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Flow patterns generated by two ChemShear impellers, CS 2 and CS 4 have been measured and flow
numbers calculated; FI = 0.04 for both impellers. Transient and equilibrium drop sizes, d3; pm of
3 different viscosity silicone oils agitated by a high-shear Rushton turbine, RT, a low-shear, high-flow
HE3 impeller and the two ChemShears were determined. The equilibrium d3; are correlated for all
impellers, by d3p = 1300(e7 )08 v0-14 with an R? = 0.94. However, the time to reach steady state and

max.sv

the equilibrium size at the same specific power do not match the above descriptors of each impeller’s
characteristics. In other literature, these descriptors are also misleading. In the case of mixing time, a
high shear RT of the same size as a high flow HE3 requires the same time at the same specific power
in vessels of H/T = 1. In bioprocessing, where concern for damage to cells is always present, free
suspension animal cell culture with high shear RTs and low-shear impellers is equally effective; and
with mycelial fermentations, damage to mycelia is greater with low shear than high. The problems
with these descriptors have been known for some time but mixer manufacturers and ill-informed users
and researchers continue to employ them.
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1. PREAMBLE

In 1993 as part of a project on catastrophic phase inversion (Pacek et al, 1993), we developed a combined
video-strobe-computer technique that gave sharp images at concentrations up to 70% by volume dispersed
phase down to about 25 pm in size, able to follow both the size change and structure of droplets with time
during that process (Pacek et al., 1994a). It consisted of a stereo microscope with a very shallow depth of
field attached to a video camera and gave sharp images of droplets even in intensely agitated liquid-liquid
dispersions by using a strobe light pulsing at the camera framing rate. One of the most interesting features
that emerged from the observations of structure was the presence of complex dispersions for water-in-oil
dispersions (W/O) above about 0.25 volume fraction up to phase inversion where droplets of oil were found
in the drops of water (O/W/O) (Pacek et al., 1994b). Such structures were not seen for O/W dispersions.
This drops-in-drops structure in systems without surfactants present had not been reported in depth before
and was used to explain qualitatively the lower concentration in W/O dispersions at which phase inversion
occurs compared to O/W. Thus, it showed, also for the first time, that the behaviour of O/W and W/O
dispersions is asymmetric (Pacek and Nienow, 1995).
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Using the same video technique, we also began a program measuring drop sizes in a variety of situations,
two of which are very relevant to this Special Issue to commemorate the life of Professor Jerzy Baldyga. In
one study, we used it to measure the steady state drop sizes at two different scales with geometrically-similar
systems stirred with a so-called high shear Rushton turbine. This work indicated that the same size drops
were obtained at each scale when an equal impeller tip speed was used. Such a result is contrary to the
standard analysis of drop break-up based on Hinze—Kolmogorov turbulence theory, which implies equal
drop sizes should be found at the same mean specific energy dissipation rate for geometrically-similar
systems. On the other hand, a number of other experimental studies had also reported equal drop sizes at
equal tip speeds. We were very fortunate to establish a collaboration with Professor Baldyga, who was able
to explain the results using an extension of the basic turbulence theory using the concept of intermittency
(Baldyga et al., 2001).

At that time, almost all studies of liquid-liquid systems had used Rushton turbines, perhaps because
the manufacturers called them high shear impellers and recommended them for liquid-liquid dispersions
implying that they would give smaller dispersed drops for the same specific power compared with other
impellers. Both these points were still valid at the time of the most recent reviews (Ghotli et al., 2013; Leng
and Calabrese, 2016). So in collaboration with Dr Andre Bakker, then with Chemineer, we commenced a
study comparing drop break-up with different impellers, which they marketed, under various descriptors
implying their potential usage. Similar descriptors are still used by Chemineer and many other mixer
manufacturers. Some of that work has been published (Pacek et al., 1999) but some of it has not. Therefore,
given the connection to our collaboration with Professor Baldyga, it seems to be very appropriate to publish
the extended data in this Special Edition. We also take the opportunity to set the findings in a wider context
where such descriptors cause problems and can lead to incorrect impeller choices.

2. INTRODUCTION AND EXPERIMENTAL DETAILS

2.1. The vessel and impellers

The vessel was flat bottomed, baffled, diameter 7 = 0.15 m as was the liquid height H, with four, 0.1T
standard baffles, fitted with a lid so that all air was excluded. Three impellers were supplied by Chemineer,
all of which were placed 0.4T off the vessel base and had the same diameter, D =~ 0.4T. One of these
was the low shear, high flow efficiency, HE3 impeller, D = 0.063 m, recommended for efficient blending.
The other two were the ultra high shear ChemShear impellers, Style 2, CS 2, and Style 4, CS 4, each of
which are recommended for emulsification processes where very small drops are required (Fondy and
Bates, 1963). These impellers are shown diagrammatically in Figure 1 and futher details of the Chemshear
impellers are given in Table 1. The Chemineer impellers were designed to have a power number, Po = 0.33
and measured to be 0.30, (HE3), 0.32 (CS 2) and 0.36 (CS 4) (Pacek et al., 1999). The other was a Rushton
turbine, RT, D = 0.063 m, traditionally known as a high shear impeller, Po = 5.0 and also recommended for
producing small drops in liquid-liquid dispersion by Chemineer. It is also recommended in the Handbook
of Industrial Mixing (Leng and Calabrese, 2004) and its updated version, Advances in Industial Mixing
(Leng and Calabrese, 2016).

Fig. 1. The Chemineer impellers used in this study: High flow, low shear HE3, ChemShear CS 2, ChemShear CS 4
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Table 1. Dimensions and number of the blades of the CS 2 and CS 4 ChemShear impellers and the swept volume of
each of the impellers

CS2 CS4 Impeller swept volume Vi, (m> x 107°)
D =61 mm D = 60 mm
4 blades 12 blades RT HE3 CS2 CS4
length 22 mm length 7 mm
blade depth 10 mm blade depth 3 mm
tapering to 1 mm tapering to 2 mm 3.75 1.25 0.73 0.84
blade width 2 mm blade width 7 mm

2.2. Drop size measurement and fluids used

The technique used for measuring the drop sizes was essentially the same as that described in the Preamble
and published in detail elsewhere (Pacek et al., 1994a; 1994b). Deionised, distilled water was used as
the continuous phase and the dispersed phase consisted of 5% by volume of three silicone oils (pog =
970 kg/m?, o = 35 mN/m) with kinematic viscosities, v of 107% m?/s (1 cSt), 20 x 107% m?/s (20 cSt)
and 100 x 107® m?/s (100 cSt). The vessel was filled with the required amount of water and oil and great
care was taken to remove all air. In a similar manner to the earlier work, transient drop size distributions
were measured until a steady state was reached. The speeds chosen, N rev/s, gave mean specific energy
dissipation rates, (&7) W/kg from about 0.4 to 1 W/kg. The previous work had shown that in this range of
specific powers, the size distributions were the same near the top and the bottom of the vessel (Pacek et
al., 1999). Therefore, measurements were only made at the mid-height of the vessel in this work. From the
size distributions, Sauter mean sizes, d3» pm, were determined as a function of time and after steady state
had been reached.

2.3. Flow numbers

In the earlier work (Pacek et al., 1999), the flow numbers of the Chemshear impellers were not measured;
nor were they available from Chemineer. Here, the flow pattern in the vertical baffle plane of the discharge
of the impellers was measured using PIV as done previously for Rushton turbines (Dyster et al., 1993) and
HE3 impellers (Jaworski et al., 1996) both using LDA. From these flow patterns, the dimensionless flow
number, FI was determined, where

and Q (m>/s) is a measure of the amount of fluid pumped by the impeller defined for radial flow impellers by

w/2

0 = (D +25) / v, (2)dz @)

-w/2

where s is the distance off the tip of the impeller blade and tends to zero for the evaluation of FI, w is the
blade width and V. is the ensemble average radial velocity at each Z level where Z is the vertical direction.
For the HE3, FI = 0.6 (Jaworski et al., 1996); for the RT, FI = 0.8 (Dyster et al., 1993).

https://journals.pan.pl/cpe 79



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

A.W. Pacek, A.W. Nienow, Chem:"Process Eng., 2021, 42 (2), 77-90

3. RESULTS

3.1. Flow patterns and flow numbers for the two ChemShear impellers

The vectorial representation of the resultant mean velocity in the r—z plane is shown in Figure 2 for both
impellers. The rear of the tail represents the point at which the measurement was taken and its direction
and the distance to the small circular head indicates the magnitude normalised by V;;, where V;;, = nND.
It is clear that in each case, the discharge flow is radial and extremely constrained in the vertical direction,
especially compared to that seen with the relatively-wide blade Rushton turbine (Dyster et al., 1993). On
the other hand, the maximum velocity of about 0.8V, for the CS 2 is a little higher than with the Rushton
turbine (~ 0.75V;;,) (Dyster et al., 1993), whilst that for the CS 4 (~ 0.5V};,) is a little lower.
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Fig. 2. Plot of mean velocity vectors in the r—z plane for the ChemShear impellers: a) CS 2; b) CS 4

Based on the width of the tapered blades at their outward extremity and the outward velocities normal to
this depth, the Flow Number of each of the impellers was the same, FI = 0.04. It is also interesting to
determine a “flow number” based on the velocities normal to a depth at the radius of the tip of the blade at
which the flow is horizontal. This depth approximates that of the blades at their root. Using this depth the
“flow numbers” are 0.14 and 0.10 for the CS 2 and the CS 4 respectively, still much lower than the Rushton
turbine and HE3 impeller.

3.2. Steady state drop sizes
Figure 3 shows the equilibrium Sauter mean drop sizes, d3; pm, for the three different viscosity silicone
oils. For the highest viscosity oil (100 cSt) (Fig. 3a), all of the impellers have been used. Because the two

ChemShear impellers gave similar drop sizes (as they had in the earlier work (Pacek et al., 1999)), only
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one of the ChemShear impellers was used for the 20 ¢St (Fig. 3b) and 1 ¢St oils (Fig. 3c). Consistently, the
high shear RT gives drops of the order of 2 to 3 times the size of the other three impellers. On the other
hand, the low shear HE3 impeller gives sizes only up to some 20% greater than the ChemShear impellers
and in some cases, the drop size is less with the HE3 than with the CS 2. The other consistent feature is
that the higher viscosity oils give somewhat larger drops compared to the low viscosity at the same mean
specific energy dissipation rates (specific power input). The raw data for the impellers used with all 3
different viscosity oils is shown in Table 2.

Table 2. Steady state Sauter mean drop sizes, d3; and specific power input, P/M, W/kg, based on: a) the vessel
volume; b) the mass in the impeller swept volume, (€7 )max.sv» W/kg

(8: )/mj‘i’.syi’l;%kg 100 ¢St 20 cSt 1 cSt
RT
0&?39 350 pm 250 pm 230 pm
04620 290 pm 220 pm 150 pm
05758 240 pm 200 pm 115 pm
HE 3
0;;4 175 pm 120 pm 90 pm
?ﬁ 125 pm 100 pm 70 pm
?:Z 95 pm 80 pm 50 pm
CS2
(519 185 pm 120 pm 70 pm
103 120 um 100 ym 65 um
(;7756 95 pm 90 pm 55 pm
CS4
(i’gg 175 pm
?’753 140 pm
20 90 pm
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Fig. 3. Steady state Sauter mean drop diameter, d3, versus specific power input, P/M, W/kg, (= mean specific
energy dissipation rate, (7)) for the different impellers studied: a) 100 cSt; b) 20 cSt; ¢) 1 cSt

3.3. Dynamics of drop break-up

Figure 4 shows the Sauter mean transient drop size, ds;, at the same three specific powers as were used
for the equilibrium drop sizes given in Figure 3a for up to 1 hr at each, for the most viscous 100 ¢St oil for
the RT and the CS 4. The drop sizes were always bigger for the RT as already shown in Fig. 3a but what
is also revealed is that the transients are rather short and very similar for the two impellers in spite of their
very different flow numbers.

#a B} —e—Rushton -#-CS4
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Fig. 4. Sauter mean drop size transients for the RT and CS 4 for the 100 cSt silicone oil as a function of the specific
power input, P/M W/kg (mean specific energy dissipation rate, (£7), W/kg), for the Rushton turbine and CS 4
impeller

4. DISCUSSION

4.1. Steady state drop sizes
It is immediately obvious in Figure 3 that not only does the high shear RT not give the smallest drops, the

low shear, high flow HE3 produces drops which are nearly as small as those produced by the ChemShear
impellers at each viscosity. Such results are similar to those obtained with sunflower oil dispersions in our
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previous paper (Pacek et al., 1999). Since then there have been a few other papers which have shown that
at the same specific power, so-called low shear impellers give significantly smaller drops than so-called
high shear Rushton turbines. For example, a propeller (d3; ~ 0.75 times smaller) (Wille et al., 2001), and
low shear Lightnin A310 (d3; ~ 0.5 smaller) (Musgrove and Ruzkowsski, 2000).

A particularly interesting example compared the drop sizes produced when using a RT, pitched blade turbine
(PBT), HE3 and A310 (Padron and Okonkwo, 2018. They also found that the two low shear impellers,
HE3 and A310 gave significantly smaller drops than the Rushton turbine and the PBT (by a factor of about
2 to 3). As usual, they considered that the equilibrium drop size should be related to the maximum specific
energy dissipation rate found close to the impeller (Leng and Calabrese, 2004) rather than the specific
power (mean specific energy dissipation rate). They determined (&7 )max from the relationship

(ST)max = 054k15/l (3)

where k is the turbulent kinetic energy, m?/s?, and [ is the integral scale of turbulence, m, generally
related to the depth of the blades. Both were obtained on the basis of laser Doppler anemometry (LDA)
measurements made earlier by BHR Group and not generally available. The second approach was the
simple method first proposed by McManamey (1979) for different diameter Rushton turbines and later
used by Davies (1985) to correlate drop sizes from a wide variety of different configurations designed to
produce liquid-liquid dispersions. This method simply assumes that all of the energy dissipation occurs
in the zone swept out by the impeller, which was the technique used in our previous paper (Pacek et al.,
1999). There is some similarity in the two approaches as deep blades will have a larger integral scale and
also larger swept volumes. Both approaches in Padron et al. (2018) gave very similar functionalities but
the fit to the data was a little better with the swept volume approach (R? = 0.98 compared to 0.90).

Given this finding and the information available, the swept volume approach was again used here to give
(€T )max.sv- Table 2 also shows (&7 )max.sv for all runs based on the impeller swept volumes given in Table 1.
Figure 5 shows that this approach works very well. The success of the simple swept volume concept is
particularly valuable as it has been shown that though in the literature, both PIV and LDA measurements
(angle resolved or time-averaged) have been made to determine (e7 )max, the values obtained were very
varied, dependent on how the raw data were manipulated. The latter authors had a similar issue with their
Oown measurements.

In theory for the turbulent flow regime,, the exponent a in the relationship

d32 o (ST)?nax.sv (4)

should be —0.4 (Leng and Calabrese, 2004) but the value found here was about —0.6 for each viscosity.
This exponent is the same as the one found in the earlier work for the low Po impellers (Pacek et al., 1999)
though in that case, the exponent for the Rushton turbine was close to the theoretical value of —0.4. In their
recent paper, Padron and Okonkwo (2018) found that the data for all the impellers fitted an exponent of
—0.4. The reason for this discrepancy is not clear, though there is an extensive discussion elsewhere (Pacek
et al., 1999) and some interesting related concepts involving the impact of coalescence on the exponent
(Baldyga et al., 2001) to which the reader is referred.

From Fig. 5 and Table 2, the impact of viscosity and (&7 )max.sv On drop size can be combined (Fig. 6) to
give the following relationship
d32 — 1300(8T)—0.58 v0.14 (5)

max.sv
where d3; is in pm, (€7 )max.sv 18 in W/kg and v is in ¢St with R? =0.94. Theoretically, increasing viscosity
from 1 ¢St has an almost negligible impact on drop size as interfacial tension provides the major stabilising
force. However, at high viscosity, d3, increases with an exponent of 0.75 as viscosity becomes the dominant
stabilising force (Arai et al., 1977; Leng and Calabrese, 2004). Over the range used here, Arai et al. (1977)
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Fig. 5. Steady state Sauter mean drop diameter, ds;, versus (€7 )max.sv for each impeller with 1 ¢St, 20 ¢St and 100 ¢St
silicone oil

gave an exponent very similar to the present value of 0.14. Interestingly, Equation (5) predicts the drop sizes
for 5% sunflower oil (Fig. 12b, Pacek et al., 1999) allowing for the kinematic viscosity of ~ 60 cSt; and
the difference in interfacial tension of 27 mN/m compared to 35 mN/m for silicone oil using the exponent
0.6 as suggested theoretically.
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Fig. 6. All the d3; pm drop sizes correlated with (&7 )max.sv W/kg and kinematic viscosity, v ¢St

4.2. Dynamics of drop break-up

Figure 4 shows the dynamics of the drop-break-up for the most viscous silicone oil for the Rushton turbine
and the CS 4 ChemShear impeller at 3 different specific power inputs. It is similar to Fig. 6 of our previous
paper (Pacek et al., 1999). The results there were for the dynamics of sunflower oil break-up for the Rushton
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turbine at ~ 1 W/kg and the HE3 and CS4 at ~ 0.5 W/kg where both the latter impellers gave similar
transient times, significantly shorter than the Rushton turbine. Here, the time to reach equilibrium falls
from about 30 min to about 20 min as the specific power increases for the CS 4 impeller (¥ = 0.04) whilst
for the Rushton turbine (FI =~ 0.8), the time is certainly no shorter and may be a little longer. Overall,
from this and the previous work, it can be seen that both the ChemShear impellers give transients very
similar to the high flow HE3 impellers (Pacek et al., 1999) and in general shorter than Rushton turbines.

It is again interesting to compare these findings with literature models. These models (Leng and Calabrese,
2004; Padron and Okonkwo, 2018) suggest that the time to reach the equilibrium stable drop size depends
on the number of times that the drops pass through the highest specific energy dissipation rate in the
impeller region. Clearly the time to achieve the required number of circulations is inversely proportional
to the circulation time, f. which for equal diameter impellers is given by (Pacek and Nienow, 1995),

to o Po3 Fl (6)

With the RT and HE3 having similar flow numbers, this model predicts that the low power number of
the HE3 should lead to a shorter time to equilibrium as found experimentally (Pacek and Nienow, 1995).
However, the very low flow numbers of the ChemShear impeller should lead to much longer equilibrium
times which is not the case either in the earlier work with sunflower oil or here with silicone oil. Again
the behaviour of the dispersing process with the different impellers does not accord with the descriptor
terminology.

In general, the high shear and low shear terms as descriptors of impeller function or effectiveness seem
inappropriate when applied to the impeller types available for producing liquid-liquid dispersions.

4.3. Other examples of problems with the high flow/low shear and high shear descriptors
4.3.1. Mixing time

Mixing time is another aspect of mixing where HE3 impellers and other thin blade hydrofoils such as the
Lightnin A310 are considered as high flow impellers recommended for bulk blending, implying shorter
mixing times at the same specific power. Indeed, if a model based on flow numbers is used to predict
mixing times, that is the outcome (Nienow, 1997). However, based on turbulence theory, the mixing time,
0 s, in baffled vessels with H = T gives the relationship (Nienow, 1997),

O = 5.9T%3 (&7)713 (D/T)~'3 (7)

This equation implies that the mixing time is independent of the impeller type whether a high shear Rushton
turbine, or a low shear, high efficiency hydrofoil such as the HE3 impeller or the Lightnin A310 hydrofoil
(Langheinrich et al., 1998), the Prochem Maxflow-T hydrofoil (Hass and Nienow, 1989) or, more recently,
a low shear “elephant ear” impeller (Simmons et al., 2007).

A form of Equation (7) is now recommended in Advances in Industrial Mixing for a range of mixing
applications including for example the impact of mixing on chemical reactions (Paterson et al., 2015).
Clearly, the concept of high flow impellers as being superior for bulk blending has been superceded in the
literature but it persists in general practice.

4.3.2. Impeller choice for bioreactors

The bioprocessing community has always been concerned about the shear sensitivity of cells to agitation
and so is the literature. That concern was greatly increased with the advent of the production of highly
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valuable biologicals such as viral vaccines and monoclonal antibodies using animal and insect cells in
the 1980s. Because such cells do not have a cell wall, they therefore are perceived as being more easily
damaged by turbulent stresses leading to loss of production or lower product quality. Hence, there has been
a desire to use “low shear” impellers such as the colloquially known “elepant ear” impeller developed by
ABEC (Fig. 7) and now similar geometries are used by other bioreactor manufacturers such as Applikon.
Such an impeller is simply a deep bladed pitched blade turbine with turbulence kinetic energy similar to
that found with other pitched blade turbines and deep hydrofoils (Simmons et al., 2007). On the other
hand, since the “elephant ear”” impeller has deep blades, it does have a relatively larger swept volume and
therefore potentially, a lower maximum specific energy dissipation rate.

Fig. 7. An ABEC “low shear”, “elephant ear”” impeller

There is a particular perception that the high shear Rushton turbine is damaging to animal cells in free
suspension. However, as early as 1992, such cells were reported to grow successfully at the bench scale
with such impellers (Oh et al., 1992). Later, in 2011, work at the industrial scale with Rushton turbines and
low shear propellers showed the same growth and product quality with each (Sandadi et al., 2011). More
recently, the use of Rushton turbines to cultivate CHO cells has been studied at Genentech and showed not
to impact on productivity or product quality at specific powers of ~ 1 W/kg compared to their industrial
scale culture at ~ 0.02 W/kg (Nienow et al., 2013).

More recent concerns have related to the culture of human and bovine stem cells, which must attach to
a surface to grow. The required high surface area is obtained in a stirred tank bioreactor by using a large
number of particles with special surface properties of ~ 200 pm diameter called microcarriers. Here,
Rushton turbines have not been used because the specific power required to suspend particles (here low
density microcarriers (specific gravity <~ 1.1)) is greater with radial flow Rushton turbines than with axial
flow impellers, whether hydrofoils or simple pitched blade turbines (Ibrahim and Nienow, 2004). Thus, it
is the axial flow pattern which aids suspension that is the important impeller characteristic, not its low or
high shear designation (Nienow et al., 2016; Hanga et al., 2020).

The same considerations apply when growing both T-cells and CAR-T cells in stirred bioreactors, which
have also been perceived as shear sensitive. In these cases, particles of ~ 5 pm diameter but relatively
dense (specific gravity ~ 1.4) called Dynabeads have to be employed to activate the cells in order for cell
growth to be achieved. For satisfactory growth with the right product qualities, these Dynabeads have to
be suspended to ensure effective contact between them and cells. Thus again, it is the most effective way
of achieving particle suspension through generating an axial flow pattern that determines the agitator type
and overall configuration of the bioreactor rather than the choice of a high or low shear impeller (Costariol
et al., 2020; Rotondi et al., 2021).

In all the above biological systems, a critical feature is that the magnitude of the Kolmogorove scale of
turbulence at the maximum specific energy dissipation rate should be greater than the size of the biological
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entity or a cell/microcarrier combination if satisfactory culture is to be achieved (Nienow, 2021). With
mycelial fermentations, the cells tend to grow as clumps, which may be of the order of a few mm, so it is
much greater than the Kolmogorov scale and breakage occurs. However, this process has been successfuly
modelled by an energy dissipation, circulation function, which shows, as found in practice, that the so-
called low shear impellers damage the mycelia more than the so-called high shear Rushton turbines (Justen
et al., 1996; Nienow, 2021). Once again, the high shear, low shear terminology is misleading.

5. CONCLUSIONS

PIV studies have been made for the first time of the flow patterns produced in the impeller discharge
region of two ChemShear impellers, namely, the CS 2 and CS 4 models. Both produce very strong radial
flow, rather constrained compared to those produced by the deeper blades of the Rushton turbine. From
these, the flow numbers have been determined and found to be, as expected, very low, FI = 0.04. In spite
of these very low flow numbers, as in the previous related work (Pacek et al., 1999), the high flow HE3
impeller and the high shear CS 4 impeller reached the equilibrium drop size in approximately the same
time, both shorter than the Rushton turbine but less so than in the previous paper. With respect to the
equilibrium drop sizes, at the same specific power, the high shear RT gave much larger drops than the low
shear, high flow HE3 impellers which were only slightly higher than those from the ChemShear impellers
for each viscosity; with drop sizes increasing in line with dispersed phase viscosity. For all impellers drop
size is well correlated with the power dissipated in the impeller swept volume as was recently also shown
by Padron and Okonkwo (2018). The present work alongside that of Pacek et al. (1999) and Padron and
Okonkwo (2018) strongly suggests that when choosing impellers for an industrial liquid-liquid dispersion
application, the concepts of high shear and low shear/high flow impellers is not a helpful one; and that a
Rushton turbine is an inappropriate choice.

These descriptors are also discussed in relation to turbulent mixing time where a high shear RT impeller
of the same D /T as a high flow impeller gives the same mixing time at the same specific power in a vessel
where H/T = 1; as do other radial flow impellers, pitched blade turbines and other hydrofoil impellers
(Nienow, 1997; Simmons et al., 2007). Again, the descriptors are misleading.

Finally, these descriptors are discussed in relation to bioprocessing. The issue here is mainly the perception
that cells are shear sensitive, especially those without a cell wall. Here the “high shear” RT is particularly
considered damaging but it has been shown to grow free suspension cells quite successfully giving similar
cell densities and product qualities as with low shear impellers both at the bench and industrial scale. With
mycelia, where the organism can grow into clump-like structures much bigger than the Kolmogorov scale,
“low shear” impellers cause more clump fragmentation leading to smaller ones at the same specific power.
In bioreactors, when particles are also required to be suspended, then it is the axial flow that is important
not the “shear” designation. Much of the problem of the use of the descriptors high shear/lowshear in
bioprocessing is because of the over concern for the sensitivity of cells to fluid dynamic stress and the use
of outdated literature perpetrated in some textbooks (Nienow, 2021).

As can be seen from some of the references, the misleading nature of these descriptors has been recognised
for some considerable time, yet the mixer manufacturer websites still use them; for example (Indco, 2021;
NOV Chemineer, 2021; Sepro Mixing and Pumping, 2021; SPX Flow, 2021) and there are more. The high
shear/high flow descriptor was developed by Oldshue in Lightnin documents in the 70’s and published in
his book (Oldshue, 1983). Other manufacturers followed suit and have continued to do so. The use of these
descriptors is holding back the use in industry of the developments in academic mixing research, which
many of the users do not follow either, especially in bioprocessing.
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The only advantage of just using these two misleading descriptors is simplicity. Flow patterns are another
simple way; but axial flow impellers such as those with wide blades and a high solidity ratio may be very
effective for gas dispersion (Nienow and Bujaski, 2002; Nienow, 2014) whilst narrow blades are very poor
(Chapman et al., 1983). Unfortunately, there is not any simple way of building on the very substantial
developments in fluid mixing technology of recent years. A leading figure in those developments has been
Professor Jerzy Baldyga. His work was excellent academically and industrially very relevant; but generally
complex and almost never simple, as exemplified in our work with him involving intermittency (Baldyga
etal., 2001).

SYMBOLS
a exponent
dsp Sauter mean drop size, pm
D impeller diameter, m
Fli flow number, dimensionless
H liquid height in vessel, m
k turbulent kinetic energy, m?/s?
[ integral scale of turbulence, m
M mass of fluid in the vessel, kg
N agitator speed, rev/s
P power, W
P/M specific power input, W/kg
Po power number, dimensionless
r radial direction
te circulation time, s
T vessel diameter, m
Vsv impeller swept volume m?
Vr volume of liquid in vessel, m3
Vip tip velocity, m/s
Z vertical direction
Greek symbols
Er mean specific energy dissipation rate, W/kg

(eT)maxsv  specific enery dissipation rate in the impeller swept volume, W/kg

% kinematic viscosity, cSt
Pd dispersed phase density, kg/m?
o interfacial tension, mN/m
Om mixing time, s
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