x 10* 58
3L HoltZ* 84 45 7.6x 10* 98
60 10x 10* 78
75 13x 10* 66
20L¢ 15.6 45 26x 100 71
72 42x10* 50

a_Kolmogorov eddy length cal cul ations were based on theimpeller
volume.

b _ Spinner paddle power number calcul ated as suggested by Aunins
etal., 1989.

¢ — Power number calculations are approximations based on the
assumption that theimpeller issimilar to afour-blade axial impeller
classified by Oldshue as a A2 type (Oldshue, 1983).

ca Co., St. Louis, MO) and details of the impeller
geometry have been described previously (Venkat et
al., 1996). The 3 L hioreactor was a Holtz Bioengi-
neering reactor (presently) Wheaton Instruments, NJ,
and the 20 L reactor a round-bottom Pyrex glass ves-
sel modeled after the Bioengineering 20 L animal cell
bioreactor. The impellers used in the 3 L and 20 L
vessels were almost identical and operated in an up-
pumping mode. The impeller used was a three-bladed
45 ° inclined impeller. Though widely used, thereis
no information on the flow structures generated by this
impeller.

Flow markers

Two flow markers were used in our experiments:
Polystyrene microcarriersand Amberliteion exchange
particles. Polystyrene microcarriers ranging in diam-
eter from 150 to 212 ym (Cat. P102-1521, SoloHill
Labs Inc., Ann Arbor, MI) were used in the spinner
vessel experiments. Due to visuadization limitations
Amberlite particles (Cat. No. 15622, Poly Sciences
Inc., Warrington, PA) of 300-500 ;m diameter were
used in the 3 L and 20 L experiments. Both the par-
ticles had a density of 1.02 g/cc and were dyed to
improvevisualization. Particleloading of 1 g/l, 0.3 g/l,
and 0.025 g/l were used for the spinner, 3L and 20 L
experiments, respectively.
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Figure 1. (a) Flow volume and 3-D perspective of the 250 ml spinner flask. (b) Flow volume and 3-D perspective of the 3 L bench-scale Holtz
bioreactor. (c) Flow volume and 3-D perspective of the 20 L baffled bioreactor. Shaded region shows the field of view.

Sereo-visualization equipment and 3-D PTV nal publication (Guezennec et al., 1994) describes PTV

algorithm in detail. The apparatus used for the spinner
Stereo visualization arrangement and the details of the experiments has been described earlier by (Venkat et
3-D PTV havebeen explained previously and the origi- al., 1996). For the 3 L and 20 L experiments a Cohu
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Figure 2. Schematic of impeller flow in the spinner vessel. (a)
Schematic of the spinner vessel. (b) Magnified view of the impeller
stream and the free surface. Figure showsthe pair of trailing vortices
coming off theimpeller tip and free surface vortex formed around the
shaft at the agitation rate of 210 rpm. (c) Front view of the impeller
tip showing thetrailing vortex and the free surface vortex (Reprinted
from Venkat et al., 1996).

CCD4915 video camera (Cohu Inc., San Diego, CA)
equipped with a Canon zoom lens (28-105 mm) and
macro attachment, was used. Thelenswas shuttered at
2000 s~ and the experiment recording using a Pana-
sonic AG-7355 SVHS Video cassette recorder.

Ensemble averaging

A statistically stationary turbulent flow has no depen-
denceontime. Therefore, to obtain mean flow informa-
tion, onesimply hasto takethetime average (Tennekes
and Lumley, 1972). However, flow field in theimpeller
stream is periodic in nature and is a function of time
or position of the impeller. Therefore, to obtain mean
flow quantities, the experiment must be repeated mul-
tiple times, the impeller positions of each experiment
matches, and the data combined from each individu-
al experiment. Another reason for ensemble averaging
was because the instantaneous data density resulting
from 3-D PTV was not high enough for interpolation
of velocities onto a meaningful three dimensional reg-
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Figure3. Schematic of theimpeller flow inthe case of the 3L bench-
scale reactor operated at 60 rpm (&) Impeller stream and overal
circulation induced by the agitator. Figure shows the small trailing
vortex coming off the tip of the impeller blade. (b) Manified view
(almost side view) of the impeller stream shown in (a).
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Figure 4. Schematic of the impeller flow in the case of the 20 L
baffled medium-scale vessel operated at 45 rpm. (8) The overal cir-
culation and thetrailing vortex region coming off the region between
thetrailing tip of the leading blade and the impeller hub. (b) Magni-
fied view (head-on front view) of the impeller stream.
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Figure 5. Mean velocity projections (V(-V_) in three r-z planes at 6, =54 °, 6, = 36 © and 63 = 18 ° behind the trailing tip of the leading
blade of the 20 L baffled medium-scale reactor agitated at 72 rpm. Reference plot shows the 20 L reactor in 3-D perspective and the location of

the interpolation planes. Arrow below each of the impeller velocity projection shows the reference velocity in cm/sec. Vortex planes and shear
planes are shown using shaded regions.

ular grid (for adiscussion of the calculation of veloc- well as velocity planes useful for necessary graphical
ity gradients and energy parameters see Venkat et al., representation.

1996). After ensemble averaging a simple interpola-

tion scheme was used to arrive at velocity gradients as
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Table 2. Overall summary of the reactor experiments’ results. The three reactors studied:
250 ml spinner, 3 L bench-scale, and 20 L medium-scale, are compared in terms of the flow

structures and the mean velocity field data

Characteristic Spinner 3 Liter bench 20 L medium
scale scale

Impeller Cylindrical stirrer 45 ° inclined 45 ° inclined

(paddle) impeller (three impeller (three

blades) blades)

Reynolds Number ~ 0.7-1.6 x 10* 0.8-2.0 x 10* 25-4.2 x 10*

Pumping/general Tangentia flow Axia up-pumping  Axia up-pumping

flow

Vortex systems

Regions of high
velocity gradients

Dud vortex from
the top and the
botttom of the
impeller; intensity
not very high

Trailing vortex
region; converging
flow region around
the impeller shaft
due to formation of

Very weak vortex
flow from the
trailing edge of the
impeller blade; not
well observed

Chaotic and high
speed flow in the
impeller stream
flowing towards
stagnation region

Very well formed
vortex system from
the trailing edge;
relatively stationary
in location;
continuous

Impeller stream
with high speed
flows; trailing
vortex with high
shear rates

surface vortex

below the impeller

Results and discussion

General flow characteristics in the three vessels are
represented in the form of schematic sketches (or car-
toons). The sketcheswere made after careful examina-
tion of hundreds of frames of pictorial mean velocity
field results obtained from the 3-D PTV experiments.
The mean velovity-field results that follow the flow
structures’ section are some of the key results obtained.
They providethe reader with methodology used by the
authorsto arrive at flow structures.

General flow structures

Soinner scale experiments

Figure 2 illustrates the main flow structures resulting
from the paddle impeller used in spinner vessels. The
impeller has sharp edges and produces flow dightly
similar to aflat bladed turbine. The impeller diameter
(5.6 cm) is very near the vessel diameter (7.8 cm)
and the flow induced by the impeller is predominantly
tangential. Thereisatrailing vortex region made up of
apair of vorticesthat come off theimpeller tip. At high

agitation rates there is a strong flow that convergesto
the center of the vessel as a consequence of the free
surface vortex. The vessel geometry (dimple at the
bottom for easy lift-off of microcarriers) also resultsin
alocal region of high speed converging flow below the
impeller.

Bench-scale and medium-scal e experiments

Figure 3 showsaschematic of theflowinthe 3L bench-
scale reactor. The predominant flow produced is high
speed flow over thetop of the blade and low speed flow
below the blade. Thetrailing edge of the leading blade
(refer to Figure 3 for blade nomenclature) leads to a
small vortex that does not develop fully. Flow is also
highly irregular in theimpeller region. Sweeping blade
with its sharp edges resultsin shear planes and regions
with highfluid deformation (dueto non-uniformity and
gradients).

The medium-scale agitator (20 L), on the other
hand, produces flow more structured than that in the
bench-scale. Figure 4 illustrates main flow patterns
produced by the impeller in the medium-scale ves-
sel. Dominating flow systemisatrailing vortex system
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Figure 6. Mean velocity projections (Vr-Vyg) intwor-6 planes at Z;
=6.22 cm, and, Z, = 10.37 cm from the bottom of the vessel in the
region behind thetrailing tip of theleading blade of the20 L medium-
scale baffled reactor agitated at 45 rpm. Reference plot shows the
20 L medium-scale reactor in 3-D perspective and the location of
the interpolation planes. Arrow below each of the impeller velocity
projection shows the reference velocity in cm/sec. Vortex regions
and shear planes are shown using shaded regions. The figure shows
the effect of baffles.

behind the bladesof theimpeller that originatescloseto
theimpeller hub. Fluid entersthetrailing vortex system
dueto convection resulting from up-pumping action of
theimpeller. The high speed abovethetrailing tip sup-
plies energy to the trailing vortex system. There is
also asmall stagnation region below theimpeller. The
baffles located in the vessel do not affect the trailing
vortex path or intensity because the vortex is located
well below the baffles. The baffles mainly redirect the
flow from radial to axial. Weak re-circulation regions
were also formed behind the baffles.

Mean velocity field results

Two perspectives have been selected for display: r-©
(top views) and r-z planes. Each figure displays veloc-
ity fields at a particular impeller location and includes
three 2-D dlices at specified planes. The blades of the
impeller have been labeled asL and T indicating lead-
ing viade and trailing blade respectively. Due to lim-
itations on length of the paper, only key results from
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the 20 L study are presented here. Other results have
been presented el sewhere (Venkat, 1995).

Figure 5 represents flow behind the leading blade
of the impeller. As can bee seen in the O3 plane,
the predominant flow structure behind the blade is
a well defined vortex. The trailing vortex system is
fed by fluid from behind the blade convecting down-
wards towards the stagnation region. Flow close to
the impeller tip is highly chaotic (very anisotropic, no
preferred directionality to flow). This is clear in all
the three planes shown in Figure 5. The trailing vor-
tex islocated below the impeller radially outward and
remains relatively stationary in position. Baffles alter
the direction of flow and result in a more axial flow
instead of radial or tangential. They also produce wake
regions made up of small recirculation regionsin front
of and behind the baffle. Figure 6 shows the top view
(r-©) and illustrates the effect of baffles.

Conclusions

Table 2 presents an overal summary of the hydrody-
namic comparison studies performed in the three reac-
tor vessels. It should be reiterated that the operating
conditions in our studies correspond to typical scale-
up conditionsin industry for the microcarrier cell cul-
ture processes and were sal ected based on Kolmogorov
eddy length criterion. Therewasaclose geometricsim-
ilarity between 3 L and 20 L reactors. But, based on
the above comparison, it is clear that flow structuresin
thethree vesselsare very different from each other and
the energy transfer mechanisms in the three vessels
also vary significantly. It is clear that near geomet-
ric scale-up does not necessarily result in scale-up of
flow structures. Based on other literature studies that
have concentrated on characterization of turbulent flow
structures, the ratios of the intensity of turbulent ener-
gy dissipated to thetotal turbulent energy content were
measured to be much higher in the structurescompared
to therest of the mixing tank. Therefore, in shear sen-
sitive cultures, the flow structures can be expected to
be regionswhere highest probability of damage dueto
hydrodynamic shear exists.

In future papers on the same subject, the reactors
will be characterized in terms of three ‘local’ ener-
gy/characteristic parametersand distribution of energy
in relation to flow structures further explored. ‘ Local’
intensity of these parameters will be discussed as a
function of vessel volume. By doing this, quantita-
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tive results as to how the concentration of high energy
regions varies from reactor can be presented.
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