DROP BREAKUP DURING MECHANICAL STIRRING IN ABSENCE OF
COALESCENCE

L. N. Braginskii and M. A. Belevitskaya UDC 532.517.4:66.063.8

This paper proposes a mathematical model for the kinetics of drop dispersion during mechanical stirring
under turbulent conditions in the absence of coalescence. Expressions are obtained for the local energy
and the time required for drop breakup to a specified diameter. The calculated drop diameters are
compared with experimental figures.

Formation of a liquid-liquid dispersion in equipment fitted with stirrers under turbulent conditions is a
traditional area of research on stirring. The fundamental results of numerous studies in this area are generalized in [1-
5]. The basis for theoretical interpretation of experimental results is generally the breakup model proposed by
Kolmogorov [6, 7], which is based on the assumption that the condition for stability of a drop of radius r in a turbulent
stream is equality of the capillary pressure within the drop and the fluctuation pressure corresponding to the mean square
fluctuation velocity of scale r. For a stream with energy dissipation ¢, in the scale region corresponding to the conditions
under which the "two-thirds" rule is applicable, this model leads [6] to the following expression for the diameter of the
largest stable drops: ’

din~ (0/p)®Fe, " (1

with a proportionality factor of the order of 2 [8]).
The authors of [9-11] assumed that there is a direct proportionality between d,, and the mean surface bulk drop
diameter, and it was suggested [10] that the energy dissipation ¢ be determined as

€ av===N/(pl'aP) . )

However, the results of a number of experimental studies have shown that mean drop size is far less (usually by an order
of magnitude) than that predicted by Eqs. (1) and (2) even in the absence of surfactants, i.e., in instances where
coalescence occurs [1, 12], and that it is smaller by factors of 100 or more when emulsification takes place in the absence
of coalescence. This discrepancy is scarcely reduced at all if one utilizes the sharpened equation given in [13]}, in whose
derivation the fluctuation pressure acting to deform a drop is assumed to correspond to three times the mean square
fluctuation velocity. Measurement results have also shown that there is a one-to-one correspondence between mean drop
diameter and average energy dissipation in the apparatus only when geometric similarity is preserved, with a change in
the ratio D/d, or the type of stirrer leading to significant deviations from relations (1) and (2) [4, 14]). Moreover,
experimental data on drop breakup in the absence of coalescence [2] indicate that the duration of the breakup process
has a significant influence, which is not reflected in (1).

Analysis of experimental data and the information in [15-17] indicating an inhomogeneous energy dissipation
distribution in stirrer-equipped units provided the basis for the hypothesis [8, 3] that drop breakup takes place only in
the zone of high local dissipation levels rather than throughout the entire apparatus volume. However, this hypothesis
has not as yet been verified experimentally; the literature accessible to us gives no interpretation of experimental data
on the change in drop size with time.

The present investigation was therefore undertaken as an attempt to utilize the results obtained in fluid dynamic
studies in equipment fitted with stirrers and baffles as a basis for examination and quantitative estimation of the
influence of stirrer and apparatus design and size on drop-dispersion kinetics under turbulent conditions in the absence
of coalescence.
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Fig. 2

Fig. 1. Calculated dependence of diameter on breakup time.

Fig. 2. Dependence of drop size on dispersed phase concentration with r = 3600 sec.
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Fig. 4

Fig. 3. Dependence of drop size on specific power with r = 3600 sec.

Fig. 4. Dependence of drop size on local specific power determined from (9) with r = 3600
sec. a) D/d, = 3.0, open impeller stirrer; b) 2.27, two-blade stirrer; ¢) D/d, = 1.7, open
impeller stirrer; line represents calculation.
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Proceeding from the results obtained in filming drop breakup [18], we will assume that a spherical drop of
diameter d, assumes the form of an elongated ellipsoid under the action of a turbulent pressure fluctuation and is then
transformed into a "dumbbell” shape, subsequently dividing into two equal-sized drops of diameter

d>dof(2)".

The approximate equality sign is used here because a certain number of small drops having a diameter of the order of
(0.1-0.2)d, is also formed as the "dumbbell” cross-piece disintegrates. Since the minimum ellipsoid radius of curvature
cannot be greater than the radius of the two drops formed, the fluctuation pressure should satisfy the condition

n
'mp 2> 4. ()%
Pd =5 =4-(2) T

Hence the minimum fluctuation velocity necessary for drop breakup is:
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Fig. 5. Change in drop size with time. a, b) Open impeller stirrer, d, = 100
‘mm, hy = 20 mm; a) n = 250 rpm; b) 300 rpm; ¢) two-blade stirrer, d, =
180 mm, hy, = 18 mm, n = 200 rpm; line represents calculation.
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Fig. 6. Change in drop size distribution function with time; open impeller
stirrer, d, = 100 mm, hy, = 20 mm, n = 250 rpm, V,, = 4.5 dm3, a) r = 300
sec; b) 600 sec; ¢) 900 sec; d) 2400 sec; value of d, determined by
computation.

(=Bt

a, . (3)

In making such an estimate, the fluctuation scale X should evidently be assumed to equal the length of the ellopsoid’s
longitudinal axis. Since the analysis is approximate, we will simplify the problem by replacing the ellipsoid with a
cylinder having two hemispheres at its two ends. If we assume the volume of this body of revolution to equal that of the
original drop:
nd.,’= nd *(L—-d) + nd.’
6 4 6 '

where d, is the cylinder diameter (m) and L is the total length of the body of revolution (m), and take into account the
fact that its surface area cannot be less than the total surface area of the two drops formed on its disintegration:

2 -— 2
2ad*<<nd ( L dc)-‘}-ndc,
and appropriate transformation gives us the greatest linear dimension:
L=i=2.17d,. 4)

Thus, a drop of diameter d, can be broken down when it is acted upon by velocity fluctuations of scale 2.17d, and
amplitude no less than the by’ determined from (3).
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Fig. 7. Comparison of experimental and calculated drop diameters. A)
Drop diameters calculated from (5)-(10), um; B) experimental Sauter mean
drop diameter, pm.

According to [19], the instantaneous fluctuation velocities of scale A can be assumed to have a normal

distribution. Hence the proportional fluctuations responsible for breakup of a drop of diameter d, is:

17
pP(U)=1 —-:'%{exp(—-%z)dU,

where U = vy’/v,’, with v,’ being the mean square fluctuation velocity of scale A = 2.17 d, (m/sec).
When we express v,° as

Yy

i;lzﬂm A

in conformity with the Kolmogorov-Obukhov "two-thirds" rule and take (3) and (4) into account, we obtain

245 —
Uo E W—}’o/p, ) (5)

where €, is the energy-dissipation in the breakup zone (W/kg). In accordance with the "two-thirds" rule, the frequency
of fluctuations of scale 2.17 d, is

vRenm /(247d,) *20.6em /dy, ©)
whence the mean frequency of fluctuations of scale 2.17 dg with amplitude v’ > v, is

vee0.6en P(Uo)/dy", O

and the mean time for which a drop of diameter d, must reside in the zone with dissipation ¢, in order for it to be
broken up is:

Oy, =V~ =d"/[0.6en"P(U,) . @)

Equations (5) and (6) characterize the dependence of drop diameter on energy dissipation and time. It can easily be seen
that, when 1, = const, they lead to an expression wholly analogous to (1), the only difference being the fact that the
coefficient of the equation is a function of time. '

When utilizing the equations obtained above for computations, one estimates the greatest local energy dissipation
levels that can be realized in a stirrer-equipped unit.

Analysis at the most general level and the results of numerous experimental studies of turbulent flow past bodies
{20, 21] lead to the assumption that the energy dissipation maximum is localized in the breakup formation zones near
the ends of the stirrer blades, i.e., in the region where the velocity difference between the blades and medium is
greatest. If we assume the scale of the vortices formed beyond the blade to be close to the maximum linear blade
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dimension and the flow speed to be close to the difference between the circumferential blade speed and medium
velocity at radius ry, we obtain
2(wero—0y)’ 20,1} ,
m2 = 1=%,)°.
e It I (1=7%0) )

The volume of the zone with energy dissipation ¢, for a stirrer having Z,, blades is:

I’,..z‘_’Zb('/ghb) 1 =0.25Z h, 1y (10)

The quantity v, is the circumferential liquid velocity at the blade edge radius ry from (9) and does not require
experimental determination for equipment of standard design, itis calculated from the equations in [8], proceeding from
data on the nominal dimensions of the apparatus, stirrer, and internal systems and the properties of the medium,

As follows from the results of a circulation study [13), the frequency distribution for passage of volume elements
through a stirrer in a baffle-equipped unit at Re, > 1000 corresponds to the simplest fluctuation distribution. With a
stirring time r, the average emulsion residence time in region V_, under these conditions is

’ B
tomt 0257, o T ()
ap ap
If we assume 7., to equal 6., Egs. (8) and (9) give us r,, i.e., the stirring time corresponding to the average time
required for breakup of a drop of diameter d

do'h 1% ap

. 12
e DUy, a2

1,~6.7
When we consider drop dispersion to be a sequence of divisions of a drop having some initial size d; at the start
of stirring (r = 0) to diameter dg, the required stirring time must be found as the sum of the r; determined from (8) and
(12) for each successive division. However, computations show that, with actual values for the energy dissipation and
mean drop diameter, the breakup time for drop d; is roughly 5-10 times that for the drop d;_, from which it was formed
(Fig. 1). The total emulsification time can therefore be estimated with sufficient accuracy from the time of the last
breakup, which is determined from (12). '
The mean emulsion residence time in the dispersion zone r,,,, determined from (11), is realized as a result of a
certain number of passes of the stirred medium through the stirrer during circulation. By (11), the average number of
circulation cycles through the zone with dissipation ¢, is

g Va q
Zy=ty = T, (13)
’ ' ‘:ap Vap 1ap

where q is the circulation flow rate (m3/sec).
Since the pass frequency distribution follows the very simple Poisson rule, the proportion of the emulsion that
goes through no less than Z, cycles over time 7, and is in the dispersion zone for a time r,, or more amounts to

Ve=i—e-'=0.637.

The development of velocity fluctuations v’ > v can also be regarded as a very simple steady random flow of events
with an average frequency v,, whereupon the probability that a particular drop will break up after Z, cycles is

Po=1—c"".

Since some proportion of the drops breaks up over a time shorter than 7o, the proportion of drops with a
diameter less than d, after a stirring time that equals the mean breakup time for drops of this diameter should be more
than n = (1 - e-1)? ~ 0.4. The value of do should therefore be close to the mean surface bulk drop diameter ds,.

Our approximate analysis thus leads to equations that, in combination with the fluid-dynamic equations in (8],
relate the degree of dispersion of an emulsion formed in the absence of coalescence to apparatus and stirrer
characteristics and to stirring time.

We verified the above results by measuring drop sizes in units with diameters of 0.17 and 0.29 m equipped with
six-blade, open impeller, and two-blade stirrers. Stirrer diameter was 100-180 mm, blade height was 18-40 mm, and
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ratio of blade width to stirrer diameter was 0.1-0.4. Stirrer speed ranged from 125 to 800 rpm. The equipment was
fitted with four baffles having a width equivalent to 0.1 times the apparatus diameter. Liquid volume was 4.5 dm3 in
the apparatus with a diameter of 0.17 m and 8 and 16 dm? in the apparatus with a diameter of 0.29 m.

The experiments were conducted with an emulsion consisting of a mixture of kerosene and carbon tetrachloride
in tap water. The dispersed phase viscosity at the experimental temperature (18-25°C) was ~2.5 mPa/sec, and its density
was ~1050 kg/m3. In order to preclude the influence of coalescence on drop size, the experiments were conducted in the
presence of SEK emulsifier. The interface surface tension was 0.01 N/m. The drop sizes were measured by counting
samples with an MBS-9 microscope fitted with an MFN-5 photoadapter. That coalescence had no effect was confirmed
by a special series of experiments conducted under identical conditions with emulsion concentrations of 1-4 vol.% (Fig.
2). Most of the experiments were performed with a dispersed phase concentration of 2 vol.%.

One of the basic objectives of these experiments was to test our original assumptions regarding the influence of
the energy distribution in the apparatus and the stirring time on degree of emulsion dispersion. Figure 3 shows the
results of experiments conducted to check the influence of the average energy dissipation ¢,, (specific power) with
slightly different values of €. Figure 4 shows dg, as a function of the maximum dissipation ¢, calculated from (9) with
constant specific power. It follows from these experimental data that drop breakup actually takes place mainly in the
zones with maximum dissipation rather than throughout the unit. These graphs can also be regarded as confirming that
Eq. (9) can be employed to estimate the maximum local energy dissipation levels.

We conducted a series of experiments lasting up to 2.5 h in order to study the manner in which drop size
depended on stirring time. Our results showed (Fig. 5) that drop size decreased with time, but the character of the
relationship was nearly logarithmic, which was in good agreement with [2]. However, average drop diameter proved to
be considerably greater (by a factor of 2-3) than the calculated figure during the initial period, when the average
number of emulsion passes through the dispersion zone was small [see (13)]. Analysis of the drop size distribution
histograms showed this discrepancy to be due to the fact that there were more large drops, which produced a second
maximum in the distribution curve (Fig. 6). One possible explanation might be that, when Z, was small, a considerable
proportion of the drops did not have time to break up in zone ¢, so that their size was determined by the dispersion
conditions in areas with lower energy dissipation levels. As follows from the graphs given here, the proportion of such
drops decreased as the number of cycles increased, and the second maximum disappeared®.

It follows from analysis of the histograms that, with sufficiently long stirring times (10-20 min or more), the
average proportion of the dispersed phase in drops having a diameter smaller than dy = 0.5, i.e., conforms to the
theoretical estimate made above.

The experimental validation results thus enable us to conclude that, over the range investigated, Egs. (5)-(10)
describe drop breakup with an adequate degree of approximation and reflect the dependence of degree of emuision
dispersion on the design features of stirrer-equipped units and on stirring time. The results obtained in comparing the
calculated values of d, with the experimental Sauter mean drop diameter (Fig. 7) can also be considered satisfactory.
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MATHEMATICAL MODEL OF PRODUCTION OF DEFLUORINATED
PHOSPHATES

V. 1. Bodrov, Yu. Yu. Gromov, and V. G. Matveikin UDC 62.501.72

This paper gives a mathematical description of dynamic operating regimes for a rotary drum kiln used
in producing defluorinated phosphates.

Defluorinated phosphates are produced for use in feed additives and are finding increasingly broad application
in the economy.

Defluorination is carried out in a rotary kiln, of the type shown diagrammatically in Fig. I, through contact
between the stack gases formed as a fuel oil spray burns and the initial feedstock (charge). The process takes place at ’
high temperature, and some variable states are not observable in Kalman’s sense [1]. It is consequently very difficult to
conduct active experimental studies on nonoperating systems, and it is best to employ mathematical modeling methods
to describe the process.

A multifaceted systems-analysis approach was taken in devising a mathematical process model [2]. The proposed
model was built up from individual modules describing elementary events of the process under consideration; Figure
2 is a diagram of their interaction.

The kinetic model cannot be described at the traditional deterministic level, since there is no standard
interpretation of the mechanism underlying the chemical transformations [3] and the kinetic constants and coefficients
cannot be determined. It is therefore suggested that final product quality be assessed on the basis of a logical-semantic
model that generalizes qualitative and quantitative information.

We will consider each module of the mathematical model. Heat removal processes are segregated in a separate
module and are formalized by utilizing boundary conditions of the fourth kind, a consequence of the fact that the local
heat removal coefficients cannot be determined experimentally. One therefore cannot use Newton's law to describe the
heat removal process [4, 5]. Attempts at iterative refinement of these coefficients result in considerable expenditure of
computer time, so that iterative studies are not practicable.

We will consider heat removal at the wall of the roasting kiln. In design terms, the apparatus wall consists of
three layers: the luting, lining, and steel shell. However, because the luting gradually ages during furnace operation and
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