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ler, operating under different agitation modes and for two bottom geometries. The
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especially in stem cell cultures. The work of Correia et al found intermittent agitatiation yields; however, to date, the impact within the flow has not been fully
characterized. This work aims to characterize the flow dynamics occurring within a
commercially available DASGIP bioreactor, equipped with a two-blade paddle impelpaddle impeller configuration generated an axial flow profile due to a large impeller
D/T and blade confinement with the bioreactor wall. The application of intermittent
agitation was shown to induce two transient spikes in flow velocity and shear stress,
the amplification of which increased with dwell duration. Marginally increasing the
dwell duration was shown previously to increase differentiation yields, therefore it
can be stipulated that introduction of these spikes was favorable toward cardiogenic
differentiation.
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I N T RO DU CT I O N

and round bottom configurations and equipped with either a pitched
blade turbine impeller (D/T = 0.48) or a two-blade paddle impeller of

Characterization of the flow dynamics in stirred tanks of standard

large impeller to tank diameter ratio (D/T = 0.97).

geometry is well documented in the literature. However, for process

Factors such as the impeller design, that is, axial or radial flow

development studies, it is more common to encounter commercially

types, off-bottom clearance, blade diameter, pitch and thickness, and

available bioreactors with nonstandard configurations.1,2 As an exam-

vessel configuration, that is, geometry, baffled or unbaffled, round or

ple, the CellReady Mobius (Applikon) single use reactor, commonly

flat bottom, have all been demonstrated to influence the mean flow,

used in cell culture,3 comprises a torispherical bottom geometry,

turbulence levels and the trailing vortices generated at the back of the

equipped with an up-pumping marine impeller (D/T = 0.54,

blade.7,8 Distinct mean flow circulation patterns and blade trailing vor-

C/T = 0.18). In comparison, the BioBLU (Eppendorf) single use reactor,

tices are created from different impeller types. These are responsible

4

which is also recommended for cell culture applications, has a flat

for enhancing mixing and controlling mass transfer.9 Radial Rushton

bottom geometry and is equipped with one or two downpumping pit-

turbine impellers develop a pair of trailing vortices behind the upper

ched blade turbine impellers (D/T = 0.42, C/T = 0.25).5 The DASGIP

and lower edges of the blade, characterized by mean radial velocities

bioreactors (Eppendorf) are another example,6 available with both flat

up to 0.62–0.87Vtip.10-12 Both vortices extend radially toward the
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reactor wall with the upper vortex exhibiting a slight inclination when

protocols that introduce a mechanical stimulus through pulsatile flow or

D/T and C/T = 0.33.13-15 Axial pitched blade turbine impellers gener-

intermittent agitation.1,28-30 For example, Correia et al1 found a fourfold

ate a single and inclined trailing vortex behind each turbine blade with

increase in iPSC-cardiomyocyte differentiation yields when operating

axial velocities up to 0.45–0.55Vtip.16-18 Minimal radial displacement

under intermittent agitation modes in comparison to continuous agita-

and downward/upward axial displacement is exhibited, depending

tion. These findings were further corroborated by the study of Samaras

upon whether agitation is in down- or up-pumping mode.18

et al2 who found that optimization of the dwell time, that is, the time

Of particular interest in this work is the impact of the impeller to

duration the impeller is stationary during intermittent agitation, led to a

tank diameter ratio, D/T, upon the flow, in addition to the difference

further 66% increase in differentiation yields.2 Both these works were

between baffled and unbaffled bioreactor configurations. The study

carried out in a DASGIP reactor. Intermittent agitation strategies may

of Ramsay et al19 characterized the flow field of a “butterfly” impeller

also be recommended in 3D cell culture to improve microcarrier adher-

for D/T = 0.53–0.98. It was found that as D/T increased, ensemble-

ence protocols during the initial period post-inoculation.31-34 Overall,

averaged velocity magnitudes discharged by the impeller decreased

the impact of intermittent agitation upon cardiogenic differentiation

by approximately 40%. Similarly, Hall et al20 found that eccentrically

procedures and during cell culture has been proven to be beneficial;

agitated vessels equipped with pitched blade turbine impellers

however, only the study of Samaras et al35 can be found in the literature

exhibited a similar reduction in velocity magnitudes on the side where

addressing the mixing and suspension dynamics for intermittent agita-

the impeller discharge stream is confined by the bioreactor wall.20

tion mode in a commercial bioreactor, and more studies are needed pro-

Both studies found that increasing confinement at the bioreactor wall,

viding a full flow characterization for a variable impeller speed strategy.

either from impeller eccentricity or from large impeller to tank diame-

The present work builds upon the studies of Correia et al1 and Samaras

ter ratio D/T, results in a reduction of velocity magnitudes. The study

et al2,35 and aims at providing an in-depth investigation of the flow

of Hall et al

20

also found a reduction in velocity magnitudes between

dynamics occurring in a nonstandard, commercially available DASGIP

unbaffled and baffled vessel configurations. In general, independently

bioreactor with two different bottom geometries, focusing upon charac-

of the impeller type employed, Hall et al20,21 and Montante et al22

terizing circulation patterns, trailing vortices, shear stresses, and vortic-

found that unbaffled configurations are mainly characterized by solid

ity levels, obtained under continuous and intermittent agitation modes.

body rotation with the tangential velocity component being the most

This flow characterization is essential to lay the foundations for a better

intense and presenting significantly diminished flow circulation pat-

understanding of stem cell differentiation processes and identify novel

terns in the axial and radial direction in comparison to their baffled

agitation strategies for optimal process control and performance.

23

counterparts. Tamburini et al

used CFD methods to predict the flow

field in both baffled and unbaffled vessels, equipped with a Rushton
turbine impeller. They found that for fully turbulent flow conditions,
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the radial and tangential components within the baffled vessel were
reduced and converted into axial flow. In the unbaffled configuration

2.1

|

Bioreactor configurations

solid body rotation occurred and a lower level of turbulence was
achieved. Other studies also reported this effect.24,25

A flat- and a round-bottomed DASGIP Cellferm-pro bioreactor sys-

In addition to the physical configuration of a bioreactor, the rota-

tems (Eppendorf, Germany), with heights, H = 15.5 and 16.5 cm and

tional speed and agitation strategy greatly affect cell behavior, the

internal diameter, T = 6.2 cm, were equipped with a 6 cm diameter

flow, mixing, and suspension dynamics. Ismadi et al26 investigated the

trapezoidal paddle impeller at an off-bottom clearance, C = 1 cm (D/

flow dynamics in spinner flasks to assess the impact of agitation upon

T = 0.97, C/HL = 0.15) and C = 1.95 cm (D/T = 0.97, C/HL = 0.26). A

iPSC proliferation using microcarrier technology. The maximal local

schematic of each bioreactor configuration is given in Figure 1a. A

shear was shown to increase linearly with rotational speed and opti-

working volume of Vw = 0.20 L MilliQ water was used in both bioreac-

mal cell proliferation was achieved at N = 25 rpm, with shear stress

tor configurations, corresponding to liquid heights, HL = 6.62 and

levels up to 0.0984 Pa. With a further increase in speed, at

7.4 cm. For the engineering characterization, modifications were made

N = 28 rpm, microcarrier attachment was no longer maintained and a

to the original magnetically driven bioreactor to achieve motor-driven

reduction in iPSC proliferation was realized with only a marginal 10%

agitation. The impeller shaft was extended and attached to an N-

increase in maximum shear stress (0.108 Pa). Such significant contra-

Series Allen Bradley Motor unit. To minimize optical distortion due to

sting effects within a small shear stress and rotational speed range

the curvature of the vessel the system was mounted within a water

demonstrate how susceptible stem cells are to their hydrodynamic

filled glass trough, shown in Figure 1b.

environment and how relevant it is to characterize the flow dynamics
of commercially available stirred bioreactors.
Wang et al27 also observed that hydrodynamic shear reduces differentiation efficiency in stem cell cultures under continuous agitation

2.2 | Particle image velocimetry and data
processing

and hypothesized that this reduction could be alleviated through intermittent agitation regimes. Previously published works have also demon-

A green diode laser, with an output power rating of 300 mW and

strated the beneficial impact of designing stem cell differentiation

wavelength, λ = 532 nm, was used for the two-dimensional
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between the left and right side of the reactor about the impeller axis.
The origin of the phase angular coordinate, φ, is set on the leading
blade of the impeller, φ = 0 .
The maximum local shear rate, γ max, in the vertical plane was
obtained from the principal components of the strain rate tensor.36,37
In continuous agitation modes, phase-resolved measurements
were synchronized with the impeller position using the servo motor
encoder. The impeller encoder signal is given to a timing box which
synchronizes the camera trigger with the desired impeller position.
This was done through IDT software, where a time delay can be
selected for instantaneous vector maps corresponding to the desired
angular position from the leading impeller blade. Twelve phase angles
were investigated for each continuous agitation condition, between
φ = 0–165 , in increments of 15 . Five hundred image pairs were
obtained for each measurement condition, with a time delay between
images in each pair of 3.5, 3, 2.5, and 2 ms for continuous rotational
speeds of 75, 90, 105, and 120 rpm, respectively (≈1.5 of impeller
rotation). The time interval was selected such as to minimize the number and magnitude of erroneous vectors and/or “outliers” generated
from the adaptive correlation analysis. This was applied in two passes
with an initial interrogation window of 32 × 32 pixels and a final window size of 16 × 16 pixels. With a 50% interrogation area overlap,
this resulted in a final resolution of 8 × 8 pixels, corresponding to a
final measurement spatial resolution of Δr = Δz = 0.12 mm.
The flat-bottomed DASGIP bioreactor was also used for investigation of intermittent agitation profiles. In this case, three time components are defined, namely the impeller rotational speed, N, the
interval time, Tinv, and the dwell/stop time, Tdwell. Tinv is the time during which the impeller is in motion and Tdwell defines how long the
F I G U R E 1 (a) Schematic diagram of the flat- (left) and round(right) bottom geometry bioreactors, (b) experimental setup, and
(c) bioreactor horizontal cross-section with reference system [Color
figure can be viewed at wileyonlinelibrary.com]

impeller is stopped. Intermittent agitation experiments were carried
out for N = 90 rpm, Tinv = 30 s and Tdwell = 500–30,000 ms. Two different sets of measurements were obtained during either impeller
motion (Tinv) or dwell (Tdwell) phases. Measurements taken during
impeller motion were obtained for every revolution at φ = 0 (i.e.,
blade aligned with the vertical measurement plane). This measurement

(2D) particle image velocimetry experiments, together with a cylindri-

was repeated over 10 consecutive intervals. To capture the flow tran-

cal lens, a high resolution (1,260 × 1,024) intensified NanoSense MKII

sient when the impeller was stopped, measurements during the impel-

camera (Dantec Dynamics A/S, Denmark) and a timing box. A 1 mm

ler dwell phase were obtained in a time-resolved manner with an

vertical laser sheet was produced, intersecting the shaft and illuminat-

acquisition frequency rate of 0.02 kHz. Averages at different

ing half of the bioreactor midsection to measure the radial and axial

corresponding times after the impeller stoppage were carried out over

velocity components. A schematic diagram of the setup is provided in

10 consecutive dwell phases. Images were then processed using a

Figure 1b. Rhodamine-coated polymethyl methacrylate spheres,

purposely-written MATLAB program.

20–50 μm (Dantec Dynamics A/S), were used to seed the flow, while
the camera was equipped with a 570 nm orange light cut-off filter to
minimize laser light reflection at the wall and optimize seeding parti-
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RESULTS AND DISCUSSION

cles detection.
The cylindrical coordinate reference system (r, θ, z) shown in

The following section is divided into four parts; Sections 3.1 and 3.2

Figure 1c was employed, where the origin is positioned at the center

explore the ensemble-averaged and phase-averaged flow characteris-

of the reactor base and anticlockwise impeller rotation, when the sys-

tics of the flat and round bottom DASGIP configurations, respectively,

tem is seen from above, is considered positive. It should be noted that

under continuous agitation modes. Section 3.3 presents an in-depth

in some of the results reported in this work, reference is made to neg-

characterization of the trailing vortices in both bioreactor configura-

ative radial coordinates, r, which, although not consistent with the

tions, followed in Section 3.4 by the characterization of the flow

cylindrical coordinate system employed, are used to discriminate

dynamics during intermittent agitation.
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3.1 | Ensemble-averaged flow measurements—
Continuous agitation
The first part of this study aimed at characterizing the flow field for
two DASGIP bioreactor configurations operating under continuous
agitation. This was performed to determine the flow variation due
to the different bottom geometries. 2D contour maps of the
ensemble-averaged velocity magnitude based on the radial and axial
components, Urz =V tip , and the ensemble-averaged root mean square
(r.m.s) of the axial, U0 z =V tip and radial, U0 r =V tip , velocity components
are presented in Figure 2a–c, superimposed with the corresponding
velocity vector fields for N = 90 rpm (Re = 5,400). To better compare
the flow fields of the two reactors, each figure shows the flat and
round bottom bioreactor configurations on the left and right halves of
the plot, with the impeller centerline aligned between the two. It
should be noted that in both cases the impeller blade is moving
toward the reader (i.e., anticlockwise on the left side and clockwise on
the right). Results are reported for one reference speed, N = 90 rpm,
as it was found that the velocity fields scaled relatively well with Vtip,
both in terms of magnitude (Urz = 0–0.1 Vtip) and velocity direction,
considering rotational speeds in the range, N = 75–120 rpm
(Re = 4,500–7,200). Generally, the nondimensional velocity magnitudes in Figure 2a were observed to decrease by 8.5 and 5% in the
flat and round bottom configurations, respectively, with increasing
rotational speed. This behavior is related to the narrow gap between
the impeller tip and the bioreactor wall, which prevents radial flow
development. This effect becomes more pronounced for greater rotational speeds. Consequently, the impeller discharge zone shows
reduced radial flow due to the large D/T, with the bioreactor wall
splitting and redirecting the impeller jet into two axial streams. This is
more evident in the flat bottom reactor, where the radial jet instantly
impinges on the bioreactor wall at a vertical position of z/HL ≈ 0.26,
leading to the formation of two counterrotating circulation zones of
equal intensity, above and below the impeller region. This is less pronounced in the round bottom reactor, where there is a clear imbalance
between the two circulation loops, with the upper loop being denoted
by velocity intensities two times greater than the lower loop. The top
circulation loops in both configurations reach a height of approximately z/HL ≈ 0.9. Comparison of the upper circulation region across
the two bioreactor configurations shows the round bottom is characterized by velocities greater than the corresponding circulation zone
of the flat bottom (approximately 24% increase in velocity magnitude).
This suggests the round configuration is more effective at creating a
homogeneous environment for cells over the entire bioreactor volume. Conversely, the circulation loop present below the impeller in
the flat bottom reactor, characterized by velocity magnitudes 20%
higher, suggests more efficient lift of cells from the bioreactor base.
The ensemble-averaged r.m.s for each velocity component
accounts for both the pseudo-turbulence due to the periodic fluctua-

F I G U R E 2 Contour maps of ensemble-averaged flow
characteristics at N = 90 rpm for both bioreactor configurations:
(a) velocity magnitude, Urz; (b) axial r.m.s velocity, U0 z; and (c) radial r.
m.s velocity, U0 r [Color figure can be viewed at wileyonlinelibrary.com]

tions induced by blade passage, and the random fluctuations due to
the local presence of turbulence. The contour maps in Figure 2b,c are

the mean flow is fully developed and exhibits a turbulent regime in

shown for one reference rotational speed, N = 90 rpm, as it was again

the range of rotational speeds investigated. Radial and axial velocity

found to scale well for increasing impeller tip speed. This suggests that

fluctuations determined in this work ranged between 0 and 0.1Vtip.
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These are comparable to r.m.s values usually encountered with axial

recirculation loop is present in the round bottom configuration. The

flow impellers (U0 z = 0.1–0.15Vtip and U0 r = 0.1–0.15Vtip),18,38-40 while

second elevation considered is above the impeller at z/HL = 0.388.

they are significantly higher with radial flow impellers

(U0

U0

r

The profiles for the two bioreactor configurations are similar, but as

≈ 0.32Vtip).41 From Figure 2b,c, the r.m.s velocities are greatest in the

previously mentioned, the round bottom bioreactor exhibits a wider

impeller region, where the trailing vortices are formed, and reach up

recirculation loop, in addition to greater positive and negative axial

to 0.098 Vtip for the flat configuration and 0.110 Vtip for the round. It

velocities. This indicates a stronger upper recirculation loop in com-

is also worth noting that the maximum r.m.s values are comparable in

parison to the flat bottom bioreactor in proximity of the impeller. The

magnitude to the ensemble-averaged axial velocities and are in fact

lowest elevation profile was obtained below the impeller at

z

and

three times larger than the ensemble-averaged radial velocities, indi-

z/HL = 0.182. Two distinct radial profiles of the axial velocity are now

cating large velocity fluctuations (random and periodic) in the impeller

observed between the bioreactor configurations: the round bottom

region.

system shows weak downward flow with the apparent absence of a

A quantitative comparison of the axial circulation loops, emanat-

prominent lower circulation loop. Negative axial velocities are

ing from and returning to the impeller region, can be obtained from

observed close to the bioreactor wall in the flat bottom configuration,

Figure 3. Radial profiles of the ensemble-averaged axial velocity com-

which then increase to positive values at r/T ≈ 0.4 as radial coordi-

ponent are shown at three elevations, indicated in the inset. As men-

nates closer to the impeller axis are considered. In agreement with

tioned above it is immediately evident that the velocities scale well

Figure 2, this indicates the presence of a lower circulation loop.

with the impeller tip velocity for both bioreactor configurations at the
range of impeller rotational speeds investigated. The axial velocity
profile for the bulk flow was taken at z/HL = 0.775 and shows positive
axial velocities close to the bioreactor wall, indicating upward flow,

3.2 | Phase-resolved flow measurements—
continuous agitation

which then decreases as radial positions closer to the tank axis are
considered, with negative axial velocities at r/T ≈ 0.3, corresponding

2D phase-resolved contour maps of the in-plane velocity magnitude,

to the downward flow of the upper circulation loop. This then pla-

hUrzi/Vtip, superimposed with the corresponding velocity vector fields,

teaus to Uz ≈ 0Vtip toward the impeller axis. Comparison between the

are given in Figure 4 for φ = 0, 30, 45, and 60 at N = 90 rpm in the

two bioreactor configurations shows similar axial velocity profiles,

flat bottom configuration. In Figure 4, data are only shown for

although the negative velocity region, associated to the returning

φ = 0–60 because the velocity field exhibited the greatest variation

stream of the upper loop, is limited to a lower range of radial dis-

in this range of phase angles. As the impeller rotates, the velocity

tances, r/T = 0.2–0.4 in the flat bottom when compared to the round

magnitudes are shown to increase in intensity, corresponding to the

bottom, r/T = 0.15–0.38. In general, it can be concluded that at this

trailing vortex formation behind the blade. The most intense velocity

height both circulation loops for the flat and round bottom configura-

magnitudes are confined to the impeller region, in proximity of the

tions have similar velocity intensities, while a slightly wider

upper and lower trailing vortices and along the bioreactor wall after

F I G U R E 3 Comparison of
ensemble-averaged axial velocity
profiles for the flat and round bottom
bioreactors at three elevations,
z/HL = 0.775, 0.388, and 0.182 with
increasing rotational speeds [Color
figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 4 Contour maps of phase-resolved velocity magnitude at
N = 90 rpm for the flat bottom bioreactor configuration: (a) φ = 0 , (b)
φ = 30 , (c) φ = 45 , (d) φ = 60 [Color figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 5 Contour maps of phase-resolved velocity magnitude at
N = 90 rpm for the round bottom bioreactor configuration: (a) φ = 0 ,
(b) φ = 30 , (c) φ = 45 , and (d) φ = 60 [Color figure can be viewed at
wileyonlinelibrary.com]

the impinging radial jet splits into two vertical streams. With impeller

the area characterized by velocities magnitude, hUrzi ≥ 0.12Vtip is

blade rotation from φ = 0–45 , there is a general increase in velocity

observed to increase by 59–77% over the phase angles considered

magnitude intensity and the top trailing vortex appears to dominate

when compared against the corresponding area for a flat

the flow. As the impeller continues to rotate, the velocity magnitudes

configuration.

are shown to decrease with increasing measurement plane distance

Figure 6 presents the phase-resolved axial velocity component at

from the impeller blade and the two vortices are shown to display

three individual points for all rotational speeds investigated (N = 75–

similar intensities in their outer velocity. It is worth noting that the

120 rpm) in both bioreactor configurations. The plot of a full rotation

highest reached velocity magnitude of hUrzi/Vtip = 0.22–0.23 at

was obtained by stacking back-to-back 180 phase-resolved data. The

φ = 45 is approximately 145% higher than the ensemble-averaged

three points were observed in the upper region of the bioreactor, in

results (see Figure 2a). The stream emanating from the impeller is

the impeller region and below the impeller, z/HL = 0.61, 0.36, and



nearly radial up to an angle of 30 , before it starts to be deflected

0.18, and r/T = 0.45, 0.45, and 0.45 (flat) or 0.35 (round), respectively.

downward due to the imbalance between the upper and lower trailing

The points selected were close to the bioreactor walls to observe the

vortices (φ = 45 and 60 ).

edges of the circulation zones in both configurations, as indicated in

Figure 5 displays the phase-resolved contour maps for φ = 0, 30,


45, and 60 for the round bottom configuration at N = 90 rpm. Unlike

the inset of Figure 6. Generally, the superimposed lines show good
scaling at the rotational speeds investigated when normalized against

the flat bottom configuration, the upper vortex alone dominates the

Vtip and close similarity between the two configurations. The upper-

bioreactor flow over the entire cross-section. From this point of view,

most point (z/HL = 0.61, r/T = 0.45) shows weak positive axial
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F I G U R E 6 Comparison of phase-resolved axial velocity for the flat and round bottom bioreactors at three single points with increasing
rotational speeds over an impeller revolution [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 7 Comparison of phase-resolved radial velocity for the flat and round bottom bioreactors at three single points with increasing
rotational speeds over an impeller revolution [Color figure can be viewed at wileyonlinelibrary.com]

velocities with little change as the impeller rotates. There is a subtle

the axial velocities increase up to 0.2Vtip (round) and 0.15Vtip (flat) as

increase in the axial velocities as the impeller rotates past the plane of

the impeller passes the plane of measurement at low-phase angles

measurement which then decreases as the distance between the

and drops to 0.05Vtip as this distance increases. The decrease in axial

impeller tip and the plane of measurement increases. Observing point

velocities in the impeller blade's wake corresponds to the decay in

2, within the impeller region, the same trend is apparent; however,

intensity of the two trailing vortices. Good scaling can again be
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observed, however, the axial velocities do not reach as high an intensity within the flat bottom configuration. This suggests a more intense
upper circulation loop occurring within the round bottom configuration. Below the impeller, the opposite effect is apparent. As before,
there is little distinction of changing axial velocities during impeller
blade passage. Negative axial velocities (≈ − 0.05Vtip) indicate a generally downward flow direction away from the impeller toward the
bioreactor base and good scaling is again apparent. In the flat bottom
configuration, more intense negative axial velocities are representative of the lower trailing vortex, mostly observed at low-phase angles
when the impeller is in proximity of the measurement plane.
The same three-point analysis was performed, considering the
radial velocity components in both bioreactor configurations for
φ = 0–345 . This is shown in Figure 7. Point 1 (z/HL = 0.61, r/
T = 0.45) in the upper region close to the reactor wall shows almost
no radial flow in both bioreactor configurations. However, the radial
flow within the impeller region at Point 2 gives a greater contribution
to the local flow dynamics. Similar to the axial flow, at low-phase
angles radial velocities increase up to 0.2Vtip (round) and 0.15Vtip (flat).
A positive radial displacement toward the bioreactor walls is detected
when the blade is in the impeller region, decreasing close to zero
(≈0.03Vtip) after the impeller blade passage at φ = 45–165 . Similar to
the previous results, good scaling is evident for both configurations
and the round configuration displays a more intense upper circulation
loop. When Point 3 below the impeller is considered, weak negative
radial velocities within the round bottom configuration represent
inward flow toward the impeller shaft at low-phase angle. This then
increases to 0 at φ = 105–150 with the decay of the lower circulation
loop as impeller blade passage continues until the second blade
approaches the plane. The flat bottom configuration shows little/no
radial flow below the impeller at the point considered.

3.3 | Trailing vortices characterization—continuous
agitation
To visualize the trailing vortices generated in the impeller wake, 2D
phase-resolved contour maps of the vorticity are vertically stacked for

F I G U R E 8 Trailing vortices characterization: (a) staggered contour
maps of the phase-resolved vorticity for increasing φ for the flat
bottom configuration, N = 90 rpm; (b) staggered contour maps of the
phase-resolved vorticity for increasing φ for the round bottom
configuration, N = 90 rpm; (–c,d) 3D visualization of the trailing
vortices for the flat (c) and round (d) bottom bioreactors at
N = 90 rpm [Color figure can be viewed at wileyonlinelibrary.com]

24 phase angles, φ = 0–345 , at N = 90 rpm in Figure 8a,b for the flat
and round bottom configurations, respectively. A high inclination of

(jhωθi/πNj = 1.5). The two vortices are clearly separated above and

the upper vortex is observed in both configurations, moving upwards

below the impeller blade and as expected, the upper vortices are

from z/HL ≈ 0.3 to z/HL ≈ 0.7 in the flat (a) and z/HL ≈ 0.8 in the

shown to curve upward, extending axially behind the blades. The



round (b). The vortex intensity is highest at φ = 30 and decays by

lower trailing vortex is clearly discernible for the flat configuration,

approximately 65 and 63% at a phase angle φ = 165 for the flat and

while its structure for the round configuration is less captured by the

round bottom configurations, respectively. The lower vortex is identi-

iso-vorticity threshold selected. To observe axial and radial evolution

fiable in the flat bottom reactor for almost the full impeller rotation,

of the two trailing vortices, the axial and radial coordinates of the cen-



decaying by approximately 78% at φ = 150 . Conversely, up to 95%

ter of each trailing vortex was calculated using Equation (1):

decay in the lower vortex intensity is measured in the round bottom
reactor, showing a transient vortex with much more rapid decay
behind the leading blade.

Xg =

P
ω × Xi
Pi
ωi

ð1Þ

A 3D visualization of the trailing vortices generated behind the
blade over a full rotation is shown in Figure 8c at N = 90 rpm, where

where ωi and Xi are the vorticity and axial or radial coordinates of any

the trailing vortices were identified from iso-vorticity surfaces

point within the stated iso-vorticity boundaries. Figure 9 shows the
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F I G U R E 1 0 Variation of the axial coordinate of the vortex center
with increasing phase angle for the continuous (N = 90 rpm) and
intermittent (N = 90 rpm, Tinv = 30 s, and Tdwell = 20,000 ms) agitation
modes, directly after the stop in impeller motion [Color figure can be
viewed at wileyonlinelibrary.com]

Observing the radial coordinate in both the upper and lower vorF I G U R E 9 Trailing vortices characterization: (a) variation of the
axial coordinate of the vortex center with increasing phase angle and
(b) variation of the radial coordinate of the vortex center with
increasing phase angle, upper vortex (left) and lower vortex (right)
[Color figure can be viewed at wileyonlinelibrary.com]

tices, shown in Figure 9b, there is generally minimal radial displacement of the trailing vortices. This behavior is expected given the
proximity of the bioreactor wall to the impeller blade tips and the axial
nature of the impeller. Interestingly, the flat bottom configuration
shows the trailing vortices to reside much closer to the bioreactor
walls (i.e., r/T = 0.5) in comparison to the round configuration. A similar behavior is observed below the impeller, but this is mostly attrib-

locus of the trailing vortices axes for a nondimensional azimuthal dis-

uted to the change in geometry. For both configurations, the lower

tance of rgθ/T = 0–2.5 behind the leading blade for the axial coordi-

vortex exhibits radial coordinates closer to the reactor axis than their

nate of both vortices (a) and the radial coordinate (b). Estimates are

upper vortex counterpart (Figure 9b). This aspect is true for the flat

provided for both bioreactor configurations at each rotational speed

bottom configuration only closer to the leading blade, while as the

investigated (i.e., N = 75–120 rpm). The vortex axis is visualized in

phase angle increases the vortex rapidly displaces toward the

Figure 9a with a line fitted through the axial coordinate of the vortex

bioreactor wall.

center obtained for each phase angle. The line was fitted through all
2

Similar to what has been previously described for radial flow

data points, with the exception of the first three, with an R value

Rushton turbine impellers,13-15 two counter rotating vortices are

≥.98. It is evident that the trailing vortices axes are independent of

formed in the paddle impeller blade's wake, with the lower vortex

the rotational speed. The inclination with respect to the horizontal

showing little radial and axial displacement. The slight radial displace-

plane of the upper vortex is higher (15.8 ) for the round bottom biore-

ment and more significant axial displacement of the upper vortex are



actor than for the flat bottom (11.2 ); however, for the flat bottom

more comparable with that described in the literature for axial pitched

configuration, the vortex intensity is more significant over a larger

blade turbine impellers.18 Interestingly, Ismadi et al studied the flow

range of phase angles following the leading blade. The upper vortex is

dynamics of a spinner flask, commonly used in stem cell culture, also

seen to decay below the defined vorticity threshold at rgθ/T = 1.5–2

equipped with a radial flow paddle impeller with a large impeller to

for the flat bottom tank, while for the round bottom this occurs at

tank diameter ratio, D/T = 0.87, and found two counter rotating vorti-

rgθ/T = 1.4–1.7. The lower vortex is also shown to remain relatively

ces formed in the impeller blade's wake, where the upper vortex also

horizontal throughout for both configurations.

displays positive axial displacement. In addition, this study looked at
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different impeller clearances and found the lower vortex became most

decays only after the first revolution as vorticity goes below the

dominant when the impeller clearance is highest and most similar to

selected threshold to determine its vortex center (Equation (1)).

42

To better observe the evolution of the flow during the transient

the configuration in this work with the flat-bottomed vessel.

in intermittent agitation modes, space averages were calculated
according to Equation (2):

3.4

|

Flow dynamics during intermittent agitation
X =

The second part of this study sought to investigate the impact on the

1
A

ð

X dA

ð2Þ

A

local flow of intermittent agitation modes within the flat bottom configuration. A range of dwell durations were investigated to observe

where A is the measurement area and X* represents either the velocity

the transient occurring before, during and after the dwell phase such

magnitude or the shear rate.

as to quantify changes in flow dynamics. Similar to Figure 9a, the axial
coordinate of the vortex center is plotted in Figure 10 for both the

Figure 11 shows the space-averaged velocity magnitude,
 
Urz =V tip , considered over the entire vertical measurement plane for

continuous

increasing durations of dwell time, Tdwell = 500–30,000 ms at

(red)

and

intermittent

(purple)

agitation

modes

(N = 90 rpm). For the continuous agitation mode, the data reported in

N = 90 rpm and Tinv = 30 s. The plot shows the temporal changes in

Figure 10 correspond to one impeller revolution (θ = 0–360 ) and

velocity magnitude over three distinct regions. The first region

were obtained with the phase-resolved analysis described in the pre-

(Nt = 5–45) comprises an interval of continuous impeller rotation, rep-

vious section. For the intermittent agitation condition, the impeller is

resented in the first contour map below, considered hereafter as the

stationary, and therefore the tangential coordinate on the abscissa

“steady state.” It is worth noting that the color bar for all contour

was estimated by multiplying the hypothetical rotational speed of the

maps is the same as that used in Figures 4 and 5. The second region,

impeller, if it had kept rotating, and the time elapsed from the stop-

defined for Tdwell = 20,000 ms in Figure 11, represents the dwell phase

page of the impeller. It is interesting to note the good agreement

and is initiated from Nt = 45, lasting for the duration of the dwell con-

between the two plots, which suggests that despite the impeller stop-

dition under investigation, followed by a successive interval of impel-

page the fluid carries enough inertia to maintain the local flow and

ler rotation (Region 3). This represents a composition of two different

vortex dynamics also for intermittent agitation. The vortex strength

sets of experiments. Regions 1 and 3 were measured during impeller

F I G U R E 1 1 Space-averaged
phase-resolved velocity magnitudes
for intermittent agitation, N = 90 rpm,
Tinv = 30 s, and Tdwell = 500–
30,000 ms. Numbering on the plot
indicates the contour maps of various
timepoints throughout (1–6),
visualized beneath [Color figure can
be viewed at wileyonlinelibrary.com]
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F I G U R E 1 2 Space-averaged
phase-resolved shear rate for
intermittent agitation, N = 90 rpm,
Tinv = 30 s, and Tdwell = 500–
30,000 ms, separated according to
the impeller region (z/HL ≤ 0.45) and
bulk region (z/HL > 0.45). Numbering
on each plot indicates the contour
maps of various timepoints
throughout (1–6), visualized beneath
[Color figure can be viewed at
wileyonlinelibrary.com]

rotation and each data point corresponds to one impeller revolution,

correspondence to the trailing vortices is due to the inertia carried by

f = 1.5 Hz, when the impeller blade is in the plane of measurement

the bulk flow which hits the stationary impeller and gets deflected.

(φ = 0 ). Region 2 was measured in a second set of experiments, dur-

Following this initial spike, the velocity magnitude is observed to rap-

ing the dwell. To fully capture the transient flow dynamics the frame

idly decay (contour map #3) as the number of missed revolutions

rate was increased to f = 20 Hz.

increases. A fully static flow is observed from approximately

Following the start of the dwell phase at Nt = 45 (Figure 11), a

Tdwell ≥ 12,000 ms (contour map #4). With the restart of impeller

small spike in the space-averaged velocity magnitudes measured can

motion, which is staggered and no longer shown to superimpose due

be observed, an approximate increase of 7% from the determined

to the varying durations of dwell time, a second more intense spike in

“steady state.” This spike lasts for approximately one revolution fol-

velocity magnitude can be observed (contour map #5). The amplitude

lowing the stop in impeller motion as shown by the second contour

of the spike following the dwell is shown to linearly increase with

map at the bottom of Figure 11. The increase in velocity in

Tdwell duration (between +35 and 138% the steady-state value). The
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increasing spike is observed to plateau when a fully static system is

characterized shear stress levels comparable to those found in this

reached, between Tdwell = 12,000–30,000 ms. It is apparent that the

work.42 Due to the extremely sensitive nature of stem cells,

shorter dwell conditions maintain some degree of inertia in the flow.

although the levels of shear are not predicted to detrimentally

There is less acceleration as the flow is already moving; therefore, the

impact upon cell proliferation, the varying levels of shear within the

highest amplification of the spike is observed when lower velocities or

flow is most likely to be a contributing factor to the commitment of

a static flow is present in the reactor before the restart in impeller

differentiation pathways, and could explain the increase in cell dif-

rotation. After approximately four revolutions, this spike is shown to

ferentiation yields of iPSCs obtained by Samaras et al2 for increas-

drop back to the steady state, representing continuous impeller rota-

ing dwell durations, Tdwell = 500–1,500 ms.

tion (contour map #6). It is worth noting that Nt = 0–5 are not shown
due to the spike from the previous dwell phase.
Of great interest in cell culture applications is the shear forces

4

|

CONC LU SIONS

imparted within a bioreactor, especially during intermittent agitation.
To observe the overall impact of the transient between different


dwell times, space-averaged results for shear rate, γ max =πN , are

This work showed the bioreactor configuration can have a significant

presented in Figure 12. In this case, the space averages were carried

number of other factors including the biological outcomes. The rigor-

over two different areas: the impeller region (z/HL ≤ 0.45) and the bulk

ous characterization of both bioreactor types is novel to the field and

region (z/HL > 0.45). As before, Figure 12 shows a nearly constant

can be used to inform upon future studies utilizing the two configura-

“steady-state” nondimensional shear rate, occurring during continuous

tions investigated.

impact upon the flow dynamics, which in turn may impact upon a

impeller rotation (contour map #1, hγ maxi/πN = 0–0.12) before a small

Correia et al1 performed the same iPSC differentiation experi-

spike is observed with the start of the dwell phase (contour map #2).

ments in the two DASGIP configurations investigated in this work and

Rapid decay in the shear rate is observed (contour map #3) with the

found differentiation yields were most favorable when culture was

increased number of missed revolutions until the flow is considered

performed within the flat bottom configuration in comparison to the

fully static and the shear rate is negligible (contour map #4). It is inter-

torispherical, rounded bottom configuration of the DASGIP. Under-

esting to observe the similar profiles between the impeller and bulk

standing the flow occurring in each bioreactor configuration helps to

regions, with higher shear rates overall within the impeller region.

elucidate why a particular configuration is favorable.

The initial spike with the stop in impeller motion (contour map #2)

Flow dynamics for the flat and round bottom DASGIP bioreactor

is slightly more prominent in the bulk region (+5% the steady-state

systems with a change in impeller clearance, were characterized to

shear value) and a second more intense spike is again observed dur-

assess differences in flow pattern and vorticity. Both bioreactor con-

ing the transient with the restart in impeller motion (contour map

figurations proved to scale well across a range of rotational speeds

#5). It is now interesting to observe for longer dwell durations

and showed the paddle impeller equipped to generate two trailing

(Tdwell ≥ 12,000 ms) the space-averaged shear rate considered in the

vortices; the upper vortex is shown to exhibit a high inclination, trav-

impeller region reduces in intensity and does not plateau, as previ-

eling up the bioreactor wall in the impeller blades' wake, while the

ously seen in Figure 11. This is due to the fully static flow before

lower vortex is shown to change in intensity with the bottom geome-

the impeller restart resulting in a more intense circulation loop,

try and impeller clearance. The flat bottom configuration showed two

which is distributed across the whole plane. Observing the bulk

equal counter-rotating trailing vortices, while the round configuration

region in Figure 12, a small delay from the impeller restart to the

exhibited a weaker trailing vortex below the impeller. The more

peak space-averaged shear rate can be observed as the recirculation

intense lower vortex in the flat bottom configuration, which persisted

loop starts to reform. The transient spike for both regions is shown

for almost a full impeller rotation, is anticipated to generate a region

to resume the steady state following approximately four revolutions

of improved mixing and suspension of cell aggregates below the

(contour map #6). When considering across the whole plane of mea-

impeller, thus resulting in an improvement of cell culture.

surement, the space-averaged shear rate shows the same linear

The two-blade paddle impeller configuration had a very high D/T

increase with increasing Tdwell duration (+20–81.6% the respective

which resulted in a reduction of the axial and radial velocity components,

steady-state value) until a plateau is reached for Tdwell ≥ 12,000 ms,

however this also created extremely low shear stresses in the regions of

when the flow is considered fully static before the restart in impel-

highest anticipated shear. Based upon the vorticity and velocity magni-

ler motion. The highest achieved local shear rate, hγ maxi/πN = 4.67,

tudes, it was observed that the paddle impeller configuration exhibited

measured from phase-resolved data during the more intense spike

flow characteristics most comparable to an axial flow impeller.

following the dwell phase, is equivalent to dimensional shear

The application of intermittent agitation showed significant

stresses of τ = 0.022 Pa. This is an approximate 78% increase to the

changes to the flow profiles characterized. Close observation of the

maximum measured shear during continuous agitation, however,

flow at the beginning of the dwell phase showed a small transient

remains fivefold lower than values reported in literature to impair

spike in velocity magnitude and shear rate before the flow parameters

26

Ismadi et al investigated the

were observed to decay until approximately Tdwell = 12 s, when the

flow dynamics within a spinner flask equipped with a paddle impel-

flow was estimated to become fully stationary. Based upon space-

ler with a large impeller to tank diameter ratio (D/T = 0.87), and

averaged results considering a central vertical plane through the

stem cell proliferation and viability.
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impeller, a small transient impulse (+7 and +5% the considered steady
state) in velocity magnitude and shear rate at the incidence of the
dwell phase was observed. A second, more intense spike was
observed with the restart in impeller motion, the magnitude of which
was shown to linearly increase with the dwell duration, until longer
dwell times where a static flow was reached at the end of the dwell
(Tdwell ≥ 12,000 ms), and the observed spike was shown to plateau.
The maximum amplification in the transient after the dwell reached
up to 138 and 82%, respectively for velocity magnitude and shear.
The highest shear stresses determined during intermittent agitation
remained fivefold lower than those in literature deemed detrimental
to iPSC cell proliferation.26
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