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Abstract: In many technological processes, liquids or mixtures of mutually insoluble liquids,
suspensions, emulsions, etc. are used as working media. The transformation of the energy supplied
to such media and the related effects can be usefully realised not only for the implementation of
technological processes but also for their intensification. In this connection, an important task in
increasing the efficiency of the use of the supplied energy is the analysis of the processes that take
place in liquids or their mixtures at the level of thermodynamic saturation. In this work, it is shown
that the creation of thermodynamic conditions for local energy transformation in a disperse system
significantly increases the intensity of heat and mass transfer processes, and in some technologies,
e.g. homogenisation, dispersion can be increased by 2-3 times in comparison with traditional
methods at the same energy consumption.
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1. Introduction

Energy conversion technologies are based on interfacial interactions at liquid-liquid and liquid-
solid interfaces. This review summarises recent advances in fluid interface manipulation techniques
such as structured liquids and ultrastable emulsions, as well as various applications based on fluid
interfaces and reactions occurring in these local volumes.

The application of multicomponent liquid media in various technologies is usually conditioned
by the purpose of the technological process and requirements to the quality of the finished product.
And only as a secondary task are methods of reducing energy costs for the implementation of
technology, which in fact can be considered as intensification tasks.

Traditionally, the solution of the problem of intensification of technological processes is reduced
to the use of various kinds of external physical influences on the system, which allow us to change in
the desired direction the state of the thermodynamic system and the rate of transfer processes in it in
order to increase their efficiency, increase the productivity of technological equipment, improve
product quality, as well as to reduce energy costs. In this list of intensification tasks, we will
emphasise the problem of energy saving, which is currently topical in all countries [1-6]. The search
for ways of intensification and scientific substantiation of the optimal method of energy impact
requires a clear understanding of all physical mechanisms and phenomena that determine the course
of the process under study, as well as a detailed consideration of the main factors, which implies the
ability to adequately model this process and predict the response of the system to external influences.

Practically all technological operations related to the processing of liquid disperse systems are a
set of several typical processes: mechanical, hydromechanical, thermal, mass-exchange, and
chemical. Depending on the intended purpose of the technology, one or some of these processes may
be determinant. For example, hydromechanical and mechanical processes are mainly responsible for
dispersing and grinding the dispersed phase. In those technological operations that involve the
transfer of energy or mass from one phase to another (dissolution, crystallisation, extraction,
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absorption, aeration, evaporation and many others), heat and mass transfer processes play a
determining role.

Usually, when selecting one or another physical effect for the purpose of intensification of a
technological process, the general rule is guided by the following: the physical effect should be
carried out at the level at which the process proceeds [7-9]. For example, to create dispersions
(homogenisation), mechanical or hydromechanical action is the most effective, whereas to accelerate
the processes of heat and matter transfer occurring at the molecular level, physical action at the same
level will be more effective. Therefore, a trivial way to increase the extraction, dissolution,
evaporation, absorption, etc. rate is to change the temperature of the system. However, in specific
technologies, the temperatures are usually within narrow limits and reasonably well established. In
these cases, acceleration of convective rather than molecular transport on both sides of the interfacial
surface using the same mechanical action at the macrolevel, for example mechanical stirring, may be
more effective [10-13].

Consequently, any method of stimulating hydromechanical processes aimed at grinding
dispersed particles and increasing the specific surface area of phase contact contributes to the
acceleration of heat and mass transfer and chemical processes occurring at the microlevel [14-16].
That is, any method of intensification can be accompanied by the mutual transformation of different
types of energy, which in turn increases the efficiency of the corresponding technologies.

In modern production facilities, hydromechanical and heat and mass exchange processes are
intensified by supplying external energy. Energy is introduced into the apparatus by means of
mechanical mixing [17-19], jet ejection [20,21], creation of mechanical vibrations in the volume of the
mixture [22,23], use of centrifugal forces [24-26], acoustic or pulse effects [27-29], powerful electric
discharges [30-35]. In spite of the obvious difference of methods of external energy input and
methods of intensifying influence on processes in dispersed media, all of them fulfil practically the
same functions: they promote forced relative motion of phases; provide deformation and crushing of
dispersed particles (increase the contact surface of phases); influence the residence time of a dispersed
particle in the volume of the apparatus; carry out uniform distribution of a dispersed phase in a
continuous medium, etc. In our opinion, all these methods with their obvious differences are
characterised by some common patterns that limit their effectiveness.

Firstly, effective heat and mass transfer occurs predominantly in the area of energy input,
including the edge of the agitator blades, the rotor disc, the mechanical parts of the vibrator, and the
jetinput zone. Secondly, the distributed supply of initiating energy results in its inefficient utilisation.
For instance, despite intensive mixing in the working volume, the predominant movement of the
mixture is macro-mechanical, with a continuous medium and dispersed inclusions moving as a single
entity. Consequently, the relative motion of the phases is negligible, and convective transport at the
interphase surface is initiated weakly. The predominant influence on the rate of transport processes
occurs in a small local volume near the energy input zone. A significant proportion of the injected
energy is unproductively expended on overcoming viscous and friction forces, with only a minor
part being usefully utilised directly for intensification. To enhance the efficiency of various
technologies, it is imperative to establish local energy supply and ensure the presence of a sufficient
number of input centres for this energy. The following section will examine the realisation of the
aforementioned concept through the lens of the primary, archetypal technologies.

2. Methods of Intensification

2.1. The Local Intensification of Mass Transfer Processes Is a Key Consideration, as Is the Mechanical Energy
Supply

Consider an example of a process where the task is to produce an emulsion of a given particle
size in a small vessel using a stirrer. There are many technologies available to solve this problem

where it is common for the free energy of emulsification to be positive. This means that emulsification
is rarely a spontaneous process and therefore requires energy input. This energy usually comes from
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mechanical shear [36—40] provided by different types of mixers [41-48], and the final size of the
emulsion droplet depends not only on the chemical composition but also on the amount of energy
applied [49-52].

Simple paddle-type mixers are suitable when the required droplet size exceeds ~10 um, but a
higher phase shift is usually required to obtain smaller droplets. In this case, it can be argued that
there are certain limits to this shift, beyond which it is not possible to increase emulsion dispersibility.

Thus, it is possible to stir a liquid mixture for any length of time and expend a huge amount of
energy during this time, but the required result cannot be achieved if the agitator speed (input power
Wo) is not high enough. At the time interval of energy input (A7—co), the energy input E-=W-A1—sco.
It is enough to slightly increase the speed to provide the required power level Wer for the given
conditions, and the emulsion with a given particle distribution will be obtained in a very short time
Atmin at a small energy input Emin=WerATmin. In this example, the achievement of the result is
associated with the obligatory exceeding of a certain power level Wes in the working volume of the
apparatus, and Wef and Awmin are mutually independent parameters.

If with the help of the same stirring device it is necessary to accelerate any mass-exchange
process, for example, the dissolution of crystalline particles in liquid, then the process of dissolution
(or complete saturation of the liquid) will undoubtedly be completed for a finite time at any stirrer
speeds, even extremely small [53-55].

The mass transfer process can be intensified again by increasing the stirrer speed, but in this case
the dissolution rate increases only monotonically with increasing speed. In this case, the duration of
productive operation of the stirrer A1 will be shorter the higher the power input W, but only up to a
certain limit. The energy consumption is determined by the relationship E=W-A7, but in this case
At=f(W). Once a certain level of intensification is reached, when convective mass transfer no longer
limits the dissolution rate, further increases in apparatus power will not contribute to further
acceleration of the process. Thus, when mass-exchange processes intensify, there is also a value of the
limiting power, but unlike the previous case, it defines an upper limit. An additional increase in input
power will only lead to an increase in unproductive energy consumption. Consequently, when
intensification methods are used to break up dispersions, the specific power level must necessarily
exceed Wep, value determined for the given conditions in order to ensure a positive effect of the
operation, but it should not be much higher than We, in order to avoid unnecessary energy
consumption. When intensifying mass transfer processes in dispersed media, there is no such strict
limitation if W<Weff. Considering that in modern technologies the main requirement is to increase
productivity by reducing operating time, the conditions W— W.g, AT— ATmin become obvious.

Thus, a positive result cannot be achieved even at very high energy inputs if the specific power
in the working volume of the apparatus does not exceed a certain level (Figure 1). The same figure
schematically shows that to obtain the desired effect with minimum energy consumption, it is
necessary to provide within a short time (A7— Atuin) a certain power level (W—W.p) or, in other
words, to transform the input energy into the form of short powerful pulses in local volumes of liquid
where the working process is supposed to be carried out, for example, at the boundaries of dispersed
phase of emulsion, suspension, etc.

Such initiation of heat and mass transfer processes is currently used, for example, with ultrasonic
generators [56-58], electrohydraulic generators [59-61], mechanical vibrators, and others. Wide
application in industry of such high-performance methods is limited, as a rule, by insufficiently high
efficiencies of existing apparatuses, which is associated with significant energy consumption, the
level of which is lower than Wey.
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Figure 1. Schematic representation of the effective energy input from the point of view of intensification of heat

and mass transfer processes in dispersed media.

At continuous energy input with W< Wy the required level of intensification is not achieved
even at infinitely large energy inputs.

At pulsed energy input with W > W, the required level of intensification is achieved in a short
time with minimum energy input.

2.2. Unproductive Energy Consumption Associated with Intensification of Technological Processes

Only a small part of the energy input into the apparatus is used for useful work, e.g. for grinding
of dispersed particles or acceleration of mass transfer processes. Most of the energy is used to set in
motion and move the entire mass of the liquid mixture, and this leads to irreversible dissipation of
energy because of losses in various hydraulic resistances.

Let us return to the example of preparation of fine emulsion in an apparatus with an agitator. If
we increase the volume of the mixture in the apparatus, then, in principle, to achieve the same degree
of dispersion, it is not necessary to increase the power value at the inlet of the apparatus Wy, since the
level of specific power Wey necessary for achieving the desired effect is achieved only in a small active
zone near the agitator (in the energy input zone) [62-66]. The volume of this local active zone does
not depend on the total volume of liquid in the apparatus. As the volume of the mixture in the
apparatus increases, the duration of the preparation of the emulsion will increase significantly,
because it takes time to repeatedly recirculate the liquid from the passive zone of the apparatus,
where the intensification level is small (W<< W), to the local active zone, where W > Wer [67-69]. In
order to realise such recirculation, large volumes of fluid must be moved, and it is for this reason that
the magnitude of the power input must be further increased. A smaller part of the input energy is
used productively in the core with volume Va« to crush emulsion particles. Part of the energy is spent
without performing useful work in the passive zone with volume Vyus>>Vic. Finally, the largest part
of the energy is spent on overcoming friction forces during recirculation of the mixture from the
passive zone to the active zone. The total energy expenditure can be estimated using the formula

E= {WeffVact + VVpasV;ms}AT + Erec 1)

In light of the fact that dispersion crushing in the local active zone constitutes a one-stage
process, it would be logical to remove the part of the emulsion that has already been processed from
the apparatus in a single step, in order to preventing recirculation of particles that have been broken
into the active zone. In such a scenario, the working volume of the apparatus should not exceed the
volume of the core. In order to reduce overall energy consumption, operations related to the grinding
of the dispersed phase (e.g., emulsification, homogenisation) are preferably carried out in flow-type
apparatuses with a short stay of the treated mixture in a compact active zone. In the production of
fine emulsion or suspension (eg, water-fuel emulsions, homogenised food mixtures), high
performance flow-type apparatuses, such as valve homogenisers [70-73], have replaced conventional
stirrers. These valve homogenisers offer enhanced productivity but exhibit comparatively high
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energy consumption. To enhance the efficiency of these systems, two approaches can be adopted.
Firstly, the amount of energy input can be increased, for example, by increasing the pressure at the
inlet of the valve homogeniser or by increasing the stirrer speed. However, this would result in an
increase in energy consumption. Alternatively, the volume of the local core can be reduced, which
would require additional liquid recirculation from the passive to the active zone, thereby increasing
energy consumption. An alternative solution would be to create a large number of local active zones
with W=Wes throughout the entire working volume of the apparatus and completely exclude the
passive zone.

The use of flow-type apparatuses for intensification of mass transfer processes would be
inexpedient, since mass transfer processes are slow compared to the almost instantaneous destruction
of dispersed particles. A single stay of the mixture in the active zone would require a long time, and
the productivity of such apparatuses would be low.

To accelerate the processes, it is advisable to provide favourable hydrodynamic conditions
directly in the vicinity of each disperse inclusion simultaneously. The ideal variant would be to divide
the working volume of the apparatus into a large number of active zones (comparable in number to
the number of dispersions in the volume) and to create in each of the zones an optimal level of specific
power We. According to (1), this would contribute to the most efficient use of the input energy. If the
optimal power level (W > W.p) is ensured, the duration of processing of the disperse system will be
minimised, and this is achieved by introducing energy into each of the active discrete zones in the
form of powerful short-term pulses, i.e., discretised in time.

2.3. Main Factors Determining the Intensification of Processes

With respect to heterogeneous media, intensification of heat- and mass-transfer processes is
determined, first of an all, by the possibility in the initial increase of specific interfacial surface S as a
result of dispersion of one of the phases.

Along with this, a certain contribution to the acceleration of interfacial heat or mass transfer is
made by an increase in the transfer coefficients k, for example, due to an increase in the convective
component of transfer or due to perturbation of the interfacial surface. Finally, the intensification of
processes in dispersed media is associated with the possibility of maintaining a sufficiently high
difference of transfer potentials AU on both sides of the interfacial surface. Transfer intensity I, which
is determined by the amount of substance or energy transferred through the interfacial surface per
unit time per unit volume of the apparatus, is a function of all three of these factors and is determined
by the formula

I=k-S-AU (2)

When technological operations in liquid dispersed media, preliminary crushing of the dispersed
phase is used primarily as a necessary factor in accelerating the transfer processes. In these cases,
when crushing of the dispersed phase itself is the main purpose of the operation, the increase in the
specific interfacial surface area is not considered an intensifying, but rather as a stimulating factor,
since the increase in S contributes in this case not so much to the acceleration of the process but to the
possibility of carrying out this operation at all [74-77].

Regardless of the method of intensification, an important condition that provides a fundamental
possibility to influence the rate of processes in dispersed media is the presence of mutual phase
motion. An increase in the velocity of the relative motion of the dispersed phase wr=vi-v. favours an
increase on each of the parameters in the right-hand side of equation (2) and therefore the relative
velocity is the initial factor that provides intensification in dispersed media [78-80].

In the absence of external mass forces, the relative motion of the phases is only possible if the
carrier (continuous) phase moves with acceleration, i.e. g=dv/dt#0, and the level of dynamic
influence on the dispersed particle is the acceleration higher the value g in its vicinity. As
demonstrated in [81-83], the nature of the relative motion of a particle is independent of its initiation,
whether by gravitational acceleration go or by continuous phase acceleration g=dv./dt of equal
magnitude.
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The transformation of the flow velocity dv/dt is analogous to the conversion of the kinetic
energy into other forms of energy, and the magnitude of the flow acceleration g is proportional to
the rate in the change of specific kinetic energy ¢x, or the value of the specific power W=dex/dt. This
parameter functions as a quantitative characteristic of intensifying influence on processes in disperse
media.

Another possibility of influence on a dispersed particle is associated with the action of shear
stresses, when there is a velocity gradient v in the direction of the y-axis perpendicular to the flow
direction (Figure 2).

> > —> - — ——» .

> — ‘
—> <

|

Figure 2. Schematic representation of the factors that provide the relative motion of a dispersed particle in the
flow: a) Abrupt acceleration or deceleration with the flow in channels of constant cross section dv/07#0; 0v/0x=0;
(b) Widening or narrowing of the channel cross section dv/97=0; dv/0x#0;. (c) Action of tensile stresses in shear

flows.

The velocity vectors of the continuous phase relative to the particle at the points located
symmetrically with respect to its centre are directed in opposite directions, and the particle is
subjected to a tensile moment of forces that can lead to its destruction. The forces of hydrodynamic
interaction of the particle with the medium are proportional to 0v/dy, so that in this case, also, the
level of intensification is determined by how much the velocity of the carrier phase v changes, but
not in time, but along the spatial coordinate y. The energy indicator of the efficiency of this
mechanism is the rate of change of the kinetic energy flux in the y-axis direction, that is, the value dex
/dy. Such mechanism is realised, for example, at the tangential flow of liquid in a narrow gap between
two coaxial cylinders, one of which rotates with high speed (Couette flow).

Consequently, either the specific power or the magnitude of the kinetic energy gradient in the
vicinity of an individual dispersed particle can serve as quantitative indicators of the degree of impact
on the particle. The question is how to achieve high values of dex/dy or dex/dx with a minimum input
energy.

3. Intensification of Heat and Mass Transfer Processes in Localised Volumes

Thus, there are two obvious possibilities to increase the rate of kinetic energy transformation.
One of them is to achieve high values of AEW/A7 by increasing the value of AE=Ei-E, i.e. due to an
increase in the energy level at the inlet to the apparatus.

Another possibility of achieving high values of W=AEW/At is to reduce the kinetic energy
conversion time At at a relatively low level of AEk. It follows from the relation AE=W-A7 that for a
given level of intensification W, the energy consumption is less the shorter the effective exposure time
At. In the interest of energy saving, it is reasonable to apply an intensifying effect in the form of
powerful but short pulses.

Figure 3 schematically shows that increasing the specific power (intensification level) from the
value Wi to the value W2 by increasing the value AExleads to large additional energy losses E.is, while
achieving the same power level W2 by reducing A7 does not require additional energy input. Local
energy input is most effective in dispersed phase comminution processes because particle crushing
is a one-step act that requires a sufficiently powerful impact for a very short time.

Similarly, when using the mechanism of shear stresses in narrow gaps, it is reasonable to
maintain a high level of intensification determined by the parameter dEk/dy, not so much by the
power applied to the rotor shaft (which provides a high value of AEx), but by reducing the gap
thickness Ay.
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Figure 3. Schematic representation of alternative ways to increase the power level in the apparatus W=AEW/A~:
a) Increasing the power level by increasing the kinetic energy at the inlet AEi=Ex-Ex2 leads to additional energy

loss; b) Increasing power by reducing the duration of exposure At provides a reduction in energy consumption.

From the point of view of energy saving it seems more efficient to have the same high level of
energy transformation in the whole volume because of the discrete distribution of a large number of
active zones (points of local energy input). When developing new methods of intensification of
technological processes in heterogeneous media and creating effective apparatuses on this basis,
temporal and spatial discretisation of the input energy is a necessary condition if the issues of energy
and resource saving are put in the first place.

4. Alternative Approaches to Intensification of Processes in Dispersed Media
4.1. Local Isotropic Turbulence

Traditional methods of process intensification in heterogeneous media are mainly based on the
concept of local isotropic turbulence, the foundations of which were laid in the works of Kolmogorov
[84] and which are being developed to the present time [85-90]. According to this concept, the main
role in interfacial heat and mass transfer in dispersed media and in the stimulation of
hydromechanical particle crushing is played by velocity and pressure pulsations of turbulent flow,
v’ and p’, respectively. From the physical point of view, local accelerations g, which provide relative
motion of the phases and dynamic effect on dispersed particles, in turbulent flows are determined by
the value v'?/4, where A is the scale of turbulence. In mass transfer processes, the mass transfer
coefficient k depends on the turbulent diffusion coefficient D=v" A, the value of which can be 10¢times
higher than the molecular diffusion coefficient for the transport of a component in water [91-93]. The
size of the maximum droplets formed as a result of crushing in emulsification operations is
determined in the theory of isotropic turbulence by the relation: dpq = 0/p. V"%

In the framework of this theory, the level of intensification directly depends on the value of
turbulent velocity pulsations v’, which, for example, for a flow in a pipe is 1-10% of the mean flow
velocity. In stirrers type with propeller diameter L, blade height H and number of revolutions w, the
pulsation velocity v* in the small active zone of the apparatus with volume 0.57LH is determined by
the ratio v’=0.6wL. From the energy point of view, the efficiency of the intensifying effect is
characterised by the amount of local power dissipation per unit mass of liquid. So the degree of
dispersion in emulsification processes, regardless of the method of operation, is estimated by the
formula

doax = C-(0/p. )" W, (4)

where the coefficient C=1. In accordance with the concept of local isotropic turbulence, to
increase the level of intensification, it is necessary to achieve maximum values of pulsation velocities
v', and the most effective intensifying effect should be expected in those zones where the greatest
power dissipation is observed. Therefore, the reserves for increasing the efficiency of the apparatuses
are associated with methods that allow to maximise the parameters v’ and Wu: increasing the flow
velocity in the pipelines, increasing the speed of rotation of the agitator, increasing the roughness of
the walls, using various kinds of baffles, diaphragms, and turbulising grids. All these techniques are
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used to a greater or lesser extent in improving the operation of traditional apparatuses and each of
them contributes to the achievement of the set goal - to increase the level of intensification by
increasing the dissipation of power in the local zone [94-100]. However, any increase in the value of
Wi in the apparatus requires an additional increase in the input power and, consequently, leads to a
decrease in its efficiency, since the main part of energy is not spent on useful work in the vicinity of
dispersions, but is unproductively dissipated in the volume of the continuous phase and on the walls
of the apparatus.

Despite the fact that the mechanism of droplet fragmentation in the processes of emulsification
and homogenisation of liquid mixtures is considered exclusively in the framework of the theory of
local isotropic turbulence, and the creation of effective mixing devices and improvement of their
operation are based on this theory, there are doubts about the legitimacy of such an unambiguous
interpretation. Firstly, in the seminal work of Hinze [101], in which the deformation and destruction
of droplets were analysed from the position of Kolmogorov's theories of turbulence [84], the
stochastic nature of the phenomenon was emphasized and its connection with different types of flows
- uniform, accelerated, shear, rotational, etc. - was shown. The crushing criteria presented in this work
- like Weber and Laplace numbers - were considered in terms of the theory of isotropic turbulence,
but this by no means proves that it is the turbulent pulsations and not the macro-parameters of the
flow that are responsible for the droplet breaking. In different types of flow, turbulent fluctuations
are rather a constant accompanying factor, and the conditions of particle fragmentation can be
formally described in terms of turbulence theory. However, the physical mechanism of the dispersion
process does not seem to be related to the direct action of turbulent pulsations. Secondly, there is still
no experimental study in which the act of droplet breaking or the process of droplet deformation can
be unambiguously interpreted as the effect of turbulent fluctuations.

All experiments, based on empirical relations linking the efficiency of the crushing of emulsion
droplet crushing with turbulent flow parameters, are obtained, are performed according to the “black
box” principle - at given regime parameters of turbulent flow, the curve of secondary droplet size
distribution is fixed or the value of du is determined, but the registration of the crushing process
remains outside the scope of the study. Recently, more and more doubts have been expressed about
the legitimacy of using the turbulent concept to describe emulsification processes [102-106]. In [107-
111] the main provisions of the mathematical model of deformation and destruction of droplets in
liquid and gaseous media are presented, which is based on principles that exclude consideration of
the dynamic action of turbulent pulsations. This model predicts with good accuracy the experimental
data on the crushing of emulsion droplets in shear and accelerated flows.

Finally, the ability of isotropic turbulence theory to correctly predict the results of droplet break-
up even in developed turbulent flows is questionable. According to this theory, the value of the
maximum diameter of secondary droplet diameter dw« in emulsions is known to increase
proportionally to the increase in the volume concentration of the dispersed fraction fa In this
relationship dma=C1(1+C2:fa), the coefficients C: and Cz depend on the geometry of the system and the
number of agitator blades [112,113]. Studies of droplet fragmentation in turbulent flows confirm the
validity of this relationship [115-117]. Recently, however, it has been found that this relationship is
justified in experiments only for values of Sz <0.04, and that further increases in the concentration of
the dispersed phase, contrary to theory, lead to a sharp decrease in dmax [118,119]. This proves that the
analysis of the mechanism of emulsion droplet destruction and the development of a strategy for
optimal control of hydromechanical emulsification or homogenisation processes cannot be based
solely on the concept of local isotropic turbulence.

4.2. Local Energy Input

The alternative approach to intensification of technological processes in heterogeneous
dispersed media is more promising, since it provides an opportunity for rational and economical use
of the energy introduced into the apparatus. It makes it possible to practically realise the above-
mentioned advantages of temporal and spatial discretisation of the energy input into the apparatus
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in order to reduce unproductive energy losses as much as possible. This approach assumes that
dissipation of the input energy and its useful realisation should occur predominantly in the vicinity
of the dispersed particle or directly on its surface, and any factors contributing to energy losses
outside these local zones should be eliminated if possible. One of the possibilities to realise the
conditions of local energy input in the working volume of a liquid disperse medium is the creation
of a large number of vapour or vapour-gas bubbles. A multitude of dynamically developing bubbles
can be considered as a kind of microtransformer that convert the potential energy accumulated in the
system into the kinetic energy of the liquid distributed discretely in space and time [28,120-128].

Most often, the appearance of such bubbles is caused by liquid boiling due to a rapid decrease
in external pressure. In the presence of solid or liquid dispersions in the liquid, it is near their surface
that the formation and further growth of bubbles occur, which favours the uniform distribution of
energy in the volume and its most rational use. At a sharp change of pressure in the system, these
bubbles can either collapse, or intensively expand, or make high-frequency oscillations. In any case,
in the vicinity of the bubble there is an extremely rapid transformation of the kinetic energy with the
release of momentum W=AEW/At.

When implementing this approach, the well-known principle of shock action is used, which lies,
for example, in the basis of pulsed laser operation or in the action of directed explosion, the slow
accumulation of a relatively small amount of energy AE and its realisation within a short period of
time in an extremely small area of space. Thus, a high value of specific power in the processing zone
W=AEW/(AV-A1) is achieved by simultaneous reduction of spatial AV and temporal At area of energy
localisation.

In the continuous phase, unsteady microflows are formed in the vicinity of bubbles, which
accelerate convective heat and mass transfer and exert a dynamic effect on dispersed particles.
Experiments show that the velocity gradients of radial microflow near a collapsing bubble reach 107
s, the acceleration exceeds 10¢g, and the value of the pressure pulse at the bubble boundary reaches
1000 MPa [129-132], which can lead to the destruction of even solid dispersions.

The high level of kinetic energy during the dynamic development of the bubbles is achieved to
a large extent by changing the internal energy of the system itself, and this fact makes it possible to
significantly reduce the total energy consumption. The savings are even more significant when the
accumulation of internal energy is conditioned by the requirements of a particular technology. For
example, heating a liquid mixture to sterilise it increases the internal energy, which is converted into
kinetic energy in the form of micro-streams during intensive bubble growth due to pressure relief.
Theoretical analysis and practical application of the idea of local energy input show that one of the
most important criteria for its efficiency is the fastest possible change of external pressure in the
system dp/dt=d?Epe/(dVdt) [125-128]. If this condition is fulfilled, the most complete and rational
transformation of internal energy can be achieved.

5. Processes Contributing to Localised Energy Input

The general principle of process intensification can be summarised as follows: the objective is to
achieve a high density of kinetic energy in discrete points within a given volume. This is done to
create the most favourable hydrodynamic conditions in the vicinity of each dispersed particle,
thereby providing high amplitude values of acceleration and relative velocity. One method of
realising this principle involves the use of dynamic effects on the surrounding fluid of a set of
intensively growing or collapsing bubbles. The mechanisms of such impacts, along with the methods
of their initiation and practical application, can vary and may encompass the aforementioned
physical phenomena.

A provisional distinction can be made between hard and soft mechanisms of local energetic
influence, though the distinction between them is not clear-cut. The former are advantageous in
stimulating hydromechanical processes associated primarily with the fragmentation of dispersed
particles, where the outcome of dynamic impact is stepwise, i.e. a sufficiently robust single dynamic
impact on a particle results in its fracture.
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Soft mechanisms are utilised to accelerate interfacial heat and mass transfer processes, or for the
purpose of intensive mixing of multicomponent media, in cases where the level of intensification of
a particular process can be smoothly changed within certain limits.

The dynamic effect on dispersed particles from the continuous phase is derived from the relative
motion of these particles, which is only possible under the condition dvc/d7#0. The forces acting on a
dispersed particle are proportional to (pd -p, )V;, -dv,/dt , where V, is the volume of the particle. A
change in flow velocity is always due to the conversion of one form of mechanical energy to another,
and it can be concluded that the faster this conversion takes place, the higher the value of acceleration.

A modification in the velocity of the fluid flow, and consequently the initiation of relative motion
of dispersed particles within it, can be accomplished through two distinct mechanisms: firstly, by
means of a sharp acceleration or deceleration of the flow (g=dv./dt oc 9v/07) and secondly, by altering
the cross-section of the channel (g=dv./dt o dvc/0x).

In the presence of dispersed particles in the fluid flow, useful work is performed under the action
of forces of hydrodynamic interaction between the particle and the surrounding fluid. Furthermore,
the earlier the energy transformation occurs, i.e. the higher the value of dv/d1=v:0v/0x, the greater
the proportion of flow energy that is utilised for useful work on deformation and destruction of
particles.

It is evident that a pronounced dynamic effect on dispersions can be achieved through the use
of this mechanism, particularly by inducing a hydraulic shock effect when the acceleration achieves
values approximating 10° m/s2. It is evident that the mechanism of flow acceleration with very high
values of gc undoubtedly occurs in the vicinity of growing or shrinking bubbles, as well as in the
interbubble space of an ensemble of dynamically developing bubbles, where unsteady microcurrents
arise. In the presence of dispersed inclusions in the liquid continuous phase, the latter are
undoubtedly subjected to dynamic effects at the microlevel.

5.1. Action of Shear Stress

If in a stationary one-dimensional flow there is a velocity gradient in the direction
perpendicular to the direction of flow dv:/dy, a tensile moment of forces acts on the dispersed particle
present in the fluid, contributing to its deformation and breaking of the dispersion. The forces
associated with shear stress ) =u-0vd/dy are large enough to stretch and tear even solid fibrous
particles, much less to break emulsion droplets.

High values dv/dy can be realised, for example, in a narrow gap between two coaxially arranged
cylindrical surfaces whose rotational speeds are different. Inverse proportionality exists between gap
width (h) and velocity gradient. A significant reduction in gap width (h) leads to a substantial increase
in the velocity gradient. The velocity gradient dv,/dy = (v1 -V, )/ h is inversely proportional to the
gap width (h), where v1 and v2 represent the linear velocities of the cylinders.

In rotor apparatuses [135-141], where this mechanism is realised, the high specific power is
uniformly distributed throughout the working volume of the apparatus and is used usefully directly
in discrete zones near each particle. As in the previous case, it is not necessary to turbulise the flow
to initiate this very stiff mechanism, but, on the contrary, it is desirable to maintain a laminar flow
regime. It is known that in Couette flow, which is carried out in the gap between rotating cylinders,
the critical values of the Re number, which determines the transition to turbulent flow, are of the
order of 10°[142-144]. In preservation of the laminar flow regime, energy dissipation in the apparatus
is two or three orders of magnitude lower than in traditional rotor apparatuses of the same purpose,
in the creation of which the greatest attention is paid to the methods of maximum turbulisation of the
flow.

The mechanism of action of shear stresses is not limited to the movement of the dispersed
medium in narrow gaps. Even under conditions of monotonic growth of the vapour phase in the
processes of bulk liquid boiling, intense microcurrents develop in the interbubble space of the bubble
ensemble [145,146]. Pressure gradients in local points of the liquid can reach 100 MPa/m, and the
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velocity gradient in the direction perpendicular to the microflow direction exceeds 10° s1. Therefore,
the shear stress mechanism plays an important role in the dynamic effect of bubbles on dispersions.

5.2. Cavitation Processes

To stimulate technological operations associated with the destruction of solid or liquid dispersed
particles, it is advisable to apply rigid cavitation mechanisms. To implement such mechanismes, it is
necessary to initiate the formation and growth of vapour bubbles, for example, by a sharp pressure
release, and then increase the pressure in order to provide a large pressure difference between the
liquid and vapour phases. This pressure difference determines the level of potential energy stored in
the system, which will then be converted into the kinetic energy of the radial motion of the liquid,
and when the energy is transformed again, into a short-term pressure pulse propagating in the form
of a spherical shock wave. The high amplitude of this pulse (of the order of 1000 MPa), the large
density of kinetic energy in the vicinity of the bubble, and, accordingly, the large values of velocity
and acceleration of the liquid contribute to an effective dynamic effect on the dispersed particles
present in the liquid [147-151].

In practice, the cavitation mechanism is usually initiated by acoustic action on the fluid [152,153]
or by creating optimal hydrodynamic conditions in the flow [154-156]. The hydrodynamic cavitation
mechanism is also realised in rotor-pulsation homogenisers [157]. The cavitation phenomenon and
the accompanying powerful dynamic effects can be observed when superheated vapour is injected
into a cold liquid [158,159]. If bubbles collapse directly near rigid surfaces or sufficiently large solid
dispersions, the kinetic energy of the radial motion of the liquid is converted into the mechanical
energy of a liquid cumulative microjet flying out of the bubble with extremely high velocity towards
the solid surface. The mechanism of formation of cumulative microjets and their interaction with
solid planar surfaces have been investigated in sufficient detail both theoretically and experimentally
[160].

Note that the cumulative mechanism very accurately reflects the basic principle of local energy
input: localisation of energy in short time and small spatial regions and directed impact of the
concentrated energy in the form of a pulse.

5.3. Explosive Boiling

A sudden decrease in pressure within a liquid subjected to extremely high pressure and heated
to saturation temperature results in a phenomenon known as explosive boiling, accompanied by an
intense growth of vapour bubbles [161-164]. Although the mechanical energy released during
explosive boiling is several orders of magnitude lower than that characteristic of chemical explosions,
the destructive potential of such a process is quite significant. In the initial stage of bubble growth,
the bubbles can emit pressure pulses of the same intensity as collapsing cavitation bubbles [165-167].
Although the mechanical energy released in the process of explosive boiling is several orders of
magnitude lower than the energy characteristic of explosions of chemical nature, the destructive
potential of such a process is quite large. At the initial stage of growth, bubbles can emit pressure
pulses of the same intensity as cavitation bubbles at the moment of collapse [165-167].

The use of such a powerful effect as explosive boiling of a liquid simultaneously in the whole
volume would seem to satisfy the criteria of efficiency of local intensification considered in the
following, since the energy transformation at the initial stage of bubble growth is carried out at a high
speed and the energy input occurs in countless discrete zones if the liquid is heated uniformly. It is
sufficient to accumulate energy in a short time, i.e. to depressurise the entire volume at once as
quickly as possible. It is the latter condition that limits the possibility of wide practical application of
this effect due to the fact that when opening a valve connecting a volume of superheated liquid under
high pressure with a low-pressure region, the rarefaction wave does not spread over the entire
volume of liquid but is localised in the zone of leakage failure.
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5.4. Collective Effects in Bubble Clusters

Local energy input implies the presence in the fluid of a large number of bubbles uniformly
distributed in the volume. Therefore, the behaviour of any individual bubble in a cluster is
determined by the influence of its nearest neighbours, and the dynamical characteristics at a local
point of the liquid should be considered taking into account the collective effects of all bubbles in the
ensemble. The description of these phenomena has received considerable attention from researchers
[168-171]. The aggregate of dynamically developing bubbles creates pressure and velocity fields in
the liquid, resembling by their nature the structure of fields in a turbulised liquid flow. The
fundamental difference lies, firstly, in the fact that inside the cluster of bubbles incomparably higher
amplitudes of pressure and velocity pulses are achieved, and, secondly, these pulses arise in the
system, which is in a state of macro rest. This eliminates the need for hydraulic devices that provide
turbulence of the flow and take away most of the input energy.

A clear example of the practical application of local energy input is the intensification of mass
transfer processes between a liquid and gas bubbles distributed in it, which, along with the vapour,
also contain gas components soluble in this liquid. Mass transfer processes in gas-liquid disperse
systems are widely used in many technological operations, such as absorption and desorption,
aeration, saturation, and others [175]. In this case, the gas bubble is both a transformer of the injected
energy and an object of influence. At intensive expansion, compression, or pulsation of bubbles
caused by periodic pressure changes, all main factors of intensification can work: mixing in both
phases is activated, mass transfer coefficients increase due to turbulisation of interphase surface or
destruction of surfactant surface depressive films, and contact surface grows due to deformation and
crushing of bubbles. The combined effect of these factors increases the overall mass transfer
coefficient in the system. In addition to intensification of convective mass transfer at the microlevel -
in the vicinity of an individual bubble - macromixing of the entire volume takes place.

It is known that at oscillation of bubbles in liquid containing dissolved gases the phenomenon
of rectified diffusion, investigated for the first time in [176,177], is observed. If the concentration of
dissolved gas in the liquid is equilibrium with respect to the dispersed gas phase, then at periodic
oscillations of the bubble a directed transfer of gas mass from the liquid to the bubble is observed. In
the process of oscillations, the bubble grows and ‘pulls’ the dissolved gas from the liquid.

It is also established that at aeration of liquids with the help of air bubbles bubbled into the
volume, excitation of bubble pulsation promotes acceleration of mass transfer [178,179].

6. Efficiency Criteria for Local Energy Input Mechanisms

To break the equilibrium in the two-phase system liquid-vapour bubble and transfer it to a
homogeneous liquid phase, it is enough to reduce the temperature or increase the pressure in the
system (Figure 4). In the first case thermal energy is accumulated in the system, in the second case
mechanical energy, but in any case the bubble taken out of equilibrium will immediately start to grow
or shrink [180,181].

In this case, there is an accelerated radial movement of the liquid as a result of the transformation
of the stored potential energy into kinetic energy [182,183]. This transformation of mechanical energy
in the vicinity of a compressible bubble stops at the moment of bubble collapse, and from the point
of view of efficiency of local energy input, it is desirable to concentrate possibly more energy in the
bubble collapse zone at this moment. This means that even at the initial stage of bubble compression,
a sufficient potential energy reserve must be accumulated.

Thus, the temporal dynamics of the system should be such that the duration of potential energy
accumulation to a specified level is markedly shorter than the duration of its subsequent release. The
latter is determined by the time of existence of the transforming element, the compressible bubble. It
is clear that it is completely irrational to bring the system out of equilibrium by cooling or heating
because of the slow accumulation of energy [184,185].
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Therefore, a rapid change in pressure under this condition is the only way to initiate an effective
energy supply.

Suppose that we have decided to use the energy released by bubbles at the moment of collapse
(Figure 4) to achieve a certain hydromechanical effect, e.g., the destruction of emulsion droplets, and
calculated the potential energy required for this and the corresponding pressure drop Apmx=100 kPa,
which can be provided, for example, by a fast-acting valve in a time interval of at least 5 ms.

W, GW/m?
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0 T=473 K, p1=1.6 MPa, p»=0.05 MPa
30
20 :', \ T=423 K, p1=0.5 MPa, p=0.05 MPa
10 /l .
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0 e P
0 20 40 60 80 T, us

Figure 4. Variation in time of specific power in the liquid at the boundary with the bubble at its expansion due
to instantaneous pressure release. The calculation was carried out using the mathematical model presented in

[186,187].

Taking into account that the lifetime of a collapsing bubble is very short (for a bubble with a
radius of 0.1 mm and does not exceed 0.2 us [187]), the bubble will collapse before the pressure
reaches the required value and as a result only that small fraction of the specific potential energy,
which the system has managed to accumulate during the lifetime of the bubble, ie for 0.2 ps, is
transformed into mechanical energy. Consequently, the desired effect cannot be achieved unless we
can find a faster way to increase the pressure. This situation is schematically represented in Figure 5.

Unrealized part of energy
|
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»l

|
* Bubble collapse time

Figure 5. Comparison of the specific power released by a collapsing bubble at fast (1) and slow (2) increasing

external pressure.

In the second case, the bubble does not have time to fully realise the accumulated energy Ap
before the final collapse and the specific power is essentially small (W2<<Wj).

If for energy input, we use dynamic characteristics of growing bubbles in the processes of liquid
boiling at sudden pressure drop, the potential energy of the compressed vapour inside the bubble is
converted into kinetic energy. This potential energy is stored in the process of external pressure
release. Although the lifetime of a growing bubble is incomparably longer than that of a collapsing
bubble, the dynamic characteristics of the bubble will be even higher in this case the faster the energy
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is accumulated. Figure 6 shows how the value of the specific power released in the pulse at the early
stage of growth depends on the duration of pressure release.
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Figure 6. Pulse values of the specific power emitted into the surrounding liquid by a vapour bubble during its

expansion in the liquid boiling at different duration At of external pressure release.

The calculation was carried out using the mathematical model presented in [186,187] for
conditions: Re=50 pm; T=360 K; p=71 kPa; p=20 kPa.

In turn, the duration of the mechanical energy conversion At+ should be very short in order to
realise the stored energy in the form of a maximum power pulse W=AEu/ATt.

Regardless of the method of practical realisation of the local energy input, the following defining
performance criteria must be met to achieve the optimum level of intensification.

(1). The rate of potential energy accumulation should exceed the rate of its subsequent
conversion into kinetic energy. When using bubbles as energy transformers, this condition is reduced
to the requirement to ensure the maximum pressure difference between the phases in the shortest
d(pi = p,)

T
(2). The duration of the energy transformation should be extremely short since the useful power

possible time and can be written in the following form: — max; T,u, < Tpye

released as a pulse is directly proportional to the value of the stored energy and inversely
proportional to the transformation time. This condition boils down to the requirement to achieve
extremely high values of the velocity and acceleration of the radial motion of the fluid:
dE, dvy
—~—>max or — —>maxand v, — max.
dr dr
(3). Energy in the form of a pulse must be released simultaneously in a large number of small
local zones, evenly located throughout the working volume of the apparatus.
Simultaneous fulfilment of these basic conditions ensures the release of maximum energy. In
solving specific practical problems, these conditions are necessary criteria that should be used to

select the most efficient and rational method of local energy input.

7. Advantages of Localised Energy Input in Terms of Energy Savings

Many technologies and apparatuses are already in use in industry, in which the processes
described in this paper are realised. It is obvious that the application of the concept of localised energy
input opens up the possibility of improving these devices. The operating principles of these
apparatuses are discussed in detail in various works: static mixers [188-192], mechanical stirrers [193—
196], colloid mills [197-199], jet whistles [200,201], valve homogenisers [202-204], ultrasonic
homogenisers [205-207], vacuum homogenisers [208-210] and others. At the same productivity and
comparable efficiency, they differ from traditional analogues by small dimensions and metal
consumption, simplicity of construction, and duration of continuous operation. The main advantage
of these apparatuses is the ability to achieve higher efficiency. The comparative low energy
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consumption of such apparatuses is explained by a fundamentally different approach to intensifying
processes in dispersed media, alternative to the generally accepted concept of energy input.

Davies [211,212] analysed the applicability of the Kolmogorov-Hinze theory of local isotropic
turbulence to predict the degree of emulsion droplet fragmentation in the traditional dispersing
apparatus of various classes. After summarising a large amount of experimental data from different
authors on the dispersing power of various apparatuses ranging from propeller stirrers and mixers
to valve homogenisers and ultrasonic generators, Davies found a correlation between the maximum
droplet diameter dma and the value of the dissipation power per unit mass Wi in the range of 5 to 10°
W/kg. The value of Wu refers to the active zone of the apparatus where the maximum dissipation of
energy occurs. It was found that the experimental data were satisfactorily described by the theoretical
dependence d,,, =C(o/p, )" °W,* overthe 1gd, . = f (lg Wm) whole range of Wi values studied.
As Davis shows, the experimentaladependence is straight line with a slope of -0.4.

We carried out similar calculations using the Davis method as an example for dispersing devices
developed on the basis of the principle of local energy input. It was found that for all devices of this
type, the appropriate level of dispersion is achieved at significantly lower (by 2-3 orders of
magnitude) values of the dissipated power Ww in the core. Figure 7 shows the experimental
dependence Igdma=f(IgWm) of conventional dispersing devices.
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Figure 7. Comparison of the efficiency and cost-effectiveness of dispersing apparatuses.

The presented results confirm the fundamental difference between apparatuses with local
energy transformation and traditional ones and emphasise the fact that the use of input energy in
these apparatuses is carried out at a qualitatively different level. On the other hand, understanding
of the mechanisms of energy input and transformation will improve the efficiency of these
technologies.

8. Conclusions

Analysis of traditional methods of intensifying technological processes in dispersed media
reveals the advantages and expediency of local energy input into the apparatus in the form of
discretely distributed short-term pulses in the volume of the working medium. However, spatial and
temporal discretisation of the input energy resulting from the initiation of developed turbulence in
the continuous phase of dispersed medium for the purpose of intensifying heat and mass exchange
processes leads to an increase in unproductive energy consumption. Furthermore, an analysis of
methods for intensifying hydromechanical processes in disperse media has revealed the limitations
of employing the theory of local isotropic turbulence to analyse the mechanisms of hydromechanical
destruction of disperse particles. Consequently, local energy input emerges as an alternative
approach to intensifying processes in disperse media, offering the potential to achieve a high level of
intensification of mass-exchange and hydromechanical processes while minimising unproductive
energy consumption.
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A comprehensive review of the existing literature has enabled the formulation of general criteria
for the efficiency of physical mechanisms of energy input in relation to their use for the intensification
of technological processes. It is evident that the control of local energy input processes has the potential
to enhance the efficiency of technologies and apparatuses. However, this objective will require further
research efforts directed towards the study of local energy transformation mechanisms.
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