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EFFECT OF VISCOSITY ON DROP DISPERSION IN MIXING
EQUIPMENT

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

A mathematical model is presented for breaking up drops during mechanical agita-
tion in the turbulent regime in the absence of coalescence. The effect of the
viscosity of the agitated phases is considered. An expression is obtained for
calculating the diameter of the drops. The calculated drop diameters are com-
pared with experimental values.

Processes which require agitating mutually insoluble liquids, in particular for extract-
ing liquid or preparing stable emulsions, are characterized by a relatively wide change in
the viscosity of the phases. Even in early experiments on agitating liquid~liquid systems,
one of the questions studied was the effect of viscosity on the dimensions of the drops
which were formed. Experimental results were very contradictory. Thus, for agitation in a
turbulent mixture [1], an equation was obtained

a~(pglpe)*,

from which it follows that a higher viscosity of the dispersed phase leads to a lower drop
dimension, while a higher viscosity of the continuous phase to a higher drop dimension. A
similar behavior of the continuous-phase viscosity was observed in [2], while in [3], a re-
verse relationship was obtained experimentally:

G p.co_u / F"dn'”'

Later work showed that the observed discrepancies are not a result of experimental er-
rors and reflect the real effect of viscosity on the drop dimensions. As data [4-7] show,
increasing the viscosity can either increase or decrease in the drop dimensions, depending
on the viscosity of the second phase. In particular, this is illustrated by results from
[8], where the equation
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was obtained. For ug/uc > 1, the exponents in (1) take the values o = 0.2 and B = 0; for
ud/uc < 1, the values ¢ = 0 and 8 = 0.125; the smallest drop diameter corresponds to cases
where the phase viscosities are close in value.

This complex character of the effect of the phase viscosity is difficult to explain,
and until recently has not been interpreted theoretically. The usual concepts on the mech-
anism of drop breakup in equipment with mixers were formulated basically {9, 10] on the
basis of a model presented by Kolmogorov [11]. The assumptions of this model are well
known. From the viewpoint of the viscosity effect, the model presumes the existence of two
separate cases, which correspond to the conditions dg » Ao and dg « Ay, where the scale A,
characterizes the upper bound of the dissipative scales:

Ao~ {(v¥e)™,

In the first case the breakup of the drop is viewed as the result of the deforming effects
from one of the inertial forces; in the second, only from viscous tangential stresses. Here
in both cases, the only factor which prevents deformation is taken to be the capillary pres-
sure. Later Levich [12] showed that the second of these cases cannot be realized in prac-
tice, because the condition of equilibrium between the viscous shear forces and the capil-
lary pressure for dg < A, can be fulfilled only in the range dq € 107 m. In the case dg >
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Ao, analysis based on the model in [11] and the use of the "2/3" law leads [9, 10] to the
equation
dd zo’/./ (p’/se’/s) ,

which generally does not include the viscosity.

Experimental results, and also estimates of local values of energy dissipation [13],
however, show that the effect of viscosity appears for drop dimensions which exceed the in-
trinsic turbulence scale (in particular by a factor of 2-10, according to [14]). In order
to explain the effect of viscosity on the scales of motion, for which viscous dissipation
has not yet been characterized, several theoretical models [15-17] have been proposed, in
which flow within the drop as it deforms is viewed as viscous, and the friction within the
drop is viewed as a factor which prevents deformation and breakup. At the same time, exper-
imental results, especially from (1) indicate that increasing the viscosity of one of the
phases sometimes leads to a decrease in drop dimensions; consequently, under certain condi-
tions the viscous interaction between the drops and the medium is a factor which aids
breakup.

One of the possible mechanisms for such interaction can be related to the fact that
deformation of the drop, as a discrete event, is a case of transient flow, and the motion
of the phases is accelerated in the initial period. Starting from the moment when turbu-
lent pulsations arise, the liquid which is within the drop and which directly connects it
with the continuous-phase layer is accelerated by the action of a pulsating pressure. In
the case where the scale of the drop exceeds the internal turbulence scale by less than an
order of magnitude, it can be assumed that the less viscous of the two liquids will move
with greater acceleration and, at the moment when the pressure difference reaches its maxi-
mum instantaneous value of p(v')?/2, a velocity gradient will exist at the contact bound-
ary between the drop and the continuous phase. Then an "accelerating" tangential stress

(5
T a2 ; iy

will be applied on the side of the less viscous phase, and a "decelerating" stress

(2]
h g h“h,

will be applied on the side of the more viscous phase. Here (dv'/dr)g 1 is the velocity
gradient at the boundary from the side of the less and more viscous phases. During the ac-
celeration, the forces created by these tangential stresses do not equilibrate with each
other, and their inequalitv can aid or prevent deformation. Here the stability condition
of the drop can be represented in a unique form as

p(;')z-;-ep,(%)l >—Z—°-+eu,.(fl£—)h , (2)

where 6 is the ratio of the lateral surfaces of the deformed drop to its cross sectional
area. Using a linear approximation for the velocity gradients within the drop:

dv’ - v

e AP T I i

dr 44,
and from outside it:

dv’ - v’
o™
dr °dd
where ag and ap are constants, and assuming that the transverse diameter of the deformed
drop is proportional to the diameter of the initial drop, we obtain

46 V' p(v')? .
T+'§;’(Ycl"c"ﬁ‘“¢)< 9 - (3)

by transforming Eq. (2) for the case where the viscosity of the dispersed phase is higher
than that of the continuous phase (uc > ygq). Similarly, for the case Hd > Ut
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In these equations yq and Y. are coefficients which reflect the different velocity distribu-
tions near the contact surface from the side of the dispersed and continuous phases. Fur- -
ther analysis can be done in analogy to [13]. In the case of dividing the initial drop into
two drops of half the volume, we obtain d = d,/(2)*/?, and, by solving (3) and (4) for v!,
we determine the pulsation velocity sufficient for breaking up a drop of diameter dg:

v’ 0,775 M e = ) (5)
U, " >W(Z =¥ (M/d,)* + 100/ (Pedo))'
where
M=](pd/pc) YavVa—revel. (6)

In Eq. (5), vgy! = €*/M1/3 jg5 the root mean square pulsation velocity with a scale of A =
2.17d, (the scale of the major axis of an ellipsoid which is formed during the deformation
of the drop is do [13]); ey = wo®re? (1 - vy)3/Lp is the maximum local value of the energy
dissipation in the zone of the mixer blades [13]; Lp is the maximum characteristic dimen-
sion of the zone with energy dissipation ey (Lp = hyp/2 for hp/2 > %3 and Lp = Ly for hp/2 <
Lp); Vo = vo/(wore); v, (m/sec) is the value of the circular component of the velocity at
the radius of the end of the mixer blade r,.

The frequency of pulsations of scale A which have an amplitude v' > vqg' is [13]

v,,z—g'g%"-‘ip(u), P(n)éi—(z/l’;) Sexp(—-z’/2)dx, G
0 0

and the average duration of agitation, which corresponds to breaking up a drop of diameter
do in an agitator of given geometry is
_ dn%

Tae & m . (8)
In (8), Vy is the volume of the zone near the mixer blade at which the energy dissipation is
€m. For turbine and blade mixers [13]
Vm"oiszbhbzlb (9)
for rotary mixers

V=2, (0,431)°. (10)
By comparing .(5) with the expression [13],

2145 ( 0)% (11)
u em.,,dogl. ";': ?

it is easy to see that Eq. (11) represents a special case corresponding to the condition

M< 100/ (pd.).

Measurements [13] have been conducted on the dimensions of drops in an emulsion stabilized
by an emulsifying agent; agitation was carried out in equipment with reflecting baffles
0.17 and 0.3 m in diameter with turbine mixers and double-bladed mixers for drop dimensions
from 40 to 200 um. In order to verify the application of our results and also to determine
the constants Y. and yq in (6) independently, the range of the experimental investigations
was greatly expanded. Drop dimensions were measured for dispersed solutions of kerosene +
CCl, and transformer oil + CCl, in water and in a water solution of glycerin. The local
values of the dissipation energy reached 5000 W/kg (as opposed to 500 W/kg in [13]1). The
drop diameter dy, was varied from 400 to 15 um. The physical properties of the phases are
shown in Table 1. The experiments were conducted in equipment with four reflecting baffles;
the characteristics of the equipment and the mixers are shown in Tables 2 and 3. The drop
diameters were measured by removing a sample from the vessel and photographing it or else
by counting the drops directly under a microscope. In order to prevent coalescence, the
emulsifying agents for each experimental system were blended individually. In order to
measure the drop diameters for four different values of the emulsion concentration, the cri-
terion for the absence of coalescence was taken to be the independence of the drop diameter
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Fig. 1. Effect of emulsion concentration

on the drop dimensions withe the use of
various surface-active agents (D = 0.17
m; turbine mixer; dy = 0.05 m; n = 600
rpm; mixing time 2400 sec). (see table

below., )
Curve Continuous Surface-active
number phase Dispersed phase agent
1 Water Transformer oil + CCl, Sodium oleate
2 Water Kerosene + CC ) SEK
3 Water solution | Transformer oil + CCl, Gelatin
4 ;far.ﬂ) = Transformer oil + CCl, ‘Syntanol
TABLE 1. Properties of Continuous and Dispersed Phases
s Solid phase Dispersed phase Emulsifying agént
ystem ' ‘concen~
number | composi~ Par Pa-ad] o desig-
g ~ Per | Vo, ; : ¢ tration
tion kg/o¥| m2/ | COvPosition Fs/ﬂs #sec N/m |'nation | yans
Sec
4 Water 1000| 1 Kerosemne+ccr |1000( 3 |00t | smx 05
2 Iransformer 1050 | 21,3 | 0,016 ium. 1,0
3 oil J 1000 | 44,1 10,02 | oleate
+ CL .
4 |Water so- | 1090| 254 iKexosemet CCL | 1100| 2,5 | 0.046 [Gelatin| 10
. lution of
1 3 .
5 BN 400|204 fransformer . | 1080 | 30,3 | 0,052
+ GCl
L] 11200 38,7 Kerosene ' CCl; 1100 | 2,5 | 0,052

on the concentration of the dispersed phase (Fig. 1). Information on the emulsifying
agents is shown in Table 1. Most of the measurements were made for volume concentrations
of the dispersed phase equal to 2Z.

It has been shown [13, 18] that, if there is no coalescence, the drop dimensions in
the dispersed phase do not reached the limiting (equilibrium) value; however rate of de-
crease in the dimensions rapidly slows with time. In this regard, we choose an agitation
time from 30 to 60 min, depending on the dimensions of the equipment and the mixers, such
that doubling it did not decrease dj, by more than 5%.

In order to verify the nature of the drop dimensions as a function of the phase vis-
cosities and to determine the values of v, and v4, the experiments were designed to change
the ratio of the viscosities in the dispersed and continuous phases by a factor of 600,
while maintaining the equipment and mixer geometry and the number of rotations. The results
of the measurements (Fig. 2) confirm the conclusion that the nature of the effect of each
of the phases on the drop dimensions is complex. As follows from Fig. 2, increasing the
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TABLE 2. Equipment Parameters

V.18, @l D m H, Type of bottom
4,5 0,17 0,20 Flat
8 0,29 0,124
16 0,24
250 06 0.9 Elliptical

TABLE 3. Mixer Type and Dimensions
NOS .

(Fig. | Type of mixer |d,, M Zp. | by, m (L, m Bbs n, rpm
-4) deg
1 | Turbine 005 | 6 |oo1 00125 | 90 | 500...1500
2 : 0,075 0,015 | 00185 500
3 0.1 0,02 0,025 150...550
4 0.03 150 ... 350
5 . 0,04 150... 250
8 0,125 0,025 | 0,031 700...900 .
7 0.16 0,062 | 004 125
8 | Double-bladed 0,075 2 100075 | 003 800
9 0.1 0.01 0.04 300. .. 1000
10 0,025 150 . .. 500
11 0.125 00125 | 005 300
12 0,16 0,016 | 0064 200
13 0.18 0018 | 0,072 200. ..800
14 | Three-bladed 0,09 3 {0018 | 003 45 | 350...600
45 | Six-bladed 0,15 6 | 0015 | 006 90 | 100...600
16 | Rotary 0,05 18 | 0,0045* | 0,009* 800. .. 1000
17 0,08 0,0072* | 0.014* 600 ... 800

*For rotary mixers hp = 0.09dM and 2;, = dy/18.

viscosity of the dispersed phase for a low-viscosity continuous phase (Table 1, systems 1-3)
leads to an increase in drop dimensions, while for a high-viscosity continuous phase (systems
4 and 5) to a decrease in drop dimensions. From the graph it can also be seen that the
function dy, = £(v4/ve) is asymmetric. The minimum is displaced from v3/ve = 1 on the
abscissa and is found in a range of values¥* vd/vc = 3-4, which indicates some difference in
the effect of the viscosity of the continuous and dispersed phases. The nature of the func-
tion is in complete agreement with the structure (5). It also follows from Eq. (5) that for
fixed physical properties of the phase properties (M = const and ofp = const), the viscosity
effect should increase as the drop diameter decreases; that is as the maximum value of the
energy dissipation € increases. Analysis of experimental functions of the drop diameter
versus the local energy dissipation (Fig. 3) leads to the same conclusion. The observed in-
creased effect of the viscosity of the more viscous phase as e is increased is in complete
agreement with the faster increase of the term (M/d,)? compared to o/(pde) in (5) as the
drop diameter is decreased.

The experimental results in Fig. 2 were used to determine the values of Y4 and yo. As
shown in [13], during the agitation of phases with low viscosities, which correspond to the
relationship M/d, « vo/(pd,), the value of do computed for M = 0 is very close to the mea-
sured value of dy,. By assuming that the value of d, corresponds to dj, even for M # 0,
the coefficient yq was determined by comparing calculated results from (5)-(11) with the
results of experiments conducted with the system of transformer oil +CC1l, and water (Table

*We note that in [18] the smallest value of the average drop diameter corresponded to a
ratio pg/ug = 3.7. These experiments were conducted in an apparatus with a diameter D =
150 mm; a turbine mixer was used with dy = 49 mm and n = 400 rpm. The agitation time was
60 min.
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Fig. 2. Dependence of dj, on the phase viscosity
ratio (D = 0.17 m; turbine mixer, dy = 0.05 m); mixer
rotation frequency; a) 500 rpm, b) 800 rpm; the point
numbers correspond to the number column in Table 1;
the lines are calculated from (5)-(12).

1, system 3), that is under the conditions vd *»® Ve. The result is yq = 1.2. The value
Yec = 3 was found in an analogous manner from experimental data with the system kerosene +
CCl, and a water solution of glycerin (Table 1, system 6), for which v, » v4q. Thus, the
expression for M in (5) takes the form

M=|1,2(p,/pe)ve—3vc|. (12)

Calculated drop diameters from Eqs. (5)-(11) and (12) are shown in Fig. 3 by solid lines.

As follows from the curves, they are in complete agreement with the experimental data. 1In
Fig. 4, the calculated values of d,, are compared with measured data for all the agitating
mixers used in this investigation (Table 3). The figure also includes experimental results
obtained for dispersion in the absence of coalescence [19, 20]. In [19], the emulsification
was conducted in a vessel 0.05 m in diameter and mixed with a double-blade mixers with di-
ameters 0.017, 0,025, and 0.033 m; in [20] with an apparatus diameter of 0.3 m and a turbine
mixer of diameter 0.1 m. We note that the difference in phase densities in these investiga-
tions was 220-250 kg/m®, which greatly exceeds the corresponding values of the liquids used
in our investigation. The correlation of experimental and calculated values of the drop
diameter in Fig. 4, as well as the comparisons between calculations and experiments in Figs.
2 and 3, can be viewed as completely satisfactory. The root mean square deviation of the
calculated drop diameters from the measured quantities d,, is #0.15dg,.

NOTATIONS

a) specific surface separating the phases, m~!; D) equipment diameter, m; d,) initial
drop diameter, m; d) diameter of drop formed from breakup of initial drop, m; dy) mixer
diameter, m; dy,) average volume/surface diameter of the drop, m; H) filling height of the
equipment, m; hp) mixer blade width, m; Ky) power coefficient; %p) mixer blade length, m;
n) rotation frequency of the mixer, rpm; r,) mixer radius, m; V) equipment volume, m®; V)
volume of breakup zome, m®; v,) circular velocity of the liquid at radius ry, m/sec; v')
root mean square pulsation velocity, m/sec; vg) settling (floating) velocity of the drop,
m/sec; zp) number of mixer blades; w,) angular velocity of mixer, rad/sec; Bp) inclination
angle of the mixer blades, deg.; ep) maximum local value of the energy dissipation, m?/sec?;
A) turbulence scale, m; A,) internal turbulence scale, m; Mds Mc) dynamic viscosity of the
dispersed and continuous phases, Pa‘sec; Hhs ug) dynamic viscosity of the phase with
greater/lesser viscosity, Pa‘sec; Vd» V¢) kinematic viscosity of the dispersed and continu-
ous phases, m?/sec; pg, po) density of the dispersed and continuous phases, kg/m®; ¢) vol-
ume fraction of the dispersed phase; o) interphase surface tension, N/m; We = vg?dp/o)
Weber number.
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Fig. 4. Comparison of experimental and calculated drop di-
ameters: a) turbine mixers (Table 3, Nos. 1-7); b) blade
mixers (Table 3, Nos. 8-15); c) rotary mixers (Table 3, Nos.
16-17); d) blade mixers, experimental data from [20]; e)
open turbine mixer, experimental data from [19].
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COMPUTER-MODELING THE AERODYNAMICS OF GASEOUS
SUSPENSIONS IN A VORTEX CHAMBER

V. I. Mushtaev and S. N. Polyakov UDC 532.542.4:519,272

Nonstationary gas flow in a vortex chamber with side injection at high Reynolds
numbers has been mathematically described. The effect of pulsations of the
radial component of gas velocity on the flow of finely-dispersed particles

has been studied.

Vortex chamber is the main element of swirling-flow equipment used for intensifying
heat and mass transfer when drying finely-dispersed material and also of vortical and spiral-
vortical dryers {1, 2]. Finely-dispersed material is injected into the spiral channels of
spiral-vortical dryer in a stream of drying agent and later the gaseous suspension enters
the vortical chamber (Fig. 1) consisting of an outer cylindrical shell, central eylindrical
insert, and chamber bottoms. The radial component of the flow vector at the inlet can be
regarded as much less than the tangential component. The gaseous suspension exits through
an annular clearance at the chamber bottom.

A significant turbulization of gas flow greatly complicates the description of solid
particles flow in the working zone of the vortex chamber while the velocity pulsations of
the drying agent can exert much influence on the particle residence distribution in the
working zone and the heat and mass transfer coefficients.

Aerodynamic modeling of vortex chamber with side-slit injection calls for several as-
sumptions to simplify the problem. At any point in the working zone, the velocity vector
can be assumed as parallel to the plane perpendicular to the chamber axis. Based on this
assumption, gas flow can be regarded as planar. The effect of the molecular gas viscosity
is ignored in the entire flow zone with the exception of a thin boundary layer.

The main equations for modeling the gas flow are the continuity equation
(V,U)=0

and Eulerian flow equation
ou

S +(U,V)U=—Lvp
at e
where U is the velocity vector, p the density, P the pressure, and t the time.

Following the approach of [3] and the assumptions made, the problem involves finding a
complex analytical function of velocity satisfying the required boundary conditions,
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