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Abstract

Animal cells, which are nowadays essential foritigeistrial production of proteinic
compounds, are commonly cultivated inside stirsetktbioreactors. In case of anchorage
dependent cells, they are usually fixed on micnoees. The choice of agitation conditions
(impeller type, rotational speed...) in this typgoodcess is not an easy task as it has to fulfil
three potentially conflicting goals: (1) maintaigimicrocarriers in complete suspension, (2)
homogenizing the culture medium, and (3) limitingahanical constraints generated by the
hydrodynamics on the cells. The aim of this stugdipipresent an original methodology to
select the most appropriate axial impeller for #pscific application. Seven propellers are
preselected on basis of their characteristics alvilin the literature. Instead of comparing
impellers at a given rotational speed or a givemgranput, they are compared at their
respective minimum impeller rotational speed tlkatk to a complete microcarrier
suspension, i.e. at their respective just-suspesgedd N. They are then compared at higher
rotational speeds N, expressed as multiplesiof The impeller classification is based on the
intensity of mechanical constraints they produes@juated from: (1) the macro-shear rate
guantified by the spatial derivative of time averaglocity fields measured by P.1.V, (2) the
micro-shear rate characterized by the ratio betviieemicrocarrier diameter to the average
Kolmogorov scale computed from power input measerés) and (3) the impact of
microcarrier collisions on cells described via Thebulent Collision Severity index also
computed from power input measurements. Resubw shat the 125 mm diameter TTP
impeller (Mixel) and the 150 mm diameter Elephaat Enpeller (Applikon) produce the

smallest mechanical constraints at their just-sudee speed (50 rpm and 20 rpm,
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respectively). Moreover, the mechanical constsainéy produce increase more slowly with
the N/N;s ratio than the mechanical constraints producedtbgr impellers. These propellers
are thus even more advantageous if rotational spleigtier than the just-suspended speed

have to be used

Keywords Hydrodynamics, Stirred tank, Animal cell cultuRarticle Image Velocimetry,

Axial impeller, Mechanical constraints.

1. Introduction

Nowadays, the culture of animal cells has becomeestapable step to produce
proteinic compounds as, for instance, antiviralciaes, hormones, enzymes... Some animal
cell species must be fixed on a support to growdivide. They are called anchorage
dependent cells. When the culture medium voluraehres several litres, the animal cells are
usually fixed on non-porous beads, so-called mamders. The microcarrier diameter ranges
around 300 um, (dp = 300 pm)and these microcaraiersnaintained in suspension inside a
cylindrical tank stirred by an axial propeller. i$Isolution offers many advantages such as a
high growth surface to reactor volume ratio, aryessparation of cells from culture medium,
a possible use at any reactor size and very lomter@ance steps. But, the optimization of
mixing conditions is very complex in this type abpess. Indeed, the agitator design, its
diameter, its position and its rotational speedehtavbe chosen to meet two following goals
(Varley and Birch, 1999):

Microcarrier beads must be perfectly suspendedderdo make their external surface

fully available for the cells development;

Nutriment concentrations must be homogeneous iculiare medium.
On the other hand, the agitation conditions musbeaoo severe in order to limit mechanical
constraints generated by hydrodynamics, which cbaldarmful for the cells development.
Works conducted these last 20 years by severandsers (Cherry and Papoutsakis, 1988;
Chisti, 2000; Croughan and al., 2006; Nienow, 20®outsakis, 1991; Van der Pol and
Tramper, 1998; Wu, 1999....) have highlighted th#isaeay be damaged either by the air
sparging or by the liquid motion. The air spargimghe vessel induces shear rate (1) near the
sparger, where bubbles are formed, (2) in bubbleew/due to their rise, (3) near impellers
where bubbles are disrupted and coalesce andt {d¢ dquid surface where bubbles burst.

Studies have shown that the only significant eftecthe growth or viability of the cells



comes from bubble bursting. But, these damageshmayrongly reduced by adding a
surfactant such as Pluronic F-68, for instanceeblw, 2006). The shear rate due to the
liquid phase velocity field also takes several fer@roughan et al. (1989) have shown that
large gradients inside the time average velocildfinduce damaging macro-shear rate on
human diploid fibroblasts FS-4 cells cultivatedroicrocarriers. They have also highlighted
that, in the whole range of eddies characteridtib® turbulent flow, only eddies with a size
smaller than 2/3 of microcarrier diameter creagghhmicro-shear rate at cell surface.
Finally, collisions between microcarriers and begwenicrocarriers and the tank walls also

induce damages on cells fixed at their surface.

The choice of the impeller and its rotational spkeasl a major impact on the
magnitude of these mechanical constraints. Usuakial propellers are chosen because they
create an effective pumping inside the tank, wi@stours the suspension of the
microcarriers. They are also claimed to genenat@lsr shear rate values than radial
propellers. Therefore, many researchers haveestuadid compared flow fields created by
several types of axial propellers.

The axial impeller with the simplest design is 4% pitched blade turbine. Numerous
studies (Firoz et al., 2004; Jaworski et al., 2@Rdhafer et al., 1998; ....) on the flow pattern
developed by this propeller have demonstratedthtigapresence of trailing vortex structures
near blade tips limits its axial flow efficiencyifferent geometrical parameters of this
propeller have therefore been modified as the itapblade pitch, the impeller blade width,
the shape of the impeller tip blade... to improvepgsformances. The impact of these
modifications on hydrodynamics quantities suchhasvelocity field, the shear rate
distribution, the turbulent kinetic energy distrilmn, has been studied, among others, by
Kumaresan and Joshi (2006), Ranade and Joshi (18&3)jde the 45° pitched blade turbine,
companies have created impellers characteriseddog oomplex shapes and designs. The
propellers Chemineer HE-3, Prochem Maxflo T, Ligh¢nA310, Lightning A315, Mixel
TTP are the most famous models. Numerous comparstiidies have highlighted, that for a
same circulation flow rate, these impellers nesthaller power input than a pitched blade
turbine. (Aubin et al., 2001; Jaworski et al., 198kwvros et al., 1998; Wu et al., 2006; Zhou
and Kresta, 1996 (a) ...). Recently, axial impeligith a high solidity ratio and deep blades,
as the Applikon Elephant Ear impeller, are more rauaode frequently used for the
homogenisation of animal cells bioreactor. Indekedse impellers are claimed to produce a

uniform low shear rate along the blade edge dukdio constant radius of curvature. Some



studies have characterized the flow pattern geeéiay these impellers. Venkat and
Chalmers (1996) have described, using 3D Particddeking Velocimetry technique, the flow
pattern around the propeller Applikon Elephant iBaypical agitation conditions used for
animal cells cultures. Zhu et al. (2009) have sddhe velocity fields, the turbulent kinetic
energy distributions and the vorticity fields geated by this impeller on the basis on PIV
(Particle Image Velocimetry) measurements performredp-pumping as well as in down-
pumping configuration and in non-aerated as weilhagerated conditions. Finally, Simmons
et al. (2007) have compared two high solidity ratpellers (Haydward Tyler B2 hydrofoil
and Applikon Elephant Ear) to a six blade pitch&dlb turbine at the same rotational speed
and in up-pumping mode, using PIV, PLIF (Planasdrdnduced Fluorescence) and input
power measurements. From the comparison basecorelbeity fields, the mixing time, the
power consumption and the turbulent kinetic eneligtribution at a given rotational speed,
they concluded that there is no proof that higldgglratio impellers generate less shear rate
than conventional pitched blade turbines.

This brief discussion shows that a wide varietgxgl impellers are available.
Choosing the most appropriate for maintaining ngarders in suspension, homogenizing the
culture medium and limiting the mechanical constiais therefore not an easy task and is
still a controversial subject.

The aim of the present study is to propose a melbgg allowing to select the most
appropriate impeller for a given animal cell cu#turaking into account the three requirements
mentioned before: complete suspension of micraamomogeneous concentration filed,
minimum mechanical constraints. To this end, sengrellers were preselected on the basis
of mechanical constraints and mixing time theysangposed to generate according to data

available in the literature.

As all these impellers have different geometriésy®, diameter) and quite different
characteristics, it is difficult to compare thenmaagiven rotational speed or a dissipated
power. Therefore, they are compared on the basiggofen performance related to animal
cell cultures on microcarriers. As one of the maipeller roles is to maintain microcarriers
in suspension in the culture medium to maximizeaelable surface for the cell adherence
and growth, impellers are compared at the minimoapeller rotational speed values required
to maintain microcarriers in complete suspensidns Totational speed is named the just-

suspended speedsN



Firstly, the just-suspended speegdiis been determined experimentally for each
impeller. PIV and input power measurements haga theen performed at these just-
suspended speeds. Finally, PIV and input power uneagents have been realised at higher
rotational speeds in order to analyse the evolusforelocity fields and of characteristic
guantities such as the macro-shear rate, the msluear rate and the impact of microcarrier
collisions.

In the paper, results are presented in two sucaepsirts. In the first one, impellers
are classified according to the mechanical comggdhey generate at their respective just
suspended speed and the best candidates are ptojrodee second part, the evolution of the
mechanical constraints is studied for each impekea function of rotational speeds,
expressed as multiples ofsNn order to check if the impeller classificatiproposed at the

just-suspended speed may be extrapolated at higtagional speeds.
2. Materials and methods

2.1 Vessel and impeller geometry

The vessel geometry used in this study is illusttain Figurel. The transparent
cylindrical tank is equipped with a hemispherictbot and has a volume of 20 litres. The
liquid height, H, to tank diameter, T, (T = 0.30% ratio equals to 1. Two baffles are placed
180° one from each other on the vessel wall. Thalth equals to 1/10 T. The tank is
disposed in a cubic container filled with watetitoit errors due to optical distortions. The
impeller is placed at one third of the liquid hdigh this study, seven axial impellers are
used: two propellers Mixel TTP (d=0.125 mm, d=0.1%®), two propellers Lightnin A315
(d=0.125 mm, d=0.150 mm), one propeller LightninLA3d=156 mm), one propeller VMI-
Rayneri with 3 streamlined blades (d=160 mm), amel ‘&lephant Ear” propeller (d=150
mm). In the remainder of this paper, each impéfieeferred by a name composed of a prefix
corresponding to its model (TTP, A315, A310, 38B) and of a suffix corresponding to its
diameter expressed in millimetres (125, 150, 156).1 The shape of each impeller is shown
on Figure 2. Each impeller turns clockwise sditgles force the fluid to flow downwards.
The impeller shaft is rotated by a Heidolf motoZfR2102 Control, 100W) which controls

the rotational speed with an accuracy of £1 rpm.

Figure 1
Figure2



2.2 PIV apparatus and parameters

The PIV system used in this study is commerciallzg®antec Dynamics (Denmark).
It includes a laser Nd-YAG (New Wave Gemini, 532,1#x30MJ), a Hi/Sense camera
(1280X1024 pixels, 4 Hz) equipped with a Nikon |¢AE Micro Nikkor 60 mm F2.8D), a
real-time correlator processor 2500 and the Flovagansoftware (version 4.71).

As PIV is an optical technique, the tank and itsteat must be transparent. As the
culture medium is opaque due in particular to tles@nce of microcarriers, a transparent
model fluid with similar rheological properties hasbe used for PIV measurements.
Rheological measurements were performed on theooaarer suspension to determine its
rheological properties. As predicted by Batch€l®77) and Einstein (1906), the viscosity of
a low solid concentration suspension, as it isciee in this study (<1%), is almost equal to
the viscosity of the continuous phase alone. Thezewater is used as the model fluid to

perform PIV measurements.

2D velocity fields are measured by PIV in the \atiplane containing the agitation
shaft and placed 45° after the baffle in the rotadl direction. The fluid is uniformly seeded
by tracer particles made of polyamide 12 resingifTéiameter ranges between 5um and 35
um and their density equals 1030 kg.niThese particles broadcast visible radiationsnvhe
they are illuminated by the laser sheet. Theiitfwrs are recorded at 4 Hz on 250 images
pairs by a camera with an optical axis perpendrdoléhe laser sheet. The time interval
between the two images of a pair is set between @@ 5 ms, depending on the rotational
speed of the impeller. An instantaneous veloc#idfis extracted from each image pair by
dividing the two images into interrogations are&82%32 pixels? with an overlapping of 16
pixels and by applying the cross correlation fumtin these areas. A time average velocity
field is then computed from these 250 instantaneelecity fields. The spatial resolution of
the velocity fields equals 2.6 mm. Only the halfhti of the vessel is investigated and the flow
guantities relative to the whole tank volume aentbomputed assuming a rotational

symmetry around the impeller shaft.



2.3 Computation of macro-shear rate field

The macro-shear rate is defined as the velocitgigrd in the perpendicular direction
to the liquid flow. Its componery,, can be estimated from the time average veloaiy fi
measured in the vertical plane by:

e, W, (1)
9z qr

The two others componergs,, g,, computed from equations (2) and (3) respectivey,

Rz

not be directly estimated from the time averagedigf field because the velocity
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Nevertheless, the works of Bugay (1998) and Maetad. (1996) on the description of 3D
velocity fields generated by the propeller A310 #melpropeller TTP, respectively, show that

the gradients"% and%q- have similar spatial and numerical distributiasshe gradients
z r
%and ﬂ:TJZ , respectively. Moreover, gradier%{%&, ﬂ;JR are negligible in comparison to
Z r g g

the others, due to the rotational symmetry, expeptaps near the baffles.

Therefore, the component

g, [TV,
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which may be directly evaluated from the PIV measwnts is a good estimate of the spatial

RZ
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and numerical distributions of the macro-shear. rdteis quantity is representative of the
macro-shear rate prevailing in the stirred tank @ag be used to compare the impellers one
to each other, which is the aim of this study. &o¢ must be aware that the macro-shear rate

componentg,, may not be directly compared to the maximum valuge shear rate that

cells may undergo without damage. In this cab@oa negligible velocity gradients’%ﬁ,
z

U, fuU, TU

9) must be taken into account.
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2.4 Power measurements, average Kolmogorov scad arbulent Collision Severity Index

The global power dissipated inside the vessel Bvasuated as the product of the
measured value of the torque exerted by the impetighe fluid T'(N.m) and of the
rotational impeller speed N’ (rad's
P=N.T’ (5)
A calibration procedure is applied to subtractttirgue due to frictions inside the motor. The

power number of each impeller can be computed by:

P
P r.N°d® ©)

where is the fluid density.

The measurement of the global power dissipatedénie vessel allows computing
the average Kolmogorov scale and the Turbulentiiatl Severity Index.

As explained in the introduction, micro-eddies ngayerate micro-shear rate on cell
surface if their size is equal or smaller than&/ge microcarrier diameter. In a turbulent
flow, the smallest size of micro-eddies is called tKolmogorov scale”, which may be

evaluated by:

3 1/4
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where is the dissipation rate of kinetic energy and the kinematic viscosity.

The kinetic energy dissipation rate may be compatezhch point inside the tank from
instantaneous velocity fields measured by 2D-PIVtbe accuracy of the results is still a
controversial subject. Firstly, it implies assugam isotropic turbulence, which remains
guestionable. Secondly, Baldi et al. (2002) haamainstrated that the spatial resolution of
the velocity field must be smaller than the Kolmamoscale, to avoid a significant
underestimation of the kinetic energy dissipatiaieyleading to an overestimation of the
Kolmogorov scale. To reach a high enough spasdlution (~50 um), PIV measurements
should be performed on a small area with a sudataler than 3 mm?2 because the number of
the camera pixels is limited to 1024 x 1280. Tfaee the measurement of the whole
velocity field inside the half right of the tank wld become a very laborious and time

consuming task.



As the aim of the present study is to compare itapelather than to get an accurate value of
the local kinetic energy dissipation rate, an eated value of the average Kolmogorov scale
from the global power dissipated inside the vekaslbeen considered as satisfactory .

3 1/4
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The Turbulent Collisions Severity Index is a toefided by Cherry and Papoutsakis
(1988) to characterize the collisions between natamoers and their impact on cells. This
index may be described as the product of the frecyuef collisions by the kinetic energy

during these collisions:

(kinetic energyof interaction).(interaction frequencyvolumeg
(beadsconcentraibn)

TCS= (9)

If the relative velocity between beads is estimdigdhe velocity of the smallest eddies in the

flow, the TCS can be approximated by:

3
P -mA 2r.de
TCS= K’Z .p';'z’” (10)
r

where r ¢ is the solid phase density, id the microcarrier diameter ams is the vessel

volume fraction occupied by microcarriers. Cheangl Papoutsakis (1988) have
demonstrated that data relative to several aniglbtualtures on microcarriers correlate quite

well with this approximation of the TCS.

2.5 Choice of the impeller rotational speed

As mentioned in the introduction, the impellersdusethe present study have different
geometries (shape, diameter) and quite differeatateristics. It was decided to compare
hydrodynamics induced in the stirred tank by eagpeller when working at their respective
just-suspended spee¢k.Nrhe experimental determination of the minimunatiohal speed

that leads to a complete suspension of microcarridy; is based on the criterion first defined
by Zwietering (1958), which is still commonly usiecdthe literature, as for instance, in the
studies of Ibrahim and Nienow (2004), Myers e(#094)...

In the present study, 20 litres of the culture medcontaining the microcarriers is placed in
the tank. The microcarriers beads are first homegesly suspended in the liquid medium by

mixing the solid-liquid mixture at a high impellestational speed (200 rpm). The impeller



rotational speed is then set to a smaller valwehath the behaviour of the microcarrier beads
on the tank bottom is studied during 45 minutesibyal observation through transparent
tank wall . This procedure is repeated until réaghhe smaller impeller rotational speed for
which microcarriers beads do not stay more tharsgée®nds on the tank bottom. In this
study, Ns is determined with an accuracy of 1 rpm for eiagbeller.

PIV and power measurements are then performedafdr enpeller at their respective
just-suspended speedi kb characterize the velocity field and the mecbalntonstraints
inside the tank. PIV and power measurementslaoeparformed for 5 other rotational
speeds: 50 rpm, 67 rpm, 85 rpm, 102 rpm and 120toppiantify how the velocity fields and
the mechanical constraints evolve with the rotatiampeller speed.

3. Results and discussion
3.1 The impeller comparison at their respectivé-pisspended speegsN

The seven impellers are firstly compared at trespective just-suspended spegd N
Table 1 presents the just-suspended speadNes, obtained experimentally for each
impeller (column 2) and the corresponding Reynalgisiber (column 3). The ratio between
the volume swept by each impeller and the tankmel@20L) is reported in thé"4olumn.
This table also presents flow field characterigtiantities such as the average and tfe 90
percentile values of time-average velocity distifo in the PIV measurement plane
(columns 5 and 6), the average anl pércentile values of macro-shear rate distribution
(columns 7 and 8), the average Kolmogorov scatherstirred tank (column 9), the ratio
between the microcarrier diameter and the averamégorov scale (column 10) and the
Turbulent Collision Severity Index (column 11).

Table 1

When analysing experimental values of the justsnded speed, it may be noticed
that all impellers do not have the same susperzhpgcity. Roughly, they can be classified
in three categories. The first category includesithpeller EE 150 which presents a very
good suspending capacity as a complete susperssamhieved at a very low rotational speed,
equal to 20 rpm. The impellers A310 156, TTP 1Z 360 and A315 125, characterized by
a similar just-suspended speed ranging betweepm%nd 54 rpm, belong to the second
category. The last category includes the impel&$5 150 and TTP 150 with a just-
suspended speed twice as much as the EE 150 dr%usmaller than those of the second



category. These results show that even if the soighension characteristics are known
(density, concentration, bead size distribution thg, just-suspended speed seems to greatly
depend on the impeller pumping performances. quite difficult to predict a priori the just-
suspended speed. Nevertheless, fAarid the & columns of table 1 show a possible

correlation between Njs (column 2) and the volume by the impeller (Swept volume

2
=P .dTW) (column 4), expressed as a percentage of thevialnkne (20L). This table clearly
highlights that propellers with the smallest Nje aharacterised by the highest swept volumes
(EE 150, TTP 150 and A315 150) while impellers vaitimilar values of Njs have similar
swept volumes (TTP 125, A310, MK, A315 125).

PIV measurements show that the velocity fieldsegated inside the tank by all
impellers when they rotate at their respective-fustpended speed exhibit similarities. This
similarity is illustrated on Figure 3 which showettime average velocity fields obtained by
P.L.V for each impeller at its just-suspended spe€le background grey level is related to
the velocity values (as indicated on the color bdrile the orientation of the velocity vectors
is indicated by the black arrows. For all impeallethe velocity values ranges between 0 and
0.10 m.§. For each impeller, the hydrodynamic pattersdmposed of two recirculation
loops sharing the impeller blade discharge streBimese results are in good agreement with
literature (Bugay et al., 2002; Mavros et al., 1986u et al., 2009; ...). Although globally
similar, the velocity fields present some locafetiénces, as for instance, the angle between
the vertical and the velocity vector direction ietimpeller blade discharge streaMalues
reported inTable 1confirm the similarity between velocity distributiqggenerated by all the
impellers as the average (column 5) and” 9ercentile (column 6) values of these
distributions are very close one to each otlrerefore, these results highlight similarities of
the spatial and numerical distributions of time rage velocity fields when each impeller
rotates at its respective just suspended speedhishb and Nienow (1996) mention in their
study that suspension of solids in liquid phasdosiinated by large macro scale flow. Time
average velocity fields measured in the presemtystwie in agreement with this observation
as a similar time average macro-scale flow is niesefor a given suspension state (here a
just-complete suspension). Moreover, this obsEmas confirmed by the study of Bao and
al. (2002). They experimentally demonstrated tlagjde a square tank stirred by axial
propeller, a same local velocity at the bottomhaf tank is observed for a same suspension

state of glass beads.



Figure 3

As animal cells are considered, sometimes in apsstee way, to be sensitive to
mechanical constraints, the impellers are compatdaeir respective just-suspended speed
on the basis of:

the macro shear rate distribution evaluated froendirivative of the time average

velocity field;

the micro-shear rate deduced from the average Kgnow scale;

the effect of microcarrier collisions characteriggdthe Turbulent Collision Severity

Index.

To give a complete description of the mechanidasanet by animal cells in a stirred tank
bioreactor, mechanical rate created by gas bulbbtesation, coalescence, rupture and burst
should also be taken into account. But the anabfsisese quantities is beyond the scope of
the present study. Indeed, they can not be chaizsteexperimentally from measurements
performed on the experimental setup used and pinedtiction is quite risky as they greatly
depend on the culture medium composition. Theretbie complex problem will be

considered in an upcoming study.

The g,, macro-shear rate component is evaluated for eapblier by computing the

time average velocity gradient inside the PIV measient plane according to equation (4).

Even if this velocity gradient is relative to a lecevhich is several orders of magnitude higher
than the animal cell size or microcarrier one, @fan et al.(1989) have demonstrated that a
time average velocity gradient higher than 2!Srsy damage human diploid fibroblasts FS-4

cells cultivated on microcarriers. Tlgg, component spatial distribution is illustrated on

Figure 4 for all impellers rotating at their resgree just-suspended speetlhe background
grey level is relating to the macro-shear rate esl$'") (as indicated on the colorbar), while
arrows indicate the flow directioin all cases, the highest macro-shear rate vahgeloeated

at the periphery of the ejection area and neatathie walls, as these areas exhibit the highest
velocity gradients. The macro-shear rate is onerasflmagnitude smaller in the other
regions of the tankThe distribution of macro-shear rate values iga&ttarized by its average
and by its 98 percentile values (Table 1" and &' columns). The impeller classification by
increasing values of these two quantities is:

EE 150 < TTP 125 < A310 156 < TTP 150 < A315 158658 160 <A315 125.



Therefore, at their respective just-suspended spkegropeller EE 150 creates the smallest
macro-shear rate, while the propeller A315 125 gere the highest ones.
Figure 4

As shown by Croughan et al. (1989), human dipidicbblasts FS-4 cells cultivated
on microcarriers are damaged when the size ofrtfalest eddies inside the turbulent flow
(Kolmogorov Scale) is smaller than two-third of thecrocarrier size. Given that the average
microcarrier diameter equals 300 um, the threstalde for the Kolmogorov scale should be
around 200 pm. Thé"&column of Table 1 presents average Kolmogorowesealues
computed for all impellers from global values ofngw dissipated inside the tank, while the
10" column presents the values of the ratio betweemterage Kolmogorov scale and the
microcarrier diameter. The results show thatalbrmpellers, the average Kolmogorov scale
is close to the threshold value (2/3). But, onetrbesaware that the Kolmogorov scale is not
constant inside the tank as it varies from onetgoimnother. In particular, it is far smaller
than the average value in the impeller dischangast. For instance, Zhou and Kresta
(1996(b)) have shown that the minimum Kolmogoroalads equal to one third of its average
value for the propeller A310. The classificatmfrthe impellers by decreasing Kolmogorov
scale values is:
TTP 125 > EEL50 > TTP 150 > 3SB 160 > A310 156 > A315 125>A34%6.
This classification indicates that the propellefPTI25 induces the highest value of the
average Kolmogorov scale inside the tank, whilepitopeller A315 150 produces the

smallest one.

Finally, the impellers are classified on the badigcreasing values of the Turbulence
Collisions Severity Index (TCS), which charactesitiee impact of microcarrier collisions on
cells. In their studies, Cherry and Papoutsaki8@)%ave analysed how biological properties
such as the growth rate or the death rate of aallisthe maximum cell concentration evolve
according to the TCS index. They showed that tlavtr rate and the maximum cell
concentration decrease when TCS index is higheradparoximately 5.18° J.s*. For a given
liquid — solid dispersion (as it is the case irsthiiudy), the TCS index only depends on the
global power dissipated inside the tank by the pliep (equation 9). The ficolumn of
Table 1 presents the TCS index values computedlfonpellers at their respective just-
suspended speed. All values are slightly highan the threshold value announced by Cherry

and Papoustakis (1988), showing a possible negeatiget of stirring on cell culture even if



working at this minimal rotational speed. The slAsations of the impellers by increasing
values of TCS index is:

TTP125 <EE 150 < TTP 50 < A315 125 < 3SB 160< A3%6 < A315 150.

Here again, the propeller TTP 125 produces thelsstalCS index value, while the propeller
A315 150 generates the highest one.

From impeller classifications based on an increpsiacro-shear rate, a decreasing
average Kolmogorov scale and an increasing TCjntis clear that propellers TTP125
and EE150 generate the smallest mechanical camstmahen they are used at their respective
just-suspended speed. Normalised values reportédhle 2 allow a better quantification of
this improvement. For each quantity, an averageevisl computed from results obtained for
all impellers at their respective just-suspendestdf(3° row). Values reported in rows 4 to
10 indicate the deviation in percent from this agervalue. From Table 2, it can be
concluded that propellers EE 150 and TTP 125 géegmechanical constraints significantly
smaller than the other tested impellers. The\etfioee seem to be very well adapted for the
mixing of animal cell culture bioreactors. On titber hand, the propellers A315 125 and
A315 150 induce mechanical constraints significahitjher than the average and should not
be selected for this type of operation. Finallg gropellers TTP 150, A310 156, 3SB 160
may be considered as “in the average” as eacleat firesents good characteristics for some

guantities and less good ones for some other diemti
Table 2

3.2 Evolution of velocity fields and mechanical cstnaints as a function of impeller

rotational speed

In this second part of the results analysis, tredugion of velocity fields and
mechanical constraints produced by each impellstudied as a function of the impeller
rotational speed. This analysis is justified bs thct that, during a cell culture, the impeller
rotational speed may be higher than the just-suigabepeed. Indeed, as highlighted by
Cherry and Papoutsakis (1988), animal cells machtsimultaneously on two microcarriers,
leading to aggregates composed of two or more beadstational speed higher thars ié
therefore required to maintain these aggregateaspension. The impeller rotational speed
must also be high enough to ensure a good homagemf the liquid medium and a good
gas-liquid mass transfer in the bioreactor. theyefore important to determine how velocity



field and mechanical constraints evolve if the iffggeotational speed is increased. It allows
to verify if results obtained at the just-suspengpeed may be extrapolated for higher
rotational speeds.

To compare the impellers on the same basis, inrpeltational speed values are all expressed
as multiples of N, which may be justified as follow: Firstly, similaelocity fields have been
observed when impellers rotate at their respegtisesuspended speed. Secondly, Reynolds
numbers presented in table | show that the flovinmegs fully turbulent. The structure of the
time average velocity field is thus well establdhd&herefore, for each impeller, if the
impeller rotational speed is multiplied by a pagtinteger, the velocity values in the velocity
fields should also be multiplied by this positivéeger.

Considering these two observations, one may @xpatsimilar velocity fields are obtained
for all impellers working at rotational speeds esponding to a given value of the ratio
N/Njs.

As a consequence, if one has to work at rotati@peled higher than Njs, to maintain
aggregates of microcarriers in suspension, foamst, a same value of the ratio N/Njs will
probably be appropriate for all impellers. Theufigs 5a and 5b show that the average and
90" percentile values of the time average velocityritlistion increase linearly according to
the impeller rotational speed expressed as mudtipfeNjs. This linear evolution confirms
that the flow is fully turbulent and that the stiwre of the time average velocity field is well
established. For each rotational speed, a ratbisfobserved between the"9ercentile and
the average of the time average velocity valuesgidally, the same ratio is observed
between the slopes of the™percentile curve and of the average curve.

Figure 5
Table 3

Similarly to the velocity distribution, the averaged 98" percentile values of the
macro-shear rate distributions increase lineart wie ratio N/Njs, equal to the impeller
rotational speed normalised by the just-suspenseelds N (Figure 6). This linear evolution
has already been observed by Oldshue (1983) ankit®¥lie et al. (1984). The ratio between
90" percentile and the average value of macro-shéadistribution equals approximately
2.5. Due to the linear evolution of these quaasitthis ratio is also observed between the

slope of the 96 percentile curve and the slope of the averageecu®idshue (1983)



observed a similar ratio value, equal to 2 betwteermaximum time average macro-shear
stress and the average value, in the flow genelst@dRushton turbine.
The impellers can be classified in three group®mling to increasing values of the slopes of
curves on Figure 6 and according to increasingesabf the average and of thé"gfercentile
of the macro shear rate distribution for a givehljNAalue:

Group 1: impeller EE 150

Group 2: impellers TTP 125, TTP 150, A310 156.

Group 3: impellers A315 125, A315 150 and 3SB 160
The impeller EE 150 therefore creates the smathestro-shear rate for all normalised
rotational speed values. Moreover, its supesidrécomes higher and higher compared to
the other impellers if N/Nis further increased. The propeller TTP 125 aldaibits very
interesting characteristics, but they are lescratile compared to other impellers. Let’s
notice that the small values of the curve slopeshfe impeller EE 150 are mainly a
consequence of its very small Njs value. Indeleel average and 8(ercentile of the macro-
shear rate distribution also evolve linearly witle impeller rotational speed N. The slope of
these linear curves, reported in table 4 for afielters, shows that impeller EE150 exhibit the
highest slope.
The linear evolution of the average dand' @@rcentile of the macro-shear rate can be
represented by the equations:
shear_average=a.N+d (11)
90" shear= b.N+f (12)
The constant slope of this lines are respectivgliaéto a and b. Table 4 show that the
impeller EE 150 has the highest values of a anohiyppared to the other impellers.
Nevertheless, when the variable change of N intéjdNis performed, the slope of the lines is

modified according to the following process:

Shear_average=a. NﬁN— +d => Shear_average=e§— +d=>a'=a.Njs (13)
IS Njs
90" shear =b. Njs. - . +f => 90" shear =b + d => b'=b. Njs (14)

Njs Njs
Therefore, the slope a and b are multiplies by Agsthe Njs of impeller EE 150 is really
smaller than other impellers (20 rpm vs 38 to 54rphat explains why the highest value of a
and b multiplies by the smallest value of Njs camdpice the smallest values of the slopes a’,

b’when N is divided by Njs. Nevertheless, in i@, a smaller value of N will be selected



for impeller EE150 than others impellers duringierd of animal cells. That will lead to
smaller macro shear rates too as the figure 6lglaaghlights.

Table 4
Figure 6

Figure 7 presents the evolution of the average Kglmnov scale relative to the
different impellers tested, as a function of themmalized rotational speed N{N As predicted
by correlation (6) and by equation (8) the expenitakvalues of the average Kolmogorov
scale evolve as ’*. To correctly interpret this figure, impellersosiid be compared at a
given value of N/Njs. They should be compared @nltasis on their relative position on
vertical lines in this figure. Given their relagipositions, the propellers TTP125 and EE150
seem to produce the smallest micro-shear rate dgorem ratio N/N;, while the propellers
A315 150, 3SB 160 and A315 125 seem to generateighest one. Nevertheless, the gap
between the smallest and the highest values seeraduce as the ratio N(Nncreases.
Indeed, based on vertical lines analysis, the giyvden the highest value and the smallest

one decreases as N/Njs increases.
Figure 7

Figure 8 presents the evolution of Turbulence Gidlfi Severity Index of each
impeller as a function of the normalized rotatiosded N/N. As predicted by correlation
(6) and by equation (10), the TCS Index followsoaver law (N'%). As the propellers TTP
125 and EE 150 are associated to the smallest i@ values at each NiMatio value,
they seem to produce the smallest impact on cae#igal collisions. On the other hand, the
impellers A315 125, A315 150 and 3SB 160 inducehighest impact. Figure 8 shows that
the gap between the smallest and the highest vafuESS index increases as NyN
increases. So, the higher the N/fdtio is, the more the use of the propellers T2® dr EE

150 is advantageous.
Figure 8

The evolutions, for increasing normalized rotatispeeds N/, of quantities
characterizing the mechanical rate in the stiriedelactor (macro-shear rate, Kolmogorov
scale, TCS index) confirm the trends observed thighimpellers rotating at their respective
just-suspended speed. Moreover, the analysis séteeolutions evidences that it is more and

more advantageous to use the propellers TTP 1EED50, as the N/Nratio increases.



4. Conclusion

The aim of this study is to propose a methodokaitpwing to select the most
appropriate axial propeller to be used inside adaictor for the culture of animal cells fixed
on microcarriers. Due to this particular applicafithe three selection criterions are: (1) the
possibility to maintain microcarriers in completespension, (2) a good homogenisation of
culture medium and (3) the limitations of mechahamastraints.

Seven preselected propellers (A310 156, A315 1281A 150, EE 150, 3SB 160, TTP 125,
TTP 150) have been classified as a function ofritensity of the mechanical constraints they
produce, evaluated on the basis of the followingniities:

the macro-shear rate quantified by the spatialveavie of the time average velocity

fields measured by P.L.V. ;

the micro-shear rate characterized by the compaon$the microcarrier diameter to

the average Kolmogorov scale computed from the pawpeit measurement;

the impact of microcarrier collisions on cells diésed via the Turbulent Collision

Severity index, which may also be computed frompbeer input measurement.
The impeller are first compared at their respedtinge-suspended speeg Bnd then at higher

rotational speeds, expressed as multipliesjof N

When analysing the just-suspended speegdspmigasured experimentally for the
different impellers, it appears that the lowest-gisspended speeds are obtained with the
impellers with the largest swept volume. In spit¢he variety (shape, size, ...)of impellers ,
the velocity fields generated by all impellerstsdit respective just-suspended speed, are
gualitatively (spatial distribution) and quantitegly (range of values) similar, which seems
logical as all these flow fields allow to achievxe tsame performance in terms of

microcarriers suspension.

If the impellers are classified according to threacro-shear rate values, their average
Kolmogorov scale values and their TCS index valitas,clearly noticeable that the
propellers TTP125 and EE150 generate the smalleshamical constraints when the
impellers are compared at their respective jusgpesnded speed as well as at higher rotational
speeds. On the other hand, the propellers A31mha5A315 150 induce the highest
mechanical constraint levels. The mechanicals cains$ produced by the propellers TTP
150, A310 156, 3SB 160 lie in between these twoeax¢ values.



The selection methodology proposed in this worduige original, as it compares
mechanical constraints induced by the impellerafpre-defined performance level in terms
of microcarrier suspension, whereas previous ssudlassically compare impellers at a
constant operating parameter, as the rotationa&dspethe power input. The proposed
method leads to the selection of two impellers, 158 and TTP 125, which fulfil required
suspension and homogenisation performances, wiilensing mechanical constraints.
Moreover, it can be noticed that this selectionhadblogy highlights the good performance
of the impeller EE while the study of Simmons et(2007), which compares this impeller to
a six blade pitched turbine at the same rotatispaéd, has concluded the absence of proof
that the impeller EE generates less shear ratecitvaventional pitched blade turbines.

But the proposed methodology still needs furthdidation, as the optimal rotational
speed may be quite different from the just-suspeérsgeed. Indeed, the optimal rotational
speed also depends on parameters not considetteel pnesent study and which may evolve
during the culture, such as the aggregation ofeoamriers or the aeration needs. To take all
these parameters into account, the optimal rotatismeed has to be determined on the basis

of real animal cell cultures.

Notations

d impeller diameter (m)

dp microcarrier diameter (m)

H liquid height (m)

N impeller rotational speed (rpm)
N'  impeller rotational speed (rad)s

Njs  just-suspended speed of impeller rotation (rpm)

Np power Number (-)

P global power dissipated inside the vessel (W)
tank diameter (m)

T torque on the impeller shaft (N.m)

TCS turbulent collision severity index (3)s

\% tank volume (m3)

W blade height (m)

rz shear rate component comprised in the measurertae (5)



dissipation rate of kinetic energy {1°)
s solid fraction (% vol.)

Kolmogorov scale (m)

dynamic viscosity (Pa.s)

kinematic viscosity (fs?)

fluid density (kg.nT)

s microcarrier density (kg.1)
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Table 1

Values of impeller hydrodynamic parameters air ttespective minimum
rotational speed, i corresponding to a complete suspension of micneca

Comparison of impellers based on their hydrodyiegmarameters measured at
their respective just-suspended speed: for eacdnper, one impeller (rows 4
to 10) is characterized by a standard deviationesélom a mean value

computed for all impellers (rows 2).

Comparison of impellers at higher rotationaloagies based on the slopes of
the linear evolutions with the N/Njs ratio of:

- mean and 90percentile values of the time average velocitydfigolumn 2 -
3)

- mean and 90percentile values of macro-shear rate (column)4 - 5

Slopes of the linear evolutions of mean antl 80the macro-shear rate with the

impeller rotational speed N.

Values of impeller hydrodynamic parameters atirthespective minimum

rotational speed,



impeller Njs Re Swept volume/ Vaveraige Vgou/lu Sheaf\,e,a(_],e She?go% average averagl '[CSl
(rpm) | (-) Tank volume (%)| (m.s”) | (m.s) (s (s (um) dp (J.s"10%3)
EE 150 20 | 7350 8.39 0.026 0.05 1.209 2.6 238 0.79 5.28
A315150| 38 | 13964 3.98 0.020  0.055 1.48¢ 3.6 154  510. 19.48
TTP 150 | 40 | 1470(¢ 2.39 0.030  0.055 1.457 3.4 230 6 0.7 5.80
A310156 | 49 | 10476 1.43 0.031 0.06 1.387 3.4 210 0.7 7.63
TTP125| 50 | 1276( 1.65 0.024  0.045 1.299 3.0 267 0.89 3.71
3SB160 | 53 | 22161 2.14 0.032  0.06p 1.541 5 222 407 6.52
A315125| 54 | 13781 1.50 0.03D 0.06 1.609 2p5 8 0.6 6.24
Table 2 Comparison of impellers based on hydrodynansitameters measured at their
respective just-suspended speed: for each pargreatdr impeller (rows 4 to 10)
is characterised by its deviation (quantified bgtandard deviation value) from
the average behaviour (quantified by a mean vatmpated for all impellers)
(rows 2).
Sheagyerage Sheagoy, average TCS
(sh (sh (um) (J.§'110-13)
Mean value 1.427 34 218 7.81
Standard deviatig Standard deviationStandard deviation Standard deviation
Impeller (%) (%) (%) (%)
EE 150 -15.3 -23.5 9.2 -32.4
A315 150 4.1 5.9 -29.4 149.5
TTP 150 2.1 0 5.5 -25.7
A310 156 -2.8 0 -3.7 -2.3
TTP 125 -9.0 -11.8 22,5 -52.5
3SB 160 8.0 5.9 1.8 -16.5
A315 125 12.8 23.5 -6.0 -20.1
Table 3 Comparison of impellers at higher rotationdoeéies based on the slopes of the

linear evolutions with the N/Njs ratio of :

- mean and 90 percentile values of the time average velocitydfigdolumn 2 -

3);

- mean and 90 percentile values of macro-shear stress (colum&)4 -



Impeller Vavet?-ge Vgo?f Sheagerage | Sheagoy
(m.s) | (m.s) (s-1) (s-1)
EE 150 0.019 0.041 1.122 2.391
A315 150 0.034 0.069 1.696 4.358
TTP 150 0.029 0.064 1.458 3.669
A310 156 0.030 0.065 1.507 3.582
TTP 125 0.026 0.057 1.301 3.542
3SB 160 0.037 0.072 1.665 3.960
A315 125 0.034 0.065 1.603 4.223

Table 4  Slopes of the linear evolutions of mean anll 80the macro-shear rate with the
impeller rotational speed N.
Sheaigverage Sheaﬁo%
Impeller
(s-1) (s-1)
EE 150 0,056 0,120
A315 150 0,045 0,115
TTP 150 0,036 0,092
A310 156 0,031 0,073
TTP 125 0,026 0,071
3SB 160 0,031 0,075
A315125 0,030 0,078
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Figure 2: Impellers design: (a-b): TTP Mixel, (c-4315 Lightnin, (e-f): A310

Lightnin, (g-h): 3 streamed-blades VMI-Raynerij)(iElephant Ear Applikon






Figure 3: Time average velocity fields (f)sneasured by PIV in the vertical plane
containing the agitation shaft and with each ingrelbtating at its just-
suspended speed: (a) TTP 125- 50 rpm, (b) TTP #80pm, (c) A315 125 —
38 rpm, (d) A315 150 — 54 rpm, (e) A310 156- 49 rpin3SB 160- 53 rpm,

(9) EE 150 — 20 rpm.






Figure 4: Spatial distribution @, component of the macro-shear raé) (s the
vertical plane containing the agitation shaft witipeller rotating at its just-suspended speed:
(@) TTP 125- 50 rpm, (b) TTP 150 - 40 rpm, (c) A3Z5 — 38 rpm, (d) A315 150 — 54 rpm,

(e) A310 156- 49 rpm, (f) 3SB 160- 53 rpm, (g) BB+ 20 rpm.



Figure 5: Evolution of the average and of th® pércentile values of time average
velocity distributions (m:%) according to the rotational speed of the impeller



expressed as multiplies ofsN( ) EE 150, () A315 125, ()TTP 150, ( )
A310 156, ()TTP 125, ()3SB 160, () A315 150.



Figure 6: Evolution of the average and of th& pércentile values of macro-shear rate

distribution (§") according to the rotational speed of the impedigrressed as



multiplies of Ns: () EE 150, () A315 125, ()TTP 150, ( ) A310 156,
( )TTP 125, ()3SB 160, () A315 150.

Figure 7: Evolution of the average Kolmogorov sdgla) according to the rotational
speed of the impeller expressed as multiplies;of(N) EE 150, () A315 125,
( )TTP 150, ( ) A310 156, ()TTP 125, ()3SB 160, () A315 150.



Figure 8 Evolution of the Turbulent Collision Setelndex (J.8) according to the
rotational speed of the impeller expressed as pliglsi of Ns: ( ) EE 150, ()
A315 125, ()TTP 150, ( ) A310 156, ()TTP 125, ()3SB 160, ()
A315 150



