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VISCOUS MIXING

Properly Choose
Mechanical Agitators
for Viscous Liquids

Turbine and
helical-ribbon
mixers are the

most commonly
used mixers.

Calculations,
modeling, and
economics are

all factors

in selection.

André Bakker and
Lewis E. Gates,
Chemineer, Inc

igh-viscosity mixing applica-
tions occur in most chemical
process industries (CPI) plants.
For instance, the polymer pro-
duction industry must blend high-viscosi-
ty reaction masses to thermal and chemi-
cal uniformity. This industry must also
blend small amounts of low-vis-
cosity antioxidants and colorants
into polymer streams. The per-
sonal-care products industries en-
counter many high-viscosity mix-
ing applications in the preparation
of creams, lotions, pastes, and
drugs. Other high-viscosity appli-
cations occur in the production of
food, paint, drilling mud, and
greases, to name a few. Viscosi-
ties can be in the range from
about 1 Pa-s all the way up to
25000 Pa-s in some extreme
cases. The materials to be mixed
in these applications can be very
important economically.

Mixing can occur in pipeline
systems with motionless mixers,
or in vessels using mechanical ag-
itators, depending on the applica-
tion and the process requirements.

This article gives an overview of de-
signing the most commonly used agitator
for blending applications: a top-entering
agitator with a single shaft. The agitator
can be equipped with multiple turbine-
style impellers of different design, or with
helical-ribbon or anchor-style impellers to

A wide \"iifiET)' of both motionless @ Industrial-scale helical-ribbon mixer with
mixers and mechanical agitators is — supporting cross-bars.

available to handle specific mix-

ing problems and fluid types. One or more
agitators can be used to blend a tank. Each
agitator can have one or more shafts, with
one or more impellers that do not neces-
sarily have to be of the same type. Im-
pellers can be top-entering, side-entering,
or bottom-entering.

optimize the agitator for the specific ap-
plication and blending problem on hand.
Various overviews of liquid blending
can be found in the literature, see for ex-
ample, Fasano and Penney (/), Bouwmans
(2), and Fasano er al. (3). These articles
focus mainly on blending of liquids in the
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turbulent regime: impeller Reynolds
numbers of around 10,000 and higher.

Although turbulent blending will
be briefly discussed here also, this ar-
ticle will focus on blending in the
laminar and transitional regimes.
Also, we will discuss the special re-
quirements for blending non-Newto-
nian fluids, with and without yield
stress. We will first discuss the flow
patterns and applicability of different
impeller types and will then present
some design guidelines.

Turbine agitators

A wide variety of turbine-style im-
pellers is available. Figure 1 lists the
most-common ones: the pitched-blade
turbine, high-efficiency impeller, disc
turbine, and simple straight-blade tur-
bine. Well-designed turbine impeller
systems can be used up to viscosities of
about 50 Pa-s, depending on the scale,
application, and process requirements.

Each impeller has its own charac-
teristics and its own area of applica-
tion. Straight-blade impellers and disc
turbines tend to be used to create zones
with high shear rates, such as in disper-
sion. High-efficiency and pitched-
blade impellers, and pitched-blade tur-
bines tend to be used at Reynolds num-
bers larger than about 100, where a
good overall circulation flow is impor-
tant. The impeller Reynolds number is
defined as:

_PND?
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For Newtonian fluids, the effective
viscosity [, is simply the dynamic
viscosity. For non-Newtonian fluids,
the viscosity will vary with shear rate
throughout the volume of the tank. To
calculate the average viscosity experi-
enced by the impeller, an effective
shear rate S, is calculated by Metzner
and Otto (4):

Sy=KN 2)

Here, N is the impeller rotational
speed in s and K is an impeller con-
stant. Table | lists K-values for several
different impeller types. Substituting
the effective shear rate in the viscosity
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a. Pitched-blade turhine

c. Disc turhine

d. Simple straight-blade turbine

8 Figure 1. A wide variety of turbine agitators is available to handle viscosities to

about 50 Pa-s.
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B Figure 2. Power number and pumping number as functions of Reynolds number
for a pitched-blade turbine and high-efficiency impeller.

equation for the particular fluid then
gives the effective viscosity, which can
be used to calculate the impeller
Reynolds number. Several other meth-
ods of calculating the effective shear
rate have been reported in the litera-
ture. Most of these are more complicat-
ed than the method used here, while
not always more accurate.

Two other dimensionless numbers
that are often used to characterize an
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impeller are the power number and the
pumping number. The power number
N, is implicitly defined by the follow-
ing equation:

P = N,pN?Ds 3)

When the power number of an im-
peller is known, the power draw of the
impeller can be calculated using this
equation, given liquid density, impeller
speed, and diameter.



Table 1. K-values for effective
shear-rate model (Eq. 2).

Impeller Type | K
High efficiency 10
Pitched blade n
Straight blade n
Disc turbine 1.5
Anchor (D/T = 0.98) 24.7

Helical ribbon (D/T=0.96, PID=1) 29.4

The values for the anchor and helical
ribbon impellers are for the specified stan-
dard geometries only. For other
geometries, Egs. 12 and 17 should be used.

The pumping number N, is implicit-
ly defined by:

0, = N,ND? )

When the pumping number of an
impeller is known, the pumping rate of
the impeller O, can be calculated for a
given diameter and speed.

Both the impeller power number
and pumping number depend on a va-
riety of factors, such as the ratio of im-
peller to tank diameter D/T, the im-
peller off-bottom clearance ratio C/T,
and the impeller Reynolds number.
Figure 2 shows both power and pump-
ing number correlations for both the
high-efficiency impeller and pitched-
blade turbine, using a standard geome-
wy: DIT=CIT=%.

For Reynolds numbers above
10,000, both N, and N, show little
variation with Reynolds number. In
this regime, the flow is considered to
be fully turbulent. When the Reynolds
number decreases, the pumping num-
ber decreases, while the power num-
ber goes up. This regime is usually
called the transitional regime.

At very low Reynolds numbers
(N, < 10), the power number is inverse-
ly proportional to the Reynolds number.
In this Reynolds number regime, the
flow is considered laminar. The exact
Reynolds numbers at which the transi-
tions occur are a function of impeller
type. size, and number. Grenville ef al.
(5) correlated the Reynolds number at

the boundary between the turbulent and
transitional regime as follows

_6370

= N” )
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Flow patterns

The rate of mixing in a tank is relat-
ed to the overall flow pattern. Flow
patterns can be effectively studied
using modern techniques, such as com-
putational fluid mixing (CEM), digital
particle image velocimetry (DPIV),
and laser Doppler velocimetry (LDV).

As an example, we will discuss the
flow patterns created by the pitched-
blade turbine. These patterns will be
illustrated with results of CFM simula-
tions. In these simulations, the im-
pellers were modeled using LDV data
obtained by Wang et al. (6). The re-
sults of the simulations are shown in

(a.) Ng, = 4,000

Figure 3. Color denotes the local ve-
locity magnitude. The fluid in the red
regions moves fast, while that in the
blue regions moves slow.

When the flow is turbulent, the
pitched-blade turbine creates an axial jet
(Figure 3a). Although most axial-flow
impellers can be used pumping upwards
also, they are mainly used pumping
downwards as shown in the figure. The
impeller creates a typical axial flow pat-
tern, with one main circulation loop. A
smaller circulation loop with weak flow
forms near the shaft, under the impeller.
The highest velocities are found in the
outflow of the impeller, near the blade
tip. Lower velocities are found far away
from the impeller, for example, near the
liquid’s surface.

When the Reynolds number is de-
creased, for example, by lowering the

{d.) Npe =28

W Figure 3. Simulation of the flow patterns created by a single pitched-blade turbine
in (a.), (b.), (c.), and by a three-impeller system in (d.).
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speed or by increasing the liquid vis-
cosity, the outflow from the impeller
changes. The flow pattern gradually
becomes more radial and, as a result of
the decreasing pumping capacity, the
average velocity in the tank decreases
also. Figures 3b and 3¢ show the flow
pattern at Reynolds numbers of 400
and 40.

At the lowest Reynolds number
shown here, the impeller pumps main-
ly in the radial direction. The liquid ve-
locities are very weak farther away
from the impeller. Obviously, such a
flow pattern is not desirable to achieve
good overall mixing.

To increase the rate of mixing in the
tank under these circumstances, a dif-
ferent impeller system must be used.
The overall mixing in the tank can be
improved by using more impellers.
Also, the diameter of the impeller
should be large enough to create signif-
icant liquid movement at the wall.

Figure 3d shows a redesigned im-
peller system for this tank. The number
of impellers has been increased to three.
The impeller speed has been decreased
such that power draw remains the same.
It can be seen that now a more-uniform
velocity profile is being found com-
pared to Figure 3c. The velocities near
the wall are still low, however.

This example stresses the impor-
tance in high-viscosity systems of hav-
ing an impeller system that physically
agitates the whole volume of the tank.
In a tank with a low-viscosity fluid
where, under fully turbulent condi-
tions, only one impeller would be suf-
ficient, multiple impellers may be
needed for high-viscosity systems.

When agitating viscous fluids in the
transitional or laminar regime, it may
not be necessary to use baffles, as
should be done when the flow is turbu-
lent. On an industrial scale, full baf-
fling is usually recommended for fluids
with a viscosity lower than about 5 Pa-
s, to convert swirling into axial and ra-
dial circulation.

Full baffling means the use of four
baffles with a width of 7712 and offset

from the tank wall a distance of 7/72..

For more-viscous fluids, a smaller
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M Figure 4. Simulation of the flow pattern in a tank filled with paper pulp,
a yield-stress fluid.

number of narrower baffles may be
used, or no batfles may be used at all.
This, however, also depends on the pro-
cess requirements. The viscosity of the
fluid may increase significantly during
the process. For optimum performance
at the start of the process, full baffling
may be needed, while the performance
may be better without baffles when the
process nears completion.

An optimum baffle arrangement for
the process as a whole thus needs to be
determined. An alternative might be to
mount the impeller off-center or to use
a rectangular tank to create an effect
similar to baffling, without creating the
slow-moving zones in the wake of the
baffles. In such cases, special testing
may be required and exact guidelines
cannot be given.

Effect of rheology

Changing the rheology of the fluid
will obviously affect the flow pattern
created by the impeller. Figure 4 shows
a similar tank and agitator as in the
previous figures, but now filled with
paper pulp, which has a yield stress
(see Bakker and Fasano (7)). In the
blue region around the impeller, the
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fluid is turbulent. The flow is laminar
in the blue-green region. In the areas
that are colored yellow, the shear
stresses are below the yield stress and
the fluid is stagnant.

The impeller creates a cavern in
which the fluid is moving relatively
fast and where the flow is turbulent.
However, in the bulk of the fluid,
where the shear stresses are below the
yield stress, the fluid is not moving at
all. Increasing the diameter of the im-
peller or the impeller speed will in-
crease the size of the cavern.

With yield-stress fluids, the engineer
must make sure that the shear stresses in
the whole volume of the fluid are larger
than the yield stress. A calculation pro-
cedure for sizing impellers for such ap-
plications is beyond the scope of this ar-
ticle. However, there is sufficient infor-
mation available in the literature to cal-
culate cavern sizes for various impeller
systems (Solomon et al. (8), Elson et al.
(9), and Extchells er al. (10)).

In low-Reynolds number (N, <
400) laminar flow, it is not always suf-
ficient to create movement throughout
the whole volume. It is important to
avoid the creation of self-circulating or



segregated zomes, in which the fluid
only slowly mixes with the rest of the
tank. The existence of such segregated
regions in viscous systems has been
found for various impeller systems, as
mentioned by Nagata (/7).

If segregated zones form in an in-
dustrial reactor, the product quality and
consistency may deteriorate. Muzzio
and Lamberto (/2) suggest varying the
impeller speed to create time-depen-
dent flow patterns. This prevents the
formation of steady self-circulating
flow loops.

In general, at low Reynolds num-
bers, when the use of helical impellers
is not yet necessary or not possible, it
is best to use multiple, large-diameter
axial flow impellers. Multiple feed-
pipes adding directly into the impellers
are preferred. This gives the best guar-
antee that the fluid is evenly mixed
throughout the whole liquid volume.
Both laboratory tests and CFM model-

ing can be used to study the flow pat-
terns in detail.

The above description of mixing
mainly applies to steady-state flows,
or when the overall fluid flow is a lot
slower relative to the time-scale at
which mixing occurs. Although this
description is fairly accurate under
laminar flow conditions, the situation
is more complicated when the flow is
turbulent.

In turbulent flow, eddies are present
with a wide variety of time-scales that
are shorter than the blade-passage fre-
quency. Also, large-scale chaotic varia-
tions in the mean flow can occur with a
period that is much longer than the im-
peller rotational frequency, as shown
by Myers et al. (13). The high-frequen-
cy turbulent eddies provide mixing ac-
tion termed turbulent diffusion. In con-
trast, long time-scale fluctuations in the
overall mean-flow field provide addi-
tional, quasi-random stretching and

a. Double-flight
helical-ribbon impeller

b. Screw impeller

helical-ribbon with an auger

¢. Single-flight

d. Anchor impeller

B Figure 5. Helical-ribbon and anchor impellers provide an alternative to furbine

impellers.

folding action in the fluid that can be
very effective in decreasing large-scale
concentration gradients.

Helical-ribbon and
anchor impellers

An alternative to selecting a tur-
bine impeller system is the use of a
helical-ribbon impeller or an anchor
impeller (Figures 5a and 5d). These
impellers sweep the whole wall sur-
face of the tank and physically agitate
most of the fluid batch. As a result,
they can be used at much lower
Reynolds numbers (N, < 400) than
the open-style turbines.

Helical ribbons are primarily used
when very viscous materials are to be
mixed, starting at viscosities of about
20 Pa-s and higher, depending on the
scale. Helical ribbons have been suc-
cessfully used for viscosities up to
25,000 Pa-s. These impellers often
have a diameter that is very close to
the inside diameter of the tank, and,
therefore, are sometimes called close-
clearance agitators. They guarantee
liquid motion all the way to the wall of
the tank, even for these very viscous
materials.

Helical impellers can also be manu-
factured in a different configuration,
with the helical impeller blade wrapped
closely around the shaft (Figure 5b).
Such impellers are also called helical-
screw impellers, and are sometimes
used in combination with a draft tube.

When these screw impellers are
combined with a close-clearance heli-
cal ribbon as shown in Figure 5c, the
screw is sometimes called an auger.
The power draw from an impeller is
proportional to the diameter to the 5th
power, as given in Eq. 3. Since the di-
ameter of the auger is much smaller
than the diameter of the outside helical
ribbon, the power draw of an auger is
often less than 1% of that of a helical
ribbon. When correctly designed, an
auger can be used to improve the mix-
ing near the shaft, without significantly
increasing the power draw and torque
requirement for the agitator. If the
auger is incorrectly designed, and the
pumping capacity of the auger does not
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match the flow created by the helical
ribbon impeller, the auger may actually
block the liquid flow near the shaft and
hamper the mixing process.

The cover photo shows a flow pat-
tern created by a helical-ribbon im-

peller at Ny, = 10, as calculated using
CFM. Again, the velocity vectors point
in the direction of the local liquid ve-
locity. Both the length of the vectors
and the color show the local velocity
magnitude. Red denotes a large veloci-

(a.) 1.0 min

]

(b.) 1.5 min

(c.) 3.5 min

{d.) 5.0 min

M Figure 6. Results of a blend time experiment with a laboratory-scale double-flight

helix.
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ty and blue. a small one. Only the axial
and radial velocity components are
shown.

The helical ribbon is rotating clock-
wise (seen from the top of the tank)
and is pumping downward at the wall,
although these devices can be built to
pump upward at the wall also. Circula-
tion loops form around the helical
blade. Part of the liquid that is pumped
downwards by the top helix reaches
the bottom helix. The rest of the fluid
is circulated back through the center of
the tank.

Even at this low Reynolds number,
the fluid in the tank is moving at suffi-
ciently high velocities to guarantee
good liquid movement and top-to-bot-
tom mixing. The flow pattern of the
helical ribbon depends on many geo-
metrical parameters, such as pitch,
blade width, and helix diameter. For
example, if the gap between the helix
and the tank wall is too large, liquid
may circulate back upwards at the tank
wall, thus decreasing the velocities in
the center of the tank. CFM models
can be used to accurately predict such
effects and to optimize the mixer de-
sign for the application on-hand.

Figure 6 shows the result of a labo-
ratory-scale blending test, using a dou-
ble-flight helical ribbon. A tracer fluid
is added at the liquid surface and slow-
ly mixed in. The photographs were
taken after 1.0, 1.5, 3.5, and 5.0 min.
The helical ribbon is rotating at 6 rpm.

Fluid is pulled down at the wall and
circulated back up through the center.
The complicated flow pattern generat-
ed by the helix is clearly visible from
the intricate shape of the striations and
surfaces seen in the figure.

The helix is usually mounted with
several supporting cross-bars  (see
photo on p. 25). These cross-bars also
physically sweep the liquid, adding to
the mixing action. It is recommended
to extend the helix all the way to the
liquid surface and to make the clear-
ance between the bottom cross-bar and
the tank bottom as small as possible.

Another option is to add anchors at
the top and bottom. This prevents the
formation of slow-moving or stagnant



A chemical reaction vessel requires an agitator that will blend the
process liguids to 95% uniformity in less than 5 min. Both a helical-ribbon
impeller and a turbine impeller system will be designed to meet this
criterion, and will be compared. The reactar information is as follows:

Tank dia. T=25m
Liguid level Z=25m
Liquid viscosity =25 Pa-s
Liquid density p = 1,200 kg/m?

A standard helical ribbon impeller with 0/T = 0.96 and W/0 = 0.1
will be designed. The required impeller rotational speed can be
calculated from the required blend time and Eq. 13:

- 75 _ 75 _ -1
N= £y om = 300 =0.25s

The closest impeller speed that is commercially available is
N=0.2755"=16.5 rpm. This is the speed that will have to be used in
the reactor, and the blend time is then:

b so% = 435 =4 Min, 335

To verify that the Reynolds number is in the range of validity of the
blend-time correlation, the Reynolds number is calculated as:

2
_1200x0275%24% oo 00

Design example: Helical-ribbon or turbine?

And the power draw is then:
P=461x1,200x0.275 x 2.4° = 9,160 W
The required torque is calculated as:

P__ 9,160

T 2N " 2r(0.275) b

Designing a turbine impeller system that meets the same blend-time
criterion at this low Reynolds number requires making several iterations
through the equations presented in this article, and using the blend-
time correlations presented by Fasano and Penney (1), and Fasano et al.
(3. A suitable system was found to consist of three pitched-blade
turbines with a dia. of 1.45 m, operating at 0.933 s'' = 56 rpm.

This system has a calculated blend time of 4 min, 44 s. The Reynolds
number is 94, which is pushing the lower limit at which these impellers
can still be used. The power draw of this impeller system is P = 41,230
W, and the torque requirement is M = 7,033 N-m.

Comparing the two systems reveals that bath have approximately the
same blend time. Because of the larger power draw and torque
requirement of the turbine agitator it will require a more expensive mator
and gear box. A helical ribbon impeller itself will be more expensive than
three pitched-blade turbines. The total capital cost of the whole agitator
with the helical ribbon (including shaft, motor, and gear box) is about
10% higher than when pitched-blade impellers are used. However, the
power draw is less than a fourth of the pitched-blade impeller system,
resulting in a significant reduction in electricity and operating expenses.

NR& 25

N,=30 - 461

The power number is then calculated from Eq. 9 to be:

The final decision on which impeller system is to be used may also
depend on future plans. If itis anticipated that, at some point, liquids
with a viscosity higher than the design viscosity of 25 Pa-s will be
used, then the helical-ribbon impeller will be the best choice.
Conversely, if it is anticipated that future processes may use lower-
viscosity materials, the pitched-blade impeller system may be used.

zones near the liquid surface and the
vessel bottom.

When it is important to have high
velocities at the tank wall, for example,
in heat-transfer applications, it is recom-
mended to make the clearance between
the helix and the tank wall as small as
possible. Further, the helix can be
equipped with scrapers that physically
remove the fluid from the tank wall.

Agitator design

The previous sections gave qualita-
tive discussions about the flow patterns
generated by the different impeller
styles and the effects on mixing in the
tank. This section gives more quantita-
tive design guidelines, both for design-
ing turbine agitators and close-clear-

ance agitators such as helical ribbons
and anchor impellers. The above side-
bar presents a worked-out example in
sizing both types of mixers.

The required agitator size is often de-
termined, based on previous process ex-
perience, by means of laboratory tests,
or by means of computer simulations.
An often-used design aid is the scale of
agitation S, defined by Hicks et al. (14):

5,=328 30 ®)
4l
where
113
T, =(4v) )

Here, T, is the effective tank diam-
eter and V, s the total volume of liguid.

S, provides a 1-10 range of agitation
intensity with 1 being mildly mixed,
and 10 being very violently mixed. Ag-
itation levels of 1 and 2 are characteris-
tic of applications that only require low
fluid-velocities to achieve the process
result. Levels of 3-6 are most common
in the CPI. Values of 7-10 are charac-
teristic of applications requiring high
fluid velocities, such as in critical reac-
tors. Gates et al. (15) present guide-
lines on how to relate S, to specific
process applications.

The scale of agitation is not suited
for use with fluids with a large yield-
stress or which are viscoelastic. Vis-
coelastic fluids tend to develop flow
normal to the direction of shear. This
can lead to “counterintuitive” effects in
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the flow field, such as fluids climbing
up a rotating shaft, and fields in which
the direction is reversed when com-
pared to Newtonian fluids. Such fluids
require special testing and design con-
siderations when being agitated, and
are not discussed in detail in this article.

When laboratory tests are per-
formed, the scaled-down system is
usually geometrically similar to the
large-scale  industrial ~ vessel. To
achieve the same mixing intensity in
both the laboratory and industrial ves-
sel, §, is usually kept constant. To
achieve the same qualitative flow pat-
tern, the Reynolds number. as defined
in Eq. 1, should be kept the same on
both scales. If possible, both S, and the
Reynolds number should be kept con-
stant by using a model fluid with a
lower viscosity on the laboratory scale.

When studying vortex motion at the
liquid surface. it is necessary to keep
both the Reynolds number and the
Froude number constant at both scales.
The Froude number is defined as:

N°D
z (8)
The impeller speed at the laboratory
scale can be calculated from the im-
peller speed at the large scale and the
Froude number. A laboratory model-
fluid has to be chosen such that the
Reynolds number is the same on both
scales. Other commonly used scaling
criteria are constant power-per-unit-
volume, which is often used in mass-
transfer and dispersion applications,
and constant tip-speed, which is simi-
lar to a constant S,, provided that the
Reynolds number is kept constant also.
The power draw of the pitched-
blade turbine and high-efficiency im-
peller is easily calculated using Figure
2. In multiple-impeller systems, the
power draw of each impeller is usually
calculated as if the impeller were the
only one in the tank. Then the individ-
ual power draws are added to obtain
the overall draw. In situations where
the impellers are mounted closely to-
gether and pump in the same direction,
the overall power draw may actually
be less, but adding the power of each

Mfz

32 .

Nomenclature

C = impeller to bottom clearance, m

D = impeller dia., m

frw = geometry correction factor in
power draw equations,
dimensionless

z = gravitational acceleration, m/s?

H = impeller or helix height, m

K = impeller constant, dimensionless

M = torque, N-m

n, = number of flights for a helix

N = impeller rotational speed. 1/s

N, = Froude number, dimensionless

N, = impeller power number,
dimensionless

N, = impeller pumping number,
dimensionless

Ny, = Reynolds number, dimensionless

N, = Reynolds number at boundary
between transitional and turbulent
flow. dimensionless

P = impeller power draw, W

P, = pitch of a helical ribbon impeller, m

Q, = impeller pumping rate, m¥/s

S effective shear rate experienced by
the impeller, 1/s

Sa scale of agitation, dimensionless

W = blade width, m

1;, 950, = blend time to 95% uniformity, s

i1 = tank dia., m

T, = effective tank dia., m
V, = liquid volume, m?

Z = liquid height in tank, m

Greek letters

p density, kg/m?
u = dynamic viscosity, Pa-s
W = effective dynamic viscosity in

power-draw calculations, Pa-s

impeller gives a usable, somewhat con-
servative estimate of the power-draw
and torque requirements.

In power-draw calculations for non-
Newtonian fluids, the effective viscosi-
ty L is substituted for the dynamic
viscosity. The effective viscosity is cal-
culated from the particular viscosity vs.
shear-rate curve and the effective shear
rate S,; from Eq. 2.

When testing non-Newtonian fluids.
care should be taken that the viscosity
measurements are done in the appro-
priate shear-rate range. For example.
the popular power-law model is often

DECEMBER 1995 ® CHEMICAL ENGINEERING PROGRESS

only valid over a range of about two
decades of shear rate. This should be
taken into account when doing lab test-
ing at a small scale and a relatively
large shear rate, and building the final
plant on a large scale, at much lower
shear rate. To avoid costly errors, vis-
cosity curves should always be mea-
sured in the shear-rate range and tem-
perature range in which they will be
used in the plant.

Blend time

Blend time is another important
quantity. often used in the design of
chemical reactors and mixing tanks.
An extensive discussion of blend time
caleulations for axial flow impellers
such as the high-efficiency impeller
and the pitched-blade turbine is pre-
sented by Fasano er al. (3). The algo-
rithms developed are limited to im-
peller Reynolds numbers larger than
100. For lower Reynolds numbers, the
blend time increases so fast with in-
creasing viscosity that accurate correla-
tions are not available. This is also the
regime where the use of helical-ribbon
impellers should be strongly consid-
ered. If it is nonetheless necessary to
estimate the blend time for such a
highly viscous system equipped with
turbine agitators, it is recommended to
perform a laboratory test. The blend
time at the large scale can then be cal-
culated, assuming that the product of
impeller speed and blend time is the
same at both scales.

The power draw of a helical-ribbon
impeller is similarly calculated from
the power number, as follows.

For N, < 100:

)]

N,=3207
Re

For Ny, > 100:

N, = 112 exp[6.15 — 1.37InN,,
+0.0613(0N,, lf,,  (10)

where:

(B BICKPT (P28 (3]
(1)



In Eq. 11, pitch P, is the vertical
climb of a single flight of the helix in
360 deg. rotation. The N, curve is
shown in Figure 7 for a standard de-
sign with /= 1.

The Reynolds number is calculated
using the viscosity at the effective
shear rate. For helical ribbon impellers
the effective shear rate is given by:

-5z

N
(12)

i

1"
Sy=25 (%] 4[]1202 N Ff]m

Accurate blend-time correlations are
scarce, and there is a significant
amount of scatter in the data presented
in the literature, especially when it
comes to the effect of changes in the
geometry. For a standard double-flight
helical-ribbon impeller (P/D = 1, W/D
= 0.1, and D/T = 0.96) the blend time
for 95% uniformity can be estimated
from the equation below.
For Ny, < 100:

Ty 95 = -j\? (13)

| S I I I Y 1

The power number for anchor im-
pellers is given by the equation below.
For N, < 10:

N, = N e (14)
For 10 < N, < 10,000:
N, = 1.05exp[5.64 — 0.783InN,,

~ 0.0523(InN,, ?

+ 0.00674(lnNRe)3]ﬁm (15)
where:

o _(H) [ wieD\M Drao |\

L[R2 ae)

The N, curve is shown in Figure 7,
for a standard design with f,,, = 1.
For the helical ribbon, D/T = 0.96
and F'/D = 1. For the anchor im-
peller, D/T = 0.98. The effective
shear rate for anchor impellers is
given by:

112

§,=25 [?) N a7

The blend time for 95% uniformity
for anchor impellers of standard geom-

Helical Ribbon
Anchor

Ll { R ) I G 7 N I

etry (W/D=0.1,D/T =098, and ZIT =
1) can be estimated by Eq. 18,

For 100 < N,,, < 10,000:

0135
)

1y o5 = exp (129N, (18)

Comparing Eq. 13 with Eq. 18
shows that at a Reynolds number of
100, it will take an anchor impeller
more than 13 times as long to
achieve 95% uniformity as a helical-
ribbon impeller operating at the same
speed.

Both with helical-ribbon impellers
and with anchor impellers, the power
input can be so high that cooling is re-
quired to remove the excess heat. Heat-
transfer calculations are beyond the
scope of this article. A good source of
heat-transfer correlations is Nagata (/).

Conclusions

This article gives an overview of the
major considerations when mixing vis-
cous fluids in industrial situations.
Much information is available in the lit-

B Figure 7. Power
number as a function
of Reynolds number
Sfor a helical-ribbon
impeller and an
anchor impeller, both
of standard geometry.
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erature on mixing of low-viscosity flu-
ids, but less is offered on mixing of
higher-viscosity fluids. This is due to
the smaller number of applications, the
complexity of studying high-viscosity
mixing, and the often-unusual rheologi-
cal characteristics of viscous process
fluids. While the number of applications
is smaller, the dollar value of equipment
for high-viscosity applications is higher
because mixing equipment costs rise
quickly with increasing viscosity.
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The technology base for design of
high-viscosity mixers is much more
limited than for design of low-viscosity
mixers, While this article has summa-
rized important design information for
high-viscosity mixing, the authors
strongly encourage the use of comput-
er simulations, and laboratory and
pilot-plant studies to supplement and
confirm the recommended approaches
given here. Careful analysis of all rele-
vant mechanical and process design
parameters, and capital and mainte-
nance cost is required in all cases
where viscous materials are to be
mixed on an industrial scale.

Historically, mixing used to be a
mainly empirical field of study. Re-
cently, more fundamental studies have
been performed. Also, the advances in
CFM mixing have made it possible to
accurately predict flow fields, generat-
ing information that can be used in
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evaluating the mixing performance of
an agitator to a level of detail that was
unheard of a decade ago.
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