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ABSTRACT

LIQUID-LIQUID MIXING IN STIRRED TANKS
WITH VARYING LIQUID DEPTHS

by
Sunil Mehta

Considerable attention has been devoted in the past to the determination of the minimum
agitation speed, N.4, required for the complete dispersion of two immiscible liquids in
mechanically stirred tanks. When this situation is achieved the dispersed phase is no
longer present as a distinct layer, such as a light oil phase above an aqueous solution, but
becomes completely dispersed, in the form of droplets, throughout the continuous phase.
The achievement of the dispersed state is of significant importance in many industrial
operations. Nevertheless, the effect on N of a number of operating variables remains
poorly understood. In particular, the effect on N, of the liquid depth, H, has not been
established, especially at different values of the impeller off-bottom clearances, C. This
situation is especially common, and potentially critical, in a number of processes in the
pharmaceutical and food industries, when the completely dispersed state must be
maintained at all times as the vessel is either charged with a liquid or emptied.

This investigation is focused on the experimental determination of the minimum
agitation speed and power dissipation required to completely disperse two immiscible
liquids at different liquid heights and impeller off-bottom clearances. Two types of
impellers were used here: a six-blade disc turbine and a six—blade (45°) pitched-blade
turbine. The minimum agitation speed was first experimentally determined using a visual
approach. In order to validate visual observation method, a previously developed

sampling method was also used (Armenante, P.M. and Huang, Y.T., Ind. Eng. Chem.



Res., 31: 1395-1406, 1992). This method is based on sampling the liquid-liquid mixture
at different agitation speeds, determining the content of the dispersed phase in each
sample, and analyzing the data so obtained using a mathematical model.

N.q and the corresponding power, P, drawn by the impeller at N.; were found to
be strongly affected by the impeller type, as expected. However, they were also
significantly affected by both the liquid height and the impeller off-bottom clearance.
Typically, both Ny and P decreased with decreasing H. The effect of C was more
complex. Of even greater significance, it was observed that, for specific combinations of
H and C, and especially when the liquid head above the impeller was below a critical
value, the state of complete liquid-liquid dispersion was not achievable, irrespective of
the agitation speed. This implies that operating in regions where N4 cannot be achieved

should be avoided if complete liquid-liquid dispersion is to be maintained. The results of

this investigation are expected to be of significant importance in the industrial practice.
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NOMENCLATURE

impeller blade angle (radian)

baffle width (m)

impeller blade height, i.e., blade width projected on vertical axis (m)

impeller off-bottom clearance measured from the middle of the impeller to the
bottom of the tank for disk turbines, or measured from the top of the blade to
the bottom of the tank for pitched-blade turbines (m)

impeller off-bottom clearance measured from the bottom of the impeller to the
bottom of the tank (m)

a constant determined for different impeller types
impeller diameter (m)

liquid height (m)

liquid head above the impeller (m) =H — C,
sampling point location measured from the bottom of the vessel (m)
liquid head of a pump (m)

constant

impeller blade length (m)

constant

signal corresponding to strain gage (mV)
agitation speed (rpm)

number of blades of impeller (dimensionless)
Bond number, ngAp/o (dimensionless)

minimum agitation speed for complete liquid-liquid dispersion (rpm)
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ch-smp

N.4 determined experimentally with sampling method (rpm)

Negvis  Neg determined experimentally with the visual method (rpm)
Ngr Froude number, DNmee,m/ gAp (dimensionless)

Naa Galileo number, D} DPmeanZ2A0/, uzmea,, (dimensionless)

N, power number, P/PmeanN°D’ (dimensionless)

P power (watt)

Q flow rate (m*/sec)

R volume of phase present in the sample (L)

Re impeller Reynolds number, pmea,,NDz/y,mean (dimensionless)
S total sample volume (L)

T tank diameter (m)

A% volume fraction of dispersed phase

w blade thickness (m)

Greek Letters

o, 0p  constants

Ko Ma  Viscosities of continuous and dispersed phase (kg-m/sec)
Pe, pa  densities of continuous and dispersed phase (kg/m®)

o surface tension (joule/m?)

Ap | bc- pa | (kg/m?’)

Pmean  density of mixture (kg/m’)

Pmean  viscosity of mixture (kg/(m-s))

T torque (N-m)



CHAPTER 1

INTRODUCTION

Liquid-liquid mixing in a mechanically stirred vessel is a very common industrial
operation encountered in many food, pharmaceutical, petrochemical, and biochemical
industries. The main purpose of these processes is to promote good contact between the
two immiscible phases and extend the interfacial area in order to increase the mass
transfer rate. In these processes, it is important to operate at an agitation speed that
ensures that the two phases are well mixed and the dispersed phase is completely
incorporated into the continuous phase. In all above processes, involving mixing of two
immiscible liquids, very small liquid droplets of one phase are created into the second
phase. In these cases, the resulting mixture is often stable and will separate only after a
long period of time. Therefore, mixing and the operating parameters that control it play a
key role in the optimization of the overall process. As a result, multiphase mixing has
become a very active area of research and investigation.

A number of studies have been published in the literature to determine the
minimum agitation speed to completely disperse two immiscible liquids in mechanically
stirred vessels, and the corresponding power dissipation as a function of several process
variables such as tank geometry, impeller geometry, and physical properties of the fluids.
However, no information is available on how the minimum agitation speed varies with
changes in liquid heights. This situation is typically encountered during batching of
ingredients and filling or emptying operations, where the vessel content is changed. In

such situations, especially if the liquid height is dropped significantly and the liquid head



above the impeller is very small, it is of the utmost importance that the liquid-liquid
dispersed product remains uniform throughout the operations.

Therefore, this study focused on the experimental determination of the agitation
requirement in a mixing vessel to achieve complete liquid-liquid dispersion as a function
of liquid level (liquid height). At or near this point, both phases are in contact with each
other, thus promoting mass transfer and interphase reactions, while minimizing power
consumption. The specific objective of this work was to experimentally investigate the
effect of liquid depth (H), impeller off-bottom clearance (C), and impeller type on the
minimum agitation speed (N.q) and power (P) dissipation to achieve complete dispersion
of two liquids. To achieve this objective a visual method for the experimental
determination of N¢qy was used (Nc4vis). The validity of this approach was tested using
another method based on sampling the mixture at different agitation speed and analyzing

the data to obtain Neg (Ned-smp)-



CHAPTER 2

LITERATURE SURVEY

2.1 Liquid-Liquid Dispersion
Liquid-liquid mixing in stirred tanks finds a wide range of application in mixer and
mixing vessel design in extraction operations. By increasing the agitation intensity, the
contact surface area is increased and the solute required for chemical reaction is
transferred. The typical objectives of liquid-liquid mixing are as follows:
1. Increase the interfacial area by dispersing one liquid into another immiscible liquid;
2. Reduce the external mass transfer resistance outside the dispersed drops;
3. Promote internal mass—transfer by inducing convection within the dispersed drops;
4. Coalesce and redisperse the drops.

Of these four objectives, the first one is by far the most important since very high
values of the interfacial area can be achieved even at moderate agitation intensities. The
overall mass transfer rate is directly proportional to the interfacial area. The mass transfer
coefficients are weak functions (through the power dispersed per unit volume) of the
impeller agitation speed. By rotating an impeller, the liquid phase with the largest
fraction typically becomes continuous, and the other liquid phase becomes dispersed. In a
normal dispersion, especially in a system of small interfacial tension, it takes a long time
to completely separate two liquid phases by settling after stopping agitator rotation,
because fine droplets are difficult to separate from the bulk liquid.

Many types of impellers are used for agitation and mixing of liquids in vessels.

The power consumption is not only dependent upon the type of impeller used and the




rotational speed, but also on the physical properties of the fluid and the geometric
characteristics of the system, including the location of the impeller within the mixing
vessel. A number of factors such as the shape, size of the impeller and the vessel, extent
of baffling, impeller off-bottom clearance, and spacing between impellers typically
produce changes in the flow pattern of the fluid being mixed and influence the power
drawn. The most common configuration of mixing equipment used in industry consists
of a vessel of a height nearly equal to the tank diameter where only one impeller is
provided. However, agitated vessels having a value of the height-to—diameter ratio
greater than unity and equipped with multiple impellers are commonly used in processes
where shear—sensitive or high viscosity materials are treated, or where a high vessel
surface-to—volume ratio is required.

When the agitation speed is increased (starting with a system at rest), one liquid
phase begins to disperse into the other liquid. The progress of dispersion continues to
increase the interfacial area available for mass transfer. The agitation speed at which an
initially stratified immiscible layer disappears is called the minimum agitation speed for
complete dispersion, and is denoted by N.4. This speed is used as the main criterion of
agitation intensity necessary for liquid-liquid systems. N¢4 should be known to enable
efficient design of mixer. Nagata (1960) obtained the following correlation for N4 using
a paddle (D=T/3, b=0.06T, 6=90 © and C=T/2) in a flat-bottom cylindrical vessel with

liquid depth (H) equal to vessel diameter (T):

on B p-p
pC pC




In this equation, K is a proportionality constant, p. and p4 are the densities of the
continuous and dispersed phases respectively in kg/m’, and p. is the viscosity of the
continuous phase in kg/(m-s). The value of K is taken 750 for a centrally located impeller
and 610 for the off-center location. The effect of viscosity of the dispersed phase and the
interfacial tension appeared to be negligible.

A related phenomenon was studied by Quinn and Sigloh (1963). They found that
phase inversion, in most of the water—organic systems they studied, occurred at agitation
speeds equal to two to three times N4, for equal volume fractions of the two immiscible
liquids.

Skelland and Seksaria (1978) studied the effects of liquid properties, impeller
location, impeller type, and multiple impellers on N4. They proposed the following

equation:

- o, 19 -1/9 03, 0.25
ch CoD B By ¢~ Ap (2.2)

where C, and ¢, are functions of impeller type, location, and the ratio (H/T).

Skelland and Jai Moon Lee (1978) correlated the minimum agitation speed
needed for nearly uniform liquid-liquid dispersion in baffled vessels, and described the
effects of impRller type, size and location, and the effect of liquid properties on the
degree of mixing. They expressed the degree of mixing in terms of the mixing—index
concept developed by Hixon and Tinney (1935) in their work on solid-liquid systems.

They calculated the composition of each sample as “percentage mixed” by the formula:

Percentage mixed = %XIOO (2.3)




where R is the volume of the phase present in the smaller amount in the sample and S is
the total sample volume. They defined the minimum impeller speed for nearly uniform
mixing (N.g) as the speed corresponding to the mixing index (defined as [R/(S/2)] x 100)
of 98 % at all sampled parts of the vessel.

Skelland and Ramsey (1987) obtained an empirical correlation for the minimum
agitation needed for complete liquid-liquid dispersion in baffled vessels. They correlated
their observations from 251 runs, the observations of 35 runs by van Heuven and Beek
(1971) and the observations from 195 runs by Skelland and Sakesaria (1978) with the
expression:

20
_~2(T 0.106 -0.084
(NFr)min—C (B) ¢ (NGaNBo) (2.4)

where C and o are functions of impeller type, location, and the ratio (H/T).

In these and the most of the other studies in the area of liquid—liquid dispersion,
N4 was determined visually. However, Armenante and Huang (1992) developed a new
method to experimentally determine N4 by taking samples from the liquid mixture at
different agitation speeds and plotting the fraction of the dispersed phase in each sample
against the corresponding agitation speed. They found that when connecting the resulting
points by straight lines, a sharp change in the slope occurred in correspondence of the
visually determined minimum agitation speed. They also found that their method was
independent of sampling point location and type of agitation. By analyzing their data with
the method they developed to determine Nc4.smp, they found a good agreement between

the values so obtained and those obtained visually.




The flow pattern generated by the impeller plays a very important role in liquid —
liquid dispersion. The experimental technique to determine the flow pattern include the
use of colored tracer liquid, neutrally buoyant particles, hydrogen bubble generation and
mean velocity measurement using Pitot probes, hot-film devices and laser-doppler
velocimeters. A qualitative picture of the flow field created by an impeller in a single-
phase liquid is useful to establish whether there are ‘dead zones’ in the vessel, or whether
particles are likely to be suspended in the liquid. The typical flow patterns generated by a
disc turbine and a propeller, respectively, operating with Newtonian liquids in the
turbulent region is illustrated in Figures 2.1 and 2.2.

The flat-bladed turbine produces a strong radial flow outwards from the impeller
(Figure 2.1) creating circulation zones in the top and bottom of the tank. The type of flow
can be altered by changes in the impeller geometry. For example, if the turbine blades are
angled, a stronger axial flow component is produced and this could be advantageous for
solids suspension and the liquid-liquid dispersion. The flat paddle produces a flow field
with large tangential components of the velocity.

The propeller creates a mainly axial flow through the impeller and this central
axial flow may be upwards or downwards depending upon the direction of rotation. The
predominant circulation pattern for a downward pumping propeller is shown in Figure
2.2. Of course, the velocities at any point will be three-dimensional, but circulation
patterns, such as those in Figure 2.2, are useful in the selection of appropriate impellers

for a given duty.



Figure 2.2 Axial Flow Pattern.




2.2 Power Number Theory
A number of investigators have reported impeller power characteristic in terms of two
dimensionless groups, the Power Number, N, and the impeller Reynolds Number, Re.
White and his coworkers (1934) were the first to point out the possibility and advantage
of correlating impeller power using dimensional analysis. A general power relationship as
a function of physical and geometrical parameters was reported as the following

(Rushton, 1950; Bates et al., 1963):

e O] e

where the group on the left hand side is called the impeller power number, Nj,. The first

group on the right hand side is known as the impeller Reynolds Number, Re, and the
second group is known as the Froude Number, N, The remaining terms account for the
effects of the tank geometry and impeller configuration. The Reynolds Number describes
the hydrodynamic effect in the system. The Froude Number accounts for the effect of
vortex in swirling systems. Bates et al. (1963), also pointed out that Equation 2.5 should
be expanded to include baffle number and width, spacing between impellers, and off-
center impeller location. All of these additional geometrical parameters may be included
in a form similar to that in Equation 2.5.

Chudacek (1985) proposed that the effect of vessel bottom shapes should be
included in the above analysis, because the vessel bottom shape represents a significant
geometrical factor with respect to the recirculation pattern and is also likely to influence

the impeller power consumption.
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However, the full form in Equation 2.5 is seldom used in practical power
calculation. If geometrical similarity is assumed and if no vortex is present, Equation 2.5

reduces to
Np= k (Re)? (2.6)

Furthermore, if the mixing process is carried out in a baffled tank in the turbulent
regime (McCabe & Smith) and for a given geometry of configuration, Equation 2.6
reduces to

P

N 4
P N3D?

= constant 2.7

Therefore, the dimensionless power number, Np, represents an important
parameter, since its knowledge enables the designer to predict the impeller power

requirement for a given mixing condition.

2.3 Power Dissipation and Power Relationships
2.3.1 Power Dissipation in Liquid Dispersions
The power consumed in mixing processes is the energy per unit time, which is transferred
from the impeller to the fluid. Power is one of the most important fundamental
parameters associated with the intensity of mixing and completeness of dispersion. The
power consumption in agitated vessels is a function of impeller type, agitation speed, the
physical properties of the fluid being mixed, and the geometric characteristics of the

impeller and the system. Several investigators studied the power required to attain certain

mixing conditions.
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The action of a turbine or propeller in a Newtonian liquid of low viscosity can be
likened to that of the impeller in a radial or axial flow pump, respectively. The use of
flow rate (or discharge), Q, from a pump and the fluid head, h, is well known. Thus for a
pump of unit efficiency these variables can be related to the power input:

P =pQgh (2.8)
For a mixing vessel, a given input of power, P, to the impeller creates a ‘flow rate’ Q
(and thus a circulation throughout the vessel) and a ‘head h’ which is dissipated on
circulation through the vessel. For low—viscosity liquids the head can be thought of in
terms of the turbulence, which is generated. This is most intense in the region of the
impeller and decays in regions away from impeller.

These regions of high intensity of turbulence are suitable for ‘dispersive’
processes such as liquid-liquid, gas-liquid contacting and for promoting mass transfer. It
is desirable to ‘circulate’ the liquid through the regions of high intensity of turbulence as
frequently as possible. Thus mixing in low—viscosity systems is seen to be influenced by:
1. intensity of turbulence
2. rate of circulation
Good impeller selection will ensure that the power input to the agitator provides the

correct balance between flow and head.

2.3.2 Power Dissipation in Single-Impeller Systems
Agitation systems consisting of a single impeller and a mixing vessel with various
impeller-tank geometries have been studied extensively, especially disc turbines (DTs) in

vessels of standard geometry and in low viscosity fluid (Hudcova et al., 1989). Many

O
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investigators have experimentally determined the power characteristics and behavior of
single impeller systems. All the results so obtained indicate that the impeller power
number, N,, reaches a constant value, for a given geometry (McCabe & Smith), if the
agitation intensity is high enough to produce turbulent flow (associated with Re >
10,000).

White and Brenner (1934) were the first to determine the various power law
exponents by dimensional analysis. They found the drag coefficient group (Pg/oN’D>),
called the power number, N, and proposed that this dependent variable characterizes the

flow pattern. Their final power correlation was given as:

0.88
2
pND J

P =0.000129 [—-———

2.9)

p

This equation fitted the data for Reynolds numbers from 10* to 10° but diverged from the
data for Reynolds numbers below 10. They showed that viscosity has a minor effect on
the power consumed in turbulent regimes.

Rushton, Costich and Everett (1950) studied the power characteristic of mixing
impellers using five impeller types of diameters from 0.06 m to 1.2 m. They used baffled
and unbaffled configurations, vessels of diameters from 0.2 m to 2.5 m, and fluids of
viscosity from 0.001 kg/m-sec to 40 kg/m-sec. They obtained a correlation, using
dimensional analysis, for the power number, N, in terms of the impeller Reynolds

number, Re. Their correlation is:
Np= k (Re)™ (2.10)

O’Connell and Mack (1950) investigated the power relationship for flat-blade

turbines by varying the number of blades and impeller width-length ratios in both the
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laminar and turbulent regions under fully baffled conditions. In the laminar region, they

found that:
Pg b
s =k £ ; (-\K) 2.11)
pN°D pND~ \ D
and in the turbulent regime (Re > 10,000):
Pg b
3°5 =k(ﬂ) (2.12)
pN°D D

Nagata et al. (1957) [from Tatterson, 1991] obtained an equation for N, in the

turbulent region for fully baffled tanks:

(035 + W/T)
N =A +B[E) (213)
P R AT
where A, B, and R were determined from:
2 1
A=14+ (E){m (2 -0.6) +185 2.14)
T T
log. (B)=13-4[ Y 05 ? 1.14( 2 2.15)
210 3-4 05 -1.14) = i
25(DIT -0.4) 0.0048T Y}
R= +(o.11- : ) (2.16)
WIT

Bates et al. (1963) reported a conventional log—log plot of the simplified power
equation for some impeller types under the “standard conditions”, D/T=1/3, C/T=1/3,
H/T=1. The value of N, that they reported for DTs was 4.8 for four T/12 baffles and 5.0

for four T/10 baffles. Flat-blade turbines (FBTs) and curved-blade turbines (CBTs) were

shown, from the plot, to have similar power numbers in the turbulent region, while PBTs
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consumed the least power. Their measurements showed that the impeller off-bottom
clearance has a definite effect on power consumption.

O’Kane (1974) investigated the effect of blade width and number of blades on
power consumption. He demonstrated that it was not possible to find a value of
exponents in the generalized power relationship, which could be applied to all types of
impellers. The power number obtained at standard conditions for a DT and a 45° PBT
with six blades was 5.05 and 1.52, respectively.

Gray et al. (1982), proposed a power correlation for DTs with six flat blades. The
result was a constant power number of 5.17 representing the data for C/D > 1.1. For C/D
<1.1, N; varied with (C/D) 929 The baffling effect was found to be negligible over the
range of standard size baffling, 1/12 <W/T <1/10. The effect of D/T was small under
these conditions.

Chudacek (1985) conducted a power study in profiled bottom vessels. For the
standard flat bottom vessel, the 45° PBT exhibited a power number of 1.63.

Rao and Joshi (1988) studied the flow pattern and power consumption in liquid
phase mixing with DTs, PBTs (down flow and up flow). For the case of DT, the
measured power numbers were 5.18 and 4.40 for clearances equal to T/3 and T/6,
respectively. At lower clearance, the impeller pumping action was greater, thereby
increasing the power consumption. For the case of PBT (down flow), when the clearance
was decreased from T/3 to T/4 and further to T/6, an increase in the value of N;, equal to
1.29, 1.35, and 1.61, respectively, was observed. Their reports also pointed out that the

PBT (down flow) with D/T=1/3 was found to be most energy efficient out of all PBT

impellers.
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Rewatkar et al. (1990), conducted a series of measurements using PBT impellers
and compared them to DT impellers. A number of geometrical factors, D, W, H, C, blade
angle, and blade thickness, were studied in detail. The power number of the standard DTs
(D/T=1/3, C=D) and PBTs was found to be 5.18 and 1.67, respectively. The power
number was observed to have a strong dependence on the flow pattern generated by the
impeller. In general, N, decreased when the clearance was more than T/4 because of
surface tension. Without the effect of surface tension, the liquid height was found to have
little effect on power consumption. Rewatkar et al. (1990), obtained an overall correlation

for the impeller power number for PBT:

0.1 ~-0.23
_ T C 0.68  .1.82
N =0653 (—D—) (ﬂ ()" (A) 2.17)

for 3 <T/D <6, W/D=0.3, H/T=1, 0.125 < C/T <0.33,0.5 < A (impeller blade angle,

radian) <1.05,4 <n, <8.




CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Apparatus and Material
A schematic of the basic experimental set—up is shown in Figure 3.1. The work was
carried out in an open, flat-bottomed, cylindrical, Plexiglas vessel with different liquid
height to tank diameter ratios (H/T) and impeller off-bottom clearances (C). Table 3.1
gives the vessel dimensions.

Table 3.1 Vessel Dimensions

Diameter, T (m) 0.286
Height, T, (m) 0.483
Number of Baffles, Ny 4 (90° apart)
Baffle Thickness, Buicimess () 0.006

Baffle Height, Bpejgn (m) 0.483

Baffle Width, B (m) 0.028

Baffle Clearance from the tank wall, Bc(m) | 0

Material of Construction Plexiglas

All the experiments were performed at room temperature (23-25 °C). The fluids
used in this work were mineral oil (Sigma-Aldrich, Inc.) and distilled water. The ratio of
mineral oil to distilled water was always 10 % (v/v). The physical properties of the fluids
at 25 °C are given in Table 3.2. The mean density and a mean viscosity used in

correlating the power consumption were calculated from (Laity and Treybal, 1957):

—_V* _y*
Pean =V Pqt(1=Vp_ (3.1
7 1.5p,V*
Fomean ™1 ; *[1+ d (3.2)
B ud+#c
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Table 3.2 Fluid Properties

Surface
Volume . . . Tension or
Fluid Fraction, V* D(T(n;/lgi)p \61(3 c_ons;ts};cp)l interfacial
(%) & tension, o
(Joule/m?)
Mineral oil,
White, light 10 838 0.085 0.031
Distilled Water 90 1000 0.000862 0.069
Oll-yvater interfacial ) ; ) 0.034
tension
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The values of surface tension for oil and water, as well as the oil-water interfacial

tension were obtained using a Cenco-DuNouy tensiometer (Table 3.2). Two types of

impellers, ie. disc turbine (DT) and 45° pitched-blade turbine (PBT, pumping

downward) were used in the experiments. Their shapes and dimensions are listed in Table

3.3. A schematic of impellers used is shown in Figure 3.2.

Table 3.3 Impeller Dimensions

Impeller Properties DT (m) PBT (m)
Diameter (D) 0.102 0.102
Blade Length (L) 0.025 0.038
Blade Height (b) 0.019 0.015
Blade Thickness (W) 0.0012 0.0015
No. of Blades (Ny) 6 6
Disk Diameter (Dg;sy) 0.076 -
Disk Thickness (tg;s) 0.0015 -
Total Height of Impeller (Hior) 0.035 0.0254
Height of Hub (H,) 0.025 0.011
O.D. of Hub (Hop) 0.025 0.025
I.D. of Hub (H;p) 0.0123 0.013

All impellers had six blades and a bore diameter of 0.0127 m. The off-bottom

clearance (C), liquid height (H) and type of impeller were varied with each experiment.

The impeller off-bottom clearance (C) was measured from the vessel bottom to the

middle of the impeller. A schematic of the stirred vessel (DT) is shown in Figure 3.3.
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The experimental system consisted of a variable speed reversible motor (G.K.
Heller Corp., Floral Park, NY) with a maximum speed of 2,000 rpm. The rotational speed
was measured independently using a digital tachometer with a photoelectric sensor (Cole-
Parmer, Chicago, IL) and was accurate within £ 1 rpm. Three strain gages
(Measurements Group Co., Raleigh, NC, Part No.CEA-06-18UV-350) were mounted on
an aluminum hollow shaft having an O.D of 0.0095 m and a wall thickness of 0.00165 m.
Before attaching the strain gages to the shaft, metal collars having an internal diameter
equal to the O.D of the shaft and an external diameter equal to the bore diameter of the
impellers were slid onto the shaft between the points where the strain gages were to be
inserted. After attaching the strain gages, these collars, having a length of 0.0254 m,
could be moved along the shaft between the two strain gages. This arrangement was
designed so that the impellers could be mounted on the shaft without touching the
protruding strain gages. In addition, this arrangement enabled the impeller—collar
assemblies to be moved along the shaft thus permitting to vary the distance between
impellers. The experiments were carried out using a 0.838 m long shaft. The locations of
top, middle and bottom strain gage were 0.49 m, 0.34 m and 0.03 m from the open end of
the shaft, respectively.

The strain gages were connected with insulated lead wires passing through the
hollow core of the shaft to a signal conditioner and an amplifier system (2120A system,
Measurement Group Co., Raleigh, NC). A data acquisition system (Labtech Notebook)
connected to a computer was used to analyze the gage signal (mV) from the strain gage
conditioner, receive the signal from the tachometer, and calculate the power drawn by

each impeller. Each strain gage measured the cumulative torque produced by all
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impellers below it. The power drawn by the impeller was determined using the following

equation:

P=w- -7=2aN-7=N-K-mV (3.3)
where:
P is the power drawn by the impeller in watt;
w is the angular velocity rad/s;
7 is the actual torque produced by the impeller N-m;
N is the agitation speed in 1ps;
mV is the signal corresponding to Strain Gages #1 in millivolts;
K is the proportionality factor for Strain Gages #1;
The sampling frequency of the data acquisition system was 1 Hz, and the representative
power drawn was determined by calculating average of 60 readings. The corresponding
Power Number, N, was calculated with the following equation (Rushton et al., 1950):

P

N = —
P ppuN°D’

3.4)
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3.2 Experimental Procedure

The tank was filled with distilled water at the desired liquid height-to-tank diameter ratio
(H/T) ranging from 0.088 to 1. The impeller off-bottom clearance was varied from
C=0.0254 m to C=0.1016 m (corresponding to C,/T=0.055 and Cy/T=0.322 for DT and
Cv/T=0.037 and Cy/T=0.304 for PBT, respectively) for all H/T ratio from 0.088 to 1. The
tank was located on a platform that could be translated vertically so that the distance
between the (fixed) shaft with the impeller mounted on it and the tank bottom could be
varied. Then, the tank was placed in its final position. The shaft was centrally located in
the tank and was connected to the motor. The strain gages were connected with wires
through the hollow core of the shaft to a slip ring. The slip ring, which was also mounted
on the shaft, was connected to the external gage conditioner and amplifier. An optical
sensor with a tachometer was used to measure the agitation speed. All experiments were
carried out using a single impeller only.

The data acquisition system was used to collect data on line and to analyze all the
signals from the strain gages and the optical sensor. The sampling frequency was 1 Hz for
the duration of 60 seconds. The representative po;’ver drawn was determined by the
average of 60 readings. The power consumed by impeller was determined using equation
3.3. The power consumption was measured at the minimum agitation speed, Ncg.

The sampling apparatus, shown in Figure 3.4, consisted of a glass tube, having an
internal diameter of 0.004 m. The inlet point of the sampling tube was placed in the
middle position between two baffles at a radial distance from the tank wall equal to 0.05
m and 0.08m from the tank bottom. The sampling point location was varied only in the

cases where liquid depth was too low. The sampling tube was connected to series of
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flasks and hooked to a vacuum system. Several valves were used to divert the flow from
the vessel to either a reservoir or a graduated cylinder. In all experiments, the continuous

phase was always water. The dispersed phase was always mineral oil.

3.3 Sampling Procedure and Visual Observation Method
The sampling procedure was as follows. The tank was charged with distilled water
followed by mineral oil. The dispersed phase was always 10 % by the volume of the total
liquid mixture. The combined height of the liquid phases was varied after each single run.
After setting up the apparatus, the motor was started at a fairly low agitation speed. After
an equilibrium period varying between 10 and 15 minutes, the vacuum system was
activated by opening Valve C (Figure 3.4). Then, Valve A was opened so that the liquid
would flow from the tank into the reservoir. This was done to ensure that the liquid
initially contained in the sampling tube would not be included in the sample. When 30-50
ml of dispersion had accumulated in the reservoir, Valve A was closed and Valve B was
opened, allowing the flow to be diverted to the graduated cylinder until some 100 ml
were collected. The operation typically lasted only about ten seconds. The last bottle in
the line was added only to protect the vacuum system from receiving any liquid. The
sample so taken was allowed to separate into two phases, and the fraction of the dispersed
phase was determined. Then, all liquid samples were returned to the tank. The same
procedure was repeated until no dispersed phase was observed at the top of the
continuous phase. In addition, the minimum agitation speed in correspondence of the
complete dispersion state was determined in each experiment by visual inspection of the

tank. The visually determined value for Neg, Nea.vis, Was defined as the minimum agitation
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visually determined value for N¢g, Neg.vis, Was defined as the minimum agitation speed at
which no dispersed phase was observed at rest at the top of the continuous liquid phase.
In most of experiments, small pockets of fluid were observed near the baffle
corners and around the impeller shaft. However, the presence of these pockets was
neglected when N4..is Was determined, since they were observed even at agitation speed
much higher than N¢g.vis.
The same procedure was repeated at various liquid height-to-tank diameter ratios

(H/T) and different impeller off-bottom clearances (C).
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CHAPTER 4

SAMPLING METHOD FOR DETERMINATION OF N4

4.1 Determination of Neg— smp

A survey of the literature shows that the visual method has been the most commonly used
technique to determine the minimum agitation speed, Ncg, to completely disperse two
immiscible liquids. According to the visual observation method, the minimum agitation
speed is defined as the agitation speed at which no dispersed phase (the lighter phase) is
observed at the top of the tank. At N, the dispersed phase becomes completely
incorporated into the continuous phase. However, an altermative method has been
developed for the determination of the minimum agitation speed for complete liquid-
liquid dispersion in mechanically agitated vessels (Armenante and Huang, 1992). The
results that these authors obtained indicate that this method for determining N4 has some
significant advantages over the commonly used visual method, such as the reproducibility
of the results obtained independently of the observer, and the applicability of the method
to situations where visual inspection is impossible.

The method is based on the collection of samples from the bulk of the mixture at
different agitation speeds. The volume fraction of the dispersed phase in the sample, V*,
is then determined by allowing the sample to settle in a graduated cylinder. Then V*
(expressed in %) can be calculated as the ratio of the volume of the dispersed phase to
total liquid volume of the sample.

It was observed that when, in a given experiment, V* was plotted against the

agitation speed, N, a sharp change in the slope of the resulting plot occurred just before

27



28

observing the visually determined minimum agitation speed, Ncg-vis. This can be seen in
Figures 4.1 and 4.2. Figure 4.1 shows the case in which a sharp change in slope was
observed, but in which V* never had a maximum value (No-Max Case). On the other
hand, Figure 4.2 shows the case in which V* increases until a certain point and then starts
to decrease. (Yes-Max Case). In order to distinguish the value of Neg so obtained from
that obtained using the visual method, the corresponding variables are labeled Neg-smp (for
sampling) and Nc4- vis (for visual).

N,q Determination: No-Max Case

For the case of no maximum point, the following function was derived from V*=f (N):

£7(N)
f'(N)

H(N)=

where f(N) and f'(N) represent the first and second derivatives of f(N), respectively. The
ratio ®(N) is the rate of change of the slope (f' (N)) with respect to the slope itself. The
rate of change of slope will be maximum (in absolute value) when:
DO'N)=0

The value of N in correspondence of which ®'(N)=0 is taken to be fhe value of Ngg.
Additional details of this rationale are given elsewhere (Armenante and Huang, 1992).
Since V* increases with N at a declining rate in the neighborhood of N4 the function
®(N) must be negative in correspondenée of this point. The numerical approach applied
here is further illustrated in following example for Figure 4.1 and calculations are
summarized in Table 4.1.

The variables were numerically calculated as follows:

*

Vi, -V"
’N:'———
SN =5y




f'(N) =

L' (N)-fi'(V)

NZ_NI

¢(N)=f"(N)/ ['(N)

¢'(N)

N.4 Determination: Yes-Max Case

=¢2(N)_¢1(N)

Nz - Nl
Table 4.1 N4 Determination: No-Max Case
N@pm) | V¥ (%) | f'AN) | ") | @N) | P'(N)
50.00 0.0 0.0 0.0 0.0 0.0
100.00 | 3.84 | 0.0768 | 0.0015 | 0.0200 | 0.0004
120.00 | 2.86 |-0.0490 | -0.0063 | 0.1284 | 0.0054
140.00 | 3.75 | 0.0445 | 0.0047 | 0.1051 | -0.0012
165.00 | 6.93 0.1272 | 0.0033 | 0.0260 | -0.0032
175.00 | 9.82 | 0.2890 | 0.0162 | 0.0560 | 0.0030
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In the case of V* having a maximum point, Ncq.smp Was determined by imposing that the

derivative of the resulting interpolation function, f(N) is equal to zero. Additional details

of this rationale for this method are given elsewhere (Armenante and Huang, 1992). The

method for the case of maximum is illustrated in Figure 4.2 and calculations are

summarized in Table 4.2.

Table 4.2 N4 Determination: Yes-Max Case

N (tpm) v* %) f'AN)
150 0
200 1.92 0.0384
250 5.94 0.0804
300 9.8 0.0772
350 9.09 -0.0142
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Figure 4.1 N4 Determination: No — Max Case.
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4.2 Validation of Visual Observation Method
In order to validate the method to obtain Ncg.vis, the values of Ncgsmp Obtained in each
experiment were plotted against the corresponding values of Nq.vis. Each value of Neg_smp
was obtained by generating a plot, as described above, containing 56 experimental
points. A parity plot of Neg-smp (With or without maximum) against the corresponding Neg-
vis values is shown in Figure 4.3. From this figure, one can see that a good agreement
between Neg-vis and Neg_smp €Xist. The results are given in Table B.17.
4.3 Reproducibility

A number of identical experiments were repeated at different times in order to determine
the reproducibility of the results for Ncgvis. The results are reported in Table B.18, and
are expressed as the ratio of the standard deviation and the mean (for each set of data).
The reproducibility was obtained for each type of impeller at various off-bottom
clearances. The results are summarized in Table 4.3.

Table 4.3 Reproducibility of Experimental Results

Minimum Agitation Speed DT PBT

ch-vis +3.17% +3.08 %
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CHAPTERSS

RESULTS AND DISCUSSION

A total of 76 experiments were conducted using the disc turbine (DT) and the 45°
pitched-blade turbine (PBT). Both Ncg.vis and Ncgsmp Were determined for each
experiment. The power consumption was measured, as described in section 3.1. The D/T
ratio was constant and equal to 0.352 in all experiments. The liquid depth (H) was varied
from 0.0254 m to 0.286 m in 0.0254 m increments. The impeller off-bottom clearance
(Cy) was varied from 0.0159 m to 0.092 m for DT and 0.011 m to 0.087 m for PBT in
0.0254 m increments. The results were interpreted by plotting the minimum agitation
speed (Ncg), power (P), power/volume (P/V), and power number (N;). Each of these
variables was plotted against the liquid depth-to-tank diameter ratio (H/T), the impeller
off-bottom clearance-to-tank diameter ratio (Cy/T) and the liquid head-to-tank diameter
ratio (AH/T). The liquid head is defined as the height of the liquid above the impeller.

(AH=H - Gy).

5.1 Results for Disk Turbine (DT)
5.1.1 Effect of Liquid Depth (H) on Minimum Agitation Speed (Nc4)
The results obtained in this study for DT are shown in Figures A.1 and A.2 in Appendix
A. They are presented in detail in Table B.1 and Table B.2 in Appendix B. At constant
impeller off-bottom clearance (Cp), the minimum agitation speed (Ncg) required to
achieve uniform dispersion increased with increasing liquid height (H/T). For

Cy/T=0.322, the minimum agitation speed (N.4) decreased, when H/T went from 0.799 to

34
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1.0. At constant liquid depths (H/T), the minimum agitation speed (Nc4) required to
achieve uniform dispersion generally decreased with increasing impeller off-bottom
clearance (Cy/T). Deviations were observed from the normal behavior at H/T=1, where
Cy/T was increased from 0.055 to 0.144. At constant impeller off-bottom clearance
(Cy/T), N¢g increased with increasing liquid head (AH/T). The value of N¢g was fairly
constant for different off-bottom clearance at low liquid head. At high liquid head, a
significant difference was observed. When the liquid level reached the middle of the

impeller (C/H=1), no mixing was observed even at very high agitation speeds.

5.1.2 Effect of Liquid Depth (H) on Power (P) at Ng

The results obtained in this study for DT are shown in Figures A.3 and A.4 in Appendix
A. They are presented in detail in Table B.3 and Table B.4 in Appendix B. At constant
impeller off-bottom clearance (Cy/T), the power (P) required to achieve uniform
dispersion at N.¢ increased with increasing liquid depth (H/T). For Cy/T=0.055 and
Cy/T=0.322, power dropped from H/T=0.88 to H/T=1.0. For Cy/T=0.144 and Cy/T=
0.233, power required was almost similar for small liquid depths. At constant liquid
depths (H/T), the power (P) dissipated decreased with increasing impeller off-bottom
clearances (Cy/T). Deviations in this behavior were observed at off-bottom clearance
(Cy/T) of 0.233 for lower liquid depths. From H/T=0.88 to H/T=1, the power increased
by almost 100% from that of observed at H/T=0.88. With increasing liquid head (AH/T),
the power required to achieve uniform dispersion increased. The behavior was similar to

that of liquid depths. The power requirement approached infinity for Cy— 0.
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5.1.3 Effect of Liquid Depth (H) on Power/Volume (P/V) at Ncq

The results obtained in this study for DT are shown in Figures A.5 and A.6 in Appendix
A. They are presented in detail in Table B.5 and Table B.6 in Appendix B. Power/volume
curves were plotted to verify that the difference in power observed was not attributed to
the change in volume. The power per volume increased with increasing liquid height at
constant off-bottom clearance. For Cy/T=0.055 and Cy/T=0.322, power per volume
dropped from H/T=0.88 to H/T=1.0. For C/T=0.144 and Cy/T=0.233, power per volume
required was almost similar for small liquid depths. At constant liquid depths, power per
volume decreased with increase in impeller off-bottom clearance. Deviations in this
behavior were observed at off-bottom clearance of 0.0762m for H/T=0.53 and H/T=0.62.
At low liquid head (AH/T), power per volume for all off-bottom clearance was almost
similar. Significant difference in the value of power per volume observed at high value of

liquid head.

5.1.4 Effect of Liquid Depth (H) on Power Number (Np) at Ncq

The results obtained in this study for DT are shown in Figures A.7 and A.8 in Appendix
A. They are presented in detail in Table B.7 and Table B.8 in Appendix B. The power
number varied from a minimum of 3.18 to a maximum of 5.91. For Cy/T=0.233 and
Cy/T=0.322, the power number dropped with decreasing liquid heights from H/T=0.62 to
H/C=1. For H/T=0.71 and above, power number did not vary significantly at C,/T=0.233
m and Cy/T=0.322. The power number remained almost constant for Cy/T=0.055 and
Cy/T=0.144. At all values of the off-bottom clearance examined here, the power number

remained almost constant for H/T=0.88 to H/T=1. At constant liquid depth, the power
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number increased with increasing off- bottom clearance. The increase in power number
was not significant. With increasing liquid head, the power number increased up to a

certain value. After that, it remained nearly constant for constant off-bottom clearance.

5.2 Results for 45° Pitched Blade Turbine (PBT)

5.2.1 Effect of Liquid Depth (H) on Minimum Agitation Speed (Nca)

The results obtained in this study for PBT are shown in Figures A.9 and A.10 in
Appendix A. They are presented in detail in Table B.9 and Table B.10 in Appendix B.
The minimum agitation speed (Ncg) required to achieve uniform dispersion increased
with increasing liquid depth at constant impeller off-bottom clearances. At higher liquid
depth, N4 increased significantly compared to that of low liquid depth. From H/T=0.621
to H/T=1, N increased with increasing impeller off-bottom clearances (Cy/T).
Deviations from this behavior were observed for Cy/T=0.126 from H/T=0.79 to
H/T=0.88. For H/T=0.177 to H/T=0.532, the minimum agitation speed decreased with
increasing impeller off-bottom clearances. The minimum agitation speed increased with
increasing liquid head (AH/T). For all the off-bottom clearances examined here, the
values of minimum agitation speed at low liquid head were fairly close to one another.
The differences increased at higher liquid head. At constant liquid head (AH/T), the
minimum agitation speed increased with increasing off-bottom clearances for H/T=0.621
to H/T=1. Deviations were observed for the remaining values of liquid head. When the
liquid level reached the middle of the impeller (C/H=1), no mixing was observed even at
very high agitation speeds. Although the interface appeared to be disrupted by the

agitation produced by the impeller, the oil droplets did not reach to the bottom of the
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tank. When the agitation speed was increased beyond this point, the shaft started
vibrating around its axis and the liquid was splashed in the tank. However, no air

entrainment was observed under this condition.

5.2.2 Effect of Liquid Depth (H) on Power (P) at N¢g

The results obtained in this study for PBT are shown in Figures A.11 and A.12 in
Appendix A. They are presented in detail in Table B.11 and Table B.12 in Appendix B.
The power dissipated increased with increasing liquid height for H=C to H/T=0.88 for all
off-bottom clearance examined. The differences in the value of power for all off-bottom
clearances was similar for H=C to H/T=0.88. From H/T=0.88 to H/T=1, the power
increased by almost 100% from that of observed at H/T=0.88. From H/T=0.177 to
H=0.62, the power decreased with increase in impeller off-bottom clearance. From
H/T=0.62 to H/T=1, the power decreased with increasing off-bottom clearances. The
power increased with increasing liquid head (AH/T) for all values of the off-bottom
clearance (Cy/T) examined. The differences in the value of power for low liquid head
were smaller compared to high liquid head for impeller off-bottom clearance from
Cy/T=0.037 to Cy/T=0.215. The difference in the value of power became significant for
Cy/T=0.304, when compared to the values obtained at Cy/T=0.037, Cy/T=0.126, and
Cy/T=0.215. The power requirement was infinitely large at H=C. No mixing was

observed, even when agitating at very high speeds.
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5.2.3 Effect of Liquid Depth (H) on Power/Volume (P/V) at N

The results obtained in this study for PBT are shown in Figures A.13 and A.14 in
Appendix A. They are presented in detail in Table B.13 and Table B.14 in Appendix B.
Power/volume increased with increase in liquid height for all impeller off-bottom
clearance. It increased significantly from H/T=0.088 to H/T=1. At H/T=0.88 and H/T=1,
the value of power/volume obtained for Cy/T=0.037, Cy/T=0.126, and C,/T=0.215, did
not vary significantly from one another. From H/T=0.177 to H/T=0.71, the power/volume
decreased with increasing impeller off-bottom clearances. From H/T=0.71 to H/T=1, the
power/volume increased with increasing impeller off-bottom clearances. Deviations in
this behavior were observed at particular combination of the impeller off-bottom
clearance and liquid depth. The power/volume increased with increasing liquid head for
all off-bottom clearances. For H/T=0.53, the power/volume decreased with increasing
off-bottom clearances. From H/T=0.62 to H/T=1, the power/volume decreased with
increasing impeller off-bottom clearances at Cy/T=0.037, Cy/T=0.126 and Cy/T=0.215.
From Cy/T=0.215 to Cy/T=0.304, the power/volume increased at all liquid heights

examined.

5.2.4 Effect oi' Liquid Depth (H) on Power Number (N,) at N¢g

The results obtained in this study for PBT are shown in Figures A.15 and A.16 in
Appendix A. They are presented in detail in Table B.15 and Table B.16 in Appendix B.
The power number obtained at different combinations of liquid depth and impeller off—

bottom clearance varied from 0.97 to 2.02. Fluctuations were observed at small liquid

height (H/T) up to 0.355 for C,/T=0.037. The power number did not vary significantly
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with increasing liquid height af constant impeller off-bottom clearance. For all the cases
examined, the power number decreased with increasing impeller off-bottom clearances.
Deviation from this behavior was observed at Cy/T=0.304 and H/T=0.71, which yielded
higher power number than at C,/T=0.215 and H/T=0.88. The power number remained
almost constant with increasing liquid head (AH/T) at constant impeller off-bottom
clearances. At constant liquid head, the power number decreased with increasing impeller
off-bottom clearances. At higher liquid heads, the power number followed the same

behavior at all impeller off-bottom clearance examined here.

5.3 Comparison of Results for DT vs. PBT

5.3.1 Minimum Agitation Speed (N¢q)

A comparison between the results for N4 obtained for DT and PBT is shown in Figures
A.17, A.18, A.19, A.20, A.21, A22, A.23, and A.24 in Appendix A. At constant off-
bottom clearance (C), Ncg was plotted versus liquid depth (H/T) for DT and PBT to
compare the results. The N4 value required to achieve uniform dispersion at C=0.0254 m
is higher for PBT than DT from H/T=0.177 to H/T=0.621. From H/T=0.621 to H/T=0.88,
DT requires more agitation than PBT. At H/T=1, PBT yields higher value of N4 than that
of DT. At C=0.0508 m, C=0.0762 m, and C=0.1016 m, the value of N4 obtained is more
for PBT than that for DT for all liquid heights examined. N4 followed the same behavior

with variable liquid head (AH/T), when compared to liquid depth (H/T). For both

impeller types, N¢q approached an infinite value when C=H.
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5.3.2 Power (P)

A comparison between the results for P obtained for DT and PBT is shown in Figures
A25, A26, A27, A28, A.29, A30, A3l, and A.32 in Appendix A. The power
requirement to achieve uniform mixing is greater for DT than PBT in all cases examined
at C=0.0254 m. The difference in the value of power between DT and PBT was small up
to H/T=0.532. At H/T more than 0.532, this difference became significant. From
H/T=0.88 to H/T=1, the power required for DT dropped, while it increased by almost 100
% in case of PBT. At C=0.0508 m, C=0.0762 m, and C=0.1016 m, DT required more
power than PBT in all cases examined. The power requirement increased by almost 100%
for both impellers from H/T=0.88 to H/T=1. At C=0.1016 m, the power required for DT
dropped from H/T=0.88 to H/T=1, while it increased by almost 50 % in the case of the

PBT.

5.3.3 Power/Volume (P/V)

A comparison between the results for P/V obtained for DT and PBT is shown in Figures
A.33, A34, A35, A.36, A.37, A.38, A39, and A.40 in Appendix A. At C=0.0254 m, the
power per unit volume for DT is more than that of PBT. It kept increasing for PBT with
increasing liquid height (H/T), while it dropped for DT in the range H/T=0.88 to H/T=1.
At C=0.0508 m and C=0.0762 m, the power per volume increased with increasing liquid
depth (H/T) for both types of impeller. It increased by almost 100% from H/T=0.88 to
H/T=1. At C=0.1016 m, P/V increased with increase in liquid depth (H/T) up to 0.799.
From H/T=0.799 to H/T=1, P/V dropped by almost 100% for DT. For PBT, it kept

increasing up to H=T. At C=0.1016 m and H/T=1, PBT attained a higher value of P/V
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than that of DT. Power per volume requirement for both types of impellers followed the
same behavior with liquid head (AH/T) when compared to the behavior with liquid depth

H/T).

5.3.4 Power Number (N;)

A comparison between the results for N, obtained for DT and PBT is shown in Figures
A4l, A42, A43, A44, A45, A46, A47, and A48 in Appendix A. Power Number
remains in the range of 3 to 4 for DT, and 1 to 2 for PBT, at C=0.0254 m and C=0.0508
m. It remained unchanged with increase in liquid height (H/T). At C=0.0762 m, N, kept
increasing for DT up to H/T=0.71. From H/T=0.71 to H/T=1, N, remained almost
constant in the vicinity of 5. For PBT, N, remained in the range 1.3-1.67, without
significant deviation with H/T. At C=0.1016 m, N, increased with increasing H/T up to
0.62 for DT. From H/T=0.62 to H/T=1, it remained almost constant for DT. For PBT, N,
remained constant with increasing liquid depth (H/T). The liquid head (AH/T) has the

same effect as the liquid depth (H) on power number.




CHAPTER 6

CONCLUSIONS

. Disk turbines required lower agitation speeds than 45° pitched-blade turbine to
achieve the uniform liquid-liquid dispersion state under all conditions examined in
this work. A radial flow pattern was found to achieve the uniform dispersion state at
lower values of N4 than an axial flow pattern.

. In all agitation systems, the power drawn was found to drop with decreasing liquid
height.

. In general, the power required by the disk turbine increased as the impeller off-
bottom clearance decreased.

. Unlike the case of disk turbine, the power required by the pitched-blade turbine
decreased as the impeller off-bottom clearance decreased.

. The disk turbine required more power than the 45° pitched-blade turbine in all cases
examined.

. When the N4 results for the disk turbine were plotted against the liquid head (AH),
the data obtained at different impeller clearances collapsed together. This was not true
for the pitched-blade turbine.

. At low off-bottom clearance (C/T=0.055 corresponding to C,/D=0.16), the power
consumption of the disk turbine was also low. A small increase in Cy/T from 0.055 to
0.144 (corresponding to C,/D=0.432) produced a small increase in power number.
For Cy/T=0.233 and Cy/T=0.322 (corresponding to Cy/D=0.699 and C/D=0.966

respectively), a moderate increase in power number was observed, possibly caused by

43
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the establishment of a transition flow pattern around the impeller, which stabilized
with increasing liquid depths (H). This is in agreement with the conclusion drawn by

Armenante and Huang (1992).

. When the liquid height was dropped to eventually reach the same level as the middle

of the impeller (i.e., as H— C), the state of complete liquid-liquid dispersion was not
achievable, irrespective of the agitation speed. Although the interface appeared to be
disrupted by the agitation produced by the impeller, the droplets of the dispersed
phase did not reach to the bottom of the tank. When the agitation speed was increased
beyond this point, the shaft started vibrating around its axis and the liquid was

splashed in the tank. However, no air entrainment took place.
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APPENDIX A

FIGURES FOR CHAPTER 5

This appendix includes figures showing effect of liquid depth on minimum agitation
speed (Ncg), Power (P), power/volume (P/V) and power number (N;) for DT (Figures
A.1-A.8) and PBT (Figures A.9-A.16). It also includes the comparison of all examined

variables between DT and PBT (Figures A.17-A.48).
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Figure A.30 Comparison of P vs. AH at C=0.0762m.
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Figure A.31 Comparison of P vs. H at C=0.1016m.
The vertical lines were drawn in correspondence of H=Cs, for each curve.
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Figure A.32 Comparison of P vs. AH at C=0.1016m.
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Figure A.33 Comparison of P/V vs. H at C=0.0254m.
The vertical lines were drawn in correspondence of H=C,, for each curve.
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Figure A.34 Comparison of P/V vs. AH at C=0.0254m.
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Figure A.35 Comparison of P/V vs. H at C=0.0508m.
The vertical lines were drawn in correspondence of H=C, for each curve.
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Figure A.37 Comparison of P/V vs. H at C=0.0762m.
The vertical lines were drawn in correspondence of H=C,, for each curve.
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Figure A.39 Comparison of P/V vs. H at C=0.1016m.
The vertical lines were drawn in correspondence of H=C,, for each curve.
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APPENDIX B

TABLES FOR CHAPTER 5

This Appendix includes tables showing the effect of liquid height on the minimum
agitation speed for complete liquid-liquid dispersion N¢q4 (in rpm), power P (in watts),
power/volume P/V, (in watts/m’) and power number (Np) for DT (Tables B.1-B.8) and

PBT (Tables B.9-B.16).



Table B.1 Effect of H on N4 (DT)

Cy/T= Cy/T= Cy/T= Cy/T=

H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 o 0.21 - 0.27 - 0.33 -
0.18 164 0.24 o0 0.3 - 0.36 -
0.26 169 0.26 150 0.33 ) 0.39 -
0.35 180 0.35 175 0.35 146 0.42 )
0.44 190 0.44 185 0.44 137 0.44 169
0.53 222 0.53 204 0.53 212 0.53 181
0.62 279 0.62 240 0.62 232 0.62 192
0.7 315 0.7 260 0.7 234 0.7 220
0.79 342 0.79 285 0.79 242 0.79 280
0.88 367 0.88 325 0.88 277 0.88 273

1 376 1 405 1 360 1 250

Table B.2 Effect of H on P (DT)
Cy/T= Cy/T= Cy/T= Cy/T=

H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 oo 0.21 - 0.27 - 0.33 -
0.18 0.68 0.24 oo 0.3 - 0.36 -
0.26 0.85 0.26 0.63 0.33 o0 0.39 -
0.35 1.06 0.35 1.06 0.35 0.54 0.42 oo
0.44 1.28 0.44 1.2 0.44 0.53 0.44 0.76
0.53 1.89 0.53 1.72 0.53 2.3 0.53 1.42
0.62 4.01 0.62 2.88 0.62 3.2 0.62 1.94
0.7 6.21 0.7 3.84 0.7 3.6 0.7 2.97
0.79 8.21 0.79 4.91 0.79 3.99 0.79 6.05
0.88 10.42 0.88 7.3 0.88 5.88 0.88 5.69

1 9.48 1 14.43 1 12.8 1 4.34
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Table B.3 Effect of H on P/V (DT)

Cy/T= Cy/T= C/T= Cy/T=
H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 oo 0.21 - 0.27 - 0.33 -
0.18 | 213.89 | 0.24 ®© 0.3 - 0.36 -
026 | 17824 | 026 | 132.11 | 0.33 ) 0.39 -
035 1166.71 | 035 | 166.71 | 0.35 84.93 0.42 )
044 |161.04 | 044 | 15098 | 0.44 | 66.68 0.44 95.62
0.53 | 198.16 | 0.53 | 180.34 | 0.53 | 241.15 | 0.53 | 148.88
0.62 | 360.37 | 0.62 | 25882 | 0.62 | 28758 | 062 | 17434
0.7 488.32 0.7 301.96 0.7 283.09 0.7 233.55
0.79 | 573.86 | 0.79 343.2 0.79 | 278.89 | 0.79 | 422.88
0.88 655.5 0.88 | 459.23 | 0.88 369.9 0.88 | 357.95
1 542.15 1 825.24 1 732.02 1 248.2
Table B.4 Effect of H on N, (DT)
Co/T= Co/T= Cy/T= Cy/T=
H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 - 0.21 - 0.27 - 0.33 -
0.18 3.18 0.24 - 0.3 - 0.36 -
0.26 3.35 0.26 3.53 0.33 - 0.39 -
0.35 4 0.35 3.74 0.35 3.55 0.42 -
0.44 4.16 0.44 3.73 0.44 4.25 0.44 3.24
0.53 3.53 0.53 4.23 0.53 5.15 0.53 4.74
0.62 3.83 0.62 4.28 0.62 5.16 0.62 5.84
0.7 4.01 0.7 4.19 0.7 5.86 0.7 5.77
0.79 4.34 0.79 447 0.79 5.76 0.79 5.91
0.88 4.27 0.88 441 0.88 5.64 0.88 5.83
1 3.66 1 4.17 1 5.63 1 5.76
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Table B.5 Effect of AH on N (DT)

Cy/T= Cy/T= Co/T= Cy/T=
AH/T | goss | AT | gae | AFT o3 | AT | G
0.09 oo - - - - . -
0.12 164 0.09 o - - - -
0.21 169 0.12 150 0.09 o - -
0.30 180 0.21 175 0.12 146 0.09 oo
0.39 190 0.30 185 0.21 137 0.12 169
0.48 222 0.39 204 0.30 212 0.21 181
0.57 279 0.48 240 0.39 232 0.30 192
0.66 315 0.57 260 0.48 234 0.39 220
0.74 342 0.66 285 0.57 242 0.48 280
0.83 367 0.74 325 0.66 277 0.57 273
0.94 376 0.86 405 0.77 360 0.68 250
Table B.6 Effect of AH on P (DT)
Cy/T= CyT= Cy/T= Cy/T=
AH/T 0%)55 AH/T 0.144 AH/T 0.%33 AH/T 0.322
0.09 oo - - - - - -
0.12 0.68 0.09 oo - - - -
0.21 0.85 0.12 0.63 0.09 oo - -
0.30 1.06 0.21 1.06 0.12 0.54 0.09 oo
0.39 1.28 0.30 1.2 0.21 0.53 0.12 0.76
0.48 1.89 0.39 1.72 0.30 2.3 0.21 1.42
0.57 4.01 0.48 2.88 0.39 3.2 0.30 1.94
0.66 6.21 0.57 3.84 0.48 3.6 0.39 297
0.74 8.21 0.66 491 0.57 3.99 0.48 6.05
0.83 10.42 0.74 7.3 0.66 5.88 0.57 5.69
0.94 9.48 0.86 14.43 0.77 12.8 0.68 434
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Table B.7 Effect of AH on P/V (DT)
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Co/T= Co/T= Cy/T= Co/T=
AHT | oss | AT | ohas | AT o033 | AHT | 6399
0.09 oo - - - - - -
012 | 213.89 | 0.09 % ] - ] -
021 | 17824 | 012 | 132.11 | 0.09 % i -
030 | 16671 | 021 | 16671 | 0.12 | 8493 | 0.09 o
039 | 161.04 | 030 | 15098 | 021 | 6668 | 012 | 95.62
048 | 198.16 | 039 | 18034 | 030 | 241.15 | 021 | 148.88
057 | 36037 | 048 | 25882 | 039 | 287.58 | 030 | 17434
066 | 48832 | 057 | 301.96 | 0.48 | 283.09 | 039 | 233.55
074 | 573.86 | 066 | 34320 | 057 | 27889 | 048 | 422.88
0.83 | 65550 | 074 | 45923 | 0.66 | 36990 | 057 | 357.95
004 | 542.15 | 086 | 82524 | 0.77 | 73202 | 068 | 24820
Table B.8 Effect of AH on N, (DT)
Co/T= Co/T= Co/T= Cy/T=
AH/T o.b</355 AHIT | 4q | AHT 0%33 AHT | 357
0.09 o ) 5 - i 3 -
012 | 318 | 009 = - _ ) .
021 | 335 | 012 | 353 | 0.09 . ] _
0.30 4 021 | 374 | 012 | 355 | 0.09 =
039 | 416 | 030 | 373 | 021 | 425 | 012 | 324
048 | 353 | 039 | 423 | 030 | 515 | 021 | 474
057 | 383 | 048 | 428 | 039 | 516 | 030 | 5.84
066 | 401 | 057 | 419 | 048 | 58 | 039 | 577
074 | 434 | 066 | 447 | 057 | 576 | 048 | 591
083 | 427 | 074 | 441 | 066 | 564 | 057 | 583
094 | 366 | 086 | 417 | 077 | 563 | 068 | 576




Table B.9 Effect of H on N4 (PBT)

Cy/T= Cy/T= Cy/T= C/T=

H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 o0 0.21 - 0.27 - 0.09 -
0.18 166 0.24 o0 0.3 - 0.18 -
0.26 200 0.26 150 0.33 o 0.27 -
0.35 194 0.35 190 0.35 189 0.36 -
0.44 224 0.44 204 0.44 215 0.44 o
0.53 246 0.53 236 0.53 232 0.53 220
0.62 276 0.62 259 0.62 248 0.62 283
0.7 283 0.7 272 0.7 280 0.7 304
0.79 302 0.79 295 0.79 316 0.79 356
0.88 345 0.88 356 0.88 372 0.88 428

1 428 1 455 1 465 1 495

Table B.10 Effect of H on P (PBT)
Cy/T= Cy/T= Cy/T= C/T=

H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 oo 0.21 - 0.27 - 0.09 -
0.18 0.3 0.24 o 0.3 - 0.18 -
0.26 0.37 0.26 0.27 0.33 oo 0.27 -
0.35 0.53 0.35 0.61 0.35 0.43 0.36 -
0.44 1 0.44 0.64 0.44 0.67 0.44 o
0.53 1.41 0.53 1.18 0.53 0.99 0.53 0.78
0.62 1.85 0.62 1.54 0.62 1.19 0.62 1.59
0.7 2 0.7 1.56 0.7 1.62 0.7 2.27
0.79 2.81 0.79 2.26 0.79 2.62 0.79 3.37
0.88 3.94 0.88 3.71 0.88 3.95 0.88 5.52

1 7.23 1 7.57 1 7.33 1 8.18
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Table B.11 Effect of H on P/V (PBT)

C/T= Cy/T= Cy/T= CyT=

H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 00 0.21 - 0.27 - 0.09 -
0.18 94.36 0.24 oo 0.3 - 0.18 -
0.26 77.59 0.26 56.62 0.33 oo 0.27 -
0.35 83.35 0.35 95.93 0.35 67.63 0.36 -
044 | 125.82 | 0.44 80.52 0.44 84.3 0.44 )
0.53 | 147.83 | 0.53 | 123.72 | 0.53 103.8 0.53 81.78
0.62 | 166.26 | 0.62 138.4 062 | 10694 | 0.62 | 142.89
0.7 157.27 0.7 122.67 0.7 127.39 0.7 178.5
079 |196.41 | 079 | 15797 | 0.79 | 183.13 | 0.79 | 235.56
0.88 | 247.86 | 0.88 | 23339 | 0.88 | 24849 | 0.88 | 347.25

1 404.29 1 423.3 1 409.88 1 457.41

Table B.12 Effect of H on N, (PBT)
CyT= CyT= Cy/T= CyT=

H/T 0.055 H/T 0.144 H/T 0.233 H/T 0.322
0.15 - 0.21 - 0.27 - 0.09 -
0.18 1.31 0.24 - 0.3 - 0.18 -
0.26 0.97 0.26 1.4 0.33 - 0.27 -
0.35 1.46 0.35 1.68 0.35 1.3 0.36 -
0.44 1.8 0.44 1.56 0.44 1.39 0.44 -
0.53 1.89 0.53 1.75 0.53 1.61 0.53 1.51
0.62 1.79 0.62 1.71 0.62 1.55 0.62 1.41
0.7 1.69 0.7 1.56 0.7 1.49 0.7 1.59
0.79 2.02 0.79 1.79 0.79 1.67 0.79 1.49
0.88 1.9 0.88 1.68 0.88 1.53 0.88 1.4

1 1.86 1 1.61 1 1.47 1 1.35
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Table B.13 Effect of AH on N4 (PBT)

Co/T= Co/T= Cy/T= Cy/T=
AT | %37 | AT | g6 | AHT | o015 | AHT | 0304
0.11 % - : 3 - ] 3
014 | 166 | o011 = - : - -
023 | 200 | 014 | 150 | 011 o : _
032 | 194 | 023 | 190 | 014 | 189 ) -
041 | 224 | 032 | 204 | 023 | 215 | 014 o
050 | 246 | o041 | 236 | 032 | 232 | 023 | 220
058 | 276 | 050 | 259 | o041 | 248 | 032 | 283
067 | 283 | 058 | 272 | 050 | 280 | 041 | 304
076 | 302 | 067 | 295 | 058 | 316 | 050 | 356
085 | 345 | 076 | 356 | 067 | 372 | 058 | 428
096 | 428 | 087 | 455 | 078 | 465 | 070 | 495

Table B.14 Effect of AH on P (PBT)

CyT= CT= CT= CyT=
AH/T 0.1)(/)37 AT | 0726 | AHT | o515 | AH/T | 4304
0.11 o A - i ) : i
014 | 03 | o1l % i - 3 i
023 | 037 | 014 | 027 | o1 o : i
032 | 053 | 023 | 061 | 014 | 043 ) i
0.41 1 032 | 064 | 023 | 067 | 014 o
050 | 141 | 041 | 118 | 032 | 099 | 023 | 0.8
058 | 185 | 050 | 154 | 041 | 1.19 | 032 | 159
0.67 2 058 | 156 | 050 | 162 | 041 | 227
076 | 281 | 067 | 226 | 058 | 262 | 050 | 3.37
085 | 394 | 076 | 371 | 067 | 395 | 058 | 552
096 | 723 | 087 | 757 | 078 | 733 | 070 | 8.8
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Table B.15 Effect of AH on P/V (PBT)

Co/T= Co/T= Co/T= Co/T=
AH/T 0%§7 AH/T 0%26 AHT | o515 | AT | 5304
0.11 oo - - - - - -
014 | 9436 | 011 % 3 i . -
023 | 7759 | 014 | 5662 | 0.11 % - -
032 | 8335 | 023 | 9593 | 014 | 6763 | - -
041 | 12582 | 032 | 8052 | 023 | 8430 | 014 | o
050 | 147.83 | 041 | 12372 | 032 | 103.80 | 023 | 81.78
058 | 16626 | 050 | 138.40 | 041 | 10694 | 032 | 142.89
067 | 15727 | 058 | 12267 | 050 | 127.39 | 041 | 178.50
076 | 19641 | 067 | 157.97 | 058 | 18313 | 0.50 | 235.56
0.85 | 247.86 | 076 | 23339 | 067 | 24849 | 058 | 347.25
096 | 40429 | 087 | 42330 | 0.78 | 409.88 | 070 | 457.41
Table B.16 Effect of AH on N, (PBT)
Co/T= Co/T= Cy/T= Cy/T=
AH/T | o037 | AHT o.bg6 AH/T oﬁ s | ART o.b;o4
0.11 ] i i i i i i
014 | 131 | on - - ) - -
023 | 097 | 014 | 14 | o1 _ ; ;
032 | 146 | 023 | 168 | 014 | 13 ) )
041 | 18 | 032 | 156 | 023 | 139 | 014 -
050 | 189 | 041 | 175 | 032 | 161 | 023 | 151
058 | 179 | 050 | 171 | 041 | 155 | o032 | 141
067 | 169 | 058 | 156 | 050 | 149 | 041 | 1.59
076 | 202 | 067 | 179 | 058 | 1.67 | 050 | 1.49
085 | 19 | 076 | 168 | 067 | 153 | 058 | 14
096 | 186 | 087 | 161 | 078 | 147 | 070 | 135
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Table B.17 Comparison of Ncg.smp VS. Neg.vis

ch-vis (Tpm) ch-smp (I'Pm)
221 230
174 176
165 171
151 153
220 224
342 345
110 104

Table B.18 Reproducibility Data

DT Ncd-vis (pm) at H=0.2286m Reproducibility
SetI | SetIl | SetIll | SetIV | SetV (%)
C=1 342 354 329 336 347 +2.82
C= 285 310 281 276 295 +4.72
C=3 242 245 251 236 239 +2.38
C=4 280 264 276 283 282 +2.77
Average Reprocibility +3.17
PBT Neg-vis (rpm) at H=0.2286m Reproducibility,
Setl | SetIl | SetIll | SetIV | SetV (%)
C=1 302 316 289 296 308 +3.46
C= 295 281 300 302 298 +2.83
C=3 316 304 298 305 325 +3.41
C=4 356 340 351 364 345 +2.63
Average Reprocibility +3.08
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