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Introduction

In the industry lubricating fluids are widely used, mostly they reduce the wear of cutting tools and
improve the quality of working surface, both in metal processing technology and in other industries
[1-3]. To achieve the greatest effect lubricating fluids must have a good surface wettability. This is
achieved by introducing into the lubricating fluids the corresponding surface active agents (SAA), which
also increase the cooling capacity of the medium. The adsorption phenomenon is based on the
lubricating effect of various components of lubricating fluids. For liquids the adsorption is determined by
the change in surface tension o from the concentration of SAA. The desorption phenomena of SAA and
particles aggregation of dispersed phase of lubricating fluids, which is an emulsion, determines
sedimentation stability of emulsion and its further use [2, 4-7]. To reduce costs it is economically feasible
to reuse spent lubricating fluids, but for this, their composition must be brought to normative, i.e. to clear
it of mechanical impurities and also get the most stable structure for sedimentation, i.e. it is necessary to
obtain the smallest size of the dispersed phase [5, 8-10]. Existing methods for calculating the processes
of emulsification and homogenization of lubricating fluids are based on the dynamics of a single particle,
which either boils with a sudden change in external parameters [4-6, 8, 11], or is subjected to the action
of dynamic impact during the acceleration (deceleration) of flow, as well as is subjected to mechanical
effects [7, 9, 11]. The examination of the dynamic interaction of two particles while boiling of light
boiling component of the emulsion is given in [12]. Therefore, the study and development of the
theoretical grounds of multitude drops breakup of discretely distributed phase is important for the
determination of the optimal dispersion modes which results in a significant reduction in energy costs
both during the grinding and crushing process, as well as reduction of the financial costs with repeated
use of the same lubricating fluids, previously prepared before each cycle of use.

Research objective

We research the droplets breakup of the dispersed phase, which is surrounded by other droplets
during their boiling. As an object of our study we take an emulsion, shown in [2] and schematically
presented in figure 1.
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FIGURE 1. To the calculated model of droplet breakup of the dispersed phase of the emulsion (characteristic dimensions in
microns)
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As can be seen from this figure, there are “small” drops between the “large” water drops, the small
ones can serve as the sources of increased dynamic forces while boiling and thereby initiate the
process of larger droplets breakup, because of the significant difference in accelerations and/or
growth rates between them [3]. The main types of instability are the Kelvin-Helmholtz instability
caused by the speed difference, and the Rayleigh-Taylor instability, which is caused by the acceleration
difference [2]. Considering a drop of emulsion, it can be concluded that the main role in the processes
of its breakup will be played by the forces acting on the normal component to the drop surface, i.e.
forces directed either toward the drop center or from it. Acceleration and speed, as the exponents of
forces acting on the drop surface from several sources are determined by equation
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where:
Xg,Yo — the point coordinates on the drop surface,
g - acceleration at the desired point, acting from some source, m/s?,
w - speed, acting at a given point from the source, m/s,
k,. - correction for the normal component,
N - total number of boiling drops of the dispersed phase.
The acceleration and speed acting on the drop surface are determined by equations [3]:
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where

d;(xy,y,) - the radius vector from the center of i-drop to the surface of the considered particle,

Wp - motion speed of the interface oil-vapor, m/s,

Pos - the pressure in the oil volume at an infinitely large distance from the particle, Pa,
R; - the radius of the i-drop particle (i =1, 2,...,n), m,

Poil - oil density, kg/m3.

It is important to consider the forces acting on opposite sides of inclusion. Taking a variable angle £,
we can determine the coordinates of the unknown opposite points of the particle surface:

X =X, +AX; Y=y, +4y
Xs2=xn_AX; y52=yn_Ay (3)
Ax=R,sinf; Ay=R,cosf; 0</<180°

where
X,,¥, - thecoordinates of a given particle,
X¢1,Ys — coordinates of the surface of one side of the drop,

X, Vs — coordinates of the opposite side.
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Then the correction k,,. is determined by the equation:

k =(Xi_xsl,32)5inﬂ+(yi_ysl,SZ)COSﬂ (4)

nr; d
i (Xs1,s2 1 Ys1,52 )

1

Using the equations (1)-(4), it is possible to determine the acceleration profile on the surface of the
selected droplet. The results of calculations using the equations (1)-(4) for particle 2 (fig. 1) are shown
in figure 2.

Acceleration, 10° m/ s
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FIGURE 2. Acceleration diagram acting on the drop surface No. 2 (fig. 1) from the neighboring boiling particles (gnr) and

counteracting acceleration of the particle itself (gn)

It was assumed for the calculation that the considered system consisting of 6 particles at the initial
time is under pressure, which corresponds to the saturation pressure of the thermolabile (water)
phase of the emulsion at a temperature of t, =105°C. At some timepoint, the pressure drops sharply

to atmospheric pressure, as a result of which the water is superheated relative to the saturation
temperature at atmospheric pressure, which leads to the appearance and intensive growth of the
vapor phase. For the calculation, it was assumed the initial existence of a vapor interlayer (1 pm) on all
selected particles at initial temperature and saturation pressure. The results of the calculations are
given for the initial moment of pressure release.

Figure 2 shows a clearly noticeable dependence between the angles of the droplet location relative to
the selected one and the magnitude of the acceleration acting from them. There are at once two
maxima of acceleration - angle f~ 57° and =~ 310°, which corresponds to the angles of the nearest
neighboring drops (No. 1 and No. 3, respectively, from fig. 1). It is clear that the determining effect will
have the force caused by the maximum acceleration, i.e. the maximum that is at an angle S~ 310°. But
in this case, we should also take into account the force that acts on the opposite side of the inclusion.
Let us consider the principal differences in determining the forces acting on the non-boiling and
boiling inclusion of the dispersed phase of the emulsion.

Finding, for example, the acceleration and the force caused by it on one and the opposite drop side, we
will assume that if two opposing forces are directed toward the center of the selected drop, then the
total force acting on the drop is equal to the sum of these two forces. If both forces are directed from
the center of the drop, then the total force is also equal to the sum of two vector forces. In case when
both forces act in different directions in relation to the center of the drop, i.e. are in one-direction in
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space, we will consider the driving force the one that has a greater value of the two acting. Thus, the
inclusion of a dispersed phase that does not boil (i.e. does not create any counteraction to the forces
acting on it), the determining effect leading to possible breakup will be the maximum of two forces
that act on opposite sides, under the conditions described above.

In the case where the drop of emulsion begins to boil, it has its own strength, which will counteract the
external impact from other sources. Then the driving force can be the one that acts on one side of the
inclusion and exceeds the counter-force. This is the main difference in consideration of the forces
acting on the boiling drop unlike the non-boiling drop. This means that it is necessary to take into
account the two given maxima and determine the main one from them. It is possible the coincidence of
these forces maxima.

Taking into consideration the fact accepted in [3] that the force action of a drop cannot break this
drop, it is possible to write down the equations that will determine the accelerations and speeds acting
on the inclusion of the dispersed phase and leading to its breakup. Assuming that the resulting
acceleration or speed are positive, then they are the cause of instability, and if they are negative, then
there is no destabilizing effect, and we can write:

91— YGns nZO'gslzo

—Ys1 gn>0'gsl<0
Ip1= ()
gsl; gn<0'gsl>0

9n—9s15 nSO'gslso

where:
gp1 — resulting acceleration, acting on one side of the inclusion, m/s?,

g, - acceleration of the oil-steam interface of the considered inclusion, m/s2.

For the opposite side we can write an equation similar to (5), but, instead of g,,; and g, substituting

respectively g,, and g,.

Then, the total acceleration acting on the drop is determined by the equation:

Agzgpl'i_'ng (6)
with necessary conditions, taking the coefficient Z —9s1
gsZ
0;Z<0,|gs|~|952|<0 0;Z<0,|g5|~|gss|>0
9,>0,941>0,9,,>0 9,>0,941>0,9,,>0
_ -9.,<0,g.,—g,>0 _ -g9,>0,9.,—g,<0
gpl_ 0;Z>0; 9Is1—9Yn 9s2—9n ng_ 0;Z>0; Is1 = Yn 9s2 = 9n (7)
9,<0,0,<0,9,, <0 9,<0,9,<0,9,<0
gsl_gn>0'g52_gn<0 gsl_gn<0'952_gn>0

If the maxima of the forces (accelerations, speeds) do not coincide, acting on the opposite sides of
inclusion and on one side, we consider the driving force the one that is of greater value

g Z{Agp Agy > Ag,
7\ ag,, Agy <Ag,

where Ag;,Ag, is the total acceleration acting on the drop, calculated on the maxima acting

(8)

respectively on opposite sides and on the one side.
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Similarly, we can obtain equations for the speed. In this case, in equations (5)-(8) it is necessary to
change the acceleration «g» for speed «w», and equation (6) will be the following:

sw=k|w,| (9
+Lw,20;

where k= w, =Wp1‘wp1‘+wp2‘wp2‘.
—1,Wp >0,

Investigations have been carried out on how the forces, acting on the droplet, change as time passes,
and also how the angle of maximum force impact changes. The forces caused by acceleration play a
decisive role (in comparison with the forces of dynamic pressure), we calculate them by the equations
[3]. For these conditions, forces acting on different sides of the surface of the considered particle:

Fgl = 4'ﬂ-Rr::.poilgsl (10)
FgZ = 47[Rr?poi1952 (11)

The force of counteraction from the oil-vapor interface of the drop itself:
Fo =47R0P0idn (12)
The total force acting on the drop:
Fo=47R5 P94 (13)
Critical force causing instability according to Bond:
Fg, =4070R, (14)

where o is the surface tension at the oil-vapor interface, N/m.

The force that determines the deformation or displacement of a drop:
AFg, =Fgp, —87oR, (15)
The calculation is carried out either before the fulfillment of the condition:
Fp,>Fg (16)
or before the mutual drops contact, determined by the condition:

AR; ;<0 (17)

2 2
where AR,-’]- :d,-’j—(Rm- +an), d,.'j :\/(x,- —xj) +(yl- —yj) ,i=12,.,N;j=i+1,i+ 2,.,N; i j- the

number of drops with the corresponding coordinates x;,y;;x;,y ;.

Calculation data

The results of calculations using equations (1)-(17) with the equations of the model [4] are presented
in figures 3-4. The calculation was carried out for t; =105°C.
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FIGURE 3. The changes of forces acting on the drop No. 4 FIGURE 4. The changes of the force angle of the maximum
over some time period (fig. 1) force for particles 1, 3-6 (fig. 1) over some period of time

Figure 3 shows that the critical force Fp, increases with time, which is associated with an increase in

the radius of the selected droplet, and the values of forces acting on the drop tend to zero through
time. Therefore, we can conclude that if we do not take into account the further interaction of the
droplets when they contact, then at t, =105°C if at the initial moments of pressure drop the systems

of large drops breakup does not occur, then before the moment of contact they won’t breakup. Change

curves Fg;, Fg, show the maximum force that affects at a given time moment. These curves determine

the predominance of these forces over the force of opposition F,, or their insignificance over this
force. They also do not determine the force acting at the same angle £ as they greatly depend on the
given angle, which is shown in figure 4.

If we consider them together, this allows us to determine the force Fy,, which, in turn, plays a major
role in this process. It can be seen that for the drop No. 4 (fig. 3) with a positive force value Fp, is

possible only its displacement, which is indicated by a negative sign AFy,.

We can also observe a sudden alteration of the force angle of the maximum force mostly for the drops
No. 3 and 6 (fig. 4). At the same time particle No. 2 was almost fractured at the initial time and, as a
consequence, the graph of the force angle change of the maximum force in figure 4 for it is not given. As
an example we consider the drop No. 6. As can be seen from figure 4 with the change of the force angle of
the maximum force, the dominant effect changes either of the fifth drop (£~ 40°) or the third together

with the fourth (£~ 300°). The first peak of the angle change fat 7~ 0.05-10> s can be explained by a
sharp decrease in the acceleration of the drop boundary No. 3 and the further predominant action from
particle No. 5, after which at 7~1.8- 107% s the third particle has the greatest force.

At the same time, despite the sharp change in the angle £ of maximum force action for particles No. 3

and 6, for No. 5 this angle changes quite smoothly, most of the time is equal to = 230, i.e. near the
action of the maximum force from the drop No. 6.

It can be concluded that the angle £ can sharply change only in those droplets that are surrounded by
others, while for the droplets located quite far from the center the force angle of the maximum force
will change by a small value. This can be explained by the fact that for droplets that are inside the
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emulsion, a maximum force can change quite rapidly both in value and in direction, due to the close
position of neighboring droplets, which change their dominant impact on this particle. At the same

time, the droplets in the outer layers have neighbors at a small part of their circle, which
predetermines the small change value in the force angle of the maximum force.

Figure 5 shows the changes of the angle of action of the maximum force acting on one side of the
inclusion F,, ~and on the opposite sides Fy,.

[t can be seen that there is no clear dependence between the force angles of these forces, they can both
coincide and be very much different. Therefore, it is necessary to consider the possible maximum of
the force and the angle of its action.

The calculations have been carried out for temperatures t, =180°C and t, =130°C, they showed that

at the instant of instantaneous pressure drop, practically all large drops will be crushed, whereas at
to =105°C only the largest drop will be crushed, because of the maximum approximation to its

smallest particle.
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FIGURE 5. The changes of the force angle of the maximum force for particle No. 3 (fig. 1), acting on one side (1) and on
opposite sides of the inclusion (2), as well as the angle of action of the driving force (3) over some time period

Conclusion

A model for the fragmentation of large inclusions of the emulsion dispersed phase under the dynamic
influence from boiling neighboring particles is considered. With the help of calculation we found out
the force angles of the maximum forces, it can also be seen that the process of boiling inclusions
breakup starts at different maximum forces (different angles /) in comparison with non-boiling
particles. This indicates the need to find at least two maximal forces that can coincide with the angle of
their action on the drop, or differ significantly in this force angle. Of course, it is necessary to take into
account both the deformation of the inclusions surface and their displacement, as well as the boiling
irregularity of droplets of various sizes. A large role is also played by surface active agents which allow
to breakup the particle with much less applied effort from other boiling inclusions. The behavior of
two or more drops as they approach each other as well as the influence of neighboring drops on the
growth of the selected one is still an open question. Taking these phenomena into account will allow
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even more detailed and accurate consideration of the processes of growth and the dispersed phase
inclusions breakup.
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