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Abstract: Although continuous production processes are often desired, many processing industries
still work in batch mode due to technical limitations. Transitioning to continuous production requires
an in-depth understanding of how each unit operation is affected by the shift. This contribution
reviews the scientific understanding of similarities and differences between emulsification in turbulent
rotor-stator mixers (also known as high-speed mixers) operated in batch and continuous mode.
Rotor-stator mixers are found in many chemical processing industries, and are considered the
standard tool for mixing and emulsification of high viscosity products. Since the same rotor-stator
heads are often used in both modes of operation, it is sometimes assumed that transitioning from batch
to continuous rotor-stator mixers is straight-forward. However, this is not always the case, as has
been shown in comparative experimental studies. This review summarizes and critically compares
the current understanding of differences between these two operating modes, focusing on shaft
power draw, pumping power, efficiency in producing a narrow region of high intensity turbulence,
and implications for product quality differences when transitioning from batch to continuous
rotor-stator mixers.
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1. Introduction

A fully continuous mode of production is often desired in most types of industrial processing.
Continuous production decreases the per unit cost of production and reduces the risk of quality
differences between batches. However, batch processing is still commonly employed in many
production lines, especially in the food, pharmaceutical, and cosmetics sectors.

Continuous production does introduce some additional difficulties. The first requirement
is that each unit operation in the production process can be achieved in a continuous setup.
Second, converting a given batch process into a continuous one requires an understanding of what
(if any) differences there are between the batch and continuous versions of each unit operation.
This second difficulty also applies to product development projects for continuous mode production,
since laboratory testing is almost always performed in batch.

This review focus on liquid processing in rotor-stator mixers (RSMs), also known as high-shear
mixers. RSMs, together with high-pressure homogenizers, are considered the standard tool for
mixing and emulsification of liquid dispersions. High-pressure homogenizers are generally used
for low to intermediate viscosity products and RSMs for products with higher viscosities [1].
Whereas high-pressure homogenization is an inherently continuous operation, RSMs can be operated
in either batch or continuous mode. The same rotor-stator head is often used in both batch and
continuous mode of operation, see illustrations in Figures 1 and 2. Continuous mode RSMs are
sometimes referred to as inline (or in-line) RSMs.
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Figure 1. Schematic drawings of rotor-stator mixers (RSMs) operated in continuous (A) and batch (B)
mode of operation.
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Figure 2. Schematics of RSMs for use in continuous (A) and batch (B) mode of operation.

From an industrial perspective, it is important to understand how the characteristics of a given
batch mode RSM compare to those of a given continuous mode RSM. This understanding is crucial for
both converting an existing batch production process to continuous production, and for generalizing
results from laboratory (batch) experiments to pilot and production scale in a product development
process. Since the rotor-stator heads are often very similar between batch and continuous modes of
operation, it is tempting to assume that converting between the modes is straight-forward, both in
terms of production economy (i.e., power draw of the rotor shaft) and in terms of obtained product
quality (mixing or dispersing efficiency). However, as has become apparent in the scientific literature,
this is not obviously the case [2,3]. Great care must therefore be taken when comparing RSMs run in
batch to RSMs run in continuous mode of operation.
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RSMs are used in many different applications, particularly in the food, pharmaceutical,
and cosmetic processing industries. However, as pointed out in an editorial from 2001, despite their
wide use, there has been a lack of fundamental understanding [4]. During the last 16 years there has
been an increasing number of scientific research projects aimed at characterizing and understanding
RSMs. Three major reviews have been published since then, summarizing many of these advances.
In 2004, Atiemo-Obeng and Calabrese provided a comprehensive review of the mechanical designs
of RSMs, focusing on power draw, flow profiles, and scale-up [5]. This review was also updated
in 2016 [6]. Another fairly recent review has been provided by Zhang et al. [7], focusing on power
draw and flow fields, but also providing an overview of the proposed emulsification scaling-laws
and the mass and energy transfer correlations. However, none of these previous reviews provide
a comprehensive discussion on the difference between batch and continuous mode of operation.
Moreover, there has been a number of relevant studies on this in the last couple of years, after these
reviews were written.

The objective of this contribution is to provide a more specific review on what is known about
the similarities and differences between RSMs operated in batch and continuous mode, including the
most recent advances. The intention is to provide an overview, both for engineering professionals
struggling with the transition from batch to continuous rotor-stator mixing, and for the research
community utilizing or studying RSMs. After a brief description of RSMs, this review will focus
on four topics: The shaft power draw (power requirements) of batch and continuous mode RSMs
(Section 3), the flowrate and pumping capacity of RSMs (Section 4), the pumping and turbulent
dissipation efficiency (Section 5), and the implications of these differences on emulsion processing
(Section 6). A summary of recommendations for further studies to resolve remaining issues is provided
in Section 7, and the review is concluded in Section 8. Although RSMs can be operated under both
laminar and turbulent conditions, this review will focus on turbulent RSMs, which are the most
common RSMs employed in industrial applications.

2. The Rotor-Stator Mixer

The term RSM does not refer to a specific design but a range of mixer geometries [5]. RSMs are
produced by several different manufacturers, and each have their own design, or more often several
different designs for use with different applications, see References [5,7] for detailed overviews of
different RSM geometries.

The common denominator of these RSMs is that they all consist of one or several high velocity
rotors and one or several static stator screens separated by a short distance, the rotor-stator clearance,
5. The rotor accelerates the fluid tangentially and redirects it radially through the stator holes or slots.
This gives rise to steep velocity gradients in the stator slot, or in the direct proximity of it, and creates a
narrow region of high intensity hydrodynamics stresses [8-15], which give rise to high mixing and
dispersing efficiency, characteristic of RSMs [14,15].

Although there are many different rotor-stator designs, they can broadly be classified into two
groups based on the rotor: teeth-designs and blade-designs. A schematic view of the two design
principles can be seen in Figure 3. As seen in the figure, the blade-design uses a rotor similar to that
found in a centrifugal pump, either extending all the way from the shaft (as in the figure) or with
shorter blades mounted on a plate attached to the rotor. The teeth-design uses a circular plate-mounted
rotor, as seen in Figure 3. Both blade- and teeth-designs can use different stator screens (differing in
the shape and size of the holes). Many rotor-stator heads also have multiple (i.e., 2-3) sets of concentric
rotors and stators.

Figure 4 displays velocity profiles calculated with computational fluid dynamics (CFD) from two
recently published investigations; one on blade-design [16] and one on teeth-design [11]. Looking at
the general outline of the flow, there are many similarities. We can see how the fluid obtains a high
tangential velocity in the rotor-stator clearance region, and how it is accelerated into a turbulent jet
as it enters the (outer) stator slot. Note that the jet attaches to the leading edge of the stator and that
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the jet only fills a small portion of the slot [8,11,12]. This gives rise to a re-circulation region in the
slots and, consequently, a “back-flow” of fluid that re-enters the slot from the bulk without passing the
rotor [5,8,12,15,17,18].

The same rotor-stator heads are often used in both batch and continuous RSMs [3,19],
the difference is primarily in how they are mounted, and how the product flow is subjected to the
rotor-stator. In batch operation, the rotor-stator is mounted inside a mixing tank, either as an integrated
part of the bottom of the tank as in Figure 1 (as is often the case in production-scale batch RSMs)
or mounted on an impeller shaft lowered into the tank (more common for laboratory-scale batch
RSMs). When used for continuous production, the rotor-stator head is mounted inside a narrow casing,
similar to a centrifugal pump, with an inlet directing fluid towards the center of rotation and an outlet
mounted at the periphery, see Figure 2.

A. Blade-design B. Teeth-design
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Figure 3. Schematic representation of a rotor-stator head with blade-design (A) and teeth-design (B).
D denotes the rotor diameter, and & denotes the rotor-stator clearance.
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Figure 4. Velocity fields calculated using computational fluid dynamics (CFD) for two rotor-stator
heads. (A) The flow field in a blade-design (Silverson RSM), reproduced with permission from [16],
published by Elsevier, 2015; (B) The flow field in a teeth-design (Fluko RSM) from Xu et al. [11],
reproduced with permission from [11]; published by Willey Online Library, 2013. Both show systems
with two rows of rotor-stators.
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3. Shaft Power Draw

The economic benefit of using an RSM depends on the power draw, Py, required to operate the
rotor shaft at a given speed. Much attention has been put into investigating and predicting the power
draw for RSMs.

3.1. Batch Mode RSMs

A batch RSM is principally an impeller mixer, and the power draw of such systems have been
under scientific investigation since the 1880s [20]. From dimensional analysis, it has been suggested
that shaft power scales with rotor speed (N), rotor diameter (D), and fluid density (o) [21,22]:

Pohatt
Np = 21t 1
P= ONADS (1)

Under turbulent conditions, the power number, Np, is constant with respect to impeller speed
and diameter, but depends on tank and impeller geometry [21-23]. Several studies have shown that
Equation (1) is valid for batch RSMs [5,7,8,10,17,24,25]. Fully turbulent, Reynolds number independent,
power numbers are obtained above a critical Reynolds number of approximately 10* [24-27], with Re
defined based on the rotor tip-speed:

_ pND?

K
where p denotes fluid viscosity. The power number Np is often found to be in the range 1-3, depending
on the geometry of the rotor-stator head [5,7,10,17,24,27] and the tank design [25]. These values are
often found to be in the same range or somewhat lower than the power numbers of Rushton type
impeller mixers [22,28].

For impeller mixers, several experimental studies have also investigated and established
mathematical relations for how the impeller and tank geometry influences Np. Less information
is available for batch RSMs. The tank geometry is expected to influence the power draw less
than in tank agitators, since most of the pressure drop occurs in the stator. Regarding RSM
geometry, several high-quality investigations have been published [17,24,25,29], but they often
compare commercial designs and it has been difficult to establish which geometrical difference is
responsible for the observed effects. However, there has been two recent exceptions. One study focused
on the effects of stator hole width (keeping all other design parameters constant) and suggests that Np
decreases with increasing stator hole diameter for a single row Tetra Pak design [10]. Another study,
conducted on a range of commercial available Silverson designs, suggests that the Np is proportional
to the square of the stator hole area [26]. The discrepancy between these two different systems is still

Re ()

not understood.

3.2. Continuous Mode RSMs

For continuous mode of operation, the power draw is more complex as the flow through the RSM
is not set by the system, as in the batch case, but can be varied over a large range by the processing
equipment of the continuous line. Experiments reveal that power draw depends on both rotor speed
and flowrate. During the last decade several experimental investigations, using a number of different
RSM designs, have found support for a three factor model that describes the power draw [7,27,30-34]:

Pshaft = Iyt + ITﬂow + 11, = NPOF)NgD5 =+ NPlPQN2D2 + 11, (3)

where Q is the flowrate through the RSM. Equation (3) can be understood by considering that the
continuous RSM is something in between a batch RSM and a centrifugal pump [5,34]. The first
term, I,y is similar to that found for the batch design, and describes the effect of rotor speed.
The second term, I'lg,y, is similar to the power draw of a centrifugal pump and describes the effect of
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flowrate. The third term, I} is a loss-term, representing the energy lost due to vibrations and losses in
bearings [33].

Equation (3) contains two constants, Npg and Npj. Just as Np for the batch RSM, these are design
dependent but do not change with flowrate or rotor speed. Npy is often found to be on the order of
0.1 and Np; on the order of 10. See Table 1 for specific values of these constants for a few different
RSM designs. Although several studies have compared Npy and Np; values for different commercial
designs [27,28,33,35], no systematic studies describing the effect of different design variables have yet
been reported.

Although Equation (3) has received substantial experimental support, it should be remembered
that RSMs can be operated under a wide set of conditions and such designs differ substantially.
A correction including a fourth and a fifth term has been suggested by Jasinska et al. [16].
However, these extra terms only apply when operating the RSM at flowrates that are below what is
typically used in commercial applications [16] (p. 47), and can therefore often be neglected.

Equation (3) has been used with success for describing power draw in continuous mode RSMs
manufactured by Fluko [27], Silverson [28,33], Tetra Pak [35,36], and Ytron [15]. However, in one
study [35], it was reported that for Conti TDS designs it is more appropriate to use a
different correlation:

P = Nj(Re) - pQN2D? 4 I1;. (4)

Note that N*p in Equation (4) is Reynolds number dependent, in contrast to Npg and Np; in
Equation (3) [27]. It is still not completely clear why this difference is observed. The Conti design
has no obvious geometrical difference when compared to the Fluko, Silverson, Tetra Pak, and Ystral
mixers—for which Equation (3) is valid. The reported Conti design is with a slotted stator and a
rotor with both teeth and blades [37], whereas the designs supported by Equation (3) range from
teeth-designs to blades, and with a variety of different stator designs [7,28,30-34].

Table 1. A comparison of power and pumping characteristics of some continuous mode rotor-stator
mixers (RSMs).

RSM Power Pumping
Characteristics Characteristics * Ref. Figure 5 **
Rotor Stator Manufacturer D (m) Npo Np1 1 c
Blade ~ Creular o poaPak 0.20 0.11 9.2 0.46 -38 [36] I
holes
Blade ~ duare Fluko 0.060 0.24 8.4 0.24 ~1.1 [27] II
holes
Blade ~ Cireular g erson 0.12 0.10 6.4 0.44 32 [34] I
holes
Teeth Teeth Ystral 0.12 0.13 9.7 0.23 24 [34] v
(1 row)
Tecth Teeth Fluko 0.060 0.15 145 0.13 —45 [27] v
(2 rows)

* See Section 5.2 for definitions and a discussion on pumping characteristics. ** Relates the five mixers to the graphs
in Figure 5.
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Figure 5. (A) Plot of Equation (11) to determine the pump constants ¢; and ¢, for the five mixers
in Table 1. (Ppump denotes the pumping power of the mixer and Ilg,,, denotes the flow-term in the
power-draw correlation, see Section 5.2.) (B) Pumping efficiency (7pump) as a function of the flow
number (N() for the five mixers, compared to data for a typical centrifugal pump. Data from [27,34,36].
See Reference [35] for the methodology.

4. RSM Flowrate and Pumping

The net flowrate passing through the stator holes, Q, can be described in terms of a flow-number,
Ng, via: 0
= N5 ®)

This applies for both batch [8,9,11,12,38] and continuous modes of operation. However, it should
be noted that the interpretation and controllability of this value differ substantially between the
two modes. For a continuous RSM, flowrate is an externally set and easily measured parameter.
Flowrate, and consequently N, can be adjusted by varying what is referred to as the system curve in
pump design; the total pressure loss of the system the mixer is connected to. In practice, Ng can be
decreased by using a valve downstream of the mixer or increased by adding a separate feed pump
placed in series with the mixer.

When the mixer is operated in batch mode, however, Ng is a constant that depends on
the geometry of the mixing head [8,9,12,17,38], and to some degree on the tank geometry.
The Ng parameter is important for batch RSMs since it determines how fast the liquid is mixed.
More specifically the expectation value for the time a fluid element spends in the tank between two
passages of the rotor-stator head is [3,19,29]:

Ng

Vr Vr

~Q T NgND¥’ ©

where V7 is the tank liquid volume.

Another difference between the two modes of operation is that Q (and consequently Ng) is
difficult to measure for batch RSMs; it requires a non-intrusive experimental technique for measuring
fluid velocities inside of and just outside of the stator slots, such as laser Doppler anemometry
(LDA) [11,12,38] or particle image velocimetry (PIV) [17]. Alternatively, it can be determined by a CFD
model that has been validated by one of the above-mentioned experimental techniques [17].

Table 2 compiles values of Ng for a number of different batch RSMs and compares them to the
Ng span resulting from operating some different continuous mode RSMs under technically relevant
flowrates [3,16,27,34,39]. As seen in Table 2, flow numbers are between 0.1 and 0.3 for batch RSMs.
Systematic investigations are scarce, but based on a recent PIV investigation, it has been suggested
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that Ng decreases with increasing stator slot width. This phenomenon has been linked to the increase
in backflow obtained when increasing the slot width [9].

Table 2. Flow numbers (Ng) for a number of batch and continuous mode RSMs.

RSM

Rotor Speed, U (m/s) Ngo ) Method * Ref.

Rotor Stator Manufacturer D (m)

Batch Mode of Operation
Blade Rectangular slots Tetra Pak 0.20 3-14 0.11 PIV [8]
Blade Rectangular slots Tetra Pak 0.20 3-14 0.11-0.15 PIV [9]
Blade Circular holes Silverson 0.0028 3-5 0.22 LDA [12,38]
Blade Rectangular slots Silverson 0.0028 6 0.18 CFD [17]
Blade Square holes Silverson 0.0028 6 0.26 CFD [17]

Inline Mode of Operation
Blade Circular holes Tetra Pak 0.20 20 0.02-0.06 - [3]
Blade Circular holes Silverson 0.040 6-22 0.0003-0.037 - [39]
Blade Circular holes Silverson 0.022 5-12 0.0003-0.0095 - [39]
Blade Circular holes Silverson 0.0038 6-10 0.002-0.04 - [16]
Blade Circular holes Silverson 0.12 13-19 0.0005-0.08 - [34]
Teeth Teeth Ystral 0.12 13-19 0.0005-0.08 - [34]
Teeth Teeth Fluko 0.060 5-10 <0.05 - [27]
Blade Circular holes Fluko 0.060 5-10 <0.05 - [27]

* Method used for obtaining the flowrate through the stator slots in batch mode of operation: PIV (particle image
velocimetry), LDA (laser Doppler anemometry) and CFD (computational fluid dynamics). (For continuous mode of
operation, the flowrate is an externally measureable parameter).

For continuous RSMs, N is substantially lower (Ng < 0.1); it is not uncommon that continuous
mode RSMs are operated at a flow number one or several decades below that of batch RSMs.
This implies that the flowrates through the mixer are substantially lower for continuous mixers
compared to those through batch mixers. Using the same rotor-stator head and operating it at
the same rotor speed will therefore result in much lower radial velocities in the rotor-stator region.
This difference can also be explained using a centrifugal pump analogy. The flowrate is determined by
the properties of the pump (what in pump-theory is referred to as a pump curve) and the properties
of the system (the system curve) [16]. Since tanks used with batch RSMs provide a much lower flow
resistance than the pipes used for continuous RSMs, the flowrate becomes substantially higher.

5. Pumping and Turbulent Dissipation Efficiency

RSMs are designed to deliver a narrow region of high intensity shear and/or turbulence in order to
achieve efficient mixing and emulsification. Under turbulent conditions, this corresponds to delivering
a high local energy density or dissipation rate of turbulent kinetic energy (TKE) [13,14,16,40—-42].
When comparing batch and continuous mode RSMs, one should therefore keep in mind that the
proportion of the supplied energy which can be translated into intense turbulence differs between the
two modes of operation.

5.1. Batch RSM

For a batch RSM run under turbulent conditions, all of the shaft energy (except the losses, I )
must ultimately be dissipated as heat. This implies that the loss-free shaft power (P’gh,ft) equals the
total dissipated power (Pgjgss):

P/shaft = Pshaft =1y = Pdiss- (7)

Not all of this energy is available for mixing or emulsification since these phenomena occur in a
narrow region in or around the rotor-stator head [13,40]. The energy that is dissipated outside of this
high-intensity region will be an additional loss-term, seen from the point of view of the efficiency of
converting energy into efficient mixing. Estimations of the local dissipation rates of TKE in a batch
RSM have suggested that approximately 80% of the total dissipation occurs in the high intensity
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region (independent of rotor speed) for a one-row blade design [13]. This value is also close to the one
reported from estimations from CFD simulations [12,17] for a similar geometry.

Assuming that the losses in bearings and those due to vibrations are negligible (I}, /Pgpas << 1),
the energy available for dispersion or mixing in a batch RSM, can be estimated directly by the
power number:

Pgiss = 0.8 - NpoN°D°. (8)

Since the pump number is relatively easy to determine [33] for a given batch RSM, it is also
relatively easy to estimate how much energy is available for turbulent mixing and/or emulsification in
a given batch design.

5.2. Continuous Mode RSMs

It is considerably more complicated to calculate how much energy is available for generating
turbulence when running an RSM in a continuous mode of operation. In this case, energy provided by
the shaft can take two routes: it can either be converted to turbulent fluctuations (and subsequently
dissipated as heat), Pgjgs, Or it can be used for pumping, Ppump- In the latter case, energy is transferred
to increase the average velocity or the static pressure of the fluid, often referred to as the “head” across
the RSM [35]. These effects are summarized via:

Plspatt = Pshaft — IIL = Paiss + Ppump <=> Pyiss = Plshaft — Ppump- )
Reformulated using Equation (3):
Pdiss = Ipot + 1_[ﬂow - Ppump~ (10)

Note the difference between the I1-terms and the P-terms in Equations (9) and (10). I, and
Iyt are the terms used in correlations to model power draw (Equation (3)), whereas Pyjss and Ppump
are the power associated with the two underlying mechanisms of turbulent dissipation and pumping.
As seen below, experimental investigations reveal that the terms in the power draw correlations do not
translate directly into terms in the energy balance (e.g., Ilgow 7 Pfow)- Again, further insight on the
continuous RSM can be gained by comparing it to a centrifugal pump, where the pumping power is
proportional to the flow-term in Equation (3) (Ilge,,) and a linear function of the flow number [35,43]:

Ppump = Hpow - (Cl + CZNQ)r (11)

where ¢q and ¢, are constants that depend on the design of the centrifugal pump. A similar relation has
been shown to hold true for several mixer designs [35]. Figure 5A shows the linear fit of the right-hand
side parenthesis in Equation (11), used to experimentally determined the pumping powers for five
continuous RSMs using data from several different investigators, RSM manufacturers, and rotor-stator
head designs [27,34,36]. See Table 1 for values and design specifications.

Combining Equations (10) and (11) allows one to determine how much of the energy fed into the
system is used for pumping (77pump) and how much is dissipated as turbulence (7sb):

_ Poump _ (c1+c2Ng)Ng
Tpump Plshate  Npo/Np1 + Np’

(12a)

Paws _ Nro/Np1—(1—c1)Ng — 2N
Plgnag Npo/Np1 + Ng '
Note that the efficiency is given by four empirically determined constants: the power draw

constants (Npg, Np1) and the pumping constants (c; and cp). These four constants are relatively easy to
determine experimentally by measuring the power draw and the increase in head across an RSM for a

Neurb = (1 Zb)
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range of different rotor-speeds and flowrates (see Reference [33] for the power draw methodology and
Reference [35] for the pump-constant methodology).

Figure 5B shows the pumping efficiencies for the five different continuous mode RSMs from
Table 1. The pumping efficiency of a centrifugal pump (LKHS50, Alfa Laval, Lund, Sweden) has also
been inserted as a comparison. Just as for the centrifugal pump, the percentage of energy translated
into pumping in a continuous mode RSM (#7pump) varies with flowrate (Ng). For centrifugal pumps,
the flowrate with the maximal pumping efficiency, often referred to as the best efficiency point (BEP) is
always the desired operating point. However, for the continuous RSM, determining which flowrate
is optimal will be considerably more complicated. The primary objective of the RSM is to transfer
as much energy as possible into turbulence. This would suggest that a minimal #7pump (and hence a
maximal #,,,) would be desired. However, continuous RSMs are often also designed to contribute to
pumping the fluid; they are often used without external feed pumps. Hence, for most application a
reasonable balance between pumping and turbulence efficiency is desired.

Note that the teeth-designs generally give rise to lower pumping efficiencies (see Table 1). One of
the RSMs in Table 1 even gives a negative efficiency at high flowrates, implying that it is able to
convert some of the power supplied from an external feed pump into turbulence. This suggest
that teeth-designs are more desirable for applications where RSMs are not intended to contribute to
pumping (i.e., when an external feed pump is used) and that blade-designs are more desirable for
processes without an external pump.

6. Implications for Emulsification

From an industrial perspective, the most important question with regards transitioning from
batch to continuous RSM is how to operate a continuous mode RSM in a way such that it results in
the same product quality as batch RSM. In an emulsification context, this corresponds to the question
of how to predict the resulting drop diameters in batch and continuous operation RSMs, and to the
question of whether there are mechanistic differences between the two products.

Turbulent drop breakup is often explained in terms of Kolmogorov-Hinze theory [44-48],
which suggests scaling relations between the largest drop diameter that can survive a given turbulent
field and the dissipation rate of TKE of that field. Depending on the size of this limiting drop in relation
to the size of the smallest turbulent structures (the Kolmogorov length-scale), different explicit scaling
laws have been suggested, see References [7,41,47] for comprehensive reviews and some different
explicit formulations.

However, as shown for impeller mixers [49] and high-pressure homogenizers [50], in order for this
approach to be satisfactory, the dissipation rate of turbulent kinetic energy should be the local value in
the most intense region (where breakup takes place). However, since the local dissipation rate of TKE
is highly challenging to measure [49], practical application of Kolmogorov-Hinze theory to RSMs are
often based on externally measurable quantities such as rotor speed [31,39,51], the total dissipation
power (Pgiss) [52,53], and the globally defined Reynolds and Weber numbers [41]. The global Weber
number is defined as:

_ pN2D?

We — (13)

where ¢ is the interfacial tension of the drop. The Kolmogorov-Hinze theory is very general, and not
specific to design or mode of operation. However, there is some disagreement in the scientific literature
when it comes to the question of if there are mechanistic differences between emulsification in the
two modes of operation, and hence, if the same scaling law expressions can be used for both modes
of operation.

Experimental studies have reported some systematic differences. Emulsions passed n times
through a batch RSM do not always show the same drop size as an emulsion processed for a time
t = nt, despite the fact that this would result in the same the number of passages though the RSM,
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at least in terms of expectation number [2,3]. Three different standpoints discussing this discrepancy
and the emulsification implications can be found in the RSM literature.

6.1. Flowrate and Its Influence on Turbulence

As previously mentioned, there is a decisive difference in flowrate (and thus in Ng) between
RSMs operated in batch and continuous mode; batch mode RSMs show approximately ten times higher
flowrates (Table 2). The difference between the two systems can be investigated by understanding
the effect of flowrate on emulsification. Hall et al. [39] undertook a large systematic investigation of
emulsification in continuous mode RSMs and suggested that the flowrate-based Reynold number:

Atot,u ’

ReQ (14)
where d is the slot diameter and Ay is the total flow-through area of the stator, has a small but
significant effect on the resulting drop size (when tip-speed is kept constant). When keeping the
geometry constant, it can be shown that Reg is proportional to the product between flow number and
Reynolds number [54]:

Regp « NpRe. (15)

This would suggest that NoRe would be an appropriate scaling law when comparing
emulsification results from batch to inline mode of operation. However, it should be kept in mind
that the variations in flowrate seen in this type of experiment are much smaller than that between
continuous and batch RSMs.

6.2. Radial Flow and Dissiaption Profile Scaling

RSM mixing and emulsification ultimately depends on the hydrodynamic conditions created in
the rotor-stator region. Thus, it is interesting to investigate if there are any differences to the flow fields
between batch and continuous modes of operation for the same rotor speed and rotor-stator head
geometry. Unfortunately, no such experimental studies have been reported. However, a recent CFD
investigation might be used to shed some light on the situation [54]. The study [54] reports flow fields
obtained with CFD for a continuous mode RSM run at different flowrates and rotor speeds. The lower
flowrates correspond to those generally obtained for continuous mode of operation (Ng = 0.007) and
the higher to those obtained in batch mode of operation (Ng = 0.082). The radial velocity profiles
in the stator holes were compared and it was found that neither Reg nor NgReg were appropriate
scaling laws, in contrast to what was suggested in Section 6.1. Instead, it was found that both
radial and tangential velocities (appropriately scaled with rotor speed) were determined by the flow
number [54]. This has an important implication on the difference between the two modes of operation.
Since transitioning from batch RSM to a continuous mode RSM decreases N, the velocity profile in
the rotor-stator head will undergo a substantial change. This change is not merely a scaling due to the
reduction in flowrate but a shift into a fundamentally different turbulent flow [54]. Most notably the
position of the highest local dissipation rate of TKE shifts from the turbulent jet formed downstream
of the slot in the batch RSM flow number, to the rotor-stator clearance for the continuous RSM flow
numbers [54]. This effect is illustrated in Figure 6.



Processes 2018, 6, 32 12 of 17

“Continuous B “Batch
mode of operation” * mode of operation”

Rotor direction
e/vvo") [ B - 1l
137

i | 45 0

Figure 6. CFD-estimated dissipation rates of turbulent kinetic energy TKE in the stator slot region
for the same rotor-stator head run at a flow number corresponding to an RSM run under continuous
mode of operation (A) and run under batch mode of operation (B). Adapted from data obtained in
Reference [54].

A shift in the position of highest local dissipation rate of TKE suggests a mechanistic difference
between the two modes of operation. As seen in Figure 6, the dissipation volume is smaller for the
low-Ng (continuous mode) case than in the high-Ng (batch mode) case. This also suggests that the
average dissipation rate in the two regions will scale with different parameters: with the clearance
length-scale for continuous RSMs and with the slot diameter for the batch RSM. However, this has not
yet been experimentally verified.

Due to the lack of experimentally measured flow fields, this difference in flow pattern between
modes of operation has not yet been experimentally verified, but a validation study has shown that
the CFD model employed is able to capture the position of high intensity local dissipation at least for
the batch RSM [55].

Further insight can be obtained by single drop breakup visualizations. However, only one such
study on RSMs has yet been reported [42]. This study was conducted for a batch RSM (Ng = 0.11) [8]
and showed that drops are deformed and subsequently broken up just downstream of the stator
hole [42], as suggested by the CFD simulations for the Np-values found in batch RSM (i.e., in Figure 6).
However, no corresponding investigations on continuous RSMs (or low Ng-systems) have yet
been reported.

6.3. A Purely Stochastic Effect

An altogether different, but highly promising approach to describe the previously reported
differences between batch and continuous modes of operation on emulsification results has recently
been reported. Carrillo De Hert and Rodgers [19] suggest that the differences only apply if the wrong
scaling is employed when comparing data from different modes of operation.
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In the first step of their study, they conclude that the mode drop diameter, dy, resulting from
processing an emulsion n times through their continuous mode RSM at flowrate Q and rotor speed N
is given by [19]:

do = CQ V/SN6/5,71/5, (16)

Note the —6/5 exponent, that corresponds to the scaling expected from Kolmogorov-Hinze
breakup in the turbulent viscous regime [7,47].

The authors then continue by suggesting that the only difference between continuous and batch
modes of operation is in the stochastic effect of the rotor-stator head passage [19]. After processing an
emulsion for a time ¢ in a batch system, the expectation number of the number of passages is:

=—. 17
n=_ (17)
However, for each volume element of the emulsion, the actual number of passages is a stochastic
property following a Poisson distribution. By assuming that Equation (16) (the model for continuous
mode of operation) applies each time a volume element passes the rotor-stator head, they conclude
that the corresponding model for a batch system after being processed for a time t would be [19]:

— cOl/5N-6/5 . gty L EY!
dy = CQ'°N [exp(t/T) —1] gnl/Sn!(T). (18)

Moreover, for /7 > 2, Equation (18) converges to [19]:

t _1/5
do = cQ“SN—(’/S(T) , (19)

which was found to accurately describe their data for a wide range of properties [19].

These results suggest that there is no mechanistic difference between the modes of operation
and that (at least when processing times are fairly large) emulsification results can be translated
directly using Equation (17); one continuous mode RSM passage would then correspond directly
to processing for ¢/ 7 in a batch RSM. However, this is not completely general. In a previous study
on emulsification of mayonnaise, it was concluded that this scaling was inadequate to describe the
experimental differences [3]. The reason behind this discrepancy is still not understood, but it is
hypothesized that it is related to the higher volume fraction of oil in Reference [3] which increases the
complexity of the process.

In summary, there is as of yet no consensus in literature on which (if any) of these theories
(Sections 6.1-6.3) best describes the differences between emulsification efficiency in batch and
continuous modes of operation. Some of the confusion can be explained by postulating that the
underlying differences between batch and continuous modes—i.e., the higher flowrate in batch
systems—are the different hydrodynamic effects of the rotor-stator head in RSMs with different
designs. It might be that the Reg-scaling is appropriate for the design investigated by Hall et al. [39]
(a pilot scale Silverson dual blade design), that the Ng-scaling is appropriate for the design investigated
by Hékansson et al. [54] (a production scale Tetra Pak blade design), and that there is no mechanistic
difference for the design investigated by Carrillo De Hert and Rodgers [19] (a laboratory scale Silverson
blade design). However, it is not clear why these different behaviors would occur, and how they could
be linked to the design differences. Further investigations are needed in order to draw any definite
conclusions on this matter.

7. Suggestion for Further Research

During the last couple of years, significant advances have been made into improving the
fundamental understanding of RSMs in general and more specifically on the difference between
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batch and continuous modes of operation. However, there are still a number of issues that need further
investigation, especially when it comes to the difference between continuous and batch modes of
operation:

e  Although general models for the scaling of power draw with operating parameters have now
been obtained for both modes of operation (Equations (1) and (3)), there is still a lack of systematic
investigation into how the model parameters (Np, Npp, Np1) depend on the design parameters
(rotor, stator and tank dimensions). A better understanding of this would be helpful in the
mechanical design of both batch and continuous mode RSMs.

e  As seen throughout this review, the continuous mode RSM could be seen as something between a
batch RSM and a centrifugal pump. Further investigations on the relative pumping and turbulence
producing properties of different mixer designs (i.e., determination of pumping constants, ¢; and
c2) would be helpful for choosing the right rotor-stator head for a given application.

e  Alarge number of experimental studies correlating drop sizes to operating parameters have been
published, but it has been difficult to use these studies to obtain a fundamental understanding
of the breakup process or the underlying hydrodynamics of RSMs. The single drop breakup
visualizations reported by Ashar et al. [42] shows a promising alternative approach where
the breakup probabilities are measured directly and then linked to the local hydrodynamic
conditions. Expanding these types of investigations into other RSM geometries and repeating it
for a continuous mode RSM is needed to further our fundamental understanding.

e As seen in Section 6, there is some remaining uncertainty whether there exist mechanistic
differences between breakup when using the same rotor-stator head in the batch or continuous
mode of operation. Comparing the scaling suggested by Carrillo De Hert and Rodgers [19] to
data from more RSM designs could be one way towards reaching a more definite conclusion;
single drop breakup visualization in a continuous mode RSM at varying Nq-values would be
another interesting way forward.

8. Summary and Conclusions

The objective of this contribution was to review the current scientific based understanding of
the differences between RSMs in batch or continuous mode of operation. Section 3 showed that
correlations for shaft power draw are available for both modes of operation, allowing for accurate
prediction of process economy in terms of energy expenditure. In Section 4, it was seen that the
flow number (N(), and consequently the flow through the stator screen, Q, is considerably lower for
continuous mode of operation (compared to batch mode) when using the same rotor-stator head and
operating it at the same rotor speed. Section 5 showed that, in general, a much higher proportion
of the energy fed to the shaft is converted into turbulence in the high-intensity region where mixing
and emulsification takes place for a batch RSM than for an RSM operated in continuous mode. For a
continuous mode RSM, more of the energy is used for pumping (i.e., increasing the head of the
flow). Section 6 discussed what this implies when comparing emulsification efficiencies between the
two modes of operation. Several different theories have been suggested, but there is of yet no clear
consensus in the literature for how continuous mode RSMs should be operated in order to give the
same emulsion as in a batch RSM.
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