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Preface

As a rule, to increase the efficiency of technological processes, they resort to their
intensification, usually meaning use of various kinds of external physical effects; it
makes it possible to change the system state and the rate of energy and mass
transfer in the desired direction.

The search for methods of intensification and scientific substantiation of the
optimal way to affect the system require a clear understanding of all physical
phenomena, determining the studied process.

In traditional technologies, intensification, as a rule, is reduced to introduction of
additional energy into the system, in some of its manifestations: thermal, kinetic,
etc. However, physical processes are implemented in local (at the initial moment or
throughout the entire process) volumes of the apparatus, for example, grinding,
emulsification or homogenization processes.

In this case, it is obvious that only a small part of the energy introduced into the
apparatus is spent on implementation of effective work, most of the energy is spent
on accompanying processes and energy conversion (heating or mixing of the entire
volume).

Energy efficiency can be increased by concentrating it in these local volumes.

The second task to be solved with such intensification is to achieve a sufficient
level of energy concentration in local zones.

In this monograph, we will show how it can be achieved using the example of
emulsification and homogenization problems.

We use two options for intensification — concentration of energy in local zones by
supplying thermal energy and its local transformation in microvolumes and
supplying kinetic energy to microvolumes.

On behalf of the authors, I would like to express my gratitude to the reviewers,
renowned scientists who have developed the scientific foundations for technological
process intensification: to Academician of the National Academy of Sciences of
Ukraine Anatoly Andreevich Dolinsky and Academician of the National Academy
of Sciences of Ukraine Yurii Mikhailovich Matsevyty for valuable comments and a
positive assessment of this monograph.

Professor Anatoliy Pavlenko
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List of conventions

Pws Pa

PB
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— are the partial pressures of water vapor and the air, respectively, Pa

is the radius of a gas bubble, m
is the time, s
is the pressure of a gas mixture inside a bubble, Pa

is the pressure in fluid, Pa

is the density of fluid, kg/m’

is the dynamic viscosity of fluid, Pa-s

is the coefficient of surface tension of fluid, N/m

are the densities of vapor and the air, kg/m’

is the densities of saturated water vapor, kg/m’

is the universal gas constant, J/(kmol-K)

is the molecular mass of water, kg/kmol

is the molecular mass of the air, kg/kmol

is the temperature of gas mixture in a bubble, K

is the Van der Waals constant, (N-m*)/mol*

is the Van der Waals constant, m*/mol

are the mass of water vapor and air, that diffuse through a unit of the
surface per unit of time, kg/(m*'s)

is the mass flow of water vapor that is condensed in gas medium of a
bubble per unit of time, kg/(m’s)

are thermal capacity of water vapor of the air, J/(kg-°C)

is the specific thermal flow, directed from the wall to gas medium of a
bubble, W/m?

is the mass of water that evaporates from the surface of a bubble in the
known time interval, kg

is the heat of the phase transition water—water vapor, J/’kg

is the heat of air dissolution in water, J/kg

is the arithmetical mean velocity of gas molecules at temperature T, m/s

. — are the diffusion coefficients of water vapor in the air and of air in the

water, respectively, m*/s
is the Henry constant for the air above the water surface, (Pa-m’)/kg
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is the thermal capacity of fluid, J/(kg:°C)

is the fluid temperature, K

is the space coordinate, m

is the effective coefficient of fluid thermal conductivity, W/(m:-°C)
is the voluminous — power of sources or heat flows, W/m’

is the initial fluid temperature, K

is the initial fluid pressure, Pa

is the amplitude of pressure fluctuations, Pa

is the diameter of a bubble, m

is the oscillation period, s



Chapter 1

ENERGY CONVERSION IN EMULSIFICATION PROCESSES
DURING THERMAL INTENSIFICATION

Typically, when choosing the physical effect on the technological process to
intensify it, the general rule: physical effect shall be performed at that large-scale
or energy level, at which the studied physical process occurs [1.1, 1.2].

Let us assume that we introduce energy into the system to intensify the
technological process (increase the rate of mass or energy transfer), in other words,
transform energy.

However, there are two obvious ways to increase its rate.

One of them is to achieve high power values (changes in energy over time)
W =AE / Ar. Another possibility to achieve high valuesis to reduce the energy
conversion time At at comparatively low level of AE. From ratio AE =W -At it
follows that at a given level of intensification W energy consumption is less, the
shorter the effective exposure time Arz.

All technological processes are accompanied by a change in energy parameters of
the medium, for example, temperature or relative velocity of phases, since we deal
with energy conversion into its various forms, thermal, kinetic, etc.

Therefore, intensification of processes is directly related to the supply and
transformation of any energy type in the system.

The process efficiency depends on energy supply and transformation intensity
(parameter gradient).

In our opinion, it is this parameter that is decisive for intensification of
technological processes.

So, it is possible to intensify energy transfer by increasing the power of supplied
effect on the system. In this case, the duration of efficient work of the system Az will
be the shorter, the higher the input power W, but only up to a certain limit. Energy
consumption is determined from ratio £ =W -Az, but in this case Ar= f(W).
When a certain level of intensification is achieved, the subsequent increase in the
apparatus power does not always contribute to further process acceleration.

Thus, with intensification of mass transfer processes, there is also a value of the
maximum power.
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A further increase in the input power will only cause an increase in inefficient
energy consumption.
Therefore, the specific power level shall necessarily exceed value W, , determined

for these conditions, to ensure positive effect of the operation, but it shall not be
much higher than ,, to prevent unnecessary energy consumption. Considering

that in modern technologies, increasing efficiency by reducing the time of the
operation is a basic requirement, conditions W — W, and, consequently,

At — Art,,;, become evident.
Thus, a positive result cannot be achieved even at very high energy consumption, if

the specific power in the apparatus working volume does not exceed a certain level
(fig. 1.1).

The necessary level of intensification

If At—0
E=W A1—w

If At—min
E=W At—min

At At At At T

<> <> > <>

FIGURE 1.1. Schematic representation of the effective impact on the system

This figure schematically shows, that to obtain the required effect with minimal
energy consumption, it is necessary to provide for a short time (A7 — A7) a
specified power level (W =W, ) or, in other words, convert the input energy into a
short but powerful impulse. The more such impulses there are present in the
system, the more efficiently the initiation of process transfer is implemented.

The next issue is how to realize such impulses in liquids or gases and how to
ensure their distribution in the medium volume.

Use of multicomponent mixtures, for example, emulsions, in heat and mass transfer
technologies may be one of the solutions to these problems.

Given the fact that practically all process media are multicomponent, this approach
will be applicable to any medium.
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Pulse energy input is most effective in the dispersed phase breaking processes,
since the particle breaking is a one-stage act; to implement it, a sufficiently
powerful effect is required within a very short time.

Similarly, when using the mechanism of shear stresses in narrow gaps, a high
intensification level, determined by dE/dy, parameter, it is recommended to
maintain not by the expense of to the power applied to the rotor shaft (thus
providing high value AE), but by decreasing gap thickness dy.

Development of new methods for technological process intensification in
heterogeneous media and creation of effective devices on this basis, the temporal
and spatial discretization of the input energy is a necessary condition if the issues
of energy and resource conservation attain the paramount importance.

1.1. Efficiency of energy input into a multiphase environment

The heat and mass transfer intensification and hydromechanical processes in a
dispersed medium is determined by the acceleration value of the continuous liquid
phase in the immediate vicinity of dispersed particles.

Therefore, one of the main efficiency conditions of this intensification is reaching
the highest possible valuesof the local rate and acceleration, i.e. transformation of
thermal energy into kinetic energy by supplying effective power W,. In
polydisperse liquid media, a temperature increase up to the level of a thermolabile
liquid saturation causes vapor bubble formation.

This effect can also be achieved when thermodynamic equilibrium is disturbed in
subcooled liquids (emulsions).

Let us consider a vapor bubble in an infinitely large volume of liquid being in a
macro-quiescent state.

The accelerated liquid motion around the bubble is caused solely by a change in its
volume during growth or compression.

The kinetic energy density at the liquid local point around the bubble is related to
the local radial motion rate by w, dependence &, = p,w? / 2. The change rate of
the kinetic energy density at the liquid local point is proportional to the radial flow

rate and acceleration at this point de, /dt = pjw, -dw, /dz.

The kinetic energy of the liquid radial motion around a single bubble can be
calculated by recording the liquid kinetic energy for a thin layer with thickness of
dr, located at a distance of » from the the bubble centre, and then integrating over
the liquid volume.

o 2
E, =J47zp,r2 -WTIdr:2ﬁR3p,w123 (1.1)
R
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It is considered, that the liquid radial rate w, at a distance  from the bubble centre
is related to the liquid radial motion rate at the bubble surface interface wy by ratio
W, =wg - R / r*. The change rate of the kinetic energy of the liquid radial motion
during bubble growth or compression can be written as

dE, 3 3

dw
=k — 4nR? Rw, —& 4 =y 1.1*
ir Pz( Rt Rj (1.1%)

The higher the liquid velocity and acceleration values at the bubble interface are,
the faster energy is converted.

The change rate of the liquid kinetic energy at the local point at a distance of r
from the bubble centre can be represented

dgk le3 dWR 3 1 dEk
as—== Rwp—=4+2wp |=——| R—~+E,w 1.2
r }"4 R dr R 472'}"4 dr k"R ( )

As it follows from (1.2), the change rate in the density of kinetic energy de; /dr,

determining the dynamic effect of a bubble at the liquid local point, is directly
related to the integral energy parameter £, and kinematic parameters wy and E;

and with kinematic parameters wy, and dwy/dr, characterizing conditions at the

bubble interface. Therefore, these parameters can be used for quantitative
assessment of the bubble dynamic characteristics.

During destruction process of steam bubbles, mechanical energy is converted many
times.

First, the potential energy due to pressure difference in both phases is gradually
converted into kinetic energy, value of the latter goes up with increase of the
bubble compression rate wy. Right before the bubble reaches its minimum size, its

compression rate and kinetic energy decrease rapidly.

At this, kinetic energy is converted into potential energy of compressed vapor and

partially into the liquid potential energy E,, that at wp= 0 is concentrated, in a

very narrow zone AV directly at the surface of the extremely compressed bubble.
It causes abnormally high pressure in this zone p =AE / AV. In the process of

the bubble re-expansion, this pressure pulse propagates in a liquid at the sound rate,
and potential energy of the compressed vapor is converted into the liquid kinetic
energy.

These mechanical energy conversions occur until the bubble disappears
completely. Each stage of energy conversion is characterized by its transformation
time A7,
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1.2. Preconditions for the conversion of thermal energy into Kinetic
energy

Currently, there are many studies performed [1.1, 1.3-1.12], aimed to determine the
optimal process modes of emulsification, dispersion and homogenization of
mixtures of two and/or more mutually insoluble liquids.

Vapor bubbles and vapor cavities are especially important for these processes.

Therefore, models were proposed to describe the vapor bubble growth in a boiling
liquid volume during liquid boiling under conditions of free convection on surfaces
of unlimited size and on microsurfaces; a model of a vapor bubble growth located
in a ensemble of the same bubbles is presented, considering their joint action on
this bubble.

The droplet breaking processes during their extension and dynamic action of flows
on the droplet, its behaviour under these conditions are described.

To describe the processes occurring with a vapor bubble during its growth or
collapse, a model of the dynamics of a single vapor bubble, occurring in the
continuous liquid volume, was developed [1.13, 1.14, 1.25].

The vapor bubble dynamics in the volume of its liquid is described by a system of
equations of hydrodynamics and heat and mass transfer.

The calculation results, using this model for a bubble with initial radius R,= 10

pum, with 120°C, placed in a liquid with # = 300°C at normal pressure, demonstrate
oscillations of the steam-water interface radius and high values of parameters at the
moment of compression: ¢ = 1500°C, p ~ 12000 atm. These calculations also
demonstrate that in each of the subsequent oscillation periods of the collapsing
vapor bubble, the amplitude decreases from 20% down to several percent.

Actually, emulsions consist of many droplets of one component distributed in
another one, when one of the components boils up, a multitude of bubbles,
distributed in the volume, will form.

To describe the vapor bubble behaviour under the effect of other bubbles in a liquid
volume, a behaviour model of a vapor bubbles ensemble was proposed [1.13].

The individual bubble behaviour inside an ensemble with variations in external
pressure is more complicated than it was presented in the mathematical model of a
single bubble [1.14] in an infinite volume of liquid, since it is determined by the
correlating effect of its nearest neighbours on the bubble evolution; during their
development, they build their own pressure pattern in the vicinity of this bubble,
this pattern is different from the external pressure, acting on the system at a given
moment.
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The bubble dynamics in an ensemble is solved in the approximation of a cell
model, it is assumed that at a given moment of time geometric and dynamic
parameters of all bubbles in the ensemble are identical, the distribution of rates and
pressures near each bubble within the unit spherical cell is assumed as symmetric.

As it is seen from calculations [1.15] of the pressure distribution in the vicinity of a
single bubble in the initial period of its growth in water with an instanteneous
pressure relief; as the bubble grows, the pressure in a liquid at a certain distance
from the centre gradually increases and even at a distance tenfold exceeding the
current radius, the pressure in liquid is much higher than the applied pressure.

It proves that pressure patterns of the nearest neighbours shall mutually overlap and
the pressure at any point in the inter-bubble area will exceed the external pressure,
initiating the bubble growth or compression.

In [1.16], calculations were performed based on a cell model of a bubbles ensemble
behaviour; it can be seen that an individual bubble behaviour inside the ensemble
under identical effects and conditions differs from the behaviour of the same
bubble in an infinite volume, the more the higher the concentration of bubbles in
the ensemble.

A more noticeable effect of concentration is manifested during the bubbles collapse
in the ensemble.

As it can be seen from model calculations, the pressure relief or liquid superheating
degree have a minor effect on the bubble growth dynamics at the same temperature
and concentrations; the size of bubbles at the beginning of their growth or collapse
in a monodisperse two-phase system is also of little importance.

In the study on rate and pressure patterns [1.16], data were obtained, proving that
in the ensemble inter-bubble area, even with monotonic bubble expansion, there
are sharp jumps in pressure and rate characteristic of turbulent flow.

This flow character helps to intensify and stimulate heat and mass transfer and
hydrodynamic processes in the liquid phase of the bubble system.

Condensation of superheated steam in subcooled liquid is used in many industrial
installations, such as feed water heaters, jet pumps, etc. [1.17-1.22]. The collapse
of vapor cavities and separate bubbles in a supercooled liquid is characterized by
abnormally high pressure pulse values.

The initiation of such powerful dynamic effects with subsequent control of their
effect can be used to intensify process operations of emulsification, dispersion and
homogenization in liquid multicomponent media.

The study of vapor cavitation (collapse of bubbles filled with superheated vapor in
an extremely subcooled liquid) was performed in [1.23] based the model of a single
vapor bubble dynamics [1.24].
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The study of vapor cavitation mechanisms is complicated by the fact that the
influence of heat and mass transfer and hydrodynamic processes, determining a
high level of dynamic effects, is most pronounced at the stage of maximum bubble
compression, lasting within a nanosecond range.

In the same work, the effect of operating parameters on the bubble dynamics is
studied; it was determined that the liquid subcooling degree has the greatest effect
— at low subcooling, the process switches into a smooth condensation mode, when
the bubble size decreases monotonically without noticeable pulsations.

A change in the external pressure does not affect dynamic characteristics of
cavitation bubbles considerably — amplitude values of the characteristics decrease
with external pressure decrease; with an increase in pressure, a more intense
compression is compensated by a slowdown in the collapse rate due to a higher
initial vapor content in a bubble.

With an increase in the initial bubble radius R, the energy transformation duration

increases, and, consequently, amplitude values of the dynamic parameters decrease.
The vapor superheating degree does not significantly affect the bubble dynamics.

In [1.25-1.27], experimental studies of a single vapor bubble dynamics in the volume
of adiabatically boiling up water and adiabatically boiling up flow are presented.

It can be concluded that with adiabatic boiling up of dispersed multicomponent
media, for example, oil-water emulsions, the explosive growth of vapor bubbles
and resulting local medium turbulization can cause hydrodynamic breaking effects
of the dispersed phase.

Thus, if a dispersed phase droplet is located on the line between two closely
located and growing bubbles of a boiling up dispersed medium, then it will be
affected by a hydrodynamic head, leading to the development of a Kelvin-
Helmholtz-type instability for dispersed phase particles, cause their deformation
and subsequent breaking.

Possible dispersion of such breaking can be estimated by Weber criterion
_o-We

o
2pcw2

(1.3)

High-frequency oscillations of a dispersed medium, caused by a pulse pressure
change during destruction of vapor bubbles at the mirror water-air interface can
cause Rayleigh-Taylor instability.

The size of broken particles can be determined based on Bond criterion

o-Bo
4gp,

5= (1.4)
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Mentioned reasons for hydrodynamic breaking of inclusions lead to the micron range
of the obtained dispersed phase particles at: g = 100 m/s>, § = 1.3 um [1.28-1.30].

In flows with a liquid dispersed medium outflow, such as emulsions, rate non-
equilibrium and tangential component difference of two phases Aw = 13 m/s can
cause breaking of dispersed phase particles [1.31-1.33]. Based on Weber criterion
0 =0.2 pm, i.e. micron dispersion range.

In [1.34], the phenomenon of adiabatic flow boiling up and main mechanisms of
the dispersion destruction are studied and analysed based on a model, describing
the evolution of the vapor bubbles ensemble during their intensive growth with a
rapid external pressure decrease and a model of dispersed breaking in accelerated
gas or liquid flows [1.35].

The study, performed for the liquid (water) outflow through a cylindrical channel
/[ =0.1 m long and 4 = 0.01 m in diameter, showed that for all outflow initial
conditions, distribution curves of such parameters as liquid phase rate, pressure, as
well as volumetric vapor content lengthwise the channel at a certain time moment,
the dependences of these parameters in a certain section practically cease to depend
on the ambient pressure. To analyse the mechanisms of foreign liquid droplet
breaking in a boiling up flow, water was used as a continuous phase, benzene and
carbon tetrachloride were used as a dispersed liquid phase.

The degree of droplet deformation increases with its size, large droplets begin to
flatten in the channel zone, where flow acceleration is relatively low, breaking of
all droplets with R < 100 um occurs in a narrow zone at the very end of the
channel, where acceleration increases sharply.

At the same time, it was determined that smaller droplets can be destructed earlier
than large ones.

In [1.36-1.39], the experimental study results of boiling up of multicomponent
mixtures, consisting of a continuous low-boiling component and a high-boiling
component, uniformly distributed in the form of large droplets of a high-boiling
component are presented to analyse laws of dispersion depending on the main
process parameters. As a result, the main conditions for dispersion during adiabatic
boiling up of multicomponent mixtures were formulated, as well as required device
is for process implementation (vacuum homogenizer).

The advantage of the proposed method was demonstrated, consisting in energy
consumption reduction by 2.5-3 times by reducing the cost of the entire liquid
volume transfer in devices with stirrers.

Experimental data on a single vapor cavity dynamics, formed in an initially
stationary water volume under normal conditions are presented in [1.27]. The
parameters were measured with a high-rate camera at 4500 frames/s, as well as
with a piezoceramic pulse pressure sensor and a microthermocouple.
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Dynamic liquid parameters near the cavity, due to cumulative microjet motion and
cavity collapse and breaking processes, can cause destruction of the multicomponent
system dispersed phase.

The obtained data on the relative rate of diametrically opposite walls of the
collapsing cavity (=10 m/s) make it possible to use such breaking as a preliminary
dispersion of a water and oil mixture, i.e. emulsification process implementation.

Destruction of thin liquid films of foam formations of the boiling up flow can also
cause hydrodynamic breaking of inclusions.

In [1.27], an experiment is presented on the destruction of water solution liquid
films using a high-molecular-weight surfactant, stretched over a circular wire
frame. During filming, the dynamics of film destruction and breaking, the hole and
resulting droplet size and growth rate were studied.

The forced and spontaneous destruction processes were studied. By the study
results, the average destruction rate value was w = 1.9 m/s, while spontaneous
destruction occurred at w = 12.5+17.0 m/s.

The critical film thickness, i.e. the thickness at which, under the action of various
oscillations, its spontaneous destruction occurs, can be determined by expression

[1.13]
4 12 1/4
h=| = (1.5)
12870

where: 4 — Van der Waals-Hamaker constant; A — the function, describing the film
thickness change due to the propagation of fluctuations, determined by film size;

o— interfacial tension. Value 4 =5-10"2°J and respectively A*=12.5+17.0 um.

Calculations of temperature patterns for the last stages of vapor cavity collapse

show that temperatures of 10°+10%C order can be reached [1.40-1.42]. Such high
thermal modes can cause the effects of secondary local boiling up not only of the
dispersed medium (water), but also of the dispersed phase (oil).

Boiling up results in vaporization of local oil inclusions and subsequent condensation
of its vapors, i.e. to dispersion of particles [1.13].

It was determined in [1.21] that the model of a single bubble dynamics gives
proper description of the vapor bubble dynamics in a liquid near its boiling point
under the action of an acoustic field [1.21], as well as laws of vapor bubble
cavitation in a cold liquid under the acoustic field action.

The laws, describing vapor bubble growth as a result of a liquid boiling up another
liquid or flow volumes are presented above, the action of dynamic characteristics
of this bubble growth or collapse on possible hydrodynamic breaking of inclusions
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during the boiling up of multicomponent mixtures, consisting of two or more
immiscible mixtures, was also considered.

However, vapor phase growth can also occur on solid surfaces. In [1.39], the
mechanism of heat transfer during liquid boiling up as a result of vapor bubbles
merging, formed from a micro-nucleus at the moment of liquid contact with the
wall and during formed conglomerate growth are studied.

According to [1.1], the dynamics of vapor phase growth on a heated surface under
free convection can be considered based on two models: bubble growth due to non-
stationary thermal conductivity from the surrounding liquid and bubble growth due
to heat supply by means of stationary thermal conductivity from the wall through
the boundary thermal liquid microlayer.

It is preferable to consider a generalizing model based on these two models.

Based on heat balance, including: stationary heat, coming from the wedge-shaped
layer, forms between the wall and the bubble; unsteady heat, coming from a
superheated liquid layer, covering the bubble; dissipative component, arising due to
friction during bubble growth with surrounding liquid; heat, taken by a vapor
bubble; with introduction of geometric factors, the time dependence of the bubble
radius is written [1.1, 1.2]

1+1+(1 P
R=y~ar +\/ t(/Jatp/Pry =+larye (1.6)
1/Ja+¢/Pr

where: y=28/y%; 7, @, — are geometric factors.

As it is evident from (1.6) R=f (\/; ) In [1.1] the analysis of equation (1.6) for

different values of Jacob Ja and Pranndtl Pr numbers, showing transformation of
equation (1.6) into already known equations. It follows from the above experimental
studies, that the bubble in its growth goes through the following stages: subcritical
growth, accelerated growth, asymptotic and inertial-separating.

The growth rate of vapor bubbles during liquid boiling on microsurfaces was
studied in [1.43].

When the bubble base radius before separation reaches the microsurface
boundaries, the radius dependence on time has the following form

22 ] 1/3
mn a 1/6
R=C -(ar) (1.7)
1((1+cost9)2(2—cos9) \/PrJ
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when the base radius does not reach microsurface boundaries

Ja siné

=C 1.8
ZN/E(I+COSG)2(2—COSQ)\/; (-9

R

where C;, C, — are coefficients; 6— is interfacial angle.

It was determined that the bubble contact time with heating surface depends on its
size: the smaller the surface is, the earlier the bubble gets separated.

The droplet deformation and breaking processes during motion in a liquid were
studied in [1.35], it was used as a basis for mathematical model of droplet
deformation and breaking under the assumption that at all stages of droplet
deformation retains the shape of an ellipsoid of rotation.

The droplet behaviour during its motion in a liquid or gas is depends on three
factors — interfacial resistance forces, capillary forces, and viscous dissipative
forces. A physical model, considering the role of all these factors, is the Voigt
model [1.43], describing a viscoelastic medium behaviour.

Capillary forces are represented by spring action; dissipative viscous forces are
represented by a friction piston. The droplet deformation is considered as the
motion of mass centres of half-droplets in the direction of x axis under the action of
three determining forces.

A spherical droplet is deformed into a flattened ellipsoid when mass centres of
half-droplets move to the geometric droplet centre, otherwise it transforms into an
oblong ellipsoid.

The droplet deformation is considered by the deviation of the mass centre of half-
droplet from the hemisphere mass centre.

Calculations, using model [1.35] show that when CCl, droplet falls in pure water
under gravity, this droplet oscillates with a constantly increasing amplitude,
subsequently leading to its breaking.

Using this model, it is possible to predict the droplet behaviour with a sharp flow
acceleration in nozzles or under action of centrifugal forces.

So, if the external effect is not intense enough, the droplet after small amplitude
damped oscillations takes the stable shape of a flattened ellipsoid.

A more considerable effect causes more intense damped oscillations, bringing the
droplet into the shape of an extremely flattened ellipsoid. With a further increase in
the external effect, the droplet is destructed.

The droplet destruction process in a liquid flow is affected by various factors,
including adsorption-desorption phenomena [1.34]. Thus, when analysing a liquid
droplet, immersed in an infinite homogeneous liquid at rest, not mixing with the
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first one, with dissolved substance, has surface-active properties to the interface,
adsorption-desorption phenomena and chemical reactions are observed.

Reaction products do not possess surface-active properties and are rapidly (in
comparison with surfactant adsorption) removed from the interface.

Analysing the interface surface dynamics, heat-capillary effects [1.44] are
neglected in comparison with the concentration-capillary effects due to small
thermal effects of interfacial reactions.

Concentration-capillary effects are conditioned by dependence of the surface
tension on reagents concentration.

At this, the effects, associated with surface viscosity and inertia of adsorbed
surfactants increase.

Actually, it is problematic to assess the droplet mass change under the action of
surfactants; therefore, when droplets break up, the effect of surfactants is not
considered in experimental studies.

1.3. Conversion of thermal energy into Kinetic energy

To perform numerical calculations as an example, let us assume that a low boiling
liquid is water in an oil-water emulsion.

We know thermophysical parameters of liquids.

For the computational model, we assume that there is a water droplet with R;,
radius, surrounded with vapor layer 6, thick, present in the continuous oil volume.

The entire system at the initial moment of time is at a certain pressure p and
temperature 7, corresponding to water saturation temperature at pressure p. At a
certain moment of time, this system is in the medium with reduced pressure p,,.

To describe heat transfer processes between water and vapor, as well as vapor
phase growth, we use the following equations:

» 20 4u,w
pn_poo_l'spmw _Ri_#

dwy _ s R (1.9)
dr me4
The heat flow equation can be written as follows:
0=47(q-R (1) + 4, R} (7)) (1.10)

where ¢,, is a specific heat flow from oil to vapor.
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A specific heat flow from water side ¢ is determined by expression
q=025p, ¢, W,(T,)(-T,)+j-c, Ty (1.11)

to determine ¢,, let us use the integral method used to solve non-stationary heat
conductivity problems, first proposed by Landahl in the study of thermal physics
problems [1.2] and developed in [1.45, 1.46].

From the continuity condition for a liquid it follows
2 _ 2 _
Py W(T) ¥ =p, -wy- Ry =const

Then the heat conductivity equation in spherical coordinates for an incompressible
liquid, surrounding the vapor volume, looks as follows

or 1 @ , oT ,
_m _ - . __m _ Rs.T 1.12
or 2 ar{a’” T M } (1.12)

To solve this equation, let us introduce parameter 6(z), called penetration depth
[1.2], characterizing time-varying thickness of the liquid layer adjacent to the vapor
volume, where the temperature gradient is non-zero.

This parameter cannot be identified with non-stationary thermal layer thickness
[1.2,1.47].

Assuming the temperature profile near vapor layer in the parabolic interpolation
approximation and integrating (1.12) from R, to R, +J we get

d[1 2 1
Eligﬂpmcm (7, —T4)(4R§5+R452 )} =4x (T, ~ T, ) AR5 [E+R_J (1.13)

Left side (1.13) represents the change in the amount of heat in oil within a layer o
thick due to heat transfer through the interface, and the right side characterizes the
amount of heat flow, coming from oil to vapor. Assuming the condition at oil-
vapor interface 7,(r) =T, (r), we get

= (T, —n)[%é] (1.14)

Equation (1.14) allows to determine the specific heat flow from oil to vapor if
value 6(z) is known.

If we assume

dH, d |1 2 2
dr —E|:§”pmcm(Tm_T4)(4R45+R4§ ):| (1'15)
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it is evident that dependence H,, = f(0) looks as follows
Hm(z')zéﬂ'pmcm(Tm —Tn)(4R35+R452) (1.16)
Penetration depth is equal to

3 0.5
H

2 1 (1.17)
47TR4pmcm (Tm _Tn)

5=2R, [1+

To determine function H,,(7r) we have to solve equation

W _ ger2s, (T, -T,) =+ (1.18)
dr oy Ry

where ¢, is penetration depth value at the previous time interval at Az — 0.

By solving equation (1.18), using Euler method or by the finite difference method,
we can write

1
PnCn [(Tm ~T,)(4R}5 + Ry5® )~ (T,, Ty )(4R3, 6 + Ray 85 )} - o

=47R; 4, (T, —Tn)£§+RL]-Ar, AT =0

4
Solution of equation (1.19) will make it possible to determine target value o(z) and
q,,- The temperature field over the cross section of a water droplet is determined by

equation

2
(o) _, [01uD) 2 00D |\ g ocrcr,  (1.20)
or or? r or

under the corresponding initial and boundary conditions

T(r,0) =T =const; -A or

- =0; T,(t)=T,, (1.21)
or

r=0

Temperature 73 at each time interval is determined from equation

24,

(5 -1) =g+ j-L(T) (122)
3
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Thus, the thermal part of the problem consists in obtaining the temperature field
over the water droplet section according to equation (1.20) according to changing
temperature value 73, and temperature distribution in oil layer, o thick (in the form

of parabolic interpolation), by obtaining value dand ¢,,. The dynamic part consists
in solving Rayleigh-Plesset equation.
The solution results without consideration of change in continuous medium

temperature are shown in figures 1.2-1.6.

It was assumed that at the initial moment of time there is a water droplet with a
radius of 100 pum, surrounded by a vapor layer, 1 um thick, in a continuous
medium — oil.

The entire system is at ¢, = 180°C and corresponding water saturation pressure.

At a certain moment of time relative to the initial one, the system enters the
decreased pressure zone ( p,= 1 atm) resulting in water evaporation and vapor
phase growth. The calculations were made using the finite difference method.
Figure 1.2a shows the behaviour of temperatures of water-vapor and oil-vapor
interfaces, as well as the temperature of the water droplet centre.

This figure demonstrates that 7; and 7, temperatures have an oscillatory
dependence of change at the initial moment of the vapor phase growth (z < 0.002 s).
In this case, the vapor is even more superheated than during growth of vapor volume

surrounded by an oil shell (fig. 1.3), its temperature will constantly increase, starting
from the moment of practically equilibrium vapor pressure at level p,.

It is explained by the fact that the heat flow, coming from oil to vapor, will exceed
the expansion effect of vapor volume throughout the entire period, as well as heat
flow from vapor to water according to equation and mass flow heat.

dT, dv,
nol 0-c,T,jSs—p,—%|, S;=4zR; (1.23)
dr  c,m, dr

Decrease in Q,, according to figure 1.5a with radius increase R,, can be attributed
to a decrease in temperature differences 7, —7,, shown in figure 1.2a, and joint
effect of 5and R,. Radius value R, value changes in time more intensively than

with an increase in the vapor volume in oil shell, as it is shown in figure 1.3b,
while no characteristic radius oscillations are observed, resulting from the fact that
mass flow can compensate for vapor volume expansion (decrease in vapor density).

Water evaporation and vapor phase growth process is more intense than in the
case of an oil shell, manifested by a noticeable decrease in radius R; in figure

1.4a and higher values of oil-vapor interface motion rate (fig. 1.6a). Curves of
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specific mass flow changes (fig. 1.4b) and water-vapor interface motion rate (fig.
1.5b) have a similar behaviour in time.
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FIGURE 1.2. Behaviour of interfaces temperatures and the water droplet centre in time at
initial temperature #,= 180°C (a) and ¢,= 130°C (b).
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FIGURE 1.3. Vapor pressure change (a) at #,= 180°C and oil-vapor interface radius (b) at

different initial temperatures in time.
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FIGURE 1.4. Change in water-vapor interface radius (a) and specific mass flow (b) in time.
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FIGURE 1.5. Change in heat flow from oil to vapor (a) and rate of water-vapor interface

motion (b) in time.
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FIGURE 1.6. Dependence of rate (a) and acceleration (b) change of oil-vapor interface
motion in time.

In this case, the initial surge in the mass flow and, as a consequence, water-vapor
interface motion rate, result from a sharp decrease in temperature (fig. 1.2a) and
vapor density, causing a decrease in vapor pressure (fig. 1.3a).

Further decrease of mass flow down to 7<3-107 s can be explained by the
combined effect of temperature changes in vapor and water-vapor interface (fig.
1.2a), as well as by the vapor density according to equation:

j=025a,[ p, () W5(T) = p, W, (T,)] (1.24)

A decrease in the vapor volume growth intensity, i.e. oil-vapor interface motion
rate according to figure 1.6a, leads to accumulation (an increase in vapor density),
as well as an increase in vapor temperature, resulting in decrease of incoming heat
flow from oil to vapor (fig. 1.5a) and mass flow from water surface to vapor.

According to comparison of figures 1.2a and 1.6a, an increase in oil-vapor
interface causes decrease in vapor temperature and vice versa. Oscillations of vapor
pressure according to figure 1.3a result from combined action of temperature and
vapor density, and if, in calculation, it is considered that vapor pressure is only a

temperature function ( p.=f (T Y )), then qualitatively incorrect results can be

obtained. The vapor pressure, as in case with oil shell, has an oscillatory behaviour
in time with constantly decaying amplitude, which ultimately leads to a certain
equilibrium value of the vapor pressure.
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An increase in the mass flow, starting from 7 ~2-107° s, results from the combined
action of heat flows from the water droplet centre and from vapor to water-vapor
interface.

In this case, a constant mass flow value for 7> 0.003 s indicates compensation by
heat flow from vapor to water-vapor interface for a decrease in heat flow from the
water droplet centre due to temperature decrease 7T;.

The calculated value of oil-vapor interface acceleration, shown in figure 1.6b, in
the initial period of vapor volume expansion reaches a maximum equal to a million

of gravity accelerations (=11.3- 10® m/s?).

Figures 1.2b, 1.3b-1.6 show the calculation results for initial temperature #,= 130°C.

It is obvious that a temperature decrease down to this value results in a decrease in
oscillations of measured parameters, or to complete disappearance of these
oscillations.

According to figure 1.2b, vapor temperature initially decreases, then it begins to
increase without significant oscillations, temperature 75 more quickly equilibrates
to equilibrium.

The behaviour of specific mass flow (fig. 1.4b) and water-vapor interface motion
rate (fig. 1.5b) are consistent with the change in vapor temperature 7,, as well as
at a temperature of 180°C. In general, the amplitude values of vapor volume
growth (fig. 1.6a), water-vapor interface motion rate (fig. 1.5b), mass flow, heat
flow from oil to vapor and acceleration of oil-vapor interface motion rate (figs.
1.4b, 1.5a, 1.6b) have lower valuesat lower valuesof oscillation periods. The
general behaviour of calculated valuescurvesat 130°C is the same as at 180°C.

The vapor temperature change at R;= 10 um, is characterized by the fact that it is
more superheated relative to saturation pressure, than at R;= 100 pm, with an
initial radius of 500 pm, the vapor is less superheated relative to p,. At R;= 10
um and ¢, = 180°C oscillations of oil-vapor interface radius appear, they do not
exist at 130°C. The behaviour of measured valuesfor radii of 10 pum and 500 pm
remains the same as at 100 pum, but the amplitude valuesincrease with radius
decrease, except for the heat flow from oil to vapor, growing with an increase in
the initial radius of oil-vapor interface. At low value of Ry in curve j= f(7)
reflects a sharp decrease in mass flow caused by a heat input decrease from water,
as a result of its intensive cooling (a rapid decrease in temperature 7;), mass flow
growth at R;= 500 pm is due to effect of heat input from the water over a longer
period of time. With a decrease in the emulsion droplet initial radius, significant
oscillations of heat flow from oil to vapor are also observed. The change of vapor
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pressure at R;= 10 pm and ¢, = 130°C is characterized by the fact that it does not

fall lower than ambient pressure, it is always higher. It results from the fact that
mass flow j and heat flow from oil to vapor Q,, can compensate for the effects of

vapor volume expansion, resulting in vapor density and temperature decrease.

According to [1.2], pressure near vapor volume can be determined using the
following equation

R, ||R
p(r)zpw+|:p4—pw+0.5pmwf( —}%H; (1.25)
Calculations according to equations of the growth model of the vapor phase,
boiling water droplet, located in an infinite oil volume, together with equation
(1.25) for certain valuesof radius » we obtain the pressure distribution in the
vicinity of the growing vapor volume. We get pressure distribution near the
growing vapor volume. The calculation results are presented in figure 1.7.
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FIGURE 1.7. Comparison of calculated (curve 1) and experimental (curve 2) data on vapor
phase growth upon boiling up of a water droplet, placed in superheated oil.

By comparing the calculated distribution in time of pressure with experimental
data, one can see their consistency in the frequency of pressure change. The
observed inconsistency in the amplitude of pressure change value is explained by
the fact that in the calculation the considered droplet has a spherical shape, but
even in view of the smallness of the surface wetting property, the real droplet did
not have a perfect spherical shape.

In the calculation, it was assumed that a certain size of the vapor layer (1 um)
already exists, while it was experimentally determined that at first, separate
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bubbles are formed, subsequently merging with each other; the initial vapor
pressure is taken equal to the highest experimentally measured value.

As a consequence, the calculation did not consider a certain period of vapor phase
formation, when pressure increased to the value, initially assumed for calculation.

But, as results from figure 1.7, formation of each individual bubble at the oil-water
interface can be identified with vapor layer formation of a certain size.

The presence of a certain amount of surfactants also makes a special contribution,
since the interfacial tension coefficient of oil-vapor interface was assumed by
generalized data.

Comparing experimental and calculated data, it can be concluded that the relative
error in determining the pressure pulses was ~15.8%.

In general, we can conclude that the developed model of vapor phase growth
provides a proper description of the processes, occurring during boiling up of
superheated liquids, both in qualitative and quantitative aspects.

1.4. Heat transfer with droplet surrounding medium

During water evaporation, both water and oil consume energy, as a result,
temperatures of the water oil volume will decrease, if no heat is supplied to the
emulsion volume.

Change of oil volume temperature can be determined, knowing the total system
volume, water and oil content, size of dispersed phase particles, as well as their
number.

Let us take a certain volume Vs with 30% of water (V,, =0.3-V5 ) and 70% of oil
(V,,=0.7-7s). To determine the number of dispersed phase particles, we can use
histograms of particle size distribution [1.1, 1.2].

If we assume that the entire dispersed phase will be uniformly distributed in the

volume with particles of the same size, then the number of dispersed phase
particles (for example, water) is

_ 3Vw_3 (1.26)
47 R
Then change of oil temperature in time is
dT,
g2 N m (1.27)
dr c,,M,,

where m,, is carrier phase mass (m,, =V,,p,, )-
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3

For instance, for emulsion volume Vy=0.5-10" m® with 30% of water (in

combination with vapor) and for particles R = 100 pum in size, their number is equal
to N=3.58-10 pcs. The calculation results, using the equations of vapor phase
growth model, boiling water droplet with radius R,(0) =100 pm, present in infinite
oil volume, combined with equations (1.26), (1.27), are shown in figures 1.8-1.10.

Figure 1.8a shows that oil temperature decrease is more intense than temperature
decrease of the water droplet centre 7;, resulting from higher heat transfer from oil

to vapor as compared to that from the water droplet centre to water-vapor interface.
The difference in the vapor temperature change over time is its decrease, due to a

decrease in 7,, as compared to calculation without considering the medium

temperature decrease.
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FIGURE 1.8. Behaviour of interface temperatures, the centre of a water and oil droplet in
time at the initial temperature #,= 180°C (a), as well as the radius of the oil-vapor interface

at different initial temperatures (b) in time.

In this case, amplitude valuesof growth rate, accelerations of motion, pressures,
actually remain unchanged in comparison with the calculation without change of 7,,.
Heat flow from oil to vapor and mass flow (figs. 1.9b, 1.10a) in the initial period of
time is equal to the same without considering Q,, = f (T m) (figs. 1.4b, 1.5a).
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FIGURE 1.9. Change in water-vapor interface radius (a) and specific mass flow (b) in time.
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FIGURE 1.10. Change in heat flow from oil to vapor (a) and rate of water-vapor interface
motion (b) in time.

But at considerable decrease of 7,, further on, they begin to decrease, asymptotically
approaching zero, indicationg the dominant role of the heat flow Q,, in heat transfer
process.
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Maximum calculated value Q,, reaches 1.5 W per one particle. Considering, that

number of particles is equal to N =3.58-10", it can be concluded that the heat
transfer process is highly intense, requiring an increased amount of heat.

Water-vapor interface radius (fig. 1.9a) first decreases rapidly, then the change
curve R;(7) approaches a horizontal straight line.

The behaviour of oil-vapor interface radius R, (fig. 1.8b) is of the same character:
rapid growth at first, but after reaching a certain value (for 7, = 180°C, =680 um), it
increases slightly, at low rate (w, — 0 ), resulting from reduced heat supply to the
particle due to oil temperature decrease.

Similar patterns are observed at temperature #,= 130°C (figs. 1.8b-1.10). Changes

in the temperatures of the water and oil droplet centre at smaller initial area
characterized by the fact that in the initial period of time oil temperature decreases
more intensively than water droplet temperature 7;. Further temperature decrease

T, is faster than 7,

m?>

consequently, temperature 7,, during the rest time period is
always higher than 7;.

Such features, as increase or decrease in 7, depending on the initial droplet radius,
appearance of radius oscillations R, at high temperature (180°C) and the initial

droplet radius of 10 pum, and others, characteristic for the calculation, without
considering the change in oil temperature, remain peculiar for the calculation with
T, = var.

m

According to figures 1.8-1.10, consideration of oil temperature decrease without
any external heat sources results in qualitatively and quantitatively different results,
demonstrating the need to consider this factor.

At this, typical characteristics of change in parameters, depending on initial R, and
T, remain constant, as well as the initial amplitude values of growth rates,

accelerations and other parameters, regardless of whether the change in oil
temperature is considered or not.

Thus, the vapor phase growth model without considering change 7,, results in the
fact that vapor volume increases, as a result, the radius grows R, until the entire
water evaporation.

This model makes it possible to describe in a more correct formulation the vapor
phase growth in the presence of oil, as a surfactant, considering vapor phase
formation at the water-oil interface.

The model of vapor phase growth, considering change in heat supply from oil
with 7, = var allows us to consider and study the processes that occur when
emulsions boil.
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The problem of the effect of neighbouring vapor formations on the vapor phase
growth dynamics, creating, in combination, a complex hydrodynamic situation in
oil volume, require further study.

If the emulsion volume moves in the flow, then vapor volume deformations occur,
resulting in its tearing off the water surface and water droplet breaking.

Dynamic parameters of oil-vapor interface in the presence of, for example, three
particles, one of which being between two others, under conditions of their uneven
boiling up, can result in Rayleigh-Taylor or Kelvin-Helmholtz instabilities,
resulting in the vapor volume collapse and possible water droplet destruction. But
the conditions, required for implementation of these phenomena, remain unclear.
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Chapter 2

DYNAMIC EFFECTS OF THE HOMOGENIZATION PROCESS
THERMAL INITIATION

2.1. Slow heating

The scheme of mathematical model of emulsion droplet heating is shown in figure 2.1.

FIGURE 2.1. Heating model of a water droplet surrounded by oil layer (R, is water-oil

interface radius; R; is oil-air interface radius).

The scheme shows a water droplet with radius R, and surrounded with oil layer
0,, thick. This typical droplet is spherical in shape, oil evenly surrounds water
surface, the whole system is heated by heat transfer with the environment, for
example, air with temperature 7,,.

In the one dimension classical diffusion problems are written as

20 .
Or _A\OT izl oT| 4y (2.1)
or cploax>? x oOx) cp

where: i = 1 — for plate; i = 2 — for cylinder; i = 3 — for sphere; T = f(x,7) —
temperature.

Equation (2.1) is linear as A, ¢, p are not temperature functions.
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For the model, shown in figure 2.1, the body shape is a sphere, there are no internal
heat sources (g, =0), you can write down the differential equation of thermal

conductivity:

— for water

. >0, 0<r<R, (2.2)

T, (r.o) _  (O°Ty(r.7) 2 0T, (r.7)
ot ¢ or? r or

w
CWpW

where a,, = is water temperature conductivity coefficient;

— for oil layer

2
aTm(r’T):am aTm(}",T)_’_%'aTm(l’,T); >0, R2<F<R5 (23)
or or? r or

Initially, water and oil have the same temperature value.

Then the initial condition will look as follows
T'(r,0) =T, = const (2.4)

At oil-air interface, at a known air temperature 7,.. and heat transfer coefficient ¢,

air
the third type boundary condition is written

or,

m or :a(]—;zir _TS) (25)

I'=R5

Assuming that the contact between water and oil is perfect, the fourth type
boundary condition can be written at water-oil interface

o7, oT,
Ay = =-A,—% (2.6)
or r=Ry or r=Ry
We set thermal symmetry condition in the water droplet centre
oT,
—A,—= =0 (2.7)
or r=0
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According to [2.1, 2.2], for spherical bodies in a flow, an equation can be written to
determine the Nusselt number

Nu=2- (1 +B-Re. Pr°-33) (2.8)

where: Re= wd Reynolds criterion; Pr= Y Prandtl criterion; f — coefficient
v a
(5=0.34).

For stationary medium (Re = 0) and criterion Re << 1 the Nusselt number is equal
to [2.3, 2.4]
Nu=2 (2.9)

Heat transfer coefficient, derived from the Nusselt number
a= Nu% (2.10)

where d is characteristic size (for a sphere — diameter).

Substituting (2.9) into (2.10) and taking into account that the diameter is equal, we
obtain

a:ﬁ (2.11)
RS

From equation (2.11) it is evident that at A ,.= const heat transfer coefficient « is

inversely proportional to the emulsion droplet radius at oil-air interface, i.e. with
increasing radius, the heat transfer coefficient decreases and vice versa.

It means that for smaller emulsion droplets, the heating process will proceed more
intensively than for large droplets.

The emulsion droplet heating process continues until the temperature at water-oil
interface reaches water boiling point.

We assume that boiling occurs under normal conditions, and then water boiling
point is #, =100°C (7, = 373 K).

After the interface has reached temperature intensive evaporation begins from the
water droplet surface (heating phase with boiling), resulting in vapor layer formation
between the water droplet and oil layer, their thickness will increase over time.

The model of vapor layer growth is shown in figure 2.2.

In this case, water mass will decrease, the vapor volume will increase and, given
that p, < p,,, from one water volume during its boiling, a many times larger
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vapor volume is formed; with vapor layer growth, oil-vapor interface radius will
increase, thereby initiating oil layer stretching.

Assuming that oil layer volume remains constant, oil film thickness will decrease
and, having reached its critical size, it will collapse.

The film critical size, when it breaks, is taken to be J,,= 0.5 um [2.5].

FIGURE 2.2. Model of vapor volume growth during water boiling when heated by air ( Ry is

water-vapor interface radius; R, is vapor-oil interface radius; R; is oil-air interface radius).

For the model, shown in figure 2.2, differential equations of heat conductivity look
as follows:

— for water

2
o) _, 1 OTnD) 2 OL(WD) g gcrer,  (212)
or or? r or

— for oil layer

oT,(r0) _ 82Tm(r,z')+ 2 0L, (r,0)
or " or? r or

J; >0, R.<r<Rs (2.13)

The boundary condition at oil-air interface has the form of equation (2.5), but
o= f (Rs,f)

We assume that water-vapor interface temperature during vapor volume growth
will remain constant and equal to 7}, oil-vapor interface temperature in the process

of intense heat transfer and vapor masses movement will not be much higher than
T,,, thus, we assume that this temperature is equal to 373 K.
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Then the boundary conditions at water-vapor and oil-vapor interfaces can be
written as the first type boundary conditions

Ty(r)=T, =373 K (2.14)
T,(r)=T,=373K (2.15)

The central boundary condition for a water droplet is a symmetry condition and has
the form of equation (2.7).

The criterion for destruction is a critical thickness of the oil film

(2.16)
Oper 0.5 um
Heat balance equation between oil film and water with vapor is as follows
0,=0,+0,+J-L (2.17)

where: Q,, — heat flow from oil layer; O, — heat flow for vapor layer heating;

Q,, —heat flow for a water droplet heating.

Heat flow from oil level [2.6], is equal to

_ 47z'ﬂ’m(T5 _T4)
"1 1

R, Ry

(2.18)

Under assumed boundary conditions (2.14) and (2.15), the temperature difference
between oil wall and water surface is zero, therefore the heat flow, going for vapor
layer heating is

0,=0 (2.19)

The heat, taken by a water droplet, is determined from the heat conductivity
equation, which for spherical geometry looks as follows

d’T, 24T,
=A - 2.20
dy wl: d 2 r dr :| ( )
Connection between Q,, and g looks as follows
qy = Qv_ Qv (2.21)

Vo ozdll6
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Equation (2.20) can be represented as

av 1 dfodly (2.22)
A P2 dr dr

w

By transforming equation (2.22) and integrating it, we get

3
290 _dr o (2.23)
da 1,3

w

By dividing (2.23) by #* and integrating again, we get
2
T, (1) = q—V% G, (2.24)
r

where C;, C, are integrating constants.

Integrating constants are determined by boundary conditions.

) T .
At r = 0 (in the water droplet centre) dd—w =0 and as follows from equation (2.23),
r

C, =0. At r =R, temperature T, () is equal to water-vapor interface temperature.

Then it follows from equation (2.24)

2

qy R3
Cy=T, ——— 2.25
) =13 26 (2.25)

By inserting (2.25) into (2.24), we get
2 2
R
(=" g 955 (2.26)
A, 6 A, 6
Equation (2.26) for the centre ( = 0) looks as follows

L=h-L= (2.27)

Considering (1.21), equation (2.27) will look as follows

Qw =8ﬂR3ﬂ‘w (T3 _Ti) (2.28)
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Then equation (2.27) will be written as

47, (Ts —Ty)
1 1

R, R

=87RA, (T —T,)+J - L (2.29)

From (2.29) vapor mass flow is equal to

1| 474, (15— Ty)

J:z i_i -8R A, (T3 - T7) (2.30)
R, Rs

The mass flow will change with the droplet growth, therefore, for a certain period
of time A7 the vapor mass, formed at water-vapor interface, can be calculated
from equation

m, =J At (2.31)

Assuming that the heat transfer over the entire surface of the emulsion droplet will
be the same, we assume that the amount of vapor, formed as a result of boiling on
the water surface, will be evenly distributed over this surface.

The volume of water, transformed into vapor, and the volume of vapor, formed as a
result of boiling are respectively equal to

V,="m,  p, =_n (2.32)

A change in water mass and volume results in a decrease in water-vapor interface
radius to value
1/3
3,
R =| R§ - (2.33)
4

An increase in vapor volume as a result of water boiling causes an increase in oil-
vapor phase interface radius and an increase in the vapor layer to values

3V,
4z

1/3
RZ=(R§+ j . y=R;-R; (2.34)
Oil volume with a decrease in oil film thickness remains unchanged and is
determined from equation

|14

m

%ﬂ(Rg -R}) (2.35)
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Then the oil-air interface radius will be equal to

1/3
\ R
R =((R4) +E) (2.36)

The growth rate of oil-vapor interface radius and decrease in the water-vapor
interface radius can be determined from equations

_ Ry _IRs

= ; = 2.37
dr s dr ( )

Wy
We assume that at the initial moment of time, a droplet of emulsion, consisting of
water, surrounded by a layer of MC-20 oil [2.1] has the same temperature over the
entire section, equal to #,= 10°C. At a certain point in time, it is placed in air ¢,,,,

higher than #,. We use the finite difference method for calculation.

Thermophysical properties of water, oil and vapor at the corresponding
temperatures are determined from [2.6].

The calculation results are presented in figures 2.3-2.8.

Temperature, °C
140

Toin=500°C

ts 1,=300°C
120 -+ \
100 -+
80
60

40

20

0 T T T T T T
0.00 002 0.04 0.06 008 010 012 0.14

Timerz, s

FIGURE 2.3. Diagram of emulsion droplet heating at different air temperatures ( R, = 100 um,
0,,=15 pm, ¢,=10°C).
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a) b)
Temperature, °C Temperature, °C
120 .
120 550
100 —— t10 i
— ] ey 100 76
80 | 78 ’4/? 75
| — =" = T4
F— // T7 80 [—
L —"] L —1 _— 73
60 S S— - 7 60 ——1 __——
Ts — [ — 7
_// T4 ——'—///
40 —— 73 40 — 71
——— " —
20 —— 20 E— ——
0 0
0 20 40 60 80 100 115 0 20 40 60 80 100 115
Radius R, um Radius R, pm

FIGURE 2.4. Temperature distribution over the emulsion droplet section at air temperatures
t,ir=300°C (a) and 500°C (b) at different time moments 7; (R, =100 um, &,,,= 15 pm,
ty =10°C): a) 7;=0.002 s; 7,=0.007 s; 73=0.014's; 7,= 0.021s; 75=0.028s; 7, = 0.04 s;
;= 0.056 s; 75= 0.072 s; 7= 0.08 s; 7;0= 0.091 s; 7;;,= 0.11 s; b) 7;= 0.003 s;
7,=0.009s; 7;=0.0155s; 7,=0.023 s; 75=0.027 s; 75,=0.32's; 7,=0.036 5; 753=0.041s;
79 =0.045s; 7,,=10.046 s.

a) b)
Radius R, um
Vapor layer thickness y, um Oil film thickness ¢ oil, um
600 16
Ry ]
500 - 14
400 A l 2 2
10 - 1 2
14
300 g A
R, 6
200 -
4 .
100 — 5
R,
0 : : : : 0 T T T T
0.04 006 008 010 012 0.14 0.04 006 008 010 012 0.14
Time 7, s Time 7, s

FIGURE 2.5. Change in the vapor layer interface radii and thickness in time (a), oil film
thickness (b) at ¢,;,.: 1 —500°C, 2 —300°C.
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a) b)
a, W/(m?*K) Speed wa, mm/s
600 135
500 1 115 A 1
_\/ 2 vt
400 95
75 1
300 A
55 5
200 +
35 A
100 ~ 15 A
0 T T T T -5 T T T T
0.04 006 008 0.10 0.12 0.14 004 006 008 0.10 0.12 0.14
Time 7, s

FIGURE 2.6. Time variation of the heat transfer coefficient from air to the water droplet
surface, covered with oil layer (a) and the rate of oil-vapor interface motion (b) at different
air temperatures: 1 — 500°C, 2 — 300°C.

Let us analyse presented graph curves for ¢, = 300°C. Figure 2.3 shows the
diagram of an emulsion droplet heating. This figure shows three heating phases.
The first one is the initial (inertial) phase, when a temperature of the water droplet

centre remains constant and equal to the initial temperature. In this phase, the rate
of temperature increase of oil-air interface is of the greatest importance.

The second one is a phase of regular heating; in this phase, rates of temperature
changes 1,,,,t; remain constant, and the shape of temperature increase curves is
almost a straight line.

The first and second heating phases are also seen in figure 2.4a, showing the
temperature distribution over the emulsion droplet section.

In the second phase, temperature distribution curves for certain moments of time
are equidistant.

In this case, the temperature difference over the oil layer section is higher than over
water droplet section; it can be explained by lower oil temperature conductivity
coefficient and the fact that oil is the first one to take up all the heat from the air,
which it transfers it to water. It is true for a certain thickness value of oil layer.

These two phases take A7~ 0.11 s. The third phase is characterized by appearance
of a vapor layer, while water-vapor interface radius R; decreases, oil-vapor
interface radius R, increases, which can be seen from figure 2.5a, showing the

change in radii of interfaces in time.
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In this case, the growth rate of a vapor layer, i.e. rate of change in the oil-vapor
interface radius w,, will occur at the beginning of water boiling, increasing

intensively, reaching its maximum, and then gradually decreasing, as shown in
figure 2.6b. This figure shows that, for example, for an air temperature of 300°C,

the maximum growth rate is wy ~41 mm/s. This maximum can be explained by

the fact that from the initial moment of vapor volume growth, the processes of heat
supply to water surface will play the main role, then “volumetric” factors will have
a significant effect, i.e. to increase the oil-vapor interface radius by the same
amount, when it becomes higher than the initial one, more vapor is already needed
than it can be formed as a result of water boiling.

The effect of this factor can be shown in figure 2.5a. If this factor did not have its
effect, then curves of changes R, and y would be straight lines with the same

amount of heat supplied.

This figure shows that the vapor layer increases almost to 500 um, required breaking
the oil film, while the oil-vapor interface radius increases by a factor of =5.

The change in oil layer thickness is shown in figure 2.5b, it can be seen that this
thickness remains unchanged during emulsion droplet heating. During vapor
volume growth, ¢, first, it abruptly decreases (curve J,, = f(r) is practically
vertical), then thickness decreases not so intensively; within its limit the presented
curve approaches the horizontal line. Figure 2.6a shows the time variation of heat
transfer coefficient . Starting from the initial moment of time and until the
moment of a vapor layer appearance, the heat transfer coefficient « has a constant
value, equal to the maximum, and in the process of the oil-air interface radius, it
decreases in inverse proportion to this radius.

The third phase takes about 0.025 s. At the same time, during this period, the
temperature of a water droplet temperature is almost 100°C, the temperature of an
oil-air interface during heating without boiling reaches a value of <109°C, from the
moment of a vapor layer appearance, it increases by ~<0.1°C, then it sharply
decreases and at the moment an oil film rupture is almost 100°C. It means that oil
evaporation can be neglected, because most oils boil at a temperature of
200+300°C, and evaporation at a temperature #5= 109°C will be negligibly low.
Thus, the total temperature of the formed components will be equal to 100°C, and
in the process of the vapor layer increase, the oil film will be cooled, even despite
heating from high temperature air.

Figures 2.3-2.6 also show calculations of the same emulsion droplet, but at an air
temperature of 500°C. As can be seen from these figures, heating and growth
processes of the vapor phase until the oil film destruction is reduced in time by
more than two times, compared with the process at z,,. = 300°C, but the ratio

between heating time and boiling time remains practically the same.
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Figures 2.3 and 2.4 show that the temperature difference in the oil layer becomes
even higher in comparison with the temperature difference over the water droplet
section.

The oil-air interface temperature reaches ~122°C, and during the vapor volume
growth also reaches 100°C, while the temperature of the water droplet centre is
equal to ;= 97°C. Thus, the water droplet centre, when the oil layer is destructed,

does not even heat up to the boiling point, which can result in merging of oil with
water and a new emulsion droplet formation, but with different sizes, i.e. the
average water temperature after the oil film destruction is less than the boiling
point under the given conditions.

The heat transfer coefficient from figure 2.6a, is equal at the beginning of =500
W/(m*K), which is more than when heated by air at a temperature of 300°C. It is
affected by the air thermal conductivity coefficient, its value grows with
temperature increase.

The vapor volume growth rate (oil-vapor interface) reaches a value of =130 mm/s,
which is more than three times higher than the growth rate at temperature ¢, =

300°C, the curve in figure 2.6b has the more expressed maximum. These results
show that the pattern of the temperature difference changes qualitatively: the
temperature difference over the water droplet section exceeds the difference over
the oil layer section. The oil surface temperature reaches a value of =112.5°C, the
temperature of the water droplet centre at the moment of oil film destruction is
~80°C, i.e. subcooling to the boiling point becomes even higher. The ratio between
boiling and heating times goes down.

The total droplet radius at the moment of oil film destruction is approximately four
times higher than the initial one, in comparison with the similar radius at 5,= 15 um.

It is obvious that the total time of droplet heating and vapor phase growth until the
oil film destruction decreases not so significantly with a decrease in the oil film
thickness compared to an increase in the ambient temperature (in this case, air).

The behaviour of the interface radii, vapor layer size, oil film thickness and the
heat transfer coefficient remains the same as for J,= 15 pum, except that the heat

transfer coefficient is initially of greater importance. The oil-vapor interface
motion rate, as in the case of other ambient temperatures and oil film thickness,
also has a pronounced maximum.

2.2. Disturbance of metastable equilibrium with a sharp decrease
in pressure

Calculations of the vapor phase growth with a sharp drop in pressure will be
performed for the model shown in figure 2.2 based on equations (2.12)-(2.37).
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In this case, we assume that at the initial moment of time there is a water droplet
covered with an oil layer, this system is heated up to 180°C at a certain pressure,
excluding water boiling.

At some point in time, such an emulsion droplet is thrown into the atmospheric
pressure zone, as a result, water becomes superheated relative to its saturation
temperature at atmospheric pressure and, as a result, it begins to boil, forming a
vapor layer, which, increasing in size will result in the oil layer destruction.
Calculation results for a water droplet with R;(0) =100 pm in radius and oil layer
thickness ¢,,(0) =15 pm, with initial temperature of 180°C, with a sharp drop in
pressure to atmospheric and for ambient temperature (air) ¢,;. =300°C are shown
in figure 2.7-2.9.

For the calculation, it was assumed that as a result of the pressure relief, the water-
vapor and vapor-oil interface temperature will be equal to water boiling point of
water at pressure p, (100°C), the boiling process will occur only on the water

air

surface (water-vapor interface).

The figures demonstrate that the vapor phase growth under pressure relief goes
intensively than during simple heating at a certain ambient temperature.

Thus, time before oil film destruction t heating by ambient air is ~0.025 s, with
pressure relief 6 ms, that is nearly four times faster.

Figure 2.7a shows that the oil-air interface temperature at the beginning of the
vapor phase growth slightly increases (A75 ~ 0.5°C) and then rapidly goes down

fy~ 100°C.

a) Temperature, °C b) Radius R, um
200 600
R4
180 500 1
160 A >\ 400
ts t
140 - 300 1
120 - 200
R3
100 T—= 100
3
80 T 1 T T T T 0 T T T T T
0 01020304 2 3,6 52 0 1 2 3 4 5 6
time T, ms time T, ms

FIGURE 2.7. Changes in the phase interface temperatures and water droplet centre (a), water-
vapor and oil-vapor interface radii (b) over time R;(0) =100 pm, 5,,(0) =15 um, ¢, = 10°C.
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a) b)
Oil film thickness 6 oil, pm Heat transfer coefficient o, W/(m? -°C)
16 450
14 - 400 A
12 1 350 T
10 - 300 T
250 A
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47 100 1
27 l\ 50 -
0 T T T T T T 0 T T T T T T
o 1 2 3 4 5 6 0O 1 2 3 4 5 6
Time T, ms Time t, ms

FIGURE 2.8. Change in time of the oil film thickness (a) and heat transfer coefficient from
air to the water droplet surface, covered with an oil layer (b) under the conditions, shown in
figure 2.7.
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FIGURE 2.9. Change in time of water-vapor (a) and oil-vapor interface motion rate (b) under
the conditions are shown in figure 2.7.

Unlike an almost identical temperature change curve ¢ (fig. 2.3) temperature in a

shorter period of time decreases from a much higher initial value, i.e. the process is
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much more intense. The water droplet centre temperature # by the oil film

destruction moment goes down ¢, = 150°C.

The characteristic difference between the graphs shown in figures 2.7-2.9 is a clear
kink in comparison with figures 2.5, 2.6.

In this case, both a typical kink in curve dependences and decrease in time until the oil
film destruction can be attributed to a qualitative change of heat flow direction with a
pressure relief: all heat flows will be directed to a water-vapor interface and the entire
amount of heat will go to vaporization (only a small part to oil film heating).

Oil temperature also significant in the initial period of time, subsequently
determining the dominant role of oil in the heat transfer process.

By the curve behaviour in the oil-vapor interface radius growth interface R, (fig.

2.7b) it is obvious in the initial period of the vapor phase growth, a process
proceeds most intensively, confirming the increase in the interface motion rate (fig.
29b) to w, ~2 m/s. Intense growth of the vapor phase results in a rapid

temperature decrease f; (fig. 2.7a), due to heat transfer by the oil film for

vaporization and its thinning (fig. 2.8a). The environment (air) even at 300°C
cannot maintain temperature 5 at constant level.

Further growth of the vapor phase occurs with a lower intensity than in the initial
period, due to a decrease in oil film domination in the heat transfer process,
confirmed by figures 2.7-2.9.

Figure 2.9a shows that the water-vapor interface motion rate also has a peak nature
of its change, and subsequently acquires an almost constant value; it can be
explained by the quantitative balance between the heat supplied to the water-vapor
interface and the heat required to reduce radius R; by identical values.

2.3. Comparison of obtained and experimental results

There are no models that would consider the processes, occurring in emulsions, just
as there were no experiments, and, consequently, no experimental data,
characterizing the vapor phase growth during boiling of the emulsion aqueous phase.

Current data on vapor bubbles growth during boiling on heated surfaces, during
boiling in a liquid volume, as well as as a result of pressure relief from the
equilibrium value, can be compared with the presented model results only in terms
of time scales, in the nature of curve changes, since the considered model takes into
account the effect of the oil film heat and mass transfer processes.

Let us compare the experimental data, analysing vapor bubbles growth during
liquid boiling as a result of heat supply from the surface [2.7] (fig. 2.10a) with
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calculation results at heating by air. Comparing figure 2.10a and figure 2.5a, it can
be seen that the behaviour of the curve of oil-vapor interface radius and the curve
from [2.7] are identical.

a) b)
Radius R, pm Speed, m/s
1.2 35
1.0 2.8
0.8 -
2.11
0.6 -
1.4 4
0.4 -
0.2 - 0.7 1
0.0 T T T 0.0 T T T T
0 2 4 6 8 0 02 04 06 08 1
Time T, ms Time T, ms

FIGURE 2.10. Experimental data on a vapor bubble growth on a microsurface (a) according
to [2.7] and change in the vapor bubble growth rate in time (b) according to [2.8].

At the same time, with an increase in the ambient temperature and a decrease in the
oil layer thickness, the time interval for the vapor phase growth decreases.

Comparing time intervals of the vapor phase growth, obtained by the model until
the moment of oil film rupture, we can conclude that they will be higher than
shown in figure 2.10a. It can be explained by the fact that the oil film generated
thermal resistance, thereby reducing heat transfer between the environment and a
water droplet, as well as by a certain inaccuracy in comparing heating from the
surface and in air.

If we consider the graph in [2.9] of a vapor bubble growth rate during pressure
relief (fig. 2.10b), we can compare it with similar graphs for the oil-vapor interface
growth rate when heated by air (fig. 2.6b) and pressure relief (fig. 2.9b), and
determine similar character of change in curves in figure 2.10b, especially curve
w,(7) when heated by air at 300°C (fig. 2.6b), as well as the same peak in the

change in these curves.
Comparing time intervals and peak values of the change in interface motion rates,

it is observed that when heated without pressure relief, these rates are strikingly
different, for example, ~0.13 m/s in figure 2.10b.
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Comparing the data in figure 2.10b with calculation results, using the model of the
vapor phase growth when pressure is released to atmospheric pressure (fig. 2.9b), it
can be seen that the behaviour in the oil-vapor interface growth rat differs from that in
figure 2.10b, only peakedness remains. The maximum rate values are different, which
is explained by the oil film presence and other conditions of the numerical study.

Figure 2.11 shows dependences of the change in a vapor bubble radius, when it
grows in water as a result of pressure relief according to the model of a single
vapor bubble dynamics and other models presented in [2.1].

Radius R, um
1.0

0.8

0.6

0.4 2

0.2 1

00 T T T
0 1 2 3 4
Time 7, ms

FIGURE 2.11. Time change of a vapor bubble radius according to: 1 —[2.1],2 —[2.2], 3 - [2.9].

Comparing these graphs with pressure relief results in figure 2.7b, we can conclude
that the time interval in all cases is within milliseconds range.

The behaviour of curves is also identical (disregarding the initial phase, shown in
figure 2.7b).

The proposed model is idealized, it is based on certain assumptions.
It does not consider the action of capillary, dynamic and inertial forces.

For instance, this model disregards pressure effect on the vapor phase growth
during its relief, a surface tension and viscosity effects (the oil film dynamic action
when it is thinned).

The issue of increased temperature (overheating) of boiling water is not considered.

In practice, there are no such ideal processes, but, as a rule, they deal with flows in
which turbulent flows arise, i.e. complex hydrodynamic environment.
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But this model makes it possible to assess heat and mass transfer features in the
presence of films, covering liquid droplets, as well as obtain graphical dependences
of various parameters with a change in the heating medium temperature, film
thickness, initial droplet radii, etc., which cannot be done using mathematical
models of the above processes.
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Chapter 3

DISPERSED PHASE BREAKING AT EMULSION BOILING

3.1. Mutual dynamic effects of neighbouring bubbles

The classical theory of deformation and destruction of droplets, depending on the
flow turbulence degree, belongs to Kolmogorov [3.1], who considered this process
as a manifestation result of a great number of random phenomena and, based on the
theory of probability, obtained the logarithmic size distribution of droplets. When
considering these processes, it is important to determine that the droplet is resistant
to action of destructive forces. The main factors, causing droplet breaking in a
liquid medium are as follows: the relative rate of the flow over a droplet, flow
acceleration, dispersed and continuous phase density, surface tension, viscosity of
both liquids and characteristic time of their interaction.

Types of hydrodynamic instability arising under the action of these factors will be
as follows [3.2]:

1. Tolmien-Schlichting instability, resulting from the transition from laminar to
turbulent flow.

2. Kelvin-Helmholtz instability, observed when two fluids move at different
tangential velocities, relative to the interface. Surface rupture can be observed
even at low rates when the flow is laminar.

This type of instability is characterized by Weber criterion

_ 2R ,ow2

We (3.1)

o

Critical Weber criterion is assumed as equal to We_, =10 [3.3, 3.4].

The Rayleigh-Taylor instability, occurring, when the surface between two fluids
is accelerated from a lighter fluid to a heavier one.

This type of instability is characterized by Bond criterion

2
(o}

Critical Bond criterion is assumed as equal to Bo_,. =40 [3.3, 3.4].
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3. Benard instability occurs as a result of density fluctuations, consisting in the fact
that under the effect of various reasons (temperature gradient, concentration),
heavier layers appear over lighter ones.

Tolmien-Schlichting and Benard instabilities are observed in both homogeneous
and heterogeneous systems, while the Rayleigh-Taylor and Kelvin-Helmholtz
instabilities are observed only in heterogeneous systems.

The calculations, presented in the literature, in most cases are based on Bond and
Weber criteria [3.1-3.5], i.e. only instabilities of Rayleigh-Taylor and Kelvin-
Helmholtz, which are most characteristic for emulsion media, are considered.

The processes of droplet deformation and breaking when moving in a liquid are
described in [3.1, 3.2, 3.6, 3.7].

At the same time, no existing model considers the process of the dispersed phase
breakage, taking into account the vapor layer formation at the interface of two
phases and force interaction with respect to several simultaneously boiling particles
of the dispersed phase. Basically, possible processes of deformation and breaking
under the action of boil-off, growth of vapor bubbles, or under the action of vapor
cavities, cavitation pockets at the moment of their collapse with possible maximum
dynamic effect are described.

The formation of a vapor cavity (bubble) is assumed to be homogeneous and only
the maximum dynamic effects are considered, while the dispersed phase
destruction can occur at any other moment of time due to the fact that the
hydrodynamic situation even near two growing bubbles is uncertain and, if the
dispersed phase particle is at a certain distance from these bubbles (or between
them at a certain distance), the effect of this particle breaking will manifest itself
upon reaching the maximum force, which will exceed the critical one calculated by
the Weber or Bond criteria, but will not necessarily be equal to the maximum,
applied in this system. If we analyse the dispersed phase breaking, which itself
boils up, the process becomes even more complicated and requires detailed study.

The above shows the main factors, determining the dispersed phase breaking.

According Weber and Bond criteria, the main factors, determining the dispersed
phase breaking, respectively, will be: rate w, and acceleration g, acting on this
particle. The rate at any point in space in the vicinity of a growing or collapsing
vapor volume can be determined by the ratio

w(r)=—14 (3.3)

It can be seen from this ratio that this rate is inversely proportional to the square of
the radius (starting from the value of a vapor volume radius itself).
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The acceleration distribution in the bubble vicinity is determined by the expression

g(r,r) = AR _OWT) | o OMET) (3.4)
dr or or
Taking equation (3.2)
2 2 2
G_W:dW4 R_4+2W4R4, a_W:_2W4R4 (35)
or dr r2 r2 or r3
By inserting (3.4) into (3.3), we get
1|d 2wiR,
o(r,7) =—2[—W4 R} +2wjR, — A4 } (3.6)
re| dr r
Then, using the Rayleigh-Plesset equation, we can write
2 2Psz%R2 Ry
g(}’,’l'): p4_poo+0'sw4pm_ 3 P (37)
r pml"

Calculation results according to equation (3.7) are presented in figure 3.1.

Acceleration g-10°%, m/s”

0.5

1 15 2 25 3 35 4
Radius r-10% m
FIGURE 3.1. Acceleration distribution in the vicinity of a vapor layer during its growth for
R,(0)= 100 pm, ¢, = 180°C resulting from pressure relief down to 1 atm at different time
moments: 1 — 107 s;2 — 1.5-10°s; 3 — 2.4.10°s; 4 — 3.6-10°s; 5 — 5.2:10°%s; 6 —
7-10°% 5;,7-107 ;8- 2107 s.
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As this figure shows, acceleration at certain points in time ambiguously depends on
distance r: it may have a negative value at oil-vapor interface, increase with
growing » and, having reached the maximum, decrease; even at a distance four
times the droplet radius, the acceleration is many times higher than the gravity
acceleration.

Thus, it can be concluded that a dispersed phase droplet, located at a distance
several times greater than the boiling particle radius, is subjected to the action of
accelerations, resulting in a destabilizing effect of this droplet and at certain
parameters (R, o, g) they can destruct it.

Let us analyse a system consisting of two droplets of different sizes when they boil
as a result of pressure relief located at a distance / from each other (fig. 3.2).

v I

FIGURE 3.2. Calculated arrangement of droplets.

Then the resulting acceleration will be determined by the formula

223 (3 - ) R
; 2p’”w’R’](x’ ik (3.8)

2
g(x,7)= Z(pl — P +0.5p,, i~ d3 d3

i=1 i i

where: x; — initial coordinates of droplet centres; d; :|xl- —x| — radius vector;
x — coordinate of acceleration calculation point; w; =w,; — oil-vapor interface
motion rate for the i-th droplet; R, = R,; — radius of the oil-vapor interface of the
i-th droplet.

Calculation results according to equation (3.8) are presented in figure 3.3.

The figure shows that the acceleration field can change dramatically depending on
the distance between the particles, up to a complete change in the acceleration
vector direction and, as a consequence, possible destruction of any of the particles.
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Acceleration g- 10 m/s’
2

1 1.2 1.4 16 1.8 2 21 214 26
Radius 1 104, m
FIGURE 3.3. Distribution of acceleration between two growing vapor volumes: as a result of

pressure relief down to 1 atm, at different points in time (designations from figure 3.1);
[=3-10"* m, R /(0)=100 um, R,(0)=10 pm, 7, = 180°C.

It is evident that equation (3.8) does not consider turbulent flows, arising in the space
between vapor volumes of droplets [3.8, 3.9], due to their complete uncertainty.
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FIGURE 3.4. Dependence of rate (a) and acceleration (b) change of oil-vapor interface
motion for different initial droplet radii.
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Figure 3.4 shows joint graphs of the change in oil-vapor interface motion rate and
its acceleration at the initial system temperature #,= 180°C for different initial

droplet radii according considering a vapor phase growth in the oil volume.

These graphs show that the smaller the initial droplet radius is, the more intensively
the vapor phase grows, i.e. the interface rate and acceleration are higher.

At different droplet radii, both joint maximums (minimums) of the rate
(acceleration) and significant differences in these rates (accelerations) can be
observed. Then, considering that rates (accelerations) for different initial radii have
different amplitudes and frequencies of variation in time, it can be assumed that at
some point in time Kelvin-Helmbholtz instability is possible, and for acceleration —
Rayleigh-Taylor instability.

Let us define the force interaction that can result in a certain instability.

By joint analysis of the Bond and Weber criterion (3.1), (3.2), as well as their
critical values, with the Rayleigh-Plesset equation, it follows that critical forces,

resulting in Rayleigh-Taylor or Kelvin-Helmholtz instability, respectively, are as
follows

F5, =4070R; (3.9)
Fy. =3070R; (3.10)

Comparison of (3.9) and (3.10) shows that Fgy =1.33- Fy,, but these forces are

c?

caused by various factors, and they cannot be identified.

Deformation and breaking of both the vapor layer and water droplets in water-oil
emulsions can be caused by different directions of both the acceleration vector and
rate vector.

Let us assume that deformation, breaking or displacement will occur only if the
acceleration vector has a positive direction and, regardless of it, the rate vector is
also positive.

We will assume that droplet No. 1 is at the origin of coordinates, and droplet No. 2
is at a distance of / from the first droplet centre, i.e. x; =0, x, =/. We make the
following assumptions:

1. No matter how high the acceleration or rate of the particle boundary itself, the
possible resulting instabilities cannot destruct the given particle boundary.

2. If the acceleration (rate) vector of the interface itself is unidirectional with the
acceleration vector, acting on the particle boundary from the neighbouring side,
then the resulting vector is equal to the one acting on the boundary from the
neighbouring side.
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Considering these assumptions, the acceleration tending to destruct the droplet No. 1
is equal to

2
dgi k=0, k>0
i=1

2
gpl = —Zgl, kISO, kz <0 (311)
i=1

25 k<0, k,>0

-25; k>0, k, <0

where:

meW12R13 J Ri (xi B Rl)
3 3
d; Pmd;
2mei2Ri3

d3

1

g = {p,- — Do +0.5W 0, —

ki = pi = Py + 0.5y, -
d; = |xi - R1|
Then the force caused by the flow acceleration or deceleration is
Fao, =470,,8 p R} (3.12)

Similarly, it can be written for the rate

2

w.s w20, w20
i=1

2

Wy =172 Wi w <0, w,<0 (3.13)

i=1
Wy w; <0, w,>0
W5 w >0, w,<0

(x,—R)
a7

1

Where w, = w,R?
1

Then the dynamic head force is

Fye, =670, R [w, | w,, (3.14)
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As it is known, the capillary force F_ regardless of a deformed droplet shape, is

always directed so as to restore the spherical shape, i.e. in order for Gibbs free
energy to be minimal [3.1].

Therefore, if a droplet is deformed in its motion direction into a flattened ellipsoid,
capillary force opposes external force.

If it is deformed into an elongated ellipsoid, then capillary force coincides in
direction with external force.

Hence it follows that in the deformation process, the shape of an elongated
ellipsoid is unstable, while the shape of an oblate ellipsoid can be quasi-stable.

The minimum of a given capillary force is possible.

We will assume that this minimum is determined by Laplace force with
corresponding force is

Fy = 8o R, (3.15)

Thus, if external force exceeds force F_, deformation of a given volume will
occur, with equality of forces — equilibrium, and at F, > F, y, — repulsion of a

given volume without deformation.

Differences between Fp, . and F, are equal to

o e

By the example of the force, resulting from flow acceleration or deceleration, the
following conditions can be written: Fp, > Fg, — breaking; AFp >0 -
deformation; AFy, =0 — equilibrium; AFg, <0 — displacement.

The system of equations (3.11)-(3.16) for particle No. 2, located at a distance of /
from the first particle will take the form

2
_Zgi3 k>0, ky>0 —Zwri; w20, w20
i=1 i=1
2l 2
€p =1> 85 k<0, k<0 w, =12 W5 W S0, wy<0 0 (3.17)
i=1 i=1
g k<0, ky,>0 W, w; <0, w,>0
_g[' kl >0, k2 <0 _Wri Wl > 0, W2 <0
R (x X, —J
where: g; =k; ’( ! ]), w =WZ.RZ.2( ! ‘]); di=|xi_j|; j=1-Ry;
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Fao, =470, ,, R (3.18)
2

Fyye, = 670,53 [w,, |w,, (3.19)

F, =870R, (3.20)

As an example, let us consider two emulsion droplets with radii of R;(0) =100 pm
and R,(0)=10 pum, arranged at different distance / from each other, at an initial

temperature of 180°C (130°C) and corresponding saturation pressure of the
aqueous phase.

At a certain point in time, the pressure drops to atmospheric, thereby causing an
intensive growth of vapor phase at the oil-water interface and further growth of the
oil-vapor interface.

Let us study how the forces that cause displacement, deformation or breaking of
the vapor volume change in time at different distances between droplets, on the
surfaces of large and small droplets.

The calculation results are presented in figures 3.5-3.7.
These figures show that the greatest effect for droplet destruction is brought by
Rayleigh-Taylor instability type.

In all the cases shown, it plays a decisive role, while Kelvin-Helmholtz instability
type is also observed (fig. 3.22b), but on a small droplet surface and, as it is
obvious from figure 3.22a, only after its dynamic effect has resulted in destruction
of a large droplet after the maximum passes through the force Fy, practically at

the initial moment of time.
As a result, a small droplet will not get destructed. At small distances / the vapor

volume destruction of a large droplet will occur almost right after the pressure is
relieved (fig. 3.6a).

As a distance increases, the time until destruction also increases; it is expected,
passing in the limit to infinity, if we do not consider the force interaction between
droplets approaching and touching surfaces.

With a distance between droplets equal to 200+250 um, i.e. 2+2.5 times larger than
the initial radius of a large droplet, breaking will be observed at the first or second
peak of force fluctuations Fy, (figs. 3.5a, 3.6b), while at shorter distances this is

the first peak.
At AFg,we >0, value AFg, v, shows that at a certain moment in time, volume

displacement or deformation is possible.
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FIGURE 3.5. Change in forces, acting on droplet No. 1 (fig. 3.2) in time at R;(0) =100 um,
R,(0) =10 pm, ¢ = 180°C, for / = 200 pm (a) and / = 250 um (b).

a) b)
Strength F-104, N Strength F-10*, N
200 6
Fpo  |Fwe™ LT o o
X‘g FWe FBO
0 / =
22004 7%
Ter
-400
-600- Feo
'800 T 1 T T 1 '6
0 0.08 0.16 0.24 032 04

0 0.08 0.16 0.24 032 04
Time 110°, s Time 1-10°, s

FIGURE 3.6. Change in forces, acting on droplet No. 1 (a) and droplet No. 2 (b) in time at
R (0) =100 um, R,(0)=10 um, ¢ = 180°C, for / =150 pum.
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FIGURE 3.7. Change in forces, acting on droplet No. 1 (a) and droplet No. 2 (b) in time at
R (0) =100 um, R,(0)=10 um, t=130°C, for / =150 pm.

It is worth mentioning that at a distance of 150 um (figs. 3.5a, 3.6b), a small
droplet deforms before it breaks up a large one, while a large droplet will not even
be deformed by this moment.

It can be explained by the fact that interface acceleration-deceleration at a small
droplet proceed much faster, and this force peak of its deformation (fig. 3.6b) is
caused by a sharp deceleration of its interface, while the oil-vapor interface of a
large droplet is still accelerating.

It should be considered that a large surface area (larger droplet radius) creates a
larger effect area.

For breaking process, it is required excess of the destructive force action period on
the particle surface of the critical value, determined by equation

(3.21)

This equation describes the period of a vapor bubble natural oscillations in an
alternating pressure field.

In this case, the bubble surface oscillates, and its radius, increasing or decreasing,
remains equal to a certain average value R,. An alternating pressure acts on the
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bubble, determined by the amplitude value from average pressure p,. It is clear
that this critical time shall depend to the greatest extent on the acting force level.

In the processes, studied in this work, an increase in the vapor volume results in a
corresponding increase in the particle radius; it is constantly increasing.

In this case, the acting force change and, as a consequence, the oil-vapor interface
pressure does not occur near some average value, but can vary significantly with
different amplitudes.

Therefore, equation (3.21) can be used only indirectly to determine the critical
exposure time.

Calculation for a droplet with a radius of 100 um and an initial time period for
temperature £, =180°C, produces value 7, ~1.44-10°s. Figure 3.6a shows a
geometric interpretation of the critical time.

This figure shows that the particle will be broken, because time of a force action,
exceeding critical value Fy, > Fy is higher than 7.

As shown in figure 3.7, with a decrease in the initial temperature to 130°C, even at
a distance of 150 pm, breaking or deformation effects are not observed at all.

Presented in [3.4] and shown in figure 3.8 photographs of industrial emulsions
show the standard size and distance between dispersed particles.

FIGURE 3.8. Photos of emulsion.

These photos demonstrate that large and small emulsion droplets are almost always
closely spaced.
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Considering a standard relative size of the droplets and their distance between
themselves, it can be concluded that at temperatures of 180°C and 130°C, they will
be broken unambiguously.

Certainly, for this type of emulsion, it is necessary to consider the effects that occur
in the inverse emulsion inside the straight one (fig. 3.8).

The question of these droplets motion remains open, since it results in mutual
displacement of a water and vapor droplet, with possible breaking off of a vapor layer.

Clearly, the greatest dynamic effect for the calculated droplets can be at their
closest approach.

While at large distances only vapor breaking off is possible, at small distances and
high initial temperatures, a water droplet breaking is also possible.

Considering that boiling up at different droplet areas does not occur at the same
time, even more intense processes of the emulsion dispersed phase breaking can be
predicted.

In general, this model makes it possible, in a fairly simple formulation, to consider
breaking processes of large dispersed phase droplets by neighbouring small droplets
at different initial temperatures and distances between them.

3.2. Mutual effect of many neighbouring particles

In this part, we will study breaking processes of dispersed phase droplets,
surrounded by other droplets during their boiling up. We take the emulsion shown
in figure 3.9.
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FIGURE 3.9. To the calculation model of the dispersed phase droplet breaking of the
emulsion (typical dimensions in micrometers).
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This figure shows that there are “small” droplets between “large” droplets, the
former serve as sources of increased dynamic forces at boiling up, thus, initiating
breaking processes of larger droplets due to significant difference in accelerations
and/or growth rates between them.

The main types of instability will be considered Kelvin-Helmholtz instability
caused by the difference in rates and Rayleigh-Taylor instability, resulting from
difference in accelerations.

Considering the emulsion droplet, it can be concluded that the main role will be
played by the forces, acting along normal component to the droplet surface, i.e.
forces directed either towards the droplet centre or away from it.

Thus, the acceleration and rate, acting on the particle surface and directed towards
its centre (from the centre) can be determined from equations

o (X0-70) = & (%0-%0) Ky (3.22)
W (0550 ) = w(x0520) - Koy (3.23)

where: x,,y, — coordinates of the droplet surface point; g — acceleration at the
required point, acting from any source and determined by expression (3.7); w — the
rate, acting at a given point from the source is determined by expression (3.3);
k,. — correction for the normal component.

nr
Correction k,,. can be determined by figure 3.10

d, - i -
k  =cosy= J’i:(xl Xo )sin B +(v; = yo)cos (3.24)

" d; di(xo,yo)

x/

FIGURE 3.10. Determination of correction for the normal component.
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We assume that acceleration and its resulting force are positive, if they are directed
towards the let centre and negative if they are directed away from the centre.

Similarly, we assume rate and its resulting force. In this case, the rate (acceleration)
vector of the oil-vapor interface of the considered boiling up particle is considered
positive, if it is directed from the droplet centre and negative, if it is directed to the
centre.

Acceleration and rate, acting on the droplet surface from several sources are
determined by expressions

N-1
Enr (XOs)’O) = Z gi(xoayo)‘km}. (3.25)
i=1
N-1
»(x0.30) = 2, wi (%0 7%) (3.26)
i=1

where N is the total number of boiling up dispersed phase droplets.

It is important to analyse forces, acting on inclusion opposite sides. Taking as
alternate angle £ (Fig. 3.10), we can determine coordinates of target opposite
points of the particle surface

X =x+Ax; Y =y+Ax
Xpp =x—Ax;  yo,=y-Ax (3.27)
Ax=Rysinf; Ay =R,cospf; 0< B <180°

where: x, y — coordinates of this particle; x,;, y,; — coordinates of droplet side
surface (0<a <180°) as in figure 3.11; x,,, y,, — coordinates of opposite side
(180° < ax <360°).

FIGURE 3.11. Determination of angle «.
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Then determination of k,, will be determined by expressions

.- (x; —x; )sin B+ (v, _ysl)cosﬁ; 0< B<180° (3.28)

" di(xsl’ysl)

(i xg)sin St (3= ra)e0sh - ehe g a6 (3.9)
dj(x52>y52)

k

nr

In equation (3.29) x,,,,, are calculated at 0< 5 <180°, £, at f=/+180°.

r

Let us study how the value and direction of the force, acting on the droplet surface
(fig. 3.9) changes, determined by the acceleration arising in the inter-bubble area at
the initial moment of pressure relief from the value, determined by pressure at
aqueous phase saturation temperature at the initial moment of time (7, = 105°C),

to atmospheric pressure, equal to 10° Pa. For all droplets, existence of the same
vapor layer equal to 1 pm is assumed from the initial moment of time.

In this case, behaviour in acceleration on the particle surface shows in which
direction and how the force will change.

The change in acceleration is shown depending on angle . Calculation results for
water-oil emulsion according to equations (3.24)-(3.28) are shown in figures 3.12
and 3.13.
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FIGURE 3.12. The pattern of acceleration, acting on droplet surface No. 1 (a) and droplet
No. 2 (b) (fig. 3.9) from neighbouring boiling up particles ( g,, ) and acceleration of the

counteraction of growing oil-vapor interface of the particle itself ( g,) at initial pressure
relief from 0.121 MPa to 0.1 MPa.
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FIGURE 3.13. The pattern of acceleration, acting on droplet surface No. 3 (a), No. 4 (b), No.
5 (¢), No. 6 (d) according to figure 3.9 at the initial moment of pressure relief (conditions

are given in figure 3.12).

Figures 3.12, 3.13 show a change in the acceleration, acting on each droplet, shown
in figure 3.9. The graphs show a clearly traceable relationship between angles of
droplet arrangement relative to the analysed one and acceleration value. Thus, for
example, for droplet No. 2 (fig. 3.12b) there are two acceleration maximums at
once — angle B = 55° and f = 310°, corresponding to angles of the nearest
neighbouring droplet No. 1 and No. 3 (fig. 3.13) arrangement respectively.
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These figures show that there are always several maximums of acting acceleration
(force).

It is clear that the greatest effect of the force from all the maximums, taking into
account the effect of the force, acting on the opposite inclusion side.

For instance, calculation of acceleration and its resulting force on one side and
opposite droplet side, we will assume that if two opposite forces are directed
towards the droplet centre, then the total force, acting on the droplet is equal to the
sum of these two forces. If both forces are directed from the droplet centre, then the
total force is also equal to the sum of two vector forces.

If both forces act in opposite directions relative to the droplet centre, i.c.
unidirectional in space, we will consider the determining force that has a greater
value of two acting forces.

Thus, a dispersed phase inclusion, which does not boil up, i.e. does not generate
any opposition to acting forces, the determining effect, resulting in possible
destruction, will be a maximum of two forces that act on opposite sides, under the
conditions described above.

When an emulsion droplet begins to boil up, it has its own force, resisting external
action from other sources. In this case, the opposing force is positive if it acts from
the droplet centre and negative, if it acts towards the centre, as was assumed above.

Then the determining force can be one, acting on one side of the inclusion and
exceeding the opposing force. It can be explained based on the following
conclusions.

Let us analyse a boiling emulsion droplet (fig. 3.14), affected by external forces.

AY

FIGURE 3.14. Forces acting on emulsion droplet (designations in the text).
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Let the maximum of two forces, acting on opposite sides, be equal FZ‘ = F;l + F;z

and locate at S, to axis y. The maximum force, acting on one side is and is located
at angle 8, from axis y. It is clear that Fy > Fy, where it is clear that F, with

F> F;l, F> FS'2, F>F,, F<F,. Therefore, only one difference will
determine the force, which can result in either deformation or breaking.

This force is equal to AF =F,; — F.

Thus, it is obvious that though the maximum of two opposing forces is at angle
to axis y, but the determining maximum is the one caused by force F;, (angle f,).
It is the main difference in forces, acting on a boiling up droplet, as opposed to a
non-boiling droplet.

This means that two given maximums shall be accounted for to determine the main
one. Clearly, a coincidence in the existence of these force maximums is possible,

ie. B =p,.

Then, for a non-boiling droplet, the force acting on its surface, considering
assumed conditions, is determined by acceleration

gsl + gs2; Z>0
Ag =g Z<0, |gq|>|gx| (3.30)
8525 Z<O’ |gs2|>|gs1|

where: Z=g,/g,, — a coefficient, considering the direction of acceleration
action; g, — the acceleration acting on the inclusion surface at 0 < o < 180° and
determined by the equation (3.25); g,, — acceleration, acting on inclusion surface
at 180° < @< 360°, and determined by equation (3.25).

The force that can result in breaking of a non-boiling inclusion of a dispersed phase
is determined by the maximum effective acceleration

gs =max(|Ag]),  0<B<180° (3.31)

For a boiling up particle, two force maximums are determined due to accelerations,
acting on one side of the inclusion

8a1= max(|gsi )’ 8si = {gS1; el 0</<180° (3.32)

852> |gsl| < |gs2|
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on opposite inclusion sides

&s1 1 852> Z>0
), 81,52 =1 8513 7<0, |gg|>|gn| 0<p<180°
8525 Z<07 |gs2|>|gs1|

gsl,sZ

8a2 = max(

(3.33)

Each of given acceleration maximums g, and g,, correspond to accelerations,
acting on different sides of analysed particle g, and g,,.

Considering the fact, that the action force of a droplet itself cannot destruct itself,
we can write equations to determine accelerations and rates, acting on the boiling
up inclusion of a dispersed phase and resulting in its destruction.

Assuming, that if the resulting acceleration or rate is positive, then they result in
instability, and if they are negative, then there is no destabilizing effect, we can write

81— 84 8420, g320
-2 >0, <0

2= gs‘I 84 851 (3.34)
8515 84 <O’ &1 >0

84— &5 €450, g4q<0

where: g, — the resulting acceleration, acting on one side of inclusion; g, —
acceleration of the oil-vapor inclusion interface.

For the opposite side, you can write an equation similar to (3.34), but instead of
g, and g, by inserting g, and g,, respectively.

Then, the general acceleration, acting on the droplet, is determined by the equation
A8y =8p +8p (3.35)
with required conditions

0, Z<0, |g51|_|g32|<0

E1=V0. 750 84>0,2,>0,8,>0,8,-84,<0,8,-g4>0
g4<0’gsl<05gs2<05gsl_g4>0’gs2_g4<0
(3.36)
0; Z<0, |ga|-|gs|>0
g = 84>0,21>0,2,>0,2,-84>0,8,,—24<0

0, Z>0:
g4 <09gsl <07gs2<Oagsl_g4<07gA92_g4 >0
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If the force maximums (accelerations, rates) do not coincide, acting on inclusion
opposite sides and on the one hand, we consider that the total force that is of
greater importance is determined

Ag s Agy > Ag
gy :{ dl dl d2 (337)

Agirs Agy <Agun

where Ag,,, Ag,, are general accelerations, acting on the droplet, calculated from
the maximums, acting, respectively, on one side and on opposite sides, at values
851 and &s2-

Similarly, we can get equation for the rate.

In this case, equation (3.35) will look as follows
Aw:k‘/‘wp‘ (3.38)
+L, w,20;

where k ={_1 " >0 W, =Wy ‘wp1‘+ Wpo |w2|.
b p 2

Studies were performed to determine how forces, acting on a droplet, change over

time, as well as how the angle of force maximum action changes.

Considering that Kelvin-Helmholtz instability plays a secondary role in comparison
with Rayleigh-Taylor instability, we will consider the force action caused by
acceleration to be decisive.

Based on equations (3.30)-(3.38), for these conditions the force acting at
0<a <180° is equal to

Fgl = 47Z-Ripmgsl (339)
For 180° < a <360°
Fyp =47R}p, 852 (3.40)

Opposing force from the oil-vapor interface of the droplet itself

F, =47R}p,84 (3.41)

Total force, acting on a droplet

Fo =47R3 p,, 24 (3.42)
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Critical force, resulting in Bond instability
F5o =4070R, (3.43)
Force, determining a droplet deformation or displacement
AFy, = Fy, —87m0R, (3.44)

For each of the analysed droplets, the calculation is performed either until the
condition

Fpo 2 Fgg (3.45)
is met, or until mutual meeting of droplets, determined by condition

AR, ;<0 (3.46)

2 2
where ARI-J =di’j—(R4l-+R4j), dl-,j = (x,-—xj) +(yl-—yj) ;1= 1,2,...N;
j=i+1, i+2,...,,N; i, j are droplet numbers with corresponding coordinates
XisVis Xjs V-
The calculation results using equations (3.26)-(3.46) together with the equations of

the vapor phase growth model in an infinite volume of oil are shown in figure 3.15-
3.18. Calculations for initial temperature #, =105°C showed that only one droplet

No. 2 would be broken at the initial moment of pressure relief, due to the relatively
close location of droplet No. 1, and, as a consequence, the maximum peak of
acceleration at an angle of relative position of the two given droplets. Figures 3.15-

3.17a show that critical force Fj, increases over time due to increase in radius R,
of analysed droplet, values of the force, acting on the droplet, approach zero in time.

Therefore, we can conclude that if we do not consider further interaction of
droplets with each other when they come into contact, then at #, =105°C, if at the

initial moments of pressure relief, breaking of large droplets does not occur, then
until the contact moment they will no longer be destructed.

Change curves Fy, Fy,, the force maximum, acting at the given moment of time.

These curves determine the predominance of these forces over opposing force F,,

or their smallness over this force. They also do not determine the force, acting at
the same angle since to a large extent they depend on a given angle, which is
shown in figure 3.18a.

But their analysis in combination makes it possible to calculate the force Fy,

playing, in its turn, the main role in this process.
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FIGURE 3.15. Changes in the forces acting on droplets No. 1 (a) and No. 3 (b) surfaces (fig.
3.9) in time under the conditions in figure 3.12.
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FIGURE 3.16. Changes in the forces acting on droplets No. 4 (a) and No. 5 (b) surfaces (fig.
3.9) in time under the conditions in figure 3.12.
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FIGURE 3.17. Change in the, forces acting on droplet No. 6 surface (a), and change of oil-vapor
interface acceleration (b) of analysed droplets (fig. 3.9) in time (conditions in figure 3.12).

a) b)
Angle B, deg Angle B, deg
360 = 360 — ]
- I |
320 4 ! 320 {HH
280 - s | 3
! 280 A
240 1 : L1 \
200 - | 240 - V
a s I U
160 - - 1 200 i
I
120 4| e :
160 = o T
80 4 = Ay Lj \
1l 120 % — =
40 - —r 3
0 T T T 80 I I T T
0 0.3 0.6 0.9 1.2 0 09 18 27 36 45
Time t-10°, s Time t-10°, s

FIGURE 3.18. Change in time of the angle of the maximum force action for particles 1, 3-6
(a) and the angle of the maximum force action for particle No. 3 (b), acting on one side (1)
and on opposite sides of the inclusion (2), as well as the angle of determining force action
for calculation (3) from figure 3.9.
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It is clear that for droplets No. 1, 3, 4, 5 (figs. 3.15, 3.16) with a positive value of
force Fy,, only their mutual movement is possible, as designated by negative sign

while for droplet No. 6 (fig. 3.17a), a slight deformation can be observed at
r~2-1070s.

The most dramatic change in the angle of the maximum force action is also
observed, especially for droplets No. 3 and No. 6 (fig. 3.18a).

Let us analyse droplet No. 6 as an example. As it is seen in figure 3.18a, with a
change in the angle of the maximum force action, the dominant effect of either the
fifth droplet (83 = 40°), or the third (£ = 300°) together with the fourth one, changes.

The first peak of angle change S at 7~5-10s can be explained by a sharp
decrease in the boundary acceleration of droplet No. 3 (fig. 3.18b) and further

predominant action from particle No. 5, then at 7 ~1.8-10°s the third particle
exerts the greatest force. It is also shown in figure 3.18a as sharp decrease in force

Fy, and resulting surge of acting force Fy, due to Fy, and F, turn out to be

unidirectional and force F,, dominates. Similarly, there is a redistribution of

maximum forces in time 7 ~3-107°s, when acceleration from droplet No. 5, taking
into account the distance to surface of droplet No. 6, exceeds the acceleration
effect from droplet No. 3.

The predominance of force from the fifth droplet continues until the moment of
time 7~2.8-107s, that can also be explained by the greatest force effect F "
according to figure 3.18a.

At the same time, despite sharp change of angle f actions of the maximum force for
particles No. 3 and 6, for No. 5 this angle changes quite smoothly (fig. 3.18a), most
of the time is #230°, that is, in the area of the maximum force from droplet No. 6.

Angle surge fat 7= 3.10°s can be explained by the fact that the acceleration in
figure 3.17b, and, consequently, the acting force from droplet No. 6, are equal to zero.

At the same time, there are forces from droplets No. 3 and No. 4, which is
indicated by the non-zero value of force F,, (fig. 3.16b).

We may conclude that angle £ can change sharply only for those droplets that are
surrounded by others, while droplets located on the "margin area" will change the
angle of the maximum force action by a small value.

It is explained by the fact that for droplets inside the emulsion, the force maximum
can change quite rapidly, both in value and direction, due to a quite close arrangement
of neighbouring droplets, changing their dominant effect on a given particle.
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At the same time, the droplets in the outer layers have neighbours on a small
fraction of their circumference, thus predetermining a small change in the angle of
the maximum force action.

Figure 3.18b shows behaviour of the maximum force angle action, acting on one
side of the inclusion changes F,, . and opposite sides F,, . Itis obvious that

there is no clear relationship between the angles of these forces action; they can
both coincide and be strikingly different.
Therefore, it is necessary to consider the highest maximum force and its action angle.

Performed calculations for temperatures ¢, = 180°C and ¢, = 130°C showed, that at
the moment of instantaneous pressure release nearly all large droplets will be
broken up, while at £, =105°C only the largest droplet will be broken up due to the
smallest particle maximum approximation.

Thus, a breaking model of dispersed phase large inclusions of an emulsion at
different initial temperatures was studied.

The angles of the maximum forces action were calculated; breaking processes of
boiling up inclusions proceeds at different force maximums (different angles f) in
comparison with non-boiling particles.

It proves the need to determine at least two maximum forces, that can coincide in
terms of their action angle on a droplet, or differ significantly in this angle of action.
Clearly, it is necessary to consider both the surface deformation of inclusions and
their movement, as well as variation during the boiling of droplets different in size.
Surfactants also play an important role; they make it possible to break a particle
with much smaller forces, applied from other boiling up inclusions.

The issue of behaviour of two or more droplets, approaching each other, as well as
the effect of neighbours on a given droplet growth still needs to be studied.

Analysis of these phenomena will make it possible to study growth and breaking
processes of a dispersed phase in detail.

3.3. Energy conversion in heat and mass transfer processes in boiling
emulsions

In many works [3.10-3.13], the authors pay due attention to the study of heat and
mass transfer processes in boiling emulsions and describe effects of intensification
of these processes.

But in cited works, the authors do not pay attention to kinetic energy conversion of
the vapour region growing volume (vapour bubbles) into other types of energy.
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In our studies, we recorded abnormally high valuesof accelerations of the vapour-
fluid interface and, accordingly, dynamic effects, contributing to breaking up of
dispersed drops of the secondary emulsion fluid.

And, what is more important, these phenomena are accompanied by a powerful
acoustic effect.

Therefore, of course, the question arises as to whether it is possible to solve the
inverse problem, that is, to induce or enhance these dynamic effects by achieving
acoustic resonance but at lower temperatures.

At this, intensity of heat and mass transfer processes, as well as in boiling ones
(superheated relative to thermolabile component), will increase.

Thermodynamic processes that occur on the surface of gas-vapor bubbles, such as
absorption [3.14], aeration [3.15], bubbling [3.16], and vacuum distillation [3.17],
are at the heart of many advanced industrial technologies. Thermal and mass
exchange processes, which are the basis of degassing [3.18], boiling [3.19],
cavitation [3.20], obtaining gas hydrates [3.21] and many others also occur on the
interphase surface of bubbles. Active research into the influence of bubbles on
sound oscillations was carried out to optimize the operation of hydrolocators. In the
available literature [3.22], the issue of damping of oscillations with frequencies
from 4 kHz to 150 kHz in sea water at different depths was highlighted. Another
direction of research was caused by the necessity of application of cavitation
[3.23]. Studies of fluid degassing by the cavitation method were carried out starting
with 10 kHz to 1 MHz frequency.

Bubble oscillations have a damping character in most cases. However, the most
intense heat and mass exchange processes on the surface of bubbles were observed
during these oscillations. A very quick change of thermodynamic parameters of the
“gas bubble—fluid” system occurs during oscillation. The relevance of the study
into dynamics of mass exchange processes on the surface of an oscillating gas
bubble is explained by the necessity for optimization of various technological
processes.

The Rayleigh-Plesset equation is often used for analysis of the dynamics of
oscillations of vapor bubbles. The analysis of fluid flow with lots of bubbles of
different dimensions, considered in [3.24], is also based on the solution of this
equation. Given the large amount of calculation of a three-dimensional model, the
authors did not consider the phase transition processes either on the surface of the
fluid, nor in the middle of bubbles. The Clapeyron-Clausius equation was applied for
determining pressure under conditions of constant boiling [3.25]. However, due to
oscillatory pressure changes, it is necessary to consider that boiling periods alternate
with diffusive mass transfer periods. Moreover, such problem statement does not
consider partial pressure of gases that do not participate in phase transitions.
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Quite often, in order to determine pressure inside cavitation bubbles, the process is
considered to be adiabatic [3.26]. However, this assumption is only possible for
separate stages in the development of a cavitation bubble when the wall velocity
exceeds one hundred meters per second. In the work [3.23], mathematical problem
statement considers phase transition and heat transfer near the surface of an oscillating
bubble. However, this model is designed for the bubbles that are formed as a result of
cavitation and inside of which there is greatly rarified gas. The mathematical model,
considered in [3.18], contains a model of the source of harmonic oscillations but
pressure of saturated vapor inside a bubble is accepted as constant, and only bubbles
of critical dimensions are considered. Hegediis in [3.28] considered a single spherical
gas bubble that contains both non-condensed gas and vapor, but did not take into
consideration phase transition processes on the surface of a bubble.

Comparison of three mathematical models of motion of a cavitation bubble in the
acoustic field was performed in paper [3.23]: a polytropic model, a model ideal gas
and radially distributed thermodynamic parameters inside a bubble. A description
of mass transfer and phase transition processes is also missing in these models, the
frequency of acoustic oscillations, assigned by the author, is significantly lower
than the resonance one. Paper [3.14] presents a physical- mathematical model of
heat and mass transfer and gas absorption on the bubble surface. The obtained
results of calculation show a considerable influence of gas dissolution on the
temperature mode of the gas phase of a bubble, but do not consider oscillatory
character of a bubble’s motion velocity.

Analysis of the scientific literature shows that the study of resonance oscillations of
bubbles in terms of acoustic impact should be not only interesting from the
scientific point of view, but are also of great practical importance, since it is a way
of intensification of heat and mass transfer processes for a variety of industrial
technologies.

The formation of the vapor phase as a means of energy conversion
in boiling emulsion

Vapor bubbles can form when the emulsion is heated or when the pressure in the
superheated emulsion decreases.

The problem of technological processes intensification is solved by use of various
external physical effects on the system, thus, allowing to change speed of the
energy and mass transfer processes in the required direction.

Vapour bubbles in a boiling emulsion can be such points, or it is better to call them
discrete volumes. Phase transition makes it possible to transfer more energy and
thereby intensify heat transfer process. Vaporization will contribute to the fluid
flow turbulence, which also increases the heat transfer intensity.
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3.4. Features of the energy conversion of the boiling phase
of the emulsion

To initiate local transfer mechanisms, the system, for example, the liquid-vapour
bubbles, shall be disturbed from equilibrium state by producing pressure difference
in vapour and liquid phases.

It provides a reserve of potential energy, which, during system transition in its
equilibrium state, is converted into kinetic energy of the fluid radial motion around
the separate bubble.

On reaching its maximum value, kinetic energy is converted into the compressed
gas potential energy inside the bubble and partially into the compressible fluid
potential energy, represented as a high pressure zone around the bubble, then it
propagates in the fluid at the sound speed in the acoustic wave form.

During these conversions, a certain part of the mechanical energy is converted into
thermal energy and vice versa.

Let us consider a vapour bubble in an infinitely large volume of fluid being in a
macro-quiescent state (fig. 3.19). The accelerated fluid motion around the bubble is
caused solely by a change in its volume during growth or compression. The kinetic
energy density at the fluid local point around the bubble is related to the local
radial motion speed w, by dependence &, =0.5p,w?. The change rate of the
kinetic energy density at the fluid local point is proportional to the radial flow

speed and acceleration at this point ds, / dz = pyw?’ -dw, / d.

Vapor generated by the evaporation of a liquid (vapor bubble)

FIGURE 3.19. Steam generation process diagram: R,, Rs — internal and external radii of the

interface of emulsion liquids; R,, R, — inner and outer radii of the steam region.
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The kinetic energy of the fluid radial motion around a single bubble can be
calculated by recording the fluid kinetic energy for a thin layer with thickness of
dr, located at a distance of » from the bubble centre, and then integrating over the
fluid volume.

E, = IZﬂp,rzwlz = 27p, R wi (3.47)
R
It is considered, that the fluid radial speed w, at a distance of r from the bubble

centre is related to the fluid radial motion speed at the bubble surface interface wy
by ratio w, = wgR? / r?.

The change rate of the kinetic energy of the fluid radial motion during bubble
growth or compression of a bubble can be written as

dE, ) dwg 3wy
2k — 47p,R?| Rwp —R 4 2R 3.48
ir 0 { Rt (3.48)

The higher the fluid velocity and acceleration values at the bubble interface are, the
faster energy is converted. The change rate of the fluid kinetic energy at the local
point at a distance of r from the bubble centre can be represented as

de, _pR’
dr r4

dw 1 dE
Rwp—LR 4oy |=—— | RZ=E LBy 3.49
Rz R} 47TF4|: dr k Ril ( )

As it follows from (3.49), the change rate in the density of kinetic energy d¢, / dz,

determining the dynamic effect of a bubble at the fluid local point, is directly related
to the integral energy parameter E, and kinematic parameters wyp and dwy /dr,

characterizing conditions at the bubble interface. Therefore, these parameters can be
used for quantitative assessment of the bubble dynamic characteristics.

During destruction process of steam bubbles, mechanical energy is converted many
times.

First, the potential energy due to pressure difference in both phases is gradually
converted into kinetic energy, value of the latter goes up with increase of the
bubble compression speed wy.

Right before the bubble reaches its minimum size, its compression speed and
kinetic energy decrease rapidly.

At this, kinetic energy is converted into potential energy of compressed vapour and

partially into the fluid potential energy E,,, which, at wp =0 is concentrated, in

a very narrow zone AV directly at the surface of the extremely compressed bubble.
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It causes abnormally high pressure in this zone p=AE,,

the bubble re-expansion, this pressure pulse propagates in a fluid at the sound
speed, and potential energy of the compressed vapour is converted into the fluid
kinetic energy.

/ AV. In the process of

These mechanical energy conversions occur until the bubble disappears
completely. Each stage of energy conversion is characterized by its transformation
time At,,..

Figure 3.20 shows the specific capacity value change pattern ¥ =d &, / dr around
an oscillating bubble during two periods of oscillations.

During one period, four power pulses are registered, at the final compression stage
and at the initial expansion stage, pulse amplitudes are equally large. Thus, the
analysed bubble medium is a thermodynamic heterogeneous system, where, in case
of disequilibrium, interrelated heat-mass exchange, hydrodynamic and other
processes initiate, determining the subsequent system evolution.
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FIGURE 3.20. Dependence of specific capacity in the fluid at the vapour bubble interface

and bubble radius on time for the first two periods of the vapour bubble oscillation. The
calculation has been performer for the following conditions: 7 = 363 K; Ry = 100 pm;

pressure above the surface of the emulsion 70 kPa [3.1, 3.7].

Let us consider in more detail the equilibrium bubble evolution, when pressure in
the fluid suddenly drops from p,, to p;, > p,,. The amount of potential energy,

which in this case is no longer accumulated in the fluid, but inside the bubble, is
still determined by expression

20
Epot =1.37R’> (lerE—pm(Tlo)J (3.50)
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The bubble evolution is determined by three non-equilibrium processes. Due to
pressure difference, the bubble begins to expand rapidly and vapour pressure in the
bubble drops quickly to external pressure value. At this point, the vapour potential
energy is completely converted into the kinetic energy of fluid motion. Energy is
not concentrated in the local area, but is distributed within the fluid volume.

According to equation (3.47), as the bubble radius increases, its growth rate wy shall

decrease. Vapour pressure decrease is compensated for by rapid evaporation inside the
bubble. This leads to a decrease in surface temperature until the vapour pressure in the
bubble pv becomes equal to the saturated vapour pressure at surface temperature of

Psar (T,) and fluid pressure at the same time p,. If this condition is met, a short stage
of a bubble inertial growth is completed, when a rapid transformation of vapour
accumulated energy into kinetic energy of fluid motion occurs.

The further evolution of a growing bubble is controlled by only one non-
equilibrium process with potential 7; —7, >0, wherein the fluid thermal energy is
converted into kinetic energy of the fluid radial motion.

The steam bubble acts as a transformer of such conversion. Figure 3.21 shows how
the value of fluid specific capacity at interface with the bubble changes as it grows.

2 T, =473K
- 60f P =1.554 MPa |
= p;=0.05 MPa
= 50t 4
=
(DH 40 .
Lo
[ Ti=423K
% 301 pp=0.476 MPa .
o P =0.05 AfPg
&_9" 201 ]
o
o 10t
w
0
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time, ms
FIGURE 3.21. Value of fluid specific capacity at interface with the bubble: 1 — R; =100 um;

2 — Ry =300pm; p, — pressure above the surface of the emulsion; p,, — vapor pressure

[3.1,3.7].

Temporal variation of the fluid specific power in the fluid at the bubble interface
during its expansion due to instantaneous pressure release from initial equilibrium
value pyo = py () to the final value p ;<< pp at two values of fluid

temperature. Inertial expansion stage is Azt~ 20 ps.
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Mechanical energy conversion duration Arz,. shall be very short to perform the
accumulated energy as the maximum power pulse W =E,../A,,.

Energy in a pulse form shall be released simultaneously in many local zones,
uniformly distributed within the device operating volume. Simultaneous compliance
with these basic conditions ensures generation of maximum power.

When solving specific practical problems, these conditions are represented as
necessary criteria to be met when choosing the most effective and rational method
of local energy conversion.

The method, developed by us, has been implemented in several projects, wherein
processes of creating homogeneous fluid media, homogeneous fuels, explosive
substances, combustion processes, explosions and intensive cooling of surfaces
were considered. Such results can be obtained with a sharp decrease in the pressure
of the overheated emulsion.

To obtain similar results in the case of heating the emulsion at atmospheric
pressure, it is necessary to use additional energy, for example, acoustic.

To account for the additional source of energy, the following tasks are defined:

— to supplement the mathematical model of a gas bubble in fluid with the source
of sound oscillation, consider phase transition processes in the fluid, on the
surface of a bubble and in the gas-vapor medium;

— to perform calculations of transient thermodynamic processes inside oscillating
gas bubbles of different dimensions in terms of acoustic impact on the fluid;

— to analyze the effect of temperature on thermal-physical parameters of
oscillating bubbles;

— to conduct field tests to prove the calculated resonance frequencies and
observation of the phenomenon of bubbles resonance, to evaluate the effect of
surfactants on bubble oscillatory processes.

The mathematical model [3.25, 3.29, 3.30] was accepted as the basis for studying
the influence of acoustic oscillations of the resonance frequency on the thermobaric
characteristics of a gas-vapor bubble). This model is based on Rayleigh equation
[3.31], which is applied in a new form in these articles.

In this article, the equations are modified to the general case when the vapour
region may also contain other gas.

The dependence of thermophysical characteristics of vapour on pressure and
temperature is known and can be determined, e.g, as in literary reference [3.32].

Equation (3.55) was changed in order to take into account mass transfer processes
at condensation/evaporation of water vapor inside a bubble. Equation (3.63) was
used for description of a source of harmonic pressure oscillations (acoustic
oscillations). The model contains the following simplifying assumptions:
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— a gas bubble is of spherical shape;

— a fluid is viscous and non-compressed;

— 1inside a gas bubble, there is a mixture of gases (air and water vapor), the weight
of which may vary as a result of mass exchange processes both on the boundary
of a bubble, and in its volume;

— gases inside a bubble are considered as actual gas (taking into account the van
der Waals forces).

Let us consider the equations describing thermodynamic characteristics of a gas-
vapor bubble during transition to a new state of thermodynamic equilibrium [3.25,

3.29, 3.30]:

dR _Ppo)~Pe 3R* 4uR 20,
dr PR 2R erz p,R2

1
d_R:R+_W
dr Py
szpw+pa
_ R#pr 2 a4, _ RyTpa 2 4,
Pw= " Tp o P PeT Ty, P
Hyy =0y, 0y My Ha = 0,404 H,

dpw =3R—1 [W _pwdR , dpa =3R—1 Ia _ padR
dr dr dr dr

dr 3R’ [ _deRJ
dr CywPyw ~CaPy K dr

q= {(pwvw(T) + 6[w)cw + (pava(T) + 61a )ca}(Tr(R,r) - T)
Vory = (8R, T/ 7t,) and V) = (8R, T/ 7, )
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(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)
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o(A.,T
—% =0 (3.61%)
x (x=00,7)
Tixe=0) = To (3.62)
P =po+ 4, sin(27rTH_1) (3.63)

Conditions for the occurrence of phase transitions
In the gas-vapor medium:
— if T <T,, water vapor condensate occurs;

— if T<T, and m,, >0, evaporation of water vapor condensate occurs.

Hereinafter, 7 is the dew point temperature, K; m,, is the mass of condensed

water vapor in the gas-vapor medium in a bubble, kg.
At the boundary of a bubble (water surface):
- if T, > T, water boils;

— if T, < T, condensation of water vapor occurs;

— if P, > P,, diffusion of water vapor from the surface of a bubble to its gas-and-

vapor medium;

— if P, < P,, diffusion of water vapor from the gas-vapor medium of a bubble to

its surface.

3.5. Results of research

3.5.1. Theoretical research

Calculations of oscillation of air bubbles of different dimensions in water were
performed according to the proposed mathematical model (3.51)-(3.63). Water
temperature was accepted as 10°C at atmospheric pressure; the amplitude of sound
oscillation pressure 5 kPa. Results of mathematical modelling of parameters of
bubbles of different dimensions are shown in figures 3.22-3.25.

Figure 3.22 shows that every size of a bubble corresponds to its resonance
frequency, which depends on thermodynamic parameters of gas-vapor mixture
inside a bubble and surrounding layers of fluid. For the assigned resonance
conditions, the frequency of bubbles can be determined from the approximation
formula, Hz

_5.465

=g
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After the bubbles enter the resonance, the amplitude of oscillation is stabilized at
the level of 30-50% of the radius. This is due to alignment of energy balance: the
number of fed energy of sound vibrations is equal energy losses to friction in
water, heat and mass exchange near the surface of a bubble.
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FIGURE 3.22. Change of the radius of bubbles (R, mm) of various dimensions (d, mm)
under resonance conditions.

Analysis of motion velocity of the walls of a bubble (fig. 3.23) shows that it may
exceed 6 m/s.

This is about a thousand times as much as velocity of a wall during damping
oscillations of a bubble. Higher velocities are observed only in cavitation bubbles
in the period of maximum compression.

At the same time, there is a change of internal pressure in the anti-phase to the
motion of the wall of a bubble (fig. 3.24). Calculations show that in half-periods of
compression, the inner pressure of a bubble may exceed the ambient pressure as
much as by three times. In half-periods of expansion, pressure of the gas-vapor
medium decreases compared to ambient pressure of by more than two times. Such
pressure fluctuations create preconditions for intensification of heat and mass
exchange near the surface of a bubble.
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FIGURE 3.23. Rate of change in the radius of a bubble (diameter d = 2 mm).

0,35
P, MPa

0,30

0,25

0,20

0,15 A n

o AU
AVAVATATAY

0,05 ~ A4 ~ v A4 ~

0,00 T T T T 1

0 1 2 3 4 Time, ms’

FIGURE 3.24. Diagram of gas pressure in a resonance bubble (diameter d = 2 mm).

Figure 3.25 shows the temperature mode of the gas-vapor medium of a resonance
bubble. Temperature fluctuations occur within from +13°C to —7°C relative to the
initial value. Fluctuations in temperature on the surface of a bubble are shown in
figure 3.26. In spite of the simultaneous nature of the fluctuations of gas
temperature in a bubble, the temperature mode of water surface differs
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significantly. The temperature increases by 7.4°C and decreases only by 1°C
relative to the initial value.
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FIGURE 3.25. Diagram of gas temperature in a resonance bubble.
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FIGURE 3.26. Temperature of the surface of a resonance air bubble in water.

A number of calculations, the results of which are shown in figure 3.27, were
carried out to analyze the influence of the gas-vapor medium on the amplitude and
resonance frequency oscillations. The absence of harmonics at changing the
temperature indicates independence of resonance frequency on the temperature of a
bubble. A decrease in the amplitude of oscillations at an increase in temperature of
gas-vapor medium is an evident fact. The reason for this is intensification of mass
transfer processes both near the surface of a bubble and in its gas-vapor medium at
an increase in temperature.
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FIGURE 3.27. Influence of fluid temperature on amplitude of resonance oscillations of
temperature of gas-vapor medium of a bubble.

It is important to analyze the chronological order to understand the processes,
taking place in an oscillating bubble. For this purpose, we will follow the
deployment of various processes in time, which will be divided into 5 stages.

STAGE 1. Let us start with the maximum dimensions of a bubble. The pressure in
a bubble is minimal. Temperatures of gas and water are approximately equal to
each other, so there is practically no heat exchange. There is no condensed water
vapor inside a bubble. As a result of the great difference of partial pressures of
water vapor near the surface of a bubble and the gas-vapor medium, specific mass
flow of water vapor near the surface of a bubble is almost maximum and directed
inside a bubble. Low gas pressure initiates the process of compression of a bubble,
a gradual increase in pressure begins. We observe an increase in the temperature of
the gas medium and the surface of a bubble. Diffusion of water vapor from the
surface of a bubble to the gas medium gradually decreases and reaches zero, when
gas pressure becomes equal to atmospheric.

STAGE 2. The pressure inside a bubble becomes excessive, the diameter of a bubble
decreases and the temperature of its gas-vapor medium increases. Diffusion of water
vapor from the gas medium to the wall of a bubble increases. The temperature of
water on the surface of a bubble increases. The temperature of the gas-vapor medium
of a bubble reaches its maximum. The temperature peak is ahead of the pressure peak
of a bubble due to intense heat exchange near its surface.
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STAGE 3. As a result of an increase in internal pressure, a bubble’s compression
begins to slow down, and the temperature of its gas-vapor medium starts to
decrease. At this time, the temperature on the surface of a bubble reaches a
maximum. The mass flow of diffusing water vapor to the wall of a bubble
continues to grow and reaches a maximum at the moment of maximum pressure
inside a bubble. The dimensions of a bubble at this moment are minimal.

STAGE 4. The dimensions of a bubble increase, while pressure and temperature
decrease. Due to a rapid decrease in gas temperature and a pressure decrease in a
bubble, condensation of water vapor in the volume of a bubble begins and abruptly
increases — fog formation occurs. The condensate mass reaches the maximum
under conditions of medium pressure and the minimum temperature inside a
bubble. At low temperatures, condensation of water vapor inside a bubble almost
does not influence the temperature mode, since the mass of condensed water vapor
is negligible. When approaching the water boiling temperature, condensation and
evaporation of water vapor in the volume of a bubble begins to play a key role in
an increase in the amplitude of oscillations.

STAGE 5. During subsequent extension of a bubble, gas pressure decreases to the
level that is below atmospheric. Due to intense heat exchange from the surface, gas
is heated inside a bubble. At the same time, condensation (fog) gradually
evaporates. Evaporation of water vapor from the surface of a bubble reaches its
maximum and then begins to decrease gradually. Stage 5 ends when a bubble
reaches the maximum dimensions.

After that the whole cycle of thermodynamic processes repeats.

3.5.2. Field tests

The scheme of a measuring set is shown in figure 3.28.

FIGURE 3.28. Scheme of a facility for research of bubbles in the resonance acoustic field:
1 — master multivibrator; 2 — frequency meter; 3 — two-step amplifier; 4 — oscilloscope;
5 — voltmeter; 6 — piezoceramic resonator; 7 — fluid; 8 — hydrophone.
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Harmonic oscillations in the water were created using piezoceramic resonator with
the diameter of 27 mm. It was powered by the multi-vibrator of alternating
frequency with an amplifying output cascade. In general, the multi-vibrator covers
the frequency range from 280 Hz to 500 kHz. In the experiments, the frequency of
the output signal was determined by the electronic frequency meter F 5311, and the
shape was determined by the oscilloscope N313.

By the experimental data, the power, connected to the emitter in the frequency
range of 2+5 kHz, was approximately 0.6 W. The specific power of the resonator is
1047 W/m?, which corresponds to the sound pressure in water P = 5.404 kPa. This
sound pressure is equivalent to the sound volume of 168.6 dB. Water was fed to the
capacity under pressure in order to obtain bubbles. In case there are bubbles of
resonance dimensions in the water oscillations begin to be observed and overall
sound increases by ten times. The fragment of a sound track recording during a
bubble entering resonance is shown in figure 3.29.
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FIGURE 3.29. Fragment of sound track recording during a bubble entering resonance.

In distilled water, multi-bubbles begin to be formed at frequency of above 2 kHz
and cease to be formed at frequencies of above 3 kHz. Maximum activity is
observed at 2.5 kHz, which corresponds to the diameter of bubbles of 2.3 mm.
Upon reaching the maximum size (3.6-4.1 mm), a multi-bubble can be divided into
smaller ones (fig. 3.30) or can explode with formation of a cloud of small bubbles.
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In other cases, a large bubble can be a source of small ones, which constantly
“break away” from a large one and start an “independent” life in fluid.

Addition of surfactants (SAS) to water immediately extends the range of formation
of multi-bubbles. These structures begin to appear at frequency of 830 Hz and
finish their formation at frequencies above 5 kHz. The most active formation of
multi-bubbles is observed at frequency of 2.5 kHz. When using SAS, the number
of small bubbles in a large one increases significantly. An “explosion” of such
multi-bubble with formation of a cloud of microscopic bubbles is seen in the image
(fig. 3.31c¢).

By using surfactants of various kinds, it is possible to significantly change the
strength of the surface tension on the gas bubble surface.

In these studies, the effect of surfactants on frequency and amplitude of the vapour
bubble fluctuations was analysed.

Emulsions use surfactants to stabilize the structure, so the objective was to study
how these parameters change at different concentrations of surfactants.

The following mixture of surfactants was used: sodium lauryl ether sulphate
(CH;3(CH;)10CH,(OCH,CH,)nOSO3Na) and lauramine oxide (C14H;1NO).

Decrease of surface tension magnitude simplifies breaking up of emulsion droplets,
since the deformation resistance force decreases by 20/R.

Besides, surfactants stabilize the formation of small bubbles.

Therefore, as the surface tension decreases, using surfactants, and as temperature
rises, an increase in the amplitude and frequency of oscillations at the vapour-fluid
interface boundary, shown in figure 3.30.
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FIGURE 3.30. Bubble pressure of different sizes with and without use of surfactants: 1 —d =
1 mm without SAS; 2 —d=1mm with SAS.
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a)

FIGURE 3.31. Division of a large multi-bubble into two ones of smaller dimensions:
a) initial moment; b) in 0.03 s; c) explosion (burst) of a multi-bubble with formation of
small bubbles after 0.06 s.

It appeared, that if bubbles are greater than 1 mm in diameter, use of surfactants
has little effect on the bubble internal pressure.

For small-sized bubbles, addition of surfactants results in a decrease of the bubble
internal pressure by the surface tension decrease. In general, experimental studies
proved existence of resonance of gas bubbles in water at calculation frequencies. In
addition, it was possible to obtain multi-bubbles and a large number of bubbles of
dimensions less than 0.1 mm.

Theoretical and experimental studies of resonance oscillations of gas-vapor
bubbles in water is a continuation of a series of papers [3.25, 3.29, 3.30], devoted
to thermodynamic processes at the fluid-gas boundary. The obtained results are
caused by taking into account heat and mass exchange that occur on the surface
and inside an oscillating gas-vapor bubble. The merit of this study is a good match
of calculation data with the results of the field test, which was achieved thanks to
the improvement of the mathematical model and compliance of the output data of
mathematical modeling with the conditions of the field test. The results of field
tests not only proved the theoretically calculated resonance frequencies, but also
made it possible to identify an interesting phenomenon of formation of multi-
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bubbles. When oscillations reach certain amplitude, a large bubble is divided into a
very large number of small ones, which are retained inside a large bubble by the
forces of surface tension. The obvious consequence of formation of such a
structure is a sharp increase in heat and mass exchange surface at the boundary of
the contact of phases. Calculations and field tests were conducted for bubbles in
water under conditions of atmospheric pressure. Development of such research
could be analysis of the influence of pressure on resonance characteristics of
bubbles, experimental evaluation of mass transfer processes on the inter-phase
surface, check of formation of multi-bubbles in other fluids and many others.

The results of the conducted studies can have a wide range of applications in
various industrial processes, based on heat and mass exchange at the boundary of
the gas-fluid contact. The consequence of the use of resonant sound oscillations for
bubbling plants, aeration, vacuum distillation, absorption and others may be a
decreasing power capacity and increasing rate of technological processes.

Figure 3.32 shows how the structure of the emulsion changes during thermal
intensification of the homogenization process.

50 pm) 50 um

FIGURE 3.32. Change in the structure of the emulsion during thermal intensification of the
homogenization proces.

3.6. Conclusions

1. As a result of research, the possibility of resonance in vapor-gas bubbles in water
in the frequency range 0.5-5 kHz was established. Quantitative indicators of
thermodynamic parameters of a bubble under conditions of resonance are
determined.
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2. Performed calculations showed that temperature of gas-vapor medium of a
bubble does not affect its resonance frequency, however, has a significant
impact on the amplitude of oscillations. When fluid temperature approaches its
boiling temperature, an abrupt increase in amplitude of oscillations of a bubble
occurs. For example, amplitude of oscillations of the wall of a bubble decreases
by six times at an increase in water temperature from +10°C to +99°C.

3. The existence of resonance bubbles on calculated frequencies was experimentally
proved. The field observations showed that resonance oscillations of bubbles are
accompanied by formation, growth and destruction of multi-bubbles. Long-term
effect of sound waves at resonance frequencies leads to formation of a very large
number of bubbles of dimensions of less than 0.1 mm in fluid volume. It was
established experimentally that application of SAS considerably expands the
frequency range of formation of multi-bubbles and increases the number of small
bubbles inside a large one. This makes it possible to increase the area of heat
exchange and mass exchange surface of bubbles. Application of the resonance of
bubbles has great prospects for intensification of many technological processes,
based on heat and mass exchange processes at the fluid-gas boundary.

4. A significant increase in the intensity of heat and mass transfer processes at any
temperature can be achieved through the use of a liquid-bubble structure. At the
same time, such a structure can be created by disrupting the thermodynamic
equilibrium of a liquid by a sharp decrease in pressure. A similar effect can be
achieved by applying an acoustic field with resonant frequencies. The proposed
method allows to determine the main operating characteristics. Besides, using
the obtained results, it is possible to determine conditions for the emulsion
breaking-up (homogenization) by increasing its temperature, acoustic action, or
a combination of these methods.
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INITIATION OF HEAT AND MASS TRANSFER
PROCESSES






List of conventions

TxTITmaema

=

3
U

o

AT

u,v,w

coefficient of thermal diffusivity, m*/s
volume, m’
is the coefficient of hydrodynamic drag of a drop

heat capacity at constant pressure, J/(kg-K)

is mass concentration

is the coefficient of mutual diffusion of the components, m*/s
is the diameter of the dispersed particles, mm (pm)

the average diameter of the dispersed particles, microns(pm)
is the differential

resistance force, N

acceleration of gravity, m/s’

volumetric flow rate, m*/s

is the dimensionless time

height of working elements, m

are the numbers of the steps of the difference grid

kinetic energy of turbulence, m*/s”

moment of resistance forces, N-m

the number of steps of the difference grid along the longitudinal and
transverse coordinates

number of revolutions per second, rev/s
pressure, Pa

pressure drop, Pa

is the dimensionless pressure

radius, radial coordinate, m (mm)

internal radius of the RPA internal stator, mm

is the dimensionless radial coordinate

heat dissipation power; electric power, W;

temperature, °C

temperature difference, °C

projections of the velocity vector on the axis of a rectangular coordinate

system, m/s
radial velocity, m/s



110 Energy conversion in local volumes of dispersed media
Vo — tangential velocity, m/s

V. — the average radial velocity over the cross section, m/s

V,U — dimensionless radial and tangential velocities

X,z — transverse, longitudinal and vertical rectangular coordinates, m
z — number of slots in the RPA working elements

a — heat transfer coefficient, W/(m*-K)

a — surface tension coefficient, N/m

o — the width of the cylinder gap, mm

A — is the difference

£ — is the dissipation rate of the kinetic energy of turbulence, m?/s’
K — Karman constant

0 — 1is the angular coordinate

9 — dimensionless temperature

A — thermal conductivity coefficient, W/(m-K)

7 — dynamic coefficient of viscosity, Pa-s

1% — kinematic viscosity coefficient, m*/s

Yo — density, kg/m’

T — time, s

At — period, s

10} — angular velocity, s

TN — the angular velocity of rotation, s™

Q=w/w, — is the dimensionless angular velocity

Index superscript

rel

is the average value (for the period)
relative

Index subscript

b
bo
c
con
D
in
A

max

destruction

to the border

is the critical value of the parameter
1S construction elements

is a drop

input

is fluid

is the maximum
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min — is the minimum

out — output

r — 1is the radial coordinate

s — is stable

t — is turbulent

@  — is the tangential coordinate
opt — optimal

ev  — is the average value

ef — effective

0 — dispersion (carrier) medium
1 — dispersed medium

Similarity numbers

Bo - is the Bond number
Ca — is the capillary number
Lp — isthe Laplace number

Nu - is the Nusselt number

Pr - is the Prandtl number

Re — isthe Reynolds number constructed by the initial parameters
Re.x — Reynolds number based on current speed

Ta — is the Taylor number

We — is the Weber number constructed by the initial parameters

We., — is the Weber number constructed by current parameters

Abbreviations
DIVE — discrete-pulse input of energy
RPA — rotary pulsation apparatus

IETF NASU — Institute of Engineering Thermophysics National Academy of
Sciences of Ukraine






Chapter 4

CALCULATING METHODS FOR RESEARCHING DYNAMICS
OF LIQUID AND HEAT AND MASS TRANSFER
IN ROTOR-PULSE APPARATUS

4.1. Appointment, principle of operation and design features of rotary
pulsation apparatus

Rotary pulsation apparatuses are devices intended for the processing of mechanical
mixtures of dissimilar mutually insoluble liquids into chalk-dispersed emulsions.
These devices are widely used in food, chemical, pharmaceutical and other
industries. Based on design features, distinguish RPA disk [4.1-4.3] or cylindrical
types. The operating experience of cylindrical rotary pulsation apparatuses in
various technological processes indicates their high efficiency when used as mixers
and homogenizers [4.4-4.23].

The cylindrical-type RPA working elements are hollow coaxial cylindrical bodies
separated by narrow gaps and provided with radial slots (fig. 4.1). One part of the
working elements is rigidly fixed (stators), and the other part (rotors) rotates with a
high angular velocity [4.24, 4.25]. Rotors and stators are arranged in series. The
medium being processed, entering the working zone of the apparatus through the
internal sections of the slots of the internal stator, flows in the radial direction due
to the pressure differential between the inlet and outlet sections of the working
zone, as well as due to the action of centrifugal forces caused by the rotation of the
rotor. Due to the rotation of the rotors in the flow of a heterogeneous medium
passing through radial slots and gaps, high flow strain rates, significant pressure
gradients, normal and tangential stresses arise, which rapidly change in time and
have the nature of pulsations. These pulsations are capable of causing deformation
and destruction of dispersed inclusions in the carrier fluid flow. The higher the
values of the indicated values characterizing the dynamic effect of the apparatus on
the heterogeneous flow, the smaller the dispersed particles can be crushed. In
addition to these crushing factors, turbulent pulsations, as well as cavitation
processes that are likely to occur in the RPA working area due to periodic pressure
drops, should also be mentioned.

Important performance indicators of cylindrical RPA are their finished product
performance, processing time of the initial mixture to the required size of dispersed
inclusions, energy consumption, dimensions, and also the dispersed composition
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itself, i.e. the prevailing particle size of the dispersed component of the mixture.
The last indicator characterizing the required quality of the resulting product

should be considered the main one.

FIGURE 4.1. The scheme of the working bodies of RPA cylindrical type: 1 — internal stator;
2 —rotor; 3 — external stator, o — gaps between cylinders.

To create optimal designs of these devices, to set the required operational
parameters of their work, it is necessary to find their relationship with the dispersed
composition of the finished product, i.e. it is necessary to answer the question
under what operating parameters of the apparatus the resulting product meets the
requirements for its quality. Currently, this issue remains the most problematic.
The answer to it can be obtained by analyzing the kinematic and dynamic
characteristics of the flow of the carrier dispersion medium, i.e. based on data on
the mentioned pressure gradients, stresses, velocities, accelerations, the intensity of
their pulsations in time, etc.

An important problem for the devices under consideration is also the dissipation of
the mechanical energy of the fluid flow due to friction. As a result of the transfer of
mechanical energy into heat, the processed product is heated, which can lead both
to changes in the required properties of the product itself and to failure of the
apparatus elements. Moreover, as will be shown below, dissipative heat releases do
not occur uniformly throughout the volume, but most often locally, i.e. in limited
areas adjacent to the working bodies. When locally heating mixtures of organic
substances, including, for example, protein, its thermocoagulation can occur, which
is usually unacceptable according to the technological instructions for the
preparation of food products. In these cases, one must either organize some kind of
heat removal system from the apparatus, or reduce the rotor velocity.
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Thus, to solve the problem of crushing dispersed particles in the RPA working
area, establishing their average size after processing a heterogeneous medium in
RPA, and also about possible energy costs for this process, a detailed study of the
dynamic and temperature characteristics of the fluid flow in RPA is necessary. To
solve these problems, both experimental and theoretical research methods are used.

4.2. Approximate hydrodynamic models for rotary pulsation
apparatus

In theoretical studies, the main attention was paid to methods for calculating flow
characteristics, mass-average velocities, pressure pulsations, and volumes of
energy costs [4.3, 4.26-4.37]. The results of theoretical calculations were compared
with experimental data [4.5, 4.19, 4.37-4.41]. Based on the obtained theoretical
solutions to problems and experimental data, the mechanisms of crushing of
dispersed inclusions in the RPA working area were studied. Among them, the most
common were the acoustic [4.42-4.45] and cavitation [4.5, 4.33, 4.46-4.51]
mechanisms, as well as the mechanism of particle crushing by turbulent pulsations
generated in the carrier flow [4.5, 4.23, 4.52, 4.55, 4.61]. On this basis, methods
were also built for predicting the dispersion of the resulting emulsions, i.e. methods
for calculating the average size of dispersed inclusions [4.29, 4.30, 4.53-4.62]. A
detailed analysis of the literature in which these issues were addressed is presented
in the monograph [4.5].

The problems of fluid flow in the RPA working area were considered mainly in a
one-dimensional formulation [4.5, 4.17, 4.27-4.33, 4.37, 4.46, 447, 4.63-4.71]. An
attempt to obtain closed analytical solutions led to the need for a significant
simplification of the problem statement. In [4.64], for example, to use the conformal
mapping method for modeling the flow in the slots of the rotor and stator, the ideal
fluid model was used. To study fluid dynamics in the gaps between the working
elements, the Couette flow model between rotating and stationary cylinders was
usually used [4.27, 4.63]. To calculate the fluid flow in the slots, the Bernoulli
equation was used [4.5, 4.31-4.33, 4.37, 4.46, 4.47, 4.63, 4.65-4.71]. For studies of
velocity and pressure pulsations, this equation was considered as unsteady. Losses of
pressure on friction and on local resistances were considered proportional to the
pressure head. The hydrodynamic drag coefficients were considered as complex
functions of the flow regime, Reynolds number, and geometry of the computational
domain [4.31-4.33, 4.67, 4.68, 4.70]. In [4.33, 4.63, 4.69], the equations of dynamics
were compiled taking into account the action of centrifugal forces.

In [4.31, 4.32], attempts were made to construct analytical solutions of the
approximate unsteady equations of fluid dynamics in RPA. However, due to the
need for significant simplifications in the statement of the problem, the results of
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such solutions can be used only for a qualitative assessment of hydrodynamic
phenomena in the RPA working area.

One-dimensional solutions to the problems of fluid dynamics were also used to study
the dissipation of mechanical energy in a stream passing through the working volume
of the RPA. The main conclusions about the levels of energy dissipation and the
degree of heating of the medium being processed, based on theoretical and
experimental results, are presented in [4.16, 4.23, 4.26, 4.38, 4.40, 4.41, 4.63, 4.72-
4.75]. On the basis of one-dimensional solutions, approximate methods for optimizing
RPA structural and operational parameters were also constructed [4.5, 4.34, 4.35].

4.2.1. Numerical studies of fluid dynamics in cylindrical RPA obtained
on the basis of approximate hydrodynamic models

The use of numerical methods to solve fluid dynamics problems in RPA
significantly expands the possibilities of both qualitative and quantitative analysis
of the laws of such flows. The characteristic features of the pulsating fluid flow in
the RPA, obtained on the basis of the numerical solution of the simplified non-
stationary hydrodynamic problem, are considered in [4.67]. As a model of the fluid
flow in the slot of the RPA internal stator, the flow in the channel is considered
with the area of the channel exit section periodically changing in time (with a
period A7). The fluid flow is described by an equation of the form:

2
W ow
(1+ &y +§T)'pT+P15'K=AP1

where: w — velocity; / — channel length; Ap, — pressure difference between inlet and
outlet sections; ¢, — coefficient of pressure loss at local resistances; ¢ — coefficient

of friction losses, the value of which depends on the flow regime of the liquid; K — is
a value characterizing the degree of overlap of the output section of the channel.

Losses at local resistances consist of losses in the input and output sections of the
channels and losses when the fluid flows through an obstacle of variable cross-
section (“gate valve”). In the developed turbulent regime, such losses are
independent of the number Re, and the drag coefficient of the “valve” &, depends
only on the degree of overlap of the channel, i.e. from the coefficient of living
cross-section f = F, / F|, where F, is the total cross-section of the channel, and
F, is the bore in the current position of the rotor. To determine this dependence, an
approximation of a number of consistent literature data [4.76, 4.77] was performed
using the drag coefficients of a rectangular gate, grating, and aperture. At the same
time, it was taken into account that in a real rotary-pulsating apparatus, due to the
presence of gaps, f it never becomes equal to zero, i.e. ¢ W 1n the closed state, the
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“valve” has not some infinite, but some finite value. Given these circumstances, a
function was proposed to calculate the loss coefficient at local resistances

4
£y = ~1.96
M 10014 sin? (7z/ AT)

the values of the coefficients in which characterize the influence of the gaps on the
value ¢, at £ =0 and f=1.

For the coefficient of overlap of the channel cross section K, the relation
. /4
K= 0.5{1 + sm(Zm'/ At —EH +y

in which the term y reflects the influence of the gap and shows that even when the

output channel cross section completely overlaps, there is some minimal liquid
transit flow.

The results of a numerical solution of the fluid dynamics equation are presented in
figure 4.2 in the form of time dependences of the fluid velocity in the channel w, as
well as the acceleration of the flow dw/dz. The case of fluid flow with a density

p= 10° kg/m’ with a viscosity coefficient v =3.10" m%s in a channel of length

/=107 m with an equivalent diameter of d,, =5-10"m at a pressure drop is

equ

considered Ap, =16 Pa and a period of Az =0.33-10""s.

W, m/s aw/dr - 10'3, m/s?
|
0.8 1,6
- I

0,‘1 \- 40,8

0,0 B \ 0,0
04 1 0.8
0.8 L6
-12 2

00 015 030 045 060 7,107s

FIGURE 4.2. The character of the pulsating fluid motion in channels of RPA of a cylindrical
type: 1 — w(z), m/s; 2 — dw/dr, m/s>.
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As can be seen from figure 4.2, the dependence of velocity on time has the form of
a periodic function with a smooth increase and a sharp decline within one period,
and the time of the decrease in velocity from the maximum value to the minimum
is approximately 0.13Az In the indicated time interval, the acceleration of the flow

reaches a minimum, which is dw/dzr ~-2.3-10° m/s*.

4.2.2. An approximate hydrodynamic model for studying fluid dynamics
in disk-type RPA

Disk rotary pulsation apparatuses are similar to cylindrical ones according to the
principle of operation and basic characteristics. The specific features of these RPA
are that the disk rotor 2, located between the stators 1 and 3, rotates in a plane
perpendicular to the direction of fluid movement (fig. 4.3). In this case, the fluid
flow in the working area is provided only due to the applied external pressure drop.
In comparison with a cylindrical apparatus, which is characterized by slotted slits
of rectangular cross section, it is advisable to use round cuts in the disk apparatus
along with rectangular slots. The lengths of the slots of the stators and the rotor can
be significantly different. Features of an approximate solution to the problem of
pulsating fluid flow in a RPA slot of a disk type are considered in [4.1]. The
solution is based on the same principles as in [4.67]. If the slots in the disks have a
rectangular shape, the problem of the pulsating fluid flow in the slots of the disk
RPA is solved in the same way as in the case of a cylindrical RPA. In the case of
circular channels, the dependence of the passage area f,, on the dimensionless time

has a more complex form:

fo= r? (a—sina)

where o = Zarcsin\/l - (1 - 2|T/ At — 0.5)|)2 .

In [4.1], the results of a numerical solution of the one-dimensional differential
equation of fluid motion in a disk RPA obtained by the Runge-Kutta method are
presented. The calculation options were performed for the geometric and
operational parameters characteristic of disk RPA: equivalent channel diameter
d, =5-10"m; density ,0:103 kg/m’; the number of slots z = 60, the rotor
velocity n =50 s, the period Az = 1/z/n = 0.33-107 s, the viscosity of the medium
v =1-10" m*s and 3-10° m?/s; ranges of differential pressure Ap = (4...20) kPa;
channel lengths / = (13...123) 10” m. The results of calculations of the velocity and

acceleration of the fluid flow (v = 3-10” m%s) in the rectangular channel of the disk
RPA (I =1 +1,+1, =0.043 m) at Ap = 12 kPa are presented in figure 4.4.
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FIGURE 4.3. The working bodies of the disk rotary pulsation apparatus.
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FIGURE 4.4. The character of the pulsating fluid motion in the RPA channels of the disk
type: 1 —w(z), m/s; 2 — dw/dr, m/s’.

As can be seen from the figure, the law of variation of the velocity w in the channel
for one period Az is characterized, as in the case of a cylindrical RPA, by a smooth
increase and a sharp drop. From the results obtained for channels of various lengths
[, it follows that the period of time at which a sharp drop in velocity is observed
slightly decreases with increasing channel length and is approximately 0.15...0.1 of
the period Ar. The negative impulses of acceleration dw/dz, caused by the sharp
deceleration of the flow at the moment of mutual overlapping of the slots of the
rotor and stators, result in pressure pulses positive in front of the rotor and negative
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behind it. Based on the shape of the acceleration pulse (fig. 4.5), it can be assumed
that the current (average over the time of falling velocity) acceleration value is 0.4
of its amplitude value. Then the level (average value for a specified period of time)
of pressure pulsations can be approximately estimated as

dw

Appulse, i 0.4- P li : [_T)
max

where /; is the channel length of the corresponding working i-element.

0.4 1//4"‘;
| ==

Wy, /S

100 \\“'--‘-‘H‘:r 2

=200

Apprrk?, kPa

0 5 10 15 Ap. kPa

FIGURE 4.5. The dependence of the average hydrodynamic characteristics of the disk RPA
on the difference in external pressure at /, m: 1 — 0.013; 2 — 0.018; 3 — 0.023; 4 — 0.043;
5-0.123.

It should be noted that such pressure pulses cannot directly be effective for the
implementation of dispersive phase dispersion or emulsification processes in
heterogeneous systems. In these processes, normal and tangential viscous stresses,
as well as sufficient pressure gradients, are productive. Therefore, positive pressure
pulsations in the zone up to the rotor are generally not of interest in this sense.
Negative pulsations behind the rotor can be effective through the mechanism of
excitation of adiabatic boiling under conditions when the total pressure in the
considered zone of the apparatus reaches, at certain points in time, less than the
saturation pressure of the liquid at the considered temperature. In this regard, it is
advisable to further consider only the zone of the medium flow behind the rotor.
Here the level of pressure pulsations depends on the length of the channel of the
second stator.
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In figure 4.5 the calculated dependences of the average fluid velocity w,, for the

period Az and pressure pulsation level Ap ., versus the total pressure drop Ap in

the RPA working area and the total channel length for the case when they have a
rectangular cross section are presented. Here, for comparison, the dots show the
results of calculating w,, for channels of circular cross section in the case when

[/ = 0.013 m. When setting the total length of the channels, it is assumed that
ly=10.003 m; /; = 0.005 m, and the total length of the channels / changes only by

increasing the length of the second stator /,.

A comparison of the calculation results shows that the values of the average current
velocity in round channels with the same value of equivalent diameter turn out to be
only 8-10% lower than in rectangular channels. This fact makes it possible to use data
obtained for rectangular channels with a correction factor of 0.9 to evaluate the
pressure-flow characteristics of a disk-type RPA. The decrease in velocity in the
round channels is explained by the fact that the average integral over the period Az
area of the cross section of the system with round channels is 15% less than the
same area of the system with rectangular channels. The influence of the shape of
the channels on the values of accelerations and pressure pulsations is somewhat
more pronounced. The dependence of pressure pulsations on the channel length of
the second stator /, is shown in figure 4.6 (the scale for /, is logarithmic). From

an analysis of the results in figure 4.6, it follows that the dependence of the
pressure fluctuation levels on the channel length has a maximum. The length value
[, corresponding to the indicated maximum weakly depends on the applied

pressure drop.

- Appnfse, kPa

200
/ Ap=20 kPa \
""ﬁ

150 / 1
/ Ap=12K

N

50

5 16 50 158 f, mm

FIGURE 4.6. Dependence of pressure pulsations on the channel length of the second stator
l,: 1 —rectangular channels; 2 — round channels.
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From an analysis of the presented results of a numerical study of the hydrodynamic
regimes of disk-type RPA, it follows that with an increase in the channel length of
the second stator, the value of negative pressure pulses in the maximum zone
exceeds 100 kPa, i.e. the beginning of the process of adiabatic boiling in this zone
is possible already at an average pressure in the apparatus close to atmospheric.
With a pressure drop Ap = 12...20 kPa between the input and output sections of the
RPA working area, the maximum level of pressure pulsations is 120...200 kPa, i.e.
there is a tenfold increase in the energy potential, which is a typical sign of the
process of discrete-pulse energy input.

The influence of the shape of the channels on the levels of pressure pulsations in
general is insignificant. The maximum values of Ap,,. for channels of rectangular
cross section exceed similar indicators for channels of circular cross section by
approximately 20% (fig. 4.6).

Strictly speaking, these results have physical meaning only under the condition that
the pressure at the inlet to the working zone of the apparatus substantially exceeds
200 kPa, otherwise it is impossible to use the model of the flow of a single-phase
medium. At the same time, from the above results, based on the use of an
approximate hydrodynamic model, one can draw qualitative conclusions that
negative pressure pulses of high amplitude with a frequency measured in thousands
of Hertz and duration measured in tens of microseconds can be generated in the
area of the working zone located behind the rotor. These conditions can cause
adiabatic boiling of the treated heterogencous medium behind the rotor.

In general, it should be noted that the current approaches to solving problems of
fluid dynamics and heat transfer in RPA, based on approximate hydrodynamic
models, do not allow to fully evaluate the complex structure of the flow of the
medium being processed and to find out its characteristic features associated with
the influence of structural and operating parameters of the device.

As the development of computer facilities and software designed to solve the
problems of hydrodynamics, the formulation of problems on the fluid flow in RPA
was refined and complicated. Currently, these problems are already being solved in
a three-dimensional formulation [4.78-4.80]. However, in this case, problems arise,
mainly related to the rate of convergence of the numerical solution of problems and
the significant amount of computer time needed to find it, which makes it difficult
to obtain a sufficient amount of data for a generalized analysis of the characteristic
features of dynamics and heat transfer in RPA.

As a result of this, there is a need to develop such numerical models that will allow
for a real period of time to study in detail the dynamic and thermal characteristics
of RPA, on the basis of which both methods for assessing the degree of dispersion
of the heterogeneous medium being processed and methods for calculating the
optimal structural and operational parameters of the apparatus can be created.
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4.3. The problem of fluid dynamics in the working space
of a cylindrical RPA

Let us consider a method for constructing a numerical solution to the two-
dimensional problem of hydrodynamics and heat transfer in the working zone of a
cylindrical RPA. The solution is constructed for the case of two resting (external
and internal stators) and one rotating (rotor) cylinders. Since the slots in the rotor
and stators are periodically repeated with a constant angular step, it is advisable to
consider only one of these periodically repeating fragments (fig. 4.7).

FIGURE 4.7. The design scheme of a fragment of the working space of a cylindrical rotary
pulsation apparatus: 1, 3 — stators; 2 — rotor.

The considered period of abcd includes one slot and two halves of the side walls of
the stators. The slot of the rotor due to its rotation will periodically align with the
slots of the stators, and will also periodically overlap the walls of the stators. Since
the main working elements of the apparatus are coaxial cylindrical bodies, it is
advisable to present the system of equations of fluid dynamics and heat transfer in
a cylindrical coordinate system (z, », 8), the origin of which lies on the common
axis of the working elements. The system of equations of dynamics, compiled in
stresses, has the form:

o(vr)  ove , Ov: (4.1)

or 06 0z

2
ov, +la("r’”) +18(V,.Vg) . o(v,v.) _é
or r or r 06 0z r
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or ror r r 00 Oz
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These equations of motion include the components of the stress tensor, which are
calculated by the formulas:
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0z

b
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where: v,, Vs Vo the radial, tangent, and vertical components of the velocity,

e — the effective viscosity coefficient of the processed medium.

The system of equations of dynamics (4.1)-(4.4) is usually considered in
conjunction with the energy equation
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where
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Equation (4.5) describes the heat transfer by the flow, taking into account the
dissipation of mechanical energy due to friction.

With such a formulation of the problem, the dispersion medium is considered as
homogeneous, having physical properties corresponding to the effective properties
of a heterogeneous medium. In the laminar flow of a Newtonian fluid, the effective
transport coefficients ,, and A4, will correspond to its coefficients of molecular

viscosity and molecular thermal conductivity. If equations (4.1)-(4.5) are
considered as time-averaged equations of turbulent momentum and energy transfer,
the coefficient . should be considered the sum of the coefficients of molecular u
and turbulent viscosity . In this case, the effective thermal conductivity

coefficient is represented as A, =A+4,. If the dispersion medium is a non-

Newtonian fluid, then, according to [4.81-4.83], its dynamics and heat transfer are
described by the system of equations (4.1)-(4.5), for which

o) 1/ ! /m—-1
m nim—
Her = Sf/m +u N (4.6)

where n, m,o,, u are the experimentally found parameters of the rheological
model. For n = 1, m = 1, model (4.6) describes a Newtonian fluid with shear
viscosity /.

If we assume that the fluid flow in the direction of the rotational axis of the OZ
rotor practically does not occur, and that the fluid moves only in the plane of the
horizontal section perpendicular to the OZ axis, the hydrodynamic problem can be
considered as two-dimensional. For such a problem, it is advisable to present the
system of equations of dynamics and heat transfer in the polar (», §) coordinate
system. The numerical solution of the system of equations (4.1)-(4.5) is
conveniently performed by representing the tangential velocity component in the
form vy =w-r, where w is the angular velocity. It is also convenient to use the

angular velocity o instead of the tangential v, because on the rotor surface the
quantity o is, by the condition of the problem, a known given quantity @,. The

system of equations of fluid dynamics and heat transfer should also be unmeasured.
After the transition from v, to the angular velocity @ and dimensionless, the

system of equations will take the form:
1awp)
R OR 00

4.7)
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Re=pogars | o 9=(T=Ty) poCpo ! (@ottg); Pr=Cpotiy/ g5 &=ty ! p;
A=2,/2; py,Ty — pressure and temperature of the medium at the entrance to

the RPA working zone; 7, — is the radius of the inner surface of the inner stator;
Ho— 1s the conditional viscosity scale; A, — is the conditional scale of thermal
conductivity. In the case of a Newtonian fluid, flow, g, and A, correspond to its
molecular viscosity and thermal conductivity coefficients.

As boundary conditions in the input and output sections of the working area, it is
advisable to take the pressure drop Ap=p,—p, between them and set the

tangential velocity component to zero. This pressure drop is considered uniformly
distributed over the corner. Due to the rotation of the rotor and the presence of
friction between the rotor and the liquid, its particles also begin to rotate with the
rotor. This results in centrifugal forces arising in the flow, forcing the fluid to move
in the radial direction. Thus, the radial fluid flow in cylindrical RPA is provided
both by the presence of a pressure differential between the inlet and outlet sections,
and by the action of centrifugal forces. Therefore, radial movement can take place
not only with a positive pressure drop Ap, but also at zero, and even (up to a certain
value) with a negative Ap (i.e. against pressure forces).

Since there is a geometric periodicity of the considered fragments of the working
elements, it is logical to assume that the physical processes in them also proceed
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the same way. The consequence of this will be the periodic (in space) character of
the change in the functions included in the system of equations of fluid dynamics
and heat transfer. Therefore, on the radial planes ab and cd separating
geometrically similar fragments, it is advisable to set the periodicity conditions in
the angular coordinate for all the functions under study.

In view of the foregoing, the boundary conditions for the dimensionless system of
equations (4.5)-(4.8) are presented in the form:

— conditions at the entrance to the working area:
for0<@<Afand R=R,: (XR,,,0)=0; P(R,,,0)=0

> in>o

9(1,0)=0 (4.11)

— conditions at the exit from the working area:
for0<@<Afand R = R, ,: AUR,,,0)=0; P(R

out*

out > outﬂe):Pl

09(R,,;,0) _

0 4.12
R (4.12)

— conditions for the periodicity of functions with respect to angle &
for R, <R<R,,: Q(R,0)=Q(R,AH)
0Q(R,0)  0Q(R,A0)

4.13
00 00 ( )
V(R,0)=V(R,A0); OV(R,0) = OV(R,A0) (4.14)
06 00
P(R,0)=P(R,A0), OP(R,0) = OP(R,A0) (4.15)
06 06
I(R,0)=HR,A0); 09(R,0) = 09(R,A0) (4.16)
06 00
— on the surfaces of stators:
Q(R,0)=0; V(R,0)=0; @:0 4.17)
n
— on the surfaces of the rotor:
QR,0) =1, V(R,0)=0; w:o (4.18)
n

where: n — the normal to the surfaces of the working elements; R, ,R,, -

dimensionless radii of the input and output sections of the working area.
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The indicated temperature conditions on the surfaces of the working elements of
the apparatus mean that these elements are considered thermally insulated. If
thermal conductivity through the working elements cannot be neglected, conditions
of the fourth kind (conjugation conditions) must be set on their surface.

4.4. Features of numerical modeling of fluid dynamics
and heat transfer in RPA working volume

To carry out numerical modeling of fluid dynamics and heat transfer in the
working volume of RPA, the finite-difference method for solving the system of
differential equations is used. To discretize the system of equations (4.7)-(4.10), as
well as the boundary conditions (4.11)-(4.18), an implicit time approximation
scheme and a spaced difference grid are used to approximate the derivatives with
respect to spatial coordinates. A feature of the spaced grid is that at the centers of
discrete elements, nodes are specified for the grid functions of pressure and
temperature, and nodes on the lateral faces of the elements are set for components
of the velocity vector [4.84]. For the inertial terms on the left-hand sides of the
transport equations, a simplified linearization form and a counter-flow scheme for
approximating the first derivatives by finite differences are used.

The computational domain can be conditionally divided into five subregions: a slot in
the inner stator, a gap between the inner stator and the rotor, a slot in the rotor, a gap
between the rotor and the outer stator, a slot in the outer stator. The specificity of this
computational domain is that, in addition to the areas occupied by the liquid, it also
includes moving and stationary elements of the apparatus. If the entire computational
domain is covered with a difference grid rigidly connected with fixed elements, then
part of the grid cells corresponding to the rotor slot will periodically be completely or
partially blocked by the moving rotor, while the other part will be freed from the
rotor sections and “filled” with liquid. In this regard, it is advisable to solve the
considered problem simultaneously in two coordinate systems: in a fixed one,
connected with the stators, and in a rotating one, connected with the rotor. In a
stationary system, it is convenient to consider the flow in the slots of the stators and
in the gaps, and in a rotating system — flow in the slots of the rotor.

The system of equations is solved by the tridiagonal matrix method, a detailed
description of the procedure of which is presented in [4.85].

If only the steady-state periodic mode of operation of the apparatus is of interest,
the dynamic problem and the heat transfer problem can be considered as problems
without specific initial conditions. In other words, the initial conditions can be
arbitrary. In this case, it is assumed that no matter what the real initial conditions
are, the transfer processes will eventually come to a certain periodic mode. Of
course, these processes, due to their periodicity, will be unsteady.
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It is easiest to choose the following as initial conditions: for H = 0 we have Q2 = 0;
V=0; $=0; Q,=1.

They reflect a situation in which at the initial moment of time the rotor is already
accelerated to the required angular velocity of rotation, and the liquid is still
stationary. More realistic, however, is the following condition: for H = 0, the
angular velocity of the rotor is Q, = 0. The last condition must be set when solving

the problem of acceleration of the rotor from a state of rest.

As mentioned above, the parameters of the problem that determine the characteristics
of the process of fluid flow in the RPA will be: geometry of the computational
domain, rotor velocity, pressure drop between the inlet and outlet sections of the
computational domain, physical properties of the processed fluid. Physical properties
in this case include its density p,, viscosity g, (for Newtonian fluids) or rheological

law (for non-Newtonian fluids), thermal conductivity 4, and heat capacity C,,. If

we consider the problem in dimensionless variables, the number of determining
parameters decreases to the dimensionless geometric characteristics of the RPA,
Reynolds number, dimensionless pressure drop, and Prandtl number. For non-
Newtonian media, a rheological law is also written down in a dimensionless form.

To solve the problem in the stated formulation, the most problematic is the task of
the pressure differential between the input and output sections of the working area.
This value depends both on the design of the apparatus and on the processes
themselves occurring in the working area, which is only one of the sections of the
fluid flow in the RPA. The value that largely determines the specified pressure
drop is the difference in liquid levels in the RPA loading tank and in the outlet
section of the outlet pipe. Since the indicated level difference can be arbitrary, it is
advisable to obtain a solution to the problem in this formulation for various values
of pressure drops: positive, zero, and (up to a certain value) negative.

A very important question is the regime of fluid flow in RPA. Thus, the authors of
[4.5,4.23, 4.52] believe that the flow regime in the working space of the apparatus is
turbulent. Moreover, they believe that the crushing of dispersed particles is caused
mainly by their collision with turbulent vortices of a certain scale and energy.
Reliable experimental data indicating the presence of laminar or turbulent flows in
the working area of the apparatus are currently missing. Carrying out such
experiments is very difficult. As is known, the possibility of establishing a developed
turbulent flow regime in a stream depends on many factors and conditions. Among
them, we should mention the class and nature of the flow, the geometry of the flow
region, a linear geometric scale, levels of flow rates, fluid viscosity, the presence or
absence of external mass forces, the presence of moving solid elements that form the
flow, the initial regime of fluid flow before entering the considered region, and etc.
In rotary devices, these conditions can be implemented to one degree or another,
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since their geometric, operational and technological parameters vary in a rather wide
range depending on the purpose of a particular device. It is also very likely that in
different sections of the fluid flow in the RPA, simultaneously laminar, transitional
and developed turbulent flow regimes can exist. Moreover, in principle, both a
transition from a laminar flow regime to a turbulent one is possible, as well as
relaminarization of the flow. The case may also be probable if the flow regime
changes periodically in time in the local area of space, depending on the relative
position of the RPA working elements.

These circumstances necessitate the consideration of both modes of fluid flow and
heat transfer in the RPA working area. The numerical modeling procedure
discussed above was applied to the cases of laminar flow of the medium being
treated. In cases of turbulent flow, the system of equations of dynamics and heat
transfer (4.1)-(4.5) must be supplemented by the conditions of its closure in terms
of determining the effective turbulent transfer coefficients ,, and A,,. For this

purpose, equations describing some model of turbulence adequate to this class of
flows are also added to the indicated system of equations. Among the numerous
two-parameter turbulence models, the RNG k-¢ model obtained theoretically
without attracting additional empirical information regarding a specific class of the
medium flow has certain advantages [4.86]. In this regard, it is advisable to use it
for numerical simulation of turbulent flow in RPA.

Since the system of equations (4.1)-(4.5) is written in polar coordinates, the RNG
k-¢ equations of the turbulence model should also be represented in the indicated
coordinate system. After dimensioning, the system of equations of the RNG model
is represented in the form:
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The constants for this model have the following meanings:

C,=00847; C =142; C,=1.68 B, =0012; n, =438

The number o, is determined from the solution of the transcendental equation:

_ 0.6321) _ 0.3679
o' =13929] " |o ! +2.3929| v

| 03920 | | 33929 |

and the number o, is taken equal o,. The turbulent Prandtl number o, for the

energy equation is also calculated from the transcendental equation

_ 0.6321 0.3679
o7 —1.3920] " |07t 23920 T

o' -13929] |07 +23929] v,

The system of equations (4.19), (4.20) is also solved by the finite difference
method. The approximation of data by finite differences is performed similarly to
the approximation of the energy equation (4.10). The solution of the system of
difference equations is also performed using the tridiagonal matrix method. Since
in the general case the degree of flow turbulization at the entrance to the RPA
working area is unknown, it is advisable to take the zero value of derivatives of K
and E with respect to the radial coordinate as boundary conditions in its input and
output sections. On the lateral faces of the computational domain, for the functions
K and E, as well as for other unknown functions, the conditions for their periodicity
in the angular coordinate # are accepted. On the surfaces of the working elements,
the value of K is zero. The values of E are determined in the nodes of the
computational grid adjacent to solid surfaces from the expression

Ex, =C) K> 1 (i An)

where An is the dimensionless distance from the node to the wall, x= 0.4...0.42 is
the Karman constant.
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Chapter 5

REGULARITIES OF FLOW OF LIQUID IN RPA

The patterns of fluid flow in the RPA working area were studied by numerical
simulation, which was carried out according to the algorithm considered in chapter
4. This section presents the results of studies of the fields of velocity, acceleration,
pressure, normal and tangential stresses depending on the viscosity of the liquid
and the pressure drop between the input and output sections of the working area.
The laminar and turbulent flow regimes of Newtonian fluids with constant
thermophysical properties are considered. The results of these studies are also
presented in [5.1-5.7].

To study the patterns of fluid dynamics and heat transfer in RPA, a basic model
of this apparatus is considering. This model has the following geometric
characteristics of working elements: 7, = 43.3 mm (internal radius of the inner
stator); 7 = 48.3 mm (outer radius of the inner stator); », = 48.5 mm (inner
radius of the rotor); 7= 51.5 mm (outer radius of the rotor); », = 51.7 mm
(inner radius of the external stator); 5= 56.7 mm (outer radius of the external
stator). Thus, the width of the inner and outer stators is 5 mm, and the width of
the rotor is 3 mm. The width of the gaps between the rotor and the stators is
0 = 0.2 mm. The number of slots at the rotor and stators is the same — z = 60. The
opening angles of all slots in the working elements are also the same and equal
AO, =r/z. At that AG,, =Af,. The angular velocity of rotation of the rotor is

taken equal to @, =1007 s~ (3000 turns per minute). The height of the rotor and
stators is # =20 mm.

The solution of the fluid dynamics problem in the RPA working zone was obtained
on a difference grid with N = 48 steps along the angle and with M = 142 steps along
the radius R. Along the variable R an irregular grid step is used. The step of grid
decreases in the areas of entry and exit from the slots, as well as in the areas of gaps.
From the condition of the formal equality of dimensionless time steps and the
angular coordinate steps follows that the dimensional time step is 6.944 - 105, and

the time period for the functions V, Q, P and 4 is respectively Az =0.33- 107 .
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5.1. Velocity field in a fluid flow moving through the RPA working area

The velocity fields were calculated at pressure drops Ap = +10 kPa; 0; and —10 kPa
for Newtonian fluids having viscosities ¢ = 0.01; 0.1; and 1.0 Pa‘s. The density of
the liquid for all cases is p = 1000 kg/m’. As the results of calculations showed, the
structure of the fluid flow in the working area of the RPA is very complex. Over a
period of time Az, during which the relative position of the slots of the rotor and
stators is repeated, the flow pattern in individual sections of the working zone can
change significantly. The maximum fluid velocity is on the outer surface of the
rotor, as well as in areas directly adjacent to it. For the indicated values of the outer
radius of the rotor and the angular velocity of its rotation, this velocity is 16.18 m/s.
In the areas adjacent to the rotor, the velocity modulus is slightly higher because of
the presence of the radial component of the velocity due to vortex formation.

In figure 5.1, which relates to the case Ap = +10 kPa; = 0.01 Pa-s, the velocity
fields are presented in such a way that in the slot of the rotor their values are
considered with respect to the rotating rotor (movable reference frame), and in the
rest of the flow region, with respect to the stationary stator. The flow patterns are
presented in coordinates R, 6.

As can be seen from figure 5.1, the velocity field in the initial section of the slot of
the internal stator is almost radial. Vortex formation begins in the region where the
flow exits from this slot. This is due to the high speed rotation of the rotor. In the
gaps between the rotor and the stators, the fluid flow is somewhat similar to the
Couette flow. However, this takes place only at the moments of coincidence of the
slots of the rotor and stators. In subsequent time instants, reverse flows arise near
the outer surface of the inner stator, which are the consequences of displacement of
the liquid into the gaps from the slots at the moments of mutual overlapping of the
slots of the rotor and stators.

In cases of relatively low values of the viscosity of the medium (which corresponds
to high Reynolds numbers), which include the considered example, a circulation
flow forms in the slot of the rotor, which is superimposed on the rotational motion
of the fluid in the reference frame, which connected with the rotor. The direction of
the formed single vortex coincides with the direction of rotation of the rotor. The
formation of a vortex is associated with high values of shear stresses arising
between the fluid layers rotating together with the rotor and the flows moving in
the stators slots. Due to the presence of a vortex, the radial component of the
velocity in the slot of the rotor takes both positive and negative values. On the
whole, the average radial velocity over the cross section of the rotor slot is positive.

The fluid flow in the slots of the external stator is predominantly circulating. In the
region of the entrance to the slot of the external stator, a vortex is formed with a
center approximately located on the axis of symmetry of the stator slot. The direction
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of the vortex is opposite to the direction of rotation of the rotor. Its occurrence, as
well as a vortex in the rotor, is associated with shear stresses due to the rotation of the
rotor. In the region of the outlet cross section of the slot of the external stator, there is
also a vortex, but its direction is opposite to the direction of first vortex. The
movement in the positive radial direction (outflow) occurs near the left wall of the
channel, and the inflow occurs near the right wall. As in the rotor slot, the mass-
average fluid velocity in the slot of the external stator is positive.

0 1 2 3 4 5 & 7 8 9 10 1 12 13 14 15 18 17 m

[N | 2 3 4 5 B 7 B8 9 10 1M 12 13 14 15 1B 17 WS

FIGURE 5.1. The velocity field of the fluid flow in the RPA working area at Ap = +10 kPa;
#=0.01Pas:a) 7Ar=0;b) 7Ar=1/2.
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With a change in pressure drops and viscosities of the processed media, the picture of
the fluid flow changes noticeably. Due to the centrifugal force caused by the rotation
of the rotor, the radial flow rate of the liquid can be positive both at zero value and up
to a certain value of negative pressure difference (when the pressure at the inlet to the
working area is lower than the pressure at the outlet). At zero pressure difference, the
intensity of the vortex movement in the rotor slot is somewhat weaker compared with
the case of a positive pressure difference. The region occupied by the vortex in the
input section of the slot of the external stator decreases somewhat, and the vortex at
the output section of the slot of the external stator disappears, i.e. the flow at the
outlet section of this slot is almost radial. The reverse flow in the gap between the
rotor and the internal stator also disappears. At the same time, the vortex formation at
the output section of the slot of the internal stator is intensified.

At negative values of the external pressure difference, the flow pattern in the stator
slots becomes close to symmetric with respect to the average section of the rotor
slot. The noted features of the flow behavior with a decrease in the pressure drop
are associated with a significant decrease in the intensity of the radial fluid flow.

With a constant pressure difference and an increase in the viscosity of the medium,
there is a decrease in the number of vortices in the slot of the external stator and the
vortex in the slot outlet of external rotor is absent. At z= 0.1 Pa-s, the vortex in the
rotor slot is not the only one. In addition to one large vortex, another smaller vortex
is formed at the exit of the rotor slot. At 4 = 1.0 Pa's, two almost symmetric
vortices already exist in the rotor slot. With an increase in the viscosity of the
liquid, the tendency toward vortex formation at the exit from the slot of the internal
stator is significantly enhanced. If at = 0.1 Pa-s this vortex is localized near the
right outer edge of the slot of the inner stator, then at # = 1.0 Pas its center is
already located almost on the axis of the slot. At = 1.0 Pa-s, the flow in the RPA
working zone is close to symmetric with respect to the midline of the rotor slot (as
in the case of negative pressure drops at 1= 0.01 Pa-s).

The features of the effect of viscosity growth on the flow structure are mainly
associated with a decrease in the intensity of the radial fluid flow. Noteworthy is
the fact that at the entrance to the slot of the external stator the fluid flow is
predominantly tangential, even at the moment of coincidence of the slots of the
rotor and stators. However, the width of the layer in which this tendency is most
manifest is substantially dependent on the viscosity of the medium. At low
viscosities, the width of this layer is minimal, and the values of the tangential
velocity in this layer are maximum. At large values of viscosity, the width of the
region increases due to the involvement of neighboring fluid layers in the rotational
motion. The tangential velocity itself decreases.
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5.2. The flowrate of fluid passing through the working area
of the apparatus

An important indicator of the operation of the rotary pulsation apparatus is the
flowrate of the fluid passing through the working area in the radial direction. This
value can be obtained from the data on the distribution of the radial velocity at the
entrance to the slots of stators at various points in time. Fluid flow in the radial
direction is proportional to the average velocity of the radial flow

AO

Vv (7)=L v, (7,7,0)d0. Calculations of this value were performed for the

r AO r 0
0

external pressure drops Ap = +10 kPa; Ap = 0; and Ap = -10 kPa. The time
dependences of the average velocity V, at the inlet to the slot of the internal stator

at an external pressure drop Ap = +10 kPa for media with different viscosities are
shown in figure 5.2.
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FIGURE 5.2. The change in time of the average fluid velocity in the inlet section of the slot
of the internal stator at Ap = +10 kPa: 1 — = 0.01 Pa-s; 2 — 0.03 Pa-s; 3 — 0.1 Pa-s; 4 — 0.3
Pa-s; 5—1 Pa-s.

The time scale in the figure (ordinate axis) is presented so that the values 7A7z=0
and 77/A7 =1 correspond to the moments of coincidence of the rotor slots with the
stators, and Az = 0.5 — to moment of complete mutual overlapping of the slots of
the rotor and stators. As can be seen from the figure, the curves V,.(r) in shape
resemble raised sinusoids above the time axis with maxima and minima shifted to
the right. For almost all values of 4, the maximum values of V,(z) correspond to
the values of the dimensionless time 7/A7 ~ 0.2...0.23, and the minimum values
correspond to the values of 7/A7 = 0.58. In other words, the maximum speed
corresponds to that moment in time at which the slots of the stators are overlapped
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by the walls of the rotor by 40...46%. The minimum speed is observed somewhat
later than the complete mutual overlap of the slots of the rotor and stators. The
nature of the increase in speed from its minimum value to the maximum is
smoother than the character of decrease from the maximum value to the minimum.
At the same time, the time interval corresponding to a decrease in speed is about
0.35 of the duration of the entire period Az.

It follows from the calculations that, at Ap > 0, the values of the velocity V,(7)

decrease with increasing viscosity of the medium g, which is the result of an
increase in friction resistance to the fluid flow in the slots. For Ap < 0, when the
fluid moves in the radial direction only due to the action of centrifugal forces, a
decrease in V,(r) with an increase in u is clearly observed only for x> 0.1 Pa-s.

For lower values of viscosity, the velocities V,(7) practically cease to depend on it.

The indicated feature is more clearly visible from those presented in figures 5.3,

5.4 graphs of the dependence of the mass average radial velocity on x and Ap,
At
which is calculated by the formula 7, = A_ I V.(r)dr. The mass-average velocity
T
0

is the average value for the period Az of the velocity V,(r) and characterizes the
volumetric productivity of the apparatus. For the dependencies presented in figure
5.3, the argument is z, and the parameter is Ap. As can be seen from this figure, in
the interval (0.01 < 4 < 0.1) Pa's at Ap = -10 kPa, the dependence 7, (x) has even
a weakly expressed maximum corresponding to the value of u# = 0.03 Pa‘s. The
dependencies shown in figure 5.4, for which the argument is Ap, and the
parameters are the viscosity of the media, this feature appears in the fact that with a
negative pressure drop of Ap = -10 kPa, the values Z(Ap) almost the same for
#=0.1;0.03 and 0.01 Pa-s.

The indicated character of the effect of viscosity on the mass-average velocity
V_(Ap, 1) is explained as follows. Since the shear stress on the walls of the slots of

the rotor and stators is proportional to the viscosity, it is obvious that the
hydrodynamic resistance to the translational motion of the liquid in the slots should
increase with increasing viscosity, and the velocity V,(r) should accordingly

decrease. However, due to the fact that the liquid in the apparatus performs
rotational motion in addition to the translational motion, the centrifugal force
acting on the flow also turns out to be dependent on viscosity. The rotation of the
liquid occurs due to the transfer of the momentum from the rotating rotor to it due
to the presence of shear stress on its cylindrical walls. Therefore, the centrifugal
forces acting on the liquid should increase with an increase in its viscosity. It
follows from this that at negative pressure drops, when only the centrifugal force is
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the driving force of the translational radial motion, small viscosity values cannot
sufficiently provide the momentum transfer from the rotating rotor to the liquid.
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FIGURE 5.3. The dependence of the time-averaged fluid velocity in the inlet section of the
internal stator slot on the viscosity: 1 — Ap =+10 kPa; 2 — Ap =0; 3 — Ap =-10 kPa.
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FIGURE 5.4. The dependence of the time-averaged fluid velocity in the inlet section of the
slot of the internal stator on the pressure drop: 1 — z=0.01 Pa-s; 2 — 0.03 Pa-s; 3 — 0.1 Pa-s;
4-03Pas;5-1Pas.

Since the results discussed above were obtained from solving the problem in
dimensionless variables, presented in figures 5.3, 5.4, the dependences of the mass-
average radial velocity on g and Ap can also be interpreted as the dependences of

= 2
VP P and on the
U

the dimensionless quantity on the numbers Re=
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f 5+ The graphs rebuilt in the indicated
POy
variables are shown in figure 5.5. The considered dependencies can be generalized

using the expression:

W, =2 N L2 A /
loglo( . pjzz loglo(p — } 'Zci,j{ fzJ (5.1)
H i=0 H 7=0 Py

dimensionless pressure drop AP =

Expression (5.1) can be used for an approximate estimate of the average mass
velocity of a fluid ¥, (Ap, i) through the working zone, depending on its viscosity

and pressure drop for RPA, geometrically similar to the considered one, in the
intervals (5.9-10° < Re < 5.9-10%) and (—0.054 < AP < +0.054).
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FIGURE 5.5. The dependence of the dimensionless average fluid velocity in the inlet section
of the internal stator slot on the number Re: 1 — AP =+0.054; 2 — AP =0; 3 — AP = -0.054.

As already mentioned, the fluid in the working area of the RPA performs both
translational motion in the radial direction and rotational motion. The fluid flow in
the radial direction is determined by the above-considered mass-average radial

velocity 17, Its values calculated depending on the viscosity of the medium and the
pressure differences are presented in figures 5.3, 5.4. The volumetric flowrate of
fluid in the radial direction G, can be found by multiplying V. by the area of the
inlet section of the slot of the inner stator. The dependence of the flowrate G, on

the viscosity of the medium g at Ap = 0 for the apparatus of the considered
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geometry with the angular velocity of rotation of the rotor indicated above is
represented by curve 1 in figure 5.6. The fluid flowrate in the tangential direction
Gy, can be calculated by integrating the tangential velocity v, over the cross

sections of two gaps. Since the flow in the gaps is largely similar to the Couette
flow, the law of variation of v, along the radius weakly depends on the viscosity of
the medium and is determined mainly by the angular velocity of rotation of the
rotor and the width of gaps. For the case under consideration, the dependence of
Gy, on the viscosity of the medium is represented by curve 3 in figure 5.6.

G-10°, m%/s
1.0 1
0.8
0.6 2

0.4 \

0.2

0.001 0.01 0.1 n, Pa-s

FIGURE 5.6. Dependences of the radial (1) and tangential (2, 3) fluid flowrates in the RPA
working area on viscosity at Ap = 0.

However, it should be noted that since the fluid located in the slot of the rotor
rotates together with the rotor, its flowrate in the tangential direction Gy, is

determined only by the total volume of the slot of the rotor and the angular velocity
of its rotation. The sum of the two tangential expenses G, , + Gy, is presented in

figure 5.6 of curve 2. The data, on the basis of which the graphs on figure 5.6 are
building, are given in table 5.1. As can be seen from the figure and table, the total
tangential fluid flow rate can prevail over the radial flow rate only in cases of very
viscous fluids or with negative pressure drops Ap.

TABLE 5.1. Changes in fluid flowrates in RPA depending on the viscosity of the medium.

i Pas | (G, +Gp,) 10°, m¥s Gy g '10°, m’/s G, -10°, m’/s
0.001 0.535 0.0656 1.1949
0.01 0.534 0.0620 0.9782

0.1 0.535 0.0610 0.8797
1.0 0.535 0.0534 0.3548
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5.3. Stream function and vorticity of fluid flow in RPA working area

Studying the structure of the fluid flow in the RPA working zone, it is appropriate
to recall such important characteristics of it as the stream function and vorticity.
The stream function characterizes the flow of fluid through a certain section of the

flow region. Its connection with velocity is represented by the expression
L2

Vv, = lg—z from which it follows that ¢ = J-vrrd 0. According to the results of
r
0
calculating the velocity fields by numerical integration, one can find the distribution
of ¢ in the flow region. The isolines of the stream function thus found for the cases

#=10.001 Pa‘s and = 1.0 Pa's at Ap = 0 are presented in figures 5.7 and 5.8.

From figures it is show how different are the characters of the flow of liquids with
low viscosity from the flows of highly viscous liquids in the working area of RPA.
At £=0.001 Pa-s (fig. 5.7), the flow has a very complex structure. In the slot of the
internal stator, the flow is almost radial, with the exception of the output section. In
the slot of the rotor, there is one large vortex and several small vortices. In the slot
of the external stator, the flow is also predominantly circulating. The flow structure
at 1= 0.001 Pa-s varies significantly over time. Depending on the relative position
of the slots of the rotor and stators, new vortex structures periodically appear and
disappear in them.
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FIGURE 5.7. Isolines of the flow function in the RPA working area at 4= 0.001 Pa-s and
Ap =0.

In the case = 1.0 Pa‘s (fig. 5.8), in the output section of the slot of the internal
stator and in the input section of the slot of the external stator there are
multidirectional, almost symmetrical circulation flows. Two practically symmetric
vortices are also present in the slot of the rotor. At the entrance to the slot of the
internal stator and at the exit of the slot of the external stator, the fluid flow is
almost radial. Moreover, this flow structure is quite stable in time.
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FIGURE 5.8. Isolines of the flow function in the RPA working area at ;2= 1.0 Pa-s and Ap = 0.

Another important characteristic of the flow structure is its vorticity. In a polar

coordinate system, a vorticity is defined as QQ, = —l[l% - rﬁ—wj + .

2\ r 06 or
The flow vorticity fields in the RPA working area for liquids with viscosities
#=0.001 and 1.0 Pa‘s at Ap = 0 are presented in figures 5.9, 5.10. As can be seen
from the figures, the vorticity acquires the greatest values in the gaps between the
rotor and the stators. At = 0.001 Pa-s, its values reach in the gaps Q,= +50000

1/s. In the inlet section of the slot of the external stator and in outlet section of the
slot of the internal stator, the vorticity values decrease to the values QQ, =+10000

1/s. In approximately the same range also changes the values of the vorticity in the
slot of the rotor.
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FIGURE 5.9. Isolines of the flow vorticity (Q.-107, s™) in the RPA working zone at 1= 0.001
Pa-sand Ap = 0.
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FIGURE 5.10. Isolines of the flow vorticity (Q.-107, s™") in the RPA working zone at z= 1.0
Pa-s and Ap = 0.

With increasing fluid viscosity, the degree of flow vorticity decreases. At = 1.0
Pa-s, its values in the gaps decrease to 2, = +35000 1/s, and in the slot of the rotor

—Q,=+1000 1/s.

5.4. Pressure fields in the working area of RPA

Important factors affecting the processes of deformation and fracture of dispersed
particles in heterogeneous media processed in RPA are pressure pulsations, as well
as normal and shear stresses arising in the flow during its passage through the
working area of the apparatus [5.8, 5.9]. The pressure distribution over the volume
of the working zone is characterized by a significant degree of unevenness, and the
character of its distribution is rapidly changing over time. The pressure gradients
arising in the flow contribute to the deformation of the particles, and its pulsations
in time can cause high-frequency vibrations of their shells, which leads to a rupture
of the interphase boundaries. In addition, the pulsating nature of the pressure
change can cause adiabatic boiling of the treated medium and subsequent
cavitation effects in the working area of the apparatus, which also contributes to the
destruction of particles of the dispersible substance.

In figure 5.11 shows the pressure fields in the RPA working zone obtained by the
method of numerical simulation of a fluid flow with a viscosity of 1= 0.01 Pa-s at
a zero differential pressure (Ap = 0). Since the process under consideration is
periodic in time, it is assumed that the moment of coincidence of the slots of the
rotor with the slots of the stator corresponds to the time 7= 0. As can be seen from
figure 5.11 a, at this moment the pressure field is relatively uniform. Positive
overpressure (up to +26 kPa) is observed near the right inner corner of the slot of
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the external stator. The negative pressure region (up to -14 kPa) is located in the
gap between the rotor and the inner stator near the right outer corner of the inner
stator and at the entrance to the rotor slot.

a) I
[F ¢
&
It
4
. ¢ TAr i v F
S ——- :
MtStastattatatanmn A FH;TH,N,_“J # Y L
SRR LT T T L R Y T P el r-.-.,,.—,,,...-—‘:* :-J--H----
it L TR R T LT T it uuf.p'-*-"\‘:”l,“"‘“‘"“"""’
o L FE X IR E B S T ERRIREL Ll D 3
L L L 1 F T RN R L
et 1 A e 1 N e,
e e L AT AN,
mﬂlff:u :;r} Tyt tli tit‘.\}.qu#::w
eresssrcnserrrsnemmtii, § b ¥ ,—,r‘\"- !‘_';l___._m‘_’ .
ot
&
[F ¢
&
i q
i+ u
-4
B | | W s0tPa
47 &£ 5 4321011 2(3 45678
A
b) A 477
Byt W iiddrg
g danamas =t g
:# {tnana T8 H\\:ﬁ
gt Hf.n-'-m—r‘\wuﬂ
.............. —r - = e
B il e N
) |
] et | pomenssandd
.................................--—r."!!'!i‘H ‘:5:,‘;;,,.*}\? i
peererseresesemet | e
e ] IFidd A }_’,{-ﬂi"‘""‘"‘““
T E————— A VRO | N T
mmu\“““” e .“,..-K—" ey
e AR A N gy
i ——— . || T A e e p
Besfrsm ]
H{ I | —
] Ly s bl
ii H\\::f\f\‘:\“‘.
4 ALY

3 ‘M »107'Pa

47 6 5@ 321012 3 45K 78

FIGURE 5.11. The pressure fields in the working space of the RPA at = 0.01 Pa-sand Ap =0
at time instants 7A7=0 (a) and 7Az=1/2 (b).

As the stator slots gradually overlap by the rotor wall, the pressure begins to
increase at the right inner corner of the slots of the external stator. An increase in
pressure is also observed near the inner left corner of the rotor slot. Near the right
outer corner of the inner stator, the pressure decreases. A negative pressure region
also begins to form in the central and left parts of the input section of the slot of the
external stator. With a further increase of the degree of mutual overlapping of the
slots, the pressure in the flow near the inner wall of the rotor (from the side of slot
of the inner stator) begins to increase, and near the outer surface of the rotor (from
the side of slot of the external stator) it decreases.



5. Regularities of flow of liquid in RPA 151

By the time of complete mutual overlapping the stator slots by the rotor wall, the
negative pressure region near the right outer corner of the inner stator moves
downstream and occupies the region in the gap between the rotor and the inner stator,
and at this place already is formed the zone of excess positive pressure. The greatest
positive pressure in this zone is achieved in the gap between the outer right corner of
the slot of the inner stator and the left inner corner of the slot of the rotor (fig. 5.11b).

The opposite picture takes place in the gap between the right inner corner of the
slot of the outer stator and the left outer corner of the slot of the rotor. Since the
slot of the external stator is practically blocked by the wall of the rotor, a
rarefaction region (up to —40 kPa) forms at the entrance to the slot of the external
stator. At the same time, at the entrance to the gap between the rotor and the
external stator, the pressure increases to +59 kPa. As can be seen from figure
5.11b, which is corresponding to the time instant 77Az = 1/2, in the areas of space
adjacent to the corners of the slots, the pressure drop reaches 99 kPa. At the same
time, the distance between the maximum and minimum pressure points is ~1 mm.
However, the described pattern of pressure distribution in the RPA working area
takes place over a very short period of time. After the moment of complete mutual
overlapping of the slots, the pressure in the flow begins to gradually equalize.

To study the effect of the viscosity of the medium on the pressure field, we also
consider the results of solving a similar problem for the case = 0.3 Pa-s. In the
case of more viscous liquids, the nature of the pressure change over time in the
slots of the rotor and stators is qualitatively the same as for a liquid with a low
viscosity. However, since approximate symmetry of the velocity field with respect
to the midline of the rotor is characteristic for the flow of highly viscous fluids, the
pressure field also turns out to be close to symmetric with increasing viscosity of
the medium. As the slots of the rotor and stators overlap, an increase in pressure is
also observed near their converging corners, but more significant than with the
flow of liquids with low viscosity. At this period of time for flows with highly
viscous media, a pressure drop (up to -45 kPa) in the gaps between the rotor and
the stators is characteristic.

At the moment of complete overlapping of the stator slots by the rotor wall, the
excess positive pressure near their converging corners reaches +95 kPa, which
exceeds the similar value obtained for a fluid with a viscosity of = 0.01 Pa-s. In this
case, in the region of the entrance to the slot of the external stator, the vacuum
becomes -35 kPa (not as significant as in the case of a medium with a low viscosity).

At a time interval of 0.5 < #A7 < 1 for the flow of highly viscous fluids, a
characteristic is increase in pressure in the gaps, especially in the gap between the
rotor and the external stator. If for low-viscous media this time interval was
characterized by a gradual equalization of pressure, then in this case a high value of
excess pressure (+95 kPa) in the external gap remains almost until the slots of the
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rotor and stators coincide, after which, as already mentioned, the pressure in the
gaps begins fall rapidly. Thus, for flows of highly viscous media, more significant
pressure drops in the gaps are characteristic.

The above results relate to cases of zero pressure drops. As shown by the results of
numerical simulation of the flow of media in RPA at a positive difference in
external pressure (Ap = +10 kPa), the range of changes in overpressure in the
working area is wider than in the case of Ap = 0. As in the case of Ap = 0, the
largest range of pressure changes in the working zone at Ap = +10 kPa is observed
when the stator slots are completely blocked by the walls of the rotor. At this
moment, in the region of the flow inlet into the slot of the external stator, a
maximum pressure drop is observed (up to -50...-60 kPa relative to the fluid
pressure at the inlet to the working area). At a given moment in time, conditions
may arise for adiabatic boiling of the medium with subsequent cavitation.

As follows from the presented results, during operation of the rotary-pulsating
apparatus, the pressure changes most intensively near the right edge of the output
section of the slot of the inner stator, the right edge of the input section of the slot
of the outer stator, in the areas of both edges of the left wall of the slot of the rotor,
as well as on the inner and the outer cylindrical surfaces of the rotor. In order to
more closely consider the change in time of pressure in the indicated zones of the
working space, we consider the time dependences of static pressure at four
characteristic points of the flow region. These points are located in the middle of
the exit section of the slot of the inner stator (a), in the middle of the entrance
section into the slot of the outer stator (b), in the middle of the entrance section into
the gap between the rotor and the inner stator (¢), and in the middle of the entrance
section into the gap between the rotor and external stator (d). Presented on figures
5.12-5.15 the results relate to the case Ap = 0 for liquids with viscosity coefficients
#=0.01; 0.1 and 0.3 Pa:s.

In the first half-cycle (0 < /A7 < (.5), the cross-section for the radial fluid flow is
reduced as a gradual mutual overlap of the slots of the stators and rotor occurs. Due
to the braking of the radial directed flow, there is an increase in excess pressure at
the outlet from the internal slot of the stator (fig. 5.12) from negative values (-12...
-8 kPa) to positive (+8...+18 kPa). Moreover, the higher of these pressure values
relate to the case of low (x = 0.01 Pa:s) viscosity of the medium. However, this
growth is not monotonous. Curves p(7) except for the moment 7Azr =~ 0.5
(complete mutual overlapping of the slots of the rotor and stators) also have
maxima at Az = (0.23...0.25), which corresponds to the moment of approach of
the lower edge of rotor slot to point (a). The fluid flowrate in the radial direction at
this moment is maximum.

The value of this first pressure maximum (~ +12 kPa) weakly depends on the
viscosity of the liquid, while the second maximum as the greater as lower the
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viscosity. The minima of the considered curves are located between the above
maxima and correspond to Az = 0.36.

The reason for a certain decrease in pressure at point (a) is associated with a
change in the direction of flow from radial to tangential in this point. This pressure
drop is more significant for liquids with high viscosities. Thus, the pressure at point
(a) for the first half-cycle is generally higher for liquids with lower viscosity. This
is because the maximum pressure corresponding to 7/Az = 0.5 is associated with
the braking process of the radial fluid flow, and higher values of radial velocities
falling to a minimum at Az~ 0.58 correspond to liquids with lower viscosities.
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FIGURE 5.12. The influence of the viscosity of the medium on the character of time change
of pressure at point (a), located in the middle of the output section of the slot of the inner
stator: 1 — 4= 0,01 Pa-s; 2—-0.1 Pa-s; 3 - 0.3 Pa:s.
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FIGURE 5.13. The influence of the viscosity of the medium on the character of time change
of pressure at point (b), located in the middle of the inlet section of the slot of the external
stator: 1 — 4= 0.01 Pa-s; 2—-0.1 Pa-s; 3 - 0.3 Pa:s.
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FIGURE 5.14. The influence of the viscosity of the medium on the character of the change in
pressure over time at point (c) located on the middle of the inlet section into the gap
between the rotor and the internal stator 1 — = 0.01 Pa-s; 2 — 0.1 Pa-s; 3 - 0.3 Pa-s.
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FIGURE. 5.15. The influence of the viscosity of the medium on the character of the change
in pressure over time at point (d) located in the middle of the inlet section into the gap
between the rotor and the external stator: 1 — ¢=0.01 Pa-s; 2 — 0.1 Pa-s; 3 — 0.3 Pa-s.

At point (b), located in the middle of the inlet section of the slot of the external
stator, the character of the function of the pressure change over time is different for
media with different viscosities (fig. 5.13). For a fluid flow with a low viscosity
(1= 0.01 Pa-s), the pressure in the time interval 0 < 7A7< 0.3 decreases to -23 kPa,
and for fluids with a high viscosity (= 0.3 Pa-s) the pressure initially rises to +7.5
kPa, and then drops to -23 kPa. This sharp decrease in pressure (by about 30 kPa)
occurs in a very short period of time (in 0.3 Az or in 10 s). The reason for the
pressure drop at point (b) during the period of gradual mutual overlapping of the
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slots of the rotor and stators is the same as the reason for the pressure increase at
point (a). If at point (a) the pressure increases due to flow inhibition, then at point
(b) it drops due to a significant decrease in the flowrate of liquid entering the slot
of the external stator.

The pressure at points (c) and (d) located in the space between two stators and not
yet separated in the first half-cycle by the rotor wall, up to the moment 7Az = 0.32
weakly depends on time and does not significantly depend on viscosity. At point
(¢), located closer to the internal stator, the pressure is negative (-10...-20 kPa), and
at point (d) it is positive (+15...+20 kPa).

In the second half-cycle (A7/2 < 7< A7), the rotor wall enters the space between the
stators, displacing fluid from there, and the slots of the rotor and stators gradually
begin to fit together. The resistance to fluid flow in the radial direction decreases, and
the pressure at point (a) begins to fall and the flowrate increases. A minimum
pressure (-11 kPa for 4= 0.01 Pa-s and -18 kPa for = 0.3 Pa-s) is reached at this
point with 7A7= 0.75...0.85, when the edge of the wall of the rotor slot moves away
from points (a) and slots are half fit together. At point (b), the character of the
pressure change in the second half-cycle is the opposite. In the time interval
0.5 < 7A7 < 0.8...0.85, the pressure at this point increases. At that, the maximum
pressure is higher when the viscosity of fluid is lower. For ¢ = 0.3 Pa-s at point (b),
the maximum is 2.5 kPa, and for zz=0.01 Pa-s, respectively, 10.6 kPa.

The second half-period is characterized by a sharp increase in pressure at points (c)
and (d). At point (c) (fig. 5.14), its maximum is reached immediately after the
entrance of the wall of the rotor slot into the space between the walls of the stators
(when points (c) and (d) appear in the gaps between these walls). By the time moment
/At =~ 0.52, the pressure at point (c) increases to +17 kPa for = 0.01 Pa-s and to
+72 kPa for 1= 0.3 Pa-s. Thus, in contrast to the situation observed at points (a) and
(b), the pressure in the gap between the internal stator and the rotor in the second half-
cycle is higher, the higher the viscosity of the liquid. After 7Az = 0.9, the pressure at
point (c) begins to drop sharply and again becomes negative by the end of the full
period. At point (d), the pressure in the second half-cycle is also higher than in the
first (fig. 5.15). However, the law of its change in time is more complex than at point
(c). The function p(7) at point (d) has two maxima and one local minimum. A sharp
increase in pressure towards the end of the first half-period is followed by a slight
decrease (in a short period of time), and then again an increase, but smoother. For
1= 0.3 Pa-s, the pressure increases to +86 kPa, and for = 0.01 Pa-s — only to +33
kPa. Thus, the pressure in the gap between the rotor and the external stator in the
second half-cycle is higher, the higher the viscosity of the liquid.

Comparing the time dependences of pressure at the four marked points of the
working space of the apparatus, it can be noted that for liquids with high viscosity,
the amplitude of pressure fluctuations is much higher in the gaps than in the inlet



156 Energy conversion in local volumes of dispersed media

and outlet sections of the stators. At = 0.3 Pa-s at point (c), the pressure for the
period Az changes by 87.7 kPa, while at point (a) it changes only by 29.7 kPa. At
lower viscosities (for example, 4 = 0.01 Pa-s), the amplitude of the pressure
fluctuation at point (a) is approximately the same as at = 0.3 Pa-s, and at point (c)
amplitude of the pressure fluctuation is only 38.6 kPa. Nevertheless, in flows of
media with both low and high viscosity, the highest pressure pulsations are
observed precisely in the gaps between the stators and the rotor. Apparently, the
most favorable conditions in the flow of the carrier medium for the deformation
and destruction of particles of the dispersible substance are creating in these areas
of RPA. This is also confirmed by the time dependences of a number of dynamic
characteristics of the flow (pressure, normal and tangential stresses, acceleration) at
three characteristic points of the region located near the right inner edge of the slot
of the external stator (fig. 5.16-5.18).
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FIGURE 5.16. The time variation of the pressure at points located near the entrance to the
gap between the rotor and the external stator Ap =0, = 0.1 Pa-s.
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FIGURE 5.17. The change in time of the normal stress at the points located at the entrance to
the gap between the rotor and the external stator Ap =0, z= 0.1 Pa-s.
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FIGURE 5.18. The change in time of the shear stress at the points located at the entrance to
the gap between the rotor and the external stator Ap =0, = 0.1 Pa-s.

These results relate to the case Ap = 0 and x = 0.1 Pa-s. As can be seen from the
figures, at the moment of complete mutual overlapping of the slots of the rotor and
stators, the pressure at the entrance to the external gap increases sharply, while at the
points adjacent to the gap it drops. At this moment, the normal and tangential stresses
at the points reach their minimum values, and then they begin to increase sharply
(impulsively). At point 1 (the entrance to the gap), normal stresses are lower, and
tangential are higher than similar values at neighboring points. At the moment of
complete mutual overlapping of the slots of rotor and stator, the modules of
accelerations at all points sharply increase. Before entering the gap (point 2), the flow

= 2 2
acceleration, determined as |D V| - [D vrj +(D Vaj , reaches 10° m/s* (fig. 5.19),
|Dz'| Dr Dr

which is the manifestation of effect of discrete impulse energy input in the RPA
working area.
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FIGURE 5.19. Dependence on the time of acceleration of the flow in front of entrance
entering the gap between the rotor and the external stator (point 2), Ap =0, = 0.1 Pa-s.
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5.5. The moment of hydrodynamic drag forces acting on the rotor
from the side of a viscous fluid

When the rotary-pulsation apparatus is operating, the forces of hydrodynamic
resistance from the side of a viscous fluid flow act on the surface of its working
elements. The greatest power impact is experienced by a rotor rotating with a high
angular velocity. The hydrodynamic resistance forces acting on the rotor are due to
the presence in the flow of a pressure that varies in time, and also of normal and
tangential stresses. These forces create a moment A, relative to the axis of
rotation of the rotor. The forces creating a moment relative to the axis of rotation
include the forces created by the tangential stresses o, », acting on the outer and

inner cylindrical surfaces of the rotor, as well as the forces due to the pressure and
normal stresses o, 4, acting on the side surfaces of the rotor which are the walls of

its slots. In this case, the pressure and normal stress acting on the cylindrical
surface of the rotor (external and internal), as well as the shear stresses acting on
the walls of its slots, do not contribute to the resulting moment of forces. Thus, if a
certain part of the rotor wall is within the angular 6, <6<6,.+ A6 /2 and radial

Vo in ST <1, . coordinates, the value of M, can be calculated as:

o 6,+A0/2
M, =zh j [(p—ag,g)‘ermg/z—(P—Geg)‘gr}rdr+ J |:(r20149)r —(rzar.g)r }d@
. 9, r.ex

(5.2)

Taking into account the fact that the radial velocity v, on the walls of the rotor is
zero, the stress values o,y and o, 4, can be found from the expressions:
ow

0'9922#6—60; Orp =M T—
’ 00 ’ or

Using the results of numerical simulation presented above, namely, the calculated
velocity and pressure fields in the flow, it is possible to find on the basis of
expression (5.2) the values of the moments of the hydrodynamic drag forces M,
acting on the rotor from the side of a viscous flow. The time dependences of the
relative moment of resistance forces M, / M for one period Az obtained for the
case Ap = 0 and various viscosities of the liquid are shown in figure 5.20. Values
M are averaged over a time period Az moments M :
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FIGURE 5.20. The time dependence of the relative moment of hydrodynamic resistance
forces: 1 — £=0.01 Pa-s; 2 —0.03 Pa-s; 3 - 0.1 Pa-s; 4 — 0.3 Pa-s.

As can be seen from figure 5.20, the values of M, depend substantially on the

time 7. However, this dependence decreases with increasing of viscosity of the
liquid, i.e. at high viscosities of the medium, the M, (z) values are more uniformly

distributed in time.

The dependence of M on viscosity is shown in figure 5.21.
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FIGURE 5.21. Dependence of the average moment of hydrodynamic resistance forces on the

viscosity of a liquid.

As one would expect, with an increase in the viscosity of the liquid, the averaged in
time moment of the resistance forces increases (fig. 5.21), however, the

dimensionless quantity Af / ( ya)oroz' ) decreases with an increase in viscosity (fig.

5.22). The reason for this is that with an increase in viscosity, both the flowrate of
the liquid through the apparatus and the shear rate of the flow near the side surfaces
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of the rotor slots decrease. It should be noted that the minimum electric motor
power N, which is necessary for the rotor to rotate at a constant angular velocity

®,, overcoming the force of hydrodynamic resistance, can be found from the

expression N = @, M.
M

3
g iy

3000 \

K

1000

0,03 0.1 03 I, Pa-s

FIGURE 5.22. Dependence on fluid viscosity of the dimensionless average moment of
hydrodynamic resistance forces.

5.6. Fluid flow in a rotary pulsation apparatus at the stage
of its acceleration

A condition for solving the problems considered in the previous subsections is the
constancy in time of the angular velocity of rotation of the rotor ;. Since

previously only periodic modes of operation of the apparatus were investigated, the
problems were solved as non-stationary, but without concrete initial conditions. It
was assumed that at the initial moment of time, the liquid is at rest, and the rotor
already has a constant angular velocity of rotation @), given by the condition of

the problem. Such a statement is characteristic of the so-called problems without
initial conditions. When solving them, it is assumed that after a certain period of
time, the process acquires a character determined only by boundary conditions,
regardless of what conditions were in the beginning. If the features of the process
during the transition period are not of interest, then for such problems the initial
conditions can be, as in the case under consideration, arbitrary.

The angular velocity of rotation of the rotor, which is set as a known parameter,
acquires, strictly speaking, a stable value only after the completion of the transition
process associated with the exit of the rotor from the rest state. Theoretically, this
period of time is equal to infinity, practically — a few seconds.
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Consider the results of solving the problem of fluid flow in a rotary-pulsating
apparatus at the stage of acceleration of the rotor from a state of rest at a time-
varying angular velocity of its rotation. The difference between this formulation of
the problem and the formulation of the problem considered earlier is that instead of
the condition @, =const, the condition @, = @,(r), is set on the surfaces of the

rotor, moreover, 7= 0: @, =0, and for 7— c: @,(r) — const. For such a problem,

specific initial conditions will already be necessary. It is most natural to accept at
each point of the computational domain for 7= 0 the conditions v = 0; @= 0, which
corresponds to the initial state of rest of the entire system [5.6].

At the moment of time 7= 0, the process of acceleration of the rotor begins. The law
of change in time of the angular velocity @, (7) must either be specified or calculated

taking into account a number of additional conditions. The rotational motion of the
rotor in the general case is described by a differential equation of the form:

20 _pm,-M, (5.3)

where: / — the moment of inertia of the system consisting of the rotor of the
apparatus and the rotor of the electric motor; M, — the moment of forces of the

electromagnetic field of the engine.
For known values of / and M, equation (5.3) together with expression (5.2) could

be used to find the time dependence @, (7). Thus, the system of equations of fluid

dynamics in RPA at the stage of acceleration of the rotor becomes closed. If / and
M, are unknown, the function @y(r) can be approximately described by an

expression of the form @,(7) = [l -exp(~k-7)], in which @, is the rotor

velocity after the RPA exits to a steady-state operation mode, k& is a parameter that
determines the rate at which the apparatus reaches the indicated mode.

The finite-difference scheme for solving the problem considered in chapter 4 for
the case @, (7)= const assumes that during the one step of dimensionless time 6,

the rotor moves one step 66, in the angular coordinate. Obviously, in this case, the
equality O0H = 60, holds, and in the case 00;= const, the step in the
dimensionless time JH is also constant. With @,(7)= var, this condition will no

longer be satisfied. In this case, in one time step (if it is constant), the rotor can
only move for some part of the step in the angular coordinate (at 66; = const), or, if

it is still required that the rotor moves one step 6¢; along the angular coordinate in

one time step, this time step dH should be variable. For the finite-difference
solution of the fluid flow problem in a rotary-pulsating apparatus at the stage of its
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acceleration, just this approach was chosen. The step in dimensional time d7 is
considered time-dependent and is determined from the condition

T+0T
80= [ o,(r)dr

T

In the case of using the law of the change in the angular velocity with time presented
above, this condition, converted to a dimensionless form, is reduced to the
transcendental equation

a)O 0 k k
SH =502 exp| ——~—(H + 5H) | —exp| ——H
k a)O,oo a)O,oo

which at each time step is solved by the iteration method. The average value of
angular velocity of rotor for the time interval H...H+ J0H is taken in the
calculations as

_ o0
Wy = Oy o E

Using the specified refinements to the algorithm presented in chapter 4, a finite-
difference solution of the problem of fluid flow in the working space of a rotary-
pulsating apparatus with a variable rotor velocity is made. The initial conditions for
this problem will be: at /7/=0: '=0; Q=0; Q, =0.

The results of calculating the dependence on the dimensionless time of the
averaged velocity V,(H) of the radial fluid flow in the inlet section of the internal

stator for cases of a constant over time differential pressure Ap = 0 and a time-
varying differential pressure Ap = Ap(7) are presented in figure 5.23 and figure
5.24. The viscosity of the medium in both cases is the same and is ¢ = 0.1 Pas. In
figure 5.25, the change of the moment of hydrodynamic drag forces M,(H) in

time for the condition Ap = 0 is presented. For the case of a pressure difference
varying in time, the function Ap(7) is adopted in a form similar to the form of the
function @y(r), i1.e. Ap(r)=Apy[l—exp(—k-7)], where Ap,= 10 kPa. The

parameters in the function of changing of the angular velocity with time are taken

1

equal to: k=80-7s!; @y =100-7s"". With these parameters, the angular

velocity @y, will differ by 99% from @ ,, after approximately 0.02 s.

As can be seen from figures 5.23, 5.24, with an increase of @,(r) and a
corresponding reduction in the intervals between the moments of alignment and
mutual overlap of the slots of the rotor and stators, the values of minima and
maxima of average velocity V.(H) of the radial fluid flow are increasing. The
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figures also show the previously considered dependences V,(H), which are

obtained from the solutions of the problems under the condition that the angular
velocity is constant @, = const. It can be seen from the figures that as values @ (7)

tends to @, the graphical dependences V, () also gradually transform to the
form corresponding to the case @,= const. The same can be said about the
dependence M, (H) for the case Ap = 0 (fig. 5.25).
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FIGURE 5.23. The time dependence of the average radial velocity V,(H) for a variable
angular velocity of the rotor for the case Ap =0, 1= 0.1 Pa:s.
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FIGURE 5.24. The time dependence of the average radial velocity V,(H) for a variable
angular velocity of the rotor for the case Ap = Ap(H), u= 0.1 Pa:s.
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FIGURE 5.25. The time dependence of the moment of hydrodynamic drag forces at a
variable angular velocity of the rotor for Ap =0, z=0.1 Pa-s.

From the presented results it follows that both statements of the unsteady problem
of fluid flow in the working space of the RPA (i.e., with specific given initial
conditions, or to some extent arbitrary, as was considered earlier), lead to the same
solutions for 7— co. The rate at which dynamic processes in RPA reach the steady-
state periodic mode depends on parameter & in the law of variation of @,(z). For

those considered in figures 5.23-5.25 cases, it can be seen that practically the RPA
operation mode becomes steady periodic at H > 4...5.

5.7. The structure of the fluid flow in a vertical section of RPA

The results presented above were found from solving two-dimensional problems of
fluid flow in horizontal sections of the RPA working zone. These solutions were
obtained under the assumption that the distribution functions of velocity and pressure
weakly depend on the vertical coordinate z. For the problems considered, the
determining parameter was the pressure drop Ap between the input and output
sections of the working area. In general, it was set arbitrarily, although in reality its
value depends both on the nature of the pressure change in the area before the inlet
section into the working area, and on the law of pressure change in the fluid flow
after it leaves the working zone. The difference between the heights of the liquid
levels in the loading channel of the apparatus and in the branch pipe has a significant
effect on the Ap value. If this difference is positive, then, most likely, Ap > 0. In the
case of equal liquid levels, the pressure drop Ap will depend on the difference in
hydraulic pressure losses in the areas of fluid supply to the inlet section of the
working area and drainage of liquid through the outlet section. To estimate the
magnitude of this difference, we consider an approximate solution of the fluid flow
problem in a vertical section of the apparatus, from which it will be possible to
evaluate the above hydraulic pressure losses with a certain degree of accuracy.
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Strictly speaking, the fluid flow in the working space of the RPA is three-
dimensional. If, when solving the two-dimensional problem of fluid dynamics in
the horizontal section of the apparatus, the change in velocity and pressure in the
direction of the vertical coordinate could be neglected under certain requirements
for the accuracy of the solution, then neglect the change in these functions in the
angular coordinate @ in the presence of a periodic geometry of the working bodies
of the apparatus, strictly speaking, is impossible. Finding the numerical solution of
the three-dimensional problem with such a rather complicated geometry of the
computational domain is quite problematic. A compromise can be found by
somewhat simplifying the geometry of the working area, which would nevertheless
make it possible to reduce the problem under consideration to two-dimensional.
For this purpose, we replace the system of radial slots in the rotor and stator with a
system of horizontal slots that section the rotor and stators into a series of
cylindrical bodies located one above the other. For a given (to some extent
arbitrary) number of these slots, their width (the same for all) is chosen so that the
equivalent diameter of the horizontal slot system is the same as that of the radial
slot system. This makes it possible to achieve at least an approximate coincidence
of the values of the static pressure drops in this equivalent system of horizontal
slots and in the system of actually existing radial slots of RPA working elements.

The three-dimensional character of the fluid flow problem in the apparatus is also
manifested in the fact that the processed fluid is discharged from it through a single
fitting located near the bottom of the apparatus. A discharge hose is connected to
the fitting, through which the liquid is sent to the receiving tank or fed back to the
loading tank if it is necessary to repeatedly process the liquid. To comply with the
model problem of equivalence of static pressure losses in the nozzle and hose, the
external surface of the apparatus body (“cup”) is considered the inner wall of the
annular channel through which (instead of the nozzle and hose) liquid is removed
from the apparatus. Of course, the width of this channel is chosen so that its
equivalent diameter is the same as the diameters of the fitting and the hose. A
scheme of the equivalent computational domain is shown in figure 5.26.

The peculiarity of the considered equivalent geometry of the computational domain
is that now it allows one to consider all three components of the velocity vector v,;
v, and vy = @-r, as well as the pressure p — independent of the angular coordinate
6. Moreover, the initial system of equations of fluid dynamics (4.1)-(4.4) can be
represented as:

o(v,r) p ov,
or Oz

=0 (5.4)
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FIGURE 5.26. Equivalent computational scheme of the RPA working space.

Since the problem is considered symmetric about the vertical axis, the boundary

conditions for it will have the form:

at r=0: avZ:O; a—w=0; v, =0
or or
at 7 =7, ¢ v,=0; ©=0; v.=0
at z=0: v,=0; ©=0; v.=0
at z=z, : p=0; a—“’:O; v, =0
Oz

stator, apparatus body: v, =0; @=0; v, =0

rotor: v, =0; o=, v.=0
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It is believed that the liquid levels in the loading capacity of the apparatus and at
the outlet of the discharge hose are the same, which is typical for RPA operation in
recirculation mode.

After the standard linearization procedure, the finite-difference analogue of
equation (5.7) will contain only unknown grid functions for @. Therefore, the
method for solving the system of difference equations obtained on the basis of
differential equation (5.7) will be similar to the method for solving the energy
equation considered in chapter 4. In equation (5.5), the unknown function ® occurs
only once in the form of the term on the left side of this equation. This term can be
found from the solution of equation (5.7) and taken for (5.5) as a known quantity.
The function @ is not included in the system of equations (5.4)-(5.6). Therefore, to
solve the indicated system of two-dimensional equations, the tridiagonal matrix
algorithm mentioned in chapter 4 can be used.

Calculation starts from z=z_ . and is performed in the direction opposite to the

X
direction of the OZ axis. As a result of the numerical solution of this problem, the
fields of the velocity functions v_(z,r), v,(z,7), @(z,r), and also the pressure fields

p(z,7) are determined. The fluid flow rate through the outlet section of the annular
channel with radii 7, and r; (fig. 5.26) simulating a discharge pipe is also

calculated. The results of calculation by the presented algorithm of the velocity and
pressure fields in the RPA working volume are shown in figure 5.27.

The calculation results relate to a rotary pulsation apparatus with the following
geometric characteristics: apparatus height 43.8 mm; the radii of the inner stator
r. =26.5 mm; 7= 29.9 mm; the radius of the rotor .= 30.15 mm; 7,= 33.8 mm;

the radii of the external stator 7= 34.0 mm; 7= 39.0 mm; the radii of the "cup"
r.= 53.0 mm; 7,= 55.0 mm; the radius of the outer pipe of the annular channel
r.= 61.8 mm. The rotor velocity is 48 r/s. Fluid viscosity x = 0.1 Pa-s. The radial

cuts of the working elements of the apparatus are replaced by five slots, the total
passage area of which is equal to the total area of the radial cuts of the RPA
working elements.

As can be seen from figure 5.27, the movement of fluid in the central part of the
vessel’s capacity is predominantly downward, and near the inner surface of the
stator the direction of flow becomes radial. The movement of fluid in the radial
direction through the slots of the rotor and stators occurs due to the action of
centrifugal forces created by the rotating rotor. The fluid flow rate through the
cross section of the loading tank is 0.75-10° m’/s. Very remarkable is the

distribution function of the relative pressure p,,; = p—0.5pgz,.,, along the radius

of the apparatus in its average horizontal section (fig. 5.28).
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FIGURE 5.27. The velocity field in the vertical section of the RPA.
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FIGURE 5.28. Distribution of the relative pressure of the liquid along the radius at the level of
the average horizontal section of the RPA: 1 — internal stator; 2 — rotor; 3 — external stator.

As can be seen from the figure 5.28, in the inlet section of the slot of the internal
stator, the relative pressure is negative ( p,,;;, = -295 Pa). Along the radius of the
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slot of the internal stator, the pressure, due to hydraulic friction losses, drops to
-845 Pa. In the rotor, due to the action of centrifugal force, the pressure increases
and in the inlet section of the slot of the external stator reaches +842 Pa. Along the
radius of the slot of the external stator, the pressure, as in the internal stator, drops
to the value of p,,,,, = +740 Pa. In general, it turns out that the working area is

under the influence of a negative pressure drop: Ap = p,.; iy = Pret.our = -1037 Pa.

A number of important conclusions follow from the presented results. At the same
liquid levels (relative to the OZ axis) in the inlet section of the loading vessel and
in the outlet pipe, the liquid pressure in the inlet section of the slot of the internal
stator is less than in the outlet section of the slot of the external stator. The
movement of fluid through the working area occurs only due to the action of
centrifugal force (pumping effect) and, in general, against pressure forces.

From the analysis of the velocity field presented in figure 5.27 also follows that in
the region of the flow occupied by the RPA working bodies, the vertical fluid
velocity v_ is much lower than the radial velocity v,, and they can be neglected.

Consequently, the two-dimensional formulation of the problem of fluid flow in the
horizontal plane, the results of which were considered earlier, can be considered
sufficiently satisfactory for determining the basic dynamic characteristics of RPA.
In this case, the pressure drop Ap, as the initial parameter of the problem, can be
estimated by the method considered above.

The indicated pressure drop Ap can also be determined by an approximate estimate
of the total hydrodynamic pressure losses due to friction and at local resistances
along the fluid flow path before and after the working zone. In this case, one
should take into account the difference in liquid levels in the loading tank and in
the section of the outlet fitting. It should also be borne in mind that, strictly
speaking, the Ap values are not constant in time and depend on the time-varying
average mass flow rate.

5.8. RPA dynamic characteristics at turbulent flow

The presented results of numerical simulation of fluid dynamics in the RPA
working zone were obtained under the assumption of a laminar flow regime of
the medium being treated. This flow pattern may be characteristic of high
viscosity media. In cases of relatively low viscosity of the media, a transition to a
turbulent flow regime is possible [5.7]. The cause of the turbulent flow in the
RPA working volume may be a loss of flow stability. According to [5.10], in the
gap between two coaxial cylinders, of which the inner rotates and the outer is
stationary, the transition to the turbulent regime is possible at
Re=awyr,6/v>3960 (Ta > 1715). As for RPA, due to the more complex
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structure of the flow in its working zone, a transition to a turbulent regime is
possible even with lower values of these criteria. However, reliable experimental
data on the conditions for the emergence of a turbulent flow regime in RPA, as
well as on the values of Reynolds numbers corresponding to these conditions, are
absent. Therefore, we conditionally assume that for media for which x4 < 0.01
Pa's, the flow regime in the RPA working area with the considered structural
parameters is most likely to be transient or turbulent. The indicated boundary
value of viscosity is also taken because, as experience shows, that if the laminar
model of fluid flow in RPA for 4 < 0.01 Pas is used, stable periodic mode of
fluid flow in the working area is not installs. This also indicates the instability of
the numerical laminar flow models under the indicated conditions. Of course, the
character of the flow regime in the RPA is determined not only by the viscosity
of the medium, but also by the geometric parameters of the working zone and the
rotor velocity. It follows from the foregoing that, in connection with the
possibility of the emergence of a turbulent regime of the medium flow in the
working zone of the RPA, it is also advisable to study the dynamic characteristics
of the RPA under the indicated regime.

The results of solving the problem of turbulent fluid flow in the RPA working area
are presented in the form of fields of velocity, pressure, kinetic energy of
turbulence, and its dissipation. As an example, a turbulent flow of a medium with a
molecular viscosity of z = 0.001 Pa‘s and a density of p = 1000 kg/m’ (water) in an
RPA of TFG type is considered [5.11]. The working elements of this apparatus

contain 60 radial slots. The rotor velocity is @, =967 s™'. The solution to the

problem is made for a positive difference in external pressure (Ap = +10 kPa). As a
turbulence model, the RNG model [5.12], considered in chapter 4, is used.

The velocity and pressure distributions in the RPA working zone during turbulent
flow of the indicated medium are shown in figure 5.29. As can be seen from the
figure, the structure of the fluid flow has a very complex vortex-like character.
Vortex formation is observed in the rotor slot (two asymmetric multidirectional
vortices), as well as at the exit from the slot of the internal stator and at the
entrance to the slot of the external stator. In this case, the flow turns out to be
almost radial in the initial section of the slot of the internal stator.

At the moment of mutual overlapping of the slots of the rotor and stators, an area
of increased pressure arises in front of the rotor wall (up to +60 kPa). In this case,
the pressure in the region of the edges of the walls of the rotor and of the external
stator sharply increases up to +85 kPa. At the same time, a vacuum region (up to
-60 kPa) arises in the area behind the rotor wall (at the entrance to the slot of the
external stator).
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FIGURE 5.29. The velocity and pressure fields in the RPA working zone with turbulent flow
(u=0.001 Pa-s; Ap =10 kPa): a) 7/Ar=0; b) 7Ar=1/2.

Due to the high degree of flow swirl, in the areas of the output section of the slot of
the inner stator, the input section of the slot of the outer stator, as well as in the
region of the rotor slot, turbulence is generated most intensively. In figure 5.30
shows the distributions of the kinetic energy of turbulence £ in the flow region. As
can be seen from the figure, at the inlet of the flow into the working area of the
RPA, the values of k are of the order of 10 m*/s>. However, already in the middle
part of the slot of the internal stator, where the flow is almost radial, the kinetic
energy of turbulence decreases significantly (to & ~ 10™...10° m%/s”). As the flow
approaches the outlet cross section of the slot of the internal stator, the kinetic
energy of turbulence begins to increase rapidly and in the region of the internal gap
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it already reaches k ~ 1...10 m%/s”>. The same orders of magnitude k has in the
region of the external gap, as well as at the entrance to the slot of the external
stator. In the middle part of the slots of the rotor and the external stator, the kinetic
energy is slightly lower (k ~ 0.1 m%/s?).
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FIGURE 5.30. The field of kinetic energy of turbulence in the RPA working area (z = 0.001
Pa's; Ap = 10 kPa): a) 7Ar=0;b) 7Ar=1/2.

Qualitatively similarly are distributed in the flow region the values of the
dissipation of the kinetic energy of turbulence ¢ (fig. 5.31). The highest values
(s ~ 10" m?/s’) of the dissipation rate & have in the region of gaps between the
working elements. The lowest values (¢~ 10™...10° m?/s’) have the dissipation rate
in the middle part of the slot of the internal stator.



5. Regularities of flow of liquid in RPA 173

a) ... I
Cimann H H tHiee
et H 1 thtts
. H H I
= H H .
ot H H Moee
ey L it
*"*“*“"*”’"**“ywwwmf,’;’“"“‘*m, e T
e M P O
e A |07 4
e e L 1T e

e o
IV ER L

—————e e J'HK:::\\.—,}, “;:1f;iittiii‘,“H,/’l,y,«,gﬁﬁﬁn—

., oo a A A A A ararioeim

i e 'M\\\\‘.-“_/f"”/H”H\H#‘HNH\W
vy THEE eggp bR S

.m0 P

e e g T s e e e
e H H b
| H H P

I H by
ey -
H H Fihna,
LEEEp Y
i H H T
- H H
. I lg(e)
a 3 -1 1 3 5
P, AAAEALLAENS L -
b) i AR A LR ey
et RN AR LS Hin
PRRY AT TS hine
ol j* 11\\\\%‘,”\#”?”i T
— I H‘“‘"’"‘""f’.‘\‘*’wﬂ\lu Povctmns
R eMan Hiw
A BN oo erecee
T L e
T, g g ——
e i Pl
M 2 eann b
T R
EaRadads NI L
e H‘L“J”r‘;\;;—-m-w”,,,,,..—
e AR
- Mg LA wes ey
.yt ILH ! f”}M\\‘\?\: AR
B 117 [
= Bibpptgi g s P
e mﬂﬂmmﬁ}';jjﬁ“ T,
S HJMﬂW\“fNN/-’f"\\H# [ELT™S

FIGURE 5.31. Turbulence energy dissipation rate field in the RPA working area (1 = 0.001
Pa's; Ap =10 kPa): a) 7Ar=0=0;b) 7Ar=0=1/2.

k2
Correspondingly, turbulent viscosity coefficients x, = pC,— are distributed in
£

the flow region. It follows from the results of solving the considered problem that
the ratios g, / 4 have the greatest values (~10) in the region of the internal and
external gaps between the rotor and the stators. The smallest (~0.1) ratios z, / u

turn out to be in the middle part of the slot of the internal stator. In this region, the
fluid flow has a predominantly radial direction and is close to laminar.

As already indicated, the most important technical characteristics of RPA include:
the mass-average radial velocity of the medium flow, characterizing the
productivity of the apparatus, the moment of hydrodynamic resistance forces acting
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on the rotor, and the heating of the working area of apparatus due to dissipation of
energy. The time variation of the average radial flow velocity at the entrance to the
working zone is shown in figure 5.32. As can be seen from the figure, the curve
V.(7) in shape turns out to be similar to the curves shown in figure 5.2, which

correspond to the laminar flow of liquids with high viscosity.

V,, m/s
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FIGURE 5.32. The time variation of the average fluid velocity in the inlet section of the slot
of the internal stator in a turbulent flow (Ap = +10 kPa).

The time dependence of the moment of hydrodynamic drag forces A, acting on the

rotor under the turbulent regime of the medium flow is shown in figure 5.33.
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FIGURE 5.33. Change in time of the moment of resistance forces acting on the rotor during
turbulent fluid flow (Ap = +10 kPa).

As can be seen from the figure, the value of the moment of forces M, varies
significantly over the period Az. The minimum value (1.8 N-m) is achives at
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7/At = 0; 1, when the slots of the rotor and stators coincide, and the maximum
value (6.2 N'm) — at A7 = 0.32, i.e. after reaching the maximum values of the

average radial velocity ¥V, over the cross section (fig. 5.32). On the whole, the

nature of the change in time of the moment of forces M, is qualitatively similar to
that obtained for the laminar flow model (fig. 5.20). The mean value of the moment
M = 4 N-m for the turbulent regime over the period Az approximately corresponds
to the value M for the laminar regime of fluid flow with a viscosity coefficient
u=0.05 Pas (fig. 5.21).

The moment of hydrodynamic resistance forces is formed by tangential stresses on
its cylindrical surfaces, as well as by pressure and normal stresses on opposite
walls of the rotor slots. It follows that the values of M, are significantly affected
by the shape and slope of the tangential velocity profile near the surfaces of the
rotor walls. To clarify the nature of the influence of these factors on the moment of
hydrodynamic drag forces in the turbulent flow regime, we consider the
distribution of tangential velocity rotor 7, in the gap width between the internal
stator and rotor the at the moment of coincidence of the slots of rotor with the slots
of stator. In figure 5.34 shows the profiles of the tangential velocity in the indicated
gap, constructed from the results of numerical simulation of the turbulent flow
(curve 1), as well as those found from the solution of the problem for the laminar
regime of fluid flow with a viscosity coefficient u = 0.05 Pa-s (curve 2). Here, a
curve of V¥, velocity variation is plotted, obtained from a well-known analytical

solution to the problem of fluid flow between two coaxial cylinders (curve 3).
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FIGURE 5.34. Changes in the tangential velocity in the gap between the internal stator and
the rotor: 1 — turbulent flow; 2 — laminar flow; 3 — analytical solution of the problem of
fluid flow in the gap.
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As can be seen from the figure, curves 2 and 3 practically coincide, which indicates
the similarity of the fluid flow in the gap between the RPA working elements to the
flow between two coaxial cylinders. Curve 1 differs significantly from them. The
rate of flow shear at the walls of the stator and rotor at turbulent flow is much
higher than at laminar flow, which is the main reason for the increase in the
moment of hydrodynamic resistance forces in the turbulent flow mode compared to
similar values characteristic for the laminar regime.

Summing up the considered results of numerical simulation of fluid dynamics in
the working volume of RPA, we can draw the following conclusions:

— as shown by the analysis of the flow structure in the working area of the RPA,
in the slots of the rotor and stators there are areas of circulation flow. In this

case, the vorticity in the flow reaches Q, ~50-10°s7!. The consequence of

this is high flow deformation rates, high pressure gradients, significant normal
and shear stresses in the slots of the working elements, as well as in the gaps
between them. As will be shown below, the noted dynamic characteristics of the
fluid flow in the working volume of the RPA significantly contribute to the
destruction of dispersed structures of a heterogeneous medium;

— at times corresponding to the mutual overlap of the slots of the rotor and stators,
an intensive change in the indicated dynamic characteristics of the flow is
observed. These changes are similar to pulsation. Pressure drops at local points
in the workspace can exceed 100 kPa. In this case, the acceleration of the flow
increases to ~10° m/s”. With an increase in the viscosity of the medium, as well
as with an increase in the difference in external pressure, these trends intensify;

— noted characteristics of fluid dynamics in the RPA working space indicate the
implementation of the process of discrete-pulse energy input into the flow. This
effect contributes to the destruction of particles of the dispersed component of a
multiphase medium processed in RPA;

— the areas of the working space that have the highest potential for the destruction
of dispersed inclusions should most likely include sections of the edges of the
slots of the stators adjacent to the gaps, as well as the gaps themselves. At the
moments of time corresponding to the mutual overlapping of the slots of the
rotor and stators, a significant increase in the flow acceleration, rates of flow
deformation, as well as pressure gradients, normal and tangential stresses is
observed in these areas;

— the fluid flow through the working elements in the radial direction periodically
varies in time. The maximum values of the radial flow velocity are observed
with half mutual overlapping of the slots of the rotor and stators. This flow rate
increases both with an increase in the difference in external pressure, and with a
decrease in the viscosity of the medium;



5. Regularities of flow of liquid in RPA 177

— the ratio between the radial and tangential flowrates of a fluid varies depending
on the viscosity of the medium and the differential pressure. For media with low
viscosity values, the radial flowrate usually exceeds the fluid flowrate through
the gaps;

— the moment of hydrodynamic resistance forces acting on the rotor during a
laminar flow of the medium increases with increasing viscosity, but the specified
increase is not proportional to viscosity;

— 1in the case of turbulent fluid flow in the RPA working volume, the kinetic
energy of turbulence has the highest values in the region of gaps between the
working elements, as well as in the areas with the greatest vorticity of the flow;

— in the case of turbulent flow of the medium being processed in RPA, the
moment of hydrodynamic resistance forces acting on the rotor increases in
comparison with the laminar regime mainly due to an increase in the shear rate
of the flow in the gaps between the working elements.
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Chapter 6

ENERGY DISSIPATION AND HEAT TRANSFER
IN THE WORKING AREA OF A RPA

It is known that the fluid flow through the RPA working zone is accompanied by
its heating. Often this phenomenon is considered undesirable, since in some cases
an increase in the temperature of a liquid can cause a change in its physical
characteristics, as is the case, for example, when protein-containing solutions are
processed in an apparatus. In addition, a significant overheating of the nodes and
parts of the apparatus can lead to its failure. It follows from this that when
designing apparatuses of this type and choosing the modes of their operation, this
phenomenon must be taken into account.

Liquid heating in RPA is a consequence of the dissipation of the mechanical energy
of the flow, i.e. conversion of mechanical energy into heat energy. A number of
scientific publications have been devoted to the study of this question in relation to
cylindrical RPA, of which the works [6.1, 6.2] should be noted. In these works, when
calculating the degree of fluid heating in the inter-cylinder gaps, where the energy
dissipation proceeds most intensively, the assumption of the linearity of distribution
function of the tangential velocity in the gap was used. In this case, the space of the
apparatus in which dissipative phenomena were considered was actually limited by
the gaps. The theoretical results obtained in [6.1, 6.2] turned out to be generally close
to the results of experimental studies, although it is obvious that the picture of the
phenomenon under study would be more complete when considering the dissipation
of mechanical energy in the entire RPA working space, including both gaps and
radial slots in rotors and stators of the apparatus.

The study of fluid heating in the RPA working area is carried out on the basis of a
numerical solution of the energy equation (4.10) with boundary conditions (4.11)-
(4.18), chapter 4. Recall that the distribution function of the liquid temperature
over the working volume of the RPA is periodic in the angular coordinate, same as
velocity and pressure fields. The temperature of the liquid at the entrance to the
working area is assumed to be set, and at the exit from the working area, the radial
derivative from temperature is taken equal to zero. A detailed statement of this
problem and a method for solving it are presented in [6.3].

Assuming that the physical properties of the liquid are weakly dependent on
temperature, the velocity field in the working area of the RPA can be considered
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known from the solution of the dynamic problem. In the case of a significant effect
of temperature on the results of its solution, as is the case, for example, for flows of
non-Newtonian fluids, it is necessary to simultaneously solve the entire system of
equations (4.7)-(4.10), using the method of successive approximations.

6.1. The effect of the viscosity of processed medium on the level
of heat dissipation in the working volume and on the degree
of heating of processed medium

Calculations of the fields of excess temperature (7' —7;)) for the laminar flow of

Newtonian fluids with different viscosity coefficients were performed for the case
Ap = 0, provided that the surfaces of the working elements are thermally insulated
and that for all considered fluids C, =1600 J/(kg:K); 4 = 0.11 W/(m'K) and

p=1000 kg/m’. For a fluid with a viscosity z = 1.0 Pa-s, the results of calculating
the temperature field are presented in figure 6.1.
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FIGURE 6.1. The field of excess temperature (°C) in the RPA working area during fluid flow
with a viscosity coefficient 1= 1.0 Pa-s at Ap =0: a) 7Ar=0;b) 7Ar=1/2.
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The calculation results showed that in the working space of the RPA, the liquid is
most significantly heated in the gaps between the rotor and the stators, where, due
to the high values of the flow strain rate, energy dissipation proceeds most
intensively. So, for example, for the case 2= 0.3 Pa-s, near the internal edges of the
slots of the external stator (from the gaps), the density of heat sources due to

dissipation reaches values exceeding g, = 6-10° W/m>. Here, the maximum
overheating of the processed fluid is also observed.
The distribution of the density of sources ¢, over the space of the working zone,

obtained for the case x= 0.1 Pa-s, is presented in figure 6.2. The figure shows that
the areas of the most intense heat generation are located near the cylindrical
surfaces of the RPA working elements. In the rest of the space, the values of the
source densities ¢, are much lower.

. L., S J g"v-10'8,\’&"*.‘-"1113
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FIGURE 6.2. The distribution of the density of heat generation sources over the space of the
RPA working area for the case 1= 0.1 Pa-s, Ap =0.

As was shown in chapter 5, the fields of velocity, pressure, as well as the flow rate of
the liquid through the apparatus, periodically change in time. Moreover, over one
period, their values can change quite significantly. At the same time, the temperature
field, that has a higher inertia in comparison with the velocity and pressure fields,
changes slightly over one period. This is explained by a slight change in one period
of the total power of heat generation sources Q in the stream, the value of which can
be found by integrating value g, over the volume of the working space. Another
reason for the comparative stability over time of the temperature field is the high
values of the Prandtl numbers for fluids under consideration.

The source term in the energy equation is represented as the product of viscosity
and the dissipative function, which depends on the structure of the fluid flow. It is



182 Energy conversion in local volumes of dispersed media

obvious that with increasing fluid viscosity £, the power of heat generation sources
should increase. At the same time, speaking about the dependence of the degree of
dissipation of mechanical energy in the flow on viscosity, attention should also be
paid to the dependence on viscosity of the dissipative function itself. Characteristic
in this sense is the dependence on viscosity of a dimensionless quantity

F=0/ ( ngrg) (fig. 6.3).
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FIGURE 6.3. The dependence of the dimensionless total heat generation power in the
apparatus volume on time at Ap = 0: 1 — £ =0.01 Pa-s; 2 — 4= 0.03 Pa-s; 3 — = 0.1 Pa-s;
4—pu=1.0Pas.

As can be seen from the figure, with an increase in the viscosity of the liquid, the
dimensionless total power of the sources of dissipative of heat generation F' decreases.
This is due to a decrease in the strain rate of flow S with increasing viscosity s In
addition, as the viscosity changes, the nature of the dependence F' on time also
changes. If, at a low viscosity of the liquid, the maximum of the total heat generation
power occur at the moment of mutual overlapping of the slots of the rotor and stators,
then at high values of ¢ minimum of this value corresponds to this moment. The
maximum value F in this case corresponds to the moment of coincidence of the slots
of the rotor and stators, at which the effective length of all the gaps is maximum.
Dependence from viscosity of the dimensionless powers of heat generation sources
F,, averaged over the period A, is shown in figure 6.4. It can be seen from this

figure that with an increase £, the values F,, monotonically decrease.

As shown above, an increase in viscosity leads to an increase in the total heat
generation O due to energy dissipation in the working zone. On the other hand,
with an increase in viscosity, the total hydraulic resistance to friction in the entire
volume of the working zone increases, this leads to a decrease in the radial fluid
flow G, through the apparatus. Therefore, it is quite natural that the average liquid
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temperature difference between the inlet and outlet sections of the working zone,
which is determined from the expression, AT =Tou —T :Q/(G,C pp), will
increase with increasing viscosity of the liquid. It will be possible to answer the

question of how intensely the value of u affects a given temperature difference by
considering the dependence on the viscosity of the dimensionless temperature

difference A9=AT-C,p/(wyu)=0/(G.opu).
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FIGURE 6.4. Dependence on viscosity of the time-average dimensionless total heat
generation power in the apparatus volume at Ap = 0.

For liquids with the same values of heat capacities and densities, this dependence is
presented in (fig. 6.5).
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FIGURE 6.5. Dependence on viscosity of dimensionless temperature difference in RPA
working area: 1 — Ag;2—- A8,

As can be seen from the figure 6.5, the dependence A$ on viscosity is complex.
With an increase in g, the value A9 in the viscosity range 0.004 Pa's < u < 0.065
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Pa-s initially decreases, and then begins to increase. The dimensionless temperature
A8 .., constructed from the values of the maximum temperature 7, in the
working zone, changes similarly with viscosity. The maximum temperature of the
fluid, as can be seen from figure 6.1, it appears at the leading edges of the input
section of the slot of the external stator.

The effect of viscosity on the temperature regime in the working area of the rotary
pulsation apparatus is also reflected in table 6.1.

TABLE 6.1. The effect of the viscosity of processed fluid on time-averaged dynamic and
temperature characteristics of its flow in RPA at Ap = 0.

i, Pa-s V., m/s Gr 10° m¥/s oW AT, °C
0.01 0.3631 0.9869 151.67 0.097
0.1 0.3233 0.8787 1075.69 0.74
1.0 0.1310 0.3560 9426.58 16.5

The table 6.1 shows that with fluid viscosities above 1.0 Pa-s, heating of the fluid
being processed due to dissipation can be quite significant, which necessitates the
creation of a special cooling system of the apparatus.

If in one pass through the working space of the RPA the heterogeneous medium
has not reached the required quality indicators for the size of the dispersed
particles, it is again sent to the loading capacity of the apparatus and processed
again. In this regime, the medium can be processed multiple times. This not only
achieves a reduction in the size of the dispersed particles, but also ensures
uniformity of the emulsion by the dispersed composition. At the same time, with
multiple processing of the medium, its temperature increases.

The change in the mass-average temperature of the liquid over time can be
obtained from the solution of the heat balance equation

or
(CppB+Cwnmwn)E:Q—a(T—Tw)f (6.1)

in which B is the total volume of liquid loaded into the apparatus, C. ,m,.  is the

con’ con
specific heat of the material and the mass of the RPA construction, the outer
surface area of which is £, a is the heat transfer coefficient from the outer surface of
the apparatus to the external environment, which temperature is 7,. This heat

balance equation is made under the assumption that the temperature of the outer
walls of the RPA case differs little from the temperature of the liquid.



6. Energy dissipation and heat transfer in the working area of a RPA 185

6.2. Statement and results of solving of conjugate heat transfer
problem in the RPA working area

In the previous subsection, the heat transfer problem in the RPA working space
was considered under the condition that the surfaces of the cylindrical working
elements are thermally insulated. Such a statement of the problem allows us to
determine the maximum possible temperature values of the medium being treated,
since heat removal outside the flow region is not provided in this statement. Under
real conditions of RPA operation, both conductive heat transfers through the
working elements and heat removal from the walls of the apparatus body to the
surrounding space take place.

A more accurate estimate of the temperature values of the medium being treated, as
well as the temperature of the working elements, can be obtained by solving the
heat transfer problem as conjugate. Conjugate statement of the problem involves
solving the heat transfer equation for a liquid together with the heat conductivity
equation for the elements of the working bodies, as well as setting the conditions of
heat transfer to the surrounding space. In this case, the previously considered
system of equations (4.7)-(4.10), which describes the dynamics of the liquid and
heat transfer in the working space of the RPA, is supplemented by the heat
conductivity equations for fixed stators

oT 1o0( or\ 18T
—=a, |—|r— |[+—— 6.2
or acon|:}"6}"(r arj I’2 682:| ( )
and rotating rotor
2
or 06 ror\_ or % 06?

where a,,, is the thermal diffusivity coefficient of RPA construction elements.

n

In this case, the temperature boundary conditions on the surfaces of the working
elements are modified. To solve the conjugate problem, instead of thermal insulation
conditions on the surfaces of the rotor and stators, conditions of the fourth kind are
set:
oT(r,0
_, 9r(.9)
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On the outer surface of the RPA case wall, conditions of the third kind are set,
which provide for heat transfer by natural convection to the surrounding space:
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where: a — the heat transfer coefficient calculated by the well-known similarity
equation for natural convection on a cylindrical surface [6.4, 6.5]; T, — the

temperature of the external environment.

Equations (6.2), (6.3), as well as boundary conditions, are dimensionless and
solved numerically together with the energy equation for a liquid. The conjugation
conditions on the surfaces of the working elements are also written in the form of
finite differences.

It is convenient to trace the features of the results of solving the heat transfer problem
in the conjugate formulation by comparing them with the results of solving a similar
problem without taking into account the conjugation conditions, i.e. under conditions
of adiabaticity of the surfaces of the working elements. In contrast to the solutions
considered earlier in this case, the computational domain additionally includes a part
of the flow region in front of the internal stator, the flow region between the external
stator and the RPA case wall and the case wall itself.

The results of solving the heat transfer problem without taking into account the
heat conductivity of the working elements are presented in figure 6.6, and the
results of solving the problem in the conjugate formulation are shown in figure 6.7.
A fluid flow is considered with a viscosity coefficient 2= 0.1 Pa-s at a differential
pressure Ap = +10 kPa between the input and output sections of the working zone.

Since when solving the conjugate problem, heat transfer from the outer surface of
the RPA case to the environment is taken into account, the statement of the
problem involves setting its temperature. In this case, it is assumed that this
temperature is 5°C lower than the temperature of the liquid at the entrance to the
working area. In addition, it is necessary to set the thermophysical properties of the
material of the working elements and RPA case. In this case, it is assumed that
stainless steel is used as the material.

Comparison of the results presented in figure 6.6 and figure 6.7, shows that in this
case under consideration, taking into account the heat conductivity of the working
elements and the RPA case wall does not significantly affect the results of
calculating the temperature field of the liquid. The increase in the mass average
temperature of the liquid due to energy dissipation turns out to be approximately
the same in both cases (0.51°C).

In both versions of the calculation, the maximum excess temperature is observed in
the external gap near the flow inlet into the slot of the external stator, where the
maximum density of heat sources occurs. Its values are AT, =1.7°C for solving
the conjugate problem, and AT, ,, =1.9°C under the condition of thermal insulation
of the surfaces of the working elements. It follows that when solving the problem in

the conjugate setting, the maximum values of the flow temperature decrease, which
is a consequence of taking into account the conductive heat transfer through the
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working bodies, as well as taking into account the heat transfer to the external space.
Since the excess temperature of the outer wall of the casing is 0.2°C (fig. 6.7), the
temperature difference between the outer surface of the RPA casing and the
surrounding space is only 5.2°C. In this case, the heat transfer coefficient by natural
convection from the outer surface of the casing to the air is a = 3.8 W/(m*-K), and
the heat flow density from the casing surface is ¢ = 20.9 W/m’.

A characteristic feature of temperature fields obtained from solutions of the
conjugate problem is that the isotherms around the surfaces of the working elements
suffer a significant kink. This kink is due to a significant difference values of the heat
conductivity coefficients of the substance being processed, for which the accepted
value A, is 0.11 W/(m'K), and of the wall material, for which 4, =18.0 W/(m'K).
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FIGURE 6.7. The temperature field in the RPA working area during a fluid flow with
viscosity ¢£= 0.1 Pa-s at Ap = 10 kPa (conjugate setting): a) 7/Az=0; b) 7Ar=1/2.

More significantly, taking into account the mutual influence of heat transfer
processes in a liquid and a solid affects the calculation of the temperature state of the
RPA working zone during the flow of a liquid with a higher viscosity. In figures 6.8,
6.9 present the results of solving heat transfer problems in conjugate and non-
conjugate formulations for the case 4 = 1.0 Pa's. The remaining parameters of the
process under consideration remain the same as in the case considered earlier. Since
the mass-average overheating of a liquid with a viscosity of 4 = 1.0 Pa's is already
about 10°C, the temperature difference between the wall of the RPA case and the
environment will be 15°C. As a result of this, heat transfer from the surface of the
casing has a more significant effect on the temperature state in the working area. At
the same time, as can be seen from a comparison of figures 6.8 and 6.9, this effect is
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expressed mainly in a decrease in the temperature of the liquid in the slot of the
external stator, as well as in the area located near the surface of the casing.

At the same time, the maximum excess temperature of the liquid observed in the
same part of the working space as in the case considered earlier decreases due to
taking into account the conjugated boundary conditions from 20.3°C to 18.8°C. At
the same time, taking into account the heat transfer to the surrounding space from
the surface of the casing leads to a decrease in the temperature of the liquid at the
outlet of the working area from only 9.95°C to 9.75°C. The heat transfer
coefficient from the outer surface of the casing is a = 4.89 W/(m*-K), and the heat
flux density is ¢ = 73 W/m’.
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FIGURE 6.9. The temperature field in the RPA working area during a fluid flow with a
viscosity = 1.0 Pa-s at Ap = 10 kPa (conjugate setting): a) 7/Az=0; b) 7Ar=1/2.

Analyzing the considered results of solving heat transfer problems in conjugate and
non-conjugate formulations, it should be noted that the heat conductivity of the
working elements in the tangential direction as a whole does not significantly affect
the calculation of the temperature field of the fluid flow. This is explained by the
low values of the heat transfer potentials in the tangential direction due to the
boundary conditions of the problem periodic in the angle 6.

6.3. The results of solving the conjugate heat transfer problem
in the RPA working area at turbulent flow of the fluid

The above results of solving the conjugate heat transfer problem in the RPA
working area relate to the case of laminar fluid flow. Let us further consider the
results of solving the conjugate heat transfer problem in the RPA working volume
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for turbulent water flow using the RNG turbulence model. The results of
calculating the velocity field, pressures, and other characteristics of the turbulent
flow for this case are presented in chapter 5 in figures 5.29-5.31.

The temperature field in the RPA working zone for two characteristic time instants

is shown in figure 6.10.
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FIGURE 6.10. The temperature field in the RPA working zone at turbulent water flow
(1=0.001 Pa-s; Ap = 10* Pa): a) 7Ar=0; b) 7Ar=1/2.

As can be seen from the figures, the maximum temperatures in the flow (~0.1°C)
are observed near the inner cylindrical surfaces of the outer stator, where the
dissipation of mechanical energy is maximum. Near the walls of the working
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elements the isotherm, as in the case of a laminar flow, have a kink. However, in
the case of a turbulent flow, it is less pronounced than in the case of a laminar flow.

Comparing the results of solving heat transfer problems at the laminar and
turbulent regimes of the fluid flow, it should be noted that the degree of liquid
overheating at the turbulent regime is higher than at the laminar one. This is due
both to higher values of the coefficients of effective viscosity in a turbulent flow
and to higher values of flow strain rates, which generally leads to an increase in the
total dissipative heat release power Q in the RPA working zone. In figure 6.11
shows the time dependences of the O values obtained from the considered solution
of the problem for a turbulent water flow (curve 1).
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FIGURE 6.11. Comparison of values of the total dissipative heat releases during turbulent water
flow (1) and laminar flow of the fluid with a viscosity coefficient 2= 0.005 Pa-s (2).

As can be seen from the figure, at Az~ 0.45 this value reaches a maximum, which
is 750 Watts. For comparison, in figure 6.11 also shows the dependence Q(7),
obtained under the assumption of a laminar regime of fluid flow with a viscosity
coefficient = 0.005 Pa‘s (curve 2). From a comparison of these dependences, it
follows that at the turbulent regime, the total power of the dissipative heat sources is
6 times higher than the power calculated using the laminar flow model.

6.4. Features of heat transfer in the working zone of RPA when
processing non-Newtonian fluids

Previously, the dynamic and temperature characteristics of the flows of model
Newtonian fluids in the RPA working zone were considered. It was assumed that
their physical properties are constant. We now consider the case of the flow of a
non-Newtonian fluid, for which the dependence of the effective viscosity on the
strain rate has the form:
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O _
Hep = [?‘u A4-5* 1) (6.4)

This dependence can be considered as a special case of the generalized rheological
model (4.6), chapter 4, if we accept n = 1; m = 1/k; u=A". As showed by the

results of experimental studies presented in [6.6, 6.7], dependence (6.4) satisfactorily
describes the rheological characteristics of soybean paste. The values included in
expression (6.4) obtained for different concentrations C of water in soybean paste at
a temperature of 40°C are given in table 6.2. The dependences /4, on the strain rate

S for various water concentrations are presented in figure 6.12.

TABLE 6.2. The values of parameters oy, 4, k of the rheological model (6.4) depending on
the concentration of water in soybean paste at a temperature of 40°C.

Concentration of water C 0y, Pa A, Past k
0 1753 1507 0.361
0.3 1649 1389 0.312
0.6 883 560 0.381
et 5 Pa-g
\‘I"S!QG\
1660
1
100
40 :
3
0,01 0.1 1 10 100 S8

FIGURE 6.12. Dependences of value .5 on the strain rate S for various concentrations of water
in soybean paste: 1 — pure soybean; 2 — water content C = 0.3; 3 — water content C = 0.6.

For the case of a non-Newtonian fluid flow, the algorithm for numerically solving
of the flow and heat transfer problem presented in chapter 4 is somewhat modified.
A characteristic feature of the numerical simulation method used to solve the
problem in the case of a rheological medium is the need to use the iteration
method. So for the current time step, the law of the distribution of the strain rate
intensity S is used obtained for the previous time step. Then, for the current time
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step, this value is refined. In addition, local values of the coefficients of the
rheological model are refined depending on the distribution of the temperature of
the fluid at a given time [6.8].

Consider the results of solving the problems of dynamics and heat transfer for flows
of diluted and concentrated soybean paste through the working zone of RPA at a
differential pressure between input and output sections Ap = +50 kPa. The main
feature of the flows of non-Newtonian liquids is the strong dependence of the local
value of the effective viscosity s, on the strain rate of the flow S at a given point of

the flow region. The distribution of value y,, (Pas) in the RPA working zone during

the flow of a solution of soybean paste in water (water concentration
C = 0.6) is shown in figure 6.13. As can be seen from this figure, in the slot of the
rotor, as well as in the gaps between the working elements, i.e. in those areas of the
working zone where the flow strain rates S are maximum, values g, are minimal.

The lowest values of the flow strain rate are observed at the entrance to the slot of the
internal stator and at the exit from the slot of the external stator. The directions of the
velocity vectors in these regions are almost radial. Therefore, in these areas, the values
e Teach maximum values of 836 Pa-s. In the gaps between the working elements,

where the flow strain rate is maximum, values z,, are reduced to 0.287 Pa-s.
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FIGURE 6.13. The distribution of value u,, (Pa‘s) in the flow field of a solution of soybean

paste in water (water concentration C = 0.6).

As follows from the dependence (6.4) and table 6.2, with a decrease in the
concentration of water in soybean paste, u,, values generally increase. The

consequence of this is a significant decrease in the mass-average radial flow velocity
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of the paste ¥, with a decrease in its water concentration. The dependences of these

values on time for cases of different concentrations of water in soybean paste are
presented in figure 6.14. As can be seen from this figure, the character of the change
in time of the average by sectional velocity of the radial flow of soybean paste with a
water content of C = 0.6 is similar to that obtained for Newtonian fluids (fig. 5.2).
With a decrease in the percentage of water this character changes somewhat. At
7= 0.65A7, the functions V,.(r) have an additional maximum. In addition, with a
decrease in water concentration, the absolute values of V, significantly decrease.
This is also seen from the graph of the dependence of the time-averaged value 7, on

the volume concentration of water C in soybean paste (fig. 6.15).
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FIGURE 6.14. Change in time of the average velocity flow of soybean paste in the inlet section
of the internal stator slot at Ap =+50 kPa: 1 — pure soybean (C=0);2—C=0.3;3-C=0.6.
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FIGURE 6.15. Dependence on water concentration C the mass-average velocity flow of
soybean paste in the inlet section of an internal stator slot at Ap = +50 kPa.

The high viscosity of soybean paste and strong dependence of the parameter s, in

the rheological law on the flow strain rate, are the main factors determining the
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character of heat transfer in RPA. The results of calculating the temperature field in
the RPA working zone for two characteristic time points obtained for the case of the
water content in soybean paste C = 0.6 are presented in figure 6.16 (the problem is
solved as non-conjugate). As can be seen from this figure, the heating of the paste
proceeds most intensively near the inner surface of the outer stator, adjacent to the
left inner edge of its slot. In this area, the excess temperature reaches a maximum
value of 10°C. The excess temperature of the liquid at the exit from the working zone
is 8°C, and time-averaged total power of heat sources is O = 9620 W.
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FIGURE 6.16. The excess temperature field in the soybean paste stream with a water
concentration of C = 0.6 at Ap = +50 kPa: a) 7Ar=0; b) 7Ar=1/2.

With a decrease in the concentration of water in soybean paste, the effective
viscosity coefficients generally increase. Due to this, at a fixed value of Ap, the
mass-average fluid velocity in the radial direction decreases (fig. 6.15). In this case,
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the values of flow deformation rates S also decrease. In this connection, with a
decrease in the concentration of water in the paste, the average total heat release in
the flow O generally increases slightly. Their appreciable growth begins at water
concentrations below C = 0.3 (fig. 6.17). However, due to a significant decrease in
the mass-average velocity 7., the degree of overheating of soybean paste in the
working zone of RPA increases with decreasing C (fig. 6.18). So, for example, in
the case of C = 0.3, the average total power of heat sources in the working zone
increases slightly compared to the case of C = 0.6 (up to Q= 9900 W). However,

at the same time, the flowrate of the processed fluid is almost 2 times reduced. As a
result of this, its overheating in the working zone increases to A7 = 19°C.

0. kW
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FIGURE 6.17. Dependence of the total heat release in the RPA working zone on the water
concentration in soybean paste (Ap = +50 kPa).

30 \
20

10

S

0

0,1 02 0,3 0.4 0,5 C

FIGURE 6.18. Dependence of the degree of overheating of water-containing soybean paste
processed in RPA on the concentration of water (Ap = +50 kPa).
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Thus, with an increase in the concentration of dry matters in soybean paste, its
overheating in the RPA working zone can be quite significant. As a result of
overheating, its quality characteristics may change. In addition, with a significant
increase in the temperature of the RPA working elements, due to temperature
deformations, the width of the gaps between their cylindrical surfaces can decrease,
which can cause damage to the working elements.

From submitted results of the numerical simulation of the dissipation of mechanical
energy in the working volume of the RPA, it follows that:

— the maximum heat release in the working zone of the RPA occurs in the area of
the external gap, as well as at the edge surface between the external gap and the
entrance to the slot of the external stator. In these areas, there is a maximum
overheating of the processed substance;

— the total power of the sources of dissipative heat release increases with
increasing viscosity of the processed fluid, however, this increase is not
proportional to the increase in viscosity;

— in the turbulent regime of flow of fluids with low viscosity, the total power of
heat sources is significantly higher than in cases of laminar flow of fluids with
the same viscosity;

— on the example of solving the problem of the flow of soybean paste diluted with
water, data were obtained on the effect of water concentration on the mass-
average radial velocity, heat release levels and the degree of paste overheating.
Since soya paste belongs to non-Newtonian fluids, a characteristic feature of the
process under study is a change by 3...4 orders of values of the effective
viscosity coefficients of the fluid in the studied flow region. With a decrease in
the percentage of water in the paste, the degree of its overheating in the RPA
working zone significantly increases. The consequence of this can be both
deterioration in the quality characteristics of the processed product, and damage
to the working elements of the apparatus due to their overheating. Therefore,
when used RPA in the considered regimes, it is necessary to provide conditions
for the efficient removal of excess heat releases from the working zone of the
apparatus.

6.5. Numerical simulation of the mixing process of highly viscous
fluids in a rotary pulsation apparatus

Rotary pulsation apparatus are widely used not only as dispersants, but also as
devices for creating homogeneous mixtures of highly viscous liquids. An
example of the successful use of RPA in the food industry as a mixer is the
sucrose hydrolysis technology to produce glucose and fructose. As experience
shows, the inclusion of a rotor-type apparatus in the sucrose hydrolysis
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technological scheme leads to a significant acceleration of this process [6.9]. One
of the reasons for this phenomenon is associated with the creation of conditions
for intensive mixing in the rotary apparatus of the components involved in the
physicochemical process under consideration. The components in this case are
sugar syrup and concentrated aqueous citric acid solution. In relation to the mass
of sugar syrup, the amount of acid is from one to several percent. Due to the fact
that both liquids are highly viscous fluids, the creation of a homogeneous mixture
from considered components in order to provide conditions for an intensive
hydrolysis reaction is quite difficult. When using traditional mixing devices for
this purpose, the time spent on the hydrolysis process is about two hours.
Usually, an apparatus with a propeller stirrer is used as such a device [6.10]. In
contrast to the mentioned devices, RPA provide rather fast and high-quality
mixing of the components. This is facilitated by high-frequency pulsations of
velocity, acceleration and pressure in the fluid flow flowing through the working
bodies of the apparatus.

To clarify the issue of the quantitative work characteristics of the RPA as a mixing
device, we consider the model problem of mass transfer of one of the components
of the mixture in the flow of another component during their joint movement
through the working space of this apparatus. The case of the apparatus, the working
zone of which includes two stators and one rotor located between the stators, is
considered. The flow of viscous fluids is assumed to be two-dimensional, laminar
and is considered in a horizontal section of the apparatus perpendicular to the
common axis of the cylindrical working elements.

The problem of the flow of viscous mutually mixing liquids is described by a
system of differential equations of hydrodynamics and mass transfer, compiled for
medium with variable density. In this regard, the indicated system will slightly
differ from the system of equations (4.1)-(4.10) presented in chapter 4. In polar
coordinates, the system of these equations has the form:

— continuity equation:

op 10(prv,)  opo) _, (6.5)
or r Or 00

— impulse conservation equations:

2
a(pvr) +la(,0""r ) + 5(pvra)) _prr_ :_a_p+%£(rﬂ aVr

or r or 00 or ror or

j (6.6)
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dpo) | 1 o(priov) a(p“’z)+pvrw=_ia_l’

+
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where: p — the density of the mixture, C; — the local concentration of one of the
components of the solution in the mixture, D — the coefficient of mutual diffusion
of the components.

The value C; is set as the ratio of the mass of one of the components m, to the
mass of the mixture m, +m, concentrated in an elementary volume. Obviously, the
concentration of the second component is C, =1-C;, and the density of the

mixture can be obtained from the expression

_ P1P>
PG+ py (1 - C1)

where p, and p, are the densities of individual solution components. Thus,
p=p(C)). The coefficients u = u(C;) and D= D(C)) also depend on the local
concentration values C,. Their temperature dependencies are not taken into

account in this problem.

The solution to the problem is performed in the calculation area, which includes the
working space of the apparatus occupied by the stators, the rotor and the gaps
between them, as well as small additional areas of space adjacent to the inner
surface of the inner stator and to the outer surface of the outer stator. Since the
working elements are thin cylindrical bodies with periodically repeating slots, only
one periodically repeating segment with an opening angle A@, including one slot
and two halves of the adjacent walls separating this slot from the neighboring ones,
will be considered, as before [6.11].

The boundary conditions for the dynamic problem (6.5)-(6.7) will be: the pressure
difference Ap=p,, — p,, between the input and output sections of the

computational area, which are characterized by the minimum (.. ) and maximum

’min
(7,4 ) Tadial coordinates (in these sections the tangential velocity component is

taken equal to zero); angular velocity @, of rotor rotation; angle periodicity
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conditions A@ for all unknown quantities included in the original system of
equations. The method and results of the numerical solution of the system of
hydrodynamic equations (6.5)-(6.7) are presented in chapters 4 and 5.

To solve the mass transfer equation (6.8), we formulate the boundary conditions for
the concentration of the first component C;. In this case, we will assume that in the
resulting mixture the mass fraction of the second component significantly prevails
over the mass fraction of the first. Based on this, we will take the following
expressions as a condition at the entrance to the working zone (r =7,,;, ):

at 0<@<6*: C, =0(C, =1)
at 0*<0<0*+ 56*: C =1(C,=0) (6.9)
at 0*+50*<0<A0: C =0(C,=1)

which means that the first component is introduced into the flow of the second
component in the section on 6* <@ <@*+060* 6* is the value of the angular

coordinate (0 < 6* < A@) related to the calculation area, 06* << A6.

As can be seen from condition (6.9), it is assumed that the concentration of the first
component abruptly changes from 0 to 1 in a sufficiently small site 66* of the
input section of the working zone. Strictly speaking, condition (6.9) only
approximately models the real picture of the process taking place in the RPA. In
fact, the loading of various components into the apparatus is done through a special
loading tank or through fittings located on its case. Naturally, the two-component
flow on the way to the working zone of the apparatus is to some extent it turns out
already mixed. The condition in the form of (6.9) will in this sense be more
“stringent” than the real one. Its use will make it possible to better assess the
contribution of the working elements of the apparatus to the mixing process.

At the exit from the working zone, the conditions can be formulated as:
oC, _
or

for r=r 0<O<A0l:

max >

0 (6.10)

As an example, we consider the process of mixing two highly viscous fluids in
RPA with the following geometric characteristics: internal stator: 7,, =55.0 mm;

Fow =58.9 mm; rotor: 7y, =59.1 mm; r,, =629 mm; external stator:
i, = 63.1 mm; r3,,, =67.0 mm. While the dimensions of the calculation area are
determined by the values 7, ;, =54.0 mm and r,,, =68.0 mm. Each cylindrical

element has 60 slots. The rotor velocity is 48 revolutions per second. Differential
pressure Ap = 50 kPa.
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The solution of the model problem of mixing two highly viscous liquids is
performed provided that their densities are the same: p, = p, = 1135 kg/m’, and

the transfer coefficients are constant: z = 5.0 Pa-s; D = 0.63-10° m%/s.

The numerical solution of problem (6.5)-(6.8) with the indicated boundary conditions
(6.9), (6.10) was performed on a difference grid with the number of steps N =48 in
the angular coordinate, and M = 155 in the radial coordinate. The radial steps of the
difference grid thickened near the surfaces of the working elements, and the steps
along the angular coordinate were constant: d@ =A@N. The time step dr was chosen
so that during the interval dr the rotor rotates by an angle d6, i.e. dt =d60/ w,.

The results of numerical simulation of the dynamics and mass transfer in RPA are
considered in the time interval 0 <7 <A7 (A7 =A60/®,), during which the rotor

moves by an angle A@ equal to the period. Fields of velocity and concentration
obtained for the case 8*=A0/2; 60*=d0, are presented in figure 6.19.
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FIGURE 6.19. Ficlds of velocity and concentration in the working space of RPA at two
positions of the rotor: a) full opening of slots (z = 0); b) total mutual overlap (z = Az/2).
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Two characteristic moments of time are considered: the moment of coincidence of
the slots of the rotor and the stators (z = 0; Ar) and the moment of their complete
mutual overlap (r = At/2). As can be seen from figure 6.19, intensive mixing of the
solution components begins in the second half of the slot section of the internal
stator, in which the circulation zone of the flow is located, which contributes to the
mixing process. Further along the path of the working space of the apparatus, the
concentration of C; varies slightly and is within C;=0.0541...0.0545.

The change in the radial component of the velocity v, in the input section of the
) in the interval 0 < 6 < A@ for the above characteristic

time instants is shown in figure 6.20.
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FIGURE 6.20. Changing the radial velocity v, along the inlet section (r = r,,;,) of the RPA
working space at two positions of the rotor: 1) complete opening of slots; 2) complete
mutual overlapping of the slots.

As can be seen from the figure, the shape of the velocity profile undergoes
significant changes over the specified period of time. This is due to a change in the
passage section area for the fluid flow due to periodic mutual overlapping of the
slots in the rotor and in the stators. In addition, the profiles of the radial velocity
v,.(7,r,,0) are uneven in the angle 6. At 6 =A62 the value of the indicated
function is maximum, and in the vicinity of the points 8 = 0 and 8 = A it has
negative values. In the case under consideration, the region of the inlet cross
section on which the radial velocity v, is maximum coincides with the site of the
feed to the solution of the first (smaller in number) component. This explains the
fact that the concentration of this component in the mixture C(z,7,0) at the exit

from the working zone of the apparatus (r=r,,, ) is greater than value
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oG /A0 = 1/N = 0.0208, which characterizes part of the input section square of the
working zone on which this component is introduced into the solution.

To assess the quality indicators of the operation of the rotor apparatus as a mixing
device, we first determine the value mass-average concentration of the component
in the mixture by the formula

AO
j v, (z,r,0)C,(7,r,0)rpdl
G(r.r)="—F% (6.11)
Ivr(r,r,g)rpde
0

this expresses the ratio of the mass flow rate of the first component to the mass

flow rate of the entire mixture through the considered element of the apparatus. It
AG

follows from the continuity equation (6.5) that the value AG = J. v, (t,r,0)rpdf
0
does not depend on the radius.

At the same time, as can be seen from figure 6.20, during the period Az, the flow
value AG varies with time. The numerator of expression (6.11) varies both along the
radial coordinate and in time. This is due to the fact that the mass of the first
component is introduced into the working zone in time-varying portions. Since it
takes a certain amount of time to advance the specified mass along the entire tract of
the working zone, the flowrate of the first component in the input and output sections
of the working zone, in contrast to the total mass flow AG, do not coincide in time.
Therefore, the value 51 (r,7) depends both on time and on the radial coordinate. The
character of its change over the period Az in the input and output sections of the
working zone is shown in figure 6.21. As can be seen from the figure, the average
cross-sectional concentration (_71 (z,r) varies significantly in time in the inlet section

(curve 1) and varies slightly in time in the outlet section (curve 2).
Assessing the operation of RPA as a mixing device, it is advisable to exclude the
influence of time 7 on its dynamic and mass transfer characteristics. For this, it is
advisable, in addition to the value C;(z,r) to consider the value of the concentration
averaged both over the cross-section and over the time period Az, namely, the
expression:

AT A

I jvr(r,r,H)Cl(T,r,H)rdedr

~ _00
C =

AT AO
j j v, (z,r,0)rpdbdr
00
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It should be noted that the value C, is independent of the radius r. This is due to
the fact that with the steady-state periodic operation of the apparatus, the entire
mass of the first component, which entered with the radial fluid flow into the
working zone, is removed from this zone over a period of time Az (if this did not
happen, the process would not be periodic). Therefore, the first component
flowrates averaged over the cross section and time will be the same in both the
input and output sections of the working zone. As the results of calculations

showed, in the case under consideration C;=0.054.
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FIGURE 6.21. Change in time of average concentration 51 in the working space of RPA:

1 — input section; 2 — output section; 3 — a

The degrees of heterogeneity £, (r) of the mixture of two liquids in the inlet and
outlet sections of the RPA working zone can be estimated by the averaged over the
period Atz the mean-square deviation of the local concentrations C;(z,r,6) in the
considered sections from the average concentration C;. This value will depend

both on the quality of work of the mixing device and on the mass ratio of the
mutually soluble components. Therefore, evaluating the performance of RPA as a

mixer, it is advisable to divide this value into the average concentration C;. As a

result, we get the expression:
0.5

AT AO — 42
|:C1(T,r,9)—C1J a6\ dr

[a0]

0 0
gc (r)=

21A’r
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The degree of heterogeneity of the mixture, calculated by the above formula, at the
entrance to the working zone (7 =17y, ) is &¢, (Fmin ) ®2.71, and at the exit from it

&¢, (Fmax ) = 0.032.

As follows from the results of solving the hydrodynamic problem (6.5)-(6.7), in the
working zone of the apparatus, the mass-average fluid velocity in the radial
direction is approximately 0.128 m/s. At the same time the length of the working
zone along the radius is Ar=r,,, —#,, =0.014m. Therefore, the mixture
processed in the apparatus is under the influence of the working bodies for about
0.11 seconds. During this time, the degree of heterogeneity of the solution in the
working zone decreases by 84.7 times. This indicator of the rotary apparatus work
can be considered quite high. It should also be noted that this decrease in the
degree of heterogeneity of the mixture is achieved in a single passage of fluid
through the working zone. In case if, according to technical conditions, the
required degree of heterogeneity of the mixture is not achieved in one pass, the
mixture can be repeatedly passed through the working bodies of the apparatus until
the required quantitative indicators are achieved.

The influence of the viscosity of the initial components of the mixture on the
degree of its homogeneity after processing in RPA was considered in [6.12].
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Chapter 7

EFFECTS OF CRUSHING DISPERSED PARTICLES
OF HETEROGENEOUS FLOWS IN RPA

The most important indicator of the operation of a rotary pulsation apparatus is the
size of the dispersed particles in the emulsion, which is obtained from a mechanical
mixture of mutually insoluble liquids after its processing in the apparatus. As
already indicated, high values of local velocities, accelerations, pressure gradients,
normal and tangential stresses, the change of which in time has the character of
pulsations, are characteristic of the fluid flow in the RPA working zone. These
factors can be considered determining when considering the mechanism of
crushing of dispersed particles in a stream. These factors can also include turbulent
pulsations, cavitation and acoustic effects, if these physical phenomena are
observed in the working area of the RPA.

This section discusses the methods and some results of evaluating the dispersed
composition of a heterogeneous medium that has been processed in a rotary
pulsation apparatus. The dispersed composition should be understood as the
average size of the dispersed particles in the emulsion, and the ratio of the total
mass of particles of a certain size to the mass of all dispersed particles.

7.1. Deformation and fracture mechanisms of dispersed phase
particles in a heterogeneous flow

A dispersed particle in the process of its movement is subjected to force from the
carrier dispersion medium. If, for example, sufficiently high pressure gradients
are present in the fluid flow, individual sections of the droplet are loaded
differently. Such a situation causes not only its forward movement, but also
deformation, that is, the displacement of one part of it relative to another. This
process can also be caused by the presence of high rates of deformation of the
carrier flow, the result of which is the unevenness of tensile (normal) or crushing
drop (tangential) stresses. The process of deformation of a particle is hindered by
surface tension forces that tend to give it its original spherical shape. The surface
tension forces are distributed unevenly on the surface of the drop. They are
higher where the radius of curvature of its surface is smaller. In addition, the
magnitude of these forces depends on the value of the coefficient of surface
tension « at the interface between two liquid media. If the external forces acting
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on the particle exceed the surface tension forces, the surface of the particle will
be deformed until the drop of integrity drops, that is, until its surface ruptures.

Currently, semi-empirical models of particle crushing in a heterogeneous medium
are widespread, according to which particle crushing occurs when some complexes
calculated from the parameters of a moving particle reach certain critical values. Of
course, these complexes should characterize the ratio of deforming forces and
surface tension forces.

7.1.1. The influence of inertial effects in a heterogeneous flow
on the process of particle crushing

A characteristic feature of the velocity field in a heterogeneous flow in which the
carrier medium and dispersed inclusions have different densities is its local
inhomogeneity. If, for example, identical pressure drops act on the same elementary
volumes of dispersion and dispersed fluids, the accelerations of these two volumes
will be different, which ultimately leads to the appearance of local minima or
maxima in the velocity distribution functions over space. Schematically, this can be
interpreted as the imposition of certain perturbations on the homogeneous field of a
homogeneous flow of a dispersion medium, or as the relative motion of dispersed
particles in a homogeneous flow. In reality, the heterogeneous flow velocity field is
continuous. Therefore, such an interpretation can only be used to create approximate
models describing some features of heterogeneous flows.

If we assume that the particle has a certain velocity different from the velocity of
the dispersion medium at a given point in space, then a certain velocity head will
act on the particle, contributing to its deformation and, possibly, crushing. In
addition, if in a certain region of space (or at some point in time) the flow of the
dispersion medium changes its velocity sharply, the particles of the dispersed
component of the flow will be affected by inertia forces in their relative motion,
which can also deform and destroy the particle. These phenomena are called
inertial effects of deformation and crushing of particles.

The simplest way to assess the stable size of dispersed particles in a heterogeneous
flow, in which the main mechanism of particle crushing is associated with inertial
effects, is based on a comparative analysis of the levels of physical loads on a
particle’s surface, which tend to deform its surface, and the forces that prevent this
deformation. The former usually include pressure drops and high-pressure heads on
the front and aft surface areas. The second — surface tension forces. Such an
assessment performed in [7.1], leads to relations for the critical radius of a
spherical particle, which should be fragmented if its own radius is above the
a

>
PoW

critical. In this case, the particle crushing conditions look like 7 > 22
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This ratio is obtained for flows in which there are no turbulent pulsations. A close
to this result of estimating the critical radius of a drop is presented in [7.2]:

\F a
7"1>3— P
C pow

where: C = 0.5 — empirical constant; w=‘ﬂ—%‘, w; and w, — the velocity of

dispersed and continuous (dispersive) media relative to a fixed reference system.

The process of crushing dispersed liquid particles in a heterogeneous flow is often
associated with the phenomenon of hydrodynamic instability of the interface. The
analysis of stability conditions presented in [7.3], leads to relations between some
determining similarity numbers characterizing the relative motion of a particle in a
dispersion medium and their critical values. The determining similarity numbers in
these cases are the Weber number

2
We:DM (7.1)
0!(,00 +P1)

which characterizes the ratio of the pressure head acting on the particle in its relative

|,01 - Po| dw
a dr’
which expresses the ratio of the sum of deforming forces, the magnitude of which is

motion, and surface tension forces, and the Bond number Bo =D?

: : : . oodw .
proportional to the relative acceleration of the particle 7 and surface tension forces.
T

In the above expressions, the initial diameter of the spherical particle is used D = 2.

Under the condition We > We._..., the so-called Kelvin-Helmholtz instability, and at
Bo > Bo,, — instability of the interface between two media, or Rayleigh-Taylor

cr»

instability. Thus, the fragmentation of dispersed particles should be expected in
cases where the values of numbers We or Bo numbers calculated from the
parameters of a moving particle exceed certain critical values.

Theoretical estimates of the critical values of the numbers Bo, and We, can be

performed only approximately, therefore their values are usually determined from
experiment. For an approximate estimation of the possibility of crushing of dispersed
particles in a flow, We_.~10...12 and Bo,, ~ 40 are often used as critical values.

The above relations are obtained on the basis of an analysis of the equations of
fluid dynamics, in which the terms characterizing the presence of viscous stresses
are not taken into account. In this regard, it should be expected that these
conditions can satisfactorily describe the process of crushing of liquid particles in
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dispersion media with a relatively low viscosity (for example, in gas flows [7.4,
7.5]). To some extent, the influence of the viscosity of the dispersion medium can
be taken into account by setting some additional conditions. So in [7.1] an

additional condition is # >10&, which reflects the fact that particle
PoW

fragmentation can occur if the Reynolds numbers for the particle are at least 10.

In [7.3], it is proposed to take into account the effect of the viscosity of a dispersion
medium on the process of crushing particles in a gas stream by setting the
Dp,a

2
Hi

(i = 0; 1), expressing the ratio of surface tension forces and viscosity forces. The
form of this dependence is determined by the particle crushing mechanism.

dependence of the critical Weber number on the Laplace number Lp, =

In a number of published sources, the number Oh = s ! is used. So in

VDPpia Lp
[7.6] the critical value of the Weber number is proposed to be calculated by the
formula We_ = 12(1 + 1.077 Oh').

It is also necessary to take into account that the crushing of a particle after it
reaches the indicated critical parameters does not occur instantly, but after a certain
period of time, during which the particle has time to deform. The necessary period
of time during which the similarity numbers considered must exceed critical values
depends both on the particle motion parameters and on how substantially the
indicated similarity numbers exceed critical values. The greater the corresponding
similarity number exceeds the critical value, the usually less time is required for a
particle to deform and collapse under these conditions. According to the results of
work [7.6], the time required for the process of deformation, leading to the

12 D
&j —, in
Po w
which the dimensionless coefficient 7' calculated according to the value of the

number We, characterizing the mode or nature of the crushing process. So, for
example, if 12 < We < 18, then T =6-(We—12)""%, and if 18 < We < 45, then

destruction of the particle, is calculated from the expression, 7, =T (

T=245-(We-12)""%etc. In the same work, a formula is proposed for
calculating the diameter D, stable particles, that is, the diameter smaller than
which at given dynamic loads the particle will no longer be able to split:

-2

1/2
D, =We,—2 1—[&j (0.375-7+0.2274.77)
Pow Py
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In work [7.7] it is assumed that particle crushing is possible with We > 12, and the
characteristic time of its destruction can be calculated by the formula

5 1/2 D
P — VT (7.2)
[1-Oh/7|\py ) w

The diameter of a stable particle, in turn, is determined from the expression

174
D, =62 D[ﬂ] M
Po pDw

When deriving these relations, an approximate model of a heterogeneous flow was
used, in which it is assumed that dispersed inclusions can move at velocities different
from the velocity of the dispersion (carrier) medium at a given point in space.

7.1.2. The effect of viscous stresses on the particle crushing process

The above conditions for crushing particles take into account the influence of
inertial effects in the flow, leading to deformation and destruction of particles of
the dispersed phase. These effects usually occur in the stream during its sharp
braking (acceleration) in certain areas of the working space of the dispersing
device. These crushing models are based on the assumption that disperse inclusions
move with velocities different from the velocity of the dispersion (carrier) medium
at a given point in space, which, strictly speaking, does not correspond to the
model of viscous fluid flow, according to which the "sticking condition" must be
carried out. In this regard, the above relations for critical We numbers, particle
destruction time and stable particle diameters is more expedient to use for the cases
of dispersion media with low viscosity.

Another area of research into the processes of particle crushing in dispersing devices
is based on the assumption that viscous stresses play the main role in the processes of
deformation and fracture of particles. Longitudinal stresses tend to stretch or
compress a particle in the direction of its motion. Stretching or compression takes
place depending on the sign of the derivative of the longitudinal velocity component
u, along the longitudinal coordinate x,. The longitudinal in this case is the

coordinate that coincides in direction with the velocity vector of the center of mass of
the particle. Transverse (shear) stresses tend to rotate the particle at a certain angle
relative to the direction of motion of its center of mass, as well as to stretch and bend
its surface. As a result of the action of shear stresses alone (as, for example, in the
case of the Couette flow), the particle takes the form of an extended thin cylinder or
an ellipsoid with ends bending in opposite directions [7.8]. In real dispersing devices,
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in which the flow of the carrier medium has a rather complicated structure, dispersed
particles are exposed to both longitudinal and shear stresses.

The indicated mechanisms of particle deformation and crushing were studied both
theoretically and experimentally. The basis of most theoretical studies is the
assumption of a weak effect of inertia forces on these processes. This makes it
possible to describe the fluid flow of a particle by the quasi-stationary Stokes
equation. In contrast to the formulation of the problem of the deforming effect of
inertial effects, the formulation of the problem of viscous deformation assumes the
continuity of the velocity field and tangential stresses at the interface. Normal
stresses at the boundary experience a jump by the value of capillary pressure. The
velocity field of the carrier (dispersion) medium is usually considered given. If this
field is two-dimensional, then for describing the tensor of viscous stresses at some

point of the carrier medium, it suffices to specify two quantities: o, . =2 ,u06—0
Xo

. . aMO 8\/0
(longitudinal stress) and Toro = Ho (aﬁta (shear stress), as T yov0 = "Fxoxo

due to the continuity equation, and o

vovo = Oyoxo- 1he last expressions are made

taking into account that the direction of the axis 0.X, coincides with the direction of

motion of the particle at the current time. Given the small particle size, it is assumed
that o\, and o, - slightly changes along its surface. Thus, the influence of the

structure of the external flow on the process of viscous deformation of a particle is

characterized by two quantities: Z =0y + Oxpx, a0d
o)
XX,
A=—"00 (7.3)
Txoro T Pxgrg

When solving the problem of viscous deformation of a particle in a dimensionless
formulation, instead of X its dimensionless analogue is used:

Ca=nZ/a (7.4)

dubbed the “capillary number”. In addition to the quantities Ca and A, the third
necessary parameter for solving the particle deformation problem is the ratio of the
viscosities of two media A=y /. The character of the deformation of the

particle and the possibility of its crushing depend on the values of these three
parameters. To predict the probability of crushing of a particle under the action of
viscous stresses, the concept of a critical capillary number is introduced
Ca,, (A, A). Itis believed that a particle is destroyed if Ca >Ca,,.
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In order to establish the character and patterns of changes in particle shape under
the action of viscous stresses, numerous theoretical and experimental studies were
carried out. Brief reviews of the results of early work carried out in this direction
are presented in [7.1, 7.9].

Of the early works, the most famous is the work of Taylor [7.10], in which the author
presented an analytical solution to the problem of weak deformation of a drop.
According to this result, a drop in the process of deformation takes the form of an
ellipsoid. In [7.8] the problem of particle deformation in a flow with shear stress was
also solved by an approximate analytical method. The so-called the approximation of
a thin body, according to which the particle is considered elongated into a curved
thread, the cross sections of which are in the form of a circle.

The indicated analytical solutions only qualitatively describe the real process of
particle deformation in a viscous flow and cannot reliably predict the conditions for
its destruction. More suitable for this purpose were numerical solutions to the
problem of changing the shape of a particle under the action of viscous stresses. In
a number of studies, numerical solutions of the integral equation for the velocity of
a liquid on the surface of a particle are used to study the processes of deformation
and crushing of a drop. The indicated integral equation obtained in [7.11] by
transforming the system of differential equations of viscous fluid dynamics, it
contains the Green functions corresponding to the Stokes problem. In
dimensionless form, it also contains quantities Ca, A and A as the initial
parameters of the problem [7.12].

In [7.13-7.15] this approach was used to study the deformation and crushing of drops
under the condition of a constant value of dimensionless viscous stress in time. In
[7.16, 7.17] problems were solved under unsteady conditions, which include cases of
sudden braking of the external flow or an abrupt change in value Ca. The effect of
surfactants on particle deformation and crushing was investigated in [7.18].

In the mentioned works, the capillary number Ca was set as an independent
parameter of the problem. More realistic conditions under which viscous stresses
change in the region of the external flow were studied in [7.17, 7.19]. In these
works, the method of boundary integrals was used to study the deformation and
crushing of a particle moving in the gap between rotating cylinders with displaced
axes and in the gap between moving flat surfaces.

Currently, in addition to the integral method considered, for the numerical simulation
of particle behavior in a viscous flow, the finite element method is widely used, VOF
(Volume of fluid) — method, CVLGA (Continuous-velocity lattice gas cellular
automata) — method, as well as other modern methods and algorithms that allow to
obtain results with high accuracy [7.20-7.26].
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From the results of numerical simulation of deformation and crushing of particles
that are in satisfactory agreement with experiments [7.10, 7.16, 7.17, 7.24, 7.27-
7.35], it follows that in flows in which predominantly longitudinal viscous stresses
exist (A = 1), the particle of the dispersed component initially takes an ellipsoidal
shape. Further, if longitudinal stresses continue to affect its surface, an isthmus
forms in the middle of the ellipsoid, which becomes thinner over time. As a result,
the ellipsoid is transformed into a thin thread with thickened rounded edges. In the
case of rupture of this thread, two large “daughter” drops are formed, and, possibly,
one or more small drops.

More complicated is the process of droplet deformation when 0 < A < 1, and when
longitudinal and shear stresses act together. In these cases, the extension of the
surface of the particle is accompanied by the rotation of its longitudinal axis around
the center of mass. At A = 0, when only shear (tangential) stresses are present in
the external flow, the fragmentation of the particle is preceded by a complex
process of changing its shape. Deformation of the droplet surface at near critical
values Ca investigated in [7.36].

As already mentioned, the features of the process of deformation of a particle at a
fixed A depend both on the ratio of viscous and capillary forces Ca, and on the
ratio of viscosities of media A. Destruction of the particle surface with the
formation of daughter droplets occurs when the number Ca exceeds the critical
value characteristic of these quantities A and A. If Ca<Ca,,, then at any of the
indicated stages of deformation, a drop can acquire an equilibrium shape and
destruction of its surface will not occur. With a decrease in the values of viscous
stresses, the surface of the particle usually relaxes to its original form [7.27], if
before this the length of the stretched particle does not exceed the so-called
“Critical length” [7.37]. To assess the possibility of a particle reaching critical
parameters leading to its crushing, the dependences are used Ca,, (A, A), which

are built both according to the results of numerical modeling and according to
experiments. Received in [7.29, 7.30] function Ca_, (A, A) presented in figure 7.1

in the form of dependencies Ca_. on A at various values A. It can be seen from the

figure that if shear stresses prevail in the flow (A = 0.2; curve 5), article crushing
can occur only in a narrow range of changes in the ratio of viscosity coefficients A.
At A > 0.6 dependence Ca,, on A becomes less significant, and dependence Ca,,

on A at A > 0.6; A > 1 almost disappears. In general, with the increase A critical
numbers Ca,, are decreasing.
In a slightly different form, graphic dependence Ca, (A, A) presented in [7.19]

(fig. 7.2). As an argument, the quantity A, and the graphs correspond to various
ratios of viscosity coefficients of the media.
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FIGURE 7.1. The dependence of the critical capillary number on the parameter A at various
parameter values A (according to [7.30]): 1 -A=1;2-A=0.8;3-A=0.6;4-A=0.4;
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FIGURE 7.2. The dependence of the critical capillary number on the parameter A at various

values of parameter A (according to [7.19]): 1 -A=1;2-A=5.

From an analysis of the results shown in figures 7.1 and 7.2, follows that:

— minimum critical capillary numbers Ca,, are provided in those cases when the

viscosities of the dispersed and dispersive media are of the same order;
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— for flows in which only tangential stresses are present, the destruction of
particles occurs only at A < 4; this is explained by the fact that, due to the
equality of the tangential stresses at the interface, the strain rate of the external
flow at 14, << g4 will not correspond to the deformation rate of the fluid of the
particle, in which it turns out to be much less;

— more efficiently, the process of particle crushing occurs in the presence of
longitudinal stresses in the external flow (A = 1), than shear stresses (A = 0).
So, for example, when A = 1 critical capillary number is Ca,.= 0.12 for A =1
and Ca,. = 0.42 for A = 0. However, a slight increase A compared with A =0
can lead to a significant decrease Ca_, and weakening his dependence on A.

It should be noted, however, that these conclusions follow from solutions to
problems of droplet deformation in the “creeping flow” approximation for a
dispersed medium, which means neglecting inertial effects (Re — 0) in the
statement of the problem. The consideration of inertial effects in solving these
problems can lead to a significant decrease in the values Ca, for a given A

compared with the critical capillary numbers found from solutions of the Stokes
problem for the same A [7.38, 7.39]. In figure 7.3, given in [7.40], dependences
Ca,(A) obtained by numerical simulation are shown for A = 0 at various

Reynolds numbers. The Reynolds number in this case is written as

PoO. . .
Re = D? 2= 200 ' hased on the fact that for flows with predominant shear stresses,

2
4y
o
the characteristic velocity is U, = ;)&
Ho

As can be seen from figure 7.3, for fixed A with increasing number Re values
Ca,, decrease, which means an increase in the probability of particle crushing

with an increase in the influence of inertial effects.

In [7.40] the concept of critical viscosity ratio is introduced A_., as a value above

cro
which particle fragmentation cannot occur (Ca,, — o). For creeping external flow
(Re — 0 due to 4, — o) this value is estimated as A= 3.1, and when Re = 1 it
already makes up A, = 6.5. As already mentioned, in the presence of only
tangential stresses (A = 0) minimum values Ca, for the “creeping flow”

correspond A = 0.6. Taking into account inertial effects leads to the fact that for
Re = 10 the minimum Ca_, will be at A = 3.0, and in case Re = 50 — at A > 5.0.

The influence of inertial effects on the process of crushing particles in a viscous
flow is also considered in [7.20].
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The combined influence of viscosity forces and inertial effects during particle
crushing or in the decay of jets into droplets can also be estimated using the
criterion Oh considered above [7.41].
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FIGURE 7.3. The dependence of the critical capillary number Ca,,. on parameter A for A =0
at various numbers Re (according to [7.40]): 1 — creeping flow (Re — 0); 2 — Re = 1;
3 -Re=10;4 —Re=50.

The presence of surfactants (SAS) in the flow has a certain effect on the process of
deformation and crushing of particles by viscous stresses [7.18, 7.42, 7.43]. Since the
presence SAS can change both capillary pressure at the interface, and the values of
normal and shear stresses, the effect SAS in principle, it can be estimated through a
change in the defining criteria Ca, A and A considered above. However, since particle
crushing is preceded by a complex process of changing its shape (for example, the
formation of two spherical drops at the ends of a particle elongated into a thread [7.30,
7.31]), the effect of a particular effect from the presence of SAS at different stages of
deformation has its own specifics, which can affect both the acceleration and
deceleration of the processes of deformation and destruction of particles.

7.1.3. Crushing of dispersed particles in a turbulent flow of a carrier
medium

In a turbulent flow of a dispersion medium, the main mechanism for the destruction
of dispersed particles is associated with the presence in the flow of turbulent
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pulsations of velocity and pressure. It is believed that the cause of crushing is the
interaction of a particle with a turbulent vortex, the size of which should be less
than the particle size. The indicated interaction leads to a pulsed increase in
dynamic pressure on its surface, which is the reason for the destruction of the
particle if the external pressure on the surface of the particle is higher than
capillary. If the size of the vortex exceeds the particle size, the latter will be
completely carried away by turbulent formation of a large scale and its
fragmentation will not occur.

In [7.1] fragmentation of a particle colliding with a turbulent vortex is considered as
a result of the transition of the kinetic energy of the pulsation of the velocity of the
carrier flow into the potential energy of the particle surface. If the amount of energy
received exceeds a certain threshold value for a given drop, the drop will collapse. In
order for a liquid particle to split in two after colliding with a turbulent vortex, it is
necessary to fulfill the conditions under which the increment of the energy of surface

tension forces AE = ﬂDza(Zl/ 3 —1) would be less kinetic energy of the droplet

oscillation E = plﬁD3Au2 (D) /2, where Au? (D) — squared velocity difference of

diametrically opposite points of the particle surface. The latter value can be
considered as the average square of the relative velocity between two points of the
external turbulent flow located at a distance D. This value, according to the theory of

locally isotropic turbulence Kolmogorov [7.44], estimated as Auz(D)~(gD)2/ 3

where & — kinetic energy dissipation rate of turbulence.
Based on the presented relations and the considered qualitative models of particle
crushing in [7.45] dependency D, =C (a !/ py )0'6 &4 is obtained to calculate the

stable size of dispersed inclusions in a turbulent heterogeneous flow. The
theoretical value of the coefficient C included in it is close to one. In real
conditions of operation of specific dispersing devices, the value C may vary
significantly from unity and should be determined from experiment [7.46].

The presented expression for the diameter of stable particles is most often used to
estimate the dispersed composition of emulsions obtained in those devices in which
a turbulent flow regime of a medium is realized [7.47-7.53].

By analogy with the Weber number considered earlier, which characterizes the
ratio of inertia forces to surface tension forces, a Weber number is also introduced

0, D33
for a turbulent flow in the form We, =~——— for which instead of the
a

squared velocity of the relative motion of the media, the above expression is used
Au? (D) ~ (gD)Z/ 3. Of course, the values of critical numbers We, for turbulent

flows will be different from the values We, previously considered for the inertial
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mechanism of particle crushing. Critical values We, determined experimentally
depending on the type of dispersing device. In [7.48], for example, the values of
the critical Weber numbers in the case of crushing of particles in the extraction
columns are estimated at We, .= 0.05...0.09.

To determine the average diameter of dispersed particles in emulsifiers, which are
characterized by a turbulent flow of the medium, empirical dependences of the
form Dy, / D =cWe;"® are often used, in which the coefficient ¢ depends on the
type of equipment and on the concentration of the dispersed component in the
stream [7.51, 7.52]. Magnitude Ds,, called the average “Sauter diameter” is
determined according to [7.54], as

Dy =—" (7.5)

>n.D?

1771

where: D, — particle diameter of the i-th fraction, n; — the number of particles of
this fraction.

As already indicated, for crushing dispersed inclusions by turbulent pulsations, it is
necessary that the particle diameters exceed the characteristic scales of the
turbulent formations. However, in [7.49] it is noted that in a number of
experimental studies on the dispersion of heterogeneous media in rotary-type
apparatuses, the effect of droplet crushing was discovered, the sizes of which are
smaller than the Kolmogorov scale of turbulence. This effect is explained both by
the difference in the initial diameters of the dispersed particles, and by the
combination of crushing mechanisms present in devices of this type. Droplets of
large diameter can be crushed as a result of turbulent pulsations, and droplets of
smaller sizes are destroyed by viscous stresses.

This idea was developed in the work [7.55], in which, depending on the ratios of
the initial particle size and the turbulence scale, two crushing modes are
considered: inertial turbulent and viscous turbulent. If the initial particle diameter
exceeds the characteristic size of the turbulent formations in the flow, the crushing
mode is treated as inertial. In this mode, the quantity that determines the possibility

of particle crushing is the critical Weber number calculated by the formula
oD
We, . = floz—, which has an empirical coefficient f; that is close to unity
’ a

and practically does not depend on the ratio of viscosities and densities of the
dispersed and dispersion phases. If the initial particle sizes are less than the
characteristic scale of the turbulent formation, the particle crushing mode is
considered as viscous. In this case, the critical turbulent capillary number
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D . .
Ca, ., =/ (A,A)'quL, constructed by analogy with the capillary number
’ a

considered above, turns out to be a criterion for the possibility of particle
destruction. In this case, the shear rate of the flow under the turbulent flow of the

carrier medium is considered as y, =+/&/v, and the coefficient f, depends on

viscosity ratio A and on the relationship between longitudinal and shear stresses A.
The time required for crushing a particle is estimated as

D
T, = 6.8A%3 ‘;°—a (7.6)

An expression close to this for estimating the time of droplet crushing is presented
in [7.28], in which the mechanism of crushing particles by viscous stresses was
considered.

In parallel with the effect of fragmentation of particles in a heterogeneous system,
there is also the effect of their coalescence [7.56-7.59], which, strictly speaking,
should be taken into account when calculating the dispersion composition of an
emulsion after processing it in a dispersing device. However, the influence of
coalescence can be neglected to a first approximation in cases where surfactants are
present in the medium, or if the concentration of the dispersed component in the
stream is relatively small.

Based on the foregoing, we propose the following approach to solving the problem
of crushing dispersed particles in the working volume of RPA:

1. The calculation of the velocity and pressure fields in the fluid flow passing
through the RPA working area is performed. If the flow is turbulent, the local
values of the dissipation of turbulence energy in the flow are also calculated.

2. Based on the obtained data on the flow structure, the trajectories of individual
particles are calculated depending on their initial location in the input section of
the RPA working area. In this case, the current values of the relative velocity

, vectors of the direction of motion of the particle, as well as

welw -
components of the stress tensor T o0 and T oo in the coordinate system
associated with the center of mass of the particle are recorded.

3. Estimated by formulas (7.1) and (7.4) current numbers We and Ca for particles
at every moment in time. In the case of a turbulent flow regime, the maximum
stable particle diameter is also estimated D, according to the local value of the
turbulence energy dissipation rate.

4. In the case of a laminar flow, the current values of the crushing criteria are
compared with their critical values. The critical value of the number We,,,
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accepted according [7.7], equal 12. Critical capillary number Ca_, calculated

for a given A and current A by linear interpolation of the functions presented in
the form of graphs in figures 7.1, 7.2. If at least one of the above criteria
exceeds a critical value, the particle is considered to be in a critical state. In a
turbulent flow of a medium, the state of a drop is considered critical if the
maximum possible particle diameter D; it turns out to be less than the actual

particle diameter at a given point in space.
5. The time spent by the particles in the state at which We > We_, or Ca >Ca

cro

or D> D, (in turbulent mode) is estimated. At the same time according to the
formulas (7.2) or (7.6) time required for particle destruction is calculated.

6. If the residence time of a particle in a critical state is sufficient for its deformation
and destruction, the particle is considered to be split into two equal parts.

7. Two identical particles obtained from the initial fragmented particle continue to
move in the RPA working area along the same paths and can be crushed again.
The study of the dynamics of daughter particles and the possibility of their
subsequent crushing is carried out in accordance with paragraphs 2-7.

With this approach, the possible coalescence of particles is not taken into account.

7.2. Calculation of the trajectories of dispersed particles
in the working area of RPA

At the first stage of solving the problem of particle crushing in the RPA working
area, it is necessary to calculate the velocity and pressure fields in the carrier
(dispersion) medium flowing through the working area of the apparatus. The
results of such calculations are discussed in detail in chapter 5. Recall that these
flow characteristics periodically change in time and space. The geometric period of
the working space is considered to be its part, which includes the slots of the stators
and the halves of the walls of these slots adjacent to them on the left and on the
right. The time period will be the time interval between two consecutive
alignments of the slots of the rotor with the slots of the stators. The calculation of
the velocity and pressure fields is carried out under the assumption that dispersed
particles do not have a noticeable effect on these fields. Naturally, this assumption
is one of the approximate assumptions in the statement of the problem.

Strictly speaking, the problem of motion, deformation, and crushing of a particle
could, in principle, be solved in an exact formulation. For this, it would be
necessary to write down the system of Navier-Stokes equations for each
component of the heterogeneous flow, set the initial configuration of the regions
occupied by dispersed particles, write down the conditions for the equality of
normal (taking into account the pressure jump at the interface due to surface
tension) and shear stresses, and solve the problem about the flow of a two-phase
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medium. However, the implementation of such an approach for the case of fluid
motion in the working space of RPA with time-varying geometry is very difficult,
even if one single dispersed particle is considered.

A simpler, albeit less stringent, is the other way. It consists in the fact that the
motion of a dispersed particle is considered autonomously. It is believed that mass
forces (for example, gravity) and surface forces (pressure and hydrodynamic drag
forces) act on this particle from the side of the carrier flow. Under the action of
these forces, the particle moves with acceleration, acquiring a velocity different
from the velocity of the carrier flow at a given point. This model of motion of
dispersed particles is called the Lagrange model [7.60].

Thus, at the second stage of solving the problem of crushing dispersed particles, it
is necessary to solve the problem of the motion of an individual particle based on
the Lagrange model, for which the initial location, shape (it is believed to be
spherical) and physical properties (density, viscosity, surface tension coefficient on
the boundary of the particle and the carrier medium) are known. In addition, as
already mentioned, the velocity and pressure fields of the carrier dispersion
medium, which vary with time, as well as its physical properties, are known.

A similar formulation of the problem for studying the motion, deformation, and
crushing of liquid droplets in laminar and turbulent flows of a carrier medium was
used in the works [7.19, 7.50, 7.61-7.63]. In [7.19, 7.61] the laminar flow in the
gap between the rotating and fixed cylinders was considered, and in [7.50] —
turbulent flow between the rotating and fixed disks equipped with protrusions. In
[7.62] crushing of liquid particles in a turbulent air flow was considered.

According to the accepted model, the vector equation of motion of a dispersed
particle has the form:

dw,

B
1P1 7

am d0w —w)
T

=-0.5CppyS ‘;1 - MTo‘ -(wy —wp) — By - grad(p) - 0.5p, B,

where: B, = 7zD? /6 — volume of a spherical particle; N zD? /4 — particle mid-

sectional area; C;, — coefficient of its hydrodynamic resistance.

On the left side of the equation of motion is the product of the mass of a particle
and its acceleration relative to a fixed frame of reference. The terms on the right
side of this equation express the forces acting on the particle. Among them
(sequentially): the hydrodynamic drag force from the carrier medium, the pressure
force, as well as the force associated with the so-called the effect of the attached
mass. The derivation of this equation and the physical meaning of the added mass
effect are described in sufficient detail in the literature on dispersed flows (for
example, in [7.3, 7.46, 7.64]). In this case, it should be noted that the effects of
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gravity and buoyancy are not reflected in this equation, because the problem is
considered in the plane to which the acceleration vector of gravity is perpendicular.
It is also assumed that the densities of the carrier and dispersed media are
approximately the same. The influence of other mass forces (for example, Bosset
forces), which are mentioned in the works [7.65-7.67], not taken into account.

In the presented equation, the terms expressing the influence of the resistance force
and the force associated with the added mass effect contain the velocity differences
of the particle and the dispersion medium at a given point in space. Therefore, it is
convenient to rewrite this equation in a reference frame associated with a moving
dispersion medium. In addition, it is advisable to present the equation written in
vector form in projections on the coordinate axis and in dimensionless form. Since
these equations include the projection of the velocity of a continuous medium
moving in the RPA working area, it is advisable to use the same variables as
dimensionless variables as in the problem of fluid flow in the working area
(chapter 4). After dimensionlessness and some transformations, the system of
equations of particle motion in projections on the coordinate axis takes the form:

AW, aw,. 3 oP
X _ X _ 2 g CoW W] -, S

dH Mg T 4D D [l ey

AW, aw, 3 oP
y 0,y

dH Mg T aptetp a e 5y

where: X =x/ry; Y=y/n; sz(wl’x—wo’x)/uw; Wyz(wljy—wo,y)/uw;

2 2, . .D . .
W= WE+W) s Wy =wo s Wy =wy, lu; D=Dins ny=p,/(p+0.50));
n.=py! (P +0.5p); u, =wyry; @, —rotor velocity; 5, — inner stator radius.
The presented equations are written in a non-inertial reference frame associated
with a moving carrier medium. They explicitly contain projections of the

acceleration of the carrier flow at a given point in space and pressure gradients in
the flow. Functions Wo.x (z,x, y); WO,y (z, x, y); P(z, x, y), as already mentioned,

are considered known from solving the problem of the flow of a viscous medium in
the working space of RPA. Since this problem was solved in polar coordinates:

R=~NX>+Y?; 0= arctg (Y /X ), the system of equations of particle motion is

also advisable to represent in the polar coordinate system. Using expressions:

W, =Vgcos(0)-Upysin(0); W, =Vpsin(0)+U,cos(0); Uy=QR
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we get
dVy 2 dVor 3 oP
2R _OR=— K T nCh WV, = 2= 7.7
JH Na IH 4D77c D | | R~ R (7.7
dQ  VpyQ daQ, 3 n. oP
dH R Mam  ap P i R2 96 (7-8)

where |7 =\Vg +(QR)> =w/u,.

Thus, in the system of equations (7.7), (7.8) dimensionless radial }, and angular

Q particle velocities are considered relative to a moving dispersion medium, the
dimensionless radial and angular velocity of which at a given point in space are
equal Vyp and Q, respectively. Drag coefficient Cp for a liquid spherical

particle, it can be calculated from known experimental or theoretical relationships.
In this case, for Cp,, the expression given in [7.68] is used

C, = 24 N 3'035+0.48 .1+2/3-a
Rej Rej; 1+o

wDpy _

2 2
WO R0\ b =ReW|- D; Re="C20; 6=y ) gy =1/ A,

where: Rep = ;
Ho Ho Ho

Included in the equation (7.7), (7.8) composition Cj, |W| has the form

1+2/3-0
1+o

b||=

[ 24 33
+

It is more convenient to use it in the calculations, since when |W| =0 the presented
expression has no singularity.

Included in the equations (7.7) and (7.8) projections of the carrier acceleration
vector are calculated by the formulas

Voo OV, ARVir) o(V,,-Q
or _or 1 ( O’R)+ (o 0)—Q%R
dH o6H R oR 00

2
dQ, 8, 1 o(R* ¥y 1) L% Qo

dH 0H R? OR o0 R
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. . P
Functions V;, z, €, as well as the components of the pressure gradient Z_R and

P . . . . .
0 in a carrier medium, are considered to be known from solving the problem of

fluid flow in the RPA working space.

Solving the system of equations (7.7) and (7.8) after linearization numerically, using
the implicit Euler scheme, we obtain the values of the radial and angular velocities of
the particle at each moment of its stay in the working space of the RPA.

The coordinates of the particle at the k-th time step are determined from the
expressions:

Ry =Ry +[ Vi (H Ry .6, )+ Vo (H. R 1,6, |- 6H (7.9)
0, =0, +[Q(H.R, 1,6, 1) +Qy(H.R, .6, ,)]-6H (7.10)

where 0H — dimensionless time step, the same as in the problem of the flow of a
carrier dispersion medium.

Obviously, this approach to solving the problem of the motion of a dispersed particle
has an error associated with the fact that the particle is considered spherical in the
process of its movement. This incorrect statement of the problem is overcome in the
work [7.68], in which the problem of the motion of a single particle is considered
together with the problem of its deformation. It is assumed that the particle shape is
ellipsoidal, and the deformation of the particle consists in changing the ratio of the
axial lengths of the ellipsoid. Thus, in this work, in addition to the velocity and
location of the particle, its shape was also calculated. It was also assumed in the work
that a particle, being deformed into an ellipsoid, collapses when its thickness
decreases to 20% on the value of the initial radius of a spherical drop.

7.3. Evaluation of the dispersed composition of the emulsion after
processing in RPA

Using the above approach to solving the problem of motion and crushing of
dispersed particles in the working volume of RPA, we consider as an example the
case of laminar fluid flow in the working space of RPA type TF-2, provided that
the pressure drop between its inlet and outlet sections is zero. The dynamics of the
dispersion medium flow for an apparatus of the indicated type was considered in
subsections 5.2-5.4, chapter 5. Dispersion medium is a fluid with a viscosity
Hy=0.01 Pas and density p, =1000 kg/m’, and dispersed — vegetable oil

(44 =0.06 Pa-s, p, =880 kg /m’). Surface tension at the interface o = 0.02 H/m.
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It is assumed that the particles of the dispersed component of the initial mixture are
distributed uniformly throughout the liquid volume. Therefore, the entry of
particles into the working area of the apparatus occurs throughout the input section
of the channel of the internal stator. To study the question of the influence of the
initial position of the particle in the input section of the working zone on the
character of its trajectory, the solution of the considered problem is m various
options for the initial position of the particle, i.e. j = 1...m values of the initial
angular coordinate of the particle, calculated as 6; =(;j —0.5)06. It is also assumed

that all particles approaching the input section of the working area in a sector with
an opening angle ( j— 1)549 < @< job, are in the same conditions and move in the

RPA working area along the same paths.

In figure 7.4 presents the results of calculating the trajectory of dispersed particles
for four cases of their initial position in the input section of the channel of the
internal stator. It is believed that in the initial state the diameters of all particles are
the same and equal D = 100 um. As can be seen from this figure, depending on the
place where the particle enters the working area, its trajectory, indicated by colored
circles, can vary significantly.

If the parameters We and Ca for a particle at some point of its trajectory do not
exceed critical values, the particles in the figure are indicated in green. For
comparison, in these figures, the trajectories of the markers are represented in
black, i.e. particles of a dispersion medium that are at the initial time in the same
positions as dispersed particles. Marker trajectories are constructed according to
the known velocity field of the carrier medium. As can be seen from the figures,
the trajectories of dispersed particles and markers are close only in the initial
section of motion. Then they diverge.

Plots of trajectories in which particles are characterized by numbers We, exceeding
critical value (We > 12), marked in blue in the figure. From the point in time at which
the number We becomes above critical, the countdown of time 7 of the particle staying
at critical condition begins. If 7 exceeds value 7, characterizing the time required for
the destruction of the particle (dependence (7.2)), it is considered split into two equal
parts. In the picture, this moment is marked by a blue circle of large diameter.

At the same time as the number We, the capillary number Ca (7.4) and parameter
A (7.3) for the particle are also fixed. Starting from the moment at which
Ca > Ca,, the time spent by the particle in a given critical state is recorded.

Further, as in the case We > We
stresses is estimated. Trajectory points at which Ca > Ca

.» the possibility of crushing particles by viscous

marked in figure 7.4 in

cro
red. The moment of particle crushing by viscous stresses is fixed in the figure by a
red circle of large diameter.
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FIGURE 7.4. The dependence of the particle trajectory on its initial location in the input section of the working area.
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Analyzing the results presented in figure 7.4, it should be noted that the particle,
being in the working area of the RPA, can be crushed repeatedly. The number of
crushing particles in one pass through the working area is the greater, the larger its
initial diameter. As can be seen from figure, particle crushing due to viscous
stresses (red circles) occurs mainly in the region of gaps between work elements,
where the values of viscous stresses are maximum, and particle crushing due to
inertial effects occurs in the rotor slot. In some parts of the trajectories, there is a
situation in which a particle in a critical state does not subsequently crush. This
occurs in cases where the duration of a particle in this state is less than the time
required for its deformation and destruction.

According to the accepted model, after each crushing event, the total number of

daughter particles doubles, and their diameters decrease in 32 time. If there was a

n; crushing events (they can be counted by the total number of red and blue circles
of large diameter in figure 7.4), then the number of particles formed from one

initial particle will be k; =2" and their final diameters at the exit from the

working area will be equal Dnj =D,/ \/3 2" . For all m considered options for the
initial position of particles with an initial diameter D, the total number of crushed
m
particles will be K = 22”1 .
J=1

To each of m different variants of the initial position of the particle corresponds to
a certain number 7; crushing events in the working area. However, for some of the

considered j = 1...m value options n; may be the same. Therefore, you can

calculate how many particles of a certain diameter D, =Dy /(2" formed in the
working area from m initial particles with a diameter D,,. You can also calculate
the total mass of all particles AM (Dnj ), having a diameter after processing the
dispersed medium Dnj , and based on the results obtained, construct a histogram of

the distribution of particle diameter. For the case considered in figure 7.4, such a

histogram is shown in figure 7.5. The ordinate is the relation AM (Dnj )/ M, in

which value M = mﬂDg /6 reflects the mass of all m initial particles in the input

section of the working area. The number of initial positions of particles for this
case is taken equal m = 24.
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FIGURE 7.5. Dependence of the mass ratio of particles of diameter Dnj to the total mass of

all particles on their diameter.

Unlike propeller mixers [7.53, 7.54], rotary pulsation apparatuses are characterized
in that the mass of the medium being processed is constantly removed from the
working volume of the apparatus. In this regard, in one passage of the medium
through the working volume, not all particles of the dispersed phase are in the
conditions most favorable for crushing. Therefore, in some cases, in order to
achieve a given or minimum possible average particle size in the emulsion, the
processed mixture must be passed through the apparatus repeatedly. The
calculation model of the process of multiple processing of the medium can be
represented as follows. After the first passage of the mixture through the working
zone, at which the first stage of particle crushing occurs, their average diameter
D;, according to the formula (7.5) is calculated based on the obtained data on the

distribution of particles by diameter (or mass).

Then the calculation is repeated again, however, the initial diameter of all particles at
the entrance to the working area at the second processing stage is taken to be equal to
D;,, that is, the average particle diameter obtained after the initial treatment. In the

same order, the third and subsequent stages of processing the medium are calculated.

With each new stage, the average particle diameters at the entrance to the working
area are reduced. In this regard, at each subsequent stage, the number of particle
crushing events is also reduced in comparison with the previous stage. In figure 7.6
shows the dependence of the value of D;, on the number of processing stages i for
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the case shown in figures 7.4 and 7.5. As can be seen from the figure, with each
new processing cycle, a decrease of D;, become less significant. After i = 4

further decrease of D, almost no longer observed.
Histogram of the distribution of the relative mass of particles of diameter Dnj of

the value of this diameter after the fourth cycle of processing the medium is
presented in figure 7.7.
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FIGURE 7.6. The dependence of the average particle diameter D;, from processing cycle
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FIGURE 7.7. Dependence of the mass ratio of particles of diameter Dnj to the total mass of

all particles on their diameter after the fourth medium treatment cycle.
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As an example of particle crushing in a turbulent flow, we consider the case of a
turbulent water flow (dispersion phase) in the working volume of an RPA of the
TFG type, which was considered in the subsection 5.8. The dispersed phase, as in
the first example, is vegetable oil.

The trajectories of dispersed particles are calculated based on those found using
RNG models of turbulence of velocity and pressure fields in the flow for the case
Ap = 10 kPa (fig. 5.29). To find the maximum possible diameter of the dispersed
particle D, in a turbulent flow, the obtained distribution of the turbulence energy

dissipation rates ¢ in the working zone is used (fig. 5.31, chapter 5).

Particle trajectories with an initial diameter D, = 100 um for various cases of their

initial location, as well as the points at which the particle crushing act is expected
under the influence of turbulent pulsations (blue circles), are presented in figure 7.8.

From a comparison of figure 7.8 and figure 7.4 it is seen that, in contrast to the case
of a laminar flow of a medium, particles in a turbulent flow are crushed mainly in
the region of gaps between cylindrical elements. This is explained by the fact that,
in the region of gaps, the dissipation rates of turbulent energy are maximum.
Moreover, in most cases, cascade fragmentation of particles is observed, i.e. after
the first act of crushing particles into two equal parts (according to the accepted
model), the second and subsequent acts of crushing immediately occur. This is due
to the fact that in the gap region due to the high dissipation rates of turbulence
energy, the maximum possible stable particle diameters D, turn out to be several

times smaller than the diameters of non-fragmented particles approaching the most
active RPA zone. In the areas of the slits, where values are much smaller, there are
practically no crushing events. From figure 7.8 it is also seen that most particles are
crushed in the internal gap, since the diameters of the particles approaching the
external gap are already smaller than the values D, corresponding to the

dissipation rate of turbulence energy in the external gap.

A histogram of the particle diameter distribution for the considered case of turbulent
flow is shown in figure 7.9. As can be seen from the figure, the total mass of particles
with a diameter of 9.9 pm is about 33% of the mass of all dispersed particles of the
emulsion. About 21% of the total masses are particles with diameters of 7.87 microns
and 6.95 microns. The percentage of other fractions (both larger and smaller) does
not exceed 4%.
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FIGURE 7.8. Particle trajectories in the working zone of RPA during turbulent flow of the medium.
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FIGURE 7.9. Dependence of the mass ratio of particles of diameter Dnj_ to the total mass of

all particles on their diameter for turbulent flow.

The results shown in figure 7.9 in the form of a histogram are also presented in
figure 7.10 in the form of a graph (curve 1) for a narrower range of changes in the
diameters of dispersed particles (from 2 um to 16 um). Similar results obtained
according to an experimental study of the processing process in RPA of a mixture
of vegetable oil with water are shown in figure 7.10 of curve 2.
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FIGURE 7.10. Comparison of calculated (1) and experimental (2) data on the dispersed
composition of a heterogeneous mixture after its processing in RPA.

As can be seen from the figure, the data of theoretical and experimental studies are
in satisfactory agreement. At the same time, it can be noted that the maximum of
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the experimental curve 2 in figure 7.10 is somewhat shifted relative to theoretical
curve 1 towards smaller fractions. This is explained by the fact that, when
obtaining the theoretical curve, only the turbulent mechanism of particle crushing
was taken into account, while in real conditions all the mechanisms discussed
above take place in the RPA working zone.

As follows from the above results, the indices of the dispersed composition of the
heterogeneous mixture obtained after treatment in RPA under a turbulent flow
regime exceed the similar indices in figure 7.5 for laminar mode. The average
diameter of the particles obtained after a single treatment of the medium in RPA is
Ds, = 7.65 um. From this it follows that the turbulent flow of fluid in the working

volume of the RPA contributes to the crushing of particles of the dispersed phase.

7.4. The influence of structural and operational parameters of RPA
on the average size of dispersed particles

Method for determining the average size of dispersed particles of a heterogeneous
mixture Dj;, in case of its laminar flow through the RPA working zone; it is

considered using an apparatus of the type TF-2. Characteristic for it are the number
of slots z = 36 for all work items, the width of both gaps between work items
d = 0.2 mm, rotor angular velocity @, =967 s'. Determination results Dy, by the
indicated method are presented in figures 7.4-7.7.

It is now advisable to consider the effect of various variants of the indicated
structural and operational parameters of the RPA on the dispersed composition of
the emulsion during the laminar flow of a heterogeneous mixture, the components
of which have the same physical properties as in the case considered above.
Consider the option of changing the number of slots z from 24 to 48; gap width J
from 0.1 mm to 0.3 mm and rotor velocity @, from 72z s to 1207 s (from 36 to
60 turn/s). Other geometric parameters, as well as differential pressure (Ap = 0),
remain unchanged.

In this case, the velocity and pressure distributions obtained earlier (chapter 5) in
the RPA working volume are used to determine, using the method described above,
the average size of dispersed particles of a heterogeneous medium for the above
options of geometric and operating parameters.

The results of the calculation of the average particle diameter D, for various z

and J at @, =967 s™! in the case of one treatment cycle of the substances are

presented in table 7.1 and in figure 7.11.
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TABLE 7.1. The dependence of the average diameter of the dispersed particles on the width
of the gap and the number of slots in a single treatment cycle of a substance.

Ds;, pm 0=0.1 mm 0=0.2 mm 0=0.3 mm
z=24 8.55 12.17 13.06
z=136 7.37 10.05 10.9
z=48 6.37 8.05 9.91
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FIGURE 7.11. The effect of the width of the gap and the number of slots on the average
diameter of the dispersed particles during a single treatment of the substance: 1 — z = 24;
2-z=36;3-z=48.

Similar results obtained after a four-fold passage of the processed medium through
the working area are presented in table 7.2 and in figure 7.12. Effect of rotor
velocity on values Ds, at constant 0 = 0.2 mm and z = 36 presented in the table 7.3

and in figure 7.13.

TABLE 7.2. The dependence of the average diameter of the dispersed particles on the width
of the gap and the number of slots after four processing cycles.

D3, pm 0=0.1 mm 0=0.2 mm 0=0.3 mm
z=24 19.66 20.72 24.25
z=136 15.74 17.6 19.76
z=48 14 15.35 17.78
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FIGURE 7.12. The influence of the gap width and the number of slots on the average

diameter of the dispersed particles after four cycles of treatment of the substance: 1 — z = 24;
2-z=24;3-z=48.

TABLE 7.3. The dependence of the average diameter of the dispersed particles on the rotor

velocity.
Dy, pm wy =121 wy=96ms” w,=120zs™
One cycle 26.73 17.6 14.9
Four cycles 15.58 10.55 8.85
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FIGURE 7.13. The effect of rotor velocity on the average diameter of dispersed particles:

1 — one cycle; 2 — four cycles.

The calculation results show that the average particle diameter decreases with
decreasing gap width d. This, on the one hand, is explained by the fact that a decrease
in the width of the gap leads to an increase in shear stresses between rotating and
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stationary work elements. However, it should be noted that not only the increase in
shear stresses in the gaps intensifies the process of particle crushing with decreasing
0. With a decrease in the gap width ¢, the amplitudes of pressure pulsations and the
acceleration of the flow near the edges of the working elements also increase at the
moment of mutual overlapping of the slots of the rotor and stators. Longitudinal
viscous stresses also increase in these areas. These effects, which can be considered
as the implementation of discrete-pulse energy input into the flow, were considered
in detail in chapter 5. As follows from the equations (7.7) and (7.8), the pulsed
change in the pressure gradients and the acceleration of the carrier flow leads to
increases in the relative velocities and accelerations of dispersed particles, which
intensifies the inertial mechanism of their fragmentation. At the same time, an
increase in longitudinal stresses intensifies the viscosity mechanism of particle
crushing (subsection 7.1.2), because critical capillary numbers when exposed to a
particle of longitudinal viscous stresses are for any A rather low values (fig. 7.1).

An increase in the number of slots in the working elements also leads to reducing
of the average particle diameter. Although with an increase in the number of slots,
the levels of pressure pulsations and acceleration of the flow decrease somewhat,
however, in proportion to the number of slots, the pulsation frequency of the
indicated values increases (at a constant rotor speed). As a result of this, the
probability of finding a dispersed particle in the most active (from the point of view
of the crushing process) area of the working zone of the apparatus increases.

Such mechanisms lead to a decrease in the average particle diameter of the
heterogeneous substance being processed with an increase in the number of rotor
revolutions (table 7.3, fig. 7.13).

From the foregoing, it can be concluded that to reduce the size of dispersed particles,
it is necessary to increase the number of slots, increase the rotor velocity and reduce
the gap between the working elements. Naturally, it is possible to change these
values only up to certain limit values, which are limited by the technological
capabilities of manufacturing RPA, as well as operational requirements.

The dependences of the average diameter of the dispersed particles of the
processed substance on the width of the gaps, the number of slots and the rotor
velocity, shown in figures 7.11-7.13, can be represented as a quadratic polynomial

k=2i=2 j=2

Dy =33 > ap, ;6" ] (7.11)

k=0i=0 j=0

for which the coefficients a,Q ;,; can be found on the basis of the data given in table

7.1-7.3.
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7.5. The energy spent on crushing particles in RPA

It is known that the surface energy of a spherical particle of radius 7, is calculated
by the formula E = 47rr02a. The minimum work that needs to be done so that by
crushing out M, particles of radius r, receive M, =M(r,/n )3 particles of
radius 7, calculated as 4=M, 477r02a(r0 /7 -1).

If the flow rate of the mixture entering the RPA working area is G = 7, 4V, and

the volume concentration of the dispersed phase — ¢, then the number of dispersed
particles of radius 7,, arriving every second in the working area will be equal

3r,hV o . o
Mo = rj 3 ? Thus, the minimum power spent on crushing particles in the
To
apparatus is N, :(/’M(Vo /1 _1)'
o

Using data on average particle diameter Ds,, presented in figure 7.11, as well as

the results of calculating the mass average velocity 7., it is possible to calculate
what minimum power is spent in the RPA on the process of crushing particles
depending on the width of the gap J and the number of slots z in the working
elements. The results of this calculation are presented in the table 7.4.

TABLE 7.4. The dependence of the power spent on crushing particles in RPA, on the width
of the gap and the number of slots.

Ngis, W z=24 z=36 z=48
0=0.1 mm 0.846 1.086 1.508
0=0.2mm 0.910 1.052 1.372
0=0.3 mm 0.852 1.184 1.292

It should be borne in mind that the results presented in the table reflect only the
minimum required power spent on crushing particles, since these values were
calculated based on the initial and final sizes of spherical droplets. With a more
rigorous approach to calculating the energy required for crushing, it is also
necessary to take into account the work spent on deforming the surface of the
particles before their destruction.

The method of estimating the average particle diameter of a dispersed medium,
considered in this section, after processing it in RPA allows one to determine the
dependence of their average size on the structural and operational parameters of the
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apparatus. As the results of using this method show, a decrease in the average
diameter of dispersed particles can be achieved by reducing the width of the gaps
between the cylindrical working elements, increasing the number of radial slots and
increasing the velocity of rotation of the rotor. From a comparison of the results of
calculating the average diameter of dispersed particles of a heterogeneous medium
under the laminar and turbulent regimes of its flow in the working volume of RPA,
it follows that the turbulent flow regime of the medium contributes to a more
intense fragmentation of particles.

7.6. The effect of crushing the dispersed phase of a highly viscous
medium

As previously emphasized, rotary pulsation apparatuses can be effectively used to
implement various technologies for the treatment of liquid heterogeneous low and
high viscosity media, mainly with the aim of intensifying the processes of mixing,
emulsification, mixing and homogenization of heterogeneous systems, as well as
the processes of dissolution or dispersion of the solid phase in liquids. The RPA
simultaneously implements the principles of operation of rotary mixers,
disintegrators and dismembrators, centrifugal and vortex pumps, colloid mills and
liquid sirens of the radial type. In the process, RPA converts the initial mixture of
mutually insoluble liquids into a finely divided homogeneous stable emulsion.
RPA was most widely used precisely in technologies that combine the processes of
dispersion and mixing: to obtain medical emulsions; for the preparation of
emulsion thickeners and printing inks; in the pulp and paper industry for bleaching
pulp and crushing paper medium; for chemical industries in the process of mixing
several mutually insoluble liquids, in the food industry for the production of
mayonnaise, mixtures for ice cream, emulsions, protein caviar, sauces, desserts,
mashed potatoes, as well as for the processing of beans and the production of new
types of meat, curd and sour-milk products, etc.

The determination of dispersion as an important quality characteristic of the final
product is of great interest, since according to these data it is possible to evaluate
the effectiveness of the homogenizing equipment used. In this regard, a theoretical
and experimental assessment of the degree of dispersion in the processing of
emulsions and biological media was carried out.

We emphasize that the implementation of the effects of crushing of dispersed
particles in rotationally pulsating flows is due to the manifestation in RPA of a
wide variety of physical phenomena. As a result of numerical simulation of the
fluid flow in the working elements of the rotary pulsation apparatus, it was
established that this flow is periodic in time. The average fluid velocity in the
radial direction depends on its viscosity and on the pressure drop. Due to the action
of centrifugal force, this speed can be positive even with certain negative values of
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this difference. Pressure pulsations periodically occur in the flow caused by the
overlapping of the stator slots by the walls of the rotor slots. The amplitude of the
pulsations also depends on the viscosity of the medium and the pressure difference
between the inlet and outlet sections of the slots of the stators. In the flow there are
simultaneously regions of positive and negative (with respect to the inlet section)
pressures located close to each other. This is the reason for the occurrence of
significant spatial pressure gradients, as well as normal and shear stresses that can
deform and destroy particles of a dispersed substance.

Let us consider the results of experimental studies of the dispersed composition of
some heterogeneous media that have undergone processing in rotary pulsation
devices.

Homogenization of mayonnaise emulsion

The results of experimental studies of the crushing of particles of an immiscible
component during the processing of a highly viscous emulsion are presented in
figure 7.14a. As an object of research, a water-fat emulsion of mayonnaise with a
concentration of vegetable oil in 65%. The average particle size of fat was 4.4 uym
with error 1.1 um and the normal nature of the distribution. For comparison in figure
7.14b a histogram of the distribution of particles of a similar mayonnaise emulsion
obtained on a valve homogenizer at nominal pressure 100 atmospheres. The size of
the inclusions of oil is 7.9 um, almost in 2 times more than with rotary pulsation
homogenization technology, which confirms the high efficiency of the latter.
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FIGURE 7.14. A histogram of the size distribution of fat particles of a mayonnaise emulsion
obtained in: a) RPA type TF-2M; b) valve homogenizer type A1-OGM-5.
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Crushing of biological systems during rotary pulsation treatment. Soya paste

Note that rotor-pulsation homogenization is one of the effective and widespread
methods of dispersing complex biological systems. The paper presents the results
of structural and dispersed analysis [7.69-7.71] of the original soya beans and
homogenized soybean paste obtained by sequentially carrying out thermal-humid,
and then rotary-pulsating treatment of soybeans. Based on rheological analysis,
systems of this type are usually called viscoplastic. Modeling the processes of
hydrodynamic crushing of such media in RPA is complex and little studied,
therefore, we briefly dwell on some experimental results on the dispersion of
highly viscous media.

The physical properties of the product obtained as a result of rotary-pulsation
homogenization — soybean paste mainly depend on the structural characteristics of
soybean. In this regard, the microstructure of untreated and thermo-moistened
soybean was studied in this work. The need for heat-moisture treatment is
explained by the rather rigid structure of the bean, which, without pre-treatment,
requires large shearing forces in the process of further homogenization and is the
reason for the violation of the uniformity of the final product — soybean paste.

The determination of dispersion as an important characteristic of the quality of
soybean paste is of great interest, since according to these data it is possible to
evaluate the effectiveness of the homogenizing equipment used.

Optical and electron microscopic examination of soybean samples was carried out
according to standard microscopy techniques for the study of biological systems
[7.72] using an optical microscope type “Opton”, automatic image analysis system
“IBAS” and electron microscope EM-400T.

In figure 7.15 microphotographs of a longitudinal section of the uncured soybean
cotyledon are shown. As you can see, the soybean cotyledon consists of oblong
cells (fig. 7.15a), and the width of the intercellular space is 50+70 nm (fig. 7.15b).
A detailed analysis of the distribution of cotyledon cells by characteristic sizes
showed that the maximum cell size does not exceed 100 um, and the minimum size
—40 um. Soy cells contain lipid inclusions and are filled with a large amount of fat
vacuoles, the average size of which is 0.2+0.5 pm.

The quality of the paste, as well as products based on it, largely depends on the
degree of dispersion, uniformity and uniformity of the distribution of particles of
the dispersed phase. Therefore, to determine the effectiveness of rotor-pulsation
treatment and evaluate the effect of homogenization, a dispersed analysis of
soybean paste was carried out. As an experimental sample, soybean paste with a
moisture content of 65 weight % and density 1115 kg/m’ obtained under industrial
conditions using RPA type BGT was used.
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Presented in figure 7.15¢ micrograph of particles of soybean paste indicates the
destruction of the soybean structure during processing to the cellular level. This
means that rotary pulsation treatment of soybeans leads to the destruction of
intercellular connections and the formation of systems consisting of isolated cells.

A micrograph of a particle of soybean paste is shown in figure 7.15d. As can be
seen, the particle has an oblong shape. This is a single soybean plant cell
surrounded by oily inclusions. The internal structure of the cell is a loose structure
enclosed in a shell (fig. 7.15d), which indicates the denaturation of the protein that
occurred during the thermo-humid and rotor-pulsation treatment, which led to its
coagulation and disruption of the bonds between globular proteins. The presence of
fat droplets allows us to note that as a result of processing, not only the destruction
of the intercellular structure occurs, but also the destruction of some cells. This
entails the release of all components of the cell, including soybean oil, that is, the
processing of protein molecules by enzymes is accelerated.

FIGURE 7.15. The micro structure of the soybean portion to (a — microscope magnification
%200, b — x2000) and after (c — single soybean cells, d — single bean cell, points outside the
particle — fatty inclusions) rotary pulsation treatment. The size o~ 50...70 nm.

Note that soybean paste processed in RPA is a mixture of a suspension (particles of
solid denatured protein in an aqueous medium) and emulsion (particles of soybean
oil in an aqueous medium). The histograms of the size distribution of both classes
of particles are presented in figure 7.16. Dispersion studies showed that the average
size of protein particles of soybean paste (fig. 7.16a) is about 40 pm, and the values
of the most characteristic sizes are given in table 7.5.
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FIGURE 7.16. Histograms of distribution in a sample of soybean paste: a) protein particles;
b) fat drops.

TABLE 7.5. Dispersion parameters of protein particles of soybean paste.

The average Maximum Minimum Dimension By area
value value value module
D., ym 36.38 90.62 8.71 10 21.08
S, um’ 1387 6450 59.58 1000 1343
D, ., tm 70.21 2229 12.31 20 43.37
D, npm 30.84 93.41 4.659 5 18.83

The data of statistical processing of the results of the distribution of protein
particles of the paste by characteristic geometric sizes are presented in the form of
histograms in figure 7.17.

The results of studies of the distribution of particles by maximum size allow us to
note that the bulk of the sample are particles of size 30 pm (20% from the total
number of particles), 15% make up particle size 70 um and 16% — 90 um. In the
distribution of particles over D,;, the largest number of particles (18%) have
size 7.5 pm, and the maximum size D, particles does not exceed 93.4 um. For
distribution by D, predominant particle size 15 um and 45 pm, what is 20% and

16% respectively. Analysis of the histogram of the distribution of particles by
their area (fig. 7.17b) shows that it is proportional to the increase in area (up to
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6450 um?) occupied by particles, there is a decrease in the proportion of the
number of particles of this size to 1%.

To determine the size of the fat droplets in the soybean paste, pasta samples were
analyzed, including only drops of soybean oil. As can be seen from figure 7.16b, in
the studied sample of 179 particles there are no particles larger than 1.6 um. The
largest amount of fat particles of soybean paste (55.8%) has a size of 0.4 pm to 0.6
um, and particles of a minimum size (up to 0.2 um) make up 3.35% of the sample.
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FIGURE 7.17. Histograms of the distribution of protein particles of soybean paste: a) by the
average size, b) by the occupied cross-sectional area, ¢) by the maximum, d) by the
minimum size.

When comparing the degree of dispersion of fat droplets before and after rotary-
pulsation treatment, a significant decrease in the average size of drops of soybean
oil is clearly visible (by 80%).

A set of studies on microstructural and disperse analysis suggests that the selected
processing mode of durable biosystems such as soybeans leads to dispersion to a
cell size. Obviously, in order to disperse the system into individual cells, it is
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necessary to break the bonds in the area of their connection. As shown by our
electron microscopy data, the thickness of the cell binding region is up to 70 nm.
Therefore, the rotor-pulsation effect allows you to destroy the nanoscale region of
the specified size, and this type of technological impact can be attributed to
nanotechnology processing biological systems.

Sunflower seed paste

The production of sunflower paste was first carried out by crushing them in a screw
extruder, followed by dispersion of the resulting mixture in a TF-2 type RPA.

The data of statistical processing of the results of optical studies of the distribution
of paste particles by average size and occupied area are shown in the form of
histograms in figure 7.18, where the abscissa in figure 7.18a the diameter of a
circle is plotted, the area of which is equivalent to the area of the particle, (D, ) in

microns, and in figure 7.18b — particle area (S) in um”. The ordinate shows the
absolute value of the number of particles analyzed.

The results of studies of the distribution of particle size by average size indicate
that the predominant number of particles has a size of from 35 um to 55 um.

Analysis of the histogram of the distribution of particles over their area (fig. 7.18b)
shows that it is proportional to the increase in the area occupied by the particles (up
to 4500 pm?), a decrease in the proportion of the number of particles of this size to
5%. Thus, the resulting sunflower paste has a fairly high degree of dispersion,
which fully meets the technological requirements for its further use.
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FIGURE 7.18. Histograms of the distribution of particles of paste from sunflower seeds:
a) by average size, b) by occupied area.
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Homogenization of tomato paste

Obtaining tomato paste was carried out by dispersing tomatoes using RPA type
TF-2. In figure 7.19 presents the results of statistical processing of a sample of 172
particles of tomato paste.
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FIGURE 7.19. A histogram of the average particle size distribution of tomato paste particles.

As can be seen from the histogram of the distribution of paste particles by average
size, the maximum number of particles (40.7%) has a size of 1 um to 2 um.
Particles of the largest size of 5-8 microns make up about 2%, and particles with a
size of up to 1 micron are about 16%.

The high degree of dispersion of emulsions and dispersion of biological media to
the cell size confirms the effectiveness of the rotary pulsation equipment used.
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Chapter 8

EXPERIMENTAL RESEARCHES OF RPA HYDRAULIC
AND THERMAL CHARACTERISTICS

8.1. Experimental stand

To confirm the reliability of the results of theoretical studies, as well as to obtain
additional information about the hydrodynamic and thermal characteristics of
rotary pulsation apparatuses, experimental studies of these characteristics were
carried out. For experimental studies, RPA-type TF-2 was used [8.1]. The results of
computational studies relating to the apparatus of this type were considered in
chapter 7.

The main working body of the apparatus is the rotor-pulsation unit (RPU), which
includes the internal and external stators, and the rotor located between them,
connected to the motor shaft. The specified arrangement of working elements can
also be supplemented by a disk with blades, which is the impeller of a centrifugal
pump, and a cutting element (knife) installed in front of the internal stator. These
additional elements are also connected to the motor shaft.

Experimental studies were carried out on the installation, the scheme of which is
shown in figure 8.1. In the process of research, the volume liquid in the tank was
determined by a measuring ruler with an error of 0.5 dm’. The duration of filling
the receiving tank (10) was measured by a stopwatch with a division value of 0.1 s,
and the pressure readings were recorded with a standard gauge (6) with a division
price of 200 Pa. The hydraulic characteristics of the RPA for the steady state of its
operation were determined at a given speed of rotation of the motor shaft. The
required speed was set using the frequency converter (5). The energy consumption
of the electric motor was determined by the K-505 measuring complex with an
accuracy class of 0.5, including a wattmeter with a division price of 2.5 W, a
voltmeter with a division price of 2.5 V and an ammeter with a division price of 0.1
A. The engine speed was measured with a digital tachometer (4). The fluid flow
through the apparatus was determined using a flow meter (11) of the Hydrometer
E-TX type, as well as by the volumetric method. The temperature was measured
using primary measuring transducers — thermoelectric thermometers (12-14),
differential thermoelectric thermometers (16, 17) and secondary automatic devices:
KSP-4 (15), millivoltmeters SC 68000 (18) and B 7-35 (19).
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FIGURE 8.1. Schematic diagram of the experimental setup: 1 — rotor-pulsation unit, 2 —
measured capacity, 3 — electric motor, 4 — tachometer, 5 — frequency converter, 6 — measuring
system, 7 — pressure gauge, 8 — three-way control valve, 9 — flexible pipe, 10 — receiving tank,
11 — flow meter, 12, 13, 14 — thermoelectric thermometers, 15 — potentiometer, 16, 17 —
differential thermoelectric thermometers, 18, 19 — millivoltmeters.

8.2. The methodology of experimental research

Studies of pressure and flow characteristics of RPA were carried out according to
the following method. Before starting the RPA, the measuring tank (2) was filled
with a working fluid, for example, industrial water. Using an additional three-way
valve, the line connected to the pressure gauge was purged, which ensured both the
filling of an annular tube suitable for pressure gauge (7) and the elimination of a
possible pressure measurement error. The frequency converter (5) set the specified
rotation speed of the motor shaft (3), as well as the RPA rotating elements fixed on
it: a knife, a rotor and a disk with blades. The number of revolutions of the electric
motor was determined by the readings of the tachometer (4). The working medium
from the measuring tank (2) was sent to the rotor-pulsation unit (1) and passed
through the elements of its design. After exiting this unit, the medium being
processed through the outlet pipe through the hydrotract 9 again entered the
measuring tank (2).
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The pressure head characteristic of the apparatus for various layout options of the
elements of the rotor-pulsating unit was determined by the indications of a
reference manometer (7). The fluid flow rate was determined using a flow meter
(11). In addition, the flow rate was also calculated by determining the time of
filling the reservoir (10) of a known volume with the working medium. The
dependence of the liquid flow rate through the apparatus on time was also
established. In parallel, the following were measured: pressure, voltage, current,
power and engine speed.

After all measurements related to a given rotor speed, a different speed was set
using the frequency converter (5), which was recorded by a tachometer (4). For
the new rotor speed, the pressure and flow characteristics of the RPA were
measured in different arrangements of the elements of the rotor-pulsation unit in
the same order.

In the study of the thermal characteristics of the RPA, the temperature was
measured at some of its characteristic points: at the entrance to the RPU, in the
RPU building, at the exit from the RPU. Temperature measurement, as already
mentioned, was carried out using thermoelectric thermometers 12-14, 16-17 and
instruments 15, 18, 19.

Thermoelectric thermometers consisted of two thermocouples soldered and insulated
along the length. Thermoelectrode materials — chromel and kopel. Differential
thermoelectric thermometers consisted of chromel-alumel thermocouples. To protect
against external electromagnetic fields and mechanical influences, the thermo-
electrodes were covered with bakelite.

As secondary devices working with thermoelectric thermometers, millivoltmeters
were used: SC 68000 (accuracy class 0.25), 7-35 (accuracy class 0.25), as well as
an automatic 12-point potentiometer KSP-4 (class accuracy 0.25), in which a
bridge measuring scheme was used, providing continuous correction of the
temperature of the free ends of the thermometer.

Calibration of thermoelectric thermometers 12-14 was carried out using a
potentiometer KSP-4. Differential thermoelectric thermometers 16 and 17 were
calibrated using millivoltmeters SC 68000 and B 7-35. As a result of calibration,
appropriate calibration schedules and dependencies were built.

8.3. RPA hydraulic characteristics studies

For experimental studies, water and sunflower oil were used as model media. The
studies were carried out at various values of the rotor speed, which varied from 0 to
100 rev/s.
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In the previous sections, the basic three-element (“stator-rotor-stator”) RPA
scheme was mainly considered. In order to increase the flow rate of the treated
heterogeneous medium, as well as for preliminary grinding of solid-state
inclusions, the considered basic scheme of the apparatus was supplemented with
such elements as a blade with blades and a “knife”. The knife is similar to a rotor
located in front of the inner stator, in which the slots have sharp edges. Both of
these elements are connected to a rotating shaft of an electric motor.

To clarify the influence of these additional elements on the hydrodynamic
characteristics of RPA type TF-2, experimental studies were carried out for the
following options for the arrangement of working bodies:

a) shaft-stator-rotor-stator (basic three-element circuit);

b) a shaft disk with blades;

¢) shaft-knife-stator-rotor-stator;

d) shaft-knife-stator-rotor-stator-disk with blades (complete assembly).

The results of these experimental studies are presented in figures 8.2, 8.3. Water

(1= 10.001 Pa-s) was used as a model medium for these studies. The data presented
in figure 8.2, indicate a close to linear dependence of the fluid flow rate G, on the

number of revolutions n. Moreover, the slope of the curves related to different
layouts of RPA working elements is also different.
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FIGURE 8.2. The dependence of the fluid flow on the RPA electric motor speed for various
configurations of working elements: ¢ — shaft + RPA itself, ® — shaft + disk with blades,
A —shaft + RPA proper + knife, m — RPA in full assembly.

As can be seen from figure 8.2, the installation of a disk with blades leads to a
significant increase in flow rate. So at n = 47 rev/s (the nominal value of the
rotational speed of the motor shaft), the RPA itself, assembled according to the
stator-rotor-stator scheme, provides a flow rate of 0.45-107 m’/s. When the “knife”
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element is added to the scheme in front of the internal stator, the flow rate increases
by another 0.12:10° m’/s. If there is a disk with blades, the fluid flow increases to
G = 1.35-10” m’/s. For the case of RPA in the complete assembly, the flow rate
reaches a value of 1.52-107 m?/s.

From the presented results it follows that when installing additional rotating
elements (a disk with blades and a knife) on the motor shaft, an increase in the flow
rate of the liquid through the apparatus is observed. This is due to an increase in the
pumping effect caused by centrifugal forces acting on the rotating fluid. This effect
is also associated with the experimentally observed increase in pressure at the
outlet of the RPA working zone. As can be seen from figure 8.3, at n =47 rev/s, the
pressure of the liquid at the outlet of the RPA, equipped with a rotating disk with
blades, exceeds the pressure created by the apparatus itself without the indicated
element by 21.3 kPa. In the case of RPA in complete assembly, the fluid pressure
at the outlet of the apparatus reaches 73 kPa.
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FIGURE 8.3. The dependence of the fluid pressure at the outlet of the RPA on the number of
revolutions of the electric motor for various options for the arrangement of working elements:
¢ — shaft + RPA proper, ® — shaft + disk with blades, A — shaft + RPA proper + knife,
m — RPA in complete assembly.

An important energy characteristic of rotary-pulsating devices is the power
consumption Q. According to the experiment, the power consumed by the RPA
type TF-2 in complete assembly at a speed of 0...75 rev/s varies in the range 0...880
W (fig. 8.4).

The influence of the viscosity of the medium on the hydrodynamic characteristics
of RPA was established by comparing the results of experimental studies obtained
in the treatment of water and sunflower oil. The experiments were carried out in an
apparatus of the TF-2 type, assembled according to the basic three-element
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scheme. From the obtained results it follows that the dependences between the
pressure p,.. atthe outlet of the RPA and the engine speed both in the treatment of

water and oil are close to quadratic. Moreover, the curve obtained for water is
higher than the curve corresponding to vegetable oil, which is associated with a
higher viscosity of the latter. The dependences of the flow rates of media processed
in RPA on the number of rotor revolutions are close to linear. The curve obtained
during water treatment lies above the corresponding curve for oil, which is also
associated with its higher viscosity.
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FIGURE 8.4. The power consumed by the RPA, depending on the number of revolutions for
various options for the arrangement of working elements: ¢ — shaft + RPA itself, ® — shaft
+ disk with blades, A — shaft + RPA proper + knife, m — RPA in full assembly, and points
2 — only RPA shaft.

Thus, in the processing of vegetable oil (highly viscous medium), the head and
flow rates are lower than in the case of processing a low-viscosity medium (in this
case, water). It should be noted that the flow of liquids along the hydrodynamic
path in the case of the basic layout scheme was observed only when the shaft
reached the threshold value of the number of revolutions. In these experiments, it
corresponded to n = 38 rev/s. As a result of this, the curves reflecting the
dependence of the flow rate on the number of revolutions did not pass through the
origin. From this it follows that the translational motion of the liquid under
conditions when the pressure at the outlet of the RPA working zone exceeds the
pressure at the entrance to the working zone is observed only at n > 38 rev/s.

Experimental studies of the hydraulic characteristics of a rotary pulsation apparatus
of the TF-2 type made it possible to establish the character of the change in
pressure at the outlet of the apparatus working zone and the flow rates of the
treated media with different viscosities at a variable engine speed in recirculation
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mode. It was established that the rotor-pulsating apparatus included in the
hydraulic scheme shown in figure 8.1, operates in a mode in which the pressure at
the outlet of the RPA working area exceeds the pressure at the inlet to the working
area (Ap < 0). This mode arises due to the fact that the liquid levels in the loading
tank and in the outlet cross section of the outlet pipe practically coincide, and the
hydrodynamic pressure loss in the outlet fitting and pipe exceeds the pressure loss
during the lower flow of liquid from the loading tank into the RPA working
volume. Features of this mode were considered in subsection 5.7.

With an increase in the angular velocity of rotation of the rotor associated with the
shaft of the electric motor, the flow rate of the processed medium increases. With
an increase in flow rate, pressure losses in pipeline 9 also increase (fig. 8.1), which
results in an increase in fluid pressure at the outlet of the RPA (fig. 8.3). Each
rotating element complementing the design of the RPA enhances the centrifugal
effect, which leads to an increase in flow rate, an increase in pressure at the outlet
of the RPA working area and, accordingly, an increase in power consumption.

The method of numerical simulation was used to obtain the dependence of the mass-
average radial velocity of the fluid 7. on the angular velocity of rotation of the rotor
@,. As the initial data for the calculations, the condition was accepted that,
regardless of the number of revolutions n, the differential pressure Ap was equal to
zero. A similar calculated dependence can be constructed for the hydraulic circuit
considered in figure 8.1, for which an experimental dependence of Ap on the engine
speed n was obtained. The dependence of water flow (1= 0.001 Pa-s) on the angular
velocity @,, which was found by numerical simulation, taking into account the real
values of Ap, is shown in figure 8.5 (solid curve). Here, the experimentally obtained
dependence is plotted, reflected in figure 8.2 (bottom curve).
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FIGURE 8.5. The dependence of the volumetric average fluid flow on the rotor speed:
— calculation results (line 1); ¢ — experimental results (line 2).

As can be seen from figure 8.5, the results of numerical simulation are in satisfactory
agreement with the experimental results.
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8.4. The study of the temperature characteristics of RPA

Chapter 6 examined the results of numerical simulation of the temperature state of
RPA. This section presents the results of experimental studies of the temperature
conditions of these devices. Graphs of temperature dependences of liquids
processed in RPA in the recirculation mode are presented in (fig. 8.6-8.8). As
model media, water and vegetable oil were used.
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FIGURE 8.6. The change in time of the water temperature at the entrance to the RPA.

As can be seen from figure 8.6, when water was treated for 4-10° seconds, its
temperature increased by 7.8°C due to energy dissipation. In this case, the
temperature difference between the liquid at the inlet and outlet of the working area
of the apparatus was approximately d7" = 0.16...0.17°C. This value characterizes
the increase in water temperature in one pass through the RPA.

The temperature dependences obtained for vegetable oil (fig. 8.7) indicate that its
temperature during the treatment increases significantly more than the temperature
of water. Since the viscosity of vegetable oil in the considered temperature range
significantly exceeds the viscosity of water, the amount of heat released due to
energy dissipation turns out to be greater than when treated with water. So for a
time of 2.5:10° s, the temperature at the inlet to the apparatus increased by 12°C.
The change in oil temperature between the inlet and the outlet of the apparatus
exceeds the similar indicators for water by an order of magnitude and amounts to
dT ~1.5..2.5°C.

In figure 8.7, the solid line also shows the time dependence of the temperature of
the sunflower oil at the outlet of the RPA, obtained by calculation using
dependence (6.1). As can be seen from the figure, the calculated curve lies slightly
higher than the experimental one, which, apparently, is associated with not taking
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into account all real heat losses to the surrounding space. On the whole, the
calculated data are in satisfactory agreement with the experimental data. Their
maximum discrepancy is 1.7°C.
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FIGURE 8.7. The change in temperature of vegetable oil over time during its processing in
RPA: A — at the entrance to the apparatus; ¢ — at the exit of the apparatus; = —
calculation results (line).

The experimental studies of the temperature characteristics of the rotary pulsation
apparatus of the TF-2 type made it possible to establish that during the processing
of vegetable oil a more intense increase in the temperature of the medium is
observed than in the case of water treatment, which indicates a higher degree of
energy dissipation for liquids with high viscosity.

An even higher degree of temperature increase during processing in RPA is
observed in such a highly viscous heterogenecous medium as soybean paste. Its
rheological properties, considered in chapter 6, are reflected in figure 6.15 and in
table 6.2. During the flow of such a medium, the presence of internal friction leads
to intense energy dissipation, which causes a significant heating of the paste during
its processing (fig. 8.8).
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FIGURE 8.8. The change in temperature of soybean paste over time during its processing in
RPA.
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Thus, as a result of experimental studies, the pressure, consumable, and energy
characteristics of the rotor-pulsation type TF-2 were established in the range of the
engine speed 0+100 rev/s. The thermal characteristics of RPA in the treatment of
media with different viscosities were also studied. At the same number of
revolutions of the electric motor, those media with a higher viscosity are heated
more intensely. A comparison of the experimental data with the calculated ones
shows their satisfactory agreement.

8.5. Experimental studies of the structural and mechanical
characteristics of soybean paste

Chapter 6 presents the results of numerical simulation of the dynamic and
temperature conditions of RPA during the processing of highly viscous non-
Newtonian fluids. The characteristic features of such regimes were considered by the
example of processing soybean paste in RPA. As initial data for numerical modeling,
the results of experimental studies of the structural and mechanical characteristics of
soybean paste (table 6.2) were used, which should be considered in more detail.

Structural and mechanical characteristics of soybean paste were measured on a
Reotest-2.1 rotational viscometer using cylindrical measuring devices [8.2]. The
test medium was placed in an annular gap between two coaxial cylinders. The outer
cylinder in order to maintain a given temperature during the experiment was placed
in a thermostat.

The rheological properties of soybean paste were determined based on the
relationship between the set value of the shear rate and the measured value of shear
stress. Measurements were carried out at steady state fluid flow in the gap between
the cylinders at different temperatures of the product under study and various
values of the concentration of water in the soybean paste.

The results of measurements of the shear stress in soybean paste with a water
concentration of C = 0.65 are presented in figure 8.9. Studies were conducted for
various ranges of shear rate changes.

As can be seen from figure 8.9, the dependence of the shear stress o on the shear
rate ¥ —is nonlinear. At low shear rates, at which the structure of soybean paste is
not yet destroyed, the slope of curve o (y) is steeper than at large y. As the strain

rate increases, the spatial structure of the soybean paste is intensively destroyed,
and the slope of the curve becomes more gentle. It should be noted that the
nonlinear shape of the curve under consideration is a characteristic feature of
structurally viscous media. This means that the effective viscosity for such media is
not constant. With an increase in the strain rate, it decreases according to some law,

which turns out to be similar to the Balkley-Herschel law [8.3]: o =0, +A}?k,

where o is the shear stress limit value; 4 and k are rheological constants.
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FIGURE 8.9. Dependences of shear stress on shear rate for soybean paste with water
concentration C = 0.65: A — 2.453..1073 s™; m — 1.227..536 s; @ — 0.33..107.3 s™;
+-0.033...53.6 5.

Using the above dependence to describe the obtained experimental results involves
determining the value of the ultimate shear stress o,. To determine o, it is

advisable o= f ( 7}) to represent the dependence in logarithmic coordinates
lgo = f(lgy). The values of empirical coefficients for the above equation were
established based on the dependence lg(o—ao)z f(gy) for soybean paste at
different temperatures (fig. 8.10).
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FIGURE 8.10. The dependence of the difference (o —o,) on the shear rate at various
temperatures: A —¢=40°C; m—1=35°C; @ —¢t=17°C.

The obtained stress values at various shear rates made it possible to calculate the
effective viscosity values ¢ =do /dy, the dependences of which on the shear rate

at temperatures: 17°C, 35°C, and 40°C are presented in figure 8.11. These



264 Energy conversion in local volumes of dispersed media

dependences can be conditionally divided into three zones: in the first, the effective
viscosity drops sharply, in the second, its insignificant change is observed, and the
third zone is characterized by an almost constant effective viscosity, characteristic
of visco-plastic media [8.4]. This rheological behavior of the paste is due to the
ratio of the broken and restored bonds of the structure, depending on the magnitude
of the shear stress.
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FIGURE 8.11. The dependence of the effective viscosity on shear rate: A —2.453...1073 s7';
m-1.227..5365"; -0.33..107.3 5" + - 0.033... 53.6 5°".

The value of the initial viscosity g, was determined from the dependence
lgu= f(Igy) by finding the point of intersection of the approximating line with
the axis lgp (fig. 8.12). The results obtained indicate that an increase in the

concentration of the aqueous phase and temperature, respectively, leads to a
decrease in the ultimate shear stress and initial viscosity.
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FIGRE 8.12. The dependence of the effective viscosity on shear rate.
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The values of the limiting shear stresses o, initial viscosities 4, as well as the

coefficients of the approximating equation describing the dependence of viscosity
on shear rate at temperatures of 17°C, 35°C, and 40°C and various concentrations
of the aqueous phase added to the paste are presented in table 8.1. Using the results
obtained, the values of the dynamic viscosity coefficients of soybean paste were
calculated as a function of temperature for a shear rate y= 10* s, which is

characteristic of a rotary-pulsation apparatus of the BGT type. As can be seen from
figure 8.13, this dependence has a linear character ¢ = —0.0088- 7'+ 0.727 (u has the
dimension Pa-s, and 7 — °C).

TABLE 8.1. Rheological characteristics of soybean paste under various initial conditions.

Trend Concentration of Tempe- Initial The dependence of stress on shear
loading | an aqueous phase rature viscosity rate c=0y +A4 y k
Coefficient Values
C Ta °C Ho, Pas 0o, Pa k A
17 281.9 2819 0.264 3469
decrease 0 34 194.5 1945 0.361 1700
40 172.5 1753 0.361 1507
15 274.7 2747 0.263 3469
increase 0.2
40 164.9 1649 0.323 1341
15 253 2530 0.215 4236
increase 0.3
40 159.8 1598 0.312 1389
decrease 0.4 17 124.4 1245 0.400 1010
17 92.5 925 0.410 712
decrease 0.6
40 88.3 883 0.381 640
0,8
1, Pas
0 -
04 \'\‘\
02
0 20 40 60 o 1°C

FIGURE 8.13. Dependence u(f) for soybean paste at y = 10*s7.
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In plastic disperse systems, a change in structure is observed under prolonged
loading, which can lead to an irreversible change in rheological properties, as well
as the manifestation of hysteresis phenomena [8.5]. In the process of studying the
viscosity of soybean paste when measuring shear stresses with increasing and
decreasing shear rates, it was found that the rheological properties have hysteresis.

In figure 8.14 shows the experimental data for the range of shear rate variation y =
0.123..54 s (fig. 8.14a), as well as y =0.245...1073 s (fig. 8.14b). With a rather

rapid cyclic increase, and then a decrease in the shear rate, a characteristic
hysteresis curve appears on the graph, indicating a delay in structural changes
compared with the change in load.
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FIGURE 8.14. The hysteresis of the rheological properties of soybean paste at a temperature
of 17°C in the shear rate ranges: a) 0.123...54 5™, b) 0.245...1073 s : m— C=0.65, A — C=
0.7; 1 — loading; 2 — unloading.

This fact allows us to attribute the studied medium to thixotropic systems [8.5],
which are characterized by intense reversible structural destruction upon deviations
from mechanical equilibrium and structural restoration upon removal of the load.
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This feature of structural changes in thixotropic properties under shear loads should
also affect the course of other thermophysical processes.

Another characteristic feature of the rheological properties of soybean paste is the
presence of relaxation phenomena in its structure. The results of experimental
studies indicate that these relaxation processes proceed quite slowly. The relaxation
time of undiluted soybean paste at room temperature is tens of minutes, while
diluted paste is tens of seconds.
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Chapter 9

INFLUENCE OF RPA CONSTRUCTION AND MODE
PARAMETERS ON MEDIA CHARACTERISTICS

9.1. Comparison of the hydrodynamic and thermal modes
of operation of rotary-pulsating apparatuses with different
arrangement of working bodies

Previously, cylindrical RPA assembled according to the “stator-rotor-stator"
scheme were considered (fig. 9.1a). Such a scheme is the most common, although
not the only one. For the processing of highly viscous media, apparatuses
assembled according to the “rotor-stator-rotor” scheme [9.1] are also used (fig.
9.1b). In contrast to the previously considered scheme, in this case, the inner and
outer cylindrical working elements rotate (rotors), and the middle element is
stationary (stator). In addition, two-element working bodies are possible, consisting
of an internal rotor and an external stator (fig. 9.1c), as well as an internal stator
and an external rotor (fig. 9.1d).

stator

rotor

FIGURE 9.1. Different ways of arranging RPA working bodies.

Consider the features of the dynamics of fluid flows in RPA presented in figure 9.1
modifications and compare them with each other. The basic version (fig. 9.1a) has
geometric dimensions: internal stator: 7 =55.0 mm; 7 =58.9 mm; rotor: », =59.1
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mm; 73 =62.9 mm; outer stator: 7, =63.1 mm; 75 =67.0 mm. In the rotor-stator-

rotor arrangement, instead of the outer and inner stators, two rotors will be present
with the same geometrical dimensions, and a stator instead of the central rotor.
Two-element arrangements have two working bodies, the dimensions of which
correspond to the internal stator and rotor of the basic version. The number of slots
in all elements is 60.

In contrast to the statement of the problem of fluid flow in the RPA working area
considered earlier, in this case, the computational domain is supplemented by an
upstream section of a width of 1 mm in front of the inner cylindrical working
element and a section of the same width following the external working element.
Boundary conditions of the form (4.11), (4.12) are now set not on the boundary
surfaces of the working elements, as it was before, but on the inner and outer borders
of the upstream sections. Moreover, if a fixed element (stator) is adjacent to the
boundary of the computational domain, then the condition for the angular velocity at
the boundary will be the same as in expressions (4.11), (4.12), namely Q(Rbo ,9) =0

(R, —radius of the inner or outer borders of the upstream sections). If the rotor is

adjacent to the boundary, then the condition at this boundary is represented in the

form x =0. For all four layout options, the pressure drop between the input

R=Ry,
and output sections of the working area was taken to be +10 kPa. The calculations
were performed for a liquid with a viscosity coefficient 4 = 0.1 Pa-s. The rotor speed
is @y=100ms".

In figures 9.2-9.5 presents the directions of the velocity vectors and the
overpressure field for the above layout options for RPA working bodies. As before,
in the slots of the stators, the velocity vectors are constructed relative to the fixed
coordinate system, and in the slots of the rotors — relatively mobile.

Analysis of the results of numerical simulation showed that in the working area of
the apparatus assembled according to the “rotor-stator-rotor” scheme, the fluid
movement is more intense than in the case of the basic “stator-rotor-stator”
scheme. This is evidenced by powerful vortex flows in all slots of the working
elements. In the case of the basic scheme, in the slot of the internal stator, vortex
formation is observed only at the exit from this slot. This is caused by the fact that
in the “rotor-stator-rotor” scheme, the rotational motion of the liquid is initiated by
the rotation of four cylindrical surfaces, and not two, as in the case of the “stator-
rotor-stator” scheme. Moreover, the more intense the rotational movement of the
fluid, the greater the importance of centrifugal forces, forcing the fluid to move in
the radial direction.
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FIGURE 9.2. The picture of the fluid flow and the overpressure field in the RPA working
area, assembled according to the “stator-rotor-stator” scheme: a) 7Az=0; b) 7Ar=1/2.
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FIGURE 9.3. The picture of the fluid flow and the overpressure field in the RPA working

area assembled according to the “rotor-stator-rotor” scheme: a) 7Az=0; b) 7Az=1/2.
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FIGURE 9.4. The picture of the fluid flow and the overpressure field in the RPA working
area, assembled according to the “stator-rotor" scheme: a) 7A7=0;b) 7Ar=1/2.
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FIGURE 9.5. The picture of the fluid flow and the overpressure field in the RPA working
area assembled according to the “rotor-stator” scheme: a) 7Az=0; b) 7/Ar=1/2.

The character of the pressure distribution in the internal gap of the apparatus with
two rotors is qualitatively similar to the distribution of pressure in the external gap of
the apparatus with two stators (fig. 9.2, 9.3). In the external gap of the two-rotor
apparatus, the character of the pressure change is qualitatively similar to the pressure
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change in the internal gap of the single-rotor apparatus. However, the range of
pressure changes in the working area is significantly higher in the case of the rotor-
stator-rotor scheme. A comparison of the pressure fields shows that at the moment of
complete mutual overlapping of the slots of the rotating and stationary elements in
the “stator-rotor-stator” scheme, the overpressure in the working zone changes from
-61.5 kPa to +12.1 kPa, and in the case of the “rotor-stator-rotor” from -92.0 kPa to
+13.8 kPa. Practically the same pressure change intervals at a specified point in time
are observed in the cases of both schemes with two working elements.

The main reason for the pulsating increase in pressure in the gaps at the moment of
mutual overlapping of the slots is associated with a significant decrease in the flow
area for the radial fluid flow and its sharp braking. At this moment, a phenomenon
similar to water hammer occurs. As will be shown below, the various layout
schemes of the working bodies provide for the same differential pressure Ap
different flow rates of the fluid in the radial direction. This explains the differences
in the ranges of pressure changes in the working areas of the apparatus, assembled
according to different layout schemes.

As already mentioned, the radial motion of the fluid is provided by both the
differential pressure Ap and the centrifugal force caused by the rotational motion of
the fluid. The rotational movement of the fluid is ensured by the frictional forces
between the moving cylindrical surfaces and the adjoining layers of the medium to be
treated. In the “rotor-stator-rotor” scheme there are four rotating cylindrical surfaces.
In all other schemes shown in figure 9.1, two at a time. The radial movement of the
fluid is prevented by friction against the walls of the slots of the movable and
stationary working elements, as well as a periodic change in the flow area along the
path of movement. As a result of the interaction of all these factors, a time-periodic
radial velocity ¥, averaged over the input section is established (fig. 9.6).

" \\u/‘/
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FIGURE 9.6. Time variation of the averaged radial velocity in the input section of the
computational domain: 1 — “stator-rotor-stator”’; 2 — “rotor-stator-rotor”’; 3 — “rotor-stator*;
4 — “stator-rotor”.
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Comparing the curves shown in figure 9.6, it can be noted that the minimum radial
flow rate is provided by the basic stator-rotor-stator circuit (curve 1). The rotor-
stator-rotor scheme (curve 2) has a higher radial flow rate due to the fact that the
rotational motion of the liquid in this case is more intense, and the friction losses
are almost the same as the basic scheme due to the identical geometric parameters.
In two-element schemes, there are fewer rotating surfaces than the rotor-stator-
rotor circuit, but there are also fewer surfaces that impede radial movement. As a
result of this, in schemes with two elements, the mass-average radial velocities are
higher than in schemes with three elements.

Since fluid braking during mutual overlapping of the rotor and stator slots occurs
more smoothly in the case of the “stator-rotor-stator” scheme (fig. 9.6), the
pressure drops in the working area also turn out to be smaller at this point in time.
This is evidenced by graphs of the time dependences of the overpressure at two
characteristic points of the computational domain located in the input sections of
the internal and external gaps. As can be seen from figure 9.7, for both three-
element layout schemes, at the moment of mutual overlapping of the slots of the
movable and fixed elements in the input sections of the external and internal gaps,
the overpressure reaches its maximum values. Then there is a sharp drop in
pressure at the entrance to the gaps located above the rotating elements (curve 1b,
corresponding to the internal gap of the “rotor-stator-rotor” scheme and curve 2a,
corresponding to the external gap of the ‘‘stator-rotor-stator” scheme). It is
followed by a less significant increase. In the input sections of the gaps located
above the fixed elements, in the period following the moment of mutual
overlapping of the slots, the pressure also begins to fall, but more monotonously
(curves la and 2b).
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FIGURE 9.7. The time variation of the overpressure in the inlet cross sections of the gaps:
a — stator-rotor-stator scheme; b — scheme "rotor-stator-rotor"; 1 — internal clearance;
2 — external clearance.



276 Energy conversion in local volumes of dispersed media

Differentiating the dependences presented in figure 9.7, over time, we find quantities
called “pressure pulsations”. The time dependences of these quantities are presented
in figure 9.8. As can be seen from the graphs, at the moment of mutual overlapping
of the slots of the movable and fixed elements, the maximum positive pressure pulses
are observed in the input section of the internal gap of the “stator-rotor-stator”

scheme (2—p=+4.17'109 Pa/s) and external gap of the “rotor-stator-rotor” scheme
T

(6_p =+8.91-10° Pa/s). At the same time, the maximum negative pressure pulses are

or

observed in the external gap of the "stator-rotor-stator" scheme ( a—p=—5.74~109
T

. . 19
Pa/s) and in the internal gap of the “rotor-stator-rotor” scheme (a—p:—8.25~109
T
Pa/s). As can be seen from this figure, the “rotor-stator-rotor” scheme provides
higher values of both positive and negative pressure pulsations.
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FIGURE 9.8. Change in time of pressure pulsations in the inlet cross-sections of the gaps:
a — stator-rotor-stator scheme; b — scheme "rotor-stator-rotor"; 1 — internal gap; 2 — external

&ap.

An analysis of such dependencies constructed for schemes with two working
elements showed that the time variation of the pressure at the inlet to the RPA gap,
assembled according to the "stator-rotor" scheme, is similar to the dependences for
the external gap of the "rotor-stator-rotor" scheme. The time variation of the
pressure at the entrance to the gap for the "rotor-stator" scheme is close to the
dependencies constructed for the internal gap of the "rotor-stator-rotor" scheme
(fig. 9.9). Thus, the "rotor-stator-rotor" scheme, as it were, combines both schemes
with two working elements.
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FIGURE 9.9. The time variation of the overpressure in the inlet cross sections of the gaps:
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b — “rotor-stator-rotor”; 1 — internal gap; 2 — external gap; ¢ — “rotor-stator”; d — “stator-

rotor”.

An analysis of the velocity and pressure fields in the working area of the apparatus
makes it possible to construct the dependences of the moments of hydrodynamic
drag forces acting on rotating elements (rotors). The meanings of these values are
important when choosing the type of motor in the RPA scheme. The calculation of
the indicated moments of resistance forces, depending on time, is performed
according to dependence (5.2). Recall that the moment is created by the forces of
pressure and normal stress acting on the inner surfaces of the slots of the rotor, and
by the forces of shear stress acting on the cylindrical surfaces. The results of
calculating the moments of resistance forces for different arrangements of working
bodies are presented in figure 9.10.
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FIGURE 9.10. Change in time of the total moment of hydraulic resistance forces acting on
the surface of the rotors: 1 — “stator-rotor-stator” scheme; 2 — ‘“rotor-stator-rotor”;
3 — “rotor-stator*; 4 — “stator-rotor”.
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As expected, the maximum total moments are created by forces acting on the
surface of two rotors of the "rotor-stator-rotor" scheme (curve 2). This is mainly
due to the maximum surface area on which resistance forces act. It is interesting to
note that in the case of the "stator-rotor" scheme for a short period of time,
including the moment of mutual overlapping of the slots of the rotor and stator, the
moment of resistance forces acting on the rotor becomes negative, i.e. this moment
of forces does not prevent the rotation of the rotor, but rather contributes to it
(curve 4). This can be understood from the analysis of the pressure field presented
in figure 9.4b. As can be seen from the figure, at the indicated moment in time, the
wall of the rotor separating two adjacent slots is exposed to a pressure difference
contributing to the rotational movement of the rotor, since the pressure in front of
the wall of the slot is slightly lower than the pressure behind the wall. It is also
interesting to note that when summing the moments of forces found for the "stator-
rotor" and "rotor-stator" schemes (curves 3 and 4), values close to those obtained
for the "rotor-stator-rotor" scheme are obtained (curve 2).

An important parameter characterizing the operation of RPA is the average total
power of heat sources O due to energy dissipation in the working area. The
influence of the viscosity of the medium on the indicated value was considered in
chapter 6. The time dependences of the QO values for the above four configurations
of working elements in the working area of the RPA are shown in figure 9.11.

0.W
3000 |———
R A
2000 4
iy
i
1000
0 02 0,4 06 08 T/AT

FIGURE 9.11. Change in time of the total energy dissipation in the RPA working space: 1 —
“stator-rotor-stator” scheme; 2 — “rotor-stator-rotor”’; 3 — “rotor-stator; 4 — “stator-rotor”.

As already indicated in the previous sections, the level of energy dissipation in the
working space of RPA weakly depends on time. This is evidenced by the curves
shown in figure 9.11. As expected, the maximum energy dissipation occurs when
the working bodies are arranged according to the ‘“rotor-stator-rotor” scheme
(curve 2). This is a consequence of both a more intense movement of the liquid
with such a scheme, and a larger surface area performing rotational motion.
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For both schemes containing two working elements, the total values of heat release
due to energy dissipation turn out to be almost the same (curves 3 and 4). In this case,
the total dissipation levels are approximately two times lower than for the "rotor-
stator-rotor" scheme. The "stator-rotor-stator" scheme occupies an intermediate
position in terms of energy dissipation (curve 1).

A comparison of the time-averaged basic dynamic characteristics of the apparatuses
assembled according to the four considered layout schemes is presented in table 9.1.
The data relate to the conditions presented above: Ap = +10.0 kPa; u = 0.1 Pa-s;
wp =100-s™.

TABLE 9.1. Basic dynamic characteristics of the apparatuses assembled according to the
four considered layout schemes.

Layout scheme Mass average radial | Moment of resistance | Power of heat sources
velocity V,, m/s forces M, N'm o, W
Stator-rotor-stator 0.288 10.35 2751
Rotor-stator-rotor 0.402 15.39 3650
Rotor-stator 0.501 7.02 1765
Stator-rotor 0.442 8.09 1845

From the table 9.1 it is seen that the maximum mass-average velocity of translational
motion is provided by a two-element apparatus of the "rotor-stator" type, and the
minimum is provided by the apparatus of the "stator-rotor-stator" type. The
maximum moment of resistance forces is created in the apparatus of the “rotor-stator-
rotor” type, and the minimum — in the apparatus of the “rotor-stator” type. The
maximum energy dissipation takes place in the "rotor-stator-rotor" apparatus, and the
minimum in the "rotor-stator" apparatus.

9.2. The influence of the width of the gaps between the working
elements of RPA on the dynamic characteristics of the fluid flow
and heat transfer in the working area

The operational efficiency of RPA, as a device for producing finely dispersed
emulsions, depends on a number of its structural (geometric) characteristics, among
which the most important role is played by the gap width J between cylindrical
working elements and the number of radial slots z in the working elements.
Chapters 5, 6 studied the influence of fluid viscosity u and the difference in
external pressure Ap on the dynamic and temperature characteristics of the fluid
flow in RPA at constant values of geometric parameters. To clarify the question of
the dependence of the indicated characteristics of RPA on its design parameters, a
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comparative analysis of the results of solving similar problems is carried out under
the conditions Ap = 0 Pa; = 0.01 Pa's and e, = 96'n s for cases of different gap

widths J and different numbers of radial slots z. The apparatus assembled
according to the “stator-rotor-stator” scheme is considered. It is believed that both
gaps have the same width and the number of slots in each of the elements is the
same. In addition to J and z, other design parameters of the device are considered
unchanged and correspond to RPA type TF-2 [9.2].

As the results of calculations showed, with a decrease in the width of the gaps, both
the radial flow rate of the processed medium G, and its flow rate G, in the

tangential direction (through the gaps) decrease. The dependences of both
characteristics on time for different values of the gap width and the same number
of slots z = 36 are shown in figures 9.12, 9.13.

As can be seen from figure 9.12, with a decrease in the gap width J from 0.3 mm
to 0.1 mm, the radial flow rate decreases overall by 1.4 times. At the same time,
the fluid flow through the gaps decreases almost in proportion to the width of the
gaps (fig. 9.13).

The relations of fluid flows averaged over one-time period in the tangential and radial
directions are presented in figure 9.14. As can be seen from the figure, with a gap
width of ¢ = 0.3 mm, this ratio is about 0.2%, and with 6 = 0.1 mm, it is only 0.08%.
As already mentioned in chapter 5, the most significantly dynamic characteristics
of the fluid flow in the RPA change at the moment of mutual overlapping of the
slots of the stators and rotor (7/Az = 1/2). At this moment, due to the sharp
deceleration of the flow, a phenomenon similar to water hammer is observed.
Moreover, in the region of the internal edge of the slot of the external stator, the
pressure, the flow acceleration, as well as the normal and tangential viscous
stresses change pulsed in time. The indicated region is characterized by the fact
that at 7A 7= 1/2 the maximum approach of the outer edge of the rotor slot to the
inner edge of the slot of the external stator occurs. Through this “gap” between
the edges of width J, the bulk of the fluid flows from the slot of the rotor into the
slot of the external stator. The smaller the gap width o, the higher the values of
the flow acceleration modulus and the pressure pulsation amplitude.

As can be seen from figure 9.15, with a decrease in the gap width from ¢ = 0.3 mm
to 0 = 0.1 mm, the maximum values of the flow acceleration modulus increase
from 0.8-10° m/s” to 1.6:10° m/s”. In this case, the maximum pressure near the
inner edge of the slot of the external stator increases from p = 36 kPa at = 0.3 mm
to p =58 kPa at 6 = 0.1 mm (fig. 9.16).
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FIGURE 9.12. Time-dependent radial flow rate of a fluid with a viscosity coefficient 4 = 0.01
Pa:sat Ap=0Pa, wy=96'1t 1/s,z=36:1-0=0.1 mm; 2 - 0.2 mm; 3 — 0.3 mm.
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FIGURE 9.13. The dependence on the time of fluid flow through the gaps between the
working elements: 1 —d=0.1 mm; 2 — 0.2 mm; 3 — 0.3 mm.
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FIGURE 9.14. The influence of the width of the gap on the ratio of fluid flow in the
tangential direction to flow in the radial direction.
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FIGURE 9.15. The time variation of the flow acceleration module near the inner edge of the
slot of the external stator, depending on the width of the gap between the stator and the
rotor: 1 —0=0.1 mm; 2 - 0.2 mm; 3 — 0.3 mm.

2 |kPa
1
60
2
40
3
EJ—\
20 =
]
'\-‘—/
0 0.2 04 0.6 0.8 T/AT

FIGURE 9.16. The time variation of the overpressure near the inner edge of the slot of the
external stator, depending on the width of the gap between the stators and the rotor: 1 — 6 =
0.1 mm; 2 -0.2 mm; 3 - 0.3 mm.

The indicated pressure pulsations and flow accelerations occurring at the moment
of mutual overlapping of the rotor and stator slots are an important factor in the
process of crushing dispersed particles of a heterogeneous substance during its
processing in RPA. Therefore, it should be expected that a decrease in the gap
width 0 should contribute to a decrease in the particle size of the dispersed
substance. Reducing the width of the gaps also causes an increase in shear stress
in the gaps, which should also contribute to the intensification of particle
crushing. However, due to a significant reduction in fluid flow through gaps, in
which these processes are believed to occur very intensively, the probability of
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crushing for a significant number of particles decreases. In addition, a decrease in
the width of the gaps causes an increase in dissipative heat and contributes to
overheating of the treated medium. As can be seen from figure 9.17, with a
decrease in the gap width from J = 0.3 mm to J = 0.1 mm, the average mass
overheating of the medium with a viscosity of u = 0.01 Pa's at Ap = 0 Pa and
wy = 96w s increases almost 2 times.
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FIGURE 9.17. Dependence of the degree of overheating of the liquid processed in RPA with
viscosity z = 0.01 Pas, density p = 1000 kg/m’ and heat capacity Cp = 4187 J/(kg-K) on
the gap width.

This is due to both an increase in total heat release and a decrease in flow rate in
the radial direction. At the same time, local overheating of the medium in the most
heat-stressed sections of the flow also increases.

9.3. The influence of the number of slots in the RPA working
elements on the dynamic characteristics of the fluid flow
in the working area of the apparatus

In addition to the gap width, an important structural characteristic of the RPA is the
number of slots in the cylindrical working elements. At a constant angular velocity
of rotation of the rotor, an increase in the number of slots z reduces the duration of

the period A7 =27/(z®,) between combinations of slots of the rotor and stators.

This increases the frequency of pressure pulsations and other dynamic
characteristics of the flow of the treated medium. For given values of the internal
and external diameters of the working elements, an increase in the number of slots
changes the relationship between the length and width of the slots, which leads to
changes in the structure of the fluid flow. In this case, the values of the dynamic
flow parameters considered above also change.

In principle, the number of slots in each of the working elements can be different,
but most often their number is the same for both the stators and the rotor. To study
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the effect of the number of slots on the dynamic characteristics of the flow, the
velocity and pressure fields in the working zone of a TF-2 type apparatus were
calculated for a medium with a viscosity # = 0.01 Pa-s at rotor velocity of
wy =961 s and at zero differential (Ap = 0) of external pressure. In addition to

the previously considered RPA version with 36 slots, the cases z = 24 and z = 48
are also considered for 6 = 0.1...0.3 mm. A comparison of the calculation results
for different variants of combinations of z and J will allow us to elucidate the
features of the joint influence of the gap width and the number of slots on the
dynamic parameters of the flow in the RPA working area. In this case, it is
assumed that the width of both gaps J is the same.

The character of the change in time over the period Az of the averaged radial velocity
of the medium depending on the number of slots z at 6 = 0.2 mm is seen from a
comparison of the curves shown in figure 9.18.
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FIGURE 9.18. Effect of the number of slots z in the working elements on the time variation
of the averaged radial velocity for one period (1 = 0.01 Pa‘s, Ap =0, wy= 967 s", 6 = 0.2
mm): 1 —z=24;2-2z=36;3—-z=48.

As can be seen from the figure, with increasing z, the value of the maximum for a
period of velocity decreases and the value of the minimum velocity of the medium
in the radial direction increases. It should be noted that for each of the curves in
figure 9.18, the period Ar will be different, since the quantity Az itself is inversely
proportional to the number of slots. The more slots z, the smaller the time interval
during which the medium can freely flow from the slots of the stationary elements
in the slots of the rotor. This also reduces the interval during which the slots are
mutually overlapped. Thus, with an increase in the number of slots, the time
intervals during which the fluid flow can be substantially rearranged decrease.
This, in fact, explains the fact that with an increase in the number of slots, the
oscillation amplitudes of the averaged radial velocity decrease. This, in general,
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applies to other dynamic characteristics of the flow, such as, for example, pressure
pulses at the moment of mutual overlapping of the slots of the rotor and stators.
With an increase in the number of slots, the frequency of these pulses increases,
and the amplitude decreases.

The dependences of the mass average radial velocities ¥, averaged over the period
Az on the number of slots z for various values of the gap width ¢ are shown in
figure 9.19. As can be seen from the figure, the character of the change I7r on z
turns out to be different for different §. So for a variant of the apparatus in which
d = 0.2 mm, the value ¥, weakly and monotonously increases with increasing z.
However, for 6 = 0.1 mm, the function I7r(z) has a minimum at z = 34, and for
d = 0.3 mm, a maximum at z = 37. Such features of the change ¥, depending on
the number of slots are explained by the complex character of the flow structure
and the laws of redistribution of centrifugal forces that cause the medium to move
in the radial direction. Moreover, with an increase in the gap width d, the values V.,

¥

increase, which is consistent with the results presented in subsection 9.2.
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FIGURE 9.19. The influence of the number of slots z in the working elements on the mass-
average radial velocity of the medium averaged over a period (x = 0.01 Pa's, Ap = 0,
wy=961/s): 1 —0=0.1 mm; 2 —0.2 mm; 3 — 0.3 mm.

As already mentioned, an important characteristic of RPA operation is the total
heat release power averaged over a period in the working area due to energy
dissipation. The dependences of this quantity on the gap width J obtained for
various values of the number of slots are shown in figure 9.20. As expected, for
any number of slots there is an increase in the total power of heat generation with a
decrease in the width of the gaps. In the interval between 0.1 mm < J < 0.2 mm, the
increase in heat generation with a decrease in the gap width is more intense than in
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the interval between 0.2 mm < ¢ < 0.3 mm. As for the effect of the number of slots
on the level of heat release, due to an increase in the pulsation frequency of all
dynamic characteristics of the flow, an increase in the number of slots also leads to

an increase in the averaged power of dissipative heat releases Q.
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FIGURE 9.20. The dependence of the total heat dissipation power on the gap width for
a different number of slots (= 0.01 Pa's, Ap =0, wg=96'7 1/s): 1 —z=124;2 — z =36,
3 -z=48.

9.4. The effect of the angular velocity of the rotor on the dynamic and
thermal characteristics of the fluid flow in the working area of RPA

In the previous chapters, the issue of the influence of the viscosity of the medium
on the dynamic characteristics of the flow and heat transfer in the working area
of the RPA was discussed in detail. The previously described results of numerical
simulation of the fluid flow were obtained in a dimensionless form. Moreover,
the Reynolds number written in the form Re=wyri /1 was taken as the
determining dimensionless parameter of the process. From this expression it
follows that the influence of the rotor velocity @, should be in character the
inverse effect of the viscosity of the medium . Therefore, there is no need to
dwell separately on the effect of the rotor velocity @, on the dynamic
characteristics of the flow. It is enough in this case to give two graphs describing
the dependences on the angular velocity of rotation of the rotor averaged over
one period of the mass-average radial velocity I7r (fig. 9.21) and the total

averaged power of heat generation Q (fig. 9.22).
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FIGURE 9.21. The influence of the angular velocity of rotation of the rotor on the mass-
average radial velocity of the medium averaged over a period.
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FIGURE 9.22. The influence of the angular rotor velocity on the total heat dissipation in the

RPA working area.

The indicated graphical dependences were obtained for an apparatus with z = 36
and ¢ = 0.2 mm at Ap = 0 for a medium with viscosity ¢=0.01 Pa-s. As one would
expect, with an increase in the number of revolutions of the rotor @, both the

mass-average radial velocity 7, and the average total power of the heat sources 0

increase almost proportionally.
The data presented in figures 9.19-9.22, can be summarized in the form of

polynomial dependencies:

_ k=2i=2=2 o

0= af; 0% wf (9.1)
k=0i=0 j=0

_ k=2i=2j=2 - P

V.= Z z z a; 0" 7' of (9.2)

k=0i=0 j=0
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Summarizing the results of numerical studies of the influence of structural and
operational parameters of RPA on the dynamic characteristics of the flow of the
processed medium, the following should be noted [9.3]:

— an analysis of the four layout schemes of the RPA working bodies location
showed that: the "rotor-stator-rotor" scheme provides the maximum moment of
hydrodynamic resistance forces and maximum total dissipative heat losses;
maximum overheating of the medium being processed is typical for the "stator-
rotor stator" scheme; maximum mass-average velocity is provided by the "rotor-
stator" scheme;

— with a decrease in the width of the gap between the working elements, the
amplitudes of pressure pulsations and flow acceleration increase; in proportion
to the decrease in the width of the gap, the liquid flow through the gap
decreases; with a decrease in the gap width, dissipative heat release and
overheating of the medium are significantly increased;

— an increase in the number of slots in the working elements leads to an increase
in the frequency of pulsations of all dynamic characteristics of the flow; the
total heat in the working space of the RPA with an increase in the number of
slots increase;

— with an increase in the number of rotor revolutions, both the mass-average
radial flow velocity of the medium being treated and the total heat release
power due to energy dissipation increase.
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Chapter 10

DESIGN AND TECHNICAL SOLUTIONS
WHEN CREATING RPA

10.1. RPA structural and operational parameters optimization

As follows from the results of calculating the average particle diameter, presented
in chapters 7 and 9, depending on the determining structural and operational
parameters of the RPA, the minimum average particle diameter can be obtained at
the maximum possible minimum gap width, the maximum possible number of slots
and the maximum possible rotor speed. These limiting values of these parameters
provide the maximum intensity of the dynamic impact of the working bodies of the
apparatus on the heterogeneous medium processed in RPA. Within the considered
intervals of variation of the indicated parameters, there is no local optimum (i.e., a
combination of the indicated values) providing the minimum average particle size.
However, in many cases, the average particle size of the dispersed particles of the
emulsion D;, does not have to be extremely small. It can be set as a specific value

that provides the required quality of the product. In this case, the optimal ratio of
the determining structural and operational parameters of the RPA can be dictated
by a number of other requirements, such as, for example, its maximum
profitability, minimum energy consumption for the implementation of the process
of crushing particles, maximum productivity of the apparatus, etc. subject to the
provision of a given (although not extremely small) average particle diameter. If,
for example, the average power of heat sources due to energy dissipation O, which
should be minimal, is chosen as the optimization function, then the optimization
problem is formulated as follows: it is necessary to find values of J, z, and @, that
would ensure the average particle diameter D, = D, provided that the heat
release O =0(5,z,m,) is minimal. In accordance with [10.1], the mathematical
formulation of this problem can be represented as:

x" =arg mi)r(lé(x) (10.1)

provided
Ds,(x) = Dy, = const (10.2)
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where x is a point of the space X with coordinates x; =J; x, =z; x3 =@,. The

in <X <6,

space X is limited by the values o, maxs  Z

m <x, <z

min = max >
@y min < X3 < Wpmax- 1t should be noted that the function Q(x) on a given set X,

according to the results presented in chapter 9, has no local extrema. However, they
can appear on the set Y, which is a subset of the set X and is determined by the
dependence (10.2).

To solve the optimization problem (10.1), (10.2), we turn to expression (7.11),
which is the quadratic dependence of the average particle diameter on the

parameters of the apparatus 6, z and @,. For a given value of Dj,, from

expression (7.11), we can obtain an explicit dependence

5=05(Diy.z.0) (10.3)

in which Dj, will not be an argument, but a parameter. To obtain such a dependence,

we represent expression (7.11) in the form

D}, =Fy(z,00) + F (2,005 + F> (2,0, ) 5° (10.4)
i=2 j=2 o

where Fj (z,a)o ) = z Z a,gi,jz’a)({, k=0; 1; 2. It can be considered as an equation
i=0 j=0

with respect to J, the solution of which has the form:

N —F](z,a)o)ir\/F]z(z,a)o)—4(F0(z,a)0)—D;2)F2(z,a)o)
- 2F, (z,m)

(10.5)

The sign in front of the radical is selected from the condition J > 0.

Substituting (10.5) into the expression for the power of heat sources, we obtain
0’ (z.0)=0| 5(Diz.0 )2, | (10.6)
To explicitly represent the function (10.6), one can use the previously obtained

quadratic approximation (9.1) of the function Q.

In the above way, a subset of points ¥ (y, =z;y, =@,) is distinguished from the
original set X. On the subset of points ¥, we can now examine the function of two
variables O for the presence of a local minimum. The optimization problem (10.1)

can now be reformulated as

y* =argmin Q" (y) (10.7)
yeY
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It should be noted that the arguments y, = z; y, = @, are now changing in narrower
intervals than the arguments x, = z; x; = @, of the set X. They now turn out to be

connected by an additional relation, F12 (z, @y ) — 4(FO (z, o ) -Dj, )F2 (z, a)O) >0,
providing solvability of equation (10.4) with respect to .

If a solution to problem (10.7) exists, then the found value of the argument y* will

and o

indicate the optimal values of z opt

opt that provide a minimum of heat

release due to dissipation under the condition of a given average diameter Dj, of

dispersed particles. From the explicit expression (10.3), we can now obtain the
optimal value of the gap width:

5opt :5(D;2’Zopt’a)opt) (108)

Similarly, it is possible to obtain a solution to the optimization problem in the case
when the objective function is the maximum RPA performance for a given average
particle diameter. The performance of the device is determined by the value of the
mass-average radial velocity 7,. Therefore, the optimization problem for the
specified objective function can be formulated as
x" =arg max V. (x)
xeX (10.9)
Ds, (x) = D3, = const

Since the rotor apparatus is considered the more perfect, the higher its productivity
and the less thermal energy is released in it due to dissipation (which mainly affects
its energy consumption), it seems most appropriate to use the ratio Q /V,, which

with optimal parameters of the apparatus should be minimal. The physical meaning
of the given objective function becomes apparent from the expression

1 : . . .
AT = —_g, that determines the overheating of the medium processed in RPA.
C,pV,.f
If overheating of the medium in the apparatus is taken as the objective function,
then the optimization problem is formulated as follows:

x" =arg min AT (x)
xeX (10.10)
Ds,(x) = D3, = const

As an example of solving optimization problems, we consider the case of the TF-2
apparatus, for which the dependences of the average total power of the heat-release
sources and the mass-average radial velocity on the determining parameters J, z
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and @, are shown in figures 9.19-9.22 and are generalized in the form of expressions
(9.1) and (9.2). The dependences of the average particle diameter D;, on the same

parameters are presented in figures 7.11-7.13 and are generalized in the form of a
polynomial (7.11). These results were obtained at constant values of all other
geometric parameters. The pressure drop between the input and output sections of the
working area is zero. Radial motion of the medium is caused only by the action of
centrifugal forces. Recall also that the calculation results were obtained for the
following physical properties of continuous (index 0) and dispersion (index 1) media:
1y =0.01 Pa-s; p, = 1000 kg/m’, g = 0.06 Pa's, p = 880 kg/m’. The surface

tension at the interface is « = 0.02 N/m. The case of a single processing of the
medium in RPA is considered. Given is considered the average diameter of the

dispersed particles Dj, = 15 um after a single treatment. The solution of equation

(10.4) for this case, obtained in the form of expression (10.5), is graphically
presented in figure 10.1. The numbers on the curves indicate the number of slots in
the working elements. As can be seen from figure 10.1, for these conditions, a
solution to equation (10.4) with respect to ¢ exists if the number of slots is not less
than z = 30, and the number of revolutions of the rotor is not less than = 47.
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FIGURE 10.1. The dependence of the gap width ¢ on the rotor speed @, and the number of

slots z, providing an average particle diameter of D;, =15 um.
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The function 0=Q"(z,@,), obtained from expression (9.1) taking into account

the found dependence & = 5(Dj5,,z,@,), is shown in figure 10.2.
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45 48 50 52 54 56 58 @g/27,s!

FIGURE 10.2. The dependence of the heat dissipation power on the rotor speed @, and the

number of slots z with an average particle diameter of D;, =15 um.

From figure 10.2 it is seen that the absolute minimum, which is O = 59.12 W,

the function O*(z,@,) reaches at z = 48 and @, /27 =48.8 s™'. The presented
values of the number of slots and the rotational speed of the rotor are optimal
from the point of view of the minimum level of heat release due to dissipation,
provided that the average particle diameter in one cycle of processing the
medium is Dj, = 15 pm. Further, from the expression (10.8), the optimum gap
width J necessary for these conditions is determined, which, as can be seen from
figure 10.3, will be equal to 5,,, = 0.204 mm. Using expression (9.2), we can now

calculate the mass-average radial velocity characteristic of the obtained optimal
RPA parameters, which turns out to be ¥, = 0.453 m/s.
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revolutions of the rotor @, and the number of slots z at an average particle diameter of 15 pm.
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FIGURE 10.5. Determination of the optimal width of the gaps, providing the maximum
mass-average speed with an average particle diameter of 15 microns.

The solution of the optimization problem (10.10) for the case when the objective
function is the degree of overheating of the medium being processed in the
working area is shown in figures 10.6 and 10.7.

The objective function AT(J,z,m,) is constructed using expressions (9.1) and
(9.2). The optimal parameters that ensure minimal overheating of the medium at
Dy, = 15 pm will be: the gap width §,,,= 0.245 mm; the number of slots
Zope =48, rotor speed @,, =51 rev/s. With the indicated average particle
diameter, the above parameters provide the minimum degree of overheating of the

substance AT = 0.016°C. In this case, the average total power of heat sources is
O = 62.34 W, and the mass-average velocity is V.=0.502 ms.

Data on optimization of geometric and operational parameters of RPA type TF-2
are presented in table 10.1.
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TABLE 10.1. RPA geometric and operational parameters optimization results.

Objective function | Oy, MM Zopt @y | 271, s 0w V., m/s
Qmin 0.204 48 48.8 59.12 0.453
Vmax 0.291 46 60 146.73 0.634
AT, 0.245 48 51 62.34 0.502

Analyzing the results of solving three optimization problems, it can be noted that
the geometric and operational parameters of the RPA, which ensures the minimum
overheating of the medium in the working space, occupy an intermediate value in
the intervals between the parameters providing the minimum dissipative heat
release and the maximum productivity of the apparatus.

Thus, the considered method for optimizing the geometric and operational
parameters of RPA makes it possible to create apparatuses that provide a given
average diameter of dispersed particles with minimal energy dissipation in the flow,
with maximum apparatus productivity and with a minimum degree of overheating of
the processed medium.

10.2. Rotary pulsation equipment for the production and processing
of liquid dispersed media

Due to the decrease in recent years in a number of industries, output volumes, and
on the other hand, due to the expansion of the offered assortment (in order to
maintain market positions), the need arose for highly efficient, versatile and small-
sized compact equipment of small capacity, but easily reconfigurable in many
technologies for the production of various products. Here, data are presented on a
rotary-pulse type heat and mass transfer equipment complex for mixing, crushing,
emulsification and homogenization processes when producing highly viscous oil-
water emulsions for various purposes, as well as for their special processing [10.2,
10.3]. All installations were developed at the Institute of Engineering
Thermophysics of the National Academy of Sciences of Ukraine, are produced in
small batches, and are sold and operated on the markets of Ukraine and other
countries. The processes of mixing, hydrodynamic crushing, or homogenization of
dispersed particles of multicomponent media are based on a number of proposed
physical mechanisms of the DIVE principle. The implementation of these
mechanisms in the developed equipment is carried out with a pulsating effect on
the substance of the field of high speeds and accelerations [10.4-10.6].
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Rotor installation TF-2

This installation is intended for the preparation, emulsification and
homogenization of water-oil emulsions, including highly viscous media. The
plant is used for food production of mayonnaise; mixes for ice cream; caviar
emulsion; sauces; pastes; mashed potatoes; desserts; for chemical production in
the processes of mixing several mutually insoluble liquids, as well as for
dissolving in a liquid (recovery) of powders and other bulk materials.
Structurally, the installation mainly consists of a hopper with a capacity of 0.1
m’, where the ingredients of the obtained product are preloaded, a vertical rotor
assembly from a set of five coaxial cylinders with slotted holes on the side
surface (two rotors and three stators, the gap between each a pair of 0.1 mm), a
special mechanical seal assembly based on graphite rings, a pump assembly, an
electric motor, a housing and pipelines for recirculation or output of the finished
product. Schematically, the design of the apparatus is presented in figure 9.1. The
installation was developed in several modifications with minor design changes
for various capacities. The technical data of the installation are given in table
10.2. The TF-2 installation can be used for production with small volumes of
products, in particular, in the field of food, processing industry or agriculture, and
is intended for individual use, farms, small enterprises, joint ventures, joint-stock
companies or cooperatives. It is possible to apply a package of new technologies,
formulations and compositions of various food products, including new original
ones developed at IETF NASU and implemented using the TF-2 unit [10.3].

FIGURE 10.8. The scheme of the section of the working zone RPA type TF-2.
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Rotor installation TF-2G

Designed for grinding, emulsifying or homogenizing highly viscous dispersed
media with high density components. The installation is used to obtain complex
emulsions of high viscosity, in particular, for preparing the initial mixture in the
production of simulation protein caviar based on fish milt, low-value fish species
or other fish raw materials.

The installation constructively consists of a container for loading the initial
components (including powdered or solid) and horizontally located: a screw with a
special profile cutting device, rotary mixing and homogenizing unit, packing
stuffing box, pump assembly, housing, electrical engine and piping kit. Technical
data are given in table 10.2.

BS rotary apparatus

Designed for processes of crushing, grinding, emulsification, mixing and
homogenization of dispersed media of high viscosity on a liquid basis, including
emulsions, suspensions, pastes. It is used in the production technology of protein
caviar, creams, sauces, pastes, mashed potatoes, ketchups, meat and dairy products.
Possible application for emulsification and homogenization of mutually insoluble
liquids with solid phase additives, including chemicals. The apparatus consists of a
loading capacity of 0.02 m’, a cutting device, an original rotor with specially
profiled curved grooves, a reciprocal part of the stator, pump assembly, housing
and pipelines. An electric motor with a belt drive unit is located in the upper part of
the apparatus. Technical data are presented in table 10.2.

Steam (gas) - contact rotary device BSM

This apparatus is designed for mixing and homogenizing liquids with gas or steam.
When mixed with steam, it is used as a direct contact heat exchanger. It is possible
to use for technologies of steam pasteurization or sterilization of liquid dispersed
systems by direct mixing. It is used in technological lines (together with other
proposed equipment of vacuum equipment: a vacuum emulsifier or a vacuum
homogenizer) for steam sterilization of liquid dispersed systems such as natural
milk, cream, juices, mashed potatoes, baby food products and other media. The
data of the BSM apparatus are given in table 10.2. Structurally, the apparatus
consists of a rotor assembly in a set of five fluoroplastic disks with holes of a
special profile (two — rotors, three — stators), an original mechanical seal, an
electric motor, a housing, fluid and steam (or gas) inlet nozzles, and an outlet
nozzle. The apparatus can also be used in aeration, saturation or flotation
technologies for liquids, as well as in other technologies where the effects of direct
mixing of liquids and gases are used.
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Rotary apparatus for dissolving BSR

Designed for liquid dissolution (recovery) of bulk materials, including granular
and lumpy. It is used in technologies for dissolving natural milk, skim milk, dried
potatoes, dried juices or other powders. Structurally, it consists of a conical
hopper for bulk solids with a wire screw driven by a low-speed gearbox, a
grinding unit for granules or possible lumps, an input unit for a swirling fluid
flow, where the product is pre-mixed and dissolved, the rotor homogenization
unit of the recovered medium, compaction, pump part, electric motor, housing
and system of inlet and outlet pipes.

Rotary mixer TFM

Such a mixer is designed for metered mixing, crushing and homogenization of
sparingly soluble liquid media. It is used in technologies for dosed mixing of
liquids, in particular, in technology for extracting biologically active liquids from
seafood. It consists of an ejector mixing unit and partial recirculation of the flow
and a rotary homogenizer of a dispersed medium. The latter is constructed from
the rotor part in the form of a set of coaxial rotor and two stators, seals of special
manufacture, pump assembly, housing, electric motor and piping system,
including input and output pipes. It is made in the marine (ship) version, which
provides for operation under conditions of roll, vibration, tropical climate and
high humidity.

BGT rotary pulsation apparatus

The apparatus for the homogenization of BGT is intended for mixing, crushing and
homogenizing the components of highly viscous pasty products in the processing,
chemical, pharmaceutical, food, dairy and other industries.

Structurally, the homogenizer consists of a loading hopper, a rotor-pulsating unit, a
control panel, a special seal, a frame, a casing, an electric motor. The rotor-
pulsation unit consists of two cylindrical rotors with vertical slots, one stator with
the same slots and a wing-chat. A knife is installed on the top of the shaft. In the
lower part of the housing there is a shaft seal assembly on the drive side. The
housing has a pipe for unloading the finished product, as well as pipes for
supplying and draining water to the mechanical seal assembly.

The loading hopper, made in the form of a cone, is designed to load the processed
raw materials and accumulate them for periodic loading. There is a lid on the top of
the hopper. The working volume of the hopper is 80 liters. The housing is intended
for installation and placement of the working body of the homogenizer — the drive
shaft with rotors, stator and shaft seal. The working body of the rotary pulsation
apparatus is designed to grind, homogenize and remove material from the working
zone by creating a complex set of effects on the processed raw materials: pulsating
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alternating pressure differential, high gradient flow in the gaps between rotating and
stationary elements (rotors and stator), as well as large shear stress. The device
operates in continuous mode and during recycling of processed raw materials.

Rotary homogenizer UPVSS-2

Used for the production of tomato juice. Tomato paste in barrels with the help of a
lift enters the mixer, where it is diluted with water to a concentration of 15-20%
brix. At the same time, the formulation components are added to the mixer, based
on the calculation per unit mass of the finished tomato juice. After mixing in a
mixer, the product enters the UPVSS-2 rotary homogenizer, where intensive
mixing, grinding and homogenization of concentrated tomato juice takes place.

The process of intensive technological mixing, grinding, dispersing and
homogenizing concentrated tomato juice occurs in a horizontal type rotary
homogenizer UPVSS-2.

All specified in table 10.2 the rotary installations have a continuous flow regime of
flow, and they are united by the general principle of rotor homogenization of a
dispersed medium, which is as follows. Passing through a certain number of
specially profiled openings of the rotor — stator pairs, the medium being treated
falls into the zone of interaction of intense pressure pulsations and large velocity
gradients, which contribute to the hydrodynamic fragmentation of the dispersed
phase. In the minimum gap between the rotor and the stator, the formation of thin
liquid films and their subsequent destruction, accompanied by crushing of particles.
In addition, the alternating alternation of the passage openings leads to the
formation of low-pressure vapor (gas) cavities and their subsequent collapse,
causing cavitation effects of crushing of the immiscible component. In places of
discontinuity of the liquid medium due to rarefaction (vacuum), adiabatic boiling
of the dispersion component is possible. Such a complex application of various
crushing mechanisms, studied in detail in [10.6, 10.7], allows one to obtain a high-
quality product characterized by a low dispersion of particles in the range of
0.5-3.0 um and the absence of separation of the resulting emulsions during
standard storage and sale periods.

All RPA installations are compact, as well as easily collapsible, which allows them
to be effectively washed and repaired, are easily dismantled and installed in
technological lines, which determines their universal application.
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Chapter 11

CONCLUSION

In conclusion, we dwell briefly on the main results of research in the theory of
rotary pulsation apparatuses presented in this monograph.

The structure of the fluid flow in the working space of the RPA is determined, the
pulsating character of the change in the dynamic parameters of the flow is
established; the effect of vortex formation in the flow in separate sections at
different points in time, including the presence of one or two oppositely directed
vortices in the slots of the rotor elements, was detected. The dependences of the
mass-average flow velocity, the moment of resistance forces acting on the rotor,
the power of the dissipative heat generation sources and the degree of overheating
of the treated medium on its thermophysical properties, as well as on the structural
and operational parameters of the RPA, are found. Based on these data, the
necessary technical characteristics of the apparatus’s electrical equipment are
determined, as well as the possibility of processing heat-sensitive media in RPA.

A method for determining the trajectories of dispersed particles in the working
volume of RPA; the possible number of acts of their hydrodynamic fragmentation
and the sizes of the formed daughter particles in cases of laminar and turbulent
flow regimes of the treated medium are estimated; a phenomenological method has
been constructed for estimating the average diameter of dispersed liquid particles
of a heterogeneous medium processed in RPA; the dependences of the average
particle diameter on the structural and operational parameters of RPA are
investigated.

Based on the results of a comparative analysis of the RPA characteristics with a
different arrangement of working bodies and various structural and operational
parameters, the most optimal RPA design options were established in terms of their
maximum performance or minimum power consumption.

A method for optimizing the geometric and operational parameters of RPA has
been built. The optimal values of the width of the gaps, the number of slots in the
working elements and the velocity of rotation of the rotor are found that provide,
with the required average particle size, the maximum productivity or minimum
energy consumption for the implementation of crushing, emulsification and
homogenization processes.
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The obtained research results made it possible to formulate the main characteristics
of hydrodynamics and heat transfer in the working volumes of rotary pulsation
apparatuses, which determine their main qualitative indicators, as dispersing and
mixing devices.

The picture of the flow of the processed fluid in the slots of the rotor and stators
has a periodic and mainly circulating character. Periodically occurring vortex
structures in the flow contribute to the intensification of the processes of mixing,
dispersion and homogenization of a heterogeneous medium. The design and layout
of the working bodies of the apparatus, as well as the high rotor velocity, contribute
to the occurrence of significant flow accelerations, high pressure gradients, normal
and shear stresses in the slots of the working elements, as well as in the gaps
between them. At the moments of mutual overlapping of the slots of the rotor and
stators, a sharp (pulsation) change in the indicated dynamic characteristics of the
flow is observed. With an increase in the viscosity of the medium, as well as with
an increase in the difference in external pressure and rotor velocity, the considered
tendencies intensify. Such phenomena can be described as discrete-pulse energy
input (DIVE) into the stream. These hydrodynamic effects in the working volume
of the apparatus are the main cause of the destruction of the particles of the
dispersed component of the multiphase medium.

The radial flow rate of fluid through the working area in most cases prevails over
the flow rate in the tangential direction. Fluid flow in the radial direction increases
with an increase in the external pressure drop, an increase in the rotor velocity and
with a decrease in the viscosity of the medium. An increase in the viscosity of the
medium being treated leads to an increase in the moment of hydrodynamic
resistance forces acting on the rotor and to an increase in heat release due to the
dissipation of mechanical energy. However, this increase is not proportional to the
increase in viscosity, since an increase in viscosity reduces the intensity of the flow
strain rate. The maximum heat release in the working area of the RPA occurs in the
area of the external gap, as well as at the edges surface between the external gap
and the entrance to the slot of the external stator. In these areas, there is a
maximum overheating of the medium.

In the time interval corresponding to the mutual overlap of the slots of the stators
and the rotor, the maximum convergence of the edges of these slots occurs.
During this time interval, the highest impulses of pressure, velocity and
acceleration of the flow are observed in the region of the edges of the slots of the
rotor and stators. The duration of these pulses is about 20 us. This also indicates a
discrete in space and pulsed in time mechanism for supplying energy to the
working area of the rotary pulsation apparatus. Based on this, the areas of the
working space that have the highest potential for the destruction of dispersed
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inclusions should include sections of the edges of the slots of the stators adjacent
to the gaps between the cylindrical working elements.

With a decrease in the gaps between the rotor and the stators, the strain rates of the
flow increase, pressure gradients, normal and tangential stresses increase. Reducing
the width of the gap also leads to an increase in the power of dissipative heat
sources in the stream and an increase in the overheating of the medium being
treated. An increase in the number of radial slots in the working elements, as well
as an increase in the velocity of rotation of the rotor contributes to an increase in
the productivity of the apparatus, but dissipative heat release also increases.

In the RPA working space, both inertial and viscous particle crushing mechanisms
are realized, and in the case of turbulent flow, a turbulent crushing mechanism is
realized. The implementation of these mechanisms is facilitated by the DIVE effect,
which leads both to pulsed acceleration of dispersed particles and to an increase in
the dynamic loads on the particle from the side of a viscous dispersion medium.

Studies of the influence of RPA geometric and operational parameters on the size of
dispersed particles in a heterogeneous liquid medium showed that the average
particle diameter decreases with a decrease in the gap between the working elements,
an increase in the number of radial slots and an increase in the rotor velocity.

From the analysis of the layout schemes of the RPA working bodies, the "rotor-
stator-rotor" scheme, in comparison with the "stator-rotor-stator" scheme, is
characterized by a higher level of heat generation due to dissipation of mechanical
energy and a higher moment of hydrodynamic drag forces acting on the rotors. At
the same time, the highest amplitudes of pressure pulsations characteristic of the
“rotor-stator-rotor” scheme should most likely contribute to the intensification of
the processes of crushing of dispersed particles in the working volume of the
apparatus assembled according to this scheme.

The method of optimizing the structural and operational parameters of RPA based
on the results obtained makes it possible to formulate recommendations for their
design and operation in the technologies of mixing, crushing and homogenization
of liquid dispersed media.

Recently, the scope of rotary pulsation apparatus has expanded significantly. This
explains the increased interest of researchers and practitioners in the theory of
cylindrical RPA. The authors hope that this book will allow to a certain extent to
satisfy him.








