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� Allegro STR 50–2000 L bioreactor range is successfully scaled down to 1 L.
� Agreement of power and mixing number across 1 to 200 L bioreactor scale.
� Square cross-section of vessel increases impeller power number.
� Mean flow characterisation of unique vessel geometry.
� Allegro STR geometry enhances mixing and kinetic energy distribution.
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a b s t r a c t

The development of new biopharmaceuticals relies on robust scale-up from small-scale screening studies
to industrial bioreactors. Novel SUB designs can prove highly beneficial, although they lack the extensive
characterisation of traditional STRs. Pall Corporation’s AllegroTM STR 50–2000 L bioreactor range has a
unique design of square cross-section, with three wedge-shaped baffles. A scale-down 1 L prototype (ab-
breviated A-STR) was developed for characterisation studies and compared to a standard cylindrical STR
(abbreviated S-STR). Agreement of power and mixing number data with that of the Allegro STR 200 L
indicated successful scale-down. In down-pumping mode, mixing times in the A-STR were approximately
53 % lower than in the S-STR. However, in up-pumping mode both configurations exhibited similar mix-
ing times. This study utilises a scale-down prototype to provide quantitative data on the commercial
Allegro STR bioreactor range, to define operating parameters for enhanced scalability, and for comparison
with a standard bioreactor geometry.

� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Biopharmaceuticals (or biologics) continue to dominate the glo-
bal pharmaceutical market, with eight of the top ten bestselling
drugs in 2018 falling into this category (Lu et al., 2020). This class
of therapeutics has a wide range of modalities including mono-
clonal antibodies (mAbs), recombinant proteins, enzymes, vacci-
nes, and cell and gene therapies to name a few (Narayanan,
Sponchioni and Morbidelli, 2022). Crucial to the success of devel-
oping new therapeutics is the early screening of protein producing
cell lines for high productivity, in addition to optimising culture
conditions such as media composition, pH and dO2 levels, feeding
techniques, agitation and gassing strategies (Nienow et al., 2013).
However, despite extensive screening and selection of operating
parameters, candidates found to be productive at small-scale run
the risk of poor performance in industrial scale stirred tank reac-
tors (STRs). While impeller induced shear has often been indicated
as the main factor for this lack of scalability, a number of studies
have shown otherwise, with shear damage mainly caused by bub-
ble burst in the absence of surfactants (Godoy-Silva et al., 2009a;
Nienow, 2021). The trade-off between mixing time and shear dam-
age often results in the operation of bioreactors at below optimal
agitation rates due to the overestimation of animal cell shear sen-
sitivity (Godoy-Silva et al., 2009a; Godoy-Silva et al., 2009b;
Nienow et al., 2013). This issue becomes more problematic with
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Nomenclature

Roman characters
BW baffle width, m
C impeller clearance from tank bottom to mid-impeller, m
D impeller diameter, m
F force exerted on gauge due to impeller motion, N
H bioreactor height, m
HL liquid height, m
r, z, w axial, radial, and tangential components
k time resolved turbulent kinetic energy due to turbu-

lence and blade passage, m2/s�2(�|-)
l lever arm, m
M percentage of mixed pixels, %
N impeller rotational speed, s�1

n number of experimental repeats, dimensionless
NP impeller power number, dimensionless
P power input, W
Po power number
Q fluid volumetric flow rate, m3/s
tm mixing time, s
T vessel internal diameter, m
Tq impeller torque, N m
u’ ensemble-averaged standard deviations of the respec-

tive velocity components
r radial distance, m
Re Reynolds number, dimensionless
Ur,Uz,Uw radial, axial, and tangential components of instanta-

neous velocity, m/s
U
�

r, U
�

z,U
�

w, ensemble averaged magnitude of radial, axial, and
tangential velocity, m/s

U
�

rz ensemble-averaged magnitude of radial and axial veloc-
ity components, m/s

Vtip impeller tip velocity, ms�1

VL liquid volume, L
W impeller height

Greek characters
H tangential direction angle, deg
k wavelength, nm
l dynamic viscosity, kg m�1 s�1

m kinematic viscosity, m2/s
qL fluid density, kg m�3

rG standard deviation of green pixel intensity, [-]

Abbreviations
2D two dimensional
3D three dimensional
A-STR Allegro STR bioreactor 1 L prototype
CIP clean-in-place
CFD computational fluid dynamics
CHO Chinese hamster ovary
CQA critical quality attribute
DP down-pumping
EDR energy dissipation rate
EE Elephant Ear impeller
HE-3 Chemineer high efficiency impeller
LDA laser Doppler anemometry
LED light emitting diode
MAb monoclonal antibody
MR methyl red
PIV particle image velocimetry
rpm revolutions per minute
SLA stereolithography
STR stirred tank reactor
S-STR standard stirred tank reactor configuration
SUB single-use bioreactor
TB thymol blue
UP up-pumping
vvm volume of air per volume of culture per minute
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scale-up, where an inherent increase in mixing time causes more
prominent heterogeneities. Although animal cell cultures do not
have as extensive oxygen requirements as microbial cultures, ade-
quate mixing is required to avoid spatial gradients in pH, temper-
ature, dissolved oxygen, CO2 partial pressure, or substrate
concentration (Nienow et al., 2013; Paul and Herwig, 2020). Such
gradients have been shown to impact viable cell density, produc-
tivity, and product critical quality attributes (CQAs) such as mAbs
glycosylation patterns (Chotigeat et al., 1994; Osman, Birch and
Varley, 2002; Restelli et al., 2006). Temporal homogeneity in stir-
red tanks was found to be particularly problematic with pH gradi-
ents at the surface of the culture medium, where base is typically
added for pH control (Nienow et al., 2013). Increases in pH of as
much as 0.8 units have been recorded due to alkali addition at
the medium surface (Langheinrich and Nienow, 1999), while a
scale-down study has found that such inhomogeneity greatly
reduced viable cell density when growing GS-NS0 mouse myeloma
cells (Nienow et al., 2013).

To account for the heterogeneities experienced by cells cultured
in industry scale STRs, key process development is usually carried
out in 1–30 L STRs. In an effort to reduce the discrepancies between
screening in shake flasks and production in industry scale STRs,
microscale parallel stirred bioreactors have also been developed
(Hsu et al., 2012; Velez-Suberbie et al., 2018; Sewell et al., 2019;
Teworte et al., 2022). However, microscale bioreactors generally
operate at lower Reynolds numbers without the turbulent flow
2

conditions found in industrial STRs (Nienow et al., 2013;
Tajsoleiman et al., 2019). A study by Nienow et al. (2013) on the
much-debated topic of shear sensitivity concluded that cell shear
thresholds are best studied in turbulent bench-scale STRS, how-
ever, shear due to impeller agitation at typical power input (10–
150 W/m3) is highly unlikely to damage entities as robust as
CHO (Chinese hamster ovary) cells. Nevertheless, it remains that
shear may be the root cause of failure with scale-up in processes
with greater sensitivity to shear, such as transient transfection
(Chen et al., 2019). Therefore, from a process development point
of view, it is beneficial to reproduce the flow conditions encoun-
tered in industrial STRs in scale-down systems.

In addition to optimisation of process conditions, costs of bio-
pharmaceuticals manufacturing can be further reduced by the
adoption of single-use bioreactors (SUBs) over their traditional
stainless steel counterparts. SUBs are beneficial in their reduction
of capital costs, contamination risks, down-time and energy expen-
diture by elimination of CIP (clean-in-place) procedures, and by
providing greater process flexibility in manufacturing plants
(Lopes, 2015). Pall Corporation’s AllegroTM STR is one such SUB
range, which was notably used to achieve low costs and consistent
product quality across the scale in the rapid development of the
ChAdOx1 nCoV-19 vaccine (Joe et al., 2022). Although the typical
cylindrical dished head tank seen in stainless-steel systems has
been the tried and tested method of large scale cell culture for dec-
ades of industry operations, the growth of the single-use bioreactor
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market has brought with it the opportunity for novel designs.
These designs are often adapted in light of process considerations
and practicality requirements. Previous characterisation studies
in literature are mostly based on standard stirred tank geometries
rather than those of commercial bioreactors (Samaras, Ducci and
Micheletti, 2020). Extensive characterisation of such novel designs
is beneficial in establishing reliable process parameters and robust
scaling procedures. The Allegro STR bioreactor range, agitated by a
low shear Elephant Ear (EE) impeller, is particularly unique in its
biocontainer geometry. While the biocontainer itself is cubical,
the surrounding support structure creates rounded edges and
forms three large asymmetrically placed wedge-shaped baffles.

A study on the Ambr� 15 determined that the rectangular cross-
section acts as a form of baffling, improving blending by preventing
swirling flow that typically occurs in unbaffled STRs of circular
cross-section (Nienow et al., 2013). The HyPerformaTM DynaDriveTM

is another newly designed SUB utilising a cuboid vessel to improve
mixing performance (Samaras, Micheletti and Ding, 2022). In past
work, at high D/T ratios (�0.5), the just-suspended speed for solids
suspension in a baffled square tank agitated by an HE-3 impeller
was found to be lower than that in a cylindrical baffled tank
(Mitchell et al., 2008). This was due to flow reversal, where a fillet
forms beneath the impeller reducing suspension efficiency, which
did not occur as readily in the square tank (Mitchell et al., 2008).
Few publications are available focusing on the difference between
square and cylindrical cross-section stirred tanks with respect to
power, mixing and flow. Consideration of systems with different
mixing mechanisms, like shaken well reactors have found that
the corners of square cross-sections induced further turbulence
and mass transfer (Duetz et al., 2000; Hermann, Lehmann and
Büchs, 2003). Micheletti et al. (2006) determined that kLa values
in deep square well plates were 30 % higher than that of standard
round well plates. CHO cells cultured in square and cylindrical
orbital shaken reactors were found to have similar growth kinetics
when cultured at a lower agitation rate in the square reactor,
implying similar mass transfer at lower speeds (Stettler et al.,
2007).

In standard cylindrical tanks, studies on EE impellers are more
common in down-pumping (DP) mode, particularly for microcar-
rier suspension applications (Collignon et al., 2010a; Collignon
and Dossin, 2010b; Rotondi et al., 2021; Wyrobnik et al., 2022).
Fewer studies characterise the EE impeller in both UP and DP mode
(Simmons et al., 2007; Zhu et al., 2009; Collignon et al., 2016). CFD
studies on the Ambr� 15, a non-standard STR geometry operating
in the transitional regime, indicated that similar flow structures
were achieved to that of the EE impeller in up-pumping (UP) mode
in a traditional baffled cylindrical tank (Nienow et al., 2013). A
study comparing axial impeller performance of the Mixel TTP,
Lightnin A315 and A310, VMI-Rayneri and EE impellers for micro-
carrier suspensions found that the EE impeller (DP) achieved the
just-suspended condition, NJS, at significantly lower agitation rates
than the alternative impeller designs investigated (Collignon et al.,
2010a). Moreover, the average shear rate measured was lowest for
the EE impeller, an important attribute when dealing with shear
sensitive microcarrier adherent cells (Collignon et al., 2010a). For
meeting mass transfer requirements at higher cell densities, UP
mode is sometimes recommended for the EE impeller, where the
large blades generate strong up-flow for air dispersion (Zhu
et al., 2009; Nienow, Isailovic and Barrett, 2016).

The focus of this study is the development of a scale-down pro-
totype of the AllegroTM STR 50–2000 L SUB range, with the aim of
providing a bench-scale mimic of industry conditions for charac-
terisation of power consumption, mixing, and flow dynamics. By
developing a transparent 1 L scale-down prototype, resolution
issues associated with the opacity and large volumes of commer-
cially available large-scale STRs are avoided, allowing for mixing
3

and flow dynamics characterisation across the global flow field.
Moreover, a standard cylindrical STR of equivalent proportions
operating with the same EE impeller is characterised for compar-
ison of power consumption, flow structure, and mixing efficiency
with that in the A-STR. This comparison aims to provide insight
into how the unique geometry of the A-STR influences the flow
and mixing dynamics of the EE impeller, which is the current
impeller selection in the Allegro STR range. Due to its low shear
properties, the EE impeller is used in many commercial bioreactors
including the Ambr� 15 and new Ambr� 250 (Sartorius), the BIO-
STAT� B-DCU range (Sartorius), as well as Eppendorf’s New Bruns-
wickTM Celligen� BLU and BioBlu range.
2. Materials and methods

2.1. Bioreactor configuration

A 1 L prototype (hereafter referred to as A-STR) of the single-use
Allegro STR 50–2000 L bioreactor range was fabricated from trans-
parent acrylic, scaling-down from vendor disclosed dimensions of
the Allegro STR 50 bioreactor (Pall Corporation, Portsmouth, Uni-
ted Kingdom). Characteristic ratios (D/T = 0.5, C/T = 0.25, W/
D = 0.5) of the vessel (Fig. 1) were maintained with scale-down,
and acrylic inserts in each corner were used to mimic the bevelled
effect created by the biocontainer support structure during opera-
tion. It should be noted that once fully inflated the Allegro STR
single-use biocontainer is fully rigid and adherent to the support-
ing structure. These characteristics are therefore well captured by
the rigid and scaled down transparent prototype manufactured
for this work.

The maximum working volume VL = 1 L (HL/T = 1.1) is used as a
reference condition for the characterisation study. Other liquid
height to tank diameter ratios ranging from HL/T = 0.6–1.1 are eval-
uated in UP mode to determine the influence on impeller power
number. Wedge-shaped baffles are located on three of the four ves-
sel faces. This asymmetric arrangement provides an open front-
viewing screen during operation and practicality of biocontainer
installation in industrial applications. Baffle width to tank diameter
ratio, BW/T ¼ 0.1, with a maximum baffle thickness of 30 mm
against the tank wall. The 3 bladed, 45� pitched Elephant Ear
impeller was 3D printed with semi-transparency and high rigidity
on a Form 3 printer (Formlabs, USA) using Stereo-Lithography
(SLA) with a clear acrylic-based resin. The impeller was printed
to a diameter of 50 mm, with a blade height W = 25 mm and a
blade thickness of approximately 1.4 mm. Wet and dry sandpaper
(1200 grit) was used for smoothing of impeller blades after the 3D-
printing process. For comparison with a ‘standard’ STR geometry
(hereafter referred to as S-STR), a dished bottom cylindrical tank
with the same impeller design and characteristic ratios of the A-
STR was used for characterisation studies. Four standard rectangu-
lar baffles of width Bw/T = 0.1 and 2 mm thickness were used in the
cylindrical vessel. A hemispherical dished bottom was used, rather
than a flat bottom configuration, given that the dished bottom is
more common in commercial bioreactors (Schirmer et al., 2021).
Some examples of cylindrical dished bottom bioreactors available
commercially are the Sartorius Univessel (Wyrobnik et al., 2022),
Mobius CellReady (Kaiser, Eibl and Eibl, 2011), and XCellerex XDR.

In both the A-STR and S-STR in this work, anti-clockwise impel-
ler rotation is used for up-pumping (UP) agitation mode, and the
contrary for down-pumping (DP) mode. The scale-down design
has a top-mounted driven impeller, which deviates from the orig-
inal bottom-mounted magnetically driven impeller design, for
practicality and accessibility during characterisation studies. The
main motivation for this was to fit into a frictionless air bearing
base used in impeller power number characterisation and for ease



Fig. 1. Schematic diagram of the scale-down 1 L Allegro STR (A-STR) bioreactor prototype (a) side view (b) top view; dashed lines represent vertical PIV measurement planes
(h = 0�, 90�, 180�, 270�). Counterclockwise (CCW) rotation corresponds to UP mode and vice versa.
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of access when carrying out particle image velocimetry (PIV) stud-
ies. The impeller was driven by a servo motor mounted onto plates
supported from the vessel base, connected to an Ultra 3000 drive
and controlled using Ultraware software (Rockwell Automation,
USA).

2.2. Power consumption

The power curve of the 3-bladed Elephant Ear impeller in the
ungassed A-STR vessel was acquired using a frictionless air-
bearing system. The copper air-bearing was supplied with pres-
surised air at 0.25 bar to eliminate friction and allow free rotation
of the tank. Impeller power input was determined using a digital
force gauge (Model DFG55-0.12, Omega Engineering, UK). The
power curve was obtained from the laminar (Re � 1) to turbulent
(Re � 2.4 � 104) regimes by varying the impeller agitation rate and
working fluid rheological properties (Eq. (1)).

Re ¼ ND2qL

l
ð1Þ

Where N is the impeller agitation rate, qL is the liquid density,
and l is the liquid dynamic viscosity. Milli-Q ultrapure water or
mixtures of Milli-Q water and glycerol (99 % purity, Fisher Scien-
tific, UK) were used as the working fluid. Higher glycerol concen-
trations allowed for measurements at low Re by increasing the
viscosity. Density and viscosity of Milli-Q water/glycerol mixtures
at each glycerol concentration were determined based on glycerol/
water volume ratios and working temperature (Cheng, 2008). A
wired digital thermometer (RS pro K-Type 1319A, RS Components,
UK) was used to monitor the temperature at each condition for
density and viscosity calculations. This was particularly important
at higher glycerol concentrations where rapid agitation caused a
notable temperature increase, influencing fluid properties and in
turn Reynolds number (Re). Between adjustments of impeller agi-
tation rate, a 3 min period was allowed for the flow in the bioreac-
tor to reach steady state. The air bearing was then rotated away
from the force gauge, which was subsequently tared, and the air
4

bearing released. A 60 s initialisation period avoided measure-
ments being taken while the vessel initially rebounded against
the force gauge. After the initialisation period, measurements were
averaged over 60 s at a frequency of 7000 Hz. The average force
(n = 3 experimental repeats) measured at each condition was used
to determine the power input, P (Eq. (2)) and consequently the
impeller power number, NP (Eq. (3)).

P ¼ 2pNlF ¼ 2pNTq ð2Þ

NP ¼ P

qLN
3D5 ð3Þ

Where l is the lever arm and F the measured force – the product
of which is the torque. The force gauge was clamped to a static
motor support structure throughout measurements, and the per-
pendicular distance from the gauge arm to the central impeller
shaft used as the lever arm. A spirit level was used to ensure the
STR and force gauge were levelled throughout the force readings.

2.3. Flow dynamics

Particle image velocimetry (PIV) measurements were acquired
using a pulsed Nd:Yag laser (Nano L 50–100, Litron, UK) with a
power output rating of 2 � 50 mJ and wavelength k = 532 nm. A
cylindrical lens was used to convert the laser beam into a vertical
laser sheet of approximately 1 mm thick. PIV experiments were
carried out in four vertical planes of the tank (Fig. 1b) to measure
the two-dimensional (2D) axial and radial velocity components in
each plane. A cylindrical measurement system (r, h, z) was
employed, with the origin positioned at the centre of the tank bot-
tom and the azimuthal coordinate, h, increasing anticlockwise
when viewed from above. Measured planes were located at
h = 0�, 90�, 180� and 270�. A high resolution 2048 � 2048 pixel
camera (PowerViewTM Plus 630091, TSI, USA) was positioned per-
pendicularly to the light sheet. The camera was fitted with a
60 mm lens (AF Micro-Nikkor, Nikon, Japan) and connected to a
Laserpulse timing box (Model 610036, TSI Inc., USA), which was
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controlled using Insight 4GTM Software (TSI Inc., USA) to sync cam-
era and laser trigger times. The tank was seeded with rhodamine-
coated polymethyl methacrylate particles of 1–20 lm diameter
(Dantec Dynamics A/S, Denmark). Seeding particles were added
in increments to obtain 10–15 particles per interrogation cell.
The working fluid used was Ultrapure Milli-Q water, given the
water-like viscosity and density of fed-batch mammalian cell cul-
ture at typical cell densities. To improve image clarity a 527–
532 nm band-pass filter was fitted to the camera lens. The impeller
and shaft were spray-painted with a black coating under a fume
hood and left to dry prior to the experiment to minimise light
reflection from the laser sheet. A timestep between image pairs
of 0.7 ms was chosen for the agitation range of 220–250 RPM. This
timestep was selected in line with standard PIV procedure to
achieve a particle displacement of approximately ¼ of the interro-
gation cell grid length between image pairs in line with standard
PIV procedure (Raffel et al., 2018).

PIVlab software (Thielicke and Sonntag, 2021) was utilised to
pre-process the raw images by subtracting background images
and applying contrast limited adaptive histogram equalisation
(CLAHE) for improved visibility. A two-pass adaptive correlation
analysis was carried out on PIVlab with an initial window size of
32 � 32 pixels, and a final window size of 16 � 16 pixels with
50 % interrogation area overlap (resulting in a final resolution of
8 � 8 pixels). The spatial resolution achieved was 4 � 10-4 m.
Post-processing on PIVlab involved image filtering and velocity
based validation. The instantaneous velocity fields derived from
analysis of 3000 image pairs by PIVlab were used to obtain the
mean (ensemble-averaged) velocity. Instantaneous velocity fields
were extracted from PIVlab and processed using a purposely writ-
ten MATLAB code. The kinetic energy, k, was estimated according
to Eq. (4).

k ¼ 3
4

u02
r þ u02z

� � ð4Þ

Where ur and uz refer to the radial and axial velocity compo-
nents in the 2D plane considered, with the notations ur’ and uz’
referring to the ensemble-averaged standard deviations of the
respective velocity components. The contribution of the third (tan-
gential) velocity component was estimated as the average of the
other two measured components:

u02
h ¼ u02

r þ u02
z

2
ð5Þ

This assumption of isotropy is common in the literature when
estimating the kinetic energy from 2D velocity measurements
(Charalambidou et al., 2023; Collignon and Dossin, 2010b;
Simmons et al., 2007; Wyrobnik, 2022; Zhu et al., 2009among
others). Comparison between estimates of k obtained from 2D
approximations (Eq. (5)) and 3D measurements was carried out
by Chung, Barigou and Simmons, (2007) for a pitched blade turbine
impeller, and they report a maximum discrepancy between the
two values of 10 %. As ensemble-averaged measurements were
not resolved based on impeller position, the standard deviation
of the velocity components in Eqs. (4) and (5) include not only
the turbulent but also pseudo-turbulent velocity fluctuations as a
result of the blade passage.

2.4. Mixing time

Mixing time of the A-STR was characterised using the Dual Indi-
cator System for Mixing Time (DISMT) (Melton et al., 2010). This
technique is based on a fast acid-base reaction between sodium
hydroxide (NaOH) and hydrochloric acid (HCL) in the presence of
two indicators – methyl red (MR) and thymol blue (TB). Indicator
stock solutions of 1.38 mg/mL TB and 1.52 mg/mL MR were formed
5

by dissolving indicator powder in ethanol (70 % v/v, Thermofisher,
UK) on a magnetic stirrer. The addition of 4.67 mL/L TB and
4.27 mL/L MR to de-ionized water formed a solution which is red
at pH < 6, blue at pH > 8, and yellow for 6 < pH < 8 (Rodriguez
et al., 2014). The dual-indicator solution was prepared to a volume
of 1 L on a magnetic stirrer. Subsequently, NaOH was added in 5 lL
increments until a pH of approximately 7.0 was measured using a
pH probe (Mettler Toledo, USA), at which point the solution was
bright yellow. The solution was added to the STR and the desired
agitation rate set. A homogenous illuminated 580 mcd LED panel
was placed behind the tank to improve image clarity and obtain
a background of uniform intensity. Acidification of the solution
by addition of 75 lL HCL (0.75 M), was followed by a two minute
waiting time to ensure homogeneity. An iCube camera (NET, Ger-
many) focused on the front tank face was set to start recording
at a frequency of 25 Hz. To initiate the acid-base reaction and
ensure consistency throughout experiments NaOH was added to
the liquid surface from a chosen fixed port in the vessel lid
(r = 46 mm; h = 215�). Two minutes were allowed to pass to ensure
the solution was fully mixed, and the capture of images stopped.

While stoichiometric amounts of base (neutralisation method)
were added to the tank in initial experimental runs, a fast colour
change from red to a homogenous grey/green state was observed,
followed by a gradual colour change to yellow. When using the
neutralisation method it has been reported that the resulting col-
our change yields the micro-mixing time, however, as in the cur-
rent work, at acid-to-base ratios above two the colour change is
representative of macromixing (Godleski and Smith, 1962;
Cabaret et al., 2007). Micro-mixing times are important in process
design where rapid chemical reactions are concerned, however,
when considering homogeneity in the cell culture environment,
macro-mixing characterisation is better suited. To obtain the
macro-mixing time, an addition of 35 lL NaOH was thus used,
for an acid-to-base ratio above two. After recording the colour
change, the remaining stoichiometric NaOH quantity was added
to neutralise the solution, followed by re-acidification with HCl
to prepare for the next measurement. The dual indicator solution
was changed with fresh solution after every three measurements,
as colour changes after three sets of acidification and neutralisa-
tion were observed to be less reproducible.

Mixing was investigated across an agitation range of N = 100–
500 RPM (Re � 4x103-2x104) in the A-STR to cover a power input
range of 3–350 W/m3, in line with that of the commercial Allegro
STR bioreactor range. At each agitation rate, n = 3 repeats were car-
ried out to reduce statistical error associated with the turbulent
dispersion process and the tracer injection protocol. For compar-
ison of dimensionless mixing number (Ntm), in the turbulent
regime, mixing in the S-STR was investigated across a range of
Re � 1x104-2x104. The RGB images, which fully captured the col-
our change induced by the acid-base reaction, were processed
using an in-house developed MATLAB code. This defines the mix-
ing time based on the point at which 95 % homogeneity is
achieved, rather than relying on estimates of mixing time based
on visual observation as often associated with colorimetric tech-
niques (Rodriguez et al., 2014). Two methods are used to deter-
mine the mixing time using the acquired images (Fig. 2).

Firstly, the standard deviation of the green pixel intensity across
the plane of view was monitored and the mixing time determined
from the point at which the standard deviation of the green pixel
intensity dropped to below 5 %. Secondly, mixing time was deter-
mined based on the point at which 95 % of pixels in the viewing
plane were mixed, where a pixel was considered mixed upon
reaching 95 % of its final intensity. While the standard deviation
method is a measure of instantaneous homogeneity across the field
of view, the sigmoidal curve acquired from the percentage method
takes into account local variation in mixing due to local velocity



Fig. 2. Time evolution of the standard deviation of green pixel intensity, rG, and of
the percentage of mixed pixels, M, after injection of base to an acidified DISMT
solution in the A-STR (UP) at 100 RPM (3 W/m3). Curves of different shades
represent three experimental repeats. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Comparison between power curves of the EE impeller in UP ( ) and DP ( )
modes in the A-STR against that of a standard cylindrical configuration in UP mode
( ). Error bars represent standard deviation from the mean (n = 3).
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variation and therefore mass transfer (Rodriguez et al., 2014). In
the current work the final mixing time was estimated from the
average of the two methods. To account for the inherent variation
in colour intensity across the field of view associated with varied
fluid depth relative to the camera position, the green intensity level
of each pixel is normalised according to Rodriguez et al. (2014).
Fig. 4. Comparison of EE impeller turbulent power number in UP ( ) and DP ( )
modes in the A-STR with that of a standard cylindrical configuration (S-STR) in UP
( ) and DP ( ) modes. Unbaffled A-STR in UP mode (h) plotted to assess natural
baffling of square cross-section. Error bars represent standard deviation from the
mean (n = 3).
3. Results and discussion

3.1. Impeller power number

Impeller power input is one of the most significant parameters
for bioreactor design and process scale-up, given its association
with mixing and circulation times, heat and mass transfer, solids
suspension, and viscous stresses, which can affect shear sensitive
organisms (Ascanio, Castro and Galindo, 2004; Mollet et al.,
2004; Kaiser et al., 2017). Most single-use bioreactors have
bespoke impeller designs and are not easily comparable with tra-
ditional reusable configurations (Kaiser et al., 2017). Moreover,
impeller power number can change significantly depending on fac-
tors like impeller diameter, impeller clearance, blade thickness,
and baffle design (Chapple et al., 2002; Kaiser et al., 2017;
Wyrobnik et al., 2022). The relationship between impeller power
number and Reynolds number (Re) correlates strongly for different
impellers in each flow regime, and the resulting plots are generally
independent of scale for systems of similar geometry (Nienow,
2014). The novel geometries of single-use bioreactors makes the
study of power input in these vessels particularly important, espe-
cially given that scale-up in mammalian cell culture systems is
usually based on maintaining constant specific power input (P/V)
(Langheinrich and Nienow, 1999; Junker, 2004; Xing et al., 2009).
Characterisation of impeller power number in this work aims to
provide a reliable means of scale-up maintaining power input,
while also considering how power number will change across the
characterised configurations. The power curves of the 3-bladed
45� pitched Elephant Ear (EE) impeller investigated in this work
are presented in Fig. 3.

Impeller power number was investigated across a range of Re =
1.0–2.5x104 in the A-STR geometry to observe the change in power
number from the laminar to turbulent regime. Throughout the
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laminar to turbulent regimes, the power curves of the EE impeller
in the A-STR (UP and DP) and S-STR (UP) exhibit similar behaviour
with increasing Re. For Re > 1�103, the A-STR (DP) exhibited the
highest power numbers, followed by the A-STR (UP). Given that
industry scale stirred tanks are almost exclusively operated in
the turbulent regime for suspended cell culture applications, the
turbulent power number is generally used to characterise such
bioreactors. NP of the 1 L A-STR is compared to that of the S-STR
in both UP and DP mode in the turbulent regime (Fig. 4). NP of
the unbaffled A-STR (UP) is also presented to determine the influ-
ence of the square A-STR cross-section.

The turbulent power number of the A-STR was determined to
be NP = 2.11 ± 0.01 in UP mode and 2.17 ± 0.02 in DP mode. The
corresponding values for the Allegro STR 200 L reactor were
NP = 1.93 ± 0.4 (UP) and 2.19 ± 0.2 (DP) (Pall Corporation, UK).
The discrepancy between the two scale values in DP mode (2.11
vs 1.93) is well within the error range at 200 L scale (±0.4, ±
21 %). The agreement of power number indicates good scalability
for operation in single-phase, however, industrial applications are



Fig. 5. Turbulent power number of the A-STR (UP) from 50 to 100 % fill volume,
corresponding to liquid height to tank diameter ratios of HL/T = 0.6–1.1.
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generally characterised by multiphase flow. Past characterisation
of the EE impeller has shown that the turbulent power number is
relatively independent of air flow rate in UP mode (Zhu et al.,
2009). However, in DP mode impeller flooding occurred at higher
air flow rates, causing a 30 % drop in power number (Zhu et al.,
2009). Whether the same will occur in the Allegro STR geometry
is uncertain, given that the distribution of gas outlets in its ring
sparger may reduce flooding when compared to the sparger used
by Zhu et al. (2009). Operation of the A-STR (UP) without baffles
was characterised by a significantly reduced power number, by
almost 34 % (Fig. 4). NP in the unbaffled configuration plateaued
at NP� 1.4 for Re > 1.5�104. This is indicative of the natural baffling
provided by the square cross-section. Operation without baffles
would typically result in a continually decreasing power number
with increasing Re, rather than the constant turbulent power num-
ber typically seen in baffled tanks. For example, operation of an
unbaffled SmartGlass bioreactor stirred by a combination of a top
mounted EE impeller and a tapered disc blade turbine resulted in
a continuously decreasing power number (Kaiser et al., 2017).
The same power number decrease was observed in an unbaffled
tank agitated by a Rushton turbine (Bujalski et al., 1987). This is
to be attributed to the solid body rotation present in unbaffled stir-
red tanks (Kaiser et al., 2017), which is known to result in poor
mixing (Ciofalo et al., 1996). The natural baffling provided by the
cross-section of the Allegro STR bioreactor and the consequent pla-
teau of the power number with increasing Re indicates the benefit
of this novel geometry in reducing unwanted tangential flow and
central vortex formation. In fact, NP in the A-STR was 16.6 % higher
than that in the S-STR (Np = 1.81 ± 0.04), due to the combined influ-
ence of the baffles and the additional disturbance of flow provided
by the tank corners in UP mode. In DP mode, the power number of
the S-STR (2.09 ± 0.04) was more similar to that of the A-STR (2.
17 ± 0.02). Analysis of the flow structures in both configurations
(Section 3.2.1) will provide further insight into this aspect.
Simmons et al. (2007) determined that NP = 1.7 for an EE UP impel-
ler in a flat-bottomed, cylindrical STR (D/T = 0.45, C/T = 0.25,
HL/T = 1, W/T = 0.233). The slightly lower power number of the
S-STR in this work is likely due to the difference in vessel geometry
(flat vs round bottom) as well as the slightly larger impeller in the
present work (D/T = 0.5, W/T = 0.25). Np of the S-STR (DP) is in
agreement with the value of 2.1 determined by Zhu et al. (2009)
for a DP EE impeller. The Ambr� 250 equipped with a similar
down-pumping 45� pitched Elephant Ear impeller (D/T = 0.5) was
found to have a lower power number of Np = 2.01 (Rotondi et al.,
2021). The lower power number of the Ambr� 250 compared to
the S-STR in this work is likely due to the absence of baffles in
the Ambr� 250, although some baffling is provided by the large
probes.

Keeping cell culture applications in mind, it is worth noting that
the A-STR is operating in the turbulent flow regime at relevant
power input for this bioreactor range. Animal cell culture is gener-
ally run with a specific power input of 10–150 W/m3 (Nienow,
2006) and a power input of 50 W/m3 was recommended for mAbs
production in the Allegro STR 50 L bioreactor (Schirmer et al.,
2020). Power number data obtained across the laminar to turbu-
lent regimes for the A-STR (Fig. 3) indicated that at the theoretical
threshold for turbulent flow, the A-STR was operating at an agita-
tion rate of N = 240 rpm with a specific power input of circa 45 W/
m3. The threshold Reynolds number at which the flow regime
becomes fully turbulent, where power number is independent of
Re, is not strictly defined but generally assumed to be above
Re = 1x104–2x104 (Chapple et al., 2002; Nienow et al., 2013). This
is key, given that regardless of vessel size, flow structures and spa-
tial distribution of non-dimensional turbulent energy dissipation
rate are conserved with scale when operating in the turbulent
regime and vessel geometry is maintained (Nienow et al., 2013).
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This implies that the turbulent flow structures characterised in
the 1 L scale A-STR at cell culture relevant power input are quali-
tatively comparable to those in the industry scale STR range.

Although impeller operation in both pumping directions is
characterised in this work, UP mode is presented here as the refer-
ence condition, which is generally used for the commercial Allegro
STR bioreactor range. Considering that end-users of bioreactors are
likely to operate at varied fill heights (HL/T), for instance with
lower initial volumes in fed-batch cell culture, impeller power
number in UP mode is characterised across a range of liquid
heights in this work (Fig. 5).

The range of HL/T = 0.6–1.1 corresponds to operation with 50–
100 % of the 1 L maximum working volume. Fig. 5 shows that
decreasing HL/T from 1.1 to 0.8 caused a minor decrease in power
number, as found in EE impeller studies by Simmons et al., 2007;
Wyrobnik et al., 2022. However, at HL/T = 0.7, there was an unex-
pected increase to NP = 2.28. Further reduction of the fill height to
HL/T = 0.6 resulted in significant variation of power number across
the investigated range of Re. At low Re (<11 000), NP increased
when compared to a fill volume of HL/T = 0.7, however for
Re > 11 000 a significant drop in power number occurred due to
bubble entrainment. These aspects will be further discussed in Sec-
tion 3.2.1 to follow.
3.2. Flow dynamics

3.2.1. Global flow field
A description of the single-phase flow occurring in the A-STR

and S-STR is provided in this section. Ensemble-averaged velocity
magnitudes were obtained in vertical planes from the centre of
the tank to the four vessel faces (Fig. 1b) to capture the influence
of the asymmetric baffle placement on flow dynamics in the A-
STR. Planes are named from h = 0-270o in the CCW direction
(Fig. 1b) to differentiate between them. In the S-STRmeasurements
were carried out in a single plane, given the tank symmetry with
respect to the impeller shaft and assumed flow field symmetry.
Axial and radial velocity components were used to determine
ensemble-averaged velocity magnitudes at an agitation range of
220–250 rpm (Re � 1x104-1.1x104), which corresponds to typical
power input for suspended animal cell culture (�45 W/m3). Impel-
ler agitation rates in the A-STR and S-STR were adjusted across the
aforementioned agitation range in order to have both vessels oper-
ating at the same volumetric power input. The normalised
ensemble-averaged velocity magnitude and vector fields of the
A-STR and S-STR configuration in up-pumping mode are presented
in Fig. 6a, b and c, respectively.

Fig. 6c of the S-STR represents the typical velocity field exhib-
ited by an EE impeller in UP mode. A primary recirculation loop



Fig. 6. Normalised ensemble-averaged velocity magnitude and vector map of the
UP EE impeller (P/V � 45 W/m3, Re � 1�104) in (a) A-STR (h = 0�; 180�); (b) A-STR
(h = 90�; 270�); (c) S-STR.
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of high velocity magnitude forms in the bottom half of the vessel,
and a weaker anticlockwise circulation loop centred around z/
HL = 0.5 reaches the tank surface before rejoining with the primary
loop in the impeller swept region. The primary recirculation loop
reaches a height z/HL = 0.48 (Fig. 6c). Velocities in the impeller dis-
charge region have a maximum magnitude of 0.58Vtip. LES simula-
tions of an UP EE impeller in a dished bottom cylindrical tank (D/
T = 0.4; HL/T = 1.24; C/HL = 0.24) produced a similar ensemble-
averaged velocity field with maximum velocities of approximately
0.6Vtip in the primary circulation loop (Collignon et al., 2016).

The velocity field in the A-STR is notably different from that in a
standard STR due to the asymmetric baffle placement. In the plane
at h = 270� (perpendicular to the front unbaffled tank face) the flow
structure is similar to that typically exhibited by an UP EE impeller.
A strong recirculation loop is present in the lower half of the tank
reaching z/HL� 0.5 with velocity magnitudes reaching 0.42Vtip. An
anticlockwise recirculation loop is also present in the upper half of
the tank with velocities below 0.15Vtip. Moving CCW in the direc-
tion of impeller rotation into the plane at h = 0�, the upper anti-
clockwise circulation loop is no longer present. In the subsequent
planes at h = 90� and h = 180� there is a more noticeable change
in flow structure. The impeller discharge curves prominently
upward in both of these planes, forming a large recirculation loop.
In short, as the impeller rotates from the unbaffled tank face
through subsequent baffled cross-sections, the direction of the
impeller discharge stream at the tank wall (r/T > 0.4) changes ori-
entation from the typical downwards to upwards. Similarly, the
intensity of the impeller discharge stream varies significantly
when considering the four different cross sections of the vessel.
For example, the highest intensity is found at h = 180� (0.48Vtip

in the impeller discharge) while a lower maximum of only 0.27Vtip

is present at h = 0�. This change in intensity and direction must be
related to the presence of baffles, which redirect the flow radially
and axially and are consistent with previous work of Fan et al.
(2021), who reported up to a 50 % increase in vertical plane veloc-
ity for a baffled configuration with a pitched blade turbine.

The ensemble-averaged velocity fields in the A-STR can help to
further understand the unexpected increase in power number dis-
cussed (Fig. 5) when the free surface was reduced to z/HL < 0.7. In
fact, from Fig. 6a it is evident that the impeller discharge impinges
on the wall at a height of z/HL � 0.55 and the resulting upward
stream reaches axial coordinates as high as z/HL = 0.8. This implies
that the increase in power number might be related to an interac-
tion between the impeller discharge and the lowered free surface.
It should be noted that this behaviour is characteristic only of the
A-STR presented in this work, and for example a similar investiga-
tion by Simmons et al. (2007) did not report a power number
increase when lowering the free surface in a cylindrical vessel. This
again might be explained from Fig. 6c where it is evident that the
impeller discharge is mainly reverted toward the bottom of the
tank in the S-STR, and therefore would interact to a lower extent
with the free surface even at reduced z/HL.

Ensemble-averaged normalised velocity magnitude and vector
maps of the A-STR (Fig. 7a, b) and the S-STR (Fig. 6c) are presented
in down-pumping mode for comparison. Asymmetry in the flow
field is less significant in the A-STR in DP mode when compared
to that in UP mode. DP mode in the A-STR results in one large anti-
clockwise circulation loop generated by the EE impeller. Velocities
in the lower half of the tank reach up to 0.52Vtip while the upper
tank region (z/HL > 0.5) exhibits lower velocities of up to 0.26Vtip.
Velocities near the liquid surface of the A-STR are generally higher
in DP mode when compared to UP mode. Comparison of UP
(Fig. 6c) and DP (Fig. 7c) velocity fields generated in the S-STR



Fig. 7. Normalised ensemble-averaged velocity magnitude and vector maps of the
DP EE impeller (P/V � 45 W/m3, Re � 1x104) in (a) A-STR (h = 0�; 180�); (b) A-STR
(h = 90�; 270�); (c) S-STR.
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shows the opposite behaviour – velocities in the upper tank region
are considerably lower in DP mode. Previous work had similar
findings of poor circulation in the upper tank region in DP mode
(Zhu et al., 2009). The EE impeller in the S-STR (DP) effectively
has a lower impeller clearance due to the effect of the dished bot-
tom, which may hinder impeller performance. The larger velocity
magnitudes in the upper region of the A-STR (DP) compared to
the S-STR (DP) may be due to the unbaffled tank face in the A-
STR. Fig. 7a, b indicate that the planes at h = 180� and h = 270� con-
tain circulation loops of higher velocities in the upper tank region
(z/HL > 0.5) when compared to the other two planes. As the impel-
ler rotates CW in DP mode and passes through the plane at h = 270�
(perpendicular to the unbaffled front face) the lack of a baffle
obstructing the flow results in a high velocity upward flow at the
wall. High velocities in the upper half of the tank persist at the sub-
sequent plane (h = 180�) that the impeller rotates into. As the
impeller passes through the baffled planes at h = 90� and subse-
quently h = 0�, there is a clear decrease in velocity magnitude in
the upper tank region. The A-STR geometry appears to perform
better in DP mode due to the unbaffled front face, given the
improved circulation in the upper tank region when compared to
the S-STR.

Flow field characterisation in this work is carried out in single-
phase, however operation in multi-phase in industrial applications
may result in changes in flow structure. Zhu et al. (2009) found
that the lower circulation loop generated by an UP EE impeller
was retained at high air flow rates, but with a more even spread
of energy, while down-flowing liquid in the upper circulation loop
was diverted to the tank wall rather than straight down to the
impeller. In DP mode, formation of gas cavities behind the impeller
blades caused shortening of the circulation loop, reducing liquid
velocities and causing poorer circulation in the upper half of the
vessel (Zhu et al., 2009). It was previously noted that the A-STR
has a significantly higher power number than the S-STR in UP
mode due to the combined effect of the baffles and disturbance
of flow by the tank corners. However, NP of the A-STR and S-STR
in DP mode were relatively similar. This may be due to the raised
height of the baffles in the A-STR, hence the impeller discharge in
DP mode (Fig. 7a, b) does not interact with the baffles to as great an
extent as in UP mode (Fig. 6a, b).

3.2.2. Kinetic energy distribution
Data acquired using the PIV system described in Section 2.3 was

used to calculate (Eq. (4)) the ensemble-averaged kinetic energy
(k) due to the combined action of turbulent and pseudo-
turbulent (i.e. induced by the impeller blade and large-scale
macro-instability) velocity fluctuations (Ducci and Yianneskis,
2007; Bouremel et al., 2009a, 2009b). k normalised with respect
to V2

tip is presented in Fig. 8a, b for the A-STR (UP), while that in
the S-STR (UP) is presented in Fig. 8c.

Contrary to the behaviour exhibited by the ensemble-averaged
velocity field (Fig. 6a, b), the kinetic energy reaches its highest val-
ues at h = 0� and h = 270� (k = 0.095 V2

tip). This might be explained
by the fact that the kinetic energy shown in Fig. 8 also includes the
pseudo-turbulent fluctuations related to the impeller trailing vor-
tices. It is therefore expected that its intensity is highest along
the unbaffled wall, where the organised flow of the trailing vortices
is the least disturbed. As the impeller rotates CCW, the kinetic
energy decreases as the baffles interact with the trailing vortices
and redistribute their kinetic energy into the mean flow. The
ensemble-averaged kinetic energy in the S-STR UP (Fig. 8c) reaches
a maximum of 0.094 V2

tip, similar to that in the A-STR. However, the



Fig. 8. Normalised ensemble-averaged kinetic energy due to turbulent and pseudo-
turbulent fluctuations in an UP EE impeller (P/V � 45 W/m3, Re � 1x104) in (a) A-
STR (h = 0�; 180�); (b) A-STR (h = 90�; 270�); (c) S-STR.
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S-STR has higher kinetic energy values extending to the tank
peripheries. In the A-STR, planes at h = 90� and 180� exhibit consid-
erably lower maximum kinetic energy than the S-STR, with greater
distribution of k in the upper half of the tank. In the S-STR kinetic
energy is more localised to the impeller discharge region where z/
HL < 0.5 and r/T > 0.2. More homogeneous distribution of kinetic
energy in the A-STR (UP) suggests better circulation and mixing.

Kinetic energy distribution is presented for the A-STR (DP) con-
figuration in Fig. 9. When comparing the UP and DP configurations
it is evident that k is significantly lower in the latter, with maxi-
mum values of k = 0.067V2

tip at h = 0�. Moreover, kinetic energy in
DP mode was more homogenously distributed throughout the tank
planes, with higher magnitudes of up to 0.032V2

tip near the liquid
surface. The associated improved circulation in the upper half of
the tank can be beneficial in avoiding cell exposure to spatial gra-
dients, for instance, when pH buffers or feed are added via probes
at the liquid surface.
Fig. 9. Normalised ensemble-averaged turbulent kinetic energy of a down-pump-
ing EE impeller (P/V � 45 W/m3, Re � 1x104) in (a) A-STR (h = 0�; 180�); (b) A-STR
(h = 90�; 270�).
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3.3. Mixing dynamics

The final section of this work characterises mixing dynamics of
the EE impeller in the A-STR and S-STR in the up and down-
pumping modes. Mixing in the A-STR was investigated for impeller
agitation rates in the range of 100–500 RPM (P/V = 3–350 W/m3).
As mixing time in STRs can vary considerably across the scale,
comparison of mixing efficiency between vessels is better achieved
using the non-dimensional mixing time, Ntm. The non-dimensional
mixing time represents the number of impeller revolutions to
achieve a predefined fully mixed condition (usually 95 % homo-
geneity). Theoretically, it should remain constant with scale when
maintaining geometric similarity and operating in the turbulent
regime (Nienow, 1997). Mixing numbers of the A-STR and S-STR
are compared in Fig. 10.

Mixing time data from a manufacturer characterisation study
(Nienow, Isailovic and Barrett, 2016) were used to determine the
non-dimensional mixing time of the commercial Allegro STR 200
L bioreactor in UP mode. Comparison with that of the 1L A-STR
(UP) of the current work shows agreement of mixing numbers,
Fig. 10. Dimensionless mixing number, Ntm, of the 1 L A-STR in UP ( ) and DP ( )
modes compared to that of the S-STR in UP ( ) and DP ( ) modes. Mixing time data
on the commercial Allegro STR 200 L bioreactor (UP ) (Nienow, Isailovic and
Barrett, 2016) is shown as an indication of the scalability of Ntm.

Fig. 11. Mixing time distribution in (a) A-STR, (b)
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indicating that geometric similarity was maintained with scale-
down. The 1 L A-STR required 16.7 ± 1.7 impeller revolutions to
reach 95 % homogeneity, while the STR 200 required 18.2 ± 2.5 rev-
olutions. In the down-pumping A-STR the mixing number was
lower at 11.3 ± 1.1 revolutions, however industry scale data in
down-pumping mode was not available for comparison. Nienow
(1997) mentions that mixing time correlations should hold under
aerated conditions, given that the gassed impeller power number
is used and impeller flooding does not occur. Given that Zhu
et al. (2009) found EE impeller power number to be independent
of air flow rate in UP mode, it is expected that the agreement of
1 L Ntm data with industry scale data is expected to hold with mul-
tiphase operation. On average, mixing times in the A-STR in DP
mode were approximately 32 % lower than in UP mode, implying
more efficient single-phase mixing. The rapid mixing in the A-
STR in DP mode correlates with the relatively high velocities in
the upper half of the tank and well distributed kinetic energy when
compared to the other configurations (cf. Figs. 7 & 9). In contrast,
the S-STR (DP) had the longest mixing times, with Ntm = 24.2. Poor
circulation above z/HL = 0.5 (Fig. 7c) is likely the cause of the infe-
rior mixing performance in the S-STR (DP). Data regarding mixing
times extracted from a study on EE impellers in down-pumping
mode (Collignon et al., 2010b) in cylindrical tanks of 20, 80, and
600 L (HL/T = 1; D/T = 0.5; C/H = 1/3; Db = D/10) were used to cal-
culated non-dimensional mixing numbers of approximately 9.6,
12.4, and 8.4, respectively. The lower mixing number compared
to the current work is likely due to their higher impeller clearance.
Wyrobnik et al. (2022) found that the mixing number of Bach, 3BS
and marine impellers all decreased significantly when increasing
impeller clearance from C/T = 0.33 to C/T = 0.55. Ntm of the S-
STR (UP) in this work is 16.9, in line with that of the A-STR (UP).
Analysis of colour change images acquired using the DISMT tech-
nique can provide useful insight into global mixing in the vessel
rather than reliance on probe measurements at a single location,
which are also often limited by probe response times (Rodriguez
et al., 2014). Mixing time distribution in the A-STR and S-STR in
UP mode at moderate power input are compared in Fig. 11.

Distribution of mixing time is highly homogenous in the A-STR
(Fig. 11a) with a slightly slower mixing region in the top right of
the tank (z/HL > 0.5; r/T > 0). This is unlike those seen in previous
studies of this nature where symmetric mixing maps generally
either show a slow mixing region around the impeller shaft or at
the tank walls (Samaras et al., 2020; Wyrobnik et al., 2022). Flow
dynamics characterisation in this work (Section 3.2) indicated min-
S-STR at moderate power input (45 W/m3).
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imum velocities and kinetic energy at h = 0� in the corresponding
slower mixing time region. The addition of NaOH to initiate the
colour change to a port on the opposite side of the vessel
(r = 46 mm; h = 215�) may have further contributed to the slightly
slower mixing region in Fig. 11a. The mixing map of the UP S-STR
(Fig. 11b) shows a less homogenous mixing map, with a prominent
slow mixing region in the tank centre. While averaged dimension-
less mixing numbers of the A-STR and S-STR are similar in UP
mode, the mixing time distribution maps indicate more homoge-
nous mixing in the A-STR when operated at typical power input
(45 W/m3). This is in line with the kinetic energy plot (Fig. 8c)
which shows less homogenous distribution of kinetic energy in
the S-STR. Unlike in the A-STR, kinetic energy in the S-STR is mostly
concentrated in the impeller discharge region. Overall, the square
cross-section and large baffles of the A-STR appear to improve dis-
tribution of kinetic energy, resulting in more homogenous mixing
compared to the S-STR, particularly in DP mode.
4. Conclusions

Comparison of power and mixing number data with that of the
industrial Allegro STR bioreactor range indicates that the scale-
down A-STR can be seen as a suitable mimic of industry scale con-
ditions. The A-STR was found to have higher power numbers in
both up and down-pumping mode when compared to the S-STR
configuration, with the square-cross section of the A-STR acting
as an additional form of baffling. Ensemble-averaged velocity mag-
nitudes in UP mode indicated an asymmetric flow structure due to
the baffle placement in the A-STR, with higher velocities in the
upper tank region z/HL > 0.5 when compared to the S-STR. The
ensemble-averaged kinetic energy had similar maximum values
in the A-STR (UP) and S-STR (UP), with the A-STR exhibiting max-
imum k values in proximity to the unbaffled tank face. However, in
the baffled region of the A-STR, kinetic energy is considerably
lower than that in the S-STR. Overall there is a better distribution
of kinetic energy in the A-STR (UP) compared to the S-STR (UP)
which had high kinetic energy values in the impeller region and
low kinetic energy values where z/HL > 0.5 and r/T < 0.3. This
was confirmed in mixing time distribution plots. Although the S-
STR (UP) and A-STR (UP) did not differ significantly in average
Ntm values, the S-STR exhibited a less homogenous mixing time
distribution, implying that cells are more likely to be exposed to
spatial heterogeneities. The A-STR (DP) performed best in terms
of mixing efficiency, exhibited well-distributed mean kinetic
energy, and had strong recirculation loops reaching the tank sur-
face. The Allegro STR bioreactor in DP mode should be particularly
well suited to culture anchorage dependent cell types requiring
microcarrier suspension, given its superior mixing performance
and relatively low maximum kinetic energy. The superior perfor-
mance of the EE (DP) impeller in the A-STR in this work when com-
pared to the standard bioreactor configuration indicates that the
combination of the EE impeller and A-STR geometry is likely to
be highly favourable for culture of cells sensitive to shear and spa-
tial gradients in pH, nutrients, and oxygen supply. The investiga-
tion in single-phase flow has revealed interesting features of the
EE impeller, as well as new information on the influence of the
Allegro STR geometry, however further work on multiphase flow
operation would be beneficial to further explore the implications
for industrial applications.
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