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To my parents and to Lingling and Brian



Abstract

This thesis covers two major fields in mixing: turbulence energy dissipation and
liquid-liquid dispersions in agitated tanks. The main objective of the thesis was to
examine the effect of tank and impeller geometry on these variables.

The average turbulence energy dissipation in the impeller regions was
investigated for three impellers (the Rushton turbine (RT), the pitched blade turbine
(PBT) and the fluidfoil turbine (A310)) using the macroscopic mechanical energy
equation. The majority of the input power is dissipated in the small volume of the
impeller region for all three impellers. Analysis of the distribution of energy Letween
convective and turbulent flow shows that the A310 is the most efficient at generating
convective flow; the RT generates the most turbulence kinetic energy and the PBT
derives a large portion of its energy from the return flow.

The equation (s=Av3/L), used to estimate the local turbulence energy dissipation
rate, was verified by comparing local and integral methods. Here v is a fluctuating
velocity; A is a constant and L is macroscale length. The effect of tank geometry
(number of baffles (N, impeller diameter (D), and off bottom clearance (C or C/D)) on
Emax Was investigated using three factorial designs for four impellers (PBT, A310, HE3
and RT). The dominant variable was shown to be the impeller diameter. This effect is in
addition to the expected scaling with D? Clearance is also an important variable, which
is best quantified by its dimensionless form, C/D. The number of baffles has no

significant effect on €.



Silicone oil/water dispersions were also studied with varying tank geometries.
The shape of the drop size distribution changes with rotational speed (N). Four
characteristic distributions were found; in order of increasing N: long tail, double peak,
skew, and skew-normal distribution. Two normal distributions can be combined to
represent the last three distributions. The Kolmogoroff length scale (n) cannot be used as
an estimate of the minimum drop size present in the dispersions investigated. The
cumulative number probability density less than 7 is negatively correlated with €,,,. The
Sauter mean diameter (d;,) is more closely correlated to €, and the interaction of €,

with the mean flow than to P/pVt. A new correlation for ds, is proposed.
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Chapter 1
Introduction

All chemical processing involves the mixing or interpenetrating of one substance
with another. The mixing of immiscible liquids is among the most important chemical
engineering operations and mechanically agitated tanks are very common industrial
equipment for liquid-liquid dispersions. One of the important industrial parameters in
transfer phenomena is the area per unit volume (a) in dispersions which is related with the
Sauter mean diameter (d;,) and determined by drop size distribution: thus, research on the
mechanisms of drop breakup and the effects of physical properties of fluids, of flow in
agitated tanks and of tank geometries on liquid-liquid dispersions is of great significance
and has been an active research field since the 1950’s.

Research on liquid-liquid dispersions and on the flow characteristics in agitated
tanks is not reviewed in detail in this first chapter since there are two following chapters
to be dedicated to this purpose. A review of the study of flow characteristics and liquid-
liquid dispersions are given in detail in Chapters 2 and 3, respectively. Here, only the
main findings and the discrepancies among investigators are explained in order to
highlight why and how this project is designed and the main objectives of the work.

A review of the literature in this field shows that the ligament stretching
mechanism and the turbulent fragmentation mechanism (turbulent pressure fluctuation
breaking) can explain most of the phenomena involved in drop breakup in dispersions in
agitated tanks (Al et al., 1981, Hinze, 1955). The viscous shear breaking mechanism.
which occurs only when the magnitude of the drop size is of order of the Kolmogoroff
length, is not the usual case in liquid-liquid dispersions in turbulent flows.

Both the ligament stretching and the turbulent fragmentation mechanisms occur in
the vortex system trailing from the impeller blade tips. Taking the example of oil as a
dispersed phase fluid:

a) The ligament stretching mechanism consists of two sequential steps: when the
oil enters the region of the vortex, first the velocity gradient between the vortex and the



surrounding liquid causes the oil to be stretched into ligaments or elongated sheets, then
the ligament breaks into small droplets when the stretching becomes sufficient to create
an unstable interfacial condition;

b) The turbulent fragmentation mechanism occurs at higher Reynolds numbers
(higher rotation speed and lower viscosity of dispersed fluids). When the large oil drop
enters the vortex region near the impeller tip, a rapid disintegration of the drop occurs,
which forms a resultant droplet cloud.

Calabrese (1979) studied the breakup of highly viscous dispersed phases in stirred
tanks. He argued that highly viscous dispersed droplets may break up by a ligament
stretching mechanism and low viscosity droplets undergo a turbulent fragmentation
mechanism when the disruptive forces in the continuous phase are much larger than that
needed to break up the droplets.

Therefore, one may conclude that the droplets in a liquid-liquid dispersion in an
agitated tank mainly experience the ligament stretching breakup when the dispersed
phase is viscous and/or the Reynolds number is low; and that the turbulent fragmentation
mechanism dominates when the viscosity of the dispersed phase is low and/or the
Reynolds number is very high. Put another way, when the dispersed phase is viscous
and/or the Reynolds number is low, correlations of drop size with the flow should mainly
consider the velocity gradient; and when the viscosity of the dispersed phase is low
and/or the Reynolds number is very high, correlations of drop size with the flow should
mainly consider the turbulent pressure fluctuation which is represented by local
turbulence energy dissipation rate, €.

Many different correlations for drop size have been proposed, but it is difficult to
evaluate them for the purpose of scaling up liquid-liquid dispersion systems because a
variety of fluids and/or geometric variables have been used, with no common base case
(see Table 3-1). Most of the existing correlations of drop size are based on the pressure
fluctuation breaking mechanism in which the turbulent energy dissipation rate should be
used to represent the pressure fluctuations, but almost always the average power input per

unit mass (P/pVy) is used instead of € . In some cases, two different scale-up rules (equal



tip speed (xND) and equal power input per unit mass (P/pVr)) are proposed for almost
identical dispersions (Godfrey and Grilc, 1977, Okufi et al., 1990).

The discrepancies among the existing correlations for drop size (discussed in
detail in Chapter 3) may be partly caused by the fact that it is not clear which parameter
is the best parameter to correlate the Sauter mean drop size: the mean flow (ND), or the
average energy consumption rate on the scale of the whole tank, or the average turbulence
energy dissipation rate on the scale of the impeller region, or the maximum turbulent
energy dissipation rate in the flow field of a tank. To include the average power input
explicitly or implicitly in correlations for mean drop size confuses the local
characteristics of drop breakup. According to Park and Blair (1975) and other
investigators' work, drop breakup occurs only near the impeller and droplet coalescence
predominates at other locations. Park and Blair found that beyond distances from the
impeller region of the order of only 1/6 the impeller diameter, breakup is virtually
nonexistent. Several researchers have pointed this out. Calabrese et al. (1986) argued
that for extremely viscous drops "it seems that no model based on power per unit mass of
liquid (P/pVy) will provide a reasonable correlation.” Nishikawa et al. (1987) found
experimentally that neither the impeller speed, Reynolds number or average power input
per unit mass of liquid can be used as the scale-up standard to keep the interfacial area of
emulsion constant, though they are often used as the scale-up standard for various
phenomena in the mixing vessel.

Another possibility for the discrepancies between correlations for mean drop size
is that the effects of some geometric variables of impellers and tanks such as the ratio of
impeller diameter to tank diameter, off bottom clearance and the number of baffles on the
flow (reflected in €) are not accounted for.

This project is designed to fill the gap between the model and the real physics.
The main concept is to try to use the local turbulence energy dissipation rate near the
impeller blades, especially the maximum turbulence energy dissipation rate, €y, t0
represent the external deforming force on droplets since drop breakup occurs in this

region and the mean drop size may be correlated well with the €y, This is especially



true for dilute liquid-liquid dispersions in which coalescence in the bulk of the tank is not
significant.

A phase Doppler particle analyzer (PDPA) is used in this study. It can measure
the diameter and the velocity of drops simultaneously ((PDPA) mode), or the velocity
only (laser Doppler anemometer (LDA) mode). Four impellers are used, one radial flow
turbine (Rushton turbine (RT)) and three axial flow turbines (pitched blade turbine (PBT)
and fluidfoil turbine (A310) and a modified pitched blade turbine (HE3)). A cylindrical
tank with a diameter of 0.240 m is used.

This project is divided into two parts:

i) Characterization of the turbulence energy dissipation in impeller regions.

Both the average and the local turbulence energy dissipation rate, especially the
maximum turbulence energy dissipation rate, are investigated to characterize the
turbulence energy dissipation in impeller regions.

For the average turbulence energy dissipation rate, a macroscopic mechanical
energy balance equation needs to be derived since a discrepancy is found in published
works of previous investigators (Wu and Patterson, 1989, Ranade and Joshi, 1989,
Ranade et al., 1992). The average turbulence energy dissipation rate in impeller regions
is calculated with the derived equation and the data measured with a validated LDA.
Emphasis is put on checking the conflicts between the magnitude of energy dissipation in
the impeller region and in the impeller discharge region for the RT (Cutter, 1966, Gunkel
and Weber, 1975, Wu and Patterson, 1989). Further experiments were performed with
the PBT and the A310.

For the local turbulence energy dissipation rate, €, the commonly used estimate
equation (e=AV’/L) is verified in the impeller regions by first examining the assumption
of isotropic flow which is inherent in the equation; then the length scale L and the
constant A are determined experimentally.

The effects of geometric variables (number of baffles, Ny, impeller diameter, D,
off bottom clearance, C, or the ratio of C/D) on €, are investigated using factorial

designs. The maximum turbulence energy dissipation rate, €y, is estimated using the



verified equation for the local dissipation rate. First, the location of £, in the flow field
is determined. The dominating effects and interactions will be highlighted and used in
the study of liquid-liquid dispersions. Four impellers (the PBT, the A310, the HE3 and
the RT) are used which represent the full spectrum of impellers currently used for
turbulent mixing in industry.

ii) Characterization of liquid-liquid dispersions in agitated tanks.

Preliminary experiments were carried out to validate the PDPA; the choice of the
fluid in the dispersed phase; and to examine the effect of the dispersed phase addition on
the flow field.

Drop sizes are measured over a wide range of rotational speeds using a validated
PDPA. Four impellers are used. Data analysis is focused on the drop size distribution,
minimum drop size and Sauter mean diameter. The two scale-up rules mentioned above
and the new approach using €, to replace P/pV are examined simultaneously using all
the data obtained for the four impellers and varying tank geometries to determine which
is the best parameter to be used in correlations with d;;. A new scale-up principle is
proposed from the data analysis. From the data of minimum drop sizes, the suitability of
Kolmogoroff length scale [n=(v3/s)"4] is examined. This length scale is often used to
estimate the minimum drop size in dispersions in agitated tanks.

This thesis is composed of the following six parts: (1) literature reviews of a) the
flow characteristics of agitated tanks (Chapter 2) and b) mechanisms of drop breakup
and correlations for mean drop size (Chapter 3); (2) validation of the experimental
equipment used (Chapter 4 for LDA mode, Chapter 7 for PDPA mode); (3) a study of
the average turbulence energy dissipation rate in the impeller regions (Chapter 5); (4) the
local and maximum turbulence energy dissipation rate, €y, and the effect of tank
geometry (number of baffles (Np) , impeller diameter (D), off bottom clearance (C) and/or
the ratio of C/D) on €,,,, (Chapter 6); (5) measurement of the drop size distribution, the
minimum and mean drop sizes and correlation of the mean drop size with flow (Chapter
8); and (6) summary of main conclusions drawn from this work and suggestions for

future research needs related to this project (Chapter 9).
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Chapter 2
Literature Review-Flow Characteristics in Agitated Tanks

2.1 Introduction

The formation of liquid-liquid dispersions has been an active field of study in
chemical engineering science since the 1950's. The drop size distribution, which is itself
an important process variable, also determines the surface area per unit volume, and thus
the mass and energy transfer rates. Because of its importance, a lot of research has been
done on the mechanisms of drop breakup and on correlation of mean drop size with the
turbulent flow in agitated tanks. In the next two chapters, the literature pertinent to this
investigation is reviewed, with particular emphasis on the results obtained for stirred
tanks. In this chapter the work of various researchers on the flow characteristics in
agitated tanks is reviewed. In Chapter 3 the proposed mechanisms of drop breakup and
correlations for mean drop size are reviewed.

In order to make previous investigations easy to present, some general definitions
for the study of liquid-liquid dispersions in agitated tanks will be presented wherever they
are necessary.

First, we begin with some definitions about the geometry of an agitated tank and

impellers.

2.2 Geometric Variables of An Agitated Tank and Impellers
2.2.1 Classification of Impellers
Different impellers create different flow patterns and are used in liquid-liquid
dispersion systems for various purposes. Several methods are used to classify impellers,
each of which has advantages and disadvantages. The most commonly used method is to
group impellers by flow regime and by blade shape. Using this method, impellers can be
classified into five distinct categories: propeller, turbine, paddle, close clearance impeller

and reciprocating impeller.



Reciprocating impellers have little commercial importance (Uhl and Gray. 1966)
except in reciprocating plate columns. Propellers are essentially high-speed impellers of
the axial flow-type (discharge flow parallel to the agitator shaft), and may be used in low
viscosity liquids almost without restriction as to the size and the shape of the tank. The
basic paddle is based on operation in the laminar range, or in the transition and turbulent
range without baffles. Close clearance impellers are mainly used for high viscosity and
non-Newtonian fluids. In this thesis project, only turbines will be used; the rest are less
relevant for liquid-liquid dispersion operations.

The turbine is defined in the AIChE "Standard Test Procedure for Impeller-Type
Mixing Equipment" (AIChE, 1960) as "an impeller with essentially constant blade angle
with respect to a vertical plane, over its entire length or over finite sections, having blades
either vertical or set at an angle less than 90° with the vertical”. The blades may be
curved or flat. The number of blades is not important and can be two or more. There are
two kinds of turbines: the flat-blade radial discharging style and the pitched-blade axial
thrust type (there is a small radial component to the discharge velocity from this turbine).
All others are modifications of these, e.g. disk flat blade, curved blade and tilted blade.
pitched curved blade.

Most of the reported studies on liquid-liquid dispersions were done with turbines.
In this study both the flat-blade radial discharging style and the pitched-blade axial thrust
type turbines are used as well as the newer A310 fluidfoil axial and the modified pitched-
blade axial (HE3) impeller. Because turbines are also commonly called impellers, in the
following chapters the words impeller and turbine are used interchangeably for the

mixing agitators.

2.2.2 Geometry of Impellers
Schematic drawings of the axial-flow impellers (pitched blade turbine (PBT), and
fluidfoil turbine (A310)) and the radial-flow impeller (Rushton turbine, RT) are shown in
Figure 2-1. Although some other types of impellers have been used by previous
investigators, the PBT and RT (especially the RT) are the most common. All three
impellers are shown in Figure 2-1 in their standard configurations. The PBT has a pitch

8



angle of 45°; the blade width, W, of the PBT and RT is D/5; the blade length of the RT is
D/4. The modified pitched blade turbine HE3 (not shown here) is a newcomer, so
published research is rare in the literature. It is similar to the PBT, but with three blades

and a smaller pitch angle and a flat corner on each blade.

2.2.3 Geometry of An Agitated Tank

The schematic drawing of a typical agitated tank used for study of mixing is
shown in Figure 2-2. For this study the agitated tank is a cylindrical tank with its
diameter, T, equal to the liquid height, H (=0.240 m); and vertical rectangular baffles
(their width, W;=17/10) equally spaced around the periphery of the tank. The number of
baffles, N; can range from four to zero. The off bottom clearance, C, is defined as the
distance between the bottom of the tank and the center line of the impeller blades. The
radius of the impeller, D/2, is the distance from the impeller shaft axis to the tip of one
blade. The origin of the cylindrical coordinates is defined as the cross point of the shaft
axis and the center line from a baffle to a baffle at the center line of the impeller blades.

2.3 Characteristics of the Flow Generated by Different Impellers in Agitated Tanks

The stable mean drop size is determined by the balance of the external forces
(viscous stress and turbulent pressure fluctuations) and the restoring forces (interfacial
tension and viscous stress due to the deformation and the internal motion of the drop
(Hinze, 1955)). The external forces are determined by the flow conditions in the
continuous phase around the drop. Generally speaking, for a specific mixing system flow
conditions are determined by the type of the impeller, the rotational speed and the
geometry of the stirred tank. Most of the work investigating the flow conditions focuses
on the flow created by the RT and the PBT. The detailed flow characteristics for the
A310 have not yet been systematically investigated in the open literature.

At present, a purely theoretical treatment of the flow within an agitated tank is
impossible due to the randomness of turbulence, the three dimensionality of the flow, and
the nonlinearity of the governing equations of motion. In recent years more and more

numerical experiments on the flow using computational fluid dynamics (CFD) have been
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presented. Verification of their accuracy is based on experimental measurements and on

appropriate boundary conditions obtained from experimental measurements.

2.3.1 Mean and Fluctuating Velocities and Pressure

Before we review the work of previous investigators on the characteristics of the
flow generated by different impellers in agitated tanks, we introduce the definitions of
mean and fluctuating velocities and pressure.

In most practical situations the flow in an agitated tank is fully turbulent. Hinze
(1975, pg 2) formulated a definition for turbulent flow as follows: "Turbulent fluid
motion is an irregular condition of flow in which the various quantities show a random
variation with time and space coordinates, so that statistically distinct average values can
be discerned”. Because of its irregularity, a turbulent motion cannot be characterized by
its scale alone; the violence of the fluctuations is as important as the mean value.
Furthermore, the value of a variable at a spatial point at an instant time has little practical
relevance for a turbulent flow; thus all variables which characterize the turbulent flow
have time or space averaged properties.

The momentary values of the velocity and pressure are written as

V=V+v -1
P=P+p (2-2)
respectively, where the overscore denotes the average value, so that by definition the

mean of turbulent fluctuations, v’ is zero. The average value can be either a time
average or a space average value. For a quasi-steady, or stationary random turbulent flow
field the time average value is used; for a homogeneous turbulence flow field the space
average value is used. The averages are defined as follows:

Time average for stationary turbulence:
S 1
Vi(xg) = lim == ['7 V(xo.t)dt (2-3)
T 2T

Space average for homogeneous turbulence:

10



= .1 oax
V(ty) = ,P_Tn X ['x V(x.to)dx (2-4)

In practical use the X and T have finite values.
The fluctuating velocity is defined by the root-mean-square (rms, or RMS) of the
turbulent fluctuations

v=vv? @-5)
and the relative intensity of the turbulence fluctuations is defined by the ratio

turbulence intensity = % x100%

2.3.2 Methods of Studying Flow Characteristics

There are two categories of experimental methods to study the flow in an agitated
tank. One is flow visualization with tracer particles added in the tank (Rushton and
Oldshue, 1953a, 1953b, Sachs and Rushton, 1954, Metzner and Taylor, 1960) or tufts
attached on parts of the mixing equipment (Shen and Baird, 1991, Kresta and Wood.
1991). The other is the direct measurement of the flow in the tank.

Flow visualization methods can give an excellent overall picture of the more
complex time varying aspects of the flow, which are difficult to reproduce from a local
time averaged experiment. Its improvement relies on the development of more powerful
cameras with higher speeds and possibly programmable motion (Winardi et al.. 1988,
Van't Riet and Smith, 1973, 1975).

Direct measurement of the flow can be done in many ways. In the fifties,
photographic measuring methods were the main methods used to measure fluid velocities
(Rushton and Oldshue, 1953a, 1953b, Sachs and Rushton, 1954, Metzner and Taylor,
1960). On account of the simple experimental set-up, they are still successfully being
applied (Cutter, 1966, Schwartzberg and Treybal, 1968, Levis and Glastonbury, 1972, Ali
et al., 1981, Winardi et al., 1988); however, the experimental results obtained by this
method can only approximately reproduce an overall pattern of the flow and mean
velocities. Since the early sixties, pressure probes [pitot tube: Kim and Manning, 1964,
Desouza and Pike, 1972, Rao and Brodkey, 1972], and convection probes [hot wire:
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Baldwin and Walsh, 1961, Mujimdar et al., 1970, Gunkel and Weber, 1975; and hot film:
Nishikawa et al., 1976, Bertrand et al., 1980, Okamoto et al., 1981] have been widely
used. Using these methods both the mean and fluctuating velocities are recorded.
However, these methods require the introduction of probes into the flow field in an
agitated tank, and the flow will be affected by the presence of the probes. In the fine
turbulent structure of the flow, the distorting effect of the measuring probe may be
substantial. A technique developed in the late seventies - laser Doppler anemometry
(LDA) - allows non-intrusive measurement of the flow, and records an almost
instantaneous response to velocity fluctuations, with unambiguous separation of the three
directional components of velocity. The development of LDA allowed substantial
improvement of the understanding of the flow in an agitated tank. The first investigation
published on the flow in an agitated tank with LDA was conducted by Reed et al. (1977).
Since then, many other investigations using LDA have been published (Van der Molen
and Van Maanen, 1978, Laufthutte and Mersmann, 1985, 1987, Jaworski et al., 1988,
Costes and Couderc, 1988a, 1988b, Wu and Patterson, 1989, Wu et al., 1989, Ranade and
Joshi, 1989, Jaworski et al., 1991, Ranade et al., 1992, Kresta and Wood, 1993a, Dyster
et al., 1993). Among the methods summarized above, the most successful has been laser

Doppler anemometry.

2.3.3 General Flow Patterns in Agitated Tanks

In papers about the flow characteristics and liquid-liquid dispersions in agitated
tanks, the phrases "impeller region", "impeller stream" or "impeller discharge stream (or
region)", and "bulk” are often used by investigators to specify the regions around, near
and away from the impeller blades. Such definitions are quite qualitative. It is necessary
to define these regions more quantitatively for different impellers in order to make the
following analysis more meaningful. Impeller region stands for the region around
impeller blades. The fluid in this region is about 5% of the total volume of the fluid in
the tank; however, the actual scale for this region differs among investigators, depending
on the measuring methods used. Impeller stream, or impeller discharge stream, or

impeller discharge region refers to the region near impeller blades to which the fluids
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discharged by an impeller go. It has a different meaning for axial flow and radial flow
impeliers because of their different discharge characteristics. For radial flow impellers
like the RT, the impeller discharge region is the region neighboring the impeller region in
the radial direction (defined above with the same axial coordinates); for the axial flow
impellers like the PBT, the A310 and the HE3, impeller discharge region is usually the
region under the impeller blades, into which the main discharge stream goes. The fluids
enclosed in the impeller region and the impeller discharge region occupy about 10% of
the fluids in the tank. Regions other than the impeller region and the impeller discharge
region are called "the bulk of the tank".

2.3.3.1 The Propagation of Turbulence with Increase of Reynolds Number
Nagata et al. (1959, 1960) extensively investigated the flow conditions in an
agitated tank with or without baffles for laminar, transitional and turbulent flow. The

flow conditions in an agitated tank are different from those in a pipe, but they have the
2

same trend with the change of Reynolds numbers (Re = ). At low Reynolds

numbers the flow is laminar throughout the tank. Around the impeller the liquid velocity
is high and decays rapidly away from the impeller blades. With increasing Reynolds
numbers, the flow around the impeller becomes turbulent and the flow in the bulk of the
tank is still laminar. Further increases of Reynolds number result in the propagation of
the turbulent state to the bulk away from the neighborhood of the impeller, and finally the
flow in the whole tank becomes turbulent.

Nagata et al. did not clearly specify Reynolds numbers for laminar flow and
turbulent flow. From visualization and direct measurement of the flow field in agitated
tanks and from the results of investigating the power characteristics of impellers
(described in detail in section 2.4.4), the flow in agitated tanks is laminar when Re <20;

and the flow is turbulent when Re >10%, between these two Reynolds numbers, the flow
is in transitional (from laminar to turbulent) state.
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2.3.3.2 Effect of Baffles on the Flow in Agitated Tanks

Aiba (1958) investigated flow patterns of three types of impellers (paddle, turbine
and propeller) with and without baffles using a tracer method. He found that in the case
of unbaffled agitation, irrespective of the type of impeller, two flow regions existed in the
tank relating to the tangential velocity component. In the region around the center of the
tank the liquid seems to rotate as a whole, as if it were a solid (cylindrical forced vortex).
In the other region, between the former and the tank wall, the liquid rotates along with the
cylindrical vortex (free vortex). In the turbulent region flow patterns for a given agitation
system are independent of the impeller speed. This does not hold true for the case of
viscous liquids, when agitation is far from turbulent. From his data, we can deduce that
for an unbaffled tank tangential velocities produced by all three types of impellers are
high relative to radial and axial components. In the case of fully baffled operation the
tangential velocity component decreases.

Nagata et al. (1959, 1960) deduced a similar conclusion from their experimental
results. They found that the flow pattern is more erratic with baffles than without. For an
unbaffled tank tangential velocities produced by turbine impellers are high relative to
radial and axial components. In case of fully baffled operation the flow pattern is
characterized by a decrease in tangential velocity components. The radial components

remain almost unchanged.

2.3.3.3 Characteristics of the Vortices Formed in Agitated Tanks

Many investigators found the existence of vortices in agitated tanks (see Figure 2-
3). Van't Riet and Smith (1973, 1975) carried out the first quantitative investigation on
the trailing vortex system produced by the RT using a photographic method. They
showed that a pair of vortices exists, one above and one below the impeller disc plane
behind impeller blades. The vortices behind the blades maintain their identity for two to
three blade lengths and the vortex axis is very nearly horizontal with position independent
of speed for Reynolds numbers above 5000. By measuring the velocity and pressure
distributions within the trailing vortex, they found that velocity and pressure can be
scaled up in terms of the Reynolds number only, and that the flow is turbulent even at
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Re=300. Van't Reit, Bruijn and Smith (1976) examined the impeller flow with a
stationary hot-film probe and observed that the vortices were broken up at the baffles and
the tank walls. Van der Molen and Van Maanen (1978) drew similar conclusions and
reported that the circulation velocity in the vortices is dependent on the impeller
geometry and in particular on the blade thickness. Yianneskis et al. (1987) studied the
vortex structure in detail, and the influence of geometrical variables, using laser-slit
photography to provide a visualization of the flow and a laser Doppler anemometer to
measure the velocity characteristics in both the discharge stream and the bulk of the tank.
They found that the velocities in the vortices were of the order of 0.25 of the blade tip
velocity (tND), and that the impeller diameter affected the shape of the ring vortices and,
to a lesser extent than the clearance, the inclination of the impeller stream. Their
measurements of the radial and tangential average velocities below the impeller showed a
vortical structure in planes perpendicular to the tank axis, with a helical vortex present
behind each baffle and large regions of the flow rotating in a sense opposite to that of the
impeller. The flow was controlled mainly by the balance of pressure and inertial forces.
Vortices also exist in the flow field generated by axial flow impellers. The
investigation of them, however, is much less extensive than that of the vortex system
created by the RT. Tatterson et al. (1980) examined the flow around the impeller blades
for a PBT. They found that the vortices move down through the tank, and considered the
shedding and decay of the trailing vortices as the impeller rotates. They concluded that
the flow produced by a PBT is a combination of "high-speed jets", or streaming flow, and
trailing vortices; and that the dominant flow depends on the number of blades, and/or the
scale of the experiment. Kresta and Wood (1991) used particle and tuft visualization
experiments to examine the flow generated by a PBT. They found that in contrast to the
single primary circulation loop filling the entire tank for all geometric configurations
which was illustrated by classic fluid mixing texts (e.g. Oldshue, 1983, Uhl and Gray,
1986) and reaffirmed by the experimental results of Rewatkar and Joshi (1991), the
primary circulation loop is accompanied by a weak secondary circulation loop which

forms in the lower corners of the tank for some geometric configurations, and the primary
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circulation loop is much smaller than previously reported. Above the impeller in the
upper third of the tank, there is very little circulation and many of the weaker circulation
patterns are unstable. They specified that a trailing vortex forms at the tip of impeller
blades, and no vortex action exists in the inner part of the impeller blades. The vortices
created by the PBT and the second circulation loop for some geometric configurations are

shown in Figure 2-4.

2.3.3.4 Local Isotropy of the Flow in the Impeller and the Impeller Discharge
Region

From the analysis above, we know that the flow in an agitated tank is non-
homogeneous, and that big differences of mean or fluctuating velocities between different
regions exist. The flow around the impelier blades is more turbulent than that away from
the impeller, and it is non-homogeneous as well. Several investigators have assumed that
the flow in the impeller and the impeller discharge region is isotropic (Cutter, 1966,
Shinnar, 1961, Arai et al., 1977). Experiments to check the isotropy of the flow in the
impeller and impeller discharge region were done by Jaworski et al. (1987) and Kresta
and Wood (1991).

Jaworski et al. (1987) investigated the flow characteristics for the region
surrounding a PBT using a photographic method. By analyzing the radial distribution of
the fluctuating velocity components they concluded that local isotropy of those
components exists for the entire investigated area around the impeller blades. They
actually measured only the radial and axial components of the mean and fluctuating
velocities. For the flow formed by the PBT, the tangential component of velocity is not
too small to be neglected, so their data are not sufficient to confirm the existence of the
isotropy of the flow in impeller region. Kresta and Wood (1991) checked the flow in
both the impeller and impeller discharge region for the PBT. They found that the three
fluctuating velocities are nearly the same, and concluded that the flow in these regions is
approximately locally isotropic. The check of isotropy of the flow in impeller region and
impeller discharge region for three impellers (RT, PBT and A310) will be reexamined in
Chapter S.
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2.3.3.5 Velocity Profiles for the Radial Flow Impeller (RT)

Sachs and Rushton (1954) measured the radial velocity profiles in the discharge
stream for the RT using a photographic method. They obtained roughly parabolic
profiles of radial velocities near and away from the impeller tip in the discharge stream.
The momentum diffuses and the velocity profiles flatten out as the radial distance
increases. The radial volumetric flow rate (through various cylindrical surfaces bounded
by vertical planes extending through the top and bottom of the impeller blades) is
proportional to the impeller speed at various radial distances from the impeller. A large
volume of fluid is entrained by the discharge stream as it flows away from the impeller.

Cooper and Wolf (1968) measured velocity and angle profiles near the RT
impeller tip with varying impeller diameters, blade widths and blade lengths in both air
and water using a hot wire anemometer probe and two and three dimensional pitot tubes.
They found that the radial velocity profile is parabolic in shape, while the tangential
profile is flatter. The radial velocity profile normalized with the maximum radial velocity
is independent of turbine speed and independent of turbine diameter for geometrically
similar turbines. The angle of the discharge flow varies across the width of the blade,
with the flow becoming increasingly radial towards the centerline of the turbine. The
discharge angle is independent of speed and turbine size for geometrically similar
turbines.

Nouri et al. (1987) investigated the flow with varying impeller diameters and
rotational speeds using a laser Doppler anemometer. The findings obtained with this
totally different technique are in close agreement with those of Cooper and Wolf (1968).

2.3.3.6 Flow Fields for the Axial Flow Impeller (PBT)

Most of the extensive investigations on the flow generated by the PBT have been
done using LDA. The only detailed investigation on this flow using a method other than
LDA is Fort and co-workers' work. Fort and co-workers (Fort et al., 1969) used the axial
velocity (measured with pitot tube) and the circulation time data to characterize the flow

generated by pitched blade turbines. They studied the effects of number of blades, angle
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of blades, D/T ratio and impeller location on the flow by measuring the variation of
pumping capacity with these variables.

Ranade and Joshi (1989) investigated the flow generated by the PBT extensively
using LDA. They used two sizes of tanks and examined the effects of off bottom
clearance, of the geometry of the impeller (blade angle (30°-60°), blade width (0.2D-
0.4D)) and impeller diameter (0.25T-0.5T) on the flow. They found that 1) in the
impeller region, pitched blade turbines generated strongly accelerated downward flow
through the impeller region when impeller diameters are less than T/2; 2) the mean
velocities and turbulence intensities were approximately proportional to the impeller
speed within the range of Reynolds numbers studied (4x104-l.4x105); 3) the angle of the
blade significantly affected the flow; the blade width affected the flow as well, but to
lesser extent; 4) the large impeller (D/T=0.5) generated entirely different flow-radially
outward flow through the vertical periphery of the swept surface; 5) in the bulk region
three distinct zones exist viz., cone shaped region below the impeller (with upflow of
liquid), a highly turbulent region below the impeller center plane and a relatively less
turbulent zone above the impeller.

Jaworski et al. (1991) studied the flow generated by a standard PBT with varying
off bottom clearances (C=T/4 and C=T/2) using LDA. They found that near the bottom
of the tank off bottom clearance decisively influenced the flow pattern, in the case of
D/T=0.5, a low intensity flow reversal prevailed over the entire bottom whilst only a
small but significant core of reverse flow was found at the lower clearance.

Kresta and Wood (1993a) investigated the flow created by a PBT in detail using a
combination of flow visualization and LDA, focusing especially on the impeller
discharge stream and bulk circulation flow. They defined two distinct bulk circulation
patterns based on their experimental data: with a secondary circulation loop for higher off
bottom clearances and without a secondary circulation loop for lower clearances. They
found that the circulation patterns had a substantial impact on the discharge stream, even
very close to the edge of the impeller blades. The secondary circulation loop displaces
the impeller discharge stream, changing the axial velocity profile, and increasing the

radial velocity.
18



General flow patterns for the RT and the PBT are depicted schematically in
Figure 2-5. In Figure 2-5 the flow pattern of the fluidfoil impeller (A310) is also drawn,
which is based on the experimental data of this study (detailed velocity profiles for the
A310 are presented in Chapters 4, 5, and 6). For the A310, the general flow pattern is
similar to that of the PBT, with smaller radial velocities in the impeller discharge region
(under impeller blades). The angle between the axis of the impeller shaft and the
discharge stream is smaller for the A310 than for the PBT.

2.4 Dimensionless Groups
2.4.1 Reasons and Ways to Get Dimensionless Groups

The fundamental physical laws governing transfer to particles immersed in fluids
are Newton's second law, the principle of conservation of mass, and the first law of
thermodynamics. Application of these laws to an infinitesimal element of material or to
an infinitesimal control volume leads to the Navier-Stokes, continuity, and the energy
equation. Exact analytical solutions to these equations have been derived only under
restricted conditions. It is practically impossible to get exact analytical solutions to these
' equations for turbulent flow in an agitated baffled tank. More usually, it is necessary to
solve the equations numerically or to resort to approximate techniques where certain
terms are omitted or modified in favor of those which are known to be more important.
Most often, in the case of turbulent flow in a stirred baffled tank, the governing equations
are used to suggest relevant dimensionless groups with which to correlate experimental
data.

Dimensionless groups are the direct result of dimensional analysis. Dimensional
analysis combines independent variables into dimensionless parameters with
mathematical or physical significance. There are two methods used to get dimensionless
groups. One is the [T-theorem, developed by Buckingham (1914). The background and
development of this theorem has been well presented by Hixson and Luedeke (1937),
Johnstone and Thring (1957), Rushton et al. (1950), and recently Dickey (1993), and will
not be repeated here. A point worth mentioning is that the [T-theorem starts directly with

an uncertain equation which is no more than a complete list of unknowns and potential
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correlating variables. Another method, proposed by Rayleigh (1915), uses a governing
equation and substitutes a few characteristic variables into the governing equation to get

dimensionless groups. The two methods give the same results.

2.4.2 Variables Affecting Fluid Motion in the Mixing of Liquids

Variables which affect fluid motion in mixing are of three types.

First, the kinematic and dynamic characteristics of flow such as velocity, power
input or resisting forces, e.g. the interfacial tension in the case of drop breakup, and the
force of gravity.

Second, the fluid physical properties such as density, p, viscosity, u, and
interfacial tension, .

Third, geometrical dimensions of the impeller and tank such as: impeller
diameter, D, tank diameter, 7T, liquid depth (height), H, off bottom clearance, C, pitched
angle of the impeller, 6, , length of impeller blades, L, , width of blades, W, width of
baffles, #;, number of blades, N, , number of baffles, N;.

2.4.3 Important Dimensionless Groups for the Fluid Motion in the Mixing of
Liquids
2.4.3.1 Reynolds Number and Froude Number
For a constant-density, Newtonian liquid, the Navier-Stokes equation for
momentum balance in terms of local pressure and velocity (Bird et al., 1960) is:

DV -
pE=-Vp+uV2V+pg (2-6)

To get dimensionless groups, we first choose characteristic quantities to represent the
principal dimensions of length, time and mass (D for length, 1/N for time, ND for
velocity, p(ND)2 for pressure). Substituting the characteristic quantities into Eq.(2-6),
and rearranging coefficients yields a dimensionless form of the Navier-Stokes equation:

DV* . B oo ee.r & 18
+—=-V + V °V +[—=—=]= 2-7
Dt P [Nsz] [DN2]g @7
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where * denotes dimensionless variables. Two dimensionless groups appear as

ND?p

parameters in Eq.(2-7). The Reynolds number for agitation, , appears in

reciprocal form as the coefficient for the viscous dissipation term. The Reynolds number

for agitation (simply called the Reynolds number in following chapters) represents the
ratio of inertial to viscous forces. Another dimensionless group, _61%2_ , is the reciprocal

of the Froude number. The Froude number represents the ratio of inertial to gravitational

Jorces.

2.4.3.2 Power Number
Using the IT-theorem (Rushton et al. 1950) or the relation between power and
rotational speed and applied torque (Dickey and Fenic, 1976), we can get a dimensionless
group—power number, N,
__ P
pN’D’

The power number relates imposed forces to inertial forces, and is a function of the

Np = f(Res Fr) (2'8)

Reynolds number and the Froude number.

2.4.3.3 Weber number

When two immiscible liquids are agitated, a dispersion is formed in which
continuous breakup and coalescence of drops occurs. The drop is assumed to be broken
by viscous shear forces and turbulent pressure fluctuations. The elastic stress generated
due to interfacial tension on the other hand, tends to restore the drop to the original
shape. In the inertial subrange, a balance between the elastic stress, o/ d, and turbulent

pressure fluctuation represented by p_V 2(d) , determines the maximum stable drop size.

The ratio of the turbulent pressure fluctuations and the elastic stress is called the Weber

number, or Weber group:
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2
w, =PV L O (2-9)
(o

where d is the diameter of the drop. Expressing the mean-square of the relative velocity,

p.V2(d) by p.N2D? , and replacing drop diameter, d, with the impeller diameter, D.
we get the Weber number in a mixing tank:

Wer=—" (2-10)

The qualification "in a mixing tank" is added to distinguish between the Weber number
on the scale of drop diameter, 4, and that on the scale of the mixing equipment. Strictly
speaking, the Weber number refers to the definition by Eq.(2-9). There is an alternative
way to derive Weber number in a mixing tank, which will be given in section 3.2.2 of
Chapter 3.

2.4.4 Power Characteristics of Mixing Impellers

The main function of agitation is to introduce energy into the tank with the aid of
a rotating impeller, thus converting mechanical energy into hydrodynamic motion. The
power consumption characteristics of mixing impellers are one of the most decisive
parameters needed to characterize mixing impellers and the flow generated by them in the
tank.

Rushton et al. (1950a, 1950b) were the first investigators to systematically study
the power characteristics of three types of impellers - propellers, paddles and radial flow
turbines (RT). Their data cover a wide range of Reynolds numbers - from laminar flow.
Reynolds numbers<20, to fully turbulent flow, Reynolds numbers>10°. They related the
power number to the Reynolds number and the Froude number. For agitated tanks, the
effect of the gravity force on the power number is negligible, so the power number is
generally considered a function of the Reynolds number. For both propellers and
Rushton turbines, the power number decreases linearly with the Reynolds number in the
laminar flow (on the logarithmic plots). In the tranmsition region (laminar to fully
turbulent flow) the power number shows different trends for propellers and Rushton
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turbines: for propellers the power number decreases slowly with the Reynolds number.
for Rushton turbines the power number first slowly decreases, then increases with the
Reynolds number. In the fully turbulent region the power number is no longer a function
of the Reynolds number for any of the impellers studied.

Bates et al. (1963) studied the power characteristics of both radial flow turbines
and axial flow turbines. Their data cover a wide range of Reynolds numbers (10" to 10°)
as well. The data for radial flow turbines agrees well with that of Rushton and co-
workers. They also investigated the effects of some shape factors (impeller blade width,
number of blades, blade angle, off bottom clearances, number of baffles, baffle width) on
impeller power.

The power numbers in the fully turbulent region for the RT and PBT are used in
the following chapters, so a summary of the reported values of these power numbers for
the RT and PBT is given in Table 2-1.

Data on the power number for the PBT is much less plentiful than for the RT.
Bates et al. (1963) obtained a value of 1.4 for the power number of the PBT in the fully
turbulent region. Nienow and Miles (1971) obtained a value of 1.4 when D/T=1/2,
C/T=1/4; and a value of 1.8 when D/T=1/4, C/T =1/4 to 1/2 in the range of Reynolds
numbers (2x104 to 105). Ranade et al. (1992) studied the power number of the PBT with
varying pitch angles and blade width; they got a value of 1.47 for the power number of
the PBT when its pitched angle is 45° and blade width is D/5. The values of power

numbers used for this work are based on these studies.

25 Turbulence Energy Spectrum and Turbulence Energy Dissipation
Characteristics in Agitated Tanks

As mentioned before, directly applying the Navier-Stokes equation for turbulent
motion in an agitated tank is difficult and practically impossible because the variables in
the equation refer to instantaneous values at a local point. From the analysis in the
sections above, we know that the flow fields vary from time to time and from point to
point, so it is necessary to use some statistical average and a measure of the deviation

from the average.
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By expressing the instantaneous value of a variable as a sum of an average value
and a fluctuating value, and taking the time average of the Navier-Stokes equations, we
can obtain the following equations:

TR T Wi O

P P @11)

In the time averaged Navier-Stokes equations, a new term, pv’; v’; , appears. This term

represents the stresses due to the turbulent velocity fluctuations, known as the Reynolds
stresses; thus the Navier-Stokes equations in the form of Eq.(2-11) are often called the
Reynolds equations. There are three Reynolds equations with 10 unknowns, but we can
add only one more equation - the continuity equation by mass conservation - to make 4
total equations. Six more equations are needed to solve the Reynolds equations. There
are several ways to overcome this obstacle: the first is to use functional expression for the
Reynolds stresses - for example, Boussinesq's Theory, Prandtl's Mixing Length Theory,
Taylor's Vorticity Transport Theory, the k-£ model; the second is to directly use statistical
correlations for the fluctuating velocities; the third is to convert the differential
momentum conservation of Navier-Stokes equations to the integral mechanical energy
balance (Tennekes and Lumley, 1972), if an energy balance is our goal. In all three
approaches some information about the turbulence structure will be lost.

Most of the phenomenological theories and assumptions proposed so far are
directly or indirectly related to turbulence energy theory. In next two sections the theory

of turbulence energy is reviewed.

2.5.1 Turbulence Energy Spectrum
When a flow is in the turbulent state, varying sizes of turbulent eddies are formed
which range from the very smallest (on the viscous scales) to the largest (which are
limited only by the boundaries of the mixing equipment). Different sizes of eddies have
their own energy transfer characteristics which are depicted by the energy spectrum

equation. For isotropic turbulence the following equation, describing the energy
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spectrum, can be obtained by taking the Fourier transform of the Karman-Howarth
equation (Hinze, 1975, pg 215).

%E(k, t) = F(k, t) — 2vk2E(k, 1) 2-12)

k is the wavenumber and is often considered to be the reciprocal of an eddy size; E(k,t) is
the three-dimensional energy spectrum function related to the Fourier transform of
second-order velocity-correlation tensor and indicates the way in which the energy
associated with each velocity component is distributed over various wave numbers or
frequencies; and F(k.t) is the three-dimensional transfer spectrum function related to the
Fourier transform of third-order velocity-correlation tensor and is associated with energy
transfer between wave numbers or eddy sizes, so it is frequently referred to as the energy-
transfer-spectrum function. Eq.(2-12) is indeterminate due to the unknown behavior of
the transfer spectrum function F(k.t). Two ways can be used to overcome this difficulty:
1) assume some appropriate functional form for F(k.t) as in the case of Reynolds stresses;
or 2) directly draw some conclusions about the functional form of E(k,t). Various forms
of F(k,t) and E(k.t) have been suggested to be used in solving Eq.(2-12).

In the case of no energy supply we integrate Eq.(2-12) from zero to infinity over k
by taking into consideration that the integral of F(k,t) is zero because there is no net
transfer over all the wave numbers. Thus a relationship between the turbulence energy

dissipation per unit mass, €, and the energy spectrum function is established, since the
time derivative of the integration of E(k,t), gt— ED E(k, t)dt, is nothing but the change of

the total kinetic energy of turbulence which must equal the turbulence energy dissipation

rate.

e=2v[" E(k,t)k’dk (2-13)

In isotropic turbulence, we can express € as follows:
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e=15v (2-14)
AZ |
So, for isotropic turbulence we have
Vz 2 '
e=15vzg=2vﬂ° E(k,t)k2dk (2-14)

where v is the turbulence intensity (the root mean square of fluctuating velocity), and Ag
is the dissipation scale characterizing the size of eddies mainly responsible for
dissipation, often referred to as the microscale of turbulence. Eq.(2-13) and (2-14) can
be used to evaluate € in some regions of turbulence where E(k,t) can be determined
analytically or empirically.

For the simplest case, in which the interaction among eddies of various wave
numbers is assumed to be negligibly small (i.e. F(k.t) is negligible with respect to the
other terms), we can easily get an exponential form of solution for E(k,t) by integrating
Eq.(2-12).

E(k, t) = E(k, ty)exp[(-2vkZ(t — to)] (2-15)
Eq.(2-15) can also be considered the solution for the case in which the viscous effects are
predominant corresponding to low values of the Reynolds number and/or viscous fluids.

The energy spectrum for the more general case of higher Reynolds numbers has
been the subject of many theoretical and experimental studies. Paraphrasing the
explanation from Hinze (1975, pg 221), we consider the energy cascade of turbulence
model. In this model, the flux of energy through the wavenumber range and energy
dissipation is continuous, i.e. the curve of the energy spectrum function E(k.t) vs.
wavenumber k is continuous. In order to make the analysis of the turbulence energy
spectrum easier, we introduce some definitions used by Hinze (1975, pg 221): "The range
of the energy spectrum where the eddies make the main contribution to the total kinetic
energy of turbulence will be called the range of the energy-containing eddies”. The
maximum in the energy spectrum appears in this range, and the wavenumber

corresponding to this maximum is denoted as k. As mentioned before, energy
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dissipation is continuous. Dissipation by viscous effects increases as the wavenumber
increases, up to a maximum for a certain value of the largest wavenumbers (or the
smallest eddies). We associate a wavenumber &, with the size of the eddies that provide
the main contribution to the total dissipation.

In the process of turbulence development, the larger eddies produce smaller and
smaller eddies through inertial interaction, thereby transferring energy to the small
eddies. When the turbulence is fully developed the eddies containing the maximum
kinetic energy will be the eddies in a higher-wavenumber range, no longer the largest
eddies.

For high Reynolds numbers, the range of the energy-containing eddies and the
range of maximum dissipation can be considered to be sufficiently wide apart, i.e.
k,<<<k; For this case, in the range of higher wavenumbers (smaller eddies) the
turbulence is characterized by the large amount of energy transferred through eddies
compared with the rate of change of their energy, so we may consider that these eddies
are in statistical equilibrium with one another. Kolmogoroff made the following
hypothesis based on this fact (Hinze, 1975, pg 227): "At sufficiently high Reynolds
numbers there is a range of high wavenumbers where the turbulence is statistically in
equilibrium and uniquely determined by the parameters € and v. This state of equilibrium
is universal." Figure 2-6 shows how the turbulence energy spectrum may be divided into
three ranges: large eddies, energy-containing eddies and the universal equilibrium range
(Hinze, 1975, pg 229).

From dimensional reasoning Kolmogoroff defined a length scale n and a velocity

scaleu
n=(*/e)* (2-16)
u=(ve)* 2-17)
By this definition the Reynolds number with reference to such a velocity scale and
length scale is unity
m_
v



The wavenumber k; where the viscous effects become very strong is of the same
order as 1/n. The wavenumber k, marking the range of the energy-containing eddies is of
the same order 1/ where L may be interpreted as the average size of the energy-

containing eddies, or macroscale of turbulence. It is usual to define

ka= (2-18)

ke = (2-19)

- 3=

As mentioned above, for the equilibrium range to exist the wavenumber k, must be large
compared to k,, in terms of the length scale

[>>>n
and the turbulence is independent of the mean flow and the boundaries. Hence, the unit
Reynolds number defined above is not sufficient to characterize the turbulence in the
whole wavenumber range. Two other Reynolds numbers can be obtained from local

parameters: the microscale Reynolds number R,

Vg

Rer=—— (2-20)
v
and the macroscale Reynolds number R,
L
ReL=" @21

Using these two Reynolds numbers the condition for the existence of the equilibrium
range becomes

Ri’% >>>1 (2-22)

in terms of the microscale Reynolds number, and
RYE >>>1 (2-23)
in terms of the macroscale Reynolds number.
We mentioned before that in the equilibrium range the dissipation increases with
the wavenumber. If the Reynolds number is very large it is reasonable to assume that
there is a subrange of wavenumbers very far below the region of maximum dissipation in

which the dissipation is negligibly small compared with the flux of energy transferred by
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inertial effects. In such a subrange the effect of the parameter v would then vanish.
Based on this consideration Kolmogoroff made his second hypothesis: "If the Reynolds
number is infinitely large, the energy spectrum in the subrange satisfying the condition
(ke<<k<<k,) is independent of v, and is solely determined by one parameter €." This
subrange is usually called inertial subrange because the inertial transfer of energy is the
dominating factor in this subrange. The condition for the existence of this subrange
becomes

Ri’{ >>>1 (2-24)

in terms of the microscale Reynolds number, or
Ri’ﬁ >>>1 (2-25)
in terms of the macroscale Reynolds number.
From dimensional analysis Kolmogoroff arrived at the following expression for
the energy spectrum in the inertial subrange
E(k,t)=cg?/3k™5/3 (2-26)
which has been confirmed theoretically and experimentally for stirred tanks by various
investigators (Cutter, 1966, Kim and Manning, 1964, Komasawa et al., 1974, Nishikawa
et al., 1976, Gunkel and Weber, 1975, Kresta and Wood, 1991, Hinze, 1975, pg 252).
The higher wavenumber region of the universal equilibrium range is called the
viscous dissipation range. Heisenberg obtained a k™ relationship between E(k,t) and k in
this subrange. The energy spectrum function is in the form

2
E(k, t)=(%) k-7 (2-27)

v
An equation applicable for the whole universal equilibrium range has been
proposed by Chandrasekhar (1949)

2/3 -5/3
E(k) = (_8_) (ev5)l/4 (k/ kd) (2-28)
9¢ 4 4/3
=)
1+ |
[ 3¢ \kd
Eq.(2-28) reduces to Eq.(2-26) when k/k;<<1 and to Eq.(2-27) when k/k>>1.
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2.5.2 Relative Velocity in Local Isotropic Turbulence

The concept of local isotropy was first proposed by Kolmogoroff. Batchelor
(1947, 1951) made a good summary in English. The main points of this concept and the
expressions for the relative velocity are summarized briefly here. They will be used
extensively in the chapters which follow.

We have already introduced the definitions of turbulence intensity, the
wavenumbers k. and k,, Kolmogoroff's length scale 1 and velocity scale u, the turbulence
microscale A, and the turbulence macroscale L, and the relationship between € and the
energy spectrum function. Now we introduce the definition of the relative velocity

between two spatial points:

V2(E) = [V(r) - V()P (2-29)

where r is a component of space coordinates, T is the radius vector r;r,. If in any small

volume of liquid, for any value of T, v2(f) is independent of the direction of T and
time, we say the turbulence is in local isotropy. Any relative velocity in the space should

be a function of u’ (dimension consistence) and the length scale n. Therefore

v2(r) = B(f,u?,n) (2-30)
It can be shown that B must be of the form

vi(r) = uzB(%) (2-31)

where B is an universal function, the properties of which are unknown. But for the
following limiting cases the values of B can be found:

1) Case 1:r<<n

For this case, the energy is dissipated in the region of viscous shear.

The function V(r) is an even function of r vanishing with r, therefore B(L) must

n

is constant and V(r) is

av(r)
or

have the same properties. For very small values of r,
directly proportional to r. Thus Eq.(2-31) can be written as
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r)? 2 £
r
Vi(r)=ulq (—) =gl/? V'IZCl‘:szTz‘ =c1—r° (2-32)
n € Y v

2) Case 2: 1.>>r>>1

This region lies in the inertial subrange where the velocity correlation between the
two points satisfying L>>r>>n is a function of & and |7 |, and is independent of
viscosity v. This velocity correlation Vz(r) between the two points is determined by the
eddies having a wave length of the same magnitude as r. As stated in the section above,
in this region the motion due to the larger eddies is determined by the constant rate at

which each eddy passes energy to its next smaller neighbor, and the proportion of energy

dissipated by viscosity is negligible. Vz(r) is therefore independent of v, which can only
be true from dimensional analysis if

2/3
{9-+(9
n n

<27y r 2/3 2 -
VZ(t)=sl/2vl/2c2(w =C282/3r'/3 (2_34)
€ v

Thus

The direct verification of Eq.(2-32) and (2-34) experimentally has never been achieved,
but many investigators use these two equations to calculate velocity derivatives and to
express the inertial force. Their data shows agreement with the theory under the
operations used. Detailed comparisons of the results will be reviewed in Chapter 3.

253 Experimental Investigations of Turbulence Energy Dissipation
Characteristics in Agitated Tanks
From the First Law of Thermodynamics, the energy balance for the material
(system) in a non-flow agitated tank should be simple, since only the shaft work of the
impeller and heat are exchanged between the system and its environment. No other
forms of energy are transferred if no electrical and/or magnetic work is involved. It is
true that all the power consumed by an impeller of any shape or size is converted into

heat in a non-flow agitated tank, but the conversion mechanism in the tank is much more
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complex than the overall energy balance. As analyzed in Section 2.5.1, this conversion
mechanism interacts in complex ways through the viscous stresses. Many investigators
have studied turbulence energy dissipation characteristics in agitated tanks. They
concluded that the micro eddies play an important role in the conversion. Oldshue (1993)
defined the micro scale mixing as a qualitative number - beginning at about 100 microns.
He argued that the fluctuating part of the velocity goes to make up the micro scale
environment, and that this is where the power is ultimately dissipated.

2.5.3.1 The Average Energy Consumption

For the characteristics of average energy consumption in the whole tank, the
research results were summarized in Section 2.4.4. The power number is constant when
the turbulence is fully developed and the Reynolds number is larger than 10*. This means
that the total energy consumption in a stirred tank is independent of the viscosity and is a
function of only the geometric design of the impeller and its speed. This is an indication
that the energy of the large eddies created by the impellers is independent of viscosity. In
terms of the average energy consumption per unit mass, (€ =P/pVy), this conclusion can
be described as:

e=k'N3D? (2-35)

where k' is a constant dependent on the geometry of the tank and the impeller.

2.5.3.2 The Local Turbulence Energy Dissipation

The knowledge of the average energy dissipation is not sufficient to determine the
characteristics of the turbulence energy dissipation in an agitated tank. Direct
determination of local turbulence energy dissipation € by experiments, however, is
practically impossible, since all three mean and fluctuating velocities and higher order of
velocity correlations are needed. Several methods using a combination of theoretical and
experimental bases have been proposed.

Cutter (1966) started with the Navier-Stokes equations and derived the following

equation to calculate €

32



2m [0 edz=:;[r2nf)° (K2V,+2Vev'; vip)dz] (2-36)

where K2 equals V—z2 + \Trz + \792 +v'2+y'2+y’3. He made the following main

assumptions during the derivation of Eq.(2-36):

a) the turbuience is steady, so the time means and variances of velocity at any given
point in the tank are independent of time, when estimated from a sufficient number of
measurements, taken over a sufficient long interval of time;

b) the viscous forces are negligible in comparison with the inertial forces since the
impeller is operating under conditions such that the power consumption is independent of
the viscosity;

c) the turbulence is isotropic, so }72 = —'—% = v_'%;

d) axial mean velocities are negligible compared with radial and tangential
components for a RT;

e) circular symmetry exists, i.e. 6/66=0.

With Eq.(2-36) and the data of the mean and fluctuating components of velocity
measured by a photographic method in the flow agitated by the RT, Cutter determined the
local turbulence energy dissipation. He concluded that most of the energy supplied to the
impeller is dissipated in the impeller region (~20%) and the impeller stream (~50%), with
only about 30% being dissipated in the rest of the tank (approximately 90% of the tank
volume). He found that the values of the ratio £/ € vary tremendously in the tank from
0.25 outside the impeller stream to 70 in the immediate neighborhood of the impeller:
this means that there is 270-fold difference between local turbulence energy dissipation
rates in the tank.

Gunkel and Weber (1975) measured the flow parameters in a baffled tank agitated
by the RT with air as the working fluid by using a hot-wire anemometer. They proposed
a totally different picture of the turbulence energy dissipation. They found that most of
the energy supplied to the impeller was dissipated outside the impeller stream, that is, in
the bulk of the tank. They argued that this disagreement with Cutter's work may be
caused by the sufficient scatter of Cutter's data , since the kinetic energy fluxes are
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calculated by raising measured velocities to the third power, reliable energy fluxes can
only be obtained by accurate experimental data. Gunkel and Weber stated that their data
were confirmed by checking the turbulence energy spectrum in the whole universal
equilibrium range (inertial and viscous subrange), and mass balance and the power
number.

Okamoto et al. (1981) used the integration of the one-dimensional energy
spectrum to calculate the local energy dissipation €. They measured the mean and
fluctuating velocities in the flow created by the RT in both the impeller stream and the
bulk of tanks in unbaffled and baffled tanks using a hot-film anemometer. In the
unbaffled tank the maximum value of the ratio £/& is 11.3 near the tip of the impeller
and the minimum value is 0.21 in the bulk outside the impeller stream; in the baffled tank-
the maximum value of the ratio €/€ is 6.50 which is near the tip of the impeller at the
center line of blades and the minimum value is 0.16 on the top part region of the bulk.
The difference between local turbulence energy dissipation rates in the tank is 54-fold for
the unbaffled case and 41-fold for the baffled case. This indicates that the flow in baffled
tank is less non-homogenous than the flow in unbaffled tank. Okamoto and co-authors
reported the following correlations for the local turbulence energy dissipation rates in the
impeller stream ¢; ("right beside the impeller") and the circulation region (bulk) €:

g; =788(D/ T) 8exp(-246D / T)

g. =090 (D / THM? (2-37)
(025<D/T<0.70)

They also correlated Sato and co-workers' data and presented the following correlations:
i =c"E(W/T) P8exp(-246D / T)

ge=c28(W/ DD/ (2-38)
(005<W/T<030, 025<D/T<0.70)

where ¢’; and ¢’; are constants, the value of ¢’; was 0.85 for the data with six-bladed

impeller and four baffle plates. The value of ¢’, was not given.
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Costes and Couderc (1988) measured the turbulent flow induced by a RT using
LDA. They used energy spectrum analysis to determine the local turbulence energy
dissipation and found that

a) near the impeller e/€=5~10.

b) in the bulk of the tank €/€& =0.05~0.07 which is much lower than that
reported by Cutter and Okamoto et.al. The difference between local turbulence energy
dissipation rates in the tank is approximately 100-fold.

Wu and Patterson (1989) also measured the turbulent flow induced by a RT using
LDA. They simply used the following equation to calculate €:
for the kinetic energy flux in radial direction, KE,

KE, =pmr [Z VAV, +V, +Vo +3vi+vi+viz (2-39a)
for the kinetic energy flux in axial direction, KE.

KE, =pr [ VAV +V, Ve +3v i+ v+ v (2-39b)
By doing the energy balance, they concluded that about 30% of the total energy was
dissipated in the impeller region, about the same amount was dissipated in the impeller
stream (the fluid in the impeller and the impeller stream region is only 9% of the total),
and the rest (about 40%) was dissipated in the bulk of the tank. They only reported the
values of € in the impeller stream. The maximum value of the ratio £/ & for their work is
about 22 near the tip of the impeller. In Chapter S the derivation of the turbulence
energy dissipation in a control volume used in this work is given. It differs somewhat
from that used by Wu and Patterson (1989).

Ranade and Joshi (1989), and Ranade et al. (1992) calculated the turbulence
kinetic energy flux in the same way as Wu and Patterson, using the LDA data for a PBT,
but the equations in the two papers are all multiplied by 2 which should be canceled in
the derivation of the equations. Ranade and Joshi reported the profiles of turbulent
kinetic energy normalized with the square of impeller tip speed, and the effects of blade
angle and blade width on the dimensionless turbulent kinetic energy, but no data about
the turbulence energy dissipation in specific regions of the tank were reported. In the
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paper of Ranade et al., the authors defined a "hydraulic efficiency” which is the ratio of
the rate of kinetic energy flowing out of the impeller swept volume (including the
impeller and the impeller stream) to the total energy input rate, so the percent of the total
energy dissipated in the impeller and the impeller stream should be (1-ng)x100. For the
five different geometries of PBT's they studied (pitch angle from 30° to 60°, W/D from
0.2 to 0.4), 46% to 34% of the total energy was dissipated in the impeller and the impeller
stream, with the value 46% corresponding with the geometry: pitch angle=45° and
W/D=0.2, which is often considered as a standard design.

It has been shown experimentally (Cutter, 1966, Sachs and Rushton, 1954, Aiba,
1958, Ranade and Joshi, 1989, Dyster et al., 1993) that the velocity distribution at
Reynolds numbers above 104 is universal, i.e. the ratio of the average flow velocities at
two points is constant and independent of Reynolds numbers and fluid properties.
Shinnar (1961) argued that in such a case the spatial distribution of local turbulence
energy dissipation € is universal also, and that all local values of € are then directly
proportional to €. Thatis

£(x,¥,2) =k"'(x,y,2)N’D? (2-40)

The dimensionless factor k” is an experimentally determinable function of the
coordinates of any point in the tank. This arguments can be deduced directly from the

estimate equation of € proposed by Batchelor (1953).
3
e=A Vf (2-41)

where A is an empirical constant in the order of magnitude O(1), L, as defined on page
28, is the characteristic length of large eddies, and v is the streamwise component of
turbulence intensities or commonly called the root-mean square (rms) of fluctuating
velocities. It should be briefly mentioned that Eq.(2-41) can be derived in several ways.
According to the basic definition of € as the change of turbulence kinetic energy,
Tennekes and Lumley made a dimensional argument to express the time by a fluctuating

velocity component and a length scale of turbulence, and got the equation. Starting from
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Eq.(2-14) and using Taylor's equation (Hinze, 1975, pg 225) to compute the microscale
of the turbulence:

Lv
x —
v

A2 (2-42)
equation (2-41) forms. Now we go back to the local turbulence energy dissipation &.
According to Eq.(2-41), if the fluctuating velocity is proportional to ND and L can be set
to some fraction of D, then € is proportional to N3D? as Eq.(2-40). Experimental
investigations showed the fluctuating velocity in a fully developed turbulence is exactly
proportional to ND (Bertrand et al., 1980, Laufhutte and Mersmann, 1985, Ranade and
Joshi, 1989, Dyster, 1993), and the macroscale length L can be set to some fraction of D
(Brodkey, 1975).

It should be pointed out that the isotropy of the turbulence is assumed in the
derivation of Eq.(2-41), and only in isotropic turbulence can the turbulence kinetic energy
be approximated by a single component of fluctuating velocities. In a more general case,
all three fluctuating velocities are needed to find the turbulence kinetic energy. Thus the

following equation is often used by investigators to estimate €
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e=A' __qL (2-43)

where q = %(v_'%+v_'§+v_'9), or = %(v%*-v%*-v%) . The constant A in Eq.(2-41) or A’

in Eq.(2-43) is related to the determination of the macroscale length of turbulence L or L’
and the choice of the velocity scale v or q'?. The length scale L can be obtained in two
ways: one is to set it as some fraction of the impeller diameter (Brodkey, 1975), another
is to calculate it from the integration of autocorrelation functions (Wu et al., 1989, Wu
and Patterson, 1989) which is briefly introduced below. Wu and Patterson first related
the characteristic length via the mean velocity:
L=V (2-44)

where ¢, is the Eulerian integral time scale obtained by taking the integral of the

autocorrelation function:

37



te=[ Redt (2-45)

where the autocorrelation function R is defined as:

_VEOWVT+) _ VEWVE+D)

> (2-46)

RE

v? v
Wu and Patterson suggested that several corrections to these relations are necessary
because the flow is three dimensional and the fluctuating velocity contains a periodic
component.

Kresta and Wood (1993b) summarized the values of A or A’ corresponding to
different characteristic length and velocity scales used by various investigators (see Table
2-2). Most of the reported results are for Rushton turbines (Rao and Brodkey, 1972,
Laufhutte and Mersmann, 1985, Costes and Couderc, 1988, Wu et al., 1989, Wu and
Patterson, 1989). Rao and Brodkey (1972) used several other types of impellers and got
the same value for the length scale, while Laufhutte and Mersmann (1987) got nearly the
same value for the length scale with a PBT.

If weuse q = %vz by assuming local isotropy of the turbulence, Table 2-3 can be

obtained. From Table 2-3, we can conclude that the constant is approximately 1 when
the streamwise component of turbulence intensities are used and the macroscale length of
the turbulence is set to D/10. The value of A obtained by Laufhutte and Mersmann is
around 0.6 because they used the estimate equation to calculate € for whole tank:
turbulence energy dissipation rate in the bulk of the tank is much smaller than that in the
impeller regions, so when L is set to D/10 the constant A is well smaller than 1.
Schwartzberg and Treybal (1968) obtained an approximate value for L based on
the scale of turbulence reported by Cutter (1966) for the energy-containing eddies in the
impeller discharge stream of the tank. They presented the following relation
L L =0.08D 2-47)

which is in excellent agreement with the values L=D/10 in Table 2-3.
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Estimated results of € using Eq.(2-41) or (2-43) showed that differences of the
order of tens or hundreds of times in the turbulence energy dissipation rates at different
positions in the tank exist due to the appreciable differences in the state of turbulence at
different positions within the tank.

From the analysis of Section 2.5.2, we know that relative velocity (determining
the external forces deforming droplets) is related to local turbulence energy dissipation
rate, €, in the universal equilibrium range. It is clear that € is a critical variable to
determine the mean drop size and drop size distribution in an agitated tank. This will be
discussed further in the next chapter, when the mechanisms of drop breakup and the
correlations for mean drop size in agitated tanks are reviewed.

In Chapters 5 and 6, Eq.(2-41) will be used to estimate the local turbulence
energy dissipation rate. Isotropic flow, an assumption inherent in Eq.(2-41), will be
checked in the measurement regions - the impeller region and impeller discharge region.
The macroscale turbulence length L in Eq.(2-41) will be compared for the three impellers
- the RT, the PBT and the A310, with emphasis on the less studied impeller - A310.
Effects of geometric variables (impeller diameter, number of baffles, off bottom
clearance) and rotational speed of the impeller on € will be investigated, and the main
variables affecting € will be chosen to be studied in the experiments to measure mean
drop sizes. The experimental results of local turbulence energy dissipation rates,
especially the maximum turbulence energy dissipation rates, will be related to the mean

drop sizes and presented in Chapter 7 and the following chapters.
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Tables in Chapter 2

Table 2-1 Power numbers for the Rushton turbine in fully turbulent flow

Series Investigators Power number N,
1 Rushton et al., 1950 6.2
2 Flynn and Treybal, 1955 6.0
3 Laity and Treybal, 1957 55
4 Calderbank, 1958 5.5
5 Bates etal., 1963 5.0
6 Esch, 1971 5.1
7 Nienow and Miles, 1971 5.0
8 Braueret al., 1972 5.1*
9 Pharamond, 1973 5.1*
10 Boon-Long, 1976 5.5*
11 Bertrand et al., 1980 5.1
12 Yianneskis et al., 1987 4.8
Average (series from 1 to 11)** 54

* From Bertrand et al., 1980.
** D from T/4 to T/2, C from T/4 to T/2, in baffled tanks.
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Table 2-2 Values of the constant in Eq. (2-41) or Eq. (2-43) (from Kresta and Wood.

1993b)
Reference Velocity Scale Length Scale Value of A or A’
Laufhutte and v D 610 6.6
Mersmann, 1985
Laufhutte and v D 55t07.2,
Mersmann, 1987 recommends 6.25
Costes and Couderc q"2 D 44124
(1988)
Rao and Brodkey, \ D72 44
1972
Wu et al., 1989 q'? from 0.946
autocorrelation
Wu and Patterson, q”2 from 0.85+10%
1989 autocorrelation
Cutter, 1966 v from correlation 0.51
coefficient
Stoots and q'r2 D/5 1
Calabrese, 1989
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Table 2-3 Values of the constant in Eq. (2-41) or Eq. (2-43) when L is set to D/10

Reference Velocity Scale Length Scale Value of A or A’
Laufhutte and v D/10 0.6to 0.66 *
Mersmann, 1985
Laufhutte and v D/10 0.55t00.72, *
Mersmann, 1987 recommends 0.625
Costes and Couderc q"2 replaced by v D/10 0.81+0.44
(1988)
Rao and Brodkey, \ D/10 0.88
1972
Stoots and q“2 replaced by v D/10 0.92

Calabrese, 1989

*

based on whole tank.
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Figures in Chapter 2

Figure 2-1 Schematic drawings of the three impellers-PBT, A310 and RT.

Pitched Blade Turbine (PBT)

Fluidfoil Impeller (A310)

Figure 2-2 Geometry of the stirred tank (T=0.240 m, H=T).
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Figure 2-3 Schematic three dimensional view of the trailing vortex pair produced by the

RT (from Van't Riet and Smith, 1975).

Figure 2-4 Schematic drawing of the second circulation loop created by the PBT (from
Kresta and Wood, 1993). (a) tank mid-section; (b) flow at the tank wall; (c) impingement
at the bottom of the tank.




Figure 2-5 General flow patterns for the PBT, A310 and RT.
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Figure 2-6 Form of the three-dimensional energy spectrum function E(k.t) in the various
wavenumber ranges (from Hinze, 1975, pg 229).
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Chapter 3
Literature Review-Mechanisms of Drop Breakup and Mean Drop Size

3.1 Introduction

When two immiscible liquids are agitated, a dispersion is formed in which
continuous breakup and coalescence of drops occurs. The drops are broken by viscous
shear forces and turbulent pressure fluctuations. The elastic stress generated due to
interfacial tension, on the other hand, tends to restore the drop to the original shape. As
the diameter of the drop decreases, the deforming stress across it also decreases, whereas
the restoring stress increases. A diameter is finally reached where the deforming stress is
unable to break the drop. This diameter is normally referred to as d,, the maximum
stable drop diameter which is encountered in the impeller zone of an agitated tank where
the maximum of the deforming force occurs. Simultaneously, coalescence may occur
when drops collide. The probability of coalescence is related to the collision energy -
also at a maximum in the impeller zone. After some time a dynamic equilibrium is
established between breakup and coalescence, and a spectrum of drop sizes results. The
average drop size and the drop size distribution will depend upon the conditions of
agitation as well as the physical properties of the two liquids. In Chapter 2 the flow
characteristics of agitated tanks were reviewed. In this chapter the theoretical and
experimental studies of the mechanisms of drop breakup, and of the mean drop size and
drop size distribution will be reviewed in detail.

3.2 The Mechanisms of Drop Breakup
Drop breakup is often characterized in one of two ways. The first is to visualize

the deforming stages and features of drop breakup, the other is to analyze the force
balance (or energy balance) during drop breakup.

3.2.1 Deformation and Breakup of Drops
In general the disintegration of drops takes place in stages. Initially, when two
immiscible fluids are stirred by an agitator, the fluid to be dispersed is present in bulk.
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This bulk of fluid deforms and breaks into chunks of fluid which break up further into
smaller parts. Hinze (1955) made a good summary of the existing theories of breakup.
He postulated a mechanism to account for the disintegration of liquids, namely the
penetration of lamellae and ligaments of one fluid into the other. These ligaments then
break up into droplets which may further split up into small parts. Since the ligaments at
the moment of breakup are not equally thick, drops of different sizes will be formed
during this disintegration process. Hinze (1955) divided breakup processes into three
different types. This classification is qualitative, and is based on photographic studies of
droplet breakup.

a) Lenticular Breakup. The droplet flattens into an oblate ellipsoid which may be
curved depending on the magnitude of the external forces (flow field) causing the
deformation. The droplet in flattened form may change later into a toroid, which further
breaks up into small droplets, but it may also undergo an irregular shattering process.
Lenticular breakup is often observed in the bursting of droplets in air. It occurs at higher
Weber numbers than elongated breakup, which will be described below.

b) Elongated Breakup. The droplet is first deformed into a prolate ellipsoid, which
further elongates to a cylindrical thread. The thread breaks up later into several droplets.
Elongated breakup is especially important in liquid-liquid dispersions.

¢) Bulgy Breakup. As the surface of the droplet is deformed locally, bulges and
protuberances occur. If the disturbance is strong enough, a small droplet may separate
from the droplet.

Ali et al. (1981) investigated the mechanisms in an oil-water dispersion agitated
by a PBT in a baffled tank using a photographic method. They found that two different
dispersion mechanisms were responsible for the breakup of oil drops, namely the
ligament stretching mechanism and the turbulent fragmentation mechanism. Both
mechanisms occurred in the vortex system trailing from the impeller blade tips.

The ligament stretching mechanism consists of two sequential steps: when the oil
enters the region of the vortex, first the velocity gradient between the vortex and the
surrounding liquid causes the oil to be stretched into ligaments or elongated sheets, then

the ligament breaks into small droplets when the stretching becomes sufficient to create
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an unstable interfacial condition. Here, the ligament stretching mechanism is like the
elongated breakup Hinze defined.

The turbulent fragmentation mechanism occurs at higher Reynolds numbers
(higher rotation speed and lower oil viscosity). When the large oil drop enters the vortex
region near the impeller tip, a rapid disintegration of the drop occurs, which forms a
resultant droplet cloud.

Calabrese (1979) studied the breakup of highly viscous dispersed phases in stirred
tanks. He argued that highly viscous dispersed droplets break up by a ligament stretching
mechanism and low viscosity droplets undergo a turbulent fragmentation mechanism
when the disruptive forces in the continuous phase are much larger than that needed to
break up the droplets.

From the analysis above, we may conclude that the droplets in a liquid-liquid
dispersion in agitated tanks mainly experience ligament stretching breakup when the
dispersed phase is viscous and/or the Reynolds number is low; and that the turbulent
fragmentation mechanism dominates when the viscosity of the dispersed phase is low
and/or the Reynolds number is very high. Figure 3-1 clearly shows the common two

breakup mechanisms encountered in liquid-liquid dispersion.

3.2.2 Force (or Energy) Balance during Drop Breakup and Coalescence

As mentioned before, whether or not a drop can be broken depends on the relative
magnitude between the restoring forces and the external deforming forces. In other
words, a drop can be broken only when it can gain enough energy to compensate for its
surface energy increase due to the increase of the total surface area. There are two main
external forces, a dynamic pressure (turbulent pressure fluctuation) and a viscous stress
set up in the surrounding continuous phase. t is denoted as the external force per unit
surface area. The restoring forces could be the interfacial tension o/d, the viscous stress
24 , and the dynamic pressure due to the deformation of the droplet. We first specify all
the forces, starting with the restoring forces.
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The dynamic pressure due to the deformation of the droplet may be considered as
the pressure difference across the surface of the droplet, which can be calculated by the

following equation:

pi-p():T (3'1)

where the indexes i and o refer to inner and outer phase respectively. p,-p, is a
restoring force, but it can be included in the interfacial tension from Eq.(3-1). Thus this
force is often implicitly neglected in the force balance around the droplet.

Hinze (1955) argued that the viscous stresses inside the droplet are of the order of

magnitude % L , where the subscript d refers to the dispersed phase. He suggested
Pg

two dimensionless groups to account for the force balance when both surface and
dispersed-phase viscous forces contribute to drop stability. One is a generalized Weber

group, Wy, another is a viscosity group, Ny;.

We=22 (-2)
g
Nyi = -8 (3-3)
pyod

The external or deforming force, T, can be either turbulent pressure fluctuations

pcvz(d) , or viscous shear forces Pc% , where the subscript ¢ refers to the continuous

phase.

It is clear that the forces described above are actually force per unit area, which is
in the same unit as energy per unit volume. Therefore, the force balance will give results
similar to the energy balance. For the sake of simplicity, only a force balance or an
energy balance is analyzed for a specific case below.

Hinze (1955) argued that the greater the external force t compared with the
counteracting interfacial tension force o/d, the greater the deformation. At a critical value
(We).,., breakup occurs. When both surface and dispersed-phase viscous forces
contribute to drop stability, he proposed the following form of function
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(We)erie=cl + @(Nvi)] (3-4)
where ¢ represents some function of the viscosity group. The restoring effects of both
surface and dispersed-phase viscous forces are incorporated in Eq.(3-4). When N,,;—0,
the function ¢ decreases to zero. Thatis

(We);, =constant
In the following analysis, (We).y; is simply written as We.
When the diameter of a droplet is much larger than the Kolmogoroff length n
defined by Eq. (2-16), the viscous stresses are negligible compared with the turbulent

pressure fluctuations. In this case,

_pcVE(AM _ cip e dinix
c (o3

We (3-3)

with the use of Eq.(2-34), Vi(d) « g3 r2/3 , if the turbulence is isotropic. Here d,,, is
used instead of d because drops with diameters larger than d,,,, will be broken by the
external force, so d,,, is the maximum stable drop diameter. By using Eq.(2-40),

gcN°D? , we obtain the following equation

N2D3 _ .
dimax _ o, By 35 (3-6)
D e}
or
“'"T“=cz(we,r)'3’5 (-6

for d>>n), where W, 1 is the Weber number in mixing tank.

In contrast to this, when a drop is smaller than n the dominant forces acting on
the drop are the viscous shear forces. In this case the corresponding equation for the
breakup of a drop was derived by Taylor (1932)

ovd K4
— = 3-7
e ( c) G-7)

where f is a function of py/p_. Shinnar (1961) then, derived the following equation

using the relation for locally isotropic flow (6V / ar)? =2¢/15v,
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(o3 g
dmax = cs—%)“zf(—“—d) = caZv2N2pteRe) (3-8)
[ [ [ p’c

for d<<n.

It should be noted that Egs.(3-6), or (3-6") and (3-8) should apply only in dilute
dispersions with a non-viscous dispersed phase where the viscous energy within a drop is
negligible compared with the surface energy of the drop and the average drop size is
determined by the breakup of droplets.

Calabrese et al. (1986a) derived the following equation including the contribution
of the viscous energy within a drop as a restoring energy:

pe(E) a5 _ CS[l . 06( &) " 1@ dfu] 59)
c d c

One of the methods commonly used to deal with the possible coalescence in
concentrated dispersions is to correct the equations above with a linear function of holdup
fraction (volume fraction, ¢), which will be given in detail in the next section. Using

such a correction, Eq.(3-6") will be in the form

dT"'“=c7a+cs¢)(wc,T)'3’5 (3-10)

Although this project did not address the coalescence of drops, the force balance
for coalescence of drops is reviewed for completeness and as background to the
correlations for mean drop size.

Local turbulent velocity fluctuations of the dispersion cause the drops to collide
with each other. After two drops collide, providing they can stay together for a sufficient
time for the continuous phase liquid film separating them to drain out, coalescence
occurs. Shinnar (1961) assumed that there are adhesive forces which tend to hold the two
colliding drops together. He argued that the force of adhesion is a function of the drop
diameter, and that there is a minimum drop diameter d,,;, below which the turbulent
eddies will not be able to separate the two colliding droplets and therefore will not be able
to prevent their coalescence. The energy of adhesion is expressed as A(hg)d, both A(hg)

and h, are constant and independent of the droplet diameter 4 in any given dispersion as
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long as hy/d is small. The kinetic energy of the droplets is proportional to p_ va(d)d’.
The ratio of p_V>(d)d* to A(hg)d determines if the two drops coalesce or separate again.
The critical ratio is given by

p.VZ(d)d>
A(ho)

Substituting the relation for locally isotropic flow, V*(d) o« (ed)”* when d >>n and

= const.

€ «« N3D? , Shinnar obtained
dmin =57 & Alho)™* = 0P N* D2 A(h)™ (3-11)
ford>>n.
In contrast to this, when d<<n the dominating force preventing coalescence is the
viscous shear stress. The critical ratio which determines if two droplets coalesce is given

by Sprow (1967a)

= const. (3-12)

™ |%

v
Hear

where F is the adhesion force. Substituting the relation for locally isotropic flow,

v ()2
5 (—J when d << 1 and £ « N°D? , Sprow obtained
Ve

-2 -4 1/ -112 14 4 ~—1/2 L2
dmin = cpts PF2e ™V WA= VN4 DTPF (3-13)

ford<<n.

3.3 Correlations for the Mean Drop Size and the Characteristics of Drop Size
Distribution

The maximum stable drop diameter d,,,, and the minimum stable drop diameter
d,,;,, have already been introduced. Here some other definitions of mean drop diameters
are introduced.

a) Arithmetic-mean diameter, d;
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2nd;
dio= lan (3-19)

where nj is the number of drops with diameter d;
b) Area-mean diameter, d5,

5 nds? 12
dao=|- (3-15)
20 X
]

c) Volume-mean diameter, d3,

3
Y n;d;’

IZ n;

dso= (3-16)

d) Sauter mean diameter, d;,

ZHidis
d32= Z':n_d_z G-17)

In general, we can define the mean drop diameter by following equation

1/(m—-n)
> ndi”

. 3-18
St (3-18)

dmn =

where m=1, 2, 3; n=0, 1, 2; and m>n.

Among all the mean diameters, the Sauter mean diameter dj, is the most
important since it is directly related to the interfacial area per unit volume, a. The
relationship between the Sauter mean diameter dj, and the interfacial area per unit

volume, a, is as follows

6¢
_% (3-19)
T dn
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To correlate the Sauter mean diameter with properties of fluids. operating
conditions and geometric variables through force or energy analysis (as in the case of the
maximum stable drop diameter) many uncertainties related to the statistics of varying
drop sizes must be overcome. Fortunately, in most cases there is a linear function
between the Sauter mean diameter and the maximum stable drop diameter. It was Sprow
(1967b) who first assumed that d;, =const.x dj,,,, and then verified this relation with his
experimental data. He found that d;, =0.380 d,,, for a non-coalescing dispersion.
Several other investigators have also reported this relation:

—Brown and Pitt (1972) obtained d;, =0.70 d,,,,_

—Coulaloglou and Tavlarides (1976) found that d;, =0.67d,,, for a continuous
process of mixing.

—Calabrese et al. (1986) obtained d;,~(0.48~0.60)d,,,. for p4 from 0.0960 to 10.51
Pas. They also analyzed the data reported by Chen and Middleman (1967) and got
d;~0.64d,,,.

—Nishikawa et al. (1987) investigated liquid-liquid dispersions in both the breakup
region (near impeller blades) and in the coalescence region (bulk) in agitated tanks. They
found that d;,=0.50 d,,,, for breakup region, and d3, =0.45 d,,,, for coalescence region.

—Berkman and Calabrese (1988) obtained d;,=0.67d,,,, for a liquid-liquid dispersion
in a static mixer. This suggests that the relation between the Sauter mean diameter and
the maximum stable drop size is independent of the geometry of impellers (agitators) and
tanks, and of the type of mixing process - batch or continuous.

Based on these experimental results, the equations for the maximum stable drop

diameter are also valid for Sauter mean drop diameter, with the use of different constants.

3.3.1 Methods of Measuring Drop Sizes
Experimental methods for measuring drop sizes have been reviewed by Groves
and Freshwater, 1968, Shah et al., 1972, Tavlarides and Stamatoudis, 1981. Since 1981,
some new methods have been introduced for the measurement of drop size distributions
of particular interests. The major categories reviewed by these authors are summarized

below.
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a) In Situ Measurements. This technique directly measures the dispersion without
drawing samples by using photograph or high-speed cinephotograph. Photographs can be
taken either with photo probes inserted in the dispersion or just through a window of the
tank. Photo probes can be used to measure the dispersion with high holdup fraction, but
the flow is affected. Taking photographs through a window of the tank cannot be used
for high holdup fraction due to the interference of drops with the optical path.

b) Sample Withdrawal Measurements. In this technique, a sample of the dispersion
is first withdrawn, then drop size distributions are measured from the sample by
microscopic examination, photograph, or photomicrograph. The critical issue for the
success of this technique is the prevention of drop coalescence in the sample. Usually
surfactants are added to the sample. Although this technique has no holdup fraction
limitations, it disturbs the dispersion hydrodynamics, and the drop size distribution can
not be measured without distortion if the positions for sampling are not chosen properly
and the size of the sample is not sufficient.

Phase doppler particle analyzer (PDPA)

The phase Doppler particle analyzer measures drop size distribution locally like
the sample withdrawal method. It can only be applied to a dilute dispersion with a
transparent continuous phase since the laser beams used in this technique can not pass
through dense clusters of drops to reach photodetectors if the holdup fraction is high. The
principle of this technique will be discussed in detail in Chapter 7.

3.3.2 Correlations for Mean Drop Diameter

The first systematic experimental investigation to correlate mean drop size with
physicochemical properties of fluids, operating conditions and geometric variables was
done by Vermeulen et al. (1955). Since then many investigators have reported their
correlations for mean drop size, usually the Sauter mean drop diameter. The Sauter mean
diameter depends on the physicochemical properties of the system, the flow field, and the
holdup fraction if coalescence occurs. It is necessary to summarize the most important
reported correlations with the ranges of operating variables and physical parameters.

Table 3-1 gives such a summary in chronological order.
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From Table 3-1, it is clear that Eq.(3-6’) is used when the holdup fraction is low
and coalescence is negligible; Eq.(3-10) is used when the holdup fraction is high and
possible coalescence occurs. For the system with high viscosity of dispersed phase,
Eq.(3-4) is often used.

3.3.3 Drop Size Distributions in Agitated Tanks
The mean drop size alone can not fully characterize a dispersion system because
dispersions with different drop size distributions can have the same Sauter mean drop
diameter. To describe a dispersion system, both the mean drop size and the drop size
distribution are needed. Several functions have been proposed by various investigators.
a) Log-normal Distribution
The number probability distribution function of drops was found to be a log-
normal distribution by several investigators (Keey and Glen, 1969, Nagata and
Yamaguchi, 1960, Yamaguchi et al., 1963, cited from Tavlarides and Stamatoudis, 1981):

1 (log d log (ilO)2
d)= ——— xp[— 3-20

where d,, is the arithmetic mean drop diameter, & is the standard deviation.

Parthasarathy and Ahmad (1994) investigated the bubble size distribution in a
gas-sparged tank agitated by a Rushton turbine. They found that with increasing
agitation, the drop size distribution changes from unimodal to bimodal, and again to
unimodal, as the bubble population moves progressively down the size scale. They
summed two log-normal distributions, each with its distinct statistical parameters, to deal
with the bimodal distribution.

b) Normal Distribution

The volumetric probability distribution function can be represented by a normal
distribution function. Chen and Middleman (1967) used the following equation to fit
their data

2

d 1 d )
v = -92] — —1.06 3-21
f (dn) 023Vn expl (dn ] 3-21)

62



Brown and Pitt (1972) obtained an equation similar to Eq.(3-21)

2
d 1 d
= — exp[~12.5 — 107 3-22
fv(d:;z) 0.20\/ T exp[ (d;;z ) ] ( )

By a detailed examination, they noticed that a bimodal form of distribution exists.

Nishikawa et al. (1991) used a combination of normal distributions to express
both the number density distribution and the volumetric probability distribution in order
to fit whole range of drop sizes. They found that a combination of three normal
distributions gives a good fit for the volumetric drop size distribution and that a
combination of two normal distributions can fit the number density distribution.

c) Other Distributions

Several other distributions have been proposed, such as the Erlang distribution.
the Weibull distribution, and the Gamma distribution, but they are less common. The
distribution given by Schwarz-Bezemer, however, was found to fit the drop size
distribution very well (Sprow, 1967a)

InV%=In100+d./dmax—dc/d (3-23)
where V% is the cumulative volume percent of drops below diameter d, d is a
characteristic diameter related to the maximum of the distribution function, and d,,, is
the largest drop diameter in the dispersion. Another distribution function worth
mentioning is that proposed by Gal-Or and Hoelscher (1966, cited from Tavlarides and
Stamatoudis, 1981) which directly relates drop size distribution with the rotational speed
and holdup fraction
2\ 12
f(d) = 4(9;—) dZexp(-ad?) (3-24)
in which
a=(16n"2N/3¢9)**>0

More investigators found that a single distribution function is not able to describe
the whole range of drop sizes, especially small or large drop sizes, so the current trend is
to use a combination of distribution functions of the same form to express the drop size

distribution (see Nishikawa et al. (1991) and Parthasarathy and Ahmad (1994)).
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3.4 The Scope of This Study

From Table 3-1, we have noticed that although most of the correlations for mean
drop size fall in the forms of Eq.(3-4), (3-6") or (3-10), the difference between constants
or exponentials is not small. The same conclusion can be made for the relation between
the Sauter mean drop diameter and the maximum stable drop diameter. By examination
of the cormelations an assumption is found to have been used in relating the local
turbulence energy dissipation rate to the average energy input, exP/pVy, ie. the
distribution of the main flow velocity in the tank is universal. This is true only for the
impeller and impeller discharge region (around and near impeller blades), but the mean
drop diameter is often obtained experimentally in both the impeller and impeller
discharge region and the bulk of the tank. This means that a gap between the model and
the real physics of a phenomenon exists. To include the mean power input explicitly or
implicitly in correlations for mean drop size confuses the local characteristics of drop
breakup. According to Park and Blair (1975) and other investigators' work, drop breakup
occurs only near the impeller and droplet coalescence predominates at other locations.
Park and Blair found that beyond distances from the impeller region of order of only 1/6
the impeller diameter, breakup is virtually nonexistent. Several researchers have pointed
this out. Calabrese et al. (1986a) argued that for extremely viscous drops "it seems that
no model based on power per unit mass (P/pVy) will provide a reasonable correlation.”
Nishikawa et al. (1987b) found experimentally that neither the impeller speed, Reynolds
number or average power input per unit mass of liquid (P/pV7y) can be used as the scale-
up standard to keep the interfacial area of emulsion constant, though they are often used
as the scale-up standard for various phenomena in the mixing vessel. Another possibility
for the discrepancies between correlations for mean drop size is that the effects of some
geometric variables of impellers and tanks such as the ratio of impeller diameter to tank
diameter, off bottom clearance and the number of baffles on the flow (reflected in €) are
not accounted for. This project is designed to fill the gap between the model and the real

physics. It will:
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a) Investigate the local energy dissipation rate, namely ¢, in the impeller regions
where drop breakup dominates, and try to find if there is some more direct relation
between ¢; and the mean drop diameter. Emphasis is also put on checking the conflicts
about the magnitude of energy dissipation in the impeller region and in the impeller
discharge region for the RT. A method to determine €; will be proposed by using an
equation with a good theoretical basis and more reliable experimental data.

b) Investigate the effect of impellers and tank geometry such as the ratio of
impeller diameter to tank diameter, off bottom clearance, and the number of baffles on
the local turbulence energy dissipation rate, especially on the maximum turbulence
energy dissipation rate in the tank, and try to shine some light on which geometric
variables should be included in i) correlating drop size and ii) scaling up a dispersion
system.

c) Measure the mean drop size and size distribution in an agitated tank using the
PDPA with variation of some operating conditions, especially those which seem to be
more important in determining the mean drop size.

Four impellers - 1 radial flow impeller (RT) and 3 axial flow impellers (PBT.
A310 and HE3) will be used. Research with the impellers A310 and HE3 has not been
done before, and drop size data for the PBT is rare.
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Figures in Chapter 3

Figure 3-1 The two common breakup mechanisms in liquid dispersion
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Chapter 4
Validation of the Laser Doppler Anemometer (LDA)

4.1 Introduction

A phase Doppler particle analyzer (PDPA), which can measure one of the three
components of velocity and the diameter of a droplet simultaneously, or the velocity only
(acting as a LDA), is used in this study. The equipment consisting of (PDPA and a
baffled agitated tank) described below was installed at the University of Alberta at the
beginning of this experimental program. Although the technique of phase Doppler
particle analyzer has been used for about two decades, the accuracy of measurements with
new instruments can not be taken for granted, so it was necessary to validate the
equipment.

With PDPA the validation rate, which is calculated using validated
samples/attempted samplesx100, decreases to a significant extent when both the velocity
and the diameter of a drop are measured simultaneously. Furthermore, velocities
measured in this way only characterize the motion of the drop, not of the continuous
phase. When drops pass through the measuring volume of the PDPA the velocities of the
drops are measured; however, these velocities can not characterize the continuous phase
flow field or the turbulence energy dissipation characteristics estimated using this flow
field. It is the continuous phase flow field which is experienced by the drops and actually
determines the size distribution in the liquid-liquid dispersion. Therefore, the velocity
field in an agitated tank was measured first. Another important reason for measuring
fluid velocities and drop diameters separately is that in this way we can distinguish the
effects of some operating conditions and geometric variables on the velocity field, the
mean drop size and the drop size distribution. The relationship between the turbulence
energy dissipation field determined from the velocity field and the mean drop size
measured separately is possible when the introduction of the dispersed phase does not
significantly change the flow field in the tank. This is true when the holdup fraction of

the dispersed phase is very low, the dispersed phase is not viscous, and the difference
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between the density of the continuous phase and that of the dispersed phase is not large.
It will be shown in later chapters that these conditions are satisfied in this study.

In order to avoid confusion, when only velocity is measured using PDPA, we say
the instrument is in LDA mode because in this situation the PDPA acts as a laser Doppler
anemometer; when both the velocity and the diameter of a drop are measured , the
instrument is in PDPA mode. The validation of the LDA, i.e. velocity measurements, is

documented in this chapter.

4.2 The Fundamental Principles of the Laser Doppler Technique

Before the detailed analysis of experiments with LDA is presented, it is necessary
to review the development and some basic principles of the laser Doppler technique.

The technique of using laser light to determine velocities was first used in the
middle 1960's. Since then, the laser Doppler anemometer (LDA), or the laser Doppler
velocimeter (LDV) has been used in many velocity fields. Its application continues to
expand into more difficult environments; including combustion, supersonic and
hypersonic flows, due to the improvement of Doppler signal processing methods. Its

application to the study of turbulence is the most important for our research.

4.2.1 Basic Principles
The basic principles of laser Doppler anemometry can be interpreted in two ways:
Doppler shift interpretation and virtual fringes interpretation.
a) Doppler Shift Interpretation
When a beam of light with a given frequency reaches a moving object, the light
will change its frequency. In any form of wave propagation, frequency changes occur
due to movement of the source, receiver, propagation medium, or an intervening reflector
or scatter. This phenomenon is called "Doppler shift” after the Austrian physicist who
first considered the phenomenon in 1842. The relation between the Doppler shift
frequency f; and a moving object scattering the light is (Drain, 1980)

A
fp = ~—sin(= 4-1
D=3 Sm(z) 4-1)
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where V is the velocity of the object, 0 the angle between two illuminating beams, and 2,
the wavelength of the light. By measuring the Doppler shift frequency for a given
wavelength and angle of two beams, we can determine the speed of the object which is
scattering the beams. There must be some particles to scatter the light. These may be
seeding particles or naturally occurring impurities in the fluid. In our case, the I micron
particles in tap water are the perfect particles to serve as the scattering medium.
b) Virtual Fringes Interpretation

To construct the LDA measuring volume, two beams of linearly polarized laser
light are crossed at the beam waists, as shown in Figure 4-1. Where the beams cross, the
combined light will have a maximum intensity when the maximum intensities of the light
waves (represented by the black lines) coincide. When the minimum intensities of the
light waves coincide, the combined intensity will be at a minimum. The aggregate effect
of these combinations within the measuring volume is the production of apparent
"fringes" of light with a known spacing. The orientation of these fringes is exactly
parallel to the bisector of the angle between the two incoming laser beams. When
particles cross the measuring volume described above, they scatter laser light with a
modulated intensity corresponding to their passage through the fringes. The frequency of
this modulation can be directly related to the component of fluid velocity perpendicular to

the fringes, and in the plane of the two laser beams, as follows:

fringe spacing
A
8p=—2— 4-2
£~ 2sin(0/2) (4-2)
Doppler frequency
\%
fp =— 4-3
D=3, (4-3)

Egs.(4-2) and (4-3) are combined to give Eq.(4-1). This is refereed to as the fringe
interpretation of LDA.
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4.2.2 Measurement of the Doppler Shift

Two main techniques are proposed to measure the Doppler shift. One is called
"optical beating”, and the other the "differential Doppler" technique.

The optical beating technique is suitable for measuring very small Doppler shifts
by using the principle of heterodyning or "beating" of two frequencies in a device having
a non-linear response. The output of the detector contains a signal of the difference
frequency between two beams; a beam with high intensity scattered by particles moving
with the fluid is compared with a reference beam having the same path length but less
intensity.

The differential Doppler technique is the most commonly used technique; it
requires no reference beam. Two beams of equal intensity (generated from the same
source) are focused and crossed at the point under investigation. Scattered light from this
region is focused onto the photodetector. Since light scattered from the beams reaches
the detector simultaneously, a beat is obtained of frequency equal to the difference in
Doppler shifts corresponding to the two angles of scattering. Because of the dominant
use of the differential Doppler technique, and its use in the LDA in this study, only the

differential Doppler velocimeter is discussed in the following section.

4.2.3 The Process of Velocity Measurement

A simple differential Doppler velocity measurement system consists of: a laser, a
beam splitter, a Bragg cell for frequency shifting, focusing lenses, photodetectors,
amplifiers and a signal processor.

The commonly available continuous wave lasers cover a wide range of
wavelengths and light output power: 0.3250 pm (Helium-Cadmium) - 0.4880 um
(Argon) - 0.6328 pum (Helium-Neon) - 10.6 um (Carbon Dioxide) (Encyclopedia of
Chemical Technology, 1981); 1 mW (Helium-Cadmium, Helium-Neon) - 18 W (Argon)
(Encyclopedia of Chemical Technology, 1981) - 1000W (Carbon dioxide) (Drain, 1980).
In our case, the argon-ion laser radiates in the 457 nm to 514.5 nm regime, at powers
ranging from 10 mW to 500 mW. Since the two laser beams from a laser source

experience several reflections and passages through some mediums, the intensities of the
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two laser beams reaching the measuring volume generated by them is much less than that
from the source; about 100 mW at the exit from the transmitting optics.

The beam splitter (often a prism) separates the laser beam into two beams with the
same intensity, then a lens focuses the beams at the probe volume (region to be
investigated). When particles travel through the probe volume, the light is scattered at the
Doppler frequency (see Figure 4-1). The scattered light is collected by a photodetector
via a focusing lens and an optical aperture.

A Bragg cell producing a frequency shift is to get around the velocity sign
ambiguity. The fringe pattern mentioned above, which is produced at the crossing of the
two beams, is stationary. Thus, the frequency of the modulated light has no information
of the sign of the particle velocity. To distinguish the velocity sign requires introduction
of a frequency shift in the transmitting optics to one of the two beams. As a result, a
particle moving in the measuring volume scatters light modulated such that the difference
between the modulation frequency and the shift frequency is proportional to the velocity:
moving in the same direction to the fringe movement reduces the modulation frequency,
while moving in opposite direction increases it. In the Aerometrics LDA and PDPA
systems a 40 MHz shift is produced by a Bragg cell.

Two types of photodetectors are available at present, namely photomultipliers and
photodiodes. They both convert changes in light intensity into electrical signals. We
have three photomultipliers in our receiver.

The signal is analyzed by a signal processor after being amplified.

Signal processors can be classified into two categories: the time domain
processors (namely the counter and the covariance processors) and the frequency domain
processors , which use a Fourier transform. The counter processor is relatively simple
and provides accurate measurements, but it can only be used in situations where the
signal to noise ratio (SNR) is relatively high (Ibrahim et al., 1990). It has been shown that
the Fourier transform method gives the optimum frequency and phase estimation in terms
of the maximum likelihood criteria (Bachalor, 1994). In our case, the Doppler signal
analyzer (DSA) uses frequency domain burst detection to convert signals. In the
frequency domain the discrete Fourier transform (DFT) of 16x16 samples is used. The
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DSA combines the power approach with the DFT approach. It keeps the time domain in
order to lock out the surrounding "ringing" frequency in the time domain. At the same
time, the signal to noise ratio is less of an issue for detection because the DFT looks at the
signal in the Fourier domain, where most of the noise is filtered out. DFT is used by
Aerometrics because by detecting the well defined frequency, one bit sampling can be
used.

Three components of velocity can be determined in a cylindrical coordinate
system by changing the optical orientations (see Figure 4-2). In this work, the velocity
vector in cylindrical coordinates is defined as:

a) the direction of positive radial velocity is radially outward;

b) the direction of positive tangential velocity is horizontally perpendicular to the
radial velocity and counter clockwise as observed from above the vessel;

c) the direction of positive axial velocity is vertically downward.

Although the accuracy of velocity measurement by LDA depends partly on the
quality of the components in the LDA system, it is determined mainly by the following
considerations, which are critical to fringe visibility:

1) Alignment. The laser beams must be aligned correctly, otherwise, the beams will
not cross exactly at the beam waists and the fringes will not be parallel (see Figure 4-3).

2) Polarization. The plane of polarization of the light is adjusted to be perpendicular
to the plane of the beams. This sets up the interference fringes (see Figure 4-4).

3) Coherence. This is a property of the laser light.

4) Beam intensity. The two beams should have the same intensity. The Bragg cell is
also adjusted to obtain equal intensities.

Among the four qualities critical to the accuracy of LDA measurements, only the
beam intensity can be adjusted by LDA users, the others either require professional

knowledge or are determined by the laser source itself.

4.3 The LDA
The layout of the LDA is shown in Figure 4-5.
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An argon-ion laser (1) was used. Two laser beams passed the transmitting and
focusing optics (2) including a Bragg cell which applies a frequency shift to one of the
two beams. The intersection of the two beams forms a measuring volume within a
cylindrical, baffled tank (3) surrounded by a square tank. All walls of both tanks are
made from perspex, and both tanks were filled with water to minimize optical distortion.
The two tanks are moved together horizontally using computer controlled traverses (6),
and vertically using a manual traverse (7). The speed of the motor was measured using
an optical tachometer (4). The receiving optics (5) with photodetectors are operated in a
forward scattering mode. An Aerometrics Doppler signal analyzer (DSA) (8) was used to
convert analog signals from the receiving optics into Doppler frequencies and velocities.
Both the DSA and the traverse controller (9) [Unidex 11] are connected to a computer
(10).

There are a few parameters to be chosen in LDA:

a) tracks. There are three different tracks corresponding to different beam

separations:
Track Beam separation, m
1 0.01691
2 0.03404
3 0.06307

The focal length (500 mm) is the same for all three tracks.

b) voltages. The voltage applied to the photodetectors in receiving optics can be
varied from less than 200V to the maximum 800V.

c) velocity range. This range determines the minimum and the maximum
velocities that can be measured.

d) signal sampling frequency or sampling rate. Sample frequency determines
how fast the signal sampling is done. In general, it can be changed from a few thousands
per second (kHz) to more than 80 MHz. This is not the same as the data rate, which is
determined by the rate of particle arrival in the measuring volume, and by the high

voltage setting.
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e) sample size. The sample size defines how many validated velocity samples are
to be taken to get the average value and the root-mean square of fluctuating values of a
variable for one measurement. The qualifier "validated” is added because in most cases
the validation of samples is less than 100%; thus the validated samples are not equal to
the attempted samples. The relationship between the sample size or validated samples
and the attempted samples is

sample size=validation percent x attempted samples

f) sample time or run time. This is an altemative parameter for sample size. The
sample time and sample size can not be set simultaneously. The sample time defines the
total time of measurement.

All of the parameters described above have optimum operation ranges for a
specific application; thus the optimization of these parameters was carried out before
acquiring data.

The geometric and operating variables for the experiments used to optimize the
LDA parameters are summarized in Table 4-1. The geometry of the impeller and the
baffled tank is standard. The definitions of the geometric variables are as depicted in
Figure 2-1. Measurements were carried out at z=10.5 mm (2 mm below the impeller
blades) and =54 mm (2r/D=0.9) where the turbulent flow is strong for the PBT with
D=T/2. Except for the check of sample size, sample size was 10,000.

a) Comparison of tracks. Different tracks have different beam separations. Although
beam separation is critical to the measurement of drop diameter, it has less effect on the
measurement of velocity alone. Experimental data with different tracks confirmed this
expectation. Figure 4-6 shows that the average value and the RMS of axial fluctuating
velocities with a sample size of 10,000 are almost the same for all three tracks, but the
data obtained using track 1 (minimum beam separation) give the best reproducibility for
velocity measurements. Therefore track 1 was chosen for all measurements in LDA
mode.

b) Voltage applied to photodetectors. When the sample rate or sample frequency is
high enough and sample size is fixed, high voltages enhance the signal burst detection and
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thus reduce the total sample time. Excessively high voltages make the sample time too

short to give accurate mean values, since the measurements cover very few passages (or
cycles) of the impeller blades; while very low voltages limit detection to signals with
very high magnitudes, so the measurements are biased. Experimental results (Figure 4-
7) with varying voltages and fixed sampling frequency and sample size showed that
voltages from 400V to 680V give very stable measurements. It should be noted that
when the signal is very strong voltages less than 400V can also give stable measurements.

¢) Velocity ranges. Experimental results showed that the velocity range does not
affect velocity measurements. As long as the velocity range is set to cover the whole
range of possible velocities encountered in the measurement volume, no differences in
velocity measurements are found.

d) Signal sampling frequency or sample rate. Like the velocity range, the signal
sampling frequency does not substantially affect velocity measurements if it is chosen
properly. Although very a high sampling frequency can guarantee the total randomness
of signal sampling, the validation rate decreases, which increases the file size when the
data are stored. It is not necessary to explain how the Doppler signal analyzer (DSA)
works in detail, but a few words about it may bring out some useful information to
account for why file sizes are a concern. The DSA software can create data files and
graphics. Velocity measurements of 30 spatial points with 10,000 velocity samples each
occupy more than 10 MB (mega bytes) of computer memory if the percent validation is
100%. If the percent validation of samples is below 100%, the same measurements need
well above 10 MB memory. Even with a hard drive of 300 MB, the data need to be
backed up nearly every day. Figure 4-8 shows that a sampling frequency between 2.5
MHz and 10 MHz gives both stable velocity measurements and high validation percent of
samples.

e) Sample size and sample time. Experimental results showed that both the sample
size and the sampling time are critical to velocity measurements, so they should be set
properly. One setting can not guarantee the accurate and reproducible measurement of
velocities. It was found that the sample time must be long enough to cover at least 80

passages of impeller blades, i.e. for an impeller with 4 blades rotating at 400 rpm, the
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sampling time should be no less than 3 seconds (i.e. 3x4x400/60=80 passages of blades).
If the sample time is too short, the reproducibility of velocity measurements is poor even
with sample sizes larger than 10,000 data points. When the velocity signal is very strong
and the voltage on the photodetectors is high, measurements with a large sample size can
be completed within a short sampling time. Fortunately, this situation can be avoided by
setting a proper voltage. When the sampling time is sufficient, a sample size of at least
4,000 is required to obtain accurate and stable measurement of velocities. Figures 4-9
and 4-10 show how important the sampling time and sample size are for velocity
measurement.

From the above analysis, the experimental parameters for the LDA were
chosen as follows:

Track 1

voltage - 450~680 V

velocity range - -3~+3 m/s

signal sampling frequency - 2.5~10 MHz

velocity sampling time - 2120x60/(NxNp,) seconds, (covering 120 or more

passages of the impeller blades, N in rpm here)
velocity sample size - 24,000, typically 10,000

4.4 Validation of Velocity Measurements

After the optimization of the LDA parameters, validation of velocity
measurements was carried out using these parameters. The validation was composed of
four parts: reproducibility of experimental data, symmetry of the flow field, comparison
of experimental data with that of previous investigators and mass conservation. The off
bottom clerance was T/2. The sample size was 10,000.

One experiment was used to test the reproducibility of experimental data, the
symmetry of the flow field, and to compare the experimental data with that of previous
investigators. The PBT with D=T/2 was used for all tests, and for mass conservation both
the PBT and the RT were used. Before the experimental results for the validation of
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velocity measurements are presented, some definitions of dimensionless variables are

introduced below.

4.4.1 Definition of Dimensionless Experimental Variables and the measuring
traverse and volume

In order to compare the data with that of previous investigators, some

dimensionless variables are introduced. The tip speed of an impeller (*ND) is the

maximum speed flow in an tank can reach, so it is often used to obtain dimensionless

velocities.
o o . N A A
dimensionless axial, radial and tangential velocities: , ,
«ND " «ND nND
dimensionless axial, radial and tangential RMS velocities: Yz , Ve , Vo
aND aND =ND

dimensionless radial and axial coordinates: %,;—Z, where W, is the projected

P
blade width, i.e. #,=Wxsin(pitch angle). The pitch angle for the PBT is 45°, so W,=Wx
0.707. The blades on the RT are not pitched.

The measuring traverses and the control volume for mass conservation (not to
scale) are shown in Figure 4-11. The symmetry check of the flow field is done along
traverses: 2 mm above the upper edges and 2 mm below the lower edges of the impeller
blades on both sides of the impeller shaft, which is the strongest turbulence region in the
agitated tank. The control volume for the mass conservation check (see section 4.4.5) is
enclosed in the region around the impeller with four dotted lines: one is 2 mm below the
impeller blades; one is 2 mm above the impeller blades; and the other two are 3 mm from

the impeller tip.

4.4.2 Reproducibility of Experimental Data
The reproducibility of the experimental data was checked in the impeller region
where both instantaneous velocities and fluctuating velocities are very high. Even in this
highly turbulent region, the reproducibility of the data was fairly good. Figures 4-12 and
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4-13 show the data measured on traverses of left side of the upper edge, and the left side
of the lower edge of the impeller blades, respectively. The flow at the upper edge of the
impeller blades is less stable than that at the lower edge of the impeller blades.

4.4.3 Symmetry of the Flow Field

Previous investigators have assumed axial symmetry of the flow field in agitated
tanks. The symmetry of the flow field in an agitated tank is determined by the
geometrical symmetry of the tank and impellers. Since impeller geometries are standard,
the check of the symmetry of flow field is mainly to determine whether the tank and
baffles are symmetric and whether the shaft is exactly in the center of the tank. By
confirming the symmetry of the flow field, measurements can be taken on only one side
of the impeller shaft. Experimental results show that the flow field in the agitated tank is
perfectly symmetric (Figures 4-14, 4-15, and 4-16) close to the impeller.

4.4.4 Comparison of Experimental Data with That of Previous Investigators
By choosing the same geometry of a baffled agitated tank and an impeller, and the
same rotational speed of the impeller, the data obtained with this equipment can be
compared with the data of Kresta and Wood (1991). Figure 4-17 shows that the two sets

of data are in good agreement.

4.4.5 Mass Conservation

While checking the reproducibility of experimental data only determines whether
or not the measurements are stable and repeatable, comparing the data of this study with
other investigators' data can serve as a means to verify the accuracy of the data; and
checking mass conservation can give us information on both the accuracy and self-
consistency of the data.

Continuity demands that the mass flowing into a control volume must be equal to
that flowing out of the control volume if there is no mass accumulation. The measuring
volume can be considered as a constant volume if we assume that the density of the fluid

(water) in an agitated tank is constant, which is true for the experimental conditions used.
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In this case, mass conservation is equivalent to volume conservation. The control volume
for checking volume conservation is drawn schematically in Figure 4-11. The volume
conservation experiments were carried out with two impellers - PBT and RT. The
equations used to calculate volumetric flow rates are as follows:

a) The axial volumetric flow rate passing through the upper edge or low edge of
impeller blades, Qg i:

Q,;=2n[? (Vrdr (4-4)

where i=U (representing the upper edge), or L (the lower edge of impeller blades). r, and
r, are the integration limits in the radial direction.
b) The radial volumetric flow rate passing through the tip of the impeller blades, Q,:

Q,=2m, [ Vdz (4-5)
where z, and z, are the integration limits in axial direction. The origin of the two
coordinates (r, z) is depicted in Figure 2-1.

The geometric and operating variables for volume conservation are given in
Table 4-2.

The results for mass conservation were reasonably good for such strongly
turbulent flow. The relative error between the total inlet volumetric flow rate and the
total outlet volumetric flow rate was 6.5% for the RT, and 7.3% for the PBT. For the
PBT two sets of data were obtained with the same geometric and operating variables. If
the two sets of data are averaged and used in Eqs (4-4) and (4-5), the relative error
between the total inlet volumetric flow rate and the total outlet volumetric flow rate
reduces to 5.6% for the PBT.

4.5 Conclusion

Accurate and reproducible velocity profiles have been obtained using this LDA.
The geometry of the baffled tank close to the impeller is symmetric, as are the velocity
profiles on either side of the impeller shaft.
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Tables in Chapter 4

Table 4-1 Geometric and operating variables of the impeller and the baffled tank in the
experiments used to optimize the LDA parameters

Tank Variables Impeller Variables
number of baffles, N, 4 impeller PBT
width of baffles, W, 7/10=0.024 m | number of blades 4
agitated liquid water at 20°C | width of blades, W 0.024 m
liquid height, H=T 0240 m pitch angle 45°
diameter, T 0240 m off bottom clearance, 0.120m

C=TR2
Reynolds number, Re 97300 diameter, D=7/2 0.120 m
rotation speed, N 407 rpm

Table 4-2 Geometric and operating variables for volume conservation

Variable PBT RT

D 0.120 m 0.120m
C 0.120 m 0.120m
N 400 rpm 221 rpm
r 0 0

r, 1.05D/2 1.05D/2
z; -0.70W; -0.583W
z, +0.70Wp +0.583W

where W=0.024 m, Wp=0.707W.
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Figures in Chapter 4

Figure 4-1 LDA measuring volume as envisioned by the fringe interpretation (from
George, 1988).
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Figure 4-2 Optical orientations for the determination of three components of velocity as

defined in cylindrical coordinates (from Kresta (1991)).
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Figure 4-3 The importance of proper alignment of the laser beams (from Hanson, 1974).
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Figure 4-4 “Thumb” diagram showing the velocity component (from Kresta (1991)).
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Figure 4-5 Armrangement of laser Doppler anemometer: 1-laser; 2-transmitting optics;
3-agitated tank; 4-tachometer; S-receiving optics; 6-computerized X-Y traverses; 7-
manual Z traverse; 8-Doppler signal analyzer; 9-traverse controller, 10-computer.
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Figure 4-6 Axial velocity measurements using three tracks.
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Figure 4-7 Axial velocity measurements with varying voltages. Each of the points in this
figure was obtained by averaging values of 10 runs.
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Figure 4-8 Axial velocity measurements with varying signal sampling frequencies. Each
of the points in this figure was obtained by averaging values of 10 runs.
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Figure 4-9 Axial velocity measurements with varying sample time. Sample size from
1800 to ~20,000. Each of the points in this figure was obtained by averaging values of 10
runs.
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Figure 4-10 Axial velocity measurements with varying sampling size. Sample time>3 s.
Each of the points in this figure is obtained by averaging values of 10 runs.
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Figure 4-11 The measuring traverses and control volume for mass conservation (not to
scale).
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Figure 4-12 Reproducibility of the data (left side of upper edge).
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Figure 4-13 Reproducibility of the data (left side of lower edge).
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Figure 4-14 Symmetry of the flow at the upper edge of the impeller blades. z=-10.5 mm.
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Figure 4-15 Symmetry of the flow at the lower edge of the impeller blades. z=10.5 mm.
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Figure 4-16 Symmetry of the flow at the tip of the impeller blades. =63 mm.
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Figure 4-17 Comparison of experimental data with Kresta's data. D=T/2, C=T/2, N=407
rpm, PBT. Here clearance is defined as the distance from the lower edge of the impeller
blades to the bottom of the tank.
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Chapter 5

Turbulence Energy Dissipation in the Impeller Regions*

5.1 The Derivation of the Macroscopic Mechanical Energy Balance Equation
5.1.1 Introduction

The characteristics of the turbulence energy dissipation in the impeller region and
the impeller discharge region (these two regions are called the impeller regions below) is
important to the understanding of liquid-liquid dispersion. As reviewed in Chapter 2,
discrepancies exist among previous investigators on the turbulence energy dissipation in
the impeller regions. In this chapter, a thoroughly theoretical treatment in the derivation
of a macroscopic mechanical energy balance equation is first presented, then calculated
results for the turbulence energy dissipation in the impeller regions for the three impellers
(the RT, the PBT and the A310) are given.

5.1.2 Derivation
The macroscopic mechanical energy balance equation is derived starting with the

stress equations of motion

p(%+voﬁv)=pg+€7of (5-1)
where V is a velocity vector; V is the divergence vector; T is the stress tensor. The

material derivative is used to obtain:

pPD_‘t’=pg+v.T (5-2)

The scalar product of Eq.(5-2) with the velocity vector V is taken to form the mechanical

energy balance:
pVo—%Y-:Vopg-l-Vo(Vo"f') (5-3)
* A modified version of this chapter was published in Trans. IChemE., vol. 74, pp. 379-

389, 1996.
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A scalar ¢=gz is introduced so that the gravity vector g may be expressed as:
g=-V¢ (5-4)
Substituting Eq.(5-4) into Eq.(5-3) and rearranging (Whitaker, 1981) gives:

Time rate of change Rate of work done

of kinetic energy per by surface forces

unit volume per unit volume

! Y
D 1 _, = o~ SR
GV =-Te(pV) +Ve(Ve)-0 (5-5)
T T

Rate of work done Rate of conversion
by gravity per to thermal energy
unit volume per unit volume

Integrating Eq.(5-5) over a control volume V, yields the macroscopic mechanical energy

balance:
d, 1 L 2o e s . e
5 o, GPVIQ+ [ SpVA(V-W)eddA = [, VeiydA- f,,p¢V endA + W -E,

(5-6)
where Q,- the control volume;
dQ - volumetric integration element;
A, - the total area around the control volume;
A, - the area of entrances and exits around the control volume;

dA - area integration element;

W - velocity of moving control volume surface;

fi - unit normal vector of a surface;

-f(n) - stress vector, t(,)=1e T :

W - rate of the shaft work input to the control volume;
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Ey - total rate of viscous dissipation to internal energy, or the turbulence energy

dissipation rate in the control volume. Since we are only interested in the turbulence
energy dissipation in the impeller regions (around the impeller and in impeller discharge
region), E, can be directly converted into the turbulence energy dissipation per unit
mass, g; defined in Chapter 2 by dividing by the mass in a control volume.

For steady flow and a fixed control volume, Eq.(5-6) can be written as:

() (mor) (V)
[Ae%pVZVOﬁdA=j'AeVo't’(n)dA-j’Aap¢V0ﬁ’dA+W—Ev (5-7)
(II) (IV)

Considering a fixed control volume shown in Figure 5-1 in an agitated tank enclosed
with r from r, to r, and z from 2, to 2, in cylindrical coordinates, we analyze each term in
Eq.(5-7) by assuming steady flow and radial symmetry of velocities in a horizontal
surface.

First we notice that all surfaces are entrances or exits except r reaching the tank
wall or z reaching the top cover or the bottom surface of the tank, and all surfaces have
either 7 or 7 as their normal. For simplicity, z, is set to zero, regardless of the location

of the control volume in the tank.
Term I on the left side of Eq.(5-7) can be expanded to:

1
153 pl(VZ+VZ+ V3NV 2nrdr

1
s pl(V2+ VZ+VEXV), 2nrdr

| Ae%pvz\./ox’idA = (5-8)

i

-Iézgp[(v%+v%+v§)(vr)]3 2nrdz
1

+I§25p[(v%+v%+v%)(vr)]4 2nrydz

Where the subscripts 1, 2, 3, and 4 outside the square brackets in Eq.(5-8) stand for
surfaces 1, 2, 3, and 4, respectively.
By expressing ¢=gz and noticing that z,=0, we can express term III in Eq.(5-7) as:
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+2(Pg z2)[V 2], 27rdr
[, POV e 1idA = —[pg[zV ];2n 1 dz (5-9)
+[52pelz Vs 2nr2dz

Term IV in Eq.(5-7) is the power input to the control volume by an impeller that
can be measured directly by instruments or calculated by power number.

Term II in Eq.(5-7) must be treated with caution. As stated above, t,)=fe T.

In cylindrical coordinates:

i=fn,+Ong+2n, (5-10)
V=tV,+0Vy+2V, 3-11)
where 7, 0, Z are unit vectors in r, 0, z directions, respectively;
n,, Ny, N, are components of 7 inr, 6, z directions, respectively.
Using Eq.(5-10), 7, is expressed as:

+f[nr Te+neTor+ llszr]
tn) = +6[n; Tro + ne Tee + n2T20] (5-12)
+i[nr Tz+neTez+ nszﬂ

Where T; (i,j=T, 6, 2) in Eq.(5-12) are the nine components of the stress tensor T.

For surface 1
n, =0
ne=0 (5-13)
n,=-1
For surface 2
ng=0 (5-14)

For surface 3

ng= (5-15)
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For surface 4
ng=0 (5-16)

Substituting Eq.(5-13) into Eq.(5-12), we obtain the stress vector on surface 1, denoting it
by fy:
Ty ="{F T +0TH+2Tz] (5-17)
Substituting Eq.(5-14) into Eq.(5-12), we obtain the stress vector on surface 2, denoting it
by f, -
T2)=TTx+0TH+ZTx (5-18)
Substituting Eq.(5-15) into Eq.(5-12), we obtain the stress vector on surface 3, denoting it
by f(3):
t3)=[FTe+0 T +ZTel (5-19)
Substituting Eq.(5-16) into Eq.(5-12), we obtain the stress vector on surface 4, denoting it
by fa:
T)=TTa+0To+ZT (5-20)
Before substituting Eqs. (5-17), (5-18), (5-19) and (5-20) into the term II in Eq.(5-7). we
expand T as:
T=-pi+t (5-21)
Where p is pressure, [ is a unit tensor, T is the viscous stress tensor. T, 7 and © are all
symmetric. In index notation, we have:
Ti=-pP+rti, I1=1,0,2 (5-22)
Ti=1 » i#j, i,j=1, 0, 2 (5-23)
By using Eq.(5-22) and Eq.(5-23), we can express Egs. (5-17), (5-18), (5-19) and (5-20)
as Egs. (5-24), (5-25), (5-26), and (5-27), respectively:

ty=- Tt +0t,0+Z(-p+1,,)] (5-24)

T)=Tta+0t0+2(-p+t,,) (5-25)
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te)=-1{t(-p+1tn) +0t9+Z1] (5-26)

T@)=F(-p+tm)+019+ 21 (5-27)
Substituting Egs. (5-24), (5-25), (5-26), (5-27) and Eq.(5-11) into the term II in Eq.(5-7).
we obtain:

“I:xz 28[Veta + Vot + V2 (-p+t )} rdr
"ﬁz 2n2[Veta+ Vot + Vo (-p+t )l rdr
~[2[V (-P+1tn)+ Votm+ Vot 2711 dz
+HE[V(-P+1tn)+ Vote+ Vztls2nradz

faVeoimdA= (5-28)

For Newtonian fluid with constant density, p, the viscous stresses in Eq.(5-28) are:

oV, , 2
rz=rn=u(a‘: ;') (5-29)
ro=uCXe+ 120 (5-30)
oV,
T22 =20 a‘;) (5-31)
T = 21( a; 7) (5-32)
o= u[r-( )+;‘3V'] (5-33)

Substituting Eqs.(5-29)-(5-33) into Eq.(5-28) and considering u as a constant, we obtain:

VOI(n)dA=
0 1) 10 15}
—ufr2ntv (o + 2y v (a"" r%)wz(-ﬁarz ey}, rdr

a a 0
wufp2nlv (2 + 2y v, (a"" ‘L)+vz(-£+2—"’—)lzrdr
aVz aV,

-ufR2n[V, (-—‘*'2 V')+ +Ve(r 6 (& +11’6V,) Vz( )]3fl

BVZ BV,

+ufg? 21:[V,(-;+2%)+ Ve(r 4 (ve)*’:av') Va( -+, ar2dz

(5-34)
Eq.(5-34) is nearly impossible to apply to turbulent flow due to the first and

second partial derivative terms. It may be simplified using order of magnitude analysis.
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Considering the velocity field in the control volume shown in Figure 5-1 in an
agitated tank with a reasonable impeller rotational speed and fluids like water at about
20°C as working fluids, we know from experiments

V=0(1) m/s
p=0(10°) kg/m.s*
p=0(10">) kg/m.s

——a;'j‘ =0(10") s”, ij=r, 6, 2

Thus the terms with -a—éj‘ﬁ (i,j=r, 6, z) are much less than the terms with p. When all of

these terms are neglected, Eq.(5-34) simplifies to:
Ja Vo tw@A =2 2]V p] rdr - [22x[V p]o rdr + [322n[vplyridz— [ [V Pls 27 r2dz
(5-35)
Substituting Eqgs.(5-8), (5-9) and (5-35) into Eq.(5-7) and rearranging, we obtain:
W-Ey=
2 {[g(v%+v%+ V3V +V.p+Vepgzal —[%(V%w% +V3)V,+V,p]; 2mrdr

+I§2[—g-(v% + V%+V5)V,+Vrp +V,pgzly2nradz

- 5[%(V%+V¥+V%)Vr+vrp+vrpg21321tndz

(5-36)
For steady turbulent flow, we express variables as the sum of a time-averaged
value and a fluctuating component:
V=V+v (5-37)
p=Pp+p’ (5-38)
Substituting Egs.(5-37) and (5-38) into Eq.(5-36) and taking the time average, we obtain
the following equation by changing the order of the integration from area—time to time
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—»area and noting that the time average of a term including a single fluctuating variable is

ZEro.

W-Ey=

(218 T + Wl + 0 - T Vot Ve 4 v+ (v v |
+%{ (VS)ZV—Z+VZ(797+2W+(¢9)%'Z }+V,p+v',p’ +pgzaV, b 2nrdr
2 {0+ Wil P+ (v’ HT Vv T+ Vv v+ (s §

+'g'{ (Vo) Va+VAv'e)* +2Vev'e viz+(v'e) v’y }+v/,p’ +Vp) 2mrdr

*ﬁz[%{ (Vo) Vr+Vr(V'z)2+2VzV'zV'r+(V'z)2V'r }+Vrp+v'rp +pgzV,

_ 3 _— ey — - ——
+%{ (Vo) + 3vr(V'r)2 + (V'r)3 +(Vg) Vi + Vr(V'G)z +2Vgv'eVv's +(V'9)2 v'e }]4 2nrydz

e T B e o o T T ner T
-I [%{ (Vo Ve V(v )2 +2Vv v + (v Ve }HVp+v D +pgzv,

3 _— e — —
+§{ (Vr) + 3Vr(V'r)2 + (V'r)3 + (Ve)-vr + Vr(V'O)Z + 2V9V'9 viet (V'B)2 v'r }]3 2n Il dz

(5-39)
Eq.(5-39) is the macroscopic mechanical energy equation obtained only by
neglecting the contribution of viscous stresses. For practical use, it is not necessary, and
is in fact nearly impossible to keep all terms of Eq.(5-39) to get the energy dissipation

rate |, -
From the results of pressure measurements, we know that the magnitude of p’v';,
(j=t,2) is about two orders of magnitude less than g—V;(V j)2 or %\TJ(v' j)2 , (=t,2), so

p' v'j can be neglected.

The values of the cross correlation terms and/or the cubed terms of the fluctuating
velocities are randomly distributed and offset each other, so those terms are also

neglected.
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The average pressure p at surface 2 (namely, p,) can be expressed by the sum of
the average pressure p at surface 1 (namely, p,) and pgz, due to the change of the axial
coordinate, i.e. py=p |-PgZ,-

Therefore the Eq.(5-39) can be simplified to
WoEy =

[EPVAT (V0 + (V) + 3w+ (v )+ (va) + 2 By e

-I;’p\Tz[(\Tz)2+(\7,)’+(\7’e)2+xvrz)z+(v',)2+(v'e)2+§m mrdr

+Iézp\7,[(§r'l)2+(V,)2+(\73)2+(v'z)2+3(v',)2+(v'e)2+§§ +2gz]ymradz

—Iézp\T,[(\—r;)z+(\7r)2+(Vé)2+(v'z)2+3(v',)2+(v'e)2+§ﬁ +2gz]ymrydz

(5-40)
By taking [p +pgz); ~[P+pgzl; ~P;. the pressure and gravity terms cancel by the
continuity equation. Eq.(5-40) simplifies to:

fr'lz p\Tz[(V_Z)2 4-(\7.,)2 + (\79)2 +3(v' 2)2 + (v',)z +(v'9)2]2 nrdr

~[2PVA(VL) +(V) + (Vo) +3v' ) +(v'o)? +(v'e) hmondr

(5-41)
+H2pV (V) (V) + (V) + (v )2 +3(v' ) +(v'e) s R radz
-f5 p\Tr[(V_L)2 +(7,)2 + (Vo) + (v )2 +Hv' )  +(v'e)’hrridz=W - Ey
In terms of RMS velocities, Eq.(5-41) will be written as Eq.(5-42):
2V (Vo) +(Ve) +3vE+vE+ vimrdr
—_——02, =2 —2
—[2PVA(V) +(V,) +(Ve) +3vi+vi+vi)mrdr (542

-2, =2, 2
+HEPVI(V) +(V) + (Vo) +vi+3vi+vilinradz
2, =2, =2 o
~[FPVI(V) +(V) + (V) +vi+3vi+vghnndz=W-Ey
Eq.(5-42) will be used to determine E,, using experimental data for V,, V,, Vg, and v,, v;,

Vg.
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5.2 Methods Used by Previous Investigators to Estimate Average and Local
Dissipation Rate

Different types of impellers create different circulation patterns and different
distributions of turbulence energy dissipation for the same tank geometry. The same
average power input per unit mass (sometimes called the average energy dissipation,
P/pV) can result in widely different distributions of turbulence energy dissipation when
different impellers are used with the same tank geometry. The turbulence energy
dissipation in agitated tanks, especially in the impeller region (the volume swept out by
the impeller blades) and the impeller discharge region is needed to advance our
understanding of mixing phenomena, such as the formation of liquid-liquid dispersions.

The average power input can be measured using torque transducers, or calculated
using the power numbers of impellers. However, the local turbulence energy dissipation
rate, €, and the average turbulence energy dissipation rate for a specific control volume,
€, are difficult to measure directly, since all three instantaneous velocities need to be
measured simultaneously. Therefore, simplifying assumptions and/or semi-empirical
equations must be used to estimate € and €;. Previous investigations into the average
dissipation and the local dissipation in the impeller and impeller discharge region have
used a variety of approaches which have been reviewed in Chapter 2. For clarity, the

main results are summarized below.

5.2.1 Previous measurements of the average dissipation
Cutter (1966) started with a macroscopic energy balance and derived Eq. (2-36) to

calculate the dissipation. He made the following assumptions in the derivation of Eq.(2-
36):

a) the turbulence is steady;

b) the viscous forces are negligible;

c) the turbulence is isotropic, so V2 = v> = v;

d) axial mean velocities are negligible compared with the radial and tangential

components for an RT;
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e) circular symmetry exists, i.e. 6/08=0.

With the exception of (d), the assumptions made by Cutter are reasonable, based
on the data collected in our lab. The axial mean velocities measured for the RT are not
small enough to be neglected.

Using radial and tangential velocity data measured by a photographic method in
the flow produced by an RT, Cutter determined the average dissipation in the impeller
region. He concluded that most of the energy supplied to the impeller is dissipated within
the boundaries of the impeller (~20%) and in the impeller stream (~50%), with only about
30% being dissipated in the rest of the tank (which makes up approximately 90% of the
tank volume).

Gunkel and Weber (1975) measured the distribution of dissipation for an RT
using a hot-wire anemometer with air as the working fluid. They reported a totally
different picture of the average dissipation. They found that most of the energy supplied
to the impeller was dissipated outside the impeller stream, that is, in the bulk of the tank.
This discrepancy may be caused by the different working fluid used, and by the
difficulties of using hot wire anemometers in three dimensional, strongly recirculating
flows.

Wu and Patterson (1989) measured the distribution of dissipation produced by an
RT using LDA. They used Eqs (2-39a) and (2-39b) to calculate the kinetic energy flux in
radial direction, KE, and the kinetic energy flux in axial direction, KE; By performing
an energy balance over a defined control volume, they concluded that about 30% of the
total energy was dissipated in the impeller region, and about the same amount was
dissipated in the impeller discharge region, leaving 40% to be dissipated in the bulk of
the tank.

Jaworski and Fort (1991) investigated the average dissipation for pitched blade
turbines of various sizes. They measured axial velocity and pressure profiles using a
three-hole Pitot tube and calculated the average dissipation assuming that viscous stresses
are negligible. They concluded that 54% of the input energy is dissipated in the region
below the impeller, 32% in the impeller region, and 14% in the remaining volume of the
tank.
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Ranade and Joshi (1989), and Ranade et al. (1992) calculated the turbulence
kinetic energy flux from LDA data for a PBT, using the same method as Wu and
Patterson. The equations by Ranade et al., however, contain an erroneous factor of 2
which does not appear in the Wu and Patterson (1989) equations, or in the derived
equation (5-42).

No previous investigations of the distribution of average dissipation for a fluidfoil

impeller are available in the literature.

5.2.2 Previous estimates of the local dissipation, &

The local dissipation can be defined in terms of the energy spectrum, E(k,t) by
Egs (2-13) and (2-14). Using Taylor’s equation A2 ocEi, Batchelor (1953), simplified
\

Eq.(2-14) to:
e=A V—3 (2-41)
L

where A is an empirical constant, equal to 1 for isotropic turbulence, and L is the integral
length scale. Using the basic definition of ¢ as the rate of change of turbulence kinetic
energy (TKE), Tennekes and Lumley (1972) were also able to obtain Eq.(2-41). They
used dimensional arguments to characterize the turbulence kinetic energy with v2, and
the characteristic time scale of the eddies with v/L.

Isotropic turbulence is assumed in both derivations of Eq.(2-41). This allows the
turbulence kinetic energy to be calculated from a single component of the fluctuating
velocities (v). In the more general case, all three fluctuating velocities are needed to find

the turbulence kinetic energy. Thus the following equation is often used to estimate &:

e=A'3 (2-43)

) 2312
where q =—2-(v§+v3+v§) and A’ =(3—) A.

The constant A in Eq.(2-41) or A’ in Eq.(2-43) is determined by the choice of the
integral length scale of turbulence L, and the choice of the velocity scale v or q1/2. The
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length scale can be obtained in two ways: one is to set it as some fraction of the impeller
diameter (Brodkey, 1975), another is to calculate it from the integration of the
autocorrelation function (Wu et al., 1989, Wu and Patterson, 1989, Kresta and Wood,
1993). Wu and Patterson obtained the macroscale length from the mean velocity and the
Eulerian integral time scale (Eqs (2-44) to (2-46)). Wu and Patterson suggested that
several corrections to these relations are necessary because the flow is three dimensional
and the fluctuating velocity contains a periodic component. Kresta and Wood (1993)
tested all of the proposed methods on one set of LDA data from the PBT and showed that
the more complex corrections are not necessary. They recommended use of A=I,
L=D/10, and a single component of RMS velocity in equation (2-41).

Schwartzberg and Treybal (1968) obtained an approximate value for L based on
the scale of turbulence reported by Cutter (1966) for the energy-containing eddies in the

impeller discharge stream of the tank. They presented the relation -15— =L =0.08D

e
which is in excellent agreement with the value recommended by Kresta and Wood
(1993).

This work was undertaken with two objectives in mind. The first was to put the
value of the constant A on firmer ground by performing macroscopic energy balances on
small control volumes, and comparing the results with the integral of the local dissipation
over the same control volume. Laufhutte and Mersmann (1985) also attempted this
approach; however, they only performed the macroscopic balance over the whole tank.
Since it is known that the state of turbulence varies substantially over the tank, this choice
of control volume incorporates a significant degree of uncertainty in the final results.

The second objective of the work was to determine where the power is consumed
for the three impellers chosen. Since the power numbers vary from approximately 5 (RT)
to 1.3 (PBT), to 0.3 (A310), it is important to understand where the additional energy is
used: a) in generating stronger convection flows, or b) as higher maximum levels of
turbulence. This question requires examination of both the distribution of dissipation
throughout the tank (the final destination of all of the input power), and the various terms

in the macroscopic balance equation close to the impeller.
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5.3 Experimental Determination of the Turbulence Energy Dissipation Rates in the
Impeller Regions
5.3.1 Apparatus

The LDA

The fundamentals and validation of laser Doppler anemometer (LDA) were
described in Chapter 4. With the settings chosen in Chapter 4 the data validation in all
measurements was 299%. The average frequency of velocity determinations was 1.2
kHz.

Geometry of the baffled tank and the impellers

The baffled tank and the impellers are shown in Figure 2-2 and Figure 5-2,
respectively. Geometric variables are defined in Chapter 2 and Chapter 4. To prevent
vortexing and the entry of air into the system, a lid was installed on top of the baffles, and
covered with 5 cm of water to seal the tank.

All three impellers were used in their standard configurations. The four-bladed
PBT had blades inclined at 45° to the horizontal; the blade width of the PBT and RT was
D/5; the blade length of the RT was D/4. The A310 was used as supplied by Lightnin'.
The geometric and operating parameters for the three impellers are summarized in Table
5-1.

The control volumes

The traverses bounding the control volumes are shown in Figure 5-3, along with
the additional traverses where the local dissipation was measured. The dashed lines
enclose the control volumes used for the energy balances, and the dotted lines show the
location of additional traverses where the local dissipation was measured. For the radial
flow impeller RT, two volumes were chosen: one around the impeller and another from
the tip of impeller blades nearly to the baffles (the impeller discharge stream). For each
of the two axial flow impellers, the PBT and the A310, four volumes were chosen: one
enclosing the impelier and three in the direction of the impeller discharge. Three control
volumes were defined in the impeller discharge region since the flow fields generated by

these two axial flow impellers are characterized by a combination of a strong downward
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flow and less significant radial flow. The control volume with the highest €; of these
three control volumes was designated the “impeller discharge stream”. Four additional,
evenly-spaced measuring traverses were used for determination of the local dissipation in

this control volume.

5.3.2 Methods

The average dissipation, € ;

The macroscopic energy balance equation was derived as discussed in section 5.2,
using Cutter’s assumptions (a, b, ¢ and e); and an additional assumption that the change
in potential energy exactly balances the mean pressure difference. It was then applied to
each control volume shown in Figure 5-3. In order to clearly specify energy terms,
equation (5-42) is rewritten as follows:

Power Dissipation Convective terms TKE terms

T T [ t ! f—?_—l
W—Ey = [2pVI(V)* +(V) + (Vo) +3vi+vi+vilymrdr
~[ROVAVD’ + (V) + (Ve) +3v+vi+vilndr 542)
+[2pVI(VD + (V) + (Vo) +vE+3vi+vilimradz
—[RPVA(V) (V) + (V) +vi+3vi+vihnndz
The terms in the equation are as follows: W is the rate at which shaft work enters the

control volume (W= ppN3 D); E, is the rate of viscous dissipation to internal energy

(E, = m,E; ); and the subscripts 1, 2, 3 and 4 outside the square brackets stand for
surfaces 1, 2, 3 and 4, respectively, which are shown in the schematic drawing of a
control volume (Figure 5-1). On the right hand side of equation, the mean velocity terms
are grouped together as “convective” terms and the fluctuating velocity terms are grouped
as “turbulence kinetic energy” (TKE) terms. Splitting the terms of the energy balance up
in this way allows comparison of the three types of impellers.



The local dissipation, €

Since it is practically impossible to measure € directly, semi-empirical equations
to estimate € have to be chosen. Kresta and Wood (1993) gave an extensive review of the
available methods. An experimental comparison of the methods as applied to the PBT
showed that Eq.(2-41), i.e. e=Av'/L, provides a reasonable estimate of the dissipation
close to the impeller where the flow can be approximated as locally isotropic.

Three things must be considered when Eq.(2-41) is used to estimate € in flow
fields generated by different turbines: the validity of the locally isotropic assumption, the
value of the integral length scale L (as some fraction of impeller diameter, D), and the
value of the constant A. The locally isotropic assumption was first checked in the control
volumes for all the three impellers; values of L were obtained from the literature and
from tuft visualization; then the assumption of A=1 was examined using a comparison of
macroscopic energy balance results with the integration of the local dissipation (Eq. (5-
43) below).

Local isotropy

All three components of the mean and fluctuating velocities were measured for
each of the traverses shown in Figure 5-3. A representative set of profiles of the mean
and fluctuating components for each impeller is shown in Figures 5-4 (a to c). The
traverse closest to the impeller blades was chosen since this is where the turbulence
intensity is at a maximum. Examination of the other traverses showed that this traverse is
neither the most closely isotropic, nor the worst case for a given impeller: the range of
performance shown in Figures 5-4 (a to c) is representative of the overall set of data.

Perfectly isotropic turbulence requires that all of the statistical features of the flow
have no preference for any direction, so perfect disorder reigns. The most basic criterion
is that the three fluctuating velocities are equal, so that the turbulence kinetic energy,

2,2, 42

- vV, +V, +Ve

5 , can be calculated using a single component of the fluctuating velocity,

2

ile. q= —‘2,—'—, i=t, z, or 6. The single component of fluctuating velocity is often the
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fluctuating velocity with the same direction as the main flow generated by an impeller.
For the radial flow turbine, the radial fluctuating velocity is chosen, and for the axial flow
turbines the axial fluctuating velocity is used. From Figures 5-4 (a to c), this
approximation is reasonable, i.e. the values of three fluctuating velocities are nearly
equal. The quantitative verification of this is shown in Figures 5-5 (a to c), where q is

2
compared to 2%— for all three impellers.

Determination of L using tuft visualization

Kresta and Wood (1993) argued that the theoretically based estimate of the
integral length scale used in Eq.(2-41) is exactly equal to the length scale of the trailing
vortices for both the RT and the PBT. Thus, by determining the length scale of the
trailing vortices at the edge of the blade for the RT, PBT, and A310, the characteristic
length L can be determined.

Flow visualization with tufts was used to determine the length scale of the trailing
vortices for the RT, PBT, and A310. Fujicolor films (400 Super G) were used. The
shutter speed was 1/500 sec. and focal length was set at £/3.5. The ﬁow was in a fully

turbulent state with Re>22x10*. All photos were taken 40 minutes after the impeller
started rotating.

For the RT, the tufts attached to the tip of impeller blades separate into two halves
with the center line of the blade as their symmetry axis. Tuft visualization shows that the
tufts of each half are wound together, stretching radially towards the tank wall. This
gives the diameter of the vortices created by the RT equal to W/2, where W is the vertical
width of the impeller blade. Since W=D/5, L=D/10. These results agree well with the
results reported by Van't Riet and Smith (1975), by Yianneskis et al. (1987), and by
Stoots and Calabrese (1995).

For the PBT and the A310, the tufis were attached to the lower edge of the
impeller blades. Both the PBT and the A310 form a vortex which extends from the tip of
the impeller to approximately D/10 from the tip. This is clearly shown in Figure 5-2,
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where the tufts on either side of the mark at D/10 separate from each other. Tufts in the
tip region of the PBT blades show clear winding, while no winding appears for tufts in
the same region of the A310 blades; i.e. the PBT has a better defined vortex than the
A310. These results support the use of L=D/10 for all three impellers.

5.4 Results

The average turbulence energy dissipation was calculated from equation (5-42)
and the local turbulence energy dissipation was estimated from equation (2-41) with
L=D/10 and A=1. To check the validity of equation (2-41) with L=D/10 and A=l, a

comparison of the E, calculated from integration of the local turbulence energy

dissipation and the Ev from the macroscopic energy balance equation was carried out for
the impeller discharge stream control volume. In this section, the three impellers are
compared based on turbulence energy dissipation and the distribution of energy between

convective and turbulent flows.

5.4.1 Comparison of the local and integral methods

The Ev calculated from Eq.(5-42) was compared with the integration of Eq.(2-
41) for the impeller discharge stream control volume for each of the three impellers. For
the RT, this control volume is enclosed by the four traverses - z;=18 mm , z,=-27 mm,
r,=63 mm and r,=87 mm. For the PBT, the control volume is enclosed by the four
traverses - z,=40.5 mm, z,=10.5 mm, r;=63 and r,=87 mm. For the A310, the control
volume is enclosed by the four traverses - z,=39.0 mm, 2,=9.0 mm, r,=0 mm and r,=63
mm. In order to obtain accurate integration results from Eq.(5-47), four radial traverses
were added between z, and z, (see Figure 5-3). Again, the streamwise fluctuating

velocity was used to estimate €. The integration equation is:

E, =Y Az [} epanrde (5-43)

i=l
where E, is the energy dissipation rate in the control volume; i from 1 to 5 refers to the

five subdivided volumes in the control volume for each of the three impellers; € is the
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average value of two local €'s on two adjoining traverses at the same r, where the local

value of the dissipation is calculated by AX:— with A=1 and L=D/10; Az, is the axial
distance between two adjoining traverses; and p is 103 kg/m3.

From the results given in Table 5-2, it is clear that the two methods are in very
close agreement. That the local measurements give a consistently higher result may be
caused by the use of the RMS velocity in the direction of the main flow for all the three
impellers.  Although the flow in the impeller and impeller discharge stream is
approximately locally isotropic, the RMS velocity in the direction of the main flow is
slightly larger than either of the other two RMS velocities at most of the points on the six
radial traverses.

From the comparison of the two methods, it was concluded that: 1) the two
equations agree well for the three impellers examined; 2) the local dissipation € can be
estimated from Eq.(2-41) with A=1 and L=D/10 close to the impeller; 3) comparison of
E, based on Eq.(5-42) with the integration of £ (Eq.(5-43)) will give the value of A.
Efforts to extend this analysis to regions of the tank far removed from the impeller were
not successful. This is due to the small velocities and large relative errors observed in the

remaining tank volume.

5.4.2 Comparison of the three impellers

Values of the average dissipation, €,
Figure 5-6 shows the percentage of the total energy dissipated and the average
dissipation €; for each control volume. The percent of the total energy dissipated in a

control volume was calculated from

Ev,100%
P (5-44)

where P is the input power. The average dissipation €; was calculated from
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M (5-45)
where m; is the mass of fluid in the control volume. In order to make a direct comparison

between the three impellers, the experimental €;’s in Figure 5-6 for the RT were
multiplied by a factor of 1.54 (i.e. 10.3/6.71). Since both the mean (V) and the

fluctuating velocity (V) are proportional to ND, the terms V3 and Vv’ in equation (5-42)
are proportional to the power input P=Nl,p(N3D3)D2 for a given impeller. This
adjustment allows comparison on the basis of equal power input per unit mass for all
three impellers.

For the RT, the percent of the total energy dissipated in the two control volumes
examined was 43.5%. By contrast, the fluid volume occupies only 10% of the volume of
the tank. The average dissipation in the impeller discharge stream is twice that in the
impeller region. This may be explained by the fact that vortices are formed in the
impeller region, but are destroyed by the baffles which affect the flow in the impeller
discharge stream. Comparison of the percent of the total energy dissipated in the impeller
and impeller discharge stream with the data of Cutter (1966) and Wu and Patterson
(1989) shows that the absolute values are close to Cutter's data in the impeller region, but
smaller than Wu and Patterson's data. The equal distribution of dissipation between the
impeller region and in the impeller discharge stream agrees well with Wu and Patterson.
The difference in the percent of the total energy dissipated in the impeller region between
this work and Wu and Patterson's can be partly explained by the difference in the ratio of
D/T. Wu and Patterson used a ratio of D/T=0.344. In this work , D/T=0.5 was used.
Sato et al. (1970) state that the dissipation becomes more uniform in stirred tanks when
the impeller diameter increases. This means that if larger impeller diameters are used.
less of the total energy will be dissipated in the impeller region. Nearly half of the total
input energy is dissipated in the impeller and impeller discharge region for the RT.

For the PBT, the percent of the total input energy dissipated in the impeller
control volume is 52%, although the fluid in the impeller region occupies only 3.45% of

the tank volume. If all four control volumes are combined, the percent of the total input
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energy dissipated in them is 75.1%. Unlike the RT, the maximum average dissipation for
the PBT occurs in the impeller region. There is a 27.9 fold difference between the
average dissipation existing in these four control volumes. Jaworski and Fort (1991) also
found that most of the energy is dissipated in the impeller region and in the impeller
discharge stream for a PBT.

For the A310, the characteristics of the turbulence energy dissipation are different
from the PBT. The percent of the energy dissipated in the impeller region is just 18.0%.
Again the fluid in the impeller region occupies only 3.45% of the tank volume. If ail four
control volumes are combined, the percent of the total input energy dissipated in them is
43.9% in 13.1% of the tank volume. Unlike the PBT, the average dissipation in the
impeller region for the A310 is nearly the same as that in the impeller discharge stream.
This can be explained by the homogeneity of the flow generated by the A310. Because
of the slightly varying pitch and varying blade width of the A310, the turbulence energy
dissipation is more homogenous in the impeller and impeller discharge stream. There is
only a 11.0 fold difference between the average dissipation in the four control volumes.

Figure 5-6 shows that the average dissipation differs radically between impellers
for the same total power input. To explain these differences, the various terms in the
macroscopic energy balance were compared, again scaling the RT measurements to a

basis of equal power input.

Distribution of power between convective and turbulent flow

A better understanding of the characteristics of turbulence energy dissipation in
the impeller and impeller discharge stream for the three impellers can be reached if the
distribution of power between convective terms, turbulence kinetic energy terms, and
dissipation is analyzed. Table 5-3 lists the contribution of each energy term.in equation
(5-42) for the impeller and the impeller discharge stream for all three impellers. The
number in bold face is the largest term of the three impellers; the number in italics is the
smallest.

From equation (5-42), the sign of an energy term is determined by the direction of

the axial or radial mean velocity. At each point on the four traverses defining a control
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volume, if the dot product of the mean velocity vector and the unit normal vector of a
surface is negative, the associated terms are energy “in”; and if the dot product of the
mean velocity vector and the unit normal vector of a surface is positive, the associated
terms are energy “out”. We begin the analysis of energy distribution with the impeller

region.

Impeller region:

The PBT produces the most dissipation in the impeller region. This is because the
PBT has the largest convective energy in and TKE in and the smallest convective energy
out and TKE out. The axial flow generated by the PBT is very strong; from the upper
edge, through the impeller and down to the lower edge of impeller blades. When
compared with the other two impellers, it is clear that the PBT uses the returning flow to
boost its performance.

Unlike the PBT, the RT has small values of the convective energy in and TKE in,
and shows large values of TKE and convective energy out. The difference between the
TKE out and TKE in (5.12-1.18=3.94) for the RT is about 40% of the power input, while
the same difference for the PBT is only 15% of the power input. The RT transforms
more of the power into turbulence kinetic energy. Note that for the RT the convective
energy out and the TKE out are mainly due to the radial flow at the tip of the impeller
blades; the flow from the top and the bottom of the impeller blades is weak.

For the A310, the dissipation in the impeller region is nearly the same as the RT,
but with different features. The A310 has: 1) the smallest convective energy and TKE in;
2) the largest convective energy out. This is because correspondingly: 1) for the A310,
the flow from the top region of the tank is much weaker than the flow generated by the
PBT with the same power input; 2) the A310 generates a more axial flow than the PBT.
The difference between the convective energy out and convective energy in (5.95-
0.69=5.26) for the A310 is more than 50% of the power input, while the same difference
for the PBT is around 30% of the power input. This means that the A310 is more

efficient at generating downward convection.
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Impeller discharge stream:

In the impeller discharge stream, the variation of dissipation between the three
impellers is much less than that in the impeller region. The RT has the largest value of
dissipation.

Because of the perfectly radial flow of the RT, the RT has both the largest TKE in
and the largest TKE out. The TKE losses (TKE in-TKE out) are only 10% of the
dissipation E,. The remaining 90% of the dissipation terms comes from the convective
energy losses. The rapid decay of the main radial flow is the main source of dissipated
energy.

The PBT has the smallest values of both convective energy in and convective
energy out. The TKE losses (TKE in-TKE out) in this region for the PBT are nearly zero.
This implies that the vortex cascade structure formed by the PBT is not destroyed in this

region. The dissipation E, is nearly totally due to the convective energy losses-the
decay of the convective flow.

The A310 has both the largest convection in and the largest convection out, which
again shows that the A310 is very efficient for convection. Experimental data show that
the downward flow dominates even below the impeller discharge stream examined here,
and that the downward flow decays much slower than the flow of the PBT. In contrast to
the PBT, the dissipated energy for the A310 in this region is mainly due to the TKE

losses.

5.5 Conclusions

The flow in the impeller and impeller discharge stream is approximately locally
isotropic for the three impellers. The two equations for E, (Eq.(5-42) and Eq.(5-43))
agree well for the three impellers. Eq.(2-41) with A=1 and L=D/10 gives a reliable
estimation of the local turbulence energy dissipation. The constant A in Eq.(2-41) can be
determined by comparison of the macroscopic energy balance (Eq.(5-42)) with the

integrated local dissipation (Eq.(5-43)) for any impeller.
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The dissipation was always very high in the impeller region and in the impeller
discharge stream. The bulk of the energy is dissipated in the small volume occupied by
the impeller and the impeller discharge for all three impellers: in order of increasing
percentages 38.1% (A310), 43.5% (RT) and 70.5% (PBT). The dominant characteristics
of energy distribution are different for each impeller. The A310 was most efficient at
generating convective flow. The RT generated the most TKE, and the PBT derived a
much larger portion of its energy from the return flow. These differences should be taken

into account when selecting an impeller for a specific application.
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Tables in Chapter 5

Table 5-1 Experimental conditions and selected results for the three impellers.

Variable RT PBT A310
diameter, D T2 T2 0.475T
off bottom clearance, C T2 T2 T/2
number of baffles, N¢ 4 4 4
rotational speed, N (rpm) 221 400 728
Reynolds number, Re 5.22x104 | 9.44x104 | 15.5x104
power number, Np 542 1.4b 0.30¢
power input*, P=NppN3D5, 6.71 10.3 10.3
(kg m¥s3)
power input per unit mass, € 0618 0.950 0.950
(m?2/s3)
input energy dissipated in all 43.5% 75.1% 43.9%
control volumes
€, max / Eimin in control volumes 2.05 27.9 11.0

a averaged from 11 values in Table 2-1;
b averaged from 3 values and re-checked in this lab using a Torque Transducer;
¢ provided by Lightnin’ and re-checked in this lab using a torque transducer;

* where p=103 (kg/m3).
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Table 5-2 Comparison of the two methods for the impeller discharge stream. All results

are based on unscaled data.
E, from the E, from the local ratio of the two
Impeller macroscopic balance dissipation methods

(Eq.(5-42)) (Eq.(5-43))
(kg m?/s3) (kg m?/s3)

RT 1.91 2.02 1.06

PBT 1.90 2.03 1.07

A310 2.07 2.15 1.04
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Table 5-3 Distribution of power between convective terms, turbulent fluctuations

and dissipation. Numbers in bold face are the largest, numbers in italics are the smallest.

All terms have units of power (W). The RT results have been scaled to a basis of equal

power input.
Impeller region
Impeller | Convective | TKE Power Convective | TKE Dissipation
energy in in in energy out out E,
W
RT 1.08 1.18 10.3 5.88 5.12 1.58
PBT 2.13 1.76 10.3 5.52 3.31 5.38
A310 0.69 0.92 10.3 5.95 4.12 1.86
Impeller discharge stream
Impeller | Convective | TKE Power Convective | TKE Dissipation
energy in in in energy out out E,
w
RT 5.90 5.15 0 3.29 4.86 2.90
PBT 4.80 3.57 0 2.96 3.51 1.90
A310 6.10 4.70 0 5.41 3.32 2.07

127




Figures in Chapter 5

Figure 5-1. A control volume in an agitated tank in cylindrical coordinates (t, 8, z).
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Figure 5-2 The three impellers studied, with tuft visualization of the trailing vortices at
the blade tip.
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Figure 5-3 The control volumes and local dissipation traverses for the three impellers.
All numbers are in units of mm. The dashed lines enclosing the impellers define the
impeller control volume. The lines enclosing the 6 evenly spaced traverses (e.g. dotted
lines to the right of the RT) define the impeller discharge control volumes.
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Figure 5-4a Axial profiles of mean and fluctuating velocities at =63 mm for the RT.
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Figure 5-4b Radial profiles of mean and fluctuating velocities at z=10.5 mm for the
PBT.
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Figure 5-4c Radial profiles of mean and fluctuating velocities at z=9.0 mm for the A310.
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Figure 5-5a Comparison of the turbulence kinetic energy (q) calculated from 3 RMS
velocities with q estimated from the radial RMS velocity, RT, tip of the impeller blades.
D=T/2, C=T/2, N=221 rpm, at =63 mm.
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Figure 5-5b Comparison of the turbulence kinetic energy (@) calculated from 3 RMS
velocities with q estimated from the axial RMS velocity, PBT, below the impeller blades.
D=T/2, C=T/2, N=400 rpm, at z=10.5 mm.
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Figure 5-Sc Comparison of the turbulence kinetic energy (q) calculated from 3 RMS
velocities with q estimated from the axial RMS velocity, A310, below the impeller
blades. D/T=0.475, C=T/2, N=728 rpm, at z=9.0 mm.
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Figure 5-6 Percent of the power dissipated, and average dissipation a_, (m*/s%)

calculated from the macroscopic energy balance for all control volumes. Units of r and z

are in mm. The results are based on equal power input.
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Chapter 6
Impact of Tank Geometry on the Maximum Turbulence Energy
Dissipation Rate*

6.1 Introduction
The power input per unit mass of fluid in an agitated tank (P/pV7) is not sufficient
to completely define the characteristics of the turbulence energy dissipation. According

to the length scale defined by Kolmogoroff, n= (v} /€)"* the minimum length scale in
a dispersion is determined by the maximum turbulence energy dissipation rate per unit
mass, €y, if the Kolmogoroff length scale expresses the real relationship between drop
size and the turbulence energy dissipation rate, so the /ocal turbulence energy dissipation
rate is critical. Since all the particles in the dispersion have a finite probability of passing
through the position where €, occurs, the minimum drop size in a dispersion of gas or
liquid will be determined by £g,. Most investigations of drop breakup and gas
dispersion, however, characterize €y, by the power input per unit mass (P/pVy), and
examine only one tank geometry. Thus, the investigation of the effect of geometry on
€ma is important for both improved fundamental understanding and for practical
applications.

In Chapter 2 and Chapter 5, the methods to estimate local turbulence energy
dissipation rate € were reviewed. In Chapter §, Eq. (2-41) with L=D/10 and A=1l as an
estimation of local turbulence energy dissipation rate was verified by a combination of
tuft visualization experiment and comparison with the macroscopic mechanical energy
balance.

Prior to this thesis, no work had been published to investigate the effect of tank
geometry on the maximum turbulence energy dissipation rate in stirred tanks. Research on
the effect of tank geometry on the local dissipation rate is limited to some very specific
correlations reported by Okamoto et al. (1981). They reported Eqs. (2-38) and (2-39) to
* A modified version of this chapter was published in the AIChE J., vol.42, pp. 2476-
2490 (1996).
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correlate the local turbulence energy dissipation rates in the impeller stream ¢; and in the
circulation region € to the ratio of D/T. These equations account for the effect of impeller
diameter and of impeller blade width on €. In fact, Egs. (2-38) and (2-39) can only be
used to correlate the effect of the width of impeller blades or impeller diameter on ¢ for a
single point, since the locations of ¢; and €. were fixed. Measurements have shown that &
varies from point to point, especially in the region around the impeller blades, so that any
single measurement of & can not reliably represent the maximum, minimum, or the
average dissipation rate in a region. For example, if D/T=1/2, Eq. (2-37) gives
g; =593€, which is well below the maximum dissipation (11.3 €) reported by the same
authors, and €. =042€, which is well above the minimum dissipation (0.16€) in the
upper region of the tank.

This investigation focuses on the effects of one operating variable (rotational
speed N) and three geometric variables (impeller diameter D, off bottom clearance C and
number of baffles N¢) on the local rate of turbulence energy dissipation per unit mass, €.
close to the impeller. The dissipation was estimated using Eq. (2-41), ie. e=A —\S— with
A=1 and L=D/10, where v is the streamwise component of fluctuating velocity. For the
RT, v is the radial RMS velocity in the impeller discharge stream at the tip of impeller
blades, while for the PBT, A310 and HE3, v is the axial RMS velocity below the blades.

The effect of tank geometry on the maximum dissipation was investigated using
factorial designs of experiments. Factorial designs are ideally suited to initial
investigations such as this one, where it is not initially clear which variables will be
important. They are based on the premise that not one single variable may be important,
but variables may interact to produce magnified, or opposite, effects. Thus, an
experimental block based on a factorial design can give a more general picture of the
phenomenon of interest with a limited number of experiments. However, because the
data are limited, a very careful analysis of the results is required. The variables must be
chosen carefully if they are to reflect the underlying physics, and the initial experimental
design must often be modified and expanded to check conclusions, and to test hypotheses
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obtained from the initial results. For this study, three different 2-level factorial designs
were planned, and the results were analyzed using a combination of 95% confidence
intervals, normal probability plots, and a detailed examination of the data.

6.2 Experimental
6.2.1 The LDA

The validation of the one dimensional laser Doppler anemometer (LDA) was
detailed in Chapter 4. The main parameters are summarized here: beam
separation=0.01691 m; focal length of both the transmitter and the receiver=500 mm;
high voltage=500V; sample size=6000; signal sampling frequency=2.5 MHz; the average
frequency of velocity measurement was 1.2 kHz. Comparison of the velocity
measurements from two separate detectors, based on this signal sampling i'ate, gave a

data validation rate = 99%.

6.2.2 Geometry of the Baffled Tank and the Impellers

The baffled tank is shown in Figure 2-2. Vertical baffles (width=T/10) were
equally spaced around the periphery of the tank. The liquid depth, H, was equal to the
tank diameter (H=T). To prevent vortexing and the entry of air into the system, a lid was
installed on top of the baffles, and covered with 5 cm of water to seal the tank.

All four impellers were used in their standard configurations. The four-bladed
PBT had blades inclined at 45° to the horizontal; the blade width of the PBT and RT was
D/5; the blade length of the RT was D/4 and the disc diameter of the RT was 2/3D. The
A310 was used as supplied by Lightnin' Inc. and the HE3 was used as supplied by

Chemineer.

6.2.3 Experimental Designs
All of the experimental runs and experimental results are summarized in Tables
6-1 to 6-4. For each impeller, three sets of experiments were run. The first was used to
verify the scaling of € with N>. The second was a factorial design in N, D and C. The
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third was a modified factorial design using the dimensionless off bottom clearance C/D.
instead of C.

6.2.3.1 Rotational Speed

To test the effect of rotational speed on €, , five different N's (N1 to N5 in
Tables 6-1 to 6-4 ) were used in the same tank geometry for each of the four impellers.
One rotational speed (bold and italic in Tables 6-1 to 6-4 ) was chosen to match the
power input used in the factorial designs.

6.2.3.2 Factorial Design in N, D and C

To examine the effects of the three geometric variables on €, factorial designs
with three variables at two levels (designated +1 and -1) were applied.

The number of baffles, N and impeller diameter, D, are two of the most
important geometric variables in the study of mixing. Two alternatives are used in the
literature for the off bottom clearance: C or C/D. For the first factorial design, C was
chosen as a geometric variable. Thus the first set of experiments used the three geometric
variables Ng, D and C (Runs 1 to 8 in Tables 6-1 to 6-4). Nris either 4 (+1) or 2 (-1); D
is either T/2 (+1) or T/4 (-1); and C is either T/2 (+1) or T/4 (-1).

6.2.3.3 Factorial design in N, D and C/D

Analysis of the experimental data in the first factorial design indicated that a
modified design was needed. This modified design was then carried out with the variables
Np, D and C/D (Runs 3 to 10 in Tables 6-1 to 6-4). When C/D was chosen as a geometric
variable, C/D was either 1 (+1) or 1/2 (-1).

In summary, there are two sets of experiments for factorial designs: the first is
based on Ny, D, and C; and the second on N, D and C/D. Each has three variables at two
levels. The number of experimental runs for each factorial design is 8, i.e. 2x2x2. In the
third factorial design, the second set of data was rescaled from constant power input
(N D’ =constant), to constant dissipation (N 3D?=constant) and reanalyzed.
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For each of the experimental runs, Tables 6-1 to 6-4 list the combinations of
variables, the values of the Reynolds number, the power input per unit mass € (=P/pVy),

€max» and €, made dimensionless with N3D2. Scaling of the local dissipation with

N3D? is based on the fact that € is proportional to v’/D (from reduction of the time
averaged equations of turbulence (Kresta and Wood (1991)) and vcND, so € is

proportional to N3D2.

The power input used for calculating € was computed using the power number
(N,) for each impeller. For the tank geometries used in this study, the power numbers for
the four impellers are: 5.4 for the RT; 1.35 for the PBT; 0.30 for the A310; 0.25 for the
HE3 with D/T=1/2 and 0.30 for the HE3 with D/T=1/4. The power numbers for the HE3
were supplied by Chemineer Inc.; the power number for the A310 was supplied by
Lightnin’; and the power numbers for the PBT was measured using a Torque Transducer
in this lab, and the RT were averaged from data published by previous investigators
(Table 2-1).

6.3 Results
6.3.1 Determination of the Location of the Maximum Dissipation

According to Eq. (2-41), €na appears at the same position as the maximum
fluctuating velocity. In order to avoid locating the position of £, arbitrarily, all three
fluctuating velocities were measured on traverses in both the impeller regions and the
bulk of the tank (see Figure 6-1). The radial traverse just below the impeller blades and
the radial traverse just above the impeller blades are 2 mm away from the impeller blades.
The axial traverse near the tip of impeller blades is 3 mm away from the impeller tip.
From these measurements, several conclusions were drawn.

The maximum fluctuating velocity is v, for the three axial flow impellers (the
PBT, A310 and HE3), and it always occurs just below the impeller blades. Figures 6-2
(a and b) show radial profiles of v, for the PBT and A310, respectively. The line with
z=10.5 mm in Figure 6-2a represents the radial traverse 2 mm below the impeller blades
(the projected blade width, Wp, is 17.0 mm, half of Wp is 8.5 mm) and the maximum v,
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always appears on this traverse. The same is true for the A310, but note that two clear
peaks occur on the traverse where the maximum v, appears. Experimental results
showed that for axial flow impellers the maximum fluctuating velocity is the axial
fluctuating velocity for all 15 runs examined, although in the impeller region, the radial
and tangential fluctuating velocities are nearly the same as the axial fluctuating velocity
(see isotropic check in Chapter 5).

For the radial flow impeller (RT), the maximum v, always appears at the tip of
impeller blades, and the maximum fluctuating velocity is v, (with the exception of run 3
where the maximum v, is 4.5% larger than the maximum v,). In this thesis only the
effects of geometric variables on the maximum dissipation calculated with the radial
fluctuating velocity are considered. Figure 6-2¢ shows the axial profiles of v, for the RT
at the two radii of 63 mm and 87 mm. From Figure 6-2c, the maximum v, appears at
r=63 mm, but the profiles of v, decay slowly in the impeller discharge stream. Thus the
maximum turbulence energy dissipation is approximately constant in this region.

As stated above, the work reported in this chapter is primarily an investigation of
the effect of geometry on €,,,,. To be sure that the location of the traverse containing €,
is independent of geometry, the effect of geometry on the location of this traverse was
investigated. It was found that the traverse on which €n,, is found is independent of
clearance, impeller diameter, and number of baffles.

With the locations of the maximum fluctuating velocities and thus g,
determined, streamwise velocity measurements were performed on a single traverse to
find €., For the PBT, A310 and HE3, the axial fluctuating velocity was measured on a
radial traverse 2 mm below the impeller blades; for the RT, the radial fluctuating velocity
was measured on an axial traverse 3 mm away from the tip of the RT blades. The
velocity was measured at 3 mm intervals. In the figures which follow, the dimensionless

variables (2r/D and 2z/W) are used.
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6.3.2 Effect of Rotational Speed on €,,,,
If the flow is fully turbulent, the fluctuating velocities scale exactly with the tip
speed of an impeller for a constant tank geometry. Thus, from Eq. (2-41), € should be

proportional to N3. This is supported by the experimental results of this work. Profiles
of the scaled ¢ for five different values of N are shown in Figures 6-3 (a to d) for the
PBT, A310, HE3 and RT, respectively. The five profiles of the scaled € overlap in all
four figures, as do the five scaled &,,'s. Note that this close agreement appears even

though the experimental error in the velocity measurements has been cubed. These

results confirm that €, is proportional to N3 when the geometry and scale are constant.
Two peaks are clearly shown for the A310. Experimental results show that this double
peak appears consistently for the A310, regardless of the geometry used.

6.3.3 Range of Variation in Scaled €,

Different impellers create different flow fields. It is important to know how the
impeller style and tank geometry affect €,,, because of its importance in determining
process results. Figure 6-4 compares the scaled €,,,,’s for all 60 experiments. The RT
runs were arranged in order of increasing values of the scaled €,,. Runs for the PBT,
A310 and HE3 were arranged to match the RT geometry. Serial numbers 2-6 on each of
the four lines represent the five runs with different rotational speeds and the same
geometry.

The values of the scaled g, for the RT, ranging from 9.75 to 19.9, are much
larger than for the three axial flow impellers, none of which exceed 4. The values of the
scaled €, for the A310 and the HE3 follow each other closely over changes in tank
geometry. The magnitude of the scaled €, shows the same trend as the power number:
the impellers with larger power numbers generate larger scaled gn,'s. This is to be

expected, since N was set for each run based on a constant power input.
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6.3.4 Effect of Tank Geometry on €,

The experimental runs designed to study the effect of tank geometry on &,, were
based on three factorial designs for each of the four impellers. These experiments were
done in a random order and the results are summarized in Tables 6-1 to 6-4. For each set
of experiments, there are three main variables (Ng D, and C or C/D) and four possible
interactions between these variables (N¢-D, Ni-C, D-C and N¢-D-C; or N¢-D, N-C/D, D-
C/D and N-D-C/D); therefore there are seven possible geometric effects.

The effects of these geometric variables on &g, are estimated using the method
given by Box et al. (1978, pp.306-373). Factorial designs will not be reviewed in detail
here, but the method of calculating the effects of variables is explained. By denoting two
levels of each variable with +1 representing the higher level and -1 representing the lower

level, the effect of a variable on €y, scaled with N°D? (namely, Emax.scaled 1N the
equation below) can be calculated using the following expression:

z L€ max scaled

o4=— ©1)

where Y means to take the sum of all eight runs, and /; is the product of the levels for
variable or interaction i. For example, in run 1 for the first factorial design in Tables 6-1
to 6-4, the number of baffles, N (variable 1), and the off bottom clearance, C (variable 3),
were both at the +1 level; the impeller diameter, D (variable 2), was at the -1 level. Thus
the levels of the main effects for N, C and D are +1, +1 and -1, respectively; the level of
the interaction between Ni-C, /3, is +1. Similarly, /;5, I;; and I,y are all -1. €,y ccated 1S
the scaled €, of the corresponding run. In this way, the three main effects and the four
interactions were calculated one by one. The method used to calculate the geometric
effects on €, was similar. The results are summarized in Tables 6-5, 6-6 and 6-7.

Note that all experiments in the three factorial designs have a constant power
input per unit mass. € was 0.652 m?%/s’ for the PBT, A310 and RT, while € was 0.484
m?/s’ for the HE3. The HE3 € was lower than the € used for the PBT, A310 and RT
due to limitations on the rotational speed set by operational stability and prevention of the
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suction of air bubbles. Because the scaling with N® was shown to be exact, this

difference in experimental conditions did not preclude comparisons between impellers.

6.3.4.1 Criteria Used to Evaluate the Statistical Significance of the Effects

The effect of a variable on g,,, can either be a true effect resulting from the
variable, or can be caused by chance occurrences. It is necessary to analyze the statistical
significance of the geometric effects on €y, to distinguish whether the effects are caused
by chance occurrences or are real effects. Three criteria were used to assess the
significance of effects: the 95% confidence interval (or estimated experimental error),
normal probability plots, and a detailed evaluation of the data.

95% confidence interval, or estimated experimental error

The effects of geometric variables on &, may be partly attributed to
experimental errors in the velocity measurements. Separation of the real effects from the
experimental errors is critical to accurate statistical analysis. The experimental errors
were quantified by a 95% confidence interval using the data at 5 different rotational
speeds and the same geometry (runs N1 to N5). Given that the 5 scaled €p,'s for 5
different rotational speeds with the same geometry should be equal, the differences
between them may be attributed to experimental errors. Thus the mean value of the 5
scaled €p,,'s and the sample standard deviation can be computed for each of the four
impellers. The 95% confidence interval (95% C.I.) for each of the impellers was
determined by assuming a t-distribution with 4 degrees of freedom. The calculated
results are listed in Table 6-8a. Effects which fall outside the 95% C.I. cannot be
attributed entirely to experimental error. Note that the A310 impeller produces a more
stable flow field and its velocity measurement has a correspondingly good
reproducibility. This is reflected by an extremely small standard deviation.
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Normal probability plots

When the calculated effects given in Tables 6-5 and 6-6 are plotted on normal
probability plots, the effects which are randomly distributed are expected to fall on a
straight line. Box et al (1978, pp.306-373) state that if the seven effects (main effects and
interactions) occur simply as the result of random variation about a fixed mean, and the
changes in levels of the variables have no real effect on the scaled ¢,,,,, then the seven
effects are roughly normal and distributed about zero. Thus, when normal probability
plots are used, effects which do not fall on a straight line may be considered significant.

Detailed evaluation of experimental data

Using the 95% C.I. and normal probability plots as guides, the differences
between experimental runs were evaluated in detail. This last step is crucial for
determining the physical meaning behind the statistical analysis, and for evaluating the
validity of the experimental design.

In the final analysis, only effects which meet all three criteria can be considered
significant.

6.3.4.2 Discussion of Significant Effects
Three factorial designs are discussed here: the first is based on the variables N¢, D

and C with constant power input or € ; the second on N, D and C/D, again with constant
power input; and the third on the N, D and C/D design rescaled to a basis of constant
€nax- While some significant differences are apparent between the first and second
factorial designs, none appear between the second and third when the results are rescaled.
The conclusions drawn are based not only on the statistical analysis, but on the overall

behavior of the flow field, and on the combined results of the three factorial designs.
First factorial design: N D and C, scaling based on constant P/pVr
The 95% confidence intervals and normal probability plots for the first factorial

design are shown in Figures 6-S (a to d). Figures 6-6 (a to d) show the full details of all
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eight experimental traverses for each of the four impellers. To aid the interpretation of

these figures, the runs are grouped into two sets of four based on impeller diameter.

Symbols of the same shape are used for the same off bottom clearance, with the filled
symbols used for runs with 4 baffles and the open symbols used for runs with 2 baffles.
Combining analysis of the two sets of figures, the following observations are made:

1)

2)

3)

4)

For the PBT, the 95% confidence interval, normal probability plot, and details of the
data all lead to the same conclusion; the impeller diameter is the only variable which
has a significant effect on the magnitude of &y,,. While the off bottom clearance
effect is slightly greater than the 95% confidence interval, it falls close to the
regression line, and has a very small effect on the experimental traverses.

For the A310 and the HE3, the variability is much smaller, and conclusions drawn
from the 95% confidence interval and the normal probability plot are less definitive.
They must be combined with the experimental data before conclusions are drawn.
The A310 shows a dependence on D and C (g, decreases with decreasing C for
both impeller diameters). The HE3 data shows similar overall trends to the A310,
but the significant variables are C and the interaction between C and D. Note that the
E€max Values for the D=T/4 impeller are much larger for the HE3 (thus the lack of
dependence on D), and that g, decreases with decreasing C only for the D=T/2
impeller (leading to both the dependence on C and on the interaction between C and
D).

Although the variation in €, is very large for the RT, no conclusions can be drawn
from the results of this factorial design. The 95% confidence interval indicates that
all variables are significant (with the exception of the interaction 13, between N¢ and
C) while the normal probability plot indicates that none are significant, and the
experimental data show no clear trends. This observation led to a reevaluation of the
experimental design.

An overall examination of the experimental data shows clear shifts in the D=T/2
traverses with changes in C (particularly for the A310 and HE3 impellers), while the
D=T/4 traverses are almost identical for all three axial impellers. Kresta and Wood
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(1993b) reported that the flow field generated by the PBT depends on the
dimensionless off-bottom clearance, C/D; not on the absolute value of C. A
transition between two flow patterns occurs at C/D=0.6. The C/D values for the
D=T/2 impeller (1.0 and 0.5) bracket this value, while the C/D values for the D=T/4
impeller (2.0 and 1.0) are both well above the transition point. A new factorial
design was implemented, which uses C/D instead of C, with values of 1.0 and 0.5 for
all impellers. This required only 2 additional runs for each impeller (see Tables 6-1
to 6-4).

Second factorial design: Ny D and C/D, scaling based on constant P/pVr
The 95% confidence intervals and normal probability plots for the second

factorial design are shown in Figures 6-7 (a to d). Combining these figures with the full

experimental traverses shown in Figures 6-8 (a to d), the following observations are

made:

1)

2)

3)

Based on an examination of the D=T/4 traverses in Figure 6-8, the change in design
was justified. Distinct shifts in the position and magnitude of €, are now evident
for the PBT, A310, and RT. For the HE3 impeller, the order and magnitude of €y,
values has changed; the decrease in £, with decreasing C/D is roughly 4 times that
observed with the variable C.

Returning to the analysis of individual effects, the PBT again shows the impeller
diameter as the most significant effect, with the addition of the interaction between D
and C/D (due to the additional experimental information). All three evaluation
criteria (95% confidence interval, normal probability plot, and experimental
traverses) are met.

The A310 and HE3 again show the smallest variability. Combining information
from all three criteria, the impeller diameter remains the most important variable for
the A310. The effect of C/D is large for the D=T/2 impeller, but much smaller for
the D=T/4 impeller. This gives rise to the two smaller effects of C/D, and the
interaction of D with C/D, both of which fall outside the 95% confidence interval,
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but on the regression line. Similarly, the HE3 maintains the off bottom clearance.
now in the form of C/D, as the largest effect. The interaction between D and C/D
can now be neglected due to the reordering of the D=T/4 data as discussed in (1)
above.

4) The RT results now offer some clear conclusions. The diameter is the most
important variable, followed by the interaction between D and C/D. Although the
effect of C/D alone falls off the regression line and is somewhat larger than the 95%
confidence limit, the experimental data show that it interacts strongly with D rather
than providing a consistent effect when it is the only variable which is changed.

5) Both the first and second factorial designs indicate a dependence on D beyond the
dependence on D’ predicted by theory. This observed dependence may be due to
either real interactions between the impeller and the tank walls, or due to the scaling

of N to maintain a constant power input (E), as opposed to scaling to maintain a

constant €.

Third factorial design: N, D and C/D, scaling based on constant €
For the first two factorial designs, all rotational speeds were scaled to maintain the
same power input per unit mass. Thus when the impeller diameter D changed from

D,=T/2 to D,=T/4, the rotational speed N was changed according to the formula:

5
N3 =N3(—Dl] 6-2)
"\D,
When N is scaled based on constant €, however, the rotational speed N is adjusted
according to:
D 2
N3 =N3(——') (6-3)
"\ D,

Since sm,xocN:’ for a given impeller diameter D, the difference between the two methods
of scaling is exactly (D/D,)°. In our case, (D,/D,)’ is 8 for the PBT, HE3 and RT, and
3.88 for the A310. Dividing the D=T/4 results by these factors changes the scaling to a
basis of constant €, or more specifically, €.
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In order to compare the unscaled €,,,’s between the four impellers directly, the
HE3 results were multiplied by a factor of 1.35 (i.e. 0.652/0.484) to correct for the
smaller power input used for this impeller.

The two scaling methods are compared in Figure 6-9. The eight cases for each
impeller are grouped into two sets of four based on impeller diameter. Runs for the RT
were arranged in order of increasing &,,,, and runs for the PBT, A310 and HE3 were
arranged to match the RT geometry. On the right half of Figure 6-9, the four upper lines
(solid symbols) represent the four runs scaled based on constant power input; the four
lower lines (open symbols) represent the same four runs scaled for constant €. Scaling for
constant £ gives much less variability in the results.

Since scaling with constant € gives more constant absolute values of €, the
factorial analysis of the effects of geometry on &,,, was repeated for scaling with constant
£. All results were adjusted as for Figure 6-9, and the effects recalculated.

The experimental errors were again quantified by a 95% confidence interval using
the data at 5 different rotational speeds and the same geometry ( runs N1 to N5). Because
the absolute values of €, are used here, the &, values with 5 different rotational speeds
cannot be used directly to calculate the 95% confidence interval. For the third factorial
design, the €,,,’s at 5 different rotational speeds were first scaled with the appropriate
value of N°D?, then multiplied by ND? to adjust the 5 €,,5,’s to the case of D,=T/2 for
the PBT, HE3 and RT or D;=0.550T for the A310. The calculated 95% confidence
intervals for the four impellers are listed in Table 6-8b.

The resulting normal probability plots are shown in Figures 6-10 (a to d). From
these figures, the following observations are made:

1) Comparison of Figures 6-10 (a to d) with Figures 6-7 (a to d) shows no change in
the results for the PBT, A310 and RT. For these three impellers, D is the dominant
effect. Thus the statistical analysis of the geometric effects on the scaled €, for the
PBT, A310 and RT based on constant power input is also true if the scaling of N is
based on holding € constant. The effect of D is due to interactions between the
impeller and the tank walls; not due to the choice of scaling.
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2)

For the HE3, C/D dominated the variation in scaled €, for the first two factorial
designs. The normal probability plot for the HE3 shows a larger effect of D and of
the interaction between D and C/D with the rescaled data. This makes the
observations for the HE3 more consistent with the observations for the other three
impellers. Note that the HE3 was the only impeller for which the off bottom

clearance was the dominant effect in the first two factorial designs.

Summary
Three forms of factorial design have been used to evaluate the effect of tank

geometry on the maximum dissipation, €p,,. The first design used the variables Ng D

and C, but gave unclear results for the RT. Since previous investigations showed that the

flow field depends on the ratio C/D for the PBT, the experimental design was modified to

use the variables Ng, D and C/D. This second factorial design provided better results for

all four impellers. Finally, in the third factorial design, the results were rescaled to a

basis of constant €, (instead of constant power input) to verify the conclusions. Three

criteria were used throughout to evaluate the significance of each geometric variable: the

95% confidence interval, a normal probability plot, and detailed examination of the

experimental profiles. Taking the results of all three factorial designs together, several

important conclusions can be drawn about the effect of tank geometry on €q;y:

)

2)

The effect of impeller diameter on &y, is larger than the scaling with D? predicted by
theory. This can only be due to interactions between the impeller and the tank walls;
put another way, significant changes in the turbulent flow field occur when the D/T
ratio is changed.

The off bottom clearance is also an important variable, which is best quantified by its
dimensionless form, C/D. It may appear as an independent variable, or in the form of
interactions with the impeller diameter, depending on the impeller used. This means
that the off bottom clearance and impeller diameter cannot be independently

considered.
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3) The number of baffles, N, has no significant effect on €,,,, either as an independent
variable, or in the form of interactions with other geometric variables. This is true
for all four impellers, and all three factorial designs.

4) To maintain a roughly constant €g,,, scale up which is not geometrically exact
should be based on D?, not on D°. This is the scaling predicted from theory, rather
than the constant P/pVy (equivalently constant power per unit mass, or average
dissipation) which is commonly used in the literature.

6.4 Conclusions

This work represents the first extensive analysis of the effect of tank geometry on
the maximum rate of dissipation of turbulence kinetic energy, €y, Three axial impellers
(the PBT, A310 and HE3) and one radial impeller (the RT) were studied. These
impellers represent the full spectrum of impellers currently used for turbulent mixing in
industry. Three geometric variables were considered: the number of baffles, the impeller
diameter, and the impeller off bottom clearance.

The local dissipation was estimated from the streamwise RMS velocity
fluctuations using g=Av>/L where A=1.0 and L=D/10 for all four impellers. The
dissipation was shown to scale exactly with N° for the case where the tank geometry is
held constant. The maximum dissipation was located on the traverse immediately below
the impeller for the three axial impellers, and on the traverse at the tip of the impeller
blades for the RT.

Comparison of the scaled €n, values for all geometries considered shows
significant variation between the results both when constant power input per unit mass
(P/pVy) is used as the scaling criterion, and when g, is scaled with N°D?.  The
dominant variable was shown to be the impeller diameter. This effect is in addition to the
expected scaling with D?. Substantial dependence on the off bottom clearance was also
demonstrated. This dependence can be most accurately observed when the dimensionless
clearance, C/D, is used as the experimental variable. The off bottom clearance often

interacts strongly with the impeller diameter, and thus should not be considered as an
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independent variable. The number of baffles had no significant effect on the €,,, either
as an independent variable, or in interactions with other geometric variables. The same
effects of geometric variables were observed when the results were rescaled based on
maintaining a constant dissipation.

The results of this work show that the maximum local dissipation is larger for
impellers with a larger power number. In addition to the dependence on power number,
there is a substantial effect of tank geometry on the value of €,,,. In future, experimental
work which depends on g, should be designed to examine the effects of D/T, C/D, and
interactions between the two variables on the results. Scale up of stirred tanks should
consider €., as well as P/pV, particularly in cases where the type of impeller and/or the
tank geometry are to be changed. The results contained in this work provide some
guidance as to when these effects will be most important, and what values of €y, can be

expected for some standard impellers and tank configurations.
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Table 6-1 Experimental Design and Results-PBT

Tables in Chapter 6

D C

Run| N, |+ T2 |+ 12| cD | N | Re z Emx | Ema

calom|ot| +1 |@pm]| *10* | @¥s) | m¥s’) | N°D*

coal-TA -T2
T + n 1133 | 669 | 0652 | 515 | 2.13
7 | - n 1133 | 669 | 0652 | 562 | 2.32
3| + n - T 1133 [ 669 | 0652 | 432 | 1.78
| - n n T | 1133 | 660 | 0652 | 482 | 1.9
5+ T ¥ T 357 | 843 | 0652 | 120 | 3.94
6 | - m T | 357 [ 843 | 0652 | 105 | 347
71 + m . T 357 | 843 | 0652 | 101 | 332
g | - T - 1357 | 843 | 0652 | 946 | 3.12
5 | + n 1133 [ 660 | 0652 | 776 | 3.20
0| - n 1133 | 669 | 0652 | 69.1 | 2.85

Varying rotational speed

NI + 0 0 357 | 3.75 | 0086 | 334 | 247
N2 | + 0 0 280 | 5.04 | 0209 | 7.71 | 2.36
N3 | + 0 0 580 | 6.09 | 0368 | 151 | 2.62
N4 | + ) 0 701 | 7.36 | 0.652 | 23.8 | 2.33
NS | + 0 0 800 | 840 | 0966 | 37.1 | 244
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Table 6-2 Experimental Design and Results-A310.

D C
Run | N, [ +0.550T [+ T2 | CD | N Re g Emax | Emax
+4(00475T OB | +1 | @pm) | *10* | m¥s’) | m?sh) N'D?
.2 -035T | -T4 | -1

T | + - 1068 | 124 | 0.652 | 302 | 0.758
2 | - - 1068 | 12.4 | 0.652 | 28.1 | 0.706
3 | + - - + | 1068 | 124 | 0.652 | 259 | 0.652
4 | - - - + | 1068 | 12.4 | 0.652 | 209 | 0.526
5 | + + ¥ 503 | 144 | 0652 | 125 | 122
6 | - ¥ ¥ 503 | 144 | 0.652 | 116 | 1.13
7 [ + ¥ - - 503 | 144 | 0.652 | 843 | 0821
8 | - ¥ - - 503 | 144 | 0.652 | 8.16 | 0.795
9 | + - - 1068 | 124 | 0.652 | 26.1 | 0.655
10 | - - X 1068 | 124 | 0.652 | 186 | 0.467

Varying rotational speed
N-1] + 0 0 430 | 9.17 | 0.196 | 4.69 [ 0.979
N2 | + 0 0 503 | 10.7 | 0313 | 7.36 | 0.961
N3 | + 0 0 570 | 122 | 0456 | 109 | 0.976
N4 | + 0 0 642 | 13.7 | 0.652 | 15.2 | 0.952
N-5 | + 0 0 720 | 153 | 0919 | 21.7 | 0.967
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Table 6-3 Experimental Design and Results-HE3.

D C
Run | N, |[+T2|+T2| CcD | N | Re | & Ema | Emac
caloms|ots | +1 |Gpm)|*10* | @¥s | m¥s | N°D?
o |- - |- 12 )
T [ + : T 1604 | 100 | 0.484 | 706 | 0871
7 - n T 1604 | 10.0 | 0.484 | 868 1.07
3] + n » T | 1694 | 100 | 0484 | 656 | 0.810
R - n : + 1694 | 10.0 | 0483 | 807 | 0.99
5T+ | = T T | 567 | 134 | 0483 | 13.1 1.08
6 | - T T | 567 | 134 | 0483 | I5.1 124
T+ | + . 1567 | 134 | 0484 | 673 | 0554
- m : T 567 | 134 | 0484 | 753 | 0620
5 | + » T 1694 | 100 | 0483 | 592 | 0.731
0 | - . 11694 | 100 | 0484 | 538 | 0.664
Varying rotational speed

NI £ ] 0 0 861 | 9.04 | 0259 | 244 139
N2 | + | 0 0 961 | 10.1 | 0360 | 352 134
N3 | + | 0 0 7061 | 11.1 | 0.484 | 48.1 1.36
N4 |+ | 0 0 1161 | 122 | 0.634 | 58.7 137
NS | + | O 0 1261 | 132 | 0812 | 743 135

ot
wn
wh




Table 6-4 Experimental Design and Results-RT.

D C
Run | N, | + T2 | + T2 C/D N Re g €max € max
+alotslota| +1 | epm | *10* | @¥®) | m¥s’) | N°D?
col-Ta|-Ta |- 12
T+ - F 714 | 422 | 0652 | 9.0 | 9.75
71 - . ¥ 714 | 422 | 0652 | 817 | 135
T 1 + | - : T | 714 | 422 | 0652 | 898 | 148
T | - n n T | 714 | 422 | 0652 | 843 | 139
5T+ | + ¥ T | 225 | 531 | 0652 | 135 | 171
6 | - | + T | 225 | 531 | 0652 | 942 | 124
71T+ | + n T 225 | 531 | 0652 | 151 199
g 1 - | + . T 235 | 531 | 0652 | 138 | 181
5 + | - T 714 | 422 | 0652 | 746 | 123
0| - - 714 | 422 | 0652 | 746 | 123
Varying rotational speed

NIl + | 0 0 235 | 236 | 008 | 4.10 | 121
N2 | + ] 0 0 300 | 3.15 | 0204 | 9.73 122
N3 + | 0 0 370 | 388 | 0382 | 178 | 118
Na| + | 0 ] 442 | 464 | 0652 | 314 | 123
Ns| + | O 0 510 | 535 | 1.00 | 484 | 123
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Table 6-5 Calculated effects of geometric variables and interactions on &, /N’D’ for

the factorial design based on N D and C. Scaling of N for constant power input.

Variable or Interaction Effect on the scaled €,
impeller PBT A310 HE3 RT
N, 1.35 0.30 0.25~0.30 54
power input per unit mass 0.652 0.652 0.484 0.652
average of gmac/ N> D? 2.78 0.826 0.906 149
main effects
number of baffles, Ny 0.0670 0.0735 -0.154 0.963
impeller diameter, D 1.41 0.331 -0.0623 3.84
clearance, C 0413 0.255 0.321 -3.54
two-factor interactions
NexD 0.268 -0.0155 0.0383 2.39
NexC 0.0725 -0.00250 -0.0283 -0.388
DxC 0.0725 0.112 0.254 -0.813

three-factor interaction

NpxDxC 0.0625 0.0345 -0.0218 1.94
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Table 6-6 Calculated effects of geometric variables and interactions on €, /N°D” for

the factorial design based on Ng, D and C/D. Scaling of N for constant power input.

Variable or Interaction Effect on the scaled g4,
impeller PBT A310 HE3 RT
N, 1.35 0.30 0.25~0.30 54
power input per unit mass 0.652 0.652 0.484 0.652
average of gma / N°D? 2.96 0.783 0.837 15.1
main effects
number of baffles, N¢ 0.202 0.108 -0.088 1.87
impeller diameter, D 1.01 0.417 0.074 3.58
ratio of clearance to -0.328 0.198 0.390 -1.08
- diameter, C/D
two-factor interactions
NexD 0.133 -0.050 -0.028 1.38
N¢xC/D -0.072 0.001 -0.087 0.925
DxC/D 0.813 0.170 0.185 -3.18

three-factor interaction

N¢xDxC/D 0.208 0.032 0.038 0.525
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Table 6-7 Calculated effects of geometric variables and interactions on €., for the
factorial design based on N D and C/D. €., ’s for the 16 cases with small D were
divided by (D,/D)’ to give scaling for constant €, .

Variable or Interaction Effect on gna
impeller PBT A310 HE3 RT
N, 1.35 0.30 0.25~0.30 54
power input per unit mass 0.652 0.652 0.652 0.652
average of gma 8.97 8.04 12.6 11.4
main effects
number of baffles, N¢ 0614 1.10 -1.36 1.42
impeller diameter, D 3.06 428 3.40 2.73
ratio of clearance to -0.992 2.03 6.11 -0.817
diameter, C/D

two-factor interactions

N¢xD 0.402 -0.507 -0.544 1.04
N¢xC/D -0.219 0.005 -1.27 0.702
DxC/D 2.463 1.74 3.31 -2.41

three-factor interaction
N¢ xDxC/D 0.629 0.323 0.454 0.399
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Table 6-8a 95% confidence intervals calculated from €, /N’D’* values for the 5 runs

with varying N.
impeller mean standard deviation 95% C.I.
PBT 2.44 0.114 0.316
A310 0.967 0.011 0.031
HE3 1.30 0.047 0.133
RT 12.1 0.207 0.575

Table 6-8b 95% confidence intervals calculated from €g,,, values for the 5 runs with

varying N.
impeller mean standard deviation 95% C.I.
PBT 741 0.345 0.957
A310 9.93 0.113 0314
HE3 15.8 0.577 1.60
RT 9.22 0.157 0.437
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Figures in Chapter 6

Figure 6-1 Schematic drawing of the stirred tank and the measuring traverses (-----
used to locate €, for each of the four impellers.

|

Figure 6-2 (ato c) Velocity profiles used to locate €, :
2a) PBT; radial profiles of v,; N~=4, D/T=1/2, C/T=1/3, N=400 rpm.
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2b) A310; radial profiles of v,; N=4, D/T=0.550, C/T=1/3, N=652 rpm.
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2¢) RT; axial profiles of v; N=4, D/T=1/2, C/T=1/3, N=221 rpm.
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Figure 6-3 (ato d) Validation of the scaling of € with N’ N4, C=T/3.
3a) PBT; D/T=1/3, 22/W,=1.35.
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3c) HE3; D/T=1/3, 22/W,=1.46.
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Figure 6-4 Comparison of the scaled €, ’s for all experiments. The RT data was
arranged in order of increasing em/N3Dz. Runs for the PBT, A310 and HE3 were

arranged to match the RT geometry with the same serial number.
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Figure 6-5 (a to d) Normal probability plots of the effects of geometric variables on
em(/N:‘D2 showing the 95% confidence interval around zero effect for the factorial

design based on N, D and C.
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5¢) HE3
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Figure 6-6 (a to d) Profiles of &/N°D? showing the details of the experimental resuits for
the factorial design based on Ng, D and C.
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6¢c) HE3
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Figure 6-7 (a to d) Normal probability plots of the effects of geometric variables on
€, /N°D’ showing the 95% confidence interval around zero effect for the factorial
design based on Ng, D and C/D.
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7¢c) HE3
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Figure 6-8 (a to d) Profiles of &/N°D? showing the details of the experimental results for
the factorial design based on N, D and C/D.
8a) PBT 450

—8—Nf=4,C/D=1 —o—Nf=4,C/D=0.5 —+—Nf-4,C/D=1 --NFf4,C/D=05
-0—-Nf2C/D=1 -o—Nf=2,C/D=0.5 ——Nf=2,C/D=1 —o—~Nf=2,C/D=0.5

400 +

3.50 1

3.00 1
D=T/4

&/N°D?

1.50 1

1.00 +

0.50 +

0.0 02 04 0.6 08 1.0 12 140002 06 1.0 14

2t/D

1.60
8b) A310 —e—Nf=4C/D=1 ——NE4C/D=0.5 ——Nf=4C/D=1 -~ Nf<4,C/D=05
—0-Nf=2,C/D=1 ——Nf=2,C/D=0.5 -a—NfE2,C/D=1 -o—Nf=2,C/D=0.5

1.40 ¢

1.20 1

1.00 +

D=T/4
0.80 +

e/N°D?

0.60 T

0.40 4

0.20

0.00 &8 — : . . . : -
00 02 04 06 08 10 00 04 08 12



8c) HE3
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Figure 6-9 Comparison of scaling based on constant power (closed symbols) vs. scaling
based on constant €, (open symbols) when the impeller diameter is changed from

D=T/2 to D=T/4.
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Figure 6-10 (a to d) Normal probability piots of the effects of geometric variables on
€., Showing the 95% confidence interval around zero effect for the factorial design
based on N D and C/D.
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10c) HE3; £,,,,’s for the four cases with D=T/4 were divided by 8.
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Chapter 7
Particle Size Measurement Using the Phase Doppler Particle Analyzer

7.1 Introduction

The mean drop size and drop size distribution characterize a liquid-liquid
dispersion and determine the transfer rates (mass, heat and/or chemical reaction) in the
dispersion. To improve our understanding of the fundamentals of drop dispersion, the
relationship of the drop size distribution to the flow field was investigated for several
stirred tank configurations, specifically, the effect of dissipation and geometry on the
distribution was investigated. The energy distribution in impeller regions produced by
one radial impeller (the RT) and two axial impellers (the PBT and the A310) was
reported in Chapter 5. The effect of geometric variables on the maximum dissipation for
the four impellers (the RT, PBT, A310 and HE3) was investigated in detail in Chapter 6.
The validation of the phase Doppler particle analyzer (PDPA) experimental method is
presented in this chapter. Experimental measurements of the Sauter mean diameter (ds,).
the minimum drop size and drop size distribution with changing rotational speeds (i.e.
different power input per unit mass and different local dissipation rates) for the four
impellers (the RT, PBT, A310 and HE3) are presented in the following chapter. Some
considerations about the scale-up of liquid-liquid dispersion system are also analyzed

there.

7.2 Phase Doppler Particle Analyzer

As stated in Chapter 4, a phase Doppler particle analyzer (PDPA) measures one
component of velocity and the droplet diameter simultaneously. The velocity is
measured using the principle of LDA as presented in Chapter 4. The PDPA mode uses
phase shift to determine drop size, and there are considerations in PDPA mode in addition
to those associated with an LDA mode. Thus, before the details of our drop size

measurements are considered, the fundamentals of PDPA are explained in some detail.
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7.2.1 Interference Behavior of a Droplet

When a light beam is incident upon a liquid droplet, the light beam is scattered
and a specific scattering interference is formed due to the unique scattering characteristics
(reflections, diffractions and refractions) of the droplet. Different scattering interferences
are formed by liquid droplets with different refractive indices. The scattering interference
formed by a droplet with a refractive index higher than that of its surroundings is shown
in Figure 7-1, in which only two internal reflections (i.e. the second order internal
reflection) are included, and diffraction due to the deviation of light passing in the

forward direction is not shown.

7.2.2 Geometric Optics Approach

A relationship between the signal phase shift and the drop diameter can be
obtained using either of two theoretical tools: (i) Lorenz-Mie theory or (ii) geometric
optics approach.

Lorenz-Mie theory is based on general and exact laws for electromagnetic waves.
The scattering interference is described exactly by Lorenz-Mie theory, however, even
with large computers, the computation time required to calculate the scattering
coefficients for a range of drop sizes using Lorenz-Mie theory can be prohibitive
(Bachalo and Houser, 1984).

Geometric optics is an asymptotic approximation to the laws for electromagnetic
waves. For spheres very much larger than the wavelength of the incident light (i.e.,
nd/A>>1), it is possible to approximate Lorenz-Mie scattering by the interference of
diffracted, refracted, and reflected rays according to van de Hulst (1957). Van de Hulst
demonstrated that for rd/A>10, the scattering of electromagnetic radiation is separable
into the simplified theories of diffraction, refraction, and reflection. When the spheres
have refractive indices sufficiently different from the surroundings, the amplitude
functions derived from the geometric optics are, in the asymptotic limit, equal to the Mie
amplitude functions. In such a scattering interference, regions are found with one of the

three scattering patterns (reflection, diffraction and refraction) dominating. A linear

179



relationship between phase shift and drop diameter can be used for refractive and
reflective scatter, with different slopes for different scattering patterns and orders. The
order of scatter classifies the same scattering pattern experiencing different times of
internal reflections. If several scattering orders are present, each type of scattered light
will interfere and the resulting phase vs diameter relationship may be highly nonlinear
and not useful for measurements. To prevent this being the case, scattering angles must
be chosen where a single scattering order is dominant and diffraction is minimized
(Sellens, 1989, Sankar and Bachalo, 1991).

Diffractive scatter is concentrated in a lobe in the forward direction. Diffraction
effects can be neglected when the off-axis collection angle is greater than ~20° (Sankar
and Bachalo, 1991). Reflective scatter dominates when a PDPA is used in backward
scatter. This is shown in Figure 7-1. For a forward scatter PDPA with a off-axis
collection angle of 30°, refractive scatter dominates. Figure 7-2 shows a sketch of the
dominant scattering lobes when silicone oil with a refractive index of 1.495 is dispersed

in water.

7.2.3 Optical Configuration of a PDPA

In Chapter 4, the operating principles of an LDA were explained using a simple
fringe model. The operating principles of a PDPA can be similarly understood. As a
droplet moves through the measurement volume the projected fringes are swept through
space. A LDA uses one photomultiplier (detector) to measure the frequency shift of the
scattered light, while a PDPA uses two or more (often three for a one-component system)
photomultipliers (PMT’s) placed at different angles to measure the same frequency shift
but with a relative phase shift between each pair of PMT’s which is proportional to the
PMT spacing divided by the projected fringe spacing. The projected fringe spacing is
inversely proportional to the droplet diameter, so the measured phase shift is proportional
to the droplet diameter. Figure 7-3 shows the schematic of an Aerometrics PDPA

optical configuration.
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7.2.4 Experimental Parameters

Instrument Parameters
In Chapter 4, the instrument parameters for the LDA mode were described.
Parameters related to the PDPA mode are listed below:
wavelength A=0.5145 ym
transmitter:  beam diameter dpey,=1.17 mm
clear aperture=72 mm

receiver: clear aperture=106 mm

collection angle and sizing slope

The rule to choose a proper collection angle is to place the receiver in a region
where refraction dominates to obtain a linear relationship between drop diameter and
phase difference. Based on the above instrument parameters and the dispersion of
silicone oil with refractive index of 1.4950 in water, the optimum collection angle can be
determined using the software LSAP offered by Aerometrics, Inc.. A collection angle of
22.5° is in the middle of the region where refraction dominates. The real angle of the
receiver from the center line of two beams is 22.5°x 1.33 ( refractive index of water), i.e.
30°, and a sizing slope of 1.186 is determined accordingly by optical geometry and the
ratio of refractive indices of the dispersed phase and the continuous phase. Thus the

collection angle of 22.5° and the sizing slope of 1.186 are chosen.

Drop Size Measurement Ranges

The measurement range of velocity is well beyond the flow in an agitated tank. It
can be as high as 10° m/s (see Table 7-1), while the velocity in the tank is just 1 m/s, so
velocity measurement puts no limitations on PDPA parameters.

The PDPA used in this work has three sets of beam separations (called tracks in
PDPA) for a fixed focal length (500 mm) of the transmitter. A large beam separation

forms a large intersection angle (y) at the probe (measuring) volume.
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For drop size measurement, the larger the intersection angle is, the smaller the
drop size which can be measured for a fixed focal length of both the transmitter and the
receiver. When the beam separation (track) is fixed, a larger focal length of the
transmitter (or the receiver) enables larger drop sizes to be measured. Thus, choosing a
smaller beam separation and larger focal length of the transmitter (or the receiver) allows
out of drop sizes in the upper measuring limit of the PDPA; while choosing a larger beam
separation and smaller focal length of the transmitter (or the receiver) allows
measurement of drop sizes in the lower measuring limit of the PDPA. Nevertheless,
changing the focal length of the transmitter requires readjustment of the position of the
receiver, which is both inconvenient, and may affect the repeatability of the experimental
method. Thus, it is better to use one fixed focal length of the transmitter. For the same
reason, the focal length of the receiver is also better left fixed.

Calculation of diameter measurement ranges with the tracks and lens focal lengths
(f) available in this PDPA was based on personal communication with Gregory Payne
(Aerometrics, Inc.). The diameter measurement ranges and related parameters are listed
in Table 7-1. For drop size measurements, only two factory settings were chosen which
are in bold face in Table 7-1. They cover both the largest and the smallest drop size
measured using this PDPA. Using these two settings avoids readjusting the receiver. For
completeness, and for possible reference by other users of this PDPA, the diameter ranges
with focal lengths and tracks other than those chosen are also listed in Table 7-1.

Two points need to be mentioned:

1) The diameter measurement range for each set of parameters listed in Table 7-1
only means that the minimum and maximum diameters can be measured with that set of
parameters, it does not mean that the measurement for both the minimum and maximum
diameters can be achieved simultaneously. Within the range the maximum diameter can
be chosen arbitrarily. In most cases, setting the maximum diameter is possible to adjust
the diameter measurement range to cover the whole range of the drop size distribution.

2) The minimum drop size is 0.5 pm.
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In the following experiments, the focal length of both transmitter and receiver lens
was 500 mm; track 1 was used when the mean drop size was larger than 50 um and track
3 was used when the mean drop size was smaller than 50 um (see numbers in bold face in
Table 7-1).

7.3 Choice of Fluids and Tank Materials

Choice of fluids

Measurement of drop sizes using the PDPA mode is more complex than
measurement of velocity using the LDA mode due to the introduction of the dispersed
phase and the more difficult signal processing needed to obtain the phase shift. To obtain
good signal quality, the dispersed phase must be a transparent liquid with a refractive
index different from that of the continuous phase. It must have physical properties which
enable the formation and equilibration of a dispersion dominated by flow conditions
determined by the agitation and the tank and impeller geometry in a mixing system,
rather than by undetermined factors, such as: possible floating or sinking of the dispersed
phase due to large density differences between the dispersed phase and the continuous
phase; sticking of the dispersed phase to tank walls due to the strong bonding between the
dispersed phase and the tank material; poor visibility and signal quality due to an
improper ratio of refractive indices between the dispersed phase and the continuous
phase; or due to an improper volume fraction of the dispersed phase. Table 7-2
summarizes the fluids used by previous investigators with their physical properties and
operating parameters. Only the cases where water was used as the continuous phase are

summarized here.

Accurate measurement of drop size must avoid the above conditions. After
reviewing the systems used by other authors, and considering the properties of
transparency, density and refractive index, silicone oil was chosen as the most favorable.

The reasons for this choice are as follows.
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1) The density of the dispersed phase is critical to the measurement of drop size
and drop size distribution. If the density of the dispersed phase is much larger than the
density of the continuous phase (water), the oil drops will tend to sink to the bottom of
the tank, especially when the rotational speed of an impeller is low; if the density of the
dispersed phase is much smaller than the density of the continuous phase, oil drops will
tend to float to the top of the fluid in the tank: thus the smaller the difference between the
density of the dispersed phase and that of the continuous phase is, the better. Paraffin oils
with reasonable viscosity seldom have densities near the density of water. Silicone oils
can be chosen with a wide range of densities.

2) The refractive index of the dispersed phase is important to the signal quality of
the PDPA. A suitable ratio of the refractive indices between the dispersed phase (ng) and
the continuous phase (n.=1.33 for water) is needed. A large ratio of refractive indices
reduces the received signal strength; while a low ratio of refractive indices reduces the
signal quality. Again, silicone oils can have refractive indices around 1.5, giving a ratio

of refractive index about 1.1 which is well suited to the PDPA measurement.

Fluid Properties

To determine the linear relationship between drop size and phase difference, one
needs to know the ratio of refractive indices between the dispersed phase and the
continuous phase; while to define Weber number and Reynolds number, one needs to
know the viscosity, density of the continuous phase and the surface tension of the two
fluids. All of these properties depend on temperature. Over the course of these
experiments, the temperature remained constant at 20 + 1°C.

From Table 7-2, when water was used as the continuous phase, it was always
deionized to avoid a possible introducing of external forces other than the surface tension
and gravity force. To avoid impurities possibly existing in deionized water and affecting
measurements, deionized ultra-filtered (DIUF) water was used as the continuous phase in

drop size measurements. The DIUF water was supplied by FisherScientific (Catalog No.
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W2-20). Its density and viscosity at 20+1 C° are 998 Kg/m’ and 1.00x10” Kg/s.m..
respectively (Gerhart et al. 1992).

As stated in Chapter 5, vortices are formed in agitated tanks. Air bubbles are
inevitably entrained by the vortices in an open system. To get reliable data of drop size
measurement, one must be sure that no particles or air bubbles are measured with oil
droplets when oil is added. Experimental results showed that negligible particles were
found in DIUF water. Figures 7-4 (a and b) show the experimental results of particle
size measurement for DIUF water with no oil. The collection angle of the receiver and
sizing slope value were the same as drop size measurements with silicone oil which are
given in section 7.2.4. In the experiment with only DIUF water, because nearly no
measurable particles exist, it was difficult to get any signal at a high voltage of 450 V
which was used in the experiments when silicone oil was added, so 700 V of high voltage
was used. From Figure 7-4a, over more than 18 seconds only 23 particles were
measured when the largest diameter was set at 170 pm. The ratio of sample to time is 1.3
s”. From Figure 7-4b, when the largest diameter was set at 50 um only 10 particles were
measured within 50 seconds. The ratio of sample to time is only 0.2 s”. Both figures
show that there are nearly no particles with diameter of <50 um in DIUF water and
particles with diameter >50 um are negligible, and air bubbles entrained by vortices are
not measured when the collection angle of the receiver and sizing slope value are set for
drop size measurements with silicone oil. To check the size distribution of air bubbles,
the collection angle of the receiver and sizing slope value was changed according to the
ratio of refractive indices (water to air), and air bubbles were measured. Figure 7-4c
shows the results. It was found that most of air bubbles measured are with diameters
larger than 250 pum, and air bubbles with diameters <250 um are negligible.

When the experimental results for DIUF water with no silicone oil are compared
with those in which silicone oil was added, particles in DIUF water are negligible
considering such low ratios of sample to time and so high high voltage in the DIUF water
measurement. Figure 7-5 shows a typical experimental result with silicone oil. At450 V
of high voltage, 6000 samples were measured within less than 16 seconds. The ratio of
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sample to time is 375 s'. Even through the effect of high voltage on the ratio of sample
to time is not considered, a maximum of 3 particles in DIUF water may be measured in a
sample of 1000 oil drops.

The dispersed phase was silicone oil with refractive index of 1.4950 and density
of 1050 kg/m’ (supplied by Aldrich Chemical Company, Inc., Catalog No. 17,563-3).
The ratio of refractive indices between the dispersed phase and the continuous phase is
1.124. The density of this type of silicone oil is perfect for our purpose. This is justified
in Figure 8-2. The RMS velocities between the two cases with and without silicone oil
agree with each other which means oil droplets move with the continuous phase with no
slip.

The viscosity of the silicone oil was measured using a co-axial cylinder
viscometer (Contraves Rheomat 115) in this department. The gap width of the measuring
head was 500 um. The length of the rotating bob was 114.3 mm. The bottom clearance
between the bob and the cup was 330 um. A mean value of 173.2x10” kg/m-s with a
standard deviation of 1.212 was obtained for the viscosity of the silicone oil from 8
repeated experiments at 20°C (raw data is given in Appendix-4).

The interfacial tension of the silicone oil/water was measured using a FISHER
Surface Tensiomat, Model 21 (du Nouy method) in this department. The surface tension
of water at 20°C was first measured. Results showed that data obtained with this
Tensiomat agreed with the published surface tension of water at 20°C (72.8 dyne/cm,
Gerhart et al., 1992): the relative error between them is less than 2%. The interfacial
tension of silicone oil/water was measured seven times. The apparent values had a good
reproducibility (45.3, 45.1, 44.8, 44.6, 45.0, 45.3, 45.1 dyne/cm) with a mean value of
45.0 and standard deviation 0f 0.196. The value of 45.0 dyne/cm is used as the interfacial

tension of silicone oil/water.

Choice of Tank Material

Although data for the contact angle between perspex and silicone oil in air is rare
in literature, a simple experiment done in our lab shows that perspex is a very strong
hydrophobic material: a drop of silicone oil spread quickly on the surface of perspex
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plate; while a drop of water did not. If a tank made of perspex is used, some oil in the
dispersed phase will possibly stick to walls of the tank. This will certainly affect the
accuracy and the reliability of measurements of drop size in the dispersion, especially for
a dispersion with a low volume fraction of the dispersed phase. Two choices are
available to prevent the adherence of oil drops to the walls of the tank. One is to add
some surfactant to the dispersion, which inevitably changes the properties of the
dispersion. The second is to rebuild the inner tank using hydrophilic materials. To avoid
any unknown effects caused by surfactants, the cylinder of inner tank was rebuilt using
glass, with the top and bottom plates contacting directly with fluids in the dispersion
made of stainless steel which is also hydrophilic. In order to keep the same tank
geometry as was used for the velocity measurements, the glass tank has the same
diameter and the same height as the perspex tank used for the velocity measurements. To
avoid the introduction of any surfactants, the connection between the stainless steel
bottom plate and the glass tank is free of any kind of glue or sealing agent. The outer
square tank was left unchanged.

7.4 Validation of PDPA Size Measurement
Validation of the drop size measurements was performed in three stages:
1) PDPA size measurements using standard particles;
2) repeatability of the instrument and of the experimental method;
3) feasibility of using step-change in N to combine several experiments in one.

These three issues are explained in detail in the following sections.

7.4.1 PDPA Size Measurements Using Standard Particles
In Chapter 4, it was explained that increasing the high voltage on the
photomultipliers increases the sampling speed of velocity measurement. The voltage
applied to the photomultipliers affects not only the sampling speed but also the accuracy
of drop size measurement. Higher voltages give preference of measurement to drops with
large diameters, so a lower voltage is suggested by the PDPA manufacturers, but the
sampling rate prevents lowering the voltage without limit. By balancing the sampling

speed with measurement accuracy, a voltage of 450 V was chosen for all of the size

187



measurements for both standard particles/water dispersion and oil/water dispersion. The
suitability of this voltage was verified by the accuracy check of PDPA measurements
using standard particles.

Standard polystyrene particles (in solution state) with a mean diameter of
14.6£0.4 um (supplied by Duke Scientific Corp., Catalog No. 241) were used. The ratio
of refractive indices is 1.195, so the collection angle and the sizing slope are 22° and
1.046, respectively. As an impeller agitates the fluid in the tank, air is entrained into the
fluid by vortices formed in the flow and is then broken to form air bubbles. More air
bubbles are created when a large impeller diameter is used. In order to determine if the
air bubbles affected the accuracy of the PDPA measurement, standard particle
measurements both with and without sealing water on the top of the tank cover were
performed. The experimental conditions were: A310, C/D=1/2, N=8.33 1Js, D=0.550T
which is the largest impeller diameter used in drop size measurement. A sample size of
1500 was used. Experimental results showed that measurements using PDPA give results
in good agreement with the known size range of the standard particles: results of all 11
runs are within the given size range of the standard particles. Table 7-3 lists the results.
The typical particle size histogram is shown in Figure 7-6.

From Table 7-3, though it is not possible to define the experimental error of this
technique because the mean diameter of the standard particles is given as a range (14.2 to
15.0 um), the feasibility of PDPA technique was verified. Again, the results are shown in
Table 7-3, and it is clear that the effect of air bubbles is negligible. This is because air
bubbles have totally different light scattering interference. By choosing a proper
collection angle and sizing slope the effect of air bubbles was eliminated.

7.4.2 Repeatability of the Instrument and of the Experimental Method
The transparency requirement of the PDPA makes it necessary to determine the
maximum volume fraction of the dispersed phase before performing drop size
measurements in the oil/water dispersion. After a proper volume fraction was
determined, the same volume fraction was used to check the repeatability of the

instrument and the experimental method.
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7.4.2.1 Volume Fraction, ¢, of Silicone Oil

The number density of drops in a dispersion increases with the increase of volume
fraction, ¢, of a dispersed phase. There is a limit on ¢ for the proper performance of a
PDPA. When ¢ increases to a value which produces a number density of drops high
enough to block the incident light, no signal can be collected by the receiver. The volume
fraction of silicone oil was first set at 0.01%, and drop sizes were measured at four points:
one at r=0 and the other at r=87 mm (near baffles) with 2z/W,=2.0 to give a spatial
flexibility of measurements as large as possible. Since the limit of ¢ is also determined
by the type of an impeller and by the turbulent strength (rotational speed of the impeller),
the A310 with D=0.550T and D=0.350T and the RT with D=0.500T and D=0.250T were
chosen operating at their highest possible rotational speeds. ¢ was gradually increased
until no good signal could be obtained. Experimental results showed that $=0.03% is the
maximum value which is suitable for all the operating conditions to be investigated.
although the PDPA can measure drop sizes with ¢ as high as 1.5% at =87 mm in some
cases. $=0.03% was chosen to enable the use of a large impeller diameter, variation in
wide rotational speeds and arbitrary sampling positions. In all of the following

experiments in which silicone oil was used, the volume fraction of silicone oil is 0.03%.

7.4.2.2 Repeatability of the Instrument and Sample Size

The results in Table 7-3 show that the reproducibility of drop size measurements
is good when standard particles are used. To be sure that this is true for a silicone
oil/water dispersion, the repeatability of the instrument with silicone oil was checked.
The instrument repeatability was tested by repeating drop size measurements at one point
11 times. The first 7 measurements had a sample size of 4000, and the other four had a
sample size of 6000. A large sample size was used because the drop size distribution in
silicone oil/water dispersion is much wider than that of the standard particles.
Experimental conditions were: A310, D=0.550T, C/D=1/2, N=8.22 1/s. The results are
listed in Table 7-4.
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The data in Table 7-4 show that a good repeatability can be obtained using the
PDPA. The maximum difference of d;, among the first 7 runs is 2.3 um (see the two
numbers in bold in Table 7-4). The repeatability with the sample size of 6000 was
similar to that with the sample size of 4000. This means that the sample size of 4000 is
high enough to achieve a good repeatability. A sample size of 4000 was used for the drop

size measurements below.

7.4.2.3 Rinse Procedure and Repeatability of the Experiment

Because of the strong sensitivity of a dispersion to clearness of mixing equipment
(tank, impellers), a proper rinse procedure for the tank and impellers is a prerequisite to
obtain reliable data.

There are two main rinse procedures used by the previous investigators listed in
Table 7-2:

i) acetone-twice distilled water.

ii) nitric acid-distilled water-acetone-distilled water.

The efficiency of a rinse procedure can be tested by checking the repeatability of
the experiment. In this work, the repeatability of the experiment was checked by
repeating one case 4 times on 4 different days. The chosen case was: the A310;
D=0.550T; C/D=1/2; N=8.22 1/s. The examination of repeatability was intended to
justify the rinse procedure of the tank, baffle and impeller. The rinse procedure was as
follows:

i) tap water with detergent;

ii) immersed in running tap water for more than 20 minutes;

iii) nitric acid (0.001 mol/);

iv) immersed in running tap water for more than 20 minutes;

v) deionized ultra-filtered water (at least three times).

The results in Table 7-§ show that although the repeatability of the experiment is
not as good as the repeatability of the instrument (the maximum difference of d;, among
the four runs is 3.3 pm (see the two numbers in italic in Table 7-5)), it is still in the range
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of the random error shown by the data in Table 7-4. Figure 7-7 shows the drop size
distributions at 2r/D=0.55 measured on the four days. They are similar to each other.
The repeatability of the mean drop diameter and size distribution means that the rinse of
mixing equipment is sufficient to ensure experimental repeatability.

7.4.3 Feasibility of Using a Step-Change in N

To find the relationship between Sauter mean drop size (d;;) and energy
dissipation, or turbulence strength (local maximum and/or the average power input per
unit mass, or the tip speed of an impeller), we need to know how ds, changes with the
rotational speed of the impeller. Thus experiments of drop size measurement could be
designed as: fix a rotational speed and obtain a dj, after the equilibrium state of the
dispersion is reached; then increase the rotational speed and obtain another equilibrium
d;,. Here ds, is chosen because it is directly used in the calculation of transfer process via
the total surface area per unit volume, a, by the equation a=6¢/d;,.

Two things need to be considered:

1) How long will it take the dispersion to achieve its equilibrium state?

2) Is it possible to directly change from a low rotational speed to a higher
rotational speed without rinsing and restarting (step-change measurement)? Is there a
difference between a step-change measurement and a new experiment with rinse and refill
of the water and oil before changing to the next rotational speed (rinse-and-change
measurement)? If there is no significant difference between the step-change and the
rinse-and-change measurement, how long will it take the dispersion to achieve a new

equilibrium state at the new rotational speed?

7.4.3.1 Equilibrium Time of Silicone Oil/Water Dispersion

From the velocity measurement experiments, it was found that after 10 to 15
minutes a stable flow is established. Experiments showed that the time needed for a
dispersion in an agitated tank to reach its equilibrium state is much longer than that

needed for a flow field. The data show that the equilibrium state is not attained until at
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least 3 hours after the oil is added. Table 7-6 lists the data. Each entry in this table
represents the average values from 14 spatial points (22/W,=1.4 and r from 6 to 84 mm
with Ar=6 mm) for that time. The total measuring time for all 14 points was less than 2
minutes. The time in Table 7-6 is the time when the first point was measured. Figure 7-
8 shows the plot of d3, changing with time from the data in Table 7-6. Here two lines are
included: one of them shows the effect of surfactant on liquid-liquid dispersion. The
experimental procedure was the same for both cases:

Experimental conditions were: A310, D=0.350T, C/D=1, N=17.8 s,

The inner cylindrical glass tank was first filled with deionized ultra-filtered water;
then the outer square tank was filled with distilled water.

The rotational speed of the impeller was adjusted to the desired value. After 20
minutes, silicone oil was injected into the DIUF water below impeller blades near the
impeller tip. When surfactant was used, 0.0004 mol/l of surfactant-sodium dodecy!
sulfate (SDS) was added first and silicone oil was injected 5 minutes after the SDS was
added. Injecting oil after a stable flow field is created prevents large oil drops from being
trapped in dead-zones of the flow field. This is specially necessary when the rotational
speed is low.

Measurement of the drop size was taken at 14 spatial points in both the impeller
region and the bulk of the tank every 15 minutes after silicone oil was added.

It is clear from Figure 7-8 that the dispersion of silicone oil both with and without
surfactant does not reach its stable state until 3 hours after the oil is added (the beginning
of the dispersion). Addition of surfactant shows a complex effect on ds,: in the first 60
minutes it slows down drop breakup; then it decreases dj, sharply in the next 45 minutes;
after these two stages the dispersion with surfactant shows the same trend as that without
surfactant. Both dispersions achieve their equilibrium state at about 180 minutes, which
is longer than the time reported by Calabrese et al. (1986). They found that after more

than one hour, a silicone oil/water dispersion reaches an equilibrium state.
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7.4.3.2 Effect of a Step-Change in N

To check the feasibility of a step-change measurement, mean drop size data were
collected by changing N step by step. For comparison with the data in section 7.4.3.1, an
A310 with D=0.350T and C/D=1 was chosen. A series of 5 rotational speeds was
collected. Table 7-7 lists the results. Figure 7-9 is the plot of d;, vs time for each N
using the data in Table 7-7. The initial time for N=15.5 s started from when silicone oil
was added, and the initial time for the other four N’s started from when each of them was
changed. The first data was collected 3 hours after silicone oil was added, and the other
four were collected 2 hours after the N was changed. The data without SDS in Table 7-6
can be compared directly with the data with N=17.8 s” in Table 7-7. The only difference
is that the latter was measured after a step-change in N and experienced a longer time in
the tank. The difference between the step-change and the rinse-and-change measurement
is 1.06 (74.68-73.62) um at 120 minutes and 1.02 (74.42-73.40) um at 150 minutes (sce
numbers in bold face in Tables 7-6 and 7-7), both with less than 1.5% relative error and
within the difference (2.3 pm) shown in experiments to measure the instrument
repeatability. As long as enough time is given, a new equilibrium state is established
responding to the new rotational speed, no matter what lower rotational speed was used
before. This may not be true for dispersions which involve strong coalescence or
interactions between the dispersed phase and the continuous phase. Experiments showed
that this was also not true when N was changed from high to low instead of low to high
since the minimum drop size created by a high N can not be coalesced at a lower N.
Excepting the first rotational speed, the equilibrium time is about 120 minutes. The
longer time required for the first equilibrium is easily explained since the dispersion at
the first N evolves beginning with the initial oil injection, and the others evolve from an
established distribution.

7.5 Conclusions

The PDPA used in this work is suitable for the measurement of drop diameters in
the silicone o0il/DIUF water dispersion. The repeatability of the PDPA equipment and of
the experiment is good, which verifies the suitability of the sampling size of 4000 and the
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rinse procedure. A wide impeller diameter and rotational speed range with no limitation
on sampling positions can be achieved when the volume fraction of the dispersed phase is
0.03%. As long as enough time is given, a new equilibrium state is established
responding to a step increase in rotational speed, and the step-change measurements give
good agreement with the rinse-and-change measurements when the rotational speed is
increased.
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Table 7-3 Experimental results with standard polystyrene particles

Run | Mean diameter, d;o (1m) Average d—lO Standard Sealed with
(um) deviation water
1 14.5
2 149
3 14.8 14.8 0.167 yes
4 14.7
5 14.9
1 14.7
2 14.7
3 14.5 14.6 0.117 no
4 14.6
5 144
6 14.6
Table 7-4 Repeatability of the PDPA instrument
Run 1 2 3 4 5 6 7
Sample size 4000
Mean diameter, d;, 104.4 | 105.2 [ 103.8 | 104.7 | 106.1 1049 | 1055
(um)
Average d;, (um) 104.9
Standard deviation 0.750
Run 8 | 9 | 10 ] 11 | i
Sample size 6000
Mean diameter, d;, 105.8 | 104.8 | 104.3 | 103.6
(um)
Table 7-5 Repeatability of the experiment
Run 1 2 3 4
Mean diameter, ds, 104.9* 103.4 106.7 105.9
(um)
Average (—i; (um) 105.2
Standard deviation 1.42

* from the case in Table 7-4.
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Table 7-6. Time evolution of mean drop size, d;,.

Time d;, (SDS=0) d3, (SDS=0.0004 mol/1)
(minutes) (pm) (um)
15 92.73 96.16
30 87.51 94.10
45 83.79 92.07
60 30.88 88.59
75 78.61 82.92
90 76.93 77.75
105 75.85 73.28
120 74.68 71.63
135 74 44 71.08
150 74.42 70.51
165 73.72 69.81
180 73.24 68.99
195 73.22 68.97

Table 7-7 Step-change measurement of mean drop size, d;,

Time d;, (um)

(minutes) N=15.5 N=16.3 N=16.9 N=17.8 N=21.8
(1/s) (1/s) (1/s) (1/s) (1/s)
30 120.0 92.51 87.31 82.11 72.71
60 99.01 90.00 84.50 79.00 68.00
90 95.03 89.03 83.20 75.02 64.02
120 93.92 87.72 82.50 73.62 62.10
150 93.01 87.56 82.37 73.40 61.81
180 92.73
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Figures in Chapter 7
Figure 7-1 Ray trace for light incident on a spherical, transparent particle with an index

of refraction higher than that of its surroundings as is the case for a silicone oil droplet in
water.

incident ray

0 Reflection ‘.//

1 Refraction p=2
2 One internal reflection
3 Two internal reflections

Figure 7-2 Schematic of the scattering lobes for a spherical, transparent silicone oil
droplet with a refractive index of 1.495. Numbers are in units of degrees (not to scale).
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Figure 7-3 Schematic of an Aerometrics PDPA optical configuration.
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Figure 7-4 Particle and air bubble measurement in deionized ultra-filtered water.
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4c) air bubble measurement in deionized uitra-filtered water.
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Figure 7-5 Size histogram measured in silicone oil/DIUF water dispersion.
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Figure 7-6 Typical size histogram of standard particles.
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Figure 7-7 Drop size distribution for the 4 runs with the same tank geometry and N
measured on 4 consecutive days. The Sauter mean diameters are listed in Table 7-§.
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Figure 7-8 Equilibrium time for silicone oil/DIUF water dispersion.
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Figure 7-9 Step-change measurement: ds, vs time at varying N’s.
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Chapter 8

Characterization of Liquid-Liquid Dispersions

In Chapter 7, the validation of the PDPA used in this work was presented. In this
chapter, the experimental results for drop size distributions are analyzed.

As stated in Chapters 5§ and 6, in the experiments to investigate turbulence
energy dissipation in impeller regions and the geometric effect on €,,,, a 50 mm layer of
extra water layer was added on the tank cover to prevent entrained air bubbles forming
vortices, in order to separate the effect of air bubbles from that of tank geometry on the
flow field. The introduction of the dispersed phase prevents the use of the extra water
layer on the tank cover because oil droplets may be driven up to the surface over the tank
cover by the flow. Preliminary experiments were carried out to investigate the effect of
the extra water layer on the flow field and to measure the mean and fluctuating velocities
without the extra water layer to estimate the maximum turbulence energy dissipation rate.
Preliminary experiments also included the investigation of the effect of oil addition on the
flow field.

Four impellers (the A310, the HE3, the PBT and the RT) were used in drop size
measurements with varying geometries. Drop sizes were measured over a wide range of
rotational speeds using the validated PDPA. The emphasis was on the drop size
distribution, on the minimum drop size in oil/water dispersions and on the Sauter mean
diameter. Correlations of d;, with ND (equal tip speed), with P/pVy (equal power input
per unit mass) and with g,,, (a new approach) were compared to determine which is the
best.

First, the experimental procedure and preliminary experiments are presented.
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8.1 Experimental Design

8.1.1 Impellers and Tank Geometry

Four impellers were used: the A310; the PBT; the HE3 and the RT. All the
impellers followed the standard geometries described in section 6.2.2. The seven tank
geometries used for investigating the oil/water dispersion and the flow field are listed in
Table 8-1. These seven cases were chosen based on the experimental results presented in
Chapter 6 (refer to Figures 6-7 (a to d) and Figures 6-10 (a to d)):

a) The number of baffles, N has no effect on €y,,, so four baffles were used in all
seven cases.

b) The impeller diameter has a significant effect on €y, for the A310, the PBT and
the RT, so two A310 diameters were used to investigate the effect of impeller diameter on
Sauter mean drop size and drop size distribution. The reason for choosing the A310 to
check the effect of impeller diameter on drop size distribution is that the A310 has a more
stable flow field and entrains few air bubbles. Because fewer air bubbles are entrained, a
larger impeller diameter can be used.

c) The effect of C/D and the interaction of D and C/D on &,, is the strongest for the
RT from the analysis in Chapter 6, so two ratios of C/D were used for the RT.

d) Since the effect of C/D and the interaction of D and C/D on &g, is not significant
for the A310, the relationship between the mean drop size and the flow field should be
characterized in a similar way when C/D changes if €, dominates drop breakup process.
Thus, two ratios of C/D were used for the A310. The other reason to use two C/D’s for
the A310 is because the A310 is an axial flow impeller, so the effect of C/D on d;; can be
investigated using both one radial flow impeller (the RT) and one axial flow impeller (the
A310).
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8.1.2 Measurement Locations

Because of the non-homogeneous nature of the local turbulence energy dissipation
rates in the tank, the mean drop size and drop size distribution may be non-homogeneous
in the tank. Obtaining a reliable mean drop size to represent the dispersion depends on
the choice of sampling positions. For this thesis, a traverse-average mean drop size was
calculated by taking the arithmetic average of the mean drop sizes on all sampling points
on a traverse. An overall mean drop size was calculated by taking the arithmetic average
of the mean drop sizes on all sampling points for a run, i.e. over all traverses.

For the low holdup dispersion ($=0.03%) used in this work, it was found that
when the Reynolds number (=ND2/v) is larger than 5x10* the traverse-averages are the
same throughout the tank. Table 8-2 lists the mean drop sizes measured over four radial
traverses each having 5 sampling points - 2 located inside the impeller blades; one near
the tip of the impeller and two beyond the impeller blades. The experimental conditions
were: A310, D=0.350T, C/D=1, N=17.5 s'l, Re=12.3x10'. From Table 8-2, the mean
drop sizes are different from point to point on a radial traverse (the maximum difference
of mean drop sizes is 8.11 um, but the maximum difference among the traverse-average
mean drop sizes is only 2.49 pm (from the two numbers in bold in Table 7-9). One
should note that the traverse-average value of d;, cannot be exactly calculated by dividing
the sum of the 5 d;;’s by 5 because dj, is not an arithmetic average. However, the
experimental results showed a similar shape of the drop size distribution at the 5
sampling points on each traverse when the equilibrium state was achieved. Calculation of
d;, using the raw data (drop diameter vs number) for all 5 points on the traverse
22/W=1.40 and the Eq. (3-17) returned a value of 76.32 for d;;. The relative error
between these two methods was only 2%, so the arithmetic average of d;,’s was used for
the rest of the data.

The sampling positions were chosen as follows: when Reynolds number was
<5x10*, four radial traverses were measured to evaluate the non-homogeneity of the drop
size distribution in the tank: two of them were located above the impeller, one just below
the impeller blades and one half-way from the tank bottom to the impeller blades; when
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the Reynolds number was >5x10*, only one radial traverse just below the impeller blades
was measured since the dispersion is homogeneous above this limit. Each radial traverse

had 5 or 6 sampling points. Table 8-3 lists the locations all of the radial traverses, and

the points on each traverse.

8.1.3 Experimental Parameters and Procedure
The PDPA parameters, experimental conditions and experimental procedures

were presented in Chapter 7, and are summarized below.

Fluids and their properties at 20°C*:
continuous phase: deionized ultra-filtered water.
dispersed phase: silicone oil with a density of 998 kg/m3 and a refractive index of
1.495; volume fraction of silicone oil, ¢, 0.03% (vol. of oil/vol. of water).
interfacial tension: 45x107 kg/s’.

* Temperature was kept at 20+1°C.

PDPA parameters:
1) voltage applied to photomultipliers=450 V.
2) collection angle=22.5°; sizing slope=1.186.
3) sample size=4000.
4) focal length of both the transmitter and the receiver=500 mm.
5) track 1 was used when d;, > 50 um; track 3 was used when d;; < 50 pum.

rinse procedure:
1) tap water with detergent;
2) immersed in running tap water for more than 20 minutes;
3) nitric acid (0.001 mol/1);
4) immersed in running tap water for more than 20 minutes;
5) Deionized ultra-filtered water (at least three times).
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Experimental procedure:

1) Fill inner cylindrical tank with DIUF water; then fill outer square tank with
distilled water.

2) Set the lowest rotational speed (the first N). Add 3.24 ml silicone oil into the
DIUF water below impeller blades using a pipette (precision=+0.01 ml) after the impeller
has operated 20 minutes (the volume of the inner tank is 10.8 1, so the oil volume added is
3.24 ml for $=0.03%).

3) Equilibration time for the first N is 180 minutes and 120 minutes for each
following N.

4) Perform drop size measurements on four radial traverses (two above and two
below the impeller) when Re<5x10* and on one radial traverse below the impeller when
Re>5x10*. Each traverse has 5 points for the A310 (2 inside impeller blades, one at
impeller tip and two beyond impeller); each traverse has 6 sampling points for the HE3,
the PBT and the RT (2 inside impeller blades, one at impeller tip and three beyond
impeller).

5) Increase N step by step to the maximum value, when the entrained air bubbles
strongly weaken the signal. Stop the impeller and thoroughly wash and rinse the mixing

equipment for the next case.

8.2 Preliminary Experiments to Investigate the Effect of the Extra Water Layer and
Oil Addition on the Flow Field

8.2.1 Effect of the Extra Water Layer on the Flow Field
As explained in Chapter § and Chapter 6, the maximum turbulence energy
dissipation rate can be estimated using Eq. (2-41) from the maximum RMS velocities in a
flow field. The effect of geometry on the maximum turbulence energy dissipation rate
was analyzed in Chapter 6. As stated in that chapter, in order to prevent other factors

from interfering with the geometric effect on ¢,,,,, a 50 mm of water (extra water layer)

213



was added on the top of tank cover to prevent entrained air bubbles forming vortices.
Experiments with silicone oil cannot use the extra water layer because the oil droplets are
driven up onto the tank cover through the hole for the impeller shaft. Thus, when no
extra water layer is added, the maximum RMS velocities in flow fields without silicone
oil need to be measured separately with the same tank geometries as cases with silicone
oil. In order to compare the effects of tank geometry on &, With and without an extra
water layer, a factorial design was used with two D’s and two C/D’s for the four
impellers. Since the number of baffles has no significant effect on €,,,, the number of
baffles was not changed and four baffles were used throughout. The experimental results
and tank geometries are shown in Table 8-4. Comparing the data in Table 8-4 with the
results listed in Tables 6-1 to 6-4 where the extra water layer was used shows that when
no extra water layer is used the g€, ’s decrease by about 10%, but the effect of tank
geometry on €,,,, shows no significant change. Figure 8-1 (a and b) compares the typical
experimental results for RMS velocities with and without an extra water layer and
without an extra water layer when no silicone oil is present. The entrained air bubbles
damp the turbulence intensity, but do not significantly change the behavior of the flow
field close to the impeller.

8.2.2 Effect of Oil Addition on the Flow Field
As discussed in Chapter 3, drop breakup in liquid-liquid dispersions may occur
by two main mechanisms, namely ligament stretching and turbulent fragmentation.
Ligament stretching breakup dominates when the dispersed phase is viscous and/or the
Reynolds number is low; while turbulent fragmentation dominates when the viscosity of
the dispersed phase is low and/or the Reynolds number is very high. For a less viscous
dispersed phase, the turbulent fragmentation of droplets is caused by turbulent pressure

fluctuations, often estimated using p, V3(d). Note that p, V3(d) is the external or
deforming force in a continuous phase experienced by a drop with a diameter of d. If the
size and the velocity of the drop are measured simultaneously, the drop velocity may not

represent the velocity of the continuous phase as experienced by the drop and thus could
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not be used to express the turbulent pressure fluctuations. Thus it is necessary to measure
the velocity of the continuous phase and the drop diameter separately. The validity of
this method and the possibility of relating the drop size to the separately measured flow
relies on the assumption that the dispersed phase has a very low volume fraction. In this
case, introduction of the dispersed phase creates a negligible difference in the flow field
and because the drops are small, they closely follow fluctuations in the flow. In this
work, the volume fraction of the dispersed phase is 0.03%. Both the flow without the
dispersed phase (water velocity) and with the dispersed phase (drop velocity) were
measured without the extra water layer. Comparison of the RMS velocities between the
two cases shows that 0.03% (vol.) of silicone oil has a negligible effect on the flow field
and that the oil droplets closely follow the water flow. Figure 8-2 (a and b) shows
typical results. However, since gcv’, the error in the RMS velocity is cubed when € is
estimated, so the RMS velocities were measured separately with no extra water layer.

The experimental results are listed in Table 8-4.

8.3 Drop Size Distributions

The mean drop size can not fully characterize a dispersion because the same
Sauter mean drop diameter can be obtained for dispersions with different drop size
distributions. To describe a dispersion, both the mean drop size and the drop size
distribution are needed.

8.3.1 Drop Size Distributions Proposed by Previous researchers
A lot of work has been done to characterize the drop size distributions of various
dispersions, and several functions have been proposed. There are two main types of drop
size distribution, normal and log-normal. Because of improving methods of drop size
measurement and coverage of wider operational conditions of more dispersion systems,

several other distributions have been suggested.
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a) Normal Distribution

The volumetric probability distribution function can be represented by a normal
distribution function. Chen and Middleman (1967) used a normal distribution function
normalized with respect to d;, to represent the drop size distribution of a xylene/water
dispersion agitated by Rushton turbines (Eq. (3-21)). They found that the drop size
distribution depends only upon dj,.

Brown and Pitt (1972) used an equation similar to Eq.(3-21) to represent the drop
size distribution of a kerosene/water dispersion agitated by Rushton turbines. By a
detailed examination, they noticed that a bimodal form of the distribution exists. They
found that no effect of impeller speed on the distribution was evident. Photographic
measurements were used in their work. They assumed that no coalescence existed in the
kerosene/water dispersion even with a volume fraction of the dispersed phase as high
0.20, so pictures were taken near the bottom of the tank. Because of the sampling
location, large drops were truncated and no data beyond 1.7 times the standard deviation
(1.76(d/d;;)) were obtained.

Nishikawa et al. (1991) used a combination of normal distributions to express
both the number density distribution and the volumetric probability distribution in order
to fit a whole range of drop sizes. They found that a combination of three normal
distributions gives a good fit for the volumetric drop size distribution and that a

combination of two normal distributions can fit the number density distribution.

b) Log-normal Distribution
Several investigators found that the number probability distribution function of
drops is a log-normal distribution (Keey and Glen, 1969, Nagata and Yamaguchi, 1960,
Yamaguchi et al., 1963, cited from Tavlarides and Stamatoudis, 1981):

1 (logd - logdo)°
d) = ————exp[-
£a(d) V2n logo exp 2(log <:r)2

where d, is the arithmetic mean drop diameter, o is the standard deviation.
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Parthasarathy and Ahmad (1994) used a sampling/photography method to
investigate the bubble size distribution of an air/water dispersion in a gas-sparged tank
agitated by a Rushton turbine. 50 ppm of methylisobutyl-carbino was added to prevent
coalescence. They found that with increasing agitation, the drop size distribution changes
from unimodal to bimodal, and again to unimodal, as the bubble population moves
progressively down the size scale. They summed two log-normal distributions, each with
its distinct statistical parameters, to deal with the bimodal distribution.

c) Other Distributions

Several other distributions have been proposed, such as the Erlang distribution,
the Weibull distribution, and the Gamma distribution for bubble size distribution, but
they are less common in liquid-liquid dispersions. The distribution given by Schwarz-
Bezemer was found to fit the drop size distribution very well (Sprow, 1967a):

InV%=In100+d./dmax —d./d

where V% is the cumulative volume percent of drops below diameter d, d. is a
characteristic diameter related to the maximum of the distribution function, and d,,, is
the largest drop diameter in the dispersion. Another distribution function worth
mentioning is that proposed by Gal-Or and Hoelscher (1966, cited from Tavlarides and
Stamatoudis, 1981) which directly relates drop size distribution with the rotational speed
and holdup fraction

172
f(d)= 4(%—] d2 exp(-adz)
in which

o =(16xV3N/3$)?3>0

Many investigators have found that a single distribution function is not able to
describe the whole range of drop sizes, especially the small or large drop sizes, so the

current trend is to use a combination of distribution functions of the same form to express
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the drop size distribution (see Nishikawa et al. (1991) and Parthasarathy and Ahmad
(1994)).

8.3.2 Changes in the Drop Size Distribution with Increasing Rotational Speed

In some industrial processes (e.g. processes involving selective chemical reactions
or separations) a well defined size distribution is ideal for achieving a better process
result. Knowledge of drop size distributions as they evolve with turbulence intensity
and/or rotational speed is important to understand the fundamentals of mixing as they
relate to industrial applications.

In this work efforts were made to measure drop sizes with varying impellers and
with as wide a range of operational conditions as possible to cover a broad range of
possible evolution patterns. The experimental results: changes on the drop size
distribution with changing rotational speed, are shown in Figure 8-3 and in Appendix-1.
In general, four distributions appear in the evolution of the drop size distribution with
rotational speeds for the four impellers studied:

a) At low rotational speeds, the drop size distribution has a high peak on the low
diameter side and a long tail on large diameter side. This distribution was named a long
tail distribution. The distribution on the lower diameter side can be simply represented
by a normal distribution.

b) As N increases, the large drops are broken by the enhanced flow and a second
peak appears in the middle of the distribution. This distribution was named a double
peak distribution. The double peak distribution can be represented by superimposing two
normal distributions with their unique mean drop sizes and standard deviations.

c) As N increases further, the distribution on the large diameter side continuously
shrinks and the whole distribution changes back to mono-modal, but with a wider and
skewed peak. This distribution was named a skew distribution. A skew distribution can
not be simply represented by a single normal distribution. A skew distribution such as a
Poisson distribution, an exponential distribution, a ['distribution, or two superimposed
normal distributions need to be used.
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d) Finally, N reaches a value at which both the small diameter side and the large
diameter side shrink and the distribution becomes more symmetric. This distribution was
named a skew-normal distribution to distinguish it as a distribution close to a normal
distribution. A normal distribution can represent this mono-modal distribution. The
symmetry of the distribution is due to the coalescence of small droplets and breakup of
large drops. Both of these occur due to increased energy in the flow.

By checking the evolution of drop size distribution with N, a more symmetric size
distribution can be expected when N is larger than 22.7 st

Although all four distributions were not present in all seven cases studied, the
trends described were followed in each case. The only exception is the RT with C/D=1,
for which no clear second peak forms when N increases, which may be because it has a
narrower drop size distribution and the newly-formed drops (from continuous breakup of
large drops due to the enhanced flow as N increases) have diameters in the range of the
first peak.

A quantitative description of the evolution of drop size distribution with rotational
speed, based on the fitting parameters for two normal distributions would provide no new
physical insights: however, it would be useful to have a single descriptive variable which
tracks the drop size distribution. Several possibilities were examined.

Following d,, as it changes with N shows the evolution of the drop size
distributions. Thus, instead of deriving distribution functions for all impellers and
rotational speeds, the arithmetic mean diameters and their deviations at different
rotational speeds for all seven cases were plotted to show the evolution of the drop size
distributions. The case - A310 with D=0.350T and C/D=1 (which clearly shows the four
distributions) is analyzed in detail.

The arithmetic mean drop size was calculated using Eq.(3-14):

max.d

2din;
le — mind (3_14)

max.d

Z n;
min.d

and the standard deviation o(d) was calculated using:
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max.d
2 (d;-d, )211;

o(d)= |mind (8-1)

max.d

2n;-1
min.d
The area mean and volume mean diameters, d,, and d;, were defined in Chapter 3. The
values of d;q, 6(d), dyg and d;y with N, Re, P/pV and €, are listed in Table 8-5. d,,,
o(d), d,o and d;, are all overall mean values (defined in section 8.1.2). From Table 8-5,
o(d) shows a consistent decrease with an increase in rotational speed. The volume mean
diameter, dj,, also shows a consistent decrease with the increase in rotational speed,
excepting the case of the A310 with D=0.350T and C/D=1. The arithmetic and area
means show a similar pattern of change with rotational speed, but d,o tracks changes in
the drop size distribution more closely. Because d;; can characterize the drop size
changes with rotational speed as effectively as dy, and is analyzed in detail in section 8.5,
d; and o(d) were chosen to characterize the evolution of the drop size distribution with
rotational speed.

Figures 8-4 (a to g) are the plots of d;y and o(d) versus rotational speed for all
seven cases. From Figures 8-4 (a to g), it is found that the standard deviation decreases
consistently with increasing N because the drop size distribution become more symmetric
and narrower as N increases; the arithmetic mean drop size showed no consistent
behavior with increasing N because of the appearance of the second peak and/or the
movement of peak towards the large diameter side.

For the A310 with D=0.350T at both C/D=1 and 1/2 (Figures 8-4a and b), the
arithmetic mean drop size first increases with increasing N as the second peak is formed
due to the breakup of large drops; then the arithmetic mean drop size decreases as N
increases because of the continuous breakup of large drops; finally, when N reaches a
value at which coalescence becomes significant the arithmetic mean drop size increases
with increasing N. For the A310 with D=0.550T (Figure 8-4c), the range of rotational
speeds is limited by air bubble entrainment, so the highest value of N is 10.5 s' - at

(3%
[
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which the g,,,, was only 18.1 m%s’. In general however, the arithmetic mean drop size
decreases with increasing N in the range of N measured.

For the HE3 (Figure 8-4d) and the PBT (Figure 8-4e), the arithmetic mean drop
size shows similar trends to the A310 as N increases. That is: an increase in d,, with the
formation of the second peak, a decrease with the continuous breakup of large drops, and
an increase with the coalescence of small droplets. When N increases further, the
arithmetic mean drop size decreases again; this effect may be caused by further breakup
of large drops at high €,,,’s.

For the RT, no clear second peak is found in the range of N investigated. When
C/D=1 the drop size distribution is characterized by quick movement of the peak towards
the larger diameter and quick shrinkage of the largest drops, so the arithmetic mean drop
size increases with increasing N. When C/D=1/2 the arithmetic mean drop size decreases
slowly with increasing N. Note that &, is much smaller for large for C/D=1/2 than for
C/D=1. Figures 8-4f and g show the plot of d) and o(d) vs N for the RT with C/D=1
and C/D=1/2, respectively.

From Figures 8-4a through g, it is clear that the arithmetic mean diameter can not
consistently be used as a characteristic mean to depict the relationship between the mean
drop size and the turbulent flow; however, the changes in d;o with N can be clearly
explained if the evolution of the drop size distribution is also considered.

From the experimental results and analysis above, it is clear that the drop size
distribution changes with the rotational speed. The evolution of the drop size distribution
with N is expected to become more complex when high volume fractions of the dispersed
phase are used, due to increased coalescence. From this work, we can conclude that some
distribution functions proposed by previous investigators may only represent the
dispersion at the rotational speed range they chose. The evolution of the drop size
distribution with rotational speed investigated in this work illustrates why so many
different drop size distributions have been reported in the literature.
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8.3.3 Characterization of the Drop Size Distribution Using Two Superimposed
Normal Distributions

In the section above, the evolution of the drop size distribution with rotational
speed was analyzed qualitatively. Four types of distribution were presented. Although a
general description of the distribution was not attempted, fitting the experimental
distribution using distribution functions is sometimes useful for predicting the drop size
distribution in varying flow conditions. In this section, the experimental distributions are
fit with distribution functions.

It is clear from the seven cases investigated that a single distribution function
cannot characterize the evolution of the drop size distribution with N. The long tail
distribution can be represented by a normal distribution on the small diameter side and an
equal-probability distribution on the large diameter side; the double peak distribution can
be represented by superimposing two normal distributions; the skew distribution is a kind
of distribution which should be represented either by a Poisson distribution, a '
distribution, or a [—distribution. Alternately, the drop size distribution (from the double
peak distribution to the skew distribution and finally to the skew-normal distribution)
may be represented by combining two normal distributions. No further explanation is
needed for the double peak distribution and the skew-normal distribution. For the skew
distribution, one can superimpose two normal distributions with overlapping two sub-
ranges of diameter - a main normal distribution on low diameter side and a secondary
normal distribution on large diameter side to characterize skewness. When N is large, the
two predicted normal distributions become one.

The following explains how two superimposed normal distributions are used to fit
the double peak distribution, the skew distribution, and finally the skew-normal
distribution. The normal number probability density is given by the following equation:

n; 1 1 1
P,(d)= “‘%":—-ldA—di= — Pl 57 @i - dw)] 3-2)
n:
min.d l
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and the cumulative number probability density is calculated by:

d;
F,(d;)= X pa(di) (8-3)

min.d

Double Peak Distribution

When N=15.5 s in Figure 8-3, the second peak appears clearly in the drop size
distribution. Two normal distributions can represent this distribution well. The range of
drop diameters is divided into two sub-ranges. The drop size distribution in each of the
two sub-ranges is represented by Eq. (8-2) with different d\y’s and o’s. d; and o are in
units of pm. Figure 8-5a shows the comparison of experimental drop size distribution
(plotted as F,(d) vs d) and the distribution fit using two superimposed normal
distributions with two sets of (d;q, 6): (27.4, 13.1) and (88.3, 25.0). Two line segments
represent the predicted cumulative density for each normal distribution. The fit

distribution agrees well with the experimental distribution.

Skew Distribution

As large drops break further with increasing N, the second peak in the drop size
distribution gradually disappears. A skewed distribution forms with an increase of mid-
size diameter drops. This is shown for N=18.8 s in the case of A310 with D=0.350T
and C/D=1. Figure 8-5b shows the comparison of the experimental drop size
distribution (plotted as F,(d) vs d) and the distribution fit using two superimposed normal
distributions with two sets of (d,o, 6): (23.4, 10.4) and (65.3, 18.7). The distribution is
again in good agreement with the experimental distribution.

Skew-Normal Distribution
As N increases, the drop size distribution becomes more symmetric and finally a
single nearly normal distribution appears. This is shown for N=22.7 s in the case of
A310 with D=0.350T and C/D=1. This distribution can be represented by a single
normal distribution, but the use of two superimposed normal distributions can better
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represent the experimental distribution. Figure 8-Sc shows the comparison of the
experimental drop size distribution (plotted as F,(d) vs d) and the distribution fit using
two superimposed normal distributions with two sets of (d;g, 6): (21.7, 8.39) and (59.3,
15.7). The predicted distribution is in good agreement with the experimental distribution.

If measurements of the drop size distribution were taken at small intervais of N in
the range from the double peak distribution (after the long tail distribution) to the skew-
normal distribution, a relationship between the rotational speed and the parameters (d,o,
o), as well as the division of the two diameter sub-ranges could be obtained. This
approach may result in an unique distribution function which generates the experimental
distribution from the double peak distribution. The data collected here are not complete

enough to generate a model.

8.3.4 Conclusions about the Drop Size Distribution

Four types of drop size distribution were found in the evolution of the drop size
distribution with N: the long tail distribution; the double peak distribution; the skew
distribution and the skew-normal distribution. The arithmetic mean diameter (d,q) can
not be used as a characteristic mean to depict the relationship between the mean drop size
and the turbulent flow as all the impellers are considered, but its changes with N track the
evolution of the drop size distribution with N for each impeller. Excepting the long tail
distribution, the drop size distributions can be fit using two normal distributions with two
different diameter sub-ranges. It may be possible to derive an unique distribution
function to represent the drop size distribution from the double peak distribution using the
parameters (d,q, 6(d)) and the break between the two distributions as functions of N.
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8.4 Minimum Drop Size

8.4.1 Kolmogoroff length scale

Kolmogoroff used dimensional analysis and derived a length scale n = re)').
This Kolmogoroff length scale has frequently been used as an estimate of the minimum
drop size for dispersions in agitated tanks. The relationship between n and the turbulence
energy dissipation rate € described by Kolmogoroff’s equation is shown in Figure 8-6.
When ¢ is low, i decreases rapidly with increasing €. For example, when € increases
from 10 to 25 m%/s’, n decreases by 3.64 pm; but when & increases from 400 to 1000
m%/s®, n decreases only 1.45 um (taking water at 20 °C as the continuous phase). For the

flow in an agitated tank, the reported values of the ratio &/ £ are of the magnitude of 100
m?%/s>. The highest ratio of €/€ reported by previous investigators is 270 (Cutter, 1966).

Most reported values of &/ ¢ are smaller than 100 (Okamoto et al., 1981, Costes and
Couderc, 1988, Wu and Patterson, 1989(see Chapter 2), this work(see Chapter 5)). The

value of ¢ for the flow in an agitated tank is ~1 m?/s’. The maximum possible value of
Emax 1S 1000 m?/s’. Even for €p,,=1000 m?%s’, n can not be smaller than 5 pm if
Kolmogoroff's equation holds. The experimental drop size distributions consistently
include drops much smaller than this.

Chen and Middleman (1967) once predicted that “under conditions of extremely
high energy input it is possible to produce drops smaller than v. Such drops would be in
a dynamic regime known as the viscous subrange.” The turbulence in agitated tanks,
however, shows behavior characteristic of the inertial subrange (Cutter, 1966, Kim and
Manning, 1964, Komasawa et al., 1974, Nishikawa et al., 1976, Gunkel and Weber, 1975,
Kresta and Wood, 1991, Hinze, 1987), not the viscous subrange. Thus the power input
cannot be considered extremely high.

Unlike the maximum stable drop size in a dispersion, which has been investigated
extensively, no published articles question the suitability of the Kolmogoroff length scale
for dispersions with varying turbulence energy dissipation levels. There are four possible

reasons for this scarcity:
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a) the local turbulence energy dissipation rate € can not be determined simultaneously
with drop size measurement when traditional measuring methods, such as
sampling/photography and drop encapsulation are used.

b) lack of a suitable measuring method to detect droplets smaller than 10 ym. In a
recent paper of Pacek and Nienow (1995), the video and capillary technique are
compared. They found that the video technique allows droplets from 25 pm upwards to
be measured and that both the minimum and maximum drop diameters measured with the
capillary technique are limited by the design of the capillary (funnel diameter and tube
diameter and length).

c) strong coalescence coexists in dispersions (the minimum volume fraction of the
dispersed phase used by previous investigators is 0.057% (Berkman and Calabrese, 1988,
see Table 7-2).

d) the non-arbitrary sampling always over-estimates drop size (e.g. sampling near
tank wall in in-situ photography method; smallest droplets undetected by capillary tube;
difficult to access the strongest turbulent energy dissipation region using
sampling/photography method).

Contradicting the scarcity of the investigation of the minimum drop size in
dispersions, the relationship between the minimum drop size and the agitation in mixing
equipment is very important to some industrial processes. This research on the minimum
drop size in an oil/water dispersion is based on requirements at Syncrude Canada Inc.. In
the bitumen extraction process, fine water droplets of 1 um diameter are found after the
separation of bitumen from oil sand in a tumbler. The fine water droplets contain
dissolved minerals which are harmful to the following processes. Knowing the
relationship between the minimum drop size and turbulent flow may be helpful to efforts
to prevent generation of the fine water droplets.

As stated in Chapter 7, with this PDPA, the minimum drop diameter measured
can be as small as 0.5 um if a proper diameter range and settings are chosen. Thus the
PDPA makes it possible to measure the minimum drop sizes in dispersions agitated by

different impellers with varying tank geometries. This is the first effort ever made to
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experimentally test the suitability of the Kolmogoroff length scale as an estimate of the
minimum drop size in liquid-liquid dispersions in agitated tanks.

8.4.2 Experimental Results for the Minimum Drop Size
The minimum drop sizes are presented in terms of:

a) number probability density, P(d)

S |
Pa(di) = e 2
2 n;
min.d

where n; is the number of droplets with diameters between d; and d;.,; and
b) Cumulative number probability density, F,(d)
d;
Fo(dj)= 2 Py(d;)
min.d

When di=n, F,(d;) is expressed as F(n) which determines the number percentage of drops
with diameters <n. If the Kolmogoroff length is the smallest drop size, F(n) should be
zero.

The experimental results which follow show that the minimum drop sizes are well
below what Kolmogoroff's equation predicts. These smallest droplets are formed purely
by agitation, not by other factors because no such droplets exist in DIUF water. Figure 7-
3b shows that in 50 seconds, only 3 droplets smaller than 13 pm were measured in DIUF
water. When silicone oil was dispersed in the DIUF water, 4000 drops were measured in
10 seconds. Effectively, all of the droplets smaller than n in the dispersion are oil drops
created by the flow.

The experimental F(n)’s at different N’s are listed in Table 8-5. The gn,,’s in
Table 8-5 are calculated using €z, 2= Emax,1 “N2/N 1)3. N, and &p,,. are taken from Table
8-4. Each F(n) at a rotational speed in Table 8-5 was from one of the sampling points in
each case, not a traverse-average mean value or overall mean value. The measurements

were taken inside the impeller blades (21/D<1) to avoid selecting the region where €,,,
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appears since F(n) may be larger in the region which contains €,,,. In fact, the dispersion
is homogeneous in the tank when Re>5x10* (see section 8.1.2).

The measured drop size distributions show that in some cases as many as 35% of
drops have diameters smaller than n, particularly when N is low. With an increase in N,
F(n) decreases for six cases out of the seven listed in Table 8-1. One case (A310 with
D=0.350T and C/D=1) shows a jump in F(n) after a consistent decrease with N. The
higher number percentage of drops with diameters <n when N is low is an indication that
drop breakup in this system may be mainly due to the turbulent fragmentation mechanism
and that drop breakup dominates when N is low. Droplets smaller than n are created
continuously by the turbulent fragmentation and can survive at low N’s. Only 3 values of
F(n) are less than 1% (see numbers in bold and italic in Table 8-5). They are: the A310
with D=0.350T and C/D=1 at N=20.7 s'; the PBT with D=T/4 and C/D=1 at N=30.0 5™
and the RT with D=T/4 and C/D=1 at N=20.3 5. All three values of F() less than 1%
resulted from the highest N used. This means that even with a low volume fraction of
dispersed phase, coalescence occurs when N is high.

Figure 8-7 shows the evolution of the cumulative number probability density as
well as F(n) for various rotational speeds for the PBT with D=T/4 at C/D=I1 and
2r/D=0.30. The figures in Appendix-B show the evolution of the cumulative number
probability density as well as F(n) for various rotational speeds for the six other cases
summarized in Table 8-1. The slope of the line on the low diameter side with increasing
N as the peak of the drop size distributions moves to larger diameters, possibly due to a)
enhanced flow and b) increased collision efficiency due to increased energies of collision.

There are two arguments for why the Kolmogoroff length scale does not predict
the size of the smallest drops in dispersions in agitated tanks: a) the Kolmogoroff's
equation is incorrect; b) €y, is incorrect, ¢) Kolmogoroff’s equation does predict the
smallest drop which can be broken, but does not predict the smallest drops resulting from
the breakup of mother drops into multiple smaller drops, The author of this thesis
considers that argument (a) may be the real reason why Kolmogoroff length fails to

predict minimum drop sizes in dispersions in agitated tanks. The reason is simple: using
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Kolmogoroff's equation to obtain 1 pm drops requires that the €,,,, or the ratio of &/ €, is
of a magnitude of 105, which is unimaginable for the flow in agitated tanks.

From the data presented above, it is reasonable to question the applicability of
Kolmogoroff length as an estimation of minimum drop size in dispersions in agitated
tanks, especially when no coalescence exists. It is also clear that the Kolmogoroff length
as an estimate of the length scale of drops in agitated tanks is in agreement with the data
obtained in this work: the Kolmogoroff length is of a magnitude of 10 pm (6 to 20 um
using the estimated €,,,,’s in Table 8-4). The diameters for most droplets measured are
also of a magnitude of 10 pum.

8.4.3 Correlation of F(n) with Flow Field and with Drop Size Distribution

From the data listed in Table 8-5, Figure 8-7, and the analysis above, it is clear
that the minimum drop size (F(n)) is related to the flow field and to the drop size
distribution. At low rotational speeds, F(n) is large, corresponding to the distribution
with a peak on small diameter side. When N increases, F(n) decreases as the peak moves
to larger diameters.

Turbulent fragmentation appears to dominate drop breakup when N is low since a
lot of droplets are formed with diameters smaller than the Kolmogoroff length;
coalescence coexists with drop breakup when N is high since the drop size distribution
shrinks in the low diameter side. Both the turbulent fragmentation and the coalescence
produced by the enhanced flow are related to the turbulence energy dissipation, so F(n)
should be related to €,,,. Plots of F()) versus N, ND, Re, €, and P/pV (Figures 8-8)
show that €, gives the closest correlation with F(n). Excepting the plot of F(n) vs €,,,
the data are more scattered when all seven cases and four impellers are considered
together. Although P/pV shows nearly as good a correlation with F(n) as €,,, (based on
the R-square value), the data for the A310 with D=0.550T fall off the curve in Figure 8-
8e, while only single points are bad in Figure 8-8d. When each of the seven cases is
considered separately, F() shows a somewhat defined relationship with any of the
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variables considered. Only when a wide range of D/T, C/D, &,,, and impeller geometries
are combined does the underlying physics begin to emerge.

An effort was also made to correlate F(n) to the drop size. Figures 8-9 (a to ¢)
are the plots of F(n)) with dyg, dsg and ds,, respectively. The d3,’s at different N’s for each
of the seven cases are listed in Table 8-9. From Figures 8-9 (a to c), the data on each
plot are scattered. No clear relationship between F(n) and d,g or d3, or d;; can be drawn
when the seven cases of the four impellers are considered together. This is because F(n)
is related to the whole distribution of the drop size, not just the drops with small
diameters or large diameters, whereas d,y, d; and d;, are mean diameters which over-
estimate either drops with small diameters or drops with large diameters. Thus, F(n) is
replotted with ds¢/d; and with ds,/d;. Figures 8-10 (a and b) are the plots of F(n) vs
dso/d;o and F(n) vs d;,/dq, respectively. The data on both figures are included in a fan-
shaped region which can be closed by two dashed straight lines, and the intercepts of the
two lines on each abscissa are crossed at a point on the abscissa. If all the data of F(n) vs
d;¢/d;o or F(1) vs d3,/d,q are correlated using a straight line, two equations are obtained:

F(M)=41.6(d;¢/d 0)-48.7

F(n)=14.8(d;,/d;0)-17.6 (8-4)
The two R-square values are 0.672 and 0.632, respectively. If F(n1)) in each equation is
set to zero, the intercept on each abscissa is obtained which turns out 1.19 for F(n) vs
d3o/d;o and 1.17 for F(n) vs djp/d;g. This means that if d;p/d;(<1.19 or d3/d¢<1.17,
F(n)=0 (F(n) cannot be less than 0), and the minimum drop size is estimated by
Kolmogoroff length scale. It is not clear whether these two values (1.19 and 1.17) are
generally true for different liquid-liquid dispersions.

8.4.4 Conclusions about the Minimum Drop Size
A significant number of drops smaller than the Kolmogoroff length scale were
measured in the seven tank geometries investigated. The Kolmogoroff length scale is
generally suitable as an estimate of the order of magnitude of the mean drop size in the
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dispersion in an agitated tank, but it cannot be used as an estimate of the minimum drop
size in the dispersion.

When N is low, the number percentage of drops smaller than the Kolmogoroff
length scale (F(n)), is high due to drop breakup dominating in the dispersion; F(n)
decreases with an increase in N since coalescence increases with an increase in N. F(n)
approaches zero only at very high N.

F(n) is clearly related to €,,. When all of the data are considered at once, the
correlation F()=-7.77In(epa)+46.1 is obtained with an R-square value of 0.665. F(n) is
also clearly related to the drop size distribution. When ds¢/d;(<1.19, the minimum drop
size can be estimated using the Kolmogoroff length scale.

Returning to the Syncrude problem, increasing the coalescence of water droplets
may be useful for removing the fine water droplets. To achieve this, some chemical
processes may be better than the physical one (high rotational speeds and increased €4

since the latter is not easily obtained for such a large process.

8.5 Sauter Mean Diameter

The drop size distributions and minimum drop sizes were presented and analyzed
above. Although it was found that the drop size distribution changed with rotational
speed; the arithmetic and area mean drop sizes showed no consistent pattern with an
increase of rotational speed because of the movement of the drop size distribution
towards the large diameter side and possible coalescence at high rotational speeds (high
turbulence energy dissipation rates); however, the Sauter mean diameter decreases
consistently as the rotational speed increases.

Many investigators have related the Sauter mean diameter to the physical
properties of fluids in dispersions and/or the turbulence in agitated tanks. Diverse
correlations have been presented. Some of them were summarized in Table 3-1, in
chronological order. In these correlations, two main scale-up principles are
recommended: one is based on constant power input per unit mass, P/pVy, which is

proportional to N3D? when the ratio of DIT is kept the same for the same impeller; the
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other is based on constant tip speed of an impeller (ND). One of the objectives of this
work was to compare these two scale-up principles with a new scale-up approach:
constant maximum turbulence energy dissipation rate, €py,y, and to test their compatibility
under various operating conditions and tank geometries by measuring drop sizes over a
wider range of rotational speeds and using four different impellers and various tank
geometries, and possibly to propose a new scale-up rule.

Since the relationship between the Sauter mean diameter and the physical
properties of fluids in dispersions has been investigated extensively and verified by many
researchers, only one dispersed phase was studied in this work. The relationship between
the Sauter mean diameter and the turbulent flow was examined in detail. More general

fluid dynamic considerations for scaling up dispersions in agitated tanks are the result.

8.5.1 Maximum Stable Drop Diameter in the Turbulent Flow in Agitated Tanks

The maximum stable drop diameter, d,,, is determined by the balance between
the external deforming forces and the restoring forces experienced by droplets. The main
restoring force on a droplet is the interfacial tension, 6/d. The dynamic pressure due to
the deformation of the droplet defined by Eq. (3-1) can be included in the interfacial
tension. As for the viscous stresses, which are of the order of pd-(t/pd)'“z/d (Hinze,
1955), they can be neglected when pgy is not extremely high. The main external
deforming force is determined by the intensity of the turbulence in agitated tanks. There
are three possible cases:

a) Mean velocity gradients dominate drop breakup. In this case, drop breakup
happens mainly around the edges of the impeller blades. This is especially true when the
rotational speed is very low. The deforming force in this case is of magnitude pu-N.

b) Macroscale eddies dominate drop breakup when d is of magnitude D. In this case

the deforming force is of magnitude p. V? with V2 oc(ND)z, so the deforming force is
estimated by pc-(ND)z.

¢) Turbulent pressure fluctuations dominate drop breakup when the turbulence is in
the inertial subrange, which is the case most frequently occurred in agitated tanks. The



deforming force is of magnitude p.- Vv3(d) with m x(ed)®” and gcN°D?, so the
deforming force can be estimated by pc-NzD"Bdw.

The maximum stable drop diameter for the three cases above is determined by the
balance between the deforming force and the interfacial tension. By replacing d with dy,,
and taking the ratio of the deforming forces to the interfacial tension, the following
expressions of d,,,, are obtained (Blount and Calabrese, 1995):

i) Mean velocity gradients vs interfacial tension

d c -
—max o — (ND)™! (8-5)
D He
ii) Macroscale eddies vs interfacial tension
dmax C y—2n-3 -1
X o — N“D™ =(W, 8-6
D Pe ( c,T) ( )

iii) Turbulent pressure fluctuations vs interfacial tension

dmax o (O N-2D3YY'5 = (W, 1) e ()5 Lgys 8-7)
D Pe ’ c D

Note that (W, )‘3/ S« (-;L):‘/s ]—l)-(g)‘y 3 is only true when D/T is kept the same.
c
8.5.2 Relationship between the Sauter Mean Diameter and the Maximum Stable
Drop Diameter
The arithmetic-mean, area-mean, volume-mean and Sauter mean diameters were
defined in Chapter 3. Among them, the Sauter mean diameter dj, is the most useful
since it is directly related to the interfacial area per unit volume, a which is one of process
parameters needed to determine process results (heat, energy, mass transfer and/or
chemical reaction rate). The relationship between the Sauter mean diameter dj, and the
interfacial area per unit volume, a, is 6¢/d;,. Directly relating the Sauter mean diameter
to fluid properties, operating conditions and tank geometry thxough a force or energy
analysis (as in the case of the maximum stable drop diameter) involves many

uncertainties related to the statistics of varying drop sizes. Nevertheless, in most cases
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the Sauter mean diameter is proportional to the maximum stable drop diameter which is
determined by the balance between the deforming and restoring force acting on droplets
in the flow. It was Sprow (1967b) who first assumed that d;;=c-d,,,,, and then verified
this relation with his experimental data. His assumption was confirmed by many
subsequent investigators. Table 8-6 summarizes some values of the constant ¢ obtained
by previous researchers. The cases in Table 8-6 cover batch and continuous processes,
breakup and coalescence regions, agitated tanks and a static mixer with various impellers.
This means that the form of the relationship between the Sauter mean diameter and the
maximum stable drop diameter is independent of the geometry of tanks and impellers,
and of the nature of the mixing process (i.e. batch or continuous).

Experimental results from this work show that the constant c is not actually a
constant, though it does not change significantly over a limited range of N. Table 8-7
lists ¢ at different N’s for the seven cases listed in Table 8-1. The value of ¢ decreases
with increasing N. When N is very high, c approaches a constant value. The range of
values for ¢ from this work is 0.42 to 0.69, which agrees with previous investigations.
The relationship between c and the turbulent flow was checked using 5 plots: ¢ vs N; ¢ vs
ND; c vs Re (i.e. ND? because v is constant); ¢ Vs g, and ¢ vs P/pVy. All plots include
the data for all seven cases. The plots are shown in Figures 8-11 (a to e¢). Comparison of
these five figures shows that c is most closely related to the Reynolds number. From
Figure 8-11c, one can see a clear linear relation between ¢ and ND? although the data are
divided into two groups: one group includes the data for the A310 with two different
clearances and two different impeller diameters; the other group includes all other
impellers: the HE3; the PBT and the RT (two different clearances for the RT). The linear
regression equations are: c¢=-0.020Re+0.806 with R’>=0.750 for the A310 and c=-
0.027Re+0.739 with R?=0.596 for the HE3, PBT and RT group. When d;; is related to
dppax USing dj;=c d,,, the effect of the Reynolds number on the value of ¢ should be
considered.

To summarize, all correlations between d,, and the physical properties of fluids,
operating conditions and tank geometries are also valid for dj, except that a different
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constant needs to be used and the effect of the Reynolds number on the value of ¢ needs

to be considered.

8.5.3 Scale-up of Geometrically Similar Dispersion Systems
The scaleup of geometrically similar dispersion systems for the three cases above
can be derived from Egs (8-5) to (8-7). For case a), dp;<0/(1cN), so the scale-up for d;;
is based on constant impeller rotational speed (N); for case b), dmm(cr/pc)N’zD'z, so the

scale-up is based on constant tip speed (ND); for case ¢), dmxoc(c/pc)m(g)'ys, so the

scale-up is based on constant power input per unit mass (-8—) if D/T is kept the same. Of
course, these scale-up rules for d;, are based on the assumption that d;;=c-dp,.. Most of
the correlations summarized in Table 3-1 are in the form of Eq. (8-7) and arrive at the
scale-up based on constant power input per unit mass.

Okufi et al. (1990) measured drop sizes in two dispersion systems (n-
heptane/water and n-heptane containing different concentrations of di-(2-ethylhexyl)
phosphoric acid dispersed in an aqueous solution) with capillary and photography
methods. They used three different diameters of tanks and the same D/T ratio (D/T=1/3,
RT impeller). They found that equal impeller tip speed provides the best scale-up
criterion for equal interfacial areas per unit volume (i. e. for equal d3, when ¢ is constant).

Brown and Pitt (1974) suggested using the following equation to correlate d;,:

d3s B—E-_;.,—%— =constant (8-8)
s T2
They used the equation
- s
dsx < (pt—:t ) (8-9)
[+4

to correlate their data. In their paper, they also presented an equation to correlate the

circulation time t. with N and tank geometry:

-2/3 -8/3
0122N~! (E) (2) =t, (8-10)
T T
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(a value of 0.0122 was given in their paper, but from the data for N, t., W/T and D/T
given in Tables 1 and 2 in their paper, the constant should be 0.122). Substituting Eq.(8-
10) into Egs (8-8), one obtains d;zocDZ’ 3, which implies that d;, increases with an increase
of impeller diameter if T and W are kept the same. This contradicts physical principles
and other investigators’ work. Table 8-8 lists values of the exponent of D in the
correlations of d;, summarized in Table 3-1 when D is considered as an independent
variable. From Table 8-8, these correlations show that an increase in the impeller
diameter reduces d;,. The exponent of D varies from -0.326 to -0.8 in Table 8-8. In the
breakup region, the exponent on D is -0.8, in the coalescence region, the exponent on D is
-0.5. The conclusion obtained by Brown and Pitt resulted mainly from an unsuitable
measuring method: the large drops in their distributions were not measured. Because of
this, the enhanced drop breakup which occurs with an increase in the impeller diameter
could not be captured in their data. It is not necessary to test the scale-up rule (Eq.(8-8))
they proposed.

Although the presented scale-up rules are used satisfactorily for some dispersion
systems, their suitability is limited to specific operating conditions and tank geometries.
The reasons for the lack of a more general scale-up rule include:

i) Confusion of the local turbulence energy dissipation rate with the power input per
unit mass (“average dissipation rate”). Drop breakup mainly occurs in the strongest
turbulence energy dissipation region, so €y, dominates the deformation of droplets.
Using equal power input per unit mass to scale up dispersions fails to fully characterize
the real physics involved in dispersions.

ii) Previous investigations focus mainly on the effect of physical properties of fluids
on dispersions. Much less thought has been devoted to the effect of the interaction of
€max and the mean flow on dispersions. It is reasonable to assume that a dispersion with a
stronger mean flow may have a smaller d;, than a dispersion with the same £, and a
weaker mean flow since in the latter droplets visit the impeller region less frequently, and

stay longer in the more quiescent regions of the tank.
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iii) The assumption that ¢ in d;;=c-d,,,.is independent of scale and valid for all cases
is questionable. From this work, the value of ¢ can only be considered a constant over a
limited range of operating conditions.

In this work, the local maximum turbulence energy dissipation rate was chosen to
characterize the deforming force. Correlations of d;, to the mean flow (ND), &,,, and
the average power input per unit mass (P/pVy) are compared. To improve the
correlations of d;,, the interaction of €,,, with the mean flow (g, ND) is compared to
the correction of the non-constant effect of ¢ (sm-NDz). This effort was also made for
P/pVr.

When ND is used as the scaling criterion (Figure 8-12a), two groups of data
appear: one for the RT, and one for the axial impellers. From Table 8-4, these two
groups could also be divided according €,,,, With the exception of the PBT.

When &, is used as the scaling criterion (Figure 8-12b), two groups of data also
appear: one for the PBT and the RT, and one for the HE3 and the A310. This means that
when ds;, is related to ,,,,, the impellers with high power numbers (the PBT and the RT)
are grouped and the impellers with low power numbers (the HE3 and the A310) are
grouped.

Finally, when d;, is related to P/pVy, the data are scattered and no unique
characteristics can be defined.

Using this data, the correlation suggested by Brown and Pitt can be re-examined.
From Figure 8-12b, it is clear that the increase of impeller diameter reduces d;, rather
than increases d;;. The A310 with D=0.550T has a smaller d;, than the A310 with

=0.350T at the same g,,,. If the effect of impeller diameter on ds, is accounted for
using s,,m,(-(D/Do)2 with D= 0.350T, the three cases for the A310 fall in a single line on
the plot of d;, vs e,m-(D/Do)z. Figure 8-13 shows the plot. If one uses d3;;<1/(gmax-te)
and t‘:ocD"”3 as Brown and Pitt suggested, the plot of dj; vs s,,m,‘-(D/Do)'!”3 gives the
opposite picture. Figure 8-14 shows the result. The data for the A310 become more

scattered.
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It is clear from Figures 8-12 (a to ¢) that the scale-up rule based equal tip speed is
not suitable to scale up this dispersion. It is also clear that the interaction of energy
dissipation and mean flow needs to be considered. Thus dj; VS €y ND, t»:,m-ND2 and
r:,,,,,‘-(ND)2 are plotted to determine which of these characteristics may collapse the data.
To double check the suitability of P/pVy, d;, vs P/pV-ND, P/pV-ND? and P/pV;-(ND)?
are also plotted. Figures 8-15 (a to c) and Figures 8-16 (a to ¢) show the plots and
regression results for €y, and P/pV7y, respectively. The correlation with e,,,z,,(-NDz is
suggested by the fact that the constant ¢ changes with rotational speed; and the correlation
with e,,m-(ND)2 or €, ND is suggested by the fact that there is an interaction between
€nax and the mean flow. To include the effect of physical properties - density of the
continuous phase and interfacial tension, in €y, ND, or e,m-NDZ, or s,,,:,,‘-('ND)2 to form
6/(PEmaxND), Or o/(pcsmeDz), or o/(pcem-(ND)z) just changes the value and units of
the constant in each regression equation and does not change the exponents. This is also
true for P/pVy. Comparison of these six figures shows that correlation for impeller
diameter is better when the second power of D is used. Regression of d;, against
em,(-ND2 gives the best result. This agrees with both theoretical and experimental scale-
up considerations: drop breakup should be determined by €p,, rather than by P/pVy; the
constant ¢ changes with N and can be correlated with ND?. The regression equation for

ds, With €, ND? is:
di> = 118.6(g e ND?) 2270 8-11)

with an R-square of 0.809, which is good for a correlation for all seven cases and four
impellers. The correlation can be rewritten in another form using the Reynolds number

(NDZ/VC) since v, is constant (1 00x10°® m2/s):

d32 = 4944(g o Re) *27° (8-12)
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The PBT falls apart from the other three impellers in Figure 8-15b. The reason is
not clear from the existing data, but may be due the secondary circulation loop formed in
the flow when C/D is larger than 0.6 (Kresta and Wood, 1993).

Complete correlation results for d;, versus ND, &, and P/pV for each of seven
tank geometries are listed in Appendix-3.

8.5.4 Conclusions about the Sauter Mean Diameter
Drop sizes were measured using four different impellers with varying diameters
and clearances. The assumption that d;, can be directly related to the maximum stable
drop diameter through a single, unvarying constant is not valid when the operating
conditions change dramatically. To relate d;, to the flow, one must consider the
interaction between €, the mean flow and drop breakup and coalescence. The

correlation given in Eq. (8-12) is suggested from this work.

8.6 Summary
Drop sizes were measured over a wide range of rotational speeds using four
different impellers with varying diameters and clearances. Three sets of conclusions can

be drawn from the experimental results:

Drop size distribution

The drop size distributions (normal or log-normal, mono-modal, or bimodal)
proposed by previous investigators are only true under the specific operating conditions
used. By checking a wide range of rotational speeds for the four different impellers, four
types of drop size distribution were found in the evolution of the drop size distribution
with N: the long tail distribution; the double peak distribution; the skew distribution and
the skew-normal distribution. Excepting the long tail distribution, the drop size
distribution can be predicted using two superimposed normal distributions and two

diameter sub-ranges



Minimum drop size

Using the Kolmogoroff length scale as an estimate of the minimum drop size in
dispersions in agitated tanks in which the flow is in an inertial subrange is questionable.
The Kolmogoroff length scale is generally suitable as an order of magnitude estimate of
the mean size of drops in dispersions in agitated tanks, but it can not be used as an
estimate of the minimum drop size in the dispersions. A significant number of drops
smaller than the Kolmogoroff length scale were measured in the dispersions for all seven
tank geometries investigated. When N is low, the number percentage of drops smaller
than the Kolmogoroff length scale, F(n), is high because drop breakup dominates in the
dispersion; F(n) decreases with an increase in N since coalescence coexists in the
enhanced flow. Only at very high N, does F(n) approach zero. F(n) is clearly related to
€max and the shape of the drop size distribution. When d;p/d;(<1.19, F(n)=0 and the
minimum drop size may be estimated using the Kolmogoroff length scale.

Sauter mean diameter

The assumption that dj, is directly proportional to the maximum stable drop
diameter is not valid when the operating conditions change dramatically. Relating d;, to
the flow requires consideration of the effect of the flow on the constant ¢ in the equation
dy,=c-d,, or consideration of the effects of the interaction between €, and the mean
flow on drop breakup in agitated tanks. The correlation given in Eq. (8-12) is suggested
from this work, and the value of the constant in Eq. (8-12), the effects of o and p. on d;;

need to be verified, when different dispersions are used.
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Tables in Chapter 8

Table 8-1 Cases investigated

Impeller C/D=1 C/D=172
D=0.350T D=0.550T | D=0.350T
A310 v v v
D=T/4 D-T/4
RT v v
PBT )
HE3 }

Table 8-2 Mean drop size at different radial traverses

Radial position Mean drop size, d;; (um)
2r/D 2ZW=-1.40 | 2z2/W=-5.50 | 2ZZW=9.10 | 2z/W=20.0
0.50 76.36 76.12 74.96 76.32
0.79 76.36 19.79 74.98 78.05
1.07 74.31 71.68 75.58 80.25
1.36 73.26 71.90 72.61 74.61
1.64 73.73 73.17 72.46 73.80
Traverse-average 74.80 74.53 74.12 76.61
overall mean®* 75.02
Standard deviation for
traverse-average values 1.10
Standard deviation for all
20 values 2.40

* overall mean is the arithmetic average value of all 20 d;,’s (5x4) on the four traverses.
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Table 8-3 Sampling points for mean drop size measurements

Radial traverse 2z/W (numbers in italic)
Impeller Re<5x10" Re>5x10"
D=0.550T D=T/4* D=0.550T D=T/4*
C/D=172 | C/D=1 C/D=1/2 | C/D=12 | C/D=1 C/D=1/2
4.40 7.60 1.36
A310 1.26 136 -9.64 1.26 136 1.36
-8.80 -10.5 -19.3
-17.9 -21.1 -28.7
r (mm) | 39,51, 18, 30, 42, 54, 66 39,51, 18, 30, 42, 54, 66
63,75,87 63,75,87
7.08 1.47
PBT no 1.47 -13.4 no 1.47 1.47
data -16.5 -26.9 data
-33.0 -40.1
r (mm) 9,21, 33, 45, 57,69 9,21, 33, 45,57, 69
11.1 1.74
HE3 no 1.74 211 no 1.74 1.74
data -25.9 -42.2 data
-51.9 -63.0
r (mm) 9,21, 33,45, 57,69 9,21, 33, 45, 57, 69
5.00 133
RT no 1.33 -9.50 no 1.33 1.33
data -11.7 -19.0 data
-23.3 -28.3
r (mm) 9, 21, 33, 45, 57, 69 9,21, 33, 45,57, 69

* For A310, D=0.350T instead of D=T/4.
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Table 8-4 Maximum turbulence energy dissipation rates (no extra water layer)

D C/D N Re P/pVr Emax Same
Impeller | Case | + T2 | + 1 | (pm) x10* | %) | m%s) Emax_ | gEOmetry as
ST |- 12 N°D* | (Table, run)

A-1 + + 503 | 144 | 0.652 14.2 1.38 6-2,5

A310 A-2 + - 503 | 144 | 0.652 9.16 0.89 6-2,7

A-3 - + 1068 | 124 | 0.652 369 093 6-2,3

A4 - - 1068 | 124 | 0.652 35.7 0.90 6-2,9

H-1 + 567 | 134 | 0.484 15.5 1.28 6-3,5

HE3 H-2 + - 567 | 13.4 | 0484 722 0.59 6-3,7

H-3 - + 1694 | 10.0 | 0.484 742 0.92 6-3,3

H-4 - - 1694 | 10.0 | 0.484 61.5 0.76 6-3,9

P-1 + + 357 | 843 | 0.652 16.1 5.31 6-1,5

PBT P-2 + - 357 | 843 | 0.652 12.5 4.12 6-1,7

P-3 - + 1133 | 6.69 { 0.652 83.7 3.45 6-1,3

P-4 - - 1133 | 6.69 | 0.652 94.3 3.89 6-1,9

R-1 + + 225 | 531 | 0.652 154 203 6-4,5

RT R-2 - 225 | 531 | 0.652 17.1 226 6-4,7

R-3 - + 714 | 422 | 0.652 106 17.5 6-4,3

R-4 - - 714 | 422 | 0.652 93.0 153 6-4,9

3 Values for the A310 in this column are: “+” for 0.550T; “-” for 0.350T.




Table 8-5 List of d;g, 6(d), dag, d3¢, 1 and F(n) at different rotational speeds (€n. Were
obtained by USINg Emax 2= Emax.i “N#/N)’ . Nj and €py | wWere from (Table 8-4).

Impeller/ | N Re | P/pVr | Emax do | od) | dxo | ds n | Fm)
Geometry | (s") | x10* | m%s*) | (m%s%) | (um) | (um) | (um) | (um) | (um) | x100

113 794 | 0.165 931 460 | 452 | 64.7 | 822 | 8.1 | 27.8
133 | 941 | 0274 15.5 521 | 36.1 | 754 | 895 | 159 | 134
A310/ 155} 109 | 0.430 243 523 | 36.1 | 63.7 | 729 | 142 | 10.7
N=4 163 | 11.5 | 0.497 28.1 46.1 | 323 | 56.6 | 652 | 13.7 | 105
D=0.350T | 169 | 119 | 0.558 316 389 | 304 | 495 | 583 | 133 | 185
C/D=1 178 | 12.6 | 0.652 369 38.1 | 269 | 469 | 54.5 | 128 | 12.8
188 | 133 | 0.772 43.7 354 | 238 | 43.0 | 498 | 123 | 12.7
F(n)at {20.7| 146 | 1.030 583 434 | 257 | 494 | 553 | 115 | 7.15
2r/D=0.50 { 22.7 | 16.0 | 1.346 76.1 449 | 19.7 | 493 | 53.0 | 10.7 | 0.46

A310/ 11.3 | 794 | 0.165 9.00 404 | 435 | 59.7 | 77.7 | 183 | 383
N=4 134 | 946 | 0.278 152 424 | 420 | 602 | 75.5 | 16.0 | 296
D=0.350T | 150 | 10.6 | 0.393 215 412 | 357 | 550 | 66.4 | 14.7 | 222
CD=1/2 | 168 ] 11.8 | 0.545 27.8 385 | 304 | 493 | 585 | 135 | 189
188 | 132 | 0.764 41.8 326 | 232 | 402 | 47.2 | 124 | 146
F(n)at |205] 145 | 1.000 54.7 30.1 | 200 | 364 | 42.1 | 11.6 | 15.0
2r/D=0.50 [ 226 | 159 | 1.325 72.5 354 | 175 | 399 | 43.8 | 10.8 | 3.01

A310/ 7.67 | 134 | 0499 7.01 469 | 44.1 | 653 | 80.0 | 194 | 35.8
N=4 822 | 143 | 0.614 8.62 426 | 382 | 578 | 70.6 | 18.5 | 34.0
D=0.550T | 8.78 | 15.3 | 0.750 10.5 428 | 34.1 | 550 | 658 | 17.6 | 245
C/D=1/2 | 943 | 164 | 0.930 13.1 384 | 29.5 | 488 | 584 | 16.6 | 22.5
F(n) at 105 | 183 | 1.288 18.1 346 | 209 | 406 | 470 | 153 | 124
2r/D=0.55
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Table 8-§ Cont’d

Impeller/ N Re P/pV1 Emax dio | o(d) | do dsp n F(n)
Geometry | (s) | x10”* | m¥s’) | (m%s®) | (um) | (um) | (um) | (um) | (um) | x100

HE3/ 140 | 5.04 | 0.059 905 | 463 | 513 | 69.7 | 89.6 | 18.2 38.6

N4 16.0 | 5.76 | 0.088 135 | 482 | 457 | 658 | 803 | 16.5 273

D=T/4 19.1 | 6.88 | 0.150 230 | 325 |31.0] 453 | 58.1 | 144 254

C/D=1 216 ] 7.79 | 0.218 334 | 25.1 ] 222 | 33.7 | 439 | 13.2 25.2

256 | 921 | 0360 552 | 269 ]235|324 ]| 412 | 116 17.6

FMm)at | 583 | 102 | 0487 | 747 | 249 | 185 | 31.1 | 38.1 | 108 13.5

2t/D=030 | 599 | 108 | 0575 | 883 | 232 | 174|292 | 359 | 103 | 154

164 | 590 | 0425 547 | 485 | 44.71 670 | 805 ] 11.6 16.6

PBT/ 172 | 6.18 | 0.489 629 | 490 | 426 | 652 | 77.5 | 11.2 12.6

N=4 184 | 6.61 | 0.599 770 | 46.0 | 375 | 59.8 | 70.7 | 10.7 8.80

D=T/4 200 ] 7.20 | 0.773 994 | 420 | 335 | 53.8 | 64.1 | 100 7.80

C/D=1 224 | 8.07 | 1.089 140 35.1 | 25.7 | 43.8 | 51.7 | 9.19 5.93

24.1 | 867 | 1351 174 336 | 232 | 41.0 | 47.8 | 8.71 6.20

F(m)at |64 | 951 | 1.782 | 229 | 343 | 205|401 | 453 | 813 | 395

2t/D=0.30 | 300 | 10.8 | 2611 | 336 |37.5| 160 | 409 | 44.1 | 739 | 03I

RT/ 11.1 | 398 | 0.522 852 | 28.7 ) 28.8 | 40.0 | 52.0 | 104 15.5

N=4 12.1 | 436 | 0.685 112 28.7 |1 26.7 | 39.5 | 503 | 9.72 10.6

D=T/4 1351 4.86 | 0952 155 309 | 252 | 383 | 46.7 | 8.96 7.80

C/D=1 152 | 546 | 1349 220 33.7 | 21.7 | 39.7 | 45.1 | 8.21 4.96

F)at |71 617 | 1945 | 318 | 365|178 | 408 | 446 | 749 | 145

2e/D=030 [ 593 | 731 | 3235 | 528 | 522 | 122395 | 438|660 o1

RT/ 862 | 3.10 | 0.247 353 | 310 | 349 | 469 | 624 | 13.0 34.3

N4 992 | 3.57 | 0377 538 | 342|339 ]|496 | 62.5 | 11.7 20.0

D=T/4 1141 4.10 | 0.570 814 | 328 ] :..0]454 ] 563 | 105 20.5

C/D=1/2 | 134 ] 482 | 0931 133 30.5 | 26.1 | 404 | 49.1 | 9.32 12.4

15.5] 5.57 | 1436 205 29.2 | 228 | 373 | 444 | 8.36 8.91

FMm)at | 1761 632 | 2006 | 299 | 269 | 183 | 326 | 379 | 760 | 6.10

2r/D=0.70 | 192 | 691 | 2.730 | 389 |25.1 | 152 {294 |33.7 [ 712 4.05
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Table 8-6 Constant (c) values in the equation dj;=cd,,, obtained by previous

investigators
Investigators value of ¢ Remarks
Sprow, 1967b 0.380 non-coalescing dispersion
Brown and Pitt, 1972 0.70
Coulaloglou and Tavlarides, 1976 | 0.67 continuous process
Calabrese et al., 1986 0.48~0.60 pd from 0.0960 to 10.51 Pa.s
0.64 from the data of Chen and
Middleman, 1967
Nishikawa et al., 1987 0.50 breakup region
0.45 coalescence region
Berkman and Calabrese, 1988 0.67 dispersion in a static mixer
This work 0.42~0.69 c decreases with an increase in N
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Table 8-8 Values of the exponent of D in typical correlations of ds, if D is considered as

an independent variable.
Investigators Correlation Values of the Remarks
exponent of D
|Chen and da _ -0.6
Middleman, 3 - 0053 Wer) dpacD®™ | W =pNDYc
1967
Roger et al., -
l95g6 %—2 =BD/T (W)™ | g D 0o
jCalderbank, ds» 06
1958 D = 0.06(1 + 9¢)(WC,T) d32 xD—O.s
Shinnar, 1961 di2 -3/8 —3/8 coalescence
D B(sD)™ (We.r) dypecD™? control
Weinstein = 10(-2316+0672¢) 00722 for batch process
and Treybal, ds _{)?94 o};‘; d;pcD 88 -
1973 g (og./p) gcN°D
— 10(-2.066+0.7329) _ 0.047 for continuous
ds2 _:gm 02\;2 d;ecD 416 process
g~ (og./p.)
Godfrey and — 1 (-318+0.743) - ~02755
Grilc, 1977 ds 12”87 2 d;pcD 0! & «N°D?
(e/p)”
Wang and di -06 two terms: 1st
{Calabrese, D 0.053(We,r) term d3,0cD%; yi =M ND (Pey2
1986 (1+097V{*7%) 2nd It)e_fglzgszx S Py
[Nishikawa et ds» —2/5 —06 (breakup region)
fal., 1987 D 0.095N,™ " (We,1) djycD?*
273 s 8
A+2507 )My / Hda™ g/ Hode (coalescence
n region)
- -318___. -
_dasz_ _ 0.035Npl/4 (W) VEp d3,cD
3/4
(A+35¢" g/ BT (g’ B)e"
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Figures in Chapter 8

Figure 8-1 Comparison of RMS velocities between the two cases with and without an
extra water layer when no silicone oil was added. Open symbols with water layer, closed
symbols without.
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Figure 8-2 Comparison of RMS velocities between the two cases with and without

silicone oil when no extra water layer was added.
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Figure 8-3 Plots of drop size distributions at different rotational speeds for case: A310:
D=0.350T, C/D=1, 2r/D=0.50.

a)

360
320
280
240
200
160
120

80

40

@N=113 Us]

Count

S o o~
o O\ e
_— s N

d (um)
b)
120 -

100 :
80 1 ‘'WN=133 1/s,

Count

120 -
100 1 , ;
80 ] 'mN=155 Us|

Count

- R I -
- N T wn
— @ gy e e

252



Cont’d Figure 8-3
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Cont’d Figure 8-3
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Figure 8-4 Plots of arithmetic mean drop sizes and standard deviations vs N
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4f) RT: D=T/4, C/D=1.
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Figure 8-5 Comparison of experimental distribution and fit distribution. A310, N4,
D=0.350T, C/D=1.
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Cont’d Figure 8-5

5¢) Skew-normal distribution

x100

c) N=22.7s™

0.001 ) T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 110

d (um)

Cumulative number probability density
=
]

259



Figure 8-6 Kolmogoroff length n vs turbulence energy dissipation rate ¢
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Figure 8-7 Plots of cumulative number probability density vs d at different rotational
speeds. PBT: D=T/4, C/D=1, 2r/D=0.30.
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Cont’d Figure 8-7
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Cont’d Figure 8-7
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Cont’d Figure 8-7
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Figure 8-8 Correlation of F(n}) with the flow.
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8c) Plots of F(n) vs Re for all seven cases.
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8¢) Plots of F() vs P/pV for all seven cases.
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Figure 8-9 Correlation of F(n) with mean drop sizes.
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9b) Plots of F(n) vs d, for all seven cases.
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Figure 8-10 Correlation of F(n) with scaled d;, and d;,.

10a) Plots of F(1}) vs d3¢/d;, for all seven cases
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Figure 8-11 Correlation of the constant ¢ with the flow.

11a) Plot of the constant c vs N for all seven cases.
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11c) Plot of the constant ¢ vs Re for all seven cases.
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11e) Plot of the constant ¢ vs P/pV for all seven cases.
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Figure 8-12 Correlation of Sauter mean diameter with the flow.
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12b) Plot of Sauter mean diameter vs £y, for all seven cases.
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Figure 8-13 Plot of Sauter mean diameter Vs €y, (D/Dy)” for the A310, Dy=0.350T.
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Figure 8-14 Plot of Sauter mean diameter vs e,,,i,,‘-(D/D(,)"”3 for the A310, D,=0.350T.
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Figure 8-15a Plot of Sauter mean diameter vs €, ND for all seven cases.
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Figure 8-15¢ Plot of Sauter mean diameter vs s,,,,,,‘-(ND)2 for all seven cases.
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Figure 8-16a Plot of Sauter mean diameter vs (P/pVy)-ND for all seven cases.
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Figure 8-16b Plot of Sauter mean diameter vs (P/pVT)-ND2 for all seven cases.
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Chapter 9
Synthesis

This dissertation research had the following objectives:

a) to investigate the turbulence energy dissipation (average and local) in the
impeller regions where the bulk of the input power is dissipated and the maximum
turbulence dissipation rate exists; and to investigate where the power input goes and the
energy distribution between the convective and the turbulent energy.

b) to investigate the effect of tank geometry on the maximum turbulence energy
dissipation rate, €.

c) to characterize liquid-liquid dispersions generated by different impellers with
various tank geometries.

d) to examine the suitability of the two existing scaleup principles - constant tip
speed of an impeller or constant average power input per unit mass, and to improve the

understanding of fluid flow fundamentals of scaling up liquid-liquid dispersions.

Characterization of the Turbulence Energy Dissipation in the Impeller Regions

To determine the average turbulence energy dissipation rate, a macroscopic
mechanical energy balance equation was re-derived since discrepancies were found in
published works of previous investigators. The LDA was first validated and then used to
measure all three components of instantaneous velocities for the three impellers (the RT,
the PBT and the A310). The average turbulence energy dissipation rate in the impeller
regions was calculated using the energy balance and the LDA data.

For the local turbulence energy dissipation rate, €, the equation (e=AV’/L) was
verified in the impeller regions by first examining the assumption of isotropic flow which
is inherent in the equation; then the length scale L and the constant A were determined
using tuft visualization experiments and a comparison between energy balance results and

integration of the estimated local €’s.
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Experimental results show that the flow in the impeller and impeller discharge
stream is approximately locally isotropic for the three impellers examined (the RT, PBT
and A310). The two equations (Eqs.(5-42) and (5-43)) for the average turbulence energy
dissipation, E, , agree well for the three impellers. The equation (=Av’/L) with A=1
and L=D/10 gives a reliable estimate of the local turbulence energy dissipation rate. The
constant A in the equation can be determined by comparison of the macroscopic energy
balance (Eq.(5-42)) with the integrated local dissipation (Eq.(5-43)) for any impeller, and
is very close to 1 for the three impellers examined.

The dissipation is always very high in the impeller region and in the impeller
discharge stream. The bulk of the energy is dissipated in the small volume occupied by
the impeller and the impeller discharge for all three impellers: in order of increasing
percentages 38.1% (A310, 13.1% of the tank volume), 43.5% (RT, 9.83% of the tank
volume) and 70.5% (PBT, 13.1% of the tank volume). The dominant characteristics of
energy distribution are different for each impeller. The A310 is most efficient at
generating convective flow. The RT generates the most turbulent kinetic energy (TKE),
and the PBT derives a much larger portion of its energy from the return flow. These
differences should be taken into account when selecting an impeller for a specific

application.

Effects of Tank Geometry on €,,,

The maximum turbulence energy dissipation rate, €p,, Was estimated using the
equation e=Av’/L. First, the location of g, in the flow field was determined for each of
the four impellers (the PBT, the A310, the HE3 and the RT). Then, the effects of
geometric variables (number of baffles, (Ny), impeller diameter, (D), off bottom
clearance, (C, or the ratio of C/D)) on gy, Wwere investigated using three different
factorial designs. The dominant effects and interactions were highlighted and used in the
study of liquid-liquid dispersions.

Experimental results show that the local dissipation scales exactly with N°, when
the tank geometry is held constant. The maximum dissipation is located on the traverse
immediately below the impeller for the three axial impellers (the PBT, the A310 and the
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HE3), and on the traverse at the tip of the impeller blades for the RT. The maximum

local dissipation is larger for impellers with a larger power number.

Comparison of the scaled €y, values for all geometries considered shows
significant variation between the results both when constant power input per unit mass
(P/pV7) is used as the scaling criterion, and when €, is scaled with N°D”. Taking the
results of all three factorial designs together, several important conclusions can be drawn
about the effect of tank geometry on €p,,:

1) The dominant variable was shown to be the impeller diameter. This effect is in
addition to the expected scaling with D2 This can only be due to interactions
between the impeller and the tank walls; put another way, significant changes in the
turbulent flow field occur when the D/T ratio is changed.

2) A substantial dependence on the off bottom clearance was also demonstrated. This
dependence is best quantified when a dimensionless form, C/D is used. The off
bottom clearance often interacts strongly with the impeller diameter, and thus should
not be considered as an independent variable.

3) The number of baffles, N, has no significant effect on €,,,, either as an independent
variable, or in the form of interactions with other geometric variables. This is true
for all four impellers, and all three factorial designs.

4) To maintain a roughly constant €, scale up which is not geometrically exact
should be based on D, not on D°. This is the scaling predicted from theory, rather
than the constant P/pVy (equivalently constant power per unit mass, or average

dissipation) which is commonly used in the literature.

Characterization of Liquid-Liquid Dispersions

Drop sizes were measured over a wide range of rotational speeds using the PDPA.
First, the PDPA was validated by checking the repeatability of the instrument and the
experiment and using standard particles. The initial analysis of the drop size was focused
on the drop size distribution; on the minimum drop size in oil/water dispersions and its
relationship to turbulent flow, especially the &,,,; and on the Sauter mean diameter and
its relationship to ND, €., and P/pVy. Four impellers (the A310, HE3, PBT and RT)
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with varying tank geometries were used. The two scale-up rules (constant impeller tip
speed and constant power input per unit mass) were examined using all the data obtained
for the four impellers and varying tank geometries. Three sets of conclusions can be
drawn from the analysis of experimental results:

a) Drop size distribution

The drop size distributions (normal or log-normal, mono-modal or bimodal) for
dispersions proposed by previous investigators is only true for the dispersions under the
specific operation conditions used. By checking a wide range of rotational speeds for the
four different impellers, four types of drop size distribution were found in the evolution
of drop size distribution with N: the long tail distribution; the double peak distribution;
the skew distribution and the skew-normal distribution. Excepting the long tail
distribution, the drop size distribution can be predicted using two superimposed normal
distributions with different parameters of (d,;, o(d)) and two diameter subranges at
different N’s.

b) Minimum drop size

Use of the Kolmogoroff length scale as an estimate of the minimum drop size is
not accurate. The flow in agitated tanks is in an inertial subrange. The Kolmogoroff
length scale is generally suitable as an estimate of the magnitude of the drops, but it
cannot be used as an estimate of the minimum drop size in the dispersion. A significant
number of drops smaller than the Kolmogoroff length scale were measured in the seven
tank geometries investigated. When N is low, the number percentage of drops smaller
than the Kolmogoroff length scale, F(n)), is high due to drop breakup dominating in the
dispersion; F(n) decreases with an increase in N since coalescence coexists in the
enhanced flow. Only at very high N’s where coalescence may become significant does
F(n) approach zero. F(n) is clearly related to €, and the drop size distribution. When
d;¢/d;o=1.19, F(n) drops to 0 and the minimum drop size may be estimated by the
Kolmogoroff length scale.
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¢) Sauter mean diameter

The assumption that dj, is directly proportional to the maximum stable drop
diameter is not valid when the operating conditions change dramatically. Relating d;; to
the flow requires consideration of the effect of the flow on the constant ¢ in the equation
d3;=c-dpy, and the interaction between €py, and the mean flow on drop breakup in
agitated tanks. Scale up using constant tip speed is not suitable, and constant power input
per unit mass is not as good a scale-up criterion as €p,, for scale up of the dispersions
studied. The correlation given in Eq. (8-12) is suggested from this work. The effect of &
and p, on ds, needs to be verified, together with the constant in Eq. (8-12), when different

dispersions are used.

Advancements in Knowledge

This work represents the first effort to characterize the turbulence energy
dissipation in the impeller regions by combining both the average and local dissipation,
and by analyzing its distribution between convective flow and turbulent flow. A method
to determine the constant A and the length scale L in Eq. (2-41) is proposed: comparison
of the macroscopic energy balance (Eq.(5-42)) with the integrated local dissipation
(Eq.(5-43)). This method is suitable for any impeller or impeller regions. It avoids the
difficulty of measuring velocities in the baffle regions which previous investigators
explicitly avoid mentioning. The energy distribution between the convective flow and
the turbulent flow for the three impellers (the RT, the PBT and the A310) explains the
differences among different impellers, and presents useful information for selecting an
impeller for a specific application. The A310 has not been used in such an investigation
before.

This work represents the first extensive analysis of the effect of tank geometry on
the maximum turbulence energy dissipation rate, €q,s. The four impellers (the RT, PBT,
A310 and HE3) represent the full spectrum of impellers currently used for turbulent
mixing in industry. The results of the effect of tank geometry on €y, provide some
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guidance as to when these effects will be most important, and what values of €,,,, can be
expected for some standard impellers and tank configurations.

The Kolmogoroff length scale has commonly been used as the estimate of
minimum drop size in dispersions in agitated tanks. For the first time this belief is
questioned and rejected, based on the experimental results obtained in this work.

Also, the constant ¢ in equation dj;=c-dp,, has never been examined. The
constant c is found to be related to the flow when the operating conditions change
dramatically. For the first time it is proposed that relating d;, to the flow requires
consideration of the effect of the flow on the constant c.

This work represents the first effort to compare the suitability of ND, P/pV and
Emax in the scale-up of liquid-liquid dispersions. Experimental results show that d;;,
depends both on gy, and the circulation. This is most accurately represented by

2
Emax'ND*.

Future Research Needs Related to This Work
At least four projects may be devised from this work:

a) the characteristics of the flow at high Reynolds numbers. When N is very high in
three out of the seven cases investigated in drop size measurement, F(n) appears to agree
with what Kolmogoroff length scale predicts, which is assumed to be applicable for the
flow in viscous subrange: it may be meaningful to investigate the turbulence
characteristics of flow agitated by different impellers in tanks when the Reynolds number
is very high and determine if it is possible that the flow is in the viscous subrange by
checking the energy spectrum. This effort may be not easily accomplished because of the
high wavenumbers present in the viscous subrange, but it would be helpful to better
understand the characteristics of the flow in agitated tanks and to determine the suitability
of Kolmogoroff length scale for dispersions in flow fields in viscous subrange.

b) the evolution of the drop size distribution with N for different dispersions with
various tank geometries and with different volume fractions of dispersed phases. The
drop size distribution determines both the mean drop diameter and size distribution on
both sides of the mean diameter. It holds all the information about the droplets in a
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dispersion. Therefore, the evolution of the drop size distribution with N needs to be
investigated extensively.

¢) minimum drop size in different dispersions.

d) test of the correlation of d3;ac(Emy NDZ) with varying tank diameters and fluid
properties. In this work, although the ratio D/T was changed for the A310, the tank
diameter was kept the same; and the dispersed phase was also unchanged. To develop a
reliable scale-up rule requires study not only of different ratios of D/T but also different
T’s, and different dispersed fluids. For the correlation of d;, with physical properties of a
dispersed phase fluid, a lot of work done by previous investigators can be used (Arai, et
al., 1977, Calabrese, et al., 1986a, Calabrese et al., 1986b, Lagisetty, et al., 1986.
Nishikawa, et al., 1991, Wang and Calabrese, 1986).
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Appendix-1
Drop Size Distribution Data

Figure A-1 Plots of drop size distributions at different rotational speeds.
a) A310: D=0.350T, C/D=1/2, 2r/D=0.50.
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Cont’d Figure A-l1a
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Cont’d Figure A-1b
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c) HE3: D=T/4, C/D=1, 2r/D=0.30.
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Cont’d Figure A-lc
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Cont’d Figure A-lc
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Cont’d Figure A-1d
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Cont’d Figure A-1d
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e) RT: D=T/4, C/D=l, 2t/D=0.70.
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f) RT: D=T/4, C/D=1/2, 2t/D=0.30.
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Appendix-2
Cumulative Number Probability Density Data

Figure A-2 Plots of cumulative number probability density vs d at different rotational
speeds.

a) A310: D=0.350T, C/D=1, 2r/D=0.50.
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Cont’d Figure A-2d
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Cont’d Figure A-2d
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Cont’d Figure A-2e
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Cont’d Figure A-2e
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Cont’d Figure A-2f
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Appendix-3

Parameters of the Regression for Each Case

Table A-3.1 Parameters of the regression of d;, with tip speed (ND).

Impeller Geometry Regression equation

D | CD | dp(um),N(),D@m) | « B R’
0350T | 1 137.5 | -1.4126 | 0.978
A310 [ 0350T | 12 134.6 | -1.5685 | 0.983
0.550T | 172 1239 | -2.0926 | 0.986
HE3 T/4 1 ds,=a(ND)? 114.1 | -1.3659 | 0.991
PBT T/4 1 1129 | -1.445 | 0.990
RT T/4 1 5826 | -0.9634 | 0.978
T/4 12 5471 | -1.1233 | 0.989

Table A-3.2 Parameters of the regression of d;, with maximum turbulence energy

dissipation rate, €,y

Impeller Geometry Regression equation

D | CD | dp(um)NG)D(m | « B R’
0.350T | 1 426.1 | -0.4709 | 0.978
A310 [ 0350T | 12 461.1 | -0.5227 | 0.985
0.550T | 172 4684 | -0.6963 | 0.985
HE3 T/4 1 d3=0( Emac )° 394.7 | -0.4552 | 0.991
PBT T/4 1 7944 | -0.4814 | 0.990
RT T/4 1 361.0 | -0.3212 | 0.978
Ti4 12 436.3 | -0.3746 | 0.988
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Table A-3.3 Parameters of the regression of d;, with P/pV

Impeller Geometry Regression equation

D | CD | dp(um),NE)D@m) [ o B R’
0.350T 1 63.67 | -0.4715 | 0.978
A310 | 0.350T 172 57.24 | -0.5226 | 0.983
0.550T 172 74.38 | -0.6975 | 0.985
HE3 T/4 1 ds=a®/pVy)® 39.62 | -0.4554 | 0.991
PBT T/4 1 76.66 | -0.4808 [ 0.990
RT T/4 1 70.19 | -0.3194 | 0.978
T/4 172 68.04 | -0.3743 | 0.988
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Appendix-4
Viscosity of Silicone Oil

Rheomat with MS-O11S§
Setting Speed D n%
(min*-1) (s”-1) (mPa.s)
Constants ==—=====> 4.439 14.786
1 5.15 23 2.87
2 137 33 2.01
3 10.54 47 1.40
4 15.09 67 0.98
5 21.6 96 0.68
6 30.9 137 0.48
7 443 197 0.33
8 63.4 281 0.23
9 90.7 403 0.16
10 129.8 576 0.11
1 185.8 825 0.08
12 266 1181 0.06
13 381 1691 0.04
14 545 2419 0.03
Stress vs. Shear Rate
® 100000 - )
a : (-9
£ | £
s 50000 - 2
o ! ®
a 0 : - — a
o 200 400 600
Shear Rate (1/s)
Viscosity vs. Shear Rate
= 200.00
$  150.00 _E_-.-—.—.——l\
> £
£  100.00 <
-] E
8 5000 =
5 000+

o

100 200 300 400 500

Shear Rate (1/s)
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Silicone oil @ 20 °C
Reading Stress
(%) (mPa)

65.64

62 4070

87.5 5744

124 8139

177 11618

253 16607

361 23696

516 33870

740 48574

1052.5 69086

1247 81853

Viscosity
(mPa.s)

178.01
175.55
173.95
173.43
173.19
172.74
172.23
172.58
171.58
142.05

Stress vs. Shear Rate

100000 —
50000 -

o

o

1000 2000 3000

Shear Rate (1/s)

Silicone oil was bought from Aldrich
Chemical Company, Inc..
Catalog No. 17,563-3

20
np

P

1.495

1.050

More information about this oil can be

found on page 1252, in Catalog
Handbook of Fine Chemicals,

Aldrich (1994-1995).



