
Reprint from Chemical Engineering Communications 14: 225-277 (1982)

DISPERSION PHENOMENA IN HIGH VISCOSITY
IMMISCIBLE FLUID SYSTEMS AND

APPLICATION OF STATIC MIXERS AS
DISPERSION DEVICES IN SUCH SYSTEMS

HAROLD P. GRACE †

Engineering Technology Laboratory
E. I. DuPont de Nemours & Co., Inc.

Wilmington, DE 19898
(Received March 3, 1981)

I will discuss dispersion phenomena in high viscosity immiscible fluid systems and
application of static mixers as dispersion devices in such systems in the following four
steps:

(i) Single drop deformation and breakup in rotational shear fields (Couette).
(ii) Single drop deformation and breakup in irrotational (extensional) shear fields.
(iii) Immiscible jet stream breakup upon injection into laminar flowing stream.
(iv) Application of (i) – (iii) to interpretation and prediction of dispersion performance

at high viscosity in static mixers, at both low and high viscosity ratios.

The information presented here is based on studies in model fluid systems of two
phase liquid of high viscosity under creeping flow conditions, i. e., where the continuous
phase viscosity was from 50 to 3000 poise, and very nearly Newtonian at the shears
involved, the particle Reynolds number was in the range from 10-2 to 10-6, the interfacial
tension varied from a fraction of a dyne to 25 dynes/cm, and the dispersed phase to
continuous phase viscosity ratio varied from 10-6 to 950.
                                                
†  This  paper was presented by Dr. H.P. Grace, at the time Senior Research Fellow with E.I. DuPont de
Nemours Co., at the “Third Engineering Foundation Conference on Mixing” held in Andover (N.H.) in
August 1971. Although the paper was never published, many copies of the presentation (some of them of
third and fourth generation) have been in circulation for years and the work has been often quoted. It was
felt, therefore, that by publishing Dr. Grace´s work we shall meet the needs of those who have been trying
to get a copy of this work. Since Dr. Grace retired from active service, Dr David G.R. Short, Engineering
Consultant with DuPont,  retrieved the manuscript and the figures and reissued both in March 1981. Sub-
sequently the paper was edited for publication in Chemical Engineering Communications. When editing the
manuscript, I changed mainly the references to slides and to movie sequences which, unfortunately, are not
longer available. Some slides were combined with the text and some had to be left out since the photo-
graphs shown on them were not of good quality. Some figures had to be redrawn either because the data
points were not legible or because the axis description was missing. I have also filled-in the literature refe-
rences which were missing in the original manuscript. I have preserved the original terminology and
notation. The paper was not subject to our normal peer review but the high demand for copies of this
presentation, which has persisted for over ten years, testifies to the value of Dr. Grace´s work.
J.J. Ulbrecht, Editor.
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FIGURE 1 Simple shear

Areas of application pertain to high viscosity polymer melts or solutions intended for
fiber, film or bulk plastic production. These include the dispersion of immiscible droplets
of antistatic or antisoiling agents of much lower viscosity, the dispersion of droplets of
color concentrates originally prepared in an immiscible polymer of lower viscosity, the
breakup and dispersion of unwanted immiscible gel structures of higher viscosity
resulting from cross-linking or polymer degradation, and finally the blending of
immiscible polymer systems to form controlled two phase structures of unique physical,
optical or electrical properties.

Let's start out by considering single drop deformation and breakup in rotational shear
fields, say a uniform Couette shear field. Figure 1 shows such a rotational shear field
with an initially spherical drop deformed to an ellipsoidal shape, where the drop
deformation D equals length minus breadth over length plus breadth,

Drop deformation, D = 
L − B

L + B
(1)

Viscosity ratio, to be referred to frequently, is defined as dispersed phase viscosity over
continuous phase viscosity, and f(p) is a theoretical function of this viscosity ratio
suggested by Taylor1 which varies only from 1 to 1.2 for viscosity ratios from 0 to
infinity.

Viscosity ratio, p = µD/µc     f(p) = 
19p +16

16p +16
(2)

For small deformations, Taylor' showed theoretically that the deformation D is equal to
E, where E is a ratio of viscous to interfacial tension forces necessary for burst.
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E =
Grd c f p( )

(3)

This will be termed the reduced shear required for breakup, and is shown here as the
shear rate, GB, times drop radius, rd, times continuous phase viscosity, µc, times function
f(p), over the interfacial tension, γ. Experimentally, Mason2 demonstrated. under certain
conditions, that the deformation at burst equals E at burst is in the range of 0.5 to 0.6 for
viscosity ratios of 0.1-1.0.

Da  ≈  EB  ≈  0.5 – 0.6 (4a)

Where

EB =
GB rd c f p( )

(4b)

At very high viscosity ratios, Taylor1 predicted a limiting deformation without burst in
simple shear

DL  ≈  5/4p (5)

Drop deformation and burst have been studied in a Couette device, the principles of
which are shown in Figure 2. The viscous fluid in the annulus is floated on a heavier low
viscosity fluid to reduce end effects, single drops being inserted at the point of shear
reversal for ease of observation. Variable speed drive on both inner and outer bowls
provided uniform shear gradients from 0.001 reciprocal second to 100 reciprocal
seconds.

The plot in figure 3 shows that, at small deformation, the relationship of deformation
to viscous forces deforming the drop is linear in accordance with small deformation
theory, the slope providing a direct measure of effective interfacial tension. Whereas at
larger realistic shear gradients, the curve is no longer linear. The value of the interfacial
tension computed from the linear portions of such deformation curve agrees well with
independently measured values provided the latter arc extrapolated to a zero quiescent
contact time at the interface.

Figure 4 shows this typical effect which results from the very slow diffusion in such
viscous systems and a finite but very small mutual solubility. Thus, under shear the
interface is dynamic, fresh components are in contact, and interfacial tension acting is
that between the pure components for an extended period for high viscosity systems.

Figure 5 shows the very great effect of viscosity ratio on E, the ratio of viscous to
interfacial forces required for drop burst in Couette shear. The correlation shown here
spans the range of continuous phase viscosity from 45 to 2800 poise and interfacial
tensions from a fraction of dyne/cm to about 25 dynes/cm. This general correlation
allows prediction of the critical bursting shear gradient, GB, required to break a drop of
radius, rd, at a continuous phase viscosity, µc, and an interfacial tension, γ, for any
viscosity  ratio  from  10-6 to 3.5  in  uniform  rotational shear.  It  can  be  seen  from  the
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FIGURE 2  Principles of Couette device.

curve that for actual fracture of the drop, a minimum occurs in the range of viscosity
ratios from 0.1 - 1.0, whereas at either lower viscosity ratios or higher viscosity ratios the
value of the ordinate, and therefore the critical shear gradient required to break, increases
very rapidly. The horizontal portion of this curve, below a viscosity ratio of 0.1,
represents  tip  streaming  breakup  [when small drops are shed off from the two tips of a

FIGURE 3  Drop deformation.
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FIGURE 4   Effect of quiescent contact time an measured interfacial tension.

mother drop which assumes a sigmoid shape. Ed.] and does not represent actual fracture
of the drop as is required in short-term dispersion. It can be seen that, at very low or very
high viscosity ratios, it becomes several hundred times more difficult to break a drop by
uniform rotational shear. Because of this and a large interfacial  tension,  dispersion  of  a
gas  in a high viscosity liquid becomes a very difficult operation.

FIGURE 5 Effect of viscosity ratio.
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FIGURE 6 Critical shear gradient.

Also, of course, it is not possible to break drops in such a simple shear field if the
viscosity ratio exceeds 3.5.

Figure 6 shows some similar data reported previously by Mason and co-workers.3 Most
of the data points for actual fracture of the drop were in the viscosity range from a 0.1 to
1. No data were taken at Viscosity ratios above 1. All the data at viscosity ratios below 0.
1 were for a tip streaming breakup rather than actual fracture of the drop. As reported,
Mason drew a straight line of constant values through these points which we do not
consider to be valid for actual drop fracture.

Figure 7 shows similar data reported by Karam and Bellinger.4 The curve of these data
is quite similar in several respects to that of our data.  That is,  there is a minimum in vis-

FIGURE 7 Critical shear gradient. Karam and Bellinger.
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cosity ratio range of 0. 1 to 1 with a rapid increase in what they term the reduced shear
rate (our term EB), at either low or high viscosity ratios. However, the two significant
differences are, first, that we were able to actually fracture drops at viscosity ratios as low
as 10 -6 whereas Karam and Bellinger indicated this was not possible below perhaps 5 x
10-3; this we feel was due to limitations of their equipment and the continuous phase
viscosities used which were much lower than those we used. The second principal
difference is the numerical value at the minimum of this curve. Our data indicate it is in
the region of 0.6 which checks with Mason's available data. In contrast, Karam and
Bellinger show a minimum at a value of reduced shear rate of about 2. This we feet is
due to a difference in the interfacial tension value used, i. e., whereas we have used a
value of dynamic interfacial tension between fresh components under shear, the value
used by Karam and Bellinger is a long-term equilibrium value between mutually
saturated components which could be expected to be 1/2 to 1/3 of the value actually
representative of the dynamic shear conditions. We feel the value of dynamic interfacial
tension between pure components is more representative of an actual dispersion
condition where two components are brought together and must be very rapidly dispersed
in continuous equipment, under very short contact times.

Figure 8 shows that the shape of our correlation of critical shear gradient versus
viscosity ratio corresponds to the shape of the curve of drop deformation versus viscosity
ratio in many respects. That is, a minimum in curve of required drop deformation for
breakup occurs in the viscosity range from 0. 1 to 1, and at either higher of lower
viscosity ratios the drop deformation required for drop breakup becomes greater and
greater. Of course, on the high viscosity ratio side, upon reaching a viscosity ratio of 3.5
a discontinuity occurs and suddenly only a limited deformation can be achieved under
uniform rotational shear, with no breakup occurring.

Figure 9 shows deformation data expressed as the drop draw ratio necessary for break
at the critical shear gradient,  i. e.,  the length required for breakup over the original drop

FIGURE 8   Effect of viscosity ratio.
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FIGURE 9 Effect of viscosity ratio.

diameter, plotted versus viscosity ratio. This again for continuous phase viscosities from
45 to 2800 poise and for interfacial tensions from a fraction of a dyne/ cm to about 25
dynes/cm. The general correlation is similar, with a minimum occurring in a viscosity
ratio range of 0.2-1.0, and a rapid rise in either direction from this minimum, with
required drop draw ratio approaching one hundred at either very low viscosity ratios or
viscosity ratios approaching 3.5. For breakup to occur at the critical value of reduced
shear, both a critical drop draw ratio and a critical time under. shear must be attained.

Figure 10 shows a dimensionless correlation of the data in terms of a reduced burst
time versus viscosity ratio. from which the time, tB, required under critical shear can be
predicted. Again this correlation covers continuous phase viscosity from 45 to 2800 poise
and interfacial tensions from a fraction of a dyne/cm to 25 dynes/cm.

The correlations of the past several plots allow us to predict, for a 106 fold range of
viscosity ratio, the required critical shear,  the required drop draw ratio,  and the required

FIGURE 10 Effect of viscosity ratio.
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shear time for breakup of a given drop size in a uniform rotational shear field. However,
in a practical dispersion problem we have a distribution of feed drop sizes. and therefore
in order to equal the critical value of reduced shear and assure breakup of the smaller
feed drops we will in effect exceed the critical shear for the larger size drops.

Figure 11 shows the effect of exceeding the critical shear on drop draw ratio at burst,
for four different viscosity ratios. It can be seen that, as the ratio of actual to critical value
of reduced shear (i.e., E/EB) increases, the required drop draw ratio which must be
reached before burst will occur increases quite rapidly.

FIGURE 11 Effect of exceeding EB on drop draw ratio at burst.
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FIGURE 12 Effect of exceeding Ea on number of drop fragments at burst.

Figure 12 shows the effect of exceeding the critical shear on the number of drop
fragments produced when burst does occur. It can be seen that, when the ratio of actual to
critical value of reduced shear is one, the number of fragments produced depends. only
on the viscosity ratio and the type of burst occurring; also that, as the ratio of E to EB

increases, the number of drop fragments increases very rapidly reaching values on the
order of 10,000 fragments at reduced shears on the order of 100 times the critical shear,
with the breakup behavior becoming much more dependent on ratio of E/EB than on
viscosity ratio.

Figure 13 shows the effect of exceeding the critical value of reduced shear on the
reduced burst time, tB, required for drop breakup. The time under shear required for
breakup decreases quite rapidly as the ratio of actual to critical values of reduced shear
exceeds one. However, this decrease is less than proportional to the increase 18 value of
the ratio E/EB. Consequently, the energy input required is increasing quite rapidly.
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FIGURE 13 Effect of exceeding EB on reduced burst time.

Figure 14 shows that the effect of exceeding the critical shear gradient on fragment size
distribution is to broaden the size distribution. Shown are histograms both by number and
by volume of the fragment size distribution for breakup at the critical value of reduced
shear, at 2.5 times this critical value, and at approximately 4 times the critical value.

Figure 15 shows for a viscosity ratio of 0.1, the effect of exceeding the critical value of
reduced shear on drop fragment  size in a somewhat different manner.  Shown  here is the
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FIGURE 14   Effect of exceeding Es on drop fragment size distribution.

ratio of fragment to original drop diameter plotted versus ratio of actual to critical value
of reduced shear at burst. The lower curve is for the ratio of volume surface average
fragment size to original drop size, the upper curve is for ratio of maximum fragment
diameter to the original drop size. In both cases the ratios decrease rapidly at first as the
critical value of reduced shear is exceeded, but tend to level out to such an extent that it
generally does not appear worthwhile to operate at reduced shears exceeding the critical
value by perhaps more than 4 to 10 times.

Figure 16 shows similar data for a much lower viscosity ratio of approximately 2 x 10-3.
Again, it can be seen that the curves tend to level out beyond values of E/EB in the range
of 4 to 10, indicating that for minimum energy consumption per unit of new surface,
operation beyond this point is generally undesirable. This indicates that to achieve a large
drop size reduction ratio, shear should be applied stagewise, with sufficient low shear
holdup between stages to permit breakup of already deformed drops, in order to
minimize energy consumption and heat generation. Thus, for a given system, the product
of stage shear rate and shear time is indicated to be a constant, with shear rate low and
shear time long at feed end, and shear rate high and shear time short at discharge end of a
preferred dispersion device.

Drops of viscosity ratio greater than 3.5 cannot be broken in simple rotational shear, but
rather require in irrotational shear for breakup. For this reason I would now like to
consider single drop deformation, extension, and breakup in irrotational (i.e., extensional)
shear fields.

Figure 17 shows schematically the four roll device which we have used to
experimentally examine these phenomena. The four rolls are driven in such a way as to
produce a hyperbolic shear field in which the velocities are defined as shown in Figure
17, where G' is the irrotational shear rate which is extensional along the x3 - x3 axis  and
compressional along the x2 - x2 axis.  Near  the  observation  point,  0,  G'  is  equal  to  an
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FIGURE 15 Effect of exceeding EB on fragment-size-to-original-Size ratio.

apparatus constant times the roll speed. For the configuration of the four roll device used,
this was experimentally demonstrated to be true within ± 2 cm of the point zero by
measurements on tracer particles.

Two separate variable speed drives were employed, one driving rolls one and two and a
second driving rolls three and four, with vernier control of the ratio such that a drop
could be held at the center of the hyperbolic shear field. Irrotational shear rate from 0.001
reciprocal second to about 25 reciprocal seconds could again be covered. The viscous
fluid was floated on a low viscosity fluid in order to reduce end effects, and air clutches
were installed on the two drives such that the rolls could be started and stopped nearly
instantaneously,

The plot in Figure 18 shows data, expressed in the form of a reduced irrotational shear
required for continuous drop extension and breakup versus viscosity ratio. For
continuous phase viscosities or 45 to 503 poise and for various interfacial tensions from 1
to 6 dynes/cm,  these data fall on a curve which shows a minimum at viscosity ratios  bet-
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FIGURE 16 Effect of exceeding Es an fragment-size-to-original-size ratio.

ween 1 and 5, with a slow increase in required values of reduced shear for breakup at
high viscosity ratios out to values in the order of 900, and a similar slow increase in
required value at low viscosity ratios down to values as small as 10-5. The few data points
taken by Mason2 and by Taylor1 in a similar four-roll device are also shown. This curve
shows that the value of reduced shear required for drop breakup at the minimum of the
curve is about 0.2, this value being only one-third of the value of 0.6 observed at the
similar observed minimum for the case of rotational shear. This can be seen in Figure 19
which shows the reduced shear required for drop breakup in rotational shear and in
irrotational shear, both versus viscosity ratio. The ratio of reduced shear required for
breakup in irrotational shear as compared to that required in rotational shear becomes
even smaller as the viscosity ratio moves away from one in either direction. Thus for
equal shear rates, irrotational shear appears to product more effective breakup and
dispersion than rotational shear, even at low viscosity ratios. Part but not all of this
apparent  advantage  may  be  a  mirage,  in  that  the  correlation  for  both rotational and
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FIGURE I7 Irrotational shear field of four-roll device.

FIGURE 18  Drop break-up in hyperbolic shear field.
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FIGURE 19 Comparison of effect of viscosity ratio on critical shear in rotational and irrotational shear
fields.

irrotational shear incorporate the measured value of simple rotational shear viscosity for
the continuous and dispersed phase viscosities. Trouton has shown that for three
dimensional irrotational shear the fluid viscosity is three times the simple shear viscosity.
For the two dimensional shear field of our four-roll device a similar analysis indicates
that the irrotational viscosity is really twice the measured simple shear value, i.e. at least
for Newtonian fluid. While this would not affect the viscosity ratio which is the abscissa
of these correlations, it would double the values of the ordinate for the irrotational case if
the irrotational viscosity were available and could be substituted, bringing the values of
reduced shear at minimum of curves nearer to each other. Still unaccounted for, however,
would be  at  least a 50% difference  between  rotational  and   irrotational  shear  rate  re-

FIGURE 20 Maximum stable. drop deformation - irrotational shear.
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FIGURE 21 Drop deformation for burst at critical shear-irrotational shear.

quirements for drop breakup, with the latter having the advantage for dispersion
purposes. A recent rheological examination of non-Newtonian polymeric materials by
Ballman5 indicates that the irrotational shear viscosity is much less sensitive to high shear
rates than is simple shear viscosity. This observation suggests an additional advantage in
the use of irrotational shear for dispersion purposes.

FIGURE 22 Comparison of effects of viscosity ratio on drop draw ratio for burst at critical shear rotational
and irrotational shear.
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Figure 20 shows the maximum stable drop deformation under irrotational shear as a
function of viscosity ratio. These data are of interest because no drop breakup can occur
until both shear stress and shear time are such that the maximum stable drop deformation
is exceeded. Exceeding this deformation, however, does not insure drop breakup, but
merely makes it possible if a proper combination of shear stress and shear time is
imposed beyond this limit. The curve in Figure 20 resembles the shape of those in the
previous figures, with a minimum near a viscosity ratio of one.

Figure 21 defines the critical drop deformation that must be reached before
irrotational shear is removed, if the drop is to break after cessation of shear, rather than
contract to its original spherical shape. This figure shows two experimental curves. One
for the maximum drop deformation from which a drop recovers unbroken upon cessation
of critical shear. The other represents the minimum observed drop deformation resulting
in drop breakup upon removal of the critical shear. These critical deformation values are
large compared with the maximum stable drop deformation, particularly at high viscosity
ratios, and pass through a minimum near a viscosity ratio of 0.1.

Figure 22 shows a comparison of the critical drop draw ratio for breakup in both
rotational shear and irrotational shear. The minimum critical draw ratio in both cases in
approximately 5 and occurs at viscosity ratios in the neighborhood of  0.1.

Figure 23 shows a correlation for drop breakup in hyperbolic shear fields of critical
magnitude which may be used to estimate the critical shear time necessary to insure drop
breakup upon application and removal of the critical irrotational shear.

In Figure 24 this correlation of reduced critical burst time for irrotational shear is
compared with that previously determined for rotational shear. In the region of
overlapping viscosity ratios, approximate agreement is indicated. Since the critical value
of reduced shear actually required is shown to be lower for irrotational shear, with equal
times under critical shear being required to assure breakup, a lower total energy
expenditure for breakup under irrotational shear is indicated.

FIGURE 23  Effect of viscosity ratio on reduced critical burst time for irrotational sheaf
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FIGURE 24 Comparison of effect of viscosity ratio on reduced burst time at Es for rotational and
irrotational shear.

Maintenance of the critical shear rate to the breakup point is generally not attractive
from an energy consumption standpoint. Large deformations and long shear times are
required because of the damping action of shear upon the growth of the interfacial
Rayleigh  waves that eventually cause breakup. However, one additional path exists for
proceeding from the maximum stable deformation under shear to the drop breakup point.
This route involves maintaining the critical shear rate so as to exceed the maximum
stable deformation  by an incremental amount,  followed by  a  programmed reduction in

FIGURE 25 Four-roll run-shear removal and no break.
(Pale 4/Si 30,000 µD/µc = 6,66. γD = 4.3 dynes/cm, E/EB = 1.07)
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shear rate so as to hold a constant drop deformation until the developing Rayleigh waves
grow to the point of drop breakup. In exploratory studies of this alternate method,
breakup has occurred at deformations less than the critical deformation required for
breakup with complete removal of shear. Total breakup times for both methods,
however,  have been comparable.

Figure 25 shows the shear-deformation history deduced from a movie sequence in the
four-roll device in which the maximum stable drop deformation was exceeded, but the
critical drop deformation for breakup not reached at the time the critical shear gradient is
removed entirely. For this case the drop is able to contract, because of interfacial tension
forces, to its original shape before the Rayleigh waves can grow to an amplitude such as
to fragment the extended drop.

In contrast, Figure 26 shows similar shear-deformation history in which the maximum
stable drop deformation is incrementally exceeded but the critical drop deformation not
reached and in which the shear instead of being abruptly reduced to zero, is decreased at
a programmed rate such that the drop extension is held constant until the growing
Rayleigh waves result in fracture of the drop. It can be seen that the shear required to
maintain this constant extension decreases rapidly to a very low value as Rayleigh waves
grow and pinch region develops, As yet we do not have a good measure of a comparative
total energy consumption for breakage by this route as compared to the route of
exceeding the critical shear gradient followed by complete removal of all shear.

In order to produce a two-phase liquid dispersion, the dispersed phase must be
introduced  into  the  flowing continuous phase at some point, either upstream of the con-
tinuous dispersion device or in the continuous dispersion device itself.

FIGURE 26 Special four-roll run-program shear reduction for constant deformations to burst.
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One convenient means of doing this is to introduce the disperse phase as a jet stream in
the pipe line feeding the continuous phase to the continuous dispersion device, and
perhaps by this means to take advantage of natural or artificially induced breakup of the
jet stream in order to assist dispersion in the continuous dispersion device. With this in
mind, we shall now discuss immiscible jet stream breakup upon injection into a laminar
flowing system of a continuous phase.

Existing theory for jet breakup originated with Lord Rayleigh,6 was extended by
Tomotika,7 and has been generalized recently by Meister and Scheele,8 but relates only to
the ideal case of a jet entering a primary fluid in such a way that both are in rectilinear
flow. For this case the amplitude of the interfacial wave, ε, is equal to an exponential
function of an initial perturbation at the nozzle, ε0, where a is the growth rate, t is the time
from nozzle discharge, z is the distance downstream of nozzle discharge, and k is the
wave number.

ε  =  ε0 exp(at  +  ikz) (6)

= 0 exp
az

V j

+ ikz
 

 
  

 

 
  where k = 2

(6a)

The size of the initial perturbation, ε0, is generally unknown and can only be
calculated from observations of the breakup distance ZB, and Rayleigh wave growth rate.
For the case of interest of a viscous liquid jet entering a very viscous liquid, the wave
number k has been shown to be inversely proportional to the jet diameter and a complex
function of the disperse to continuous viscosity ratio, which has been given graphically
by Meister and Scheele.8

0 = e
am ZB /V j[ ] (7)

The maximum wave growth rate, am, has been given as shown in Eq. (8), where φ is a
complex function of viscosity ratio and is also given graphically by Meister and Scheele.
These relationships have all been derived for rectilinear flow and their application to the
real case of an injection nozzle within a flowing pipeline with velocity gradients between
the jet stream and pipeline flow at the nozzle tip has not been reported.

am =
D j

1−
k2D j

2

2

 

 
  

 

 
  (8)

Figure 27 shows that with the jet on the pipe centerline, the ratio of equilibrium jet
diameter to the nozzle diameter can be simply correlated with the ratio of nozzle to
pipeline flow velocities over a wide range of additive ratios and/or nozzle sizes, and that
a differential momentum balance supports these data as long as the ratio of nozzle to tube
diameter is small and the viscosity ratio is also small. Thus, the equilibrium jet diameter
and therefore the Rayleigh wavelength and major fragment size on breakup become
predictable using existing theory.
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FIGURE 27 Observed injected jet diameter-centerline injection.

Figure 28 shows that for a laminar jet stream introduced through a nozzle on a
centerline of the bulk phase transport pipeline, the wavelength of the Rayleigh waves
which develop and result in natural breakup can be satisfactorily predicted for a
considerable range of jet stream diameters less than the nozzle diameter using Tomotika
theory as generalized by Meister and Scheele, but that an increasingly important
empirical correction must be applied in predicting Rayleigh wavelengths as the
equilibrium jet diameter exceeds the nozzle diameter. The curves in this figure also show
that the resulting size of the major breakup fragment remains a nearly constant 2 to 2.2
times the equilibrium jet diameter or a nearly constant 30-35% of the Rayleigh
wavelength, and can be satisfactorily related to the observed jet diameters and Rayleigh
wavelength by the following expressions:

DD/Dj  =  (1.5 λ/Dj)
1/3 (9)

or

DD/λ  =  (1.5 Dj
2/λ2)1/3 (9a)

For forced jet breakup

f =
V j

m

(10)
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FIGURE 28 Comparison of observed and predicted data-Raleigh wavelength and maximum fragment
diameter for centerline jet breakup.

These can be derived from a conservation of mass on the assumption that the mass of the
major fragment is equivalent to that of a one wavelength-long cylinder of the jet. This
appears so even when the observed and predicted wavelengths do not agree as with a
large expansion at the nozzle. Natural breakup, under system conditions considered,
resulted in mostly uniform size major fragments, between which were interspersed a few
(i.e. Eq. 1-3) satellite fragments of much smaller size. Under practical operating
conditions with highly viscous systems, distances from nozzle to natural jet stream
breakup may become very large, and means of promoting jet breakup at or near the
nozzle are of interest. For low viscosity liquid/gas systems, axial vibration of nozzle has
been widely reported to result in such premature jet stream breakup into a nearly
monodispersed fragment size if the nozzle vibration frequency, f, is adjusted to equal the
jet stream velocity divided by the dominant Rayleigh wavelength for jet breakup. We
have found that a similar result can be obtained even with these very viscous
liquid-liquid systems either by actual axial vibration of the nozzle or by pulsing the flow
of the nozzle feed stream near the theoretically predicted frequency. An amplitude of the
order of the equilibrium jet diameter for conditions considered, is necessary. For the
usual operating conditions with such viscous systems frequencies of 0.1 to 10 cycles/sec
are required, as compared with frequencies in the kilocycle range for nonviscous liquid
jets in a gas, and the resulting fragment size is necessarily much larger.

Moving the injection nozzle off the centerline of the pipeline and toward the wall
results in the jet stream being subjected to a net velocity gradient which increases in
magnitude as the nozzle approaches the pipeline wall. This results in a type of Rayleigh
wave development and ultimate jet breakup which has not been described  before. and
which is both sensitive to the exact shear conditions and not readily predictable from
existing theory. In the extreme of placing the nozzle at the wall, our movies show this
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phenomena to comprise the growth of Rayleigh waves on the high velocity size of the
sheared jet stream, with the crests of these non-symmetrical Rayleigh waves eventually
forming white caps, and developing into separate finger streams, which migrate toward
the centerline while at the same time developing further Rayleigh waves which result in
their eventual breakup. Thus. the original jet stream progressively divides itself into
many smaller streams which do the actual breaking up.

Figure 29 shows that a correlation also exists between ratio of jet to nozzle diameter,
and the ratio of nozzle to pipeline average flow velocities for conditions of additive
introduction at pipeline wall, but of a different form from that resulting with centerline
operation. The relationship shown in this figure for injection at wall is a cube root
relationship in contrast to the square root relationship developed for the centerline jet,
and is entirely empirical.

Figure 30 shows that the Rayleigh wavelength of the growing perturbations for a jet
nozzle near the pipeline wall is significantly greater than predicted by theory and in
addition is very sensitive to the existing values of wall shear rate. Jets introduced off-
center, but not at the wall, were found to show the same effect, but with sensitivity to
wall shear rate decreasing with increasing distance from the pipe wall. The distribution of
breakup fragments under either off-center or near wall conditions was found to be very
wide, but the size of the largest fragment remained  30  -  35%  of  the observed Rayleigh

FIGURE 29 Observed injected jet diameter-wall injection
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FIGURE 30 Comparison of observed and predicted data-Raleigh wavelength and maximum fragment
diameter-wall injection

wavelength for the unbroken jet stream, and therefore was always larger than would have
been obtained for the same flow conditions with the jet introduced at the center of the
pipeline. The data of this figure and the previous figure a1low prediction of equilibrium
jet diameter, Rayleigh wavelength and maximum fragment size for a considerable range
of conditions with injection nozzle at the transport line wall.

Figure 31 shows that, for these same conditions, distances from nozzle to natural
breakup of the jet stream can be correlated with the product of pipeline velocity and
equilibrium jet diameter, although considerable scatter occurs. Such a correlation is
expected based on the growth rate equation for Rayleigh waves, on the assumption that
the initial perturbation is constant and very small, i.e., of molecular size, and on the
assumption that breakup occurs when the Rayleigh wave amplitude grows to equal the jet
stream diameter. The use of the theoretical growth rate equation and the average data of
this slide to calculate the size of the initial perturbation yields a value of 2 x 10-8 cm,
which supports this view. Whereas Rayleigh wavelengths is largely independent of
system  properties,  breakup  distance  or  time  is sensitive to system properties  and  can
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FIGURE 31 Observed jet breakup distance correlation.

be expected to be directly proportional to continuous phase viscosity and inversely
proportional to interfacial tension for other than the system at hand. Data in this figure
for conditions of jet stream introduced at the pipeline wall indicates that the same general
relationship exists, between distance from nozzle to jet breakup point, and the product of
jet diameter and pipeline velocity, as with the jet stream introduced at the centerline.
Since pipeline velocity at the introduction point very near the wall was less than 10% of
the centerline velocity, this means that time required for Rayleigh wave growth to the
point of jet breakup was more than 10 times as great when a jet stream of the same
equilibrium diameter was located near the pipeline wall rather than on centerline. Thus,
these data also show that a net velocity gradient across the diameter of the injected jet
stream inhibits the rate of growth of Rayleigh waves in the injected stream of immiscible
fluid, and prolongs the time between injection nozzle and natural breakup point. If the
pipeline velocity and percent disperse phase are kept constant such that the ratio of
average nozzle velocity to average pipe velocity equals one for a nozzle near the pipeline
wall, the equilibrium jet diameter for a nozzle near the pipeline wall will be 40% greater
than for the same nozzle located at the center of the pipeline and under these practically
comparable conditions distance from nozzle to natural breakup will be 40% less for
additive introduction at the centerline rather than the wall.
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Also Rayleigh wavelength, and therefore size of the largest fragment, will be a minimum
for additive introduction to centerline.

Now we can get to the heart of the matter, i.e., the application of the basic data
already discussed to the interpretation and prediction of dispersion performance at high
viscosity in static mixers, for both low and high viscosity ratios.

A travelling microscope device was set up to observe and follow the dispersion
occurring in transparent static mixer sections under continuous flow and dispersed phase
addition conditions. Static mixers were oriented either vertically or horizontally,
dispersed and continuous phases were provided in a fixed ratio by coupled positive
displacement pumps, and dispersed phase was introduced at the center of the pipeline
upstream of the static mixer by a single nozzle arranged so injection flow to it could be
pulsed at the Rayleigh wave frequency if desired, in order to produce artificial breakup at
the introduction nozzle tip as well as a continuous unbroken jet stream.

Most measurements have been made in the Kenics static mixer and some in a 2 x 2
multiflex mixer.

For systems of low viscosity ratio the dispersed drop size produced by passage
through the static mixers was generally found inversely proportional to the nominal wall
shear rate for the static mixer tube.

Figure 32 shows a typical result for a system of 1000 poise continuous phase
viscosity, and 13 poise dispersed phase viscosity in terms of the volume surface average
diameter of fragment produced versus nominal wall shear rate. Curves are shown both
for conditions of the dispersed phase injection stream entering the mixer as an unbroken
jet, and for injected feed entering the mixer as the fragments produced by artificial
breakup of the jet stream ahead of entrance to the mixer. As it can be seen, breakup of the
injected jet stream before it enters the mixer is highly desirable.

Figure 33 shows similar data for the maximum fragment diameter versus nominal
wall shear rate for the same mixer and system. Results are quite similar, the same
advantage being apparent for case of a premature natural or artificially-induced breakup
of dispersed phase jet stream.

Figure 34 shows the effect on static mixer performance of changing system
parameters. The dotted and broken lines show the performance for a system of viscosity
ratio of 3.2 x 10-2 and a dynamic interfacial tension of 8.5 dynes/cm. Performance of the
same mixer is shown by the solid line for a much lower system viscosity of 4.6 x 10-4 and
the somewhat higher dynamic interfacial tension of 14 dynes/cm. This shift in fluid
system parameter requires a 15-20 fold increase in the operating shear rate of Kenics
mixer unit in order to produce the same average fragment diameter with either an
unbroken or a broken jet feed to the mixer. Referring back to our general correlation for
breakup in rotational shear, Figure 5, and keeping in mind the change in viscosity ratio
and interfacial tension between the systems in the plot in Figure 34, we can determine
that values of the dimensionless reduced shear quantity, GBrdµcf(p)/γ must increase from
1 to 10 because of the reduction in viscosity ratio. With interfacial tensions
simultaneously increased 1.7 fold, the value of the bursting shear gradient, GB,  would  be
predicted  to increase 17 fold for equal breakup since the continuous phase viscosity  and
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FIGURE 32 Kenics dispersion performance-Average drop size vs. wall shear.

radius of the drop remained unchanged while the theoretical function of viscosity ratio
varies little. This prediction is in reasonable agreement with the observed results shown
in Figure 34.

Figure 35 shows comparative performance data for the same change in system
conditions in the mixer as before, but presented in terms of the maximum fragment rather
than the average fragment diameter. The 19-28 fold increase in shear required to produce
the same drop fragment size, while not in as good agreement as when considering
average drop size, is in reasonable agreement with the predicted value of 17 fold.

Figure 36 shows a plot of the calculated effective shear rate in a Kenics mixer vs. the
nominal wall shear rate, and indicates the effective shear rate is some six times the
nominal wall  shear  for  conditions  of  rotational  shear.  Effective  shear  was  arrived at
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FIGURE 33 Kenics dispersion performance-maximum drop size vs. wall shear.

by using our basic correlation of rotational shear required for breakup, with substitution
of experimentally observed values of average drop fragment size so as to back calculate
what the effective shear must have been in order to produce these observed drop sizes.

Our basic work on single drop breakup has shown that staging of shear intensity and the
inclusion of low shear relaxation zones between successive stages of increasing shear
intensity could be expected to increase the energy utilization of a dispersion device for
immiscible fluids, thereby reducing beat generation. The data shown in Figure 37 support
this conclusion by showing that improved performance (i.e. reduced dispersed drop size)
is possible by staging the shear intensities, and can be further increased  by  including a
low shear relaxation zone between shear stages, i.e., between the 1/4 and 1/8 in. mixers
for thos case.
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FIGURE 34 Effect of changing system parameters on Kenics dispersion performance-prediction.

FIGURE 35  Effect of changing system parameters on Kenics dispersion performance-prediction.
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FIGURE 36 Kenics mixer effective shear for dispersion.

FIGURE 37 Kenics mixer effect of staged shear.
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The preferred frequency and holdup volumes of such relaxation zones can be estimated
for individual situations by use of the general drop breakup correlations presented
previously.

Figure 38 shows that even with a relaxation zone between stages, the proposed
method of scaling performance from one fluid system to another is valid for viscosity ra-
tios less than unity. Thus, the same shift in fluid system parameters as shown previously
for a single Kenics mixer. again requires a 16-19 fold increase in shear with staged
mixers in order to produce a dispersion of equivalent drop size. This observation
compares well with the 17 fold increase predicted from basic breakup correlations.

Figure 39 compares the dispersion performance of various combinations of standard
Kenics static mixers in terms of volume medium diameter and maximum drop size for a
viscosity ratio of 2 x 10-3, the interfacial tension of 6 dynes/cm, 5.9% injection of
dispersed phase, with a total throughput of 15 lb/hr. Produced drop sizes decrease nearly
logarithmically with increases in mixer pressure drop or hydraulic power expended, to
drop sizes equal to or smaller than those produced in rotational mixers under similar
conditions. For equal drop sizes, necessary hydraulic power expenditure in the static
mixers appears to be an order of magnitude less than the rotational power requirement in
driven dispersion devices. While the curves in this plot show a generally logarithmic
relationship, significant scatter of data points exists. Those representing staged
combinations of static mixers separated by a low shear relaxation zone between stages
show a minimum ratio between the maximum and volume median drop diameter, i.e. a
narrower drop size distribution.

FIGURE 38 Effect of changing system parameters on Kenics dispersion performance with staged mixers
prediction.
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FIGURE 39  Drop diameter vs. mixer Dp or power for various Kettles mixer combinations.

Figure 40 shows this effect More directly as drop size distribution curves for the
dispersion produced, respectively, by two 1/2 in. 21-stage mixers directly connected in
series, and by the same two mixers connected in series by a low shear relaxation zone.

While for low viscosity ratio systems of high viscosity, the dispersion drop size
produced in static mixers is generally inversely proportional to the nominal shear wall
rate of the mixer section (or to throughput), with increasing throughput a point is reached
at which this is no longer true and the curve of drop size versus throughput passes
through a minimum, with the produced dispersion drop size actually beginning to
increase at higher throughputs.

Figure 41 shows data taken with a 1/2-in. 21-stage Kenics mixer in the region of this
critical throughput for a continuous phase viscosity of 600-800 poise, viscosity ratio of 2
x 10-3, and interfacial tension of 6 dynes/cm. Dispersion performance is shown here in
terms of the 50% median diameter, the  10%  oversize diameter,  and the maximum drop
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FIGURE 40 Effect on drop size distribution of intermediate low-shear holdup between stages in Kenics
mixer.

diameter microscopically observed. In all cases a minimum drop size occurs in the region
of 15-20 lb/hr throughput.

Figure 42 shows the same drop size data expressed as drop size distributions resulting
at the various throughput rates, illustrating the shift in drop size distribution which occurs
near this critical point.

Figure 43 shows similar data for 1/4-in. 21-stage Kenics mixer, which indicates that the
critical throughput rate may be on the order of 9-10 lb/hr for this particular system, with
drop size increasing beyond this throughput.

Again Figure 44 shows the shift in drop size distribution with increasing throughput for
this 1/4-in. mixer.

Figure 45 shows that by staging two 21-stage, 1/2-in. Kenics mixers followed by two
more 21-stage, 1/2-in. Kenics mixers, the critical throughput at which this minimum in
drop size occurs can be extended to higher throughputs. In fact. the minimum has not yet
been reached in this case at throughputs on the order of 30 lb/hr, although the curves
have flattened indicating a rather broad minimum.

Figure 46 shows the drop size distributions over the range of throughputs indicated in
the previous figure for the particular system employed and the two 1/2-in., 21 stage
mixers followed by a second pair of 1/2-in., 21-stage mixers with low shear holdup
section between.

Analysis of these dispersion performance versus throughput data, in terms of feed drop
size, effective mixer shear rate and required shear time to break the feed drop size as
determined from  our  basic correlation of reduced sheaf rate and time required for break-
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FIGURE 41 Single 1/2-21 Kenics-dispersion performance vs. throughput.
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FIGURE 42 Single 1/2-21 Kenics-drop size distribution vs. throughput.

up of single drops, indicates the minimum in the dispersion drop size versus throuput
curves, and the continuous increase in drop sizes beyond some limiting throughput, can
be accounted for by inadequate shear time to extend and break the effective feed drop
size when a limiting throughput is exceeded. Thus, a minimum dispersion drop size
occurs as the ratio of maximum shear time required to average residence time approaches
0.5, with dispersion drop size increasing continuously as this ratio exceeds 0.5.

Figure 47 shows this for the 1/2-in. 21-stage Kenics mixer, in terms of a plot of drop
size versus ratio of required time to break the feed size to the average residence time.
Well defined minimums are seen in the curves: the 50% median diameter, 10% oversize
diameter, and the microscopically observed maximum drop diameter, as ratio of required
breakup time to average residence time approaches 0.5.

Figure 48 shows similar data for the 1/4-in., 21-stage mixer, and indicates that in this
case all operating data points shown are for values of this ratio greater than 0.5.

Figure 49 shows the effect of dual point versus single point disperse phase feed (i.e.
smaller disperse phase feed size) on the dispersion performance of a 1/2-in., 21-stage
static mixer. Dashed curves are for drop size versus throughput for single point disperse
phase feed already discussed, while solid curves result from a 30% reduction in disperse
phase feed size obtained by doubling of injection points.  Produced drop size is decreased
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FIGURE 43 Single 1/4-21 Kenics-dispersion performance vs. throughput.
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FIGURE  44  Single 1/4-21 Kenics-drop size distribution vs. throughput.

while critical throughput rate above which performance degrades is extended to higher
values. This is directly related to the reduced time under shear required for breakup with
a smaller feed size.

Model system dispersion runs employing variable dispersed phase fractions over the
0 to 20% range, both with comparable combinations of static mixers and a rotational
mixer, have shown that at the average shear rates existing in the mixers, the observed
linear decrease in mixer torque and/or pressure drop with increasing dispersed phase
injection can be approximated by an Einstein-type relationship for dispersion viscosity,
in which the constant has an observed value of 2-1/2 to 3 compared to a theoretical value
of 2-1/2.

Figure 50 shows that under these variable injection conditions, both the 50% volume
medium diameter and the 10% oversize volume diameter of the produced dispersion
drops increase nearly linearly with increase in fraction disperse phase. These increases in
dispersion drop size are a direct result of both the linearly decreasing dispersion viscosity
and of the increase in effective feed drop size caused by increasing injection ratio at a
single injection point.

Figure 51 shows that increasing dispersed phase fraction generally shifts the entire
drop size distribution curve to a larger size without greatly affecting the slope of the drop
size distribution curves for dispersions produced in either static or a comparable
rotational mixer.
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FIGURE 45  Two, 1/2-21 + LS holdup + two 1/2 + 21 Kenics-dispersion performance.
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FIGURE 46  Two 1/2-21 + LS holdup + two 1/2-21 Kenics-drop size distribution.

So much for the performance of static mixers on high viscosity systems of low
viscosity ratio. We shall discuss now the performance of static mixers used for high
viscosity systems of high viscosity ratios when the irrotational shear becomes a
requirement for drop extension and breakup.

Figure 52 shows that for a high viscosity ratio requiring irrotational shear for drop
breakup and dispersion, the volume average surface diameter of dispersed drops
produced in a Kenics static Mixer again decreases with increasing superficial wall shear
rate, but with a slope of -1/2 rather than -1. Also, whether the injected dispersed phase jet
stream introduced upstream on the pipeline centerline remains unbroken or breaks up by
natural or artificially promoted growth of Rayleigh waves before entering the mixer
appears to have little effect on the dispersion performance expressed in terms of average
drop diameter.

Figure 53 shows the same general inverse half power relationship between the
maximum fragment diameter and the superficial wall shear rate. However, in these term.
whether the dispersed phase jet stream is broken or unbroken at the entrance to the mixer
seems to have some slight effect.

Figure 54 shows that the volume average drop size produced for a given superficial
wall shear rate is changed little by either extending the mixer length beyond standard or
by direct combination of mixers to yield staged shear. However, the combinations of
mixers to yield shear staging with an intermediate low  shear  holdup  zone  of  sufficient
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FIGURE 47 1/2-21 Kenics dispersion drop diameter vs. ratio of reduced burst time/mixer average
residence time.

duration for completion of breakup  of  the  deformed  drops between shear stages. results
in a significant reduction in fragment size of the produced dispersion.

Figure 55 shows this same effect in terms of the maximum fragment diameters in the
produced dispersion, and indicates again that the maximum effect occurs upon staging
mixers with a holdup zone between the staged mixers.

The basic correlation of critical shear required for drop breakup at high viscosity ratios
in irrotational shear shown in Figure 18 has been used, combined with the observed
average drop sizes produced at high viscosity ratios in the Kenics static mixer, to
calculate the effective irrotational shear within the Kenics mixer as a function of
superficial wall shear rate, or mixer throughput.
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FIGURE 48 1/4-21 Kenics dispersion drop diameter vs. ratio reduce burst time/mixer average  residence
time.
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FIGURE 49  Effect or dual vs. single point injection on dispersion performance single 1/2-21 Kenics.

Figure 56 shows the resulting correlation which is a power function with a slope of 1/2.
Figure 57 shows this effective irrotational shear for the Kenics mixer, compared with

the previously determined effective rotational shear in the Kenics mixer.
Thus, the effective irrotational shear rate is proportional to the square root of the

superficial wall shear rate whereas the effective rotational shear rate for systems of low
viscosity ratio is directly proportional to the superficial wall shear rate. In terms of
relative magnitude the effective irrotational shear rate is only 7.0 to 0.7 percent of the
effective rotational shear rate over the practical operating range of wall shear rates from 1
to 100 reciprocal seconds. This quantifies the irrotational shear component in the Kenics
mixer as being small compared to the rotational component at realistic wall shear rates.
However, this irrotational component is sufficient to enable the Mixer to be used for
dispersion at viscosity ratios above 3.5 if dispersion fineness is not too critical, or if
relatively high pressure drop operation can be tolerated.



268 H. P. GRACE

FIGURE 50  Effect of additive injection ratio on dispersion drop size produced by IBM mixer and by
1/2-21 + HU + 1/2-21 Kenics.
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FIGURE 51 Effect of additive injection ratio on drop size distribution produced by 1/2-21 + HU± 1/2-21
Kenics mixer.

FICURE 52   1/4-21S Kenics.-av. drop diameter produced for high viscosity ratio system.
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FIGURE 53 1/4-21S Kenics-max. drop diameter produced for high viscosity ratio system.

FIGURE 54  Effect of Kenics mixer staging on av. drop diameter produced at high viscosity ratios.
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FIGURE 55 Effect of Kenics mixer stalling on max. drop diameter produced at high viscosity ratios.

FIGURE 56 Effective irrotation shear of Kenics mixer vs. nominal pipeline wall shear.
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FIGURE 57  Comparison of effective shear of Kenics mixer for drop dispersion at low and at high
viscosity ratios.

Physical origin of  the  irrotational shear component within the static mixer channels
seems to be related to the inter-laminar transfer occurring because of the radial
circulation within the twisting semi-circular sections.

Figure 58 shows average drop size produced versus mixer wall shear rate data taken
with several 1/4-in. and 1/2-in. Kenics-type static mixers, for a system with a dispersed to
continuous phase viscosity ratio of 110, as compared to a curve of previous data, shown
dashed, taken for a Kenics mixer at a viscosity ratio of 6.7. Over this range of viscosity
ratios our basic correlation of shear required to break drops in irrotational shear fields
indicates very little change in dispersion performance would be expected for a constant
continuous phase viscosity and interfacial tension. This agrees with the observation
shown here for the 1/2-in., 21-stage and 1/4 40-stage mixers. Better than predicted
performance with the 1/4 2-stage mixer may reflect experimental error and/or some
unaccounted for internal design tolerance in specific mixers used.

Comparison of average dispersion drop size versus hydraulic power expended in
static mixers shown in Figure 59 for both the Kenics-type design and the 2 x 2 multiflex
design show that at high viscosity ratio, the Kenics design excels in a manner similar to
that found previously for systems of low viscosity ratio.

Figure 60 presents data for viscosity ratios from 8 to 110 and continuous phase
viscosities of 45 to 625 poise which show that for constant-interfacial tension, both
average and maximum dispersion drop size can be correlated with mixer pressure drop
alone  for  a  variety  of  static  mixer  sizes  or combinations, by a simple power function
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FIGURE 58 Effect of changing viscosity-ratio on high viscosity-ratio dispersion performance-Kenics
Mixers.

FIGURE 59 Comparison of dispersion diameter produced vs. mixer hydraulic power for Kenics and
multiflux mixers at high viscosity-ratios.
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FIGURE 60  Kenics mixers at high viscosity-ratio-av. drop diameter vs. ∆p.

FIGURE 61  Kenics mixers at high viscosity-ratio-max. drop diameter vs. ∆p.
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with an exponent in the range of - 0.49 to - 0.66 or very close to 0.5. This figure shows
data in terms of dispersion volume surface average diameter.

Figure 61 shows similar data in terms of dispersion maximum drop diameter. In both
cases the data span a 10-4-fold range of mixer pressure drop and are qualified only in that
mixer residence time must exceed the time required for feed drop size deformation and
breakup to occur, as predicted from the previously presented basic correlations for
breakup under irrotational shear. Although not included as a variable here, absolute level
of dispersion drop size produced can be expected to be inversely proportional to
interfacial tension as indicated by the basic correlation for drop breakup in either
irrotational or rotational shear fields.

Figure 62 shows, for a constant 15 lb/hr throughput, the dispersion performance of
single and multiple static mixers in terms of hydraulic power expended for a high
viscosity ratio system. Again, this is shown in terms of volume medium and 10%
oversize drop diameters.

FIGURE 62 Staged Kenics mixers at high viscosity-ratio-drop diameter vs. mixer  ∆p + total hydraulic
power.
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FIGURE 63  Drop size vs. IMB mixer speed and power-high viscosity-ratio system.

These  decrease  in proportion to  0.5 power of  horsepower expended,  with roughly
10-2 hp being expended to achieve a volume mean diameter of 4.0 microns and a 10%
oversize diameter of 20-microns.

Figure 63 shows dispersion performance of a proprietary driven rotary mixer, on the
same high viscosity system and at the same throughput, as a function of mixer rotational
speed and power input. Drop diameters decrease as only the 0.13 power of input
horsepower, with inputs 100-fold greater than with static mixers being required to yield
the same 4-microns average and 20-microns oversize drop diameter. Thus, at high ratios
as well as at low viscosity ratios, the static mixer appears to be 8 particularly effective
dispersion device which should minimize problems of temperature rise during dispersion
in high viscosity immiscible fluid systems.
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While the correlations already presented provide a basis for predicting dispersion
performance of static mixers on specific immiscible fluid systems if their properties
including dynamic interfacial tensions are known, the counter problem of scaling up
laboratory-scale static mixer dispersion performance for an immiscible fluid system of
unknown but constant properties is of frequent interest. The following four points
summarize a recommended procedure for handling such problems.

1. Constant wall shear (8/D of mixer tube).
2. Constant average residence time

i.e. constant number of stages and constant ratio stage length to stage diameter.
3. This results in

a. mixer length ~ mixer diameter
b. constant mixer ∆p
c. mixer diameter ~ cube root of throughput
d. number of disperse phase feed nozzles ~ to 0.66 power of throughput.

4. If impractical to increase number of disperse phase feed nozzles as indicated
a. then for constant number of disperse phase feed nozzles, must further increase

mixer length in proportion to cube root of throughput.

In summary, I have presented for high viscosity immiscible systems, basic data and
correlations of single drop deformation and breakup in both rotational and irrotational
shear yields, and have indicated their application to interpretation, prediction, and scaling
of dispersion performance of static mixers on such systems,
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