MASS TRANSFER IN A MOVING DROP WHEN
IT PERIODICALLY COLLIDES WITH A
HARD SURFACE

A, M. Landau and A, S, Zheleznyak UDC 66.015.23

The article describes an experimental study of mass transfer in a moving drop which period-
ically collides with a hard surface. An empirical formula for calculating the coefficients of
mass exchange within the drop is obtained.

It is known that when a column is filled with disordered packing, the rate of mass transfer between the
continuous liquid phase and the motionless dispersed phase increases substantially in the case in which the
limiting resistance is concentrated in the dispersed phase [1-4],

In [5] we stated the hypothesis that the increase in the rate of mags transfer is due primarily to an
increase in the average value of the true coefficient of mass transfer to the drop as the result of its colli-
sions with the surface of the packing.
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Fig. 1. Variation of the criterion Nu as a function of the crite-

rion Fo: 1) drop moving with no collisions, Nu(Fogen); 2) drop

moving with periodic collisions, with complete mixing of the

volume of the drop, Nu(Fo,).

Fig. 2. Column for investigating mass transfer to drops which
move with periodic collisions: 1) nozzle for injection of the dis-
persed phase; 2) plates; 3) rods holding the plates; 4, 5) inlet

and outlet of the continuous phase; 6) outlet of the dispersed phase,
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Fig. 3. Comparison of experimental data on mass transfer to drops moving with collisions and the
theoretical curves: a) Nu = f(Foy); b) Nu = f(Fogen); A) 5 collisions; B) 10 collisions. In the case of
A and B; for system I: 1) distance between plates 26 mm; 2) 40 mm; 3) 65 mm; [I: 4) 26 mm; 5) 40
mm; 6) 65 mm; III: 7) 26 mm; 8) 40 mm; 9) 65 mm; IV: 10) 26 mm; 11) 40 mm; 12) 65 mm; V: 13} 26
mm; 14) 40 mm; 15) 65 mm; C: 19 collisions; distance between plates 26 mm: 1) system I; 2) system
II; 3) system III; 4) system IV; 5) system V.

Experimental investigation of mass transfer to individual colliding drops, carried out on a system
containing water, organic acids, and benzene [6], showed that when the time of free motion of the drop is
long, there is a substantial intensification of the mass-transfer process. However, because the amount
of experimental material in [6] was small, it was not possible to obtain sufficient information on the mech-
anism of this process.

We attempted to study in greater detail the effect of collisions between the drop and the hard surface
on the rate of mass transfer within the moving drop.

Studies of mass transfer to a moving drop have led the great majority of researchers to the conclusion
that the process is a nonstationary one [7-11]. This means that the average value of the coefficient of mass

exchange decreases as the contact time increases; this has been confirmed in a number of experimental
studies [9, 12-26].

The nonstationary nature of the mass transfer within the drop is due to the gradient of concentration
of the transferring material within the volume of the drop. Therefore, if the collision of the drop with a
hard surface leads to complete mixing of the volume of the drop, then the process of mass transfer may
be regarded as beginning again after the collision. The variation of the number Nu as a function of the
dimensionless contact time Fo in this case will have the shape shown in curve 2 of Fig. 1. For purposes
of comparison, this figure also includes curve 1, which shows the variation of Nu as a function of Fo for
the case in which the drop moves without collisions. The criterion Nu{Fo,), corresponding to the time
the drop moves between one collision and the next, is greater in comparison with the value of the eriterion
Nu(Fogen) for greater values of the time of free movement of the drop.

The experimental apparatus is shown in Fig. 2. The drops of the dispersed phase, leaving the noz-
zle 1, move upward, colliding with the plates 2, which are held at an angle of 45° to the supports 3. The
construction of the column made it possible to charnge the number of plates and the distance between them.
In the case when the density of the dispersed phase was higher than the density of the continuous phase
(system 4), the column was overturned, so that the tests could be carried with drops moving downward.

The method and the scheme of the apparatus used in carrying out this experiment did not differ from those
described earlier in connection with single drops [24].

Tests were carried out on five systems: I) heptyl alcohol, HC1, and water (continuous phase); II)
octyl alcohol, HNQ;, and water (continuous phase); III) isobutanol and isobutanol-saturated water (contin-

uous phase); IV) propylene carbonate, benzene, and heptane (continuous phase); V) ethyl acetate and ethyl-
acetate-saturated water (continuous phase).
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Fig. 4. Variation of Nug,,/Nu(Fo;) as a function of the
criterion We: 1) distance between plates = 26 mm; 2) 40 mm;
3) 65 mm.

The physicochemical prOpert1es of the systems varied over the following ranges: dens1ty of the con-
tinuous phase, pc = 0.717-0.999 g/cm?; density of the d1spersed phase, pd = 0.798-1.202 g/cm?; difference
in density between the phases, Ap = 0.096-0.485 g/cm?; dynamic viscosity of the continuous phase, p¢
= 0.,467~1,23 cP; dynamic viscosity of dispersed phase, pg = 0.46-7.72 ¢P; relative viscosity pg/uc = 0.45-
7.7; interphase tension, o = 2,1-27.7 dyn/cm; coefficient of diffusion in the dispersed phase, Dg = (0.096-
0.89) - 10-° cm?/sec.

During the first stage we investigated mass transfer to single drops moving without collisions. The
experimental data were found to be in satisfactory agreement with the Kronig—Brink model [8]: the differ-
ence between the experimental and the theoretical values for the criterion Nu did not exceed 30% as the
Reynolds criterion vaned over a range of Re = 60-250 and the Fourier criterion varied over a range of
Fo = (30-1700) - 10-5,

During the second stage of the investigation we conducted tests in which the drop collided with 5,
10, and 19 plates. In the first two cases the distance between the plates was 26, 40, or 65 mm; in the third
case the distance was 26 mm.

During the tests the experimental values varied over the following ranges: diameter of drop, d = 0.11-
0.36 cm; velocity of motion of the drop, u = 3.5-13.6 cm/sec; time of motion of the drop between collisions,
t; = 0,22-1.85 sec Fourier criterion corresponding to the time the drop moved between collisions, Fo,
= (1,2-160) . 10~°; Weber criterion, We = 0.25-3.4,

The experimental values, Nugyp, were compared with the theoretical Nu(Fo;) and Nu(Fogen) curves
according to Kronig and Brink [8] (Fig. 3). The data indicated show that collisions of the drop with a hard
surface lead to a considerable increase in the rate of mass transfer, and that as the number of plates in-
creases, so does the ratio Nugxp/Nu(Fogen). This fact may be regarded as an indirect confirmation of the
nonstationary nature of the mass transfer taking place within the drop.

At the same time, in addition to the cases corresponding to the representation of complete mixing of
the volume of the drop whenever it collides with a plate, it should be noted that there are systematic devia-
tions of the experimental data from the theoretical curve.

In the first place, as the drop diameter decreases and the Fo criterion consequently increases, each
series of tests shows an increasing deviation between the theoretical curve and the experimental data,

In the second place, as the distance between the plates is reduced, the amount of deviation between
the theoretical curve and the experimental data increases.
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This may be explained as follows: as the diameter of the drop decreases its resistance to deforma-
tion is increased because it has a greater specific surface, and there is a decrease in the kinetic energy
that causes mixing of the volume of the drop when there is a collision.

The increase in the deviation between the calculated and the experimental values as the distance be-
tween the plates (and hence the time of free travel of the drop) is reduced can be explained from the point of
view of present-day ideas about mass transfer to a drop. As was shown by Johns and Beckmann [11], dur-
ing the initial period of drop motion, corresponding to the boundary-layer relaxation time, the mass trans-
fer to the drop is determined only by the mechanism of molecular diffusion. In addition, account should be
taken of the fact that after the volume of the drop is disturbed by a deformation, a certain amount of time
is required to restore the toroidal circulation in it. As the distance between the plates is reduced, these
initial effects make a larger contribution, which can explain the g'reater deviation of the calculated values
for small values of Fo.

Since it is a complicated matter to find analytically the number and nature of the complexes deter-
mining how the collisions will affect the mass transfer to the drop, we decided to use as our first step a
statistical processing of the experimental data. Using a standard correlation-analysis program [27], we
found the coefficients of correlatxon between the quantity Nuexp/Nu(Foi) and the preselected complexes
hrel = h/hy Re = du/ve; We = pedu?/o; pd/ke, where hy = 2.5 cm is the dimension of the "standard" pack-
ing used by V. V. Kafarov [28] in complexes of a similar nature. The complexes hrel and We were found
to be significant., The physical meaning of the complexes found is the following: the criterion We is a mea-
sure of the resistance of the drop to deformation and mixing of its volume, and the relative distance hyrel is
a measure of the influence of the initial effects. The final form of the relation, Nuexp/Nu(Fo;) = f(hrel,
We), was determined by means of a standard program of regression analysis [28]:

Nu___‘Nu(Fo;) = 0.6340-46 -~ 0.1154—5% We. 1)
exp rel rel

Figure 4 illustrates the relation (1). The data shown on this figure indicate that the ratio Nugxp/Nu(Fo)
is independent of the number of collisions. This fact makes it possible to use the results obtained for the
calculations of packing columns,
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