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Abstract: A steam explosion results from intense heat transfer when a thermolabile liquid phase comes into contact with
a hot liquid. As a result of such contact, microdispersed fragmentation of a high-boiling liquid occurs. A mathematical model
is proposed to describe the thermomechanical crushing process, considering the formation of a vapour layer at the interface
between two phases and the force interaction concerning several simultaneously boiling particles of the dispersed phase.
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1. Effects of Intense Heat Transfer in Liquid Mixtures

When liquid mixtures, for example, emulsions, are heated to a temperature exceeding the boiling point of
the low-boiling component at an appropriate pressure, the boiling of the thermolabile component may have the
character of an explosion. In this case, a vapour layer appears at the interface between two liquids, which can
increase in volume, collapse, and cause rapid fragmentation of the high-boiling component of the mixture of
liquids (Albanese et al. 2019, Zevnik & Dular 2020). As the surface area between the liquids increases, frag-
mentation accelerates, rapidly increasing vapour pressure with explosive characteristics. The results of current
experiments with liquid helium and water show that the rate of pressure increase can reach 1000 kPa/s (Gane-
san et al. 2015, Chernin & Val 2017, Pham-Thanh et al. 2015, Dietzel et al. 2017). For explosive vaporisation,
the key factors are the selection of optimal process parameters that will create conditions for fine fragmentation
and determine the size of the resulting fragments (Pavlenko 2018, Pavlenko 2019, Warjito et al. 2021).

Some authors have proposed fragmentation models for superheated emulsions (Janssen & Kulacki 2017,
Pavlenko 2020, Badv 2015) based on drop surface instability. At the same time, the fragmentation model can
be described from the standpoint of thermodynamics because the process of forming a vapour film generates
pressure pulses and creates significant gradients in the hydrodynamic parameters of the flow, which can cause
droplets to break up to stable sizes.

This paper presents one of these approaches to assess the degree of dispersion of liquid mixtures during
homogenisation.

2. Crushing of the Dispersed Phase During Emulsion Boiling

The classical theory of droplet deformation and destruction depending on the degree of flow turbulence be-
longs to Kolmogorov (Nigmatulin 2004), who considered this process a result of the manifestation of many ran-
dom phenomena and, based on probability theory, obtained a logarithmic droplet size distribution. When consid-
ering these processes, the drop must resist the action of forces that tend to destroy it. The main factors determining
the fragmentation of drops in a liquid medium are the relative velocity of the flow around the drop, flow acceler-
ation, densities of the dispersed and continuous phases, surface tension, viscosities of both liquids and the char-
acteristic time of their interaction. The types of hydrodynamic instability that arise under the influence of these
factors will be as follows (Pavlenko et al. 2014a):

1) Tolmin-Schlichting instability resulting from the transition from laminar to turbulent flow.

2) Kelvin-Helmholtz instability occurs when two fluids move at different tangential velocities relative to the
interface. When the flow is laminar, surface rupture can be observed even at low velocities. The Weber number
characterises this type of instability:
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where R is the radius of the vapour bubble, w is the velocity of the vapour phase boundary, o is the surface
tension at the interface.

The critical Weber number equals We. = 10 (Pavlenko 2019).

3) Rayleigh-Taylor instability occurs if the surface between two fluids is accelerated from a lighter fluid to
a heavier one. The Bond number characterises this type of instability:
4R%pa
Bo = T. (2)
where a is the acceleration of the boundary motion.

The critical Bond number equals Bo. = 40 (Pavlenko 2019).

4) Benard's instability occurs due to density fluctuations, which consist of the fact that heavier layers are over
lighter ones under the influence of certain causes (temperature gradient, concentration).

Tolmin-Schlichting and Benard's instabilities are observed in both homogeneous and heterogeneous sys-
tems, while Rayleigh-Taylor and Kelvin-Helmholtz-type instabilities are observed only in heterogeneous sys-
tems.

The calculations presented in the literature are mostly based on the Bond and Weber criteria (Pavlenko et al.
2014b, Tran et al. 2020, Adhikari et al. 2016, Chandrapala et al. 2012, Sun et al. 2020, Koshlak & Pavlenko
2019); i.e. consider only the Rayleigh-Taylor and Kelvin-Helmholtz instabilities, which are most characteristic
of emulsion media. The processes of deformation and crushing of the dispersed phase (droplets) while moving
in a liquid are described in (Prajapat et al. 2019, Merzkirch et al. 2015, Sun et al. 2021, Albanesea et al. 2019,
Gasanov & Bulanov 2015, Dabek et al. 2016, Dabek et al. 2018). At the same time, no existing model considers
the process of fragmentation of the dispersed phase, taking into account the formation of a vapour layer at the
interface between two phases and the force interaction with respect to several simultaneously boiling particles
of the dispersed phase. The possible processes of deformation and crushing under the influence of either ex-
plosive boiling, the growth of steam bubbles, or the impact of steam caverns, cavitation cavities at the moment
of their collapse, when the most significant dynamic effect is possible, are described. A vapour cavity (bubble)
formation is assumed to be homogeneous, and only the maximum dynamic effects are considered. At the same
time, the destruction of the dispersed phase can occur at any other time because the hydrodynamic situation in
the vicinity of two growing bubbles is uncertain. If a particle of the dispersed phase is located at some distance
from these bubbles (or between them at a certain distance), then the effect of fragmentation of this particle will
manifest itself upon reaching the maximum force, which will exceed the critical one calculated according to
the Weber or Bond criteria, but will not necessarily be equal to the maximum that can act in this system. If we
consider the thermomechanical crushing of the dispersed phase, which boils, the process becomes even more
complex and requires a detailed study.

The main factors that determine the crushing of the dispersed phase are shown above. According to the
criteria of Weber and Bond, the main factors determining the fragmentation of the dispersed phase, respec-
tively, will be the speed (relative velocity) w and the acceleration a, acting on a given (dispersed) particle. The
speed at any point in space in the vicinity of a growing or collapsing vapour volume (bubble) can be determined
by the relation:

wR®
7 3)
B

w(r) =

where 7 is the radius of a drop of a low-boiling liquid.
It can be seen from this relationship that this velocity is inversely proportional to the square of the radius
(starting from the value of the radius of the vapour volume itself).
The distribution of acceleration in the vicinity of the bubble is determined (described) by the expression:
,  2pwR)R
grr)=p=p,+05wp —— Py

r

: 4)

where:

7 —time,

p — pressure in the vapour phase,

poo — pressure in the liquid mixture,
p — density of the high-boiling liquid.
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The results of calculations for the dispersed system "vapour-liquid" according to equation (5) are shown in
Fig. 1.

As can be seen from this figure, the acceleration at certain points in time depends ambiguously on the
distance r: it can have a negative value at the oil-steam interface, increase with increase » and, having reached
a maximum, decrease, even at a distance four times the radius of the drop, the acceleration is many times
greater than the acceleration due to gravity. From this, we can conclude that a dispersed phase drop located at
a distance several times greater than the radius of a boiling particle is subjected to accelerations that cause
a destabilising effect of this drop and, under certain parameters (R, o; g), can destroy it.

Acceleration, a-10°®, m/s?

Radius, r-10*, m

Fig. 1. Distribution of acceleration in the vicinity of the vapour layer during its growth for R =200 um, t = 170°C as a result
of pressure drop to 1 bar, at different times: 1 —10°s;2 —1.5-10%s; 3 -2.4:10°s;4—-3.6:10%5s;5-52:10%5s; 6 — 710 s;
7-1075;8-2-10°s

Let us consider a system consisting of two drops of different sizes when they boil due to pressure release
located at a distance from each other (Fig. 2).

The formula (5) determines the resulting acceleration of the vapour layer boundary
2p w'R’ J ('xi - x)Ri

2
g(x,z’)zZ(p—pw+0.5p wh — 3 3 ) (5)
r

=l i h;

where x; are the initial coordinates of the drop centres; d = |x; — x| is the radius vector; x is the coordinate of

the acceleration determination point; w; is the speed of movement of the oil-steam interface for the i-th drop;
R; is the radius of the oil-vapor interface of the i-th drop.

Fig. 2. Calculation scheme for the arrangement of drops
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The results of calculations for two bubbles in a liquid are presented in Fig. 3. It follows from the above
figure that the acceleration field can change dramatically depending on the distance between the particles, up
to a complete change in the direction of the acceleration vector and, as a consequence, the possible destruction
of any of the particles.

Acceleration, a-10®, m/s?
5
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Radius, r-10*, m

Fig. 3. Acceleration distribution between two growing vapour volumes at different times (notation from Fig. 2). d =3-10*m,
R; =100 um, R; =10 um, ¢ = 170°C as a result of pressure drop to 1 atm, at different time points: 1 —10°s;2—1.5:10Cs;
3-2410°5;4-3.6:10°5;5-5.2-10°s;6—7-10°s; 7—10°s; 8—2:10° s

It is clear that equation (5) does not consider the vortex flows that arise in the space between the vapour
volumes of the drops given their complete uncertainty.

Fig. 4 shows the joint graphs of the change in the velocity of the liquid-vapour interface and its acceleration
at the initial temperature of the system ¢ = 170°C for different initial droplet radii.

Speed, m/s
12

Ro=20 pm

_2 1 1 1 1 1
-0.03 0 0.03 0.06 0.09 0.12 0.15
Time, t-103,s

Fig. 4. General graph of the change in the movement of the liquid-vapour interface for various initial droplet radii

It can be seen from these graphs that the smaller the initial droplet radius, the more intensively the vapour
phase will grow, i.e. higher speed and acceleration of the movement of the phase boundary. At different droplet
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radii, both general velocities (minimum) and significant differences in these velocities (accelerations) can be
observed.

Then, when it is assumed that the velocities (accelerations) for different initial radii have different ampli-
tudes and frequencies of change in time, it can be assumed that at some point in time the Kelvin-Helmholtz
instability may occur, and for acceleration the Rayleigh-Taylor instability.

Let us define the force interaction, which can lead to the appearance of this or that instability. From the
joint consideration of the Bond and Weber criteria, as well as their critical values, with the Rayleigh-Plesset
equation, it follows that the essential forces leading to the appearance of the Rayleigh-Taylor or Kelvin-Helm-
holtz instability, respectively, are equal to

F§, = 40moR, (6)
Fy. = 30moR. (7)

A comparison of (6) and (7) shows that Fg) = 1.33Fy/,, but these forces are caused by different factors
and cannot be identified.

Deformation and crushing of both the vapour layer and the water drop in emulsions, for example, of the
water-oil type, can be caused by different directions of both the acceleration vector and the velocity vector.
We assume that deformation, crushing, or displacement will occur only if the acceleration vector has a positive
direction and, regardless of it, the velocity vector is also positive. We will assume that the coordinates of drop
No. 1 (Fig. 2) and drop No. 2 are equal x; =0, x> =d.

We make the following assumptions:

1) no matter how great the acceleration or velocity of the boundary of the particle itself is, the possible insta-
bilities caused by them cannot destroy the given boundary of the particle;

2) if the interface's acceleration (velocity) vector 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 bound-
ary from the adjacent side.

Taking into account these assumptions, the expression (5) for acceleration, which tends to destroy the in-
terface of droplet No. 1, has the form:

2
> ay k =0,k >0,

i=1

2
a =1-Ya; k <0k, <0, ®)

i=1
a,; k, <0,k, >0,
—a,; k, >0,k, <0,

where:
20 WR YR.(x. — R
ai=[p—pw+0.5wfp_ P : ’] (x, k 1);
ki P
20 wR?
k=p —p +05wp — LS d =~ Ry
t.

Then the force caused by the acceleration or deceleration of the flow is equal to
Fy, =4np a1R13 . )

Similarly, we can write for speed:

2
Zwrt_; w, 20,w, 20,

i=l1

2
w, = _an; w, <0,w, <0, (10)

i=1

w, 5w, <0,w, >0,

-w,; w >0,w, <0,
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where:

2 |xi - R1|
w, =wW,R ———.
i 3
V.

1

Then the force of the dynamic head:
FW

(2

1 =67p R12|w1|w1. (11)

As is known, the capillary force Fo, regardless of the shape of the deformed drop, is always directed in
such a way as to restore the spherical shape, i.e. to keep the Gibbs surface energy to a minimum. Therefore, if
the drop deforms into an oblate ellipsoid in the direction of its motion, the capillary force counteracts the
external force. If it is deformed into an elongated ellipsoid, then the capillary force coincides in the direction
with the external force. Hence it follows that an elongated ellipsoid's shape is unstable during deformation,
while the shape of an oblate ellipsoid can be quasi-stable.

There may be a minimum of this capillary force. We will assume that the Laplace force determines this
minimum and the corresponding force is equal to:

Thus, when the external force exceeds the force F,, the given volume will be crushed, if the forces are
equal, equilibrium will occur, and if F; > F,, e, the given volume will be repulsed without deformation.

3. Conclusions

The study of the phenomena of explosive boiling of a liquid in relation to its directed and effective use to
stimulate and intensify technological processes requires a unified approach that equally considers the hydro-
dynamic and heat and mass transfer aspects of these phenomena. Within the framework of this concept, we
propose a new method for assessing boiling kinetics. This technique is based on a modernised model that,
considering all the determining factors and an accurate representation of the thermophysical system parame-
ters, adequately describes the behaviour of bubbles in boiling processes.

Approbation of the technique was carried out on an example of the boiling of an overheated emulsion with
a sharp decrease in pressure. At the interface between the liquid phases, vapour fluids are formed, the volume
of which rapidly increases. Thus, conditions for the occurrence of dynamic effects on the structure of the
emulsion (liquid mixtures) are created. Moreover, the level of this effect can be easily controlled using the
temperature and pressure of preheating the emulsion.

This study should be considered the initial stage in substantiating the rational homogeniser design in solving
various technological problems.
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