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Abstract 

This thesis covers two major fields in muring: turbulence energy dissipation and 

liquid-liquid dispeïsions in agitated tanks. The main objective of the thesis was to 

examine the effect of tank and irnpeller geometry on these variables. 

The average turbulence energy dissipation in the impeiler regions was 

investigated for three impellers (the Rushton turbine (RTL 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 

impeiler region for al1 three impeilers. Analysis of the distribution of energy LRtween 

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 h m  the return flow. 

The equation (&=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 baffies (w, impeller diameter (D), and off bottom clearance (C or C D ) )  on 

was investigated using three factorial designs for four impeilers (PBT, A3 10, HE3 

and RT). The dominant variable was shown to be the impeller diameter. T h i s  effect is in 

addition to the expected scaling with Il2. Clearance is also an important variable, which 

is best quantifïed by its dimensionless form, CID. The number of batnes has no 

significant effect on ha. 



Silicone oiYwater dispersions were also studied with varying tank geometries. 

The shape of the drop size distribution changes with rotationai speed (N). Four 

characteristic distributions were foimd; in order of increasing N: long tail, double peak, 

skew, and skew-nonnal distribution. Two normal disiributions can be combined to 

represent the last three distributions. The Kolmogoroff length scale (q) cannot be used as 

an estimate of the minimum dmp size present in the dispersions investigated. The 

cumulative number probability density l e s  than q is negatively correlated with E,,,,. The 

Sauter mean diameter (d33 is more closely corrdated to c- and the interaction of 

with the mean flow than to P/pVF A new correlation for d32 is proposed. 
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Chapter 1 

Aü chemical pmcesshg involves the mixing or interpenetrating of one substance 

with another. The mixing of irnmiscible liquids is among the most important chemical 

engineering operations and mechanicaily agitated tanks are very common industrial 

equipment for liquid-liquid dispersions. ûne 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 (d33 and determhed by dmp size distribution: thus, research on the 

mechanisms of drop breakup and the effects of physical properties of fluicis, 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-iiquid dispersions and on the flow characteristics in agitated 

tanks is not reviewed in detail in this nrst 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 

breakuig) can explain most of the phenomena involved in drop breakup in dispersions in 

agitated tanks (Aü et al., 198 1, Hinze, 1955). The viscous shear breaking mechanism. 

which occurs only when the magnitude of the &op 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 hgmentation mechanisms occur in 

the vortex system traiIingfiom the impeller blade tips. Taking the example of oil as a 

dispersed phase fluid: 

a) The ligament stretching mechaaism comists of two sequential steps: when the 

oil entea the region of the vortex, first the velocity gradient between the vortex and the 



surroundhg liquid causes the oil to be stretched into Ligaments or elongated sheets, then 

the ligament breaks into mail droplets when the stretching becomes sufncient to create 

an unstable interfaciai condition; 

b) The turbulent fkgmentation mechanism occurs at higher Reynolds numbers 

(higher rotation speed and lower viscosity of dispersed fluids). When the large oii &op 

enters the vortex region near the impdler tip, a rapid disintegration of the drop occun, 

which fonns a redtant droplet cloud. 

Caiabrese (1979) studied the breakup of highiy viscous dispersed phases in stirred 

tanks. He argued that highly viscous dispersed droplets may break up by a ligament 

stretchhg mechanisrn and low viscosity droplets undergo a turbulent hgmentation 

mechanism when the dismptive forces in the contiouous 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 expenence the ligament stretchuig breakup when the dispersed 

phase is viscous andor the Reynolds number is low; and that the turbulent fiag-mentation 

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 &op size with the flow should 

maidy consider the turbulent pressure fluctuation which is represented by local 

turbulence energy dissipation rate, S. 

Many different correlations for drop size have been proposed, but it is difficult to 

evaluate them for the purpose of scahg up iiquïd-liquid dispersion systems because a 

variety of fluids d o r  geomeûic 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 breakhg mechankm 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 (PlpV,) is used instead of e . In some cases, two different scale-up d e s  (equal 



tip speed (nND) and equal power input per unit mass (P/pVT)) are proposed for almost 

identicai dispersions (Godney and M c ,  1977, Okufi et al., 1990). 

The discrepmcies amoag the existing correlations for h p  size (discussed in 

detail in Cbapter 3) may be partly caused by the faft that it is not clear which parameter 

is the best parameter to codate  the Sauter mean drop size: the mean flow (ND), or the 

average energy consumption rate on the sale of the whole tank, or the average turbulence 

energy dissipation rate on the scaie of the impeiler 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 dmp 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 fiom the 

irnpeller region of the order of only 1/6 the impelier diameter, breakup is vimiaily 

nonexistent. Seved 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 (PfpV,) will provide a reasonable correlation." Nishikawa et ai. (1987) found 

experimentally that wither the impeller speed, Reynolds number or average power input 

per mit 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 

phenornena in the mWng vessel. 

Another possibility for the discrepancies between conelations for mean drop size 

is that the effects of some geomeûic variables of impellers and tanks such as the ratio of 

irnpeller diameter to tank diameter, off bottom clearance and the number of baffles on the 

flow (refiected in E) are not accounted for. 

This project is designed to fil1 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, srna, to 

represent the extemal deforming force on droplets since drop breakup occurs in this 

region and the mean drop size may be correlated well with the E,,. This is especially 



tnie for dilute liquîd-liquid dispersions in which coalescence in the bulk of the tank is not 

sipnincant, 

A phase Doppler particle anaiyzer (PDPA) is used in this study. It can measure 

the diameter and the velocity of drops shuitaneously ((PDPA) mode), or the velocity 

oniy (laser Doppler anemometer (LDA) mode). Four impeiiers are usecl, one radial flow 

turbine (Rushton turbine 0) and three axial flow turbines (pitched blade turbine (PBT) 

and fluidfioil turbine (A3 10) and a modined pitched blade turbine (HE3)). A cyhdrical 

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 locai turbulence energy dissipation rate, especiaily the 

maximum turbulence energy dissipation rate, are investigated to characteriw the 

turbulence energy dissipation in impeller regions. 

For the average îurbuience energy dissipation rate, a macroscopic mechanical 

energy balance equation needs to be denved since a discrepancy is found in published 

works of previous kvestigators (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 denved equation and the data measured with a validated LDA. 

Emphasis is put on checking the conflicts between the magnitude of energy dissipation in 

the impeiler region and in the irnpeiler discharge region for the RT (Cutter, 1966, Gunkel 

and Weber, 1975, Wu and Patterson, 1989). Funher experiments were performed with 

the PBT and the A3 10. 

For the local turbulence energy dissipation rate, E, the commonly used estimate 

equation (~;-Av~/L) is verified in the impeiler regions by first examinhg the assumption 

of isotropic flow which is inherent in the equation; then the length scale L and the 

constant A are determined experimentdly. 

The effects of geornetric variables (number of baftles, Nf, impeller diameter, D, 

off bottom clearance, C, or the ratio of CID) on E, are investigated using factorial 

designs. The maximum turbulence energy dissipation rate, E,,, is estirnated using the 



veri£ied equation for the local dissipation rate. First, the location of E,, ,~ 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 A3 10, the HE3 and 

the Rn are used which represent the fidi specmun of impeiiers currently used for 

hubulent mixing in industry. 

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

Preliminary experiments were caeTied 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 anaiysis is focused on the drop size distribution, 

minimum &op size and Sauter mean diameter. The two scale-up d e s  mentioned above 

and the new approach using G, to replace P/pV, are examined simuitaneously using al1 

the data obtained for the four impellers and varyhg tank geometries to determine which 

is the best parameter to be used in correlations with d3> A new scale-up principle is 

proposed from the data analysis. From the data of minimum drop sizes, the suitability of 

Kolmogoroff length sa l e  [rl=(v3/~)1'4] is examined. This length scale is oAen 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 (Cbapter 2) and b) mechanisms of drop breakup 

and correlations for mean &op size (Chapter 3); (2) validation of the experirnental 

equipment used (Cbapter 4 for LDA mode, Chapter 7 for PDPA mode); (3) a study of 

the average turbulence energy dissipation rate in the impeiier regions (Chapter 5); (4) the 

local and maximum turbulence energy dissipation rate, grna, and the eEect of tank 

geometry (number of bafnes (w , impeller diameter @), off bottom clearance (C) ancilor 

the ratio of C D )  on (Chapter 6); (5) meannement of the drop size distribution, the 

minimum and mean drop s k s  and correlation of the mean drop size with flow (Chapter 

8); and (6) summary of main conclusions drawn from this work and suggestions for 

fuhw research needs related to this project (Chapter 9). 
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Chapter 2 

Literature Re-Flow Chamteristics in Agitated Tanks 

2.1 Introduction 

The formation of iiquid-liquid dispersions has been an active field of study in 

chernical engineering science since the 1950's. The drop size distribution, which is itself 

an important process variable, also determines the di 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 breahrp and on correlation of mean drop size with the 

turbulent flow in agitated tanks. In the next two chapters, the iiterature pertinent to this 

investigation is reviewed, with particular emphasis on the results obtained for stined 

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 &op 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. 

F h t ,  we begin with some definitions about the geometry of an agitated tank and 

impellers. 

2.2 Ceometrie Variabies of An Agitated Tank and Impeiiers 

2.2.1 Classification of ImpeUers 

DXerent impellers create different flow patterns and are used in liquid-liquid 

dispersion systems for various purposes. Several methods are used to classw impellers, 

each of which has advantages and disadvantages. The most commonly used method is to 

group impeiiers by flow regime and by blade shape. Ushg this method, impellers can be 

classined hto 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. Propeuers are essentially hi&-speed impellen of 

the a d  flow-type (discharge flow pardel to the agitator shaft), and may be useci in low 

viscosity liquids ahos t  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 batnes. Close clearance impellers are mainly used for high viscosity and 

non-Newtonian fluids. In this thesis projecf only turbines wiii be used; the rest are less 

relevant for liquid-liquid dispersion operatiom. 

The turbine is defhed in the AIChE "Standard Test Procedure for Impeller-Type 

Mixing Equipment" (AIChE, 1960) as "an impeller with essentialiy 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 fiat-blade radiai discharging style and the pitched-blade axial 

thnist type (there is a small radial component to the discharge velocity nom this turbine). 

Al1 others are modifications of these, e.g. disk flat blade, curved blade and tilted blade. 

pitched c w e d  blade. 

Most of the reported studies on Liquid-Liquid dispersions were done with turbines. 

h this study both the flat-biade radial discharging style and the pitched-blade axial thnist 

type turbines are used as welt as the newer A3 10 fluidfoil axial and the modified pitched- 

blade axial (ZiE3) impeller. Because turbines are also commonly called impellers, in the 

following chapters the words irnpeller and turbine are used hterchangeably for the 

mixing agitators. 

2.2.2 Geometry of Impeüers 

Schematic drawings of the axial-flow impellers (pitched blade turbine (PBT), and 

fluidfoil turbine (A3 10)) and the radial-flow impeller (Rushton turbine, RT) are shown in 

Figure 2-1. Although some other types of Vnpellea have been used by previous 

investigators, the PBT and RT (especiaiiy the RT) are the most cornmon. Ail three 

impellers are shown in Fipre 2-1 in their standard configurations. The PBT has a pitch 
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angle of 4S0; the blade width, W, of the PBT and RT is 015; 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 k e  blades 

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

2.23 Geomehy of An Agitated Tank 

The schemaîic drawing of a typical agitated tank used for study of mWng 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 baf'fies 

(their width, Wb=T/IO) equally spaced around the periphery of the tank. The number of 

bafnes, Nj can range fiom 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 nom the impeller shaft avis to the tip of one 

blade. The ongin of the cylindrical coordinates is defined as the cross point of the shaft 

axis and the center line kom a bafae to a baffle at the center Luie of the impeller blades. 

2.3 Characteristics of the Flow Generated by Dinerent Impeiiers in Agitated Tanks 

The stable mean &op size is detennined by the balance of the extemal forces 

(viscous stress and turbulent pressure fluctuations) and the restoring forces (interfacial 

tension and viscous stress due to the deformation and the intemal motion of the drop 

(Hinze, 1955)). ï h e  extemal forces are determined by the flow conditions in the 

continuous phase around the &op. Generally speaking, for a specific d g  systern flow 

conditions are detemiined 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 

A3 10 have not yet k e n  systematicdy investigated in the open iiteratwe. 

At piesent, a purely theoreticai treatment of the flow within an agiîated tank is 

impossible due to the randornness of turbulence, the three dimensionality of the flow, and 

the nonlinearity of the governing equations of motion. In ment years more and more 

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

appropriate boundary conditions obtauled h m  experimental measurements. 

23.1 Mean and Fluctuatiag VeIocities and Pressure 

Before we review the work of previous investigators on the characteristics of the 

flow generated by different impeliers in agitated tanks, we introduce the defitions of 

mean and fluctuating velocities and pressure. 

In most practicai situations the flow in an agitated tank is fûlly turbulent. Hinze 

(1975, pg 2) fonnulated a definition for turbulent flow as foliows: "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 discemed". Because of its irregularity, a turbulent motion cannot be characterïzed by 

its scale alone; the violence of the fluctuations is as important as the mean value. 

Furthemore, the value of a variable at a spatial point at an instant time has littie practical 

relevance for a turbulent flow; thus d variables which characterize the turbulent flow 

have time or space averaged properties. 

The momentary values of the velocity and pressure are written as 

v = Y + v '  (2- 1 

p = P + p '  (2-2) 

respectively, where the overscore denotes the average value, so that by definition the 

mean of turbulent fluctuations, 5; 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 defked as follows: 

Tirne average for stationary turbulence: 

Space average for homogeneous turbulence: 



In practical use the X and T have W t e  values. 

The fluchiating velocity is defieci by the mot-meau-square (nas, or RMS) of the 

turbulent fluctuations 

and the relative intensity of the turbulence fluctuations is defined by the ratio 

v 
turbulence intensity = = x 1 0 %  v 

23.2 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, 1953% 1953b, Sachs and Rushton, 1954, Metzner and Taylor, 1960) or tufts 

attached on parts of the inking equipment (Shen and Baird, 1991, Kresta and Wood. 

1991). The other is the direct meannement of the flow in the tank. 

Flow visuabation methods can give an excellent overall picture of the more 

complex the  varying aspects of the flow, which are difficult to reproduce fiom a local 

tirne averaged experiment. Its hprovement 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 fifües, 

photographie measuring rnethods were the main methods used to measure fluid velocities 

(Rushton and Oldshue, 1953% 1953b, Sachs and Rushton, 1954, Metmer and Taylor, 

1960). On account of the simple experimental set-up, they are still successfully king 

applied (Cutter, 1966, Schwartzberg and Treybal, 1968, Levis and Glastonbury, 1972, Ali 

et al., 198 1 , Winardi et al., 1988); however, the experimental results obtained by this 

method cm ody approxirnately reproduce an overall pattern of the flow and mean 

velocities. Since the early siutes, pressure probes [pitot tube: Kim and Manning, 1964, 

Desouza and Pike, 1972, Rao and Brodkcy, 19721, and convection probes [hot wire: 
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Baldwin and Walsh, L 96 1, Mujimdar et al., 1970, Gunkel and Weber, 1975; and hot film: 

Nishikawa et ai., 1976, Bertrand et al., 1980, Okamoto et al., 19811 have been widely 

used. Using these methoch 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 wiii be affected by the prrseoce of the probes. In the fine 

turbulent structure of the flow, the distorting effect of the meaniriag 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 

insbntaneous response to velocity fluctuations, with uaambiguous separation of the three 

directional components of velocity. The development of LDA ailowed substantial 

improvement of the understanding of the flow in an agitated tank. The f h t  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, Ladhutte 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, 1993% Dyster 

et al., 1993). Among the methods summarized above, the most successfûl has been laser 

Doppler anemometry. 

23.3 Geneml Flow Patterns in Agitated Tanks 

In papers about the flow characteristics and Liquid-liquid dispersions in agitated 

tanks, the phrases "impder region", "impeller Stream" or "impeller discharge Stream (or 

region)", and "buik" are often used by investigators to specify the regions around, near 

and away fiom 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 Buid in 

the tank; however, the achial scale for this region differs among investigators, depending 

on the measuring methods used. Inpeller sîremn, or impeller dischmge Stream, or 

impeller dischmge region refers to the region near impeller blades to which the fluids 
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discharged by an impeiler go. It has a différent meaning for axial flow and radial fiow 

impellers ùecause of their different discharge characteristics. For radial flow impellers 

like the RT, the irnpeiier discharge region is the region neighbo~g the impeller region in 

the radiai direction (defined above with the same axial coordinates); for the axial flow 

impeliers iike the PBT, the A3 10 and the HE3, UnpeiIer discharge region is usually the 

region under the Unpeiler blades, into which the main discharge Stream goes. The fluids 

enclosed in the impeilcr region and the impeiler discharge region occupy about 10% of 

the fluids in the tank. Regions other than the impeller region and the impelier discharge 

region are called "the buik of the tank". 

233.1 The Propagation of Turbulence with Increue of Reynolds Number 

Nagata et al. (1959, 1960) extensively investigated the flow conditions in an 

agitated tank with or without banles for lamlliar, transitional and turbulent flow. The 

80w conditions in an agitated tank are Merent from those in a pipe, but they have the 

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

v 

numbers the flow is laminar throughout the tank. Around the MpeUer the liquid velocity 

is hi& and decays rapidly away h m  the impeiier blades. With increasing Reynolds 

numbers, the flow amund the impeller becomes turbulent and the flow in the b d k  of the 

tank is d l  lamlliar. Further increases of Reynolds number result in the propagation of 

the turbulent -te to the buk away fiom the wighborhood of the impeller, and finally the 

flow in the whole tank becomes turbulent. 

Nagata et al. did not clearly specw Reynolds numbers for Iaminar flow and 

turbulent flow. From visualization and direct measurement of the flow field in agitated 

tanks and fiom 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 4 20 ; 

and the flow is turbulent when Re 2 lo4, between these two Reynolds numbers, the flow 

is in transitional (fiom larninar to turbulent) state. 



2.3.3.2 Effet of Bacs on the Flow in Agitated Tanks 

Aiba (1958) investigated flow patterns of tlme types of impellers (paddle, turbine 

and propellet) with and without batTies using a tracer method. He found that in the case 

of unbaflled agitation, irrespective of the type of impeller, two flow regions existed in the 

tank relating to the tangentid 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 dong with the 

cylindrical vortex (fke 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 h m  turbulent. From his data, we can deduce that 

for an unbafned tank tangential velocities produced by a l l  three types of impeilers are 

high relative to radial and axial components. In the case of fully bafned operation the 

tangential velocity component decreases. 

Nagata et al. (1959, 1960) deduced a similar conclusion fiom their experimental 

results. They found that the flow pattern is more erratic with baffles than without. For an 

unbaffled tank tangentid velocities produced by turbine impellers are high relative to 

radial and axial components. In case of M y  bafned operation the flow pattern is 

characterized by a decrease in tangential velocity components. The radial components 

remain alrnoa unchanged. 

2333 Characteristics of the Vortica Formed in Agitated Tanks 

Many investigatoa found the existence of vortices in agitated tanks (see Figure 2- 

3). Van't Riet and Smith (1973, 1975) &ed out the k t  quantitative investigation on 

the trailing vortex system produced by the RT using a photographie method. They 

showed that a pair of vortices exists, one above and one below the impeller disc plane 

behind impeller blades. The vortices behhd 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-fiim probe and observed that the vortices were broken up at the bacs and 

the tank d s .  Van der Molen and Van Maanen (1978) drew simila. conclusions and 

reported that the circulation velocity in the vottices is dependent on the impeller 

geometry and in particdar on the blade thickwu. 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 

rneasure the velocity characteristics in both the discharge stream and the buik of the tank. 

They found that the velocities in the vortices were of the order of 0.25 of the blade tip 

veiocity (nND), and that the impeller diameter affected the shape of the ring vortices and, 

to a lesser extent than the clearance, the inclination of the impelIer stream. Their 

measurements of the radial and tangentid average velocities below the impeller showed a 

vortical structure in planes perpendicular to the tank axis, with a helical vortex present 

behind each batne 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 hem, however, is much less extensive than that of the vortex system 

created by the RT. Tatterson et al. (1980) examined the £iow around the impeiier 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, andlor the 

scale of the experiment. Kresta and Wood (1991) w d  particle and tufi 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 al1 geometric configurations 

which was iiiustrated by classic fluid mixhg texts (e.g. Oldshue, 1983, Uhl and Gray, 

1986) and reaffimied by the experimental redts 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 prirnary 



circulation loop is much smaller than pteviously reported. Above the impeller in the 

upper third of the tanù, there is very Little circulation and many of the weaker circulation 

pattern are unstable. They specined that a ttailing 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 co~gurat iow are 

shown in Figure 2-4. 

2.33.4 L o d  Isotropy of the Flow in the Impeller and the Impeiier Discharge 

Rcgon 

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 impeller blades is more turbulent than that away fiom 

the impeller, and it is non-homogeneous as well. Several investigators have assumed that 

the flow in the impelier and the impeller discharge region is isotropic (Cutter, 1966, 

Shinnar, 196 1, Arai et al., 1977). Experiments to check the isotropy of the flow in the 

impelier and impeller discharge region were done by Jaworski et al. (1987) and Kresta 

and Wood (1991). 

Jawonki et al. (1987) investigated the flow characteristics for the region 

mowding a PBT using a photographic method. By andyzhg the radial distribution of 

the fluctuating velocity components they concluded that local isotropy of those 

compownts exists for the entire investigated area around the impeller blades. They 

actually measured ody the radial and axial components of the mean and fluctuating 

velocities. For the flow formed by the PBT, the tangentid component of velocity is not 

too smdl to be neglected, so theu data are not sufncient to confimi 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 

approxllnately locally isotropic. The check of isotropy of the flow in impeller region and 

impeller discharge region for three impellers (RT, PBT and A3 10) will be reexamined in 

Chapter 5. 



23.3.5 Velocity Profiies for the Radiai Flow ImpeUer (RT) 

Sachs and Rushton (1954) meanned the radial velociîy profiles in the discharge 

stream for the RT using a photographie method. They obtained roughly parabolic 

profiles of radial velocities near and away h m  the impeller tip in the discharge stream. 

The mornenhun 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 împeiler blades) is 

proportional to the Unpeller speed at various radial distances h m  the impelier. A large 

volume of fluid is entrained by the discharge Stream as it flows away fkom the impeller. 

Cooper and Wolf (1968) measured velocity and angle profiles near the RT 

impeller tip with varying impelier 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 nomalized 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 sVnilar 

turbines. 

Nouri et al. (1987) investigated the flow with varyùig impeller diameters and 

rotational speeds using a laser Doppler aaemometer. ï h e  fïndings obtained with this 

totally difFerent technique are in close agreement with those of Cooper and Wolf (1968). 

233.6 Flow Fields for the Axial Flow ImpeUer (PBT) 

Most of the extensive investigations on the flow generated by the PBT have been 

done ushg LDA. The only detailed investigation on this flow ushg a method other than 

LDA is Fort and CO-wotkes' 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, Dm ratio and i m p e k  location on the flow by measuring the variation of 

pumping capacity with these variables, 

Ranade and Ioshi (1989) investigated the flow generated by the PBT extensively 

using LDA. They used two sizes of tanks and examineci the effccts of off bottom 

clearance, of the geometry of the impeller (blade a q i e  (30'-60°), blade width (O.2D 

0.4D)) and impeller diameter (02ST-OST) on the flow. They found that 1) in the 

impeiler region, pitched blade turbines generated strongiy accelerated downward flow 

through the impeller region when impeiler diameters are less than T/2; 2) the mean 

velocities and turbulence htensities were approximately proportional to the impeller 

speed within the range of Reynolds numbers studied (4x10~-1.4~10~); 3) the angle of the 

blade significantly affected the flow; the blade width affected the fïow as well, but to 

lesser extent; 4) the large impeller (DfFû .5 )  generated entirely metent  flow-radially 

outward flow through the vertical penphery of the swept surface; 5) in the bulk region 

three distinct zones exist viz, cone shaped region below the impelier (with upflow of 

liquid), a highly turbulent region below the impeiler center plane and a relatively less 

turbulent zone above the impeiler. 

Jaworski et al. (1991) studied the flow generated by a standard PB? 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=û.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 visualkation and LDA, focusing especially on the impeller 

discharge -am 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. 



Gened 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 impeiler (A3 10) is also drawn, 

which is based on the experimental &ta of this study (detailed velocity profiles for the 

A3 10 are presented in Chapten 4,S, and 6). For the A3 10, the general flow pattern is 

similar to that of the PBT, with smaller radial velocities in the impeiler discharge region 

(under impeiier blades). The angle between the axis of the hpeiler shaft and the 

discbarge Stream is smailer for the A3 10 than for the PBT. 

2.4 Dimensionless Groops 

2.4.1 Reasons and Ways to Cet Dimensianiess Croups 

The bdamental physical laws goveming m e r  to particles immersed in fiuids 

are Newton's second law, the principle of conservation of mass, and the nrst law of 

themodynamics. Application of these laws to an innnitesimal element of material or to 

an innnitesimal control volume leads to the Navier-Stokes, continuity, and the energy 

equation. Exact analytical solutions to these equations have been derived only under 

restncted conditions. It is practicaily impossible to get exact analytical solutions to these 

equations for turbulent flow in an agitated banled tank More usuaily, 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 wbich are known to be more important. 

Most ofien, in the case of turbulent flow in a stirred banled tank, the goveming equations 

are used to suggest relevant dimensionless groups with which to correlate experimental 

data. 

Dimensionless groups are the direct result of dimensional d y s i s .  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 ïI-theorem, developed by Buckingham (1914). The background and 

development of this theorem has ken well presented by Hixson and Luedeke (1937), 

Johnstone and Thring (1 957), Rushton et al. (1950), and recently Dickey (1 993), and will 

not be repeated here. A point wort mentioning is that the n-theorem starts directly with 

an uncertain equation which is no more than a complete list of unknowns and potential 

19 



correlating variables. Another method, proposed by Rayleigh (1915)- uses a goveming 

equation and substitutes a few chatacteristic variabies into the govemuig equation to get 

dimensiodess groups. The two methods give the same resuits. 

2.4.2 Variables Anecâing Fluid Motion in the Moing of Liquids 

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

First, the kinematic and dyaamic characteristics of flow such as velocity, power 

input or resisting forces, e.g. the interfacid tension in the case of &op breakup, and the 

force of gravity. 

Second, the fluid physid properties such as density, p, viscosity, p, and 

interfacial tension, a. 

Third, geometrical dimensions of the impeiier and tank such as: impeller 

diameter, D, tank diameter, T, liquid depth (height), H, off bottom clearance, C, pitched 

angle of the impeller, 8, iength of impeller blades, Lb , width of blades, W, width of 

baffies, Wb, number of blades, Nb , number of bafnes, NI. 

2.43 Important Dimensionless Croups 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 

rnomenturn balance in terms of local pressure and velocity (Bird et al., 1960) is: 

To get dimensionless groups, we first choose characteristic quantities to represent the 

principal dimensions of length, tirne and m a s  (D for length, UN for tirne, ND for 

velocity, (ND)' for pressure). Substituting the characteristic quantities into Eq.(Z-6), 

and rearranghg coefficients yields a dimensionless form of the Navier-Stokes equation: 



where denotes dimensionless variables. Two dimensionless groups appear as 

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

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

for agitation (simply called the Reynolds number in foiiowing chaptea) represents the 

, is the reciprocal ratio of inertiul to viscous forces. Another dimensionless group, - 
D N ~  

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

forces. 

2.4.3.2 Power Number 

Using the II-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, Np, 

A 

Np = = f(Re, Fr) 
P N~ D' 

The power number relates imposedforces to inerlial forces, and is a fûnction of the 

Reynolds number and the Froude number. 

2.4.3.3 Weber number 

When two immiscibIe liquids are agitated, a dispersion is fonned in which 

continuous breakup and coalescence of drops occurs. The &op is assumed to be broken 

by viscour shear forces and turbulent pressure jluctuationi. The elastic stress generated 

due to interfacial tension on the other hand, tends to restore the &op to the original 

shape. In the inertial subrange, a balance between the elastic stress, a l d , and turbulent 

pressure fluctuation represented by p,v2(d) , detemines the maximum stable drop size. 

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

number, or Weber group: 



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

p, vZ (d) ,by p, N~ D , and replacing &op diameter, d , with the impeiler diameter, D. 

we get the Weber number in a mixing tank: 

The qualincation "in a mWng tank" is added to distinguish between the Weber number 

on the scale of &op diameter, d, and that on the scale of the mixing equipment. Stnctly 

speaking, the Weber number refen to the definition by Eq.(2-9). There is an alternative 

way to derive Weber number in a mDring tank, which wili be given in section 3.2.2 of 

Chapter 3. 

2.4.4 Power Characteristics of Muiag ImpeUers 

The main fiinction of agitation is to introduce energy into the tank with the aid of 

a rotating impelier, thus converting mechanical energy into hydrodynamic motion. The 

power consumption characteristics of mixing impellers are one of the most decisive 

parameten needed to characterize mixing impellea and the fl ow generated by them in the 

tank. 

Rushton et ai. (1950a, 1950b) were the tint hvestigators 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 - fiom laminar flow. 

Reynolds numbeis<20, to fully turbulent flow, Reynolds n u m b e r e l ~ ~ .  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 

generdy considered a bct ion 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 transition region (lamiaar to fully 

turbulent flow) the power number shows different trends for propellers and Rushton 



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 M y  turbulent region the power number is no longer a fünction 

of the Reynolds number for any of the impeiiers 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 (IO-' to 105) 

as weIl. The data for radiai fIow turbines agrees weli 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 batnes, batne width) on 

impeller power. 

The power numbers in the M y  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 DTT=lR, 

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 (2x10~ to 103. Ranade et al. (1992) studied the power nurnber 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 Df5. The values of power 

nwnbers used for this work are based on these studies. 

2.5 Turbulence Energy Spectmm and Turbulence Energy Dissipation 

Characteristics in Agitateâ Tanùs 

As mentioned before, dirrctly applying the Navier-Stokes equation for turbulent 

motion in an agitated tank is dificult and practcaily 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 t h e  to tirne and fiom point to 

point, so it is necessary to use some statistical average and a measure of the deviation 

fiom the average. 



By expressing the instantanmus value of a variable as a sum of an average value 

and a fluctuating value, and taking the tirne average of the Navier-Stokes equations, we 

c m  obtain the following equations: 

ui the time averaged Navier-Stokes equations, a new term, pv' i v'j , appears. This terni 

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 equatiom. There are t h e  Reynolds equations with 10 unkaowns, but we cm 

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 h t  is to use fùnctional expression for the 

Reynolds stresses - for example, Boussinesq's Theory, Prandtl's Mwng Length Theory, 

Taylor's Vorticity Transport Theory, the k-E model; the second is to directiy use statistical 

correlations for the fluctuating velocities; the third is to convert the differential 

momentun conservation of Navier-Stokes equations to the integral mechanical energy 

balance (Tennekes and Lumley, 1972). if an energy balance is our goal. In al1 three 

approaches some information about the turbulence structure will be los. 

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 Spectnim 

When a flow is in the turbulent state, varying sizes of turbulent eddies are formed 

which range fiom the very smallest (on the viscous scales) to the iargest (which are 

Iimited only by the boudaries of the mkhg equipment). Different sizes of eddies have 

their own energy transfer characteristics which are depicted by the energy spectnun 

equation. For isotropie turbulence the following equation, descnbing the energy 



spectmm, can be obtained by takhg the Fourier traasform 

equation (Hinze, 1975, pg 215). 

of the Karman-Ho warth 

(2- 12) 

k is the wavenumber and is ofien considered to be the reciprocal of an eddy size; E(k,t) is 

the three-dùnensional energy spectrum hction related to the Fourier transfomi of 

second-order velocity-correlation tensor and indicates the way in which the energy 

associated with each velocity component is distributed over various wave numben or 

fiequencies; and F(k,t) is the three-dimensional traasfer spectnmi h c t i o n  related to the 

Fourier traasform of third-order velocity-correlation tensor and is associated with energy 

m e r  between wave numbers or eddy s k s ,  so it is fkquently referred to as the energy- 

transfer-spectnim fhction. Eq.(2-12) is indeterminate due to the unknown behavior of 

the -fer spectrum hct ion F(k,t). Two ways can be used to overcome this diffifulty: 

1) assume some appropriate functional form for F a t )  as in the case of Reynolds stresses; 

or 2) directly draw some conclusions about the functional fom of E(k,t). Various forms 

of F(ic,t) and E(ky,t) have been suggested to be used in solving Eq.(2-12). 

In the case of no energy supply we integrate Eq.(2-12) fiom zero to infinity over k 

by taking into consideration that the integral of F&t) is zero because there is no net 

transfer over dl the wave numbers. Thus a relationship between the turbulence energy 

dissipation per unit mass, E, and the energy spectrum function is established, since the 

d 
time denvative of the integration of E(k,t), - E(k, t)dt , is nothing but the change of 

dt 

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

rate. 

E = 2v $ ~ ( k ,  t)k2dk 

In isotropie turbulence, we cm express s as follows: 



So, for isotropie turbulence we have 

where v is the turbulence intensity (the rwt mean square of fluctuahg velocity), and bg 

is the dissipation scale characterizing tbe size of eddies m d y  responsible for 

dissipation, often referred to as the microscale of turbulence. Eq.(2-13) and (2-14') can 

be used to evduate E in some regions of turbulence where E k t )  can be determined 

anaiyticaily or empincdy. 

For the simplest case, in which the interaction among eddies of various wave 

numbers is assumed to be negligibly smali (Le. F(k,t) is negiigible with respect to the 

other terms), we cm easily get an exponentiai form of solution for E&t) by integrating 

Eq.(2- 1 2). 

E(k, t) = ~ ( k ,  t o  ) exp[(-2v k2 (t - to (2- 1 5 )  

Eq.(2-15) can dso be considered the solution for the case in which the viscous effects are 

predominant comsponding to low values of the Reynolds number a d o r  viscous fluids. 

The energy specrnim for the more general case of higher Reynolds numbers has 

been the subject of many theoretical and experimental studies. Paraphrasing the 

explanation fiom 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 fiinction E&t) vs. 

wavenumber k is continwus. In order to make the analysis of the turbulence energy 

spectnun easier, we introduce some definitions used by Hiaze (1975, pg 221): "The range 

of the ewrgy 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 

correspondhg to this maximum is denoted as ke. As mentioned before, energy 



dissipation is continuous. Dissipation by viscous effects increases as the wavenumber 

increases, up to a maximum for a certaiu value of the largest wavenumbers (or the 

srnailest eâdies). We associate a wavenumbei kd 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 smailer and 

d e r  eddies through ineitial interaction, thereby transferring energy to the mail 

eddies. When the turbulence is M y  developed the eddies containing the maximum 

kinetic energy will be the eddies in a higher-wavenrmber 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 sufnciently wide apart, Le. 

ke<<<kl. 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 equiiibrium with one another. Kohogoroff made the following 

hypothesis based on this fact (Hinze, 1975, pg 227): "At sdficiently high Reynolds 

numbers there is a range of high wavenumbers where the turbulence is statistically in 

equilibrium and uniquely determined by the parameters E and v. This state of equilibrium 

is universal." Figure 2 4  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 scaie q and a velocity 

scale u 

By this dennition the Reynolds nurnber with reference to such a velocity scale and 

length scale is unity 



The wavenumber kd where the viscous effects become very strong is of the same 

order as l/q. The wavenumber ke marking the range of the energy-containhg eddies is of 

the same order IR, where L may be interpreted as the average N e  of the energy- 

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

As mentioned above, for the equilibnum range to exia the wavenumber k, must be large 

compared to k, in tenns of the length sa le  

L>''rl 

and the turbulence is independent of the mean flow and the boundarïes. Hence, the unit 

Reynolds nurnber defined above is not wfficient to characterize the turbulence in the 

whole wavenumber range. Two other Reynolds numbers can be obtained from local 

parameters: the microscale Reynolds number 

and the macroscale Reynolds number RZL 

Using these two Reynolds numben the condition 

range becomes 

in terms of the microscale Reynolds number, and 

g y '  x-1 

in tenns of the macroscale Reynolds number. 

(2-2 1) 

for the existence of the equilibrium 

We mentioned before that in the equilibrium range the dissipation increases with 

the wavenumber. If the Reynolds nwnber is very large it is reasonable to assume that 

there is a subrange of wavenumbea very far below the region of maximum dissipation in 

which the dissipation is wgligibly small compared with the flux of energy transferred by 

28 



inertïai effects. in such a submge the effect of the parameter v would then vanish. 

Based on this consideration Kolmogoroff made his second hypothesis: "If the Reynoids 

number is infinitely large, the energy spectmm in the subrange satisfying the condition 

(kec<k<<kJ is independent of v, and is solely determined by one parameter E." This 

subrange is usually called inertial subrange because the inertid tramfer of energy is the 

domhating factor in this subrange. The condition for the existence of this subrange 

becomes 

~ 5 '  -1 (2-24) 

in terms of the microscale Reynolds number, or 

R:: >>>1 (2-25) 

in terms of the macroscale Reynolds number. 

From dimensional analysis Kolmogoroff arrived at the following expression for 

the energy spectnrm in the inha1  subrange 

E( k, t) = c 8213 k-'I3 (2-26) 

which has been confïrmed theoretically and experimentdy for stirred tanks by various 

investigators (Cutter, 1966, Kim and Manning, 1964, Komasawa et al., 1 974, Nishikawa 

et al., 1976, Gunkel and Weber, 1975, Kresta and Wood, 199 1, Hinze, 1975, pg 252). 

The higher wavenumber region of the universal equilibriurn range is cailed the 

viscous dissipation range. Heisenberg obtained a k-' relationship between E(k,t) and k in 

this subrange. nie energy spectrum fiulction is in the form 

An equation applicable for the whole universal equilibrium range has been 

proposed by Chandrasekhar (1 949) 

2/3 
5 114 (kl kd)-*I3 E(k)=(8) 9c (SV (2-2 8) 1 ++(:y]"' 

Eq.(2-28) reduces to Eq.(2-26) when w-1 and to Eq.(2-27) when k k p l .  



2.5.2 Relative Velocity in L o d  Isotrapic Turbak~ce 

The concept of local isotropy was ntst proposed by KolmogomfK Batchelor 

(1947, 195 1) made a good ~ ~ l ~ l ~ l l a r y  in English. The main points of this concept and the 

expressions for the dative velocity are summa.d  briefly here. They wili be used 

extensively in the chapters whïch follow. 

We have already introduced the definitions of turbulence intensity, the 

wavenumbers and b, Kohogoroff s length scale 11 and velocity scale u, the turbulence 

microscale kg and the turbulence mamscale L, aad the relationship between E and the 

energy specmim fiinction. Now we introduce the dennition of the relative velocity 

between two spatial points: 

where r is a component of space coordinates, f is the radius vector qr,. If in any small 
- 

volume of liquid, for any value of F, v2(y) is independent of the direction of and 

tirne, we say the turbulence is in local isotmpy. Any relative velocity in the space should 

be a b c t i o n  of uZ (dimension consistence) and the length scde q. Therefore 

It can be shown that B mut be of the fonn 

where B is an universal fiinction, the properties of which are unknown. But for the 

folfowing limiting cases the values of B can be found: 

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

- 
The function V(r) is an even fiinction of r vanishing with r, therefore B 

av(r) is constant and V(r) is have the same properties. For very srnail values of r, - ar 
directly proportional to r. Thus Eq.(2-3 1) can be wrïtten as 

30 



2) Case 2: L»t>hl 

This region lies in the inertial subrange where the velocity correlation between the 

two points satisfying L>>r>l  is a fiuicticm of E and 1 F 1, and is independent of 

viscosity v. This velocity correlation v2(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 detemiined 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. v2(r) is therefore independent of v, whkh can only 

be tnie from dimensionai analysis if 

nie 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 cornparisons of the results will be reviewed in Chapter 3. 

2.53 Experimenhl Investigations of Turbulence Energy Dissipation 

Characteristics in Agitated Tanks 

From the Füst Law of Thermodynamics, the energy balance for the material 

(system) in a non-flow agitated tank should be simple, since ody the shaft work of the 

impeller and heat are exchanged between the system and its environment. No other 

fonns of energy are transferred if no electrical andor magnetic work is involved. It is 

tme that all the power coasumed 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 



complex than the overall energy balance. As analyzed in Section 2.5.1, this conversion 

mechanian interacts in cornplex ways tlvough the viscous stresses. Many investigators 

have studied turbulence energy dissipation characteristics in agitated tanks. They 

concludecl that the micro eddies play an important role in the conversion. Oldshue (1993) 

defined the micro scde mhbg as a qualitative number - beginning at about 100 microns. 

He argued tbat the flucniating part of the velocity goes to make up the micro scale 

environment, and that this is where the power is dtimately 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 M y  developed and the Reynolds number is larger than 104. This means 

that the total energy consumption in a stirred tank is independent of the viscosity and is a 

fiinction 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 collsumption per unit mass, (E =P/pV,), this conclusion can 

be described as: 

E= k'N3DZ (2-3 5 )  

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

253.2 The Local Turbulence Energy Dissipation 

The knowledge of the average energy dissipation is not sufficient to detemine the 

characteristics of the turbulence energy dissipation in an agitated tank. Direct 

determination of local turbulence energy dissipation E by experiments, however, is 

practically impossible, since al1 three mean and fluctuating velocities and higher order of 

velocity correlations are needed Severai methods using a combination of theoretical and 

experimental bases have been proposeci. 

Cutter (1966) started with the NaMer-Stokes equations and derived the foiiowing 

equation to calculate E 



-2 -2 -2 where IC2 equals V, +v, +Ve + vt:+vtT+ &. He made the 

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

(2-3 6 )  

following main 

a) the turbulence is steady, so the time means and variances of velocity at any given 

point in the tank are independent of tirne, when estimated fiom a suficient number of 

measurements, taken over a sufncient long interval of tirne; 

b) the viscous forces are negligible in cornparison with the inda1  forces since the 

hpeller is operathg under conditions such that the power consumption is independent of 

the viscosity; 
- - -  

C) the turbulence is isotropie, so vp$ = vrf = v'i ; 
d) axial mean velocities are negligible compared with radial and tangentid 

components for a RT; 

e) circuiar symmetry exists, Le. d/ûû=O. 

With Eq.(2-36) and the data of the mean and fluctuating components of velocity 

measured by a photographie method in the flow agitated by the RT, Cutter detemiined the 

local turbulence energy dissipation. He concluded that most of the energy supplied to the 

impeller is dissipated in the impelier region (-20%) and the impeller stream (-50%). with 

only about 30% king dissipated in the rest of the tank (approximateiy 90% of the tank 

volume). He found that the values of the ratio E / E Vary tremendously in the tank fiom 

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 fluïd 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 irnpeller was dissipated outside the impeller stream, that is, in 

the buik of the tank. They argued that this disagreement with Cutter's work may be 

caused by the suficient scatter of Cutter's data , since the kinetic energy flues are 



calculated by raising m#wred velocities to the third power, diable energy fluxes can 

oniy be obtained by accurate experirnental data Gunkel and Weber stated that their data 

were confimeci by checking the turbulence energy spectmm in the whole universal 

equilibrium range (iaertial 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 E. They mea~u~ed the mean and 

fluctuating velocities in the flow created by the RT in both the impeller ~eeam and the 

buik of tanks in unbded  and banled tanks using a hot-film anemometer. In the 

unbafned tank the maximum value of the ratio E / E is 1 1.3 near the tip of the impeller 

and the minimum value is 0.21 in the bulk outside the impeller Stream; in the bafned tank. 

the maximum value of the ratio E I E 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 merence between local turbulence energy dissipation rates in the tank is 54-fold for 

the unbaflied case and 41-fold for the bafned case. This îndicates 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 si ("right beside the impeller") and the circulation region (buik) E,: 

They also correlated Sato and CO-workers' data and presented the following correlations: 

where cpl and are constants, the value of cfl was 0.85 for the data with six-bladed 

hpeller aMi four batne plates. The value of cPz was not given. 



Costes and Couderc (1988) rneasured the turbulent flow induced by a RT using 

LDA. They used energy spectrum analysis to determiLle the local turbulence energy 

dissipation and found that 

a) near the impeller c I E n 5 - 10. 

b) in the bulk of the tank E f E z 0.05 - 0.07 which is much lower than that 

reported by Cutter and Okamoto etal. The ciifference between local turbulence energy 

dissipation rates in the tank is appmximately 100-fold. 

Wu and Patterson (1989) also measured the turbulent flow induced by a RT using 

LDA. They simply used the following equation to caiculate E: 

for the kinetic energy flux in radial direction, KE, 

for the kinetic energy flux in axial direction, K& 

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 E in the impeller Stream. The maximum value of the ratio E I E for their work is 

about 22 near the tip of the impeller. In Chapter 5 the derivation of the turbulence 

energy dissipation in a control volume used in this work is given. It differs somewhat 

fkom that used by Wu and Pattenon (1 989). 

Ranade and Joshi (1989), and Ranade et al. (1992) calcuiated the turbulence 

h e t i c  energy flwc in the same way as Wu and Patterson, ushg the LDA data for a PBT, 

but the equations in the two papers are al1 multiplied by 2 which should be canceled in 

the derivation of the equations. Ranade and Joshi reported the profiles of turbulent 

kinetic ewrgy n o d z e d  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 



papa of Ranade et ai., the authors dehed a "hydrauiic efficiency" which is the ratio of 

the rate of kinetic energy flowing out of the impeller swept volume (including the 

impeiier and the impeiier stream) to the total energy input rate, so the percent of the total 

energy dissipated in the impeller and the impeiier stream shouid be (1-q&lOO. For the 

five M i n t  geometries of PBTs they studied bitch angle h m  30° to 60°, W/I) fiom 

0.2 to 0.4), 46% to 34% of the total energy was dissipated in the impeiler and the impeller 

Stream, with the value 46% comsponding with the geometry: pitch anglHS0 and 

W M . 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, Le. 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 spatiai distribution of local turbulence 

energy dissipation E is universal also, and that ali local values of E are then directiy 

proportional to E . That is 

3 2 
E(X, y7 z) = k"(x7 y, 2) N D (2-40) 

The dimensionless factor k" is an experimentally determinable fiinction of the 

coordinates of any point in the tank. This arguments can be deduced directly from the 

estimate equation of e proposed by Batchelor (1953). 

where A is an empirical constant in the order of magnitude O(l), L, as defhed on page 

28, is the characteristic length of large eddies, and v is the streamwise component of 

turbulence intensities or commonly caiied the root-mean square (nns) of fluctuating 

velocities. It should be bnefly mentioned that Eq.(2-41) can be derived in several ways. 

According to the basic definition of & as the change of turbulence h e t i c  energy, 

Tennekes and Lumley made a dimensional argument to express the tirne by a fluctuatîng 

velocity component and a length sa le  of turbulence, and got the equation. Starhg fiom 



Eq.(2-14) and using 

of the turbulence: 

Taylor's equation (Hinze, 1975, pg 225) to compute the microscale 

equation (2-41) f o m .  Now we go back to the local turbulence energy dissipation s. 

According to Eq.(2-41), if the fluctuating velocity is proportional to ND and L can be set 

to some b t i o n  of D, then E is pmportional to N3D2 as  Eq.(2-40). Experimental 

investigations showed the fluctuating velocity in a f U y  developed turbulence is exactly 

proportional to ND @ertrand et al., 1980, Ladhutte and Mersmann, 1985, Ranade and 

Joshi, 1989, Dyster, 1993), and the macroscale length L can be set to some hction 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, 

ail three fluctuating velocities are needed to find the turbulence kinetic energy. Thus the 

following equation is often used by investigatoa to estimate E 

1 3  7 - 1 2  2 7 where q = -(vf, + vf + VI;), or - -(vr + vr + ~ 6 )  . The constant A in Eq.(241) or A' 
2 2 

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 ql". The length scaie L can be obtained in two 

ways: one is to set it as some fiaction of the impeller diameter (Brodkey, 1975), another 

is to calculate it fiom the integration of autocorrelation hctions (Wu et al., 1989, Wu 

and Patterson, 1989) which is briefly introduced below. Wu and Patterson fûa related 

the characteristic length via the mean velocity: 

where 7, is the Eulerian integral time scale obtahed by taking the integral of the 

autocorrelation fùnction: 





Estimated results of s using Eq.(241) 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. 

Fiom the andysis of Section 23.2, we lcnow that relative velocity (deteminhg 

the extemal forces deforming droplets) is related to local turbdence energy dissipation 

rate, E, in the universal equiiibrium range. It is clear that E is a critical variable to 

determine the mean drop size and diop sïze distribution in an agitated tank. This will be 

discussed M e r  in the next chapter, when the mechanisms of drop breakup and the 

correlations for mean &op 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 impeUer discharge region. 

The macroscaie turbulence length L in Eq.(241) will be compared for the three impellers 

- the RT, the PBT and the A3 10, with emphasis on the l e s  studied impeller - A3 10. 

Effects of geomeûk variables (impeiier diameter, number of baffles, off bottom 

clearance) and rotational speed of the impeller on s wiil be investigated, and the main 

variables afFecting E will be chosen to be studied in the expetiments to measure mean 

&op 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. 



Tables in Chapter 2 

TabIe 2-1 Power numbers for the Rushton turbine in fdly turbulent flow 

Series Investigators Power number Np 

1 Rushton et al., 1950 6.2 

2 Fiynn and Treybai, 1955 6.0 

3 Laity and Treybal, 1957 5.5 

4 Calderbank, 1958 5.5 

5 1 Bates et al.. 1963 1 5 .O 

6 Esch? 1971 5.1 

7 Nienow and Miles, 197 1 5.0 

1 Brauer et al.. 1972 

1 Pharamond, 1973 

10 Boon-Long, 1976 5.5' 

11  Bertrand et al., 1980 5.1 

12 Yianneskis et al., 1987 4.8 

Average (series fiom 1 to 1 1)" 1 5.4 

* From Bertrand et ai., 1980. 

* * D fiom Tl4 to T/2, C fiom T/4 to T/2, in bafned tanks. 



Table 2-2 Values of the constant in Eq. (2-41) or Eq. (2-43) (fiom Kresta and Wood. 

Reference Velocity Scaie 

Laufhutte and 

1 Mersmann. 1987 1 
1 Costes and Couderc 

(1988) 

Rao and Brodkey, 

I Wu et al,, 1989 

I Wu and Patterson, 

1989 

I Cutter, 1966 

I Stoots and 

Calabrese, 1989 

Length Scale 

D 

fkom 

autocorrelation 

fiom 

autocorrelation 

fiom correiation 

coefficient 

DIS 

Value of A or A' 

5.5 to 7.2, 

recommends 6.25 



Table 2-3 Values of the constant in Eq. (2-41) or Eq. (2-43) when L is set to Dl10 

1 Reference 1 Velocity Scale 

/ Costes and Couderc 1 replaced by v 

Rao and Brodkey, 

1 Stoots and 

1 Calabrese, 1989 1 

Length Scale Value of A or A' 

0.55 to 0.72, * 
recommends 0,625 

* based on whole tank. 



Figures in Chapter 2 

Figun 2-1 Schematic drawings of the three impellers-PBT, A3 10 and RT. 

pitched Blade Turbine (PBT) Fluidfoil Unpeiler (A3 10) Rushton Turbine (RT) 

Figure 2-2 Geometxy of the stirred tank (T4.240 m, H=T). 

baffle 

H=T 

I 

shaft 



Figure 2-3 Schematic three dimensional view of the trailmg vortex pair produced by the 

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

Figure 2-4 Schematic drawing of the second circulation loop aeated by the PBT (fiorn 

Kresta and Wood, 1993). (a) tank mid-section; (b) flow at the tank wd; (c) impingement 

at the bottorn of the tank, 



Figure 2-5 General flow patterns for the PBT, A3 10 and RT. 

PBT A310 

Figure 2-6 Form of the three-dimeasionai energy spectnim fiindon EQt) in the various 

wavenumber ranges (fkom Hiate, 1975, pg 229). 
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Chapter 3 

Literature Review-Mechanisms of Drop Brrrkup and Mean Drop Size 

3.1 Introduction 

When two immiscible iiquids are agitated, a dispersion is formed in which 

continuous b&p and coalescence of drops occurs. The drops are broken by viscous 

shear forces and turbulent pressure fluctuations. The elastic stress generated due to 

interfêcial tension, on the other han& 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 inmeases. A diameter is finally reached where the defonning stress is 

unable to break the &op. This diameter is nomally referred to as d,, the maximum 

stable &op diameter which is encountered in the impeller zone of an agitated tank where 

the maximum of the deforming force occun. Simultaneously, coalescence may occur 

when drops coiiide. The probability of coalescence is related to the collision energy - 
aiso at a maximum in the impelier zone. After some time a dynamic equilibrium is 

established between breakup and coalescence, and a spectrum of &op sizes results. ïhe  

average drop size and the &op size distribution will depend upon the conditions of 

agitation as weli as the physical properties of the two iiquids. In Chapter 2 the flow 

characteristics of agitated tanks were reviewed ui this chapter the theoretical and 

experimental studies of the mechanisms of drop breakup, and of the mean &op size and 

drop size distribution will be reviewed in detail. 

3.2 The Mechanisms of Drop Bmkup 

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

the deforming stages and feahires of &op brealrup, the other is to analyze the force 

balance (or energy balance) during drop breakup. 

3.2.1 Deformation and Breahp of Drops 

In general the disintegration of drops takes place in stages. Initially, when two 

immiscible fluids are stirred by an agitatoq the fluid to be dispersed is present in bulk. 
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This bulk of fluid defoms and breaks into chunks of fluid which break up M e r  into 

smaIier 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 larnellae and ligaments of one fluid into the other. These ligaments then 

break up into drop1ets which may f ider  spiit up into s m d  parts. Since the Ligaments at 

the moment of breakup are not equally thick, drops of different sizes wiiI be formed 

during this dishtegration process. Hinze (1955) divided breakup processes into three 

Merent types. This classification is qualitative, and is based on photographic studies of 

droplet brealarp. 

a) Lentinrlor Breakup. The droplet flattens into an oblate eliipsoid which may be 

curved dependhg on the magnitude of the extemal forces (flow field) causing the 

defonnation. The droplet in flattened form may change later into a toroid, which M e r  

breaks up into srnail droplets, but it may also undergo an irregular shattering process. 

Lenticular breakup is often observed in the binsting of droplets in air. It occurs at higher 

Weber numben than elongated breakup, which will be described below. 

b) Elongated Breakup. The droplet is first deformed into a prolate ellipsoid, which 

M e r  elongates to a cylindrical thread. The thread breaks up later into severai droplets. 

Elongated breakup is especidy important in liquid-liquid dispersions. 

c)  Bulgy Breakup. As the surface of the droplet is deformed locally, bulges and 

protuberances occur. If the disturbance is strong enough, a smali droplet may separate 

fiom the droplet. 

Ali et al. (198 1) investigated the mechanisms in an oil-water dispersion agitated 

by a PBT in a baf3led 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 hgmentation mechanism. Both 

mechanisms occurred in the vortex system traiiing from the impeller blade tips. 

The ligament stretching mechanism consists of two sequential steps: when the oil 

enters the region of the vortex, fht the velocity gradient between the vortex and the 

surroundhg liquid causes the oil to be süetched into ügaments 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 defïned- 

The turbulent fragmentation mechanism occurs at higher Reynolds numbes 

(higher rotation speed and lower oil viscosity). When the large oil &op enters the vortex 

region near the impeller tip, a rapid disintegration of the drop occurs, which f o m  a 

resultant droplet cloud. 

Cdabrese (1979) studied the breakup of highly viscous dispmed phases ia stirred 

tanks. He argued that highly viscous dispened droplets break up by a ligament stretching 

mechanism and low vixosity dtoplets undergo a turbulent fragmentation mechanism 

when the dismptive 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 dmplets in a Iiquid-liquid 

dispersion in agitated tanks mainly experience ügament stretching breakup when the 

dispersed phase is viscous a d o r  the Reynolds number is low; and that the turbulent 

hgmentation mechanimi dominates when the viscosity of the dispersed phase is low 

d o r  the Reynolds number is very high. Figure 3-1 clearly shows the common two 

breakup mechanisms encountered in liquid-liquid dispersion. 

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

As mentioned before, whether or not a &op can be broken depends on the relative 

magnitude between the restoring forces and the extemal deforming forces. In other 

words, a drop c m  be broken only when it can gain enough energy to compensate for its 

d a c e  energy increase due to the increase of the total surface area. There are two main 

extemal forces, a dynamic pressure (tubulent pressure fluctuation) and a viscous stress 

set up in the surrounding continuous phase. t is denoted as the extenal force per unit 

surface area The restoring forces could be the interfacial tension d d ,  the viscous stress 

7, , and the dynamic pressure due to the deformation of the droplet. We first speciQ al1 

the forces, statting with the restoring forces. 



The dynamic pressure due to the deformation of the droplet may be considered as 

the pressure difference across the d a c e  of the dropleî, which can be caiculated by the 

foliowing equation: 

where the indexes i and O refer to inwr and outer phase respectively. p, -p ,  is a 

restoring force, but it c m  be inciuded in the intefiaciai tension h m  Eq.(3-1). 'Ibus this 

force is oRen impiicitly neglected in the force balance amund the droplet. 

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

where the subscript d refen to the dispersed phase. He suggested 

two dimensionless groups to account for the force balance when both d a c e  and 

dispersed-phase viscous forces contribute to drop stability. One is a 

group, We, another is a viscosity group, 

generalized Weber 

The external or deforming force, s, can be either turbulent pressure fluctuations 
- av 

p,v2(d), or viscous shear forces p,-, where the subscript c refers to the continuous ar 
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 bidance will give results 

similar to the energy balance. For the sake of sirnplicity, ody a force balance or an 

energy balance is analyzed for a specific case below. 

Hiaze (1955) argwd that the greater the extemal force t compared with the 

counteracting interfaciid tension force a/& the greater the deformation. At a critical value 

(We)c,it, breakup occurs. When both d a c e  and dispersed-phase viscous forces 

contribute to drop stability, he proposed the following forrn of function 



(wd~nt=~[i +<~(Nvi)l (3-4) 

where cp represents some function of the viscosity group. The restoring effects of both 

surface and dispetsed-phase viscous forces are korporated in Eq.(3-4). When N,,pO,  

the fiuiction cp demeases to zero. That is 

me)& =constant 

in the following d y s i s ,  (We)dt is simply writien as We. 

When the diameter of a dmplet is much Iarger than the Koimogoroff length q 

defined by Eq. (2-16), the viscous stresses are negligible compared with the turbulent 

pressure fluctuations. In this case, 

with the use of Eq.(2-34), 

used instead of d because 

extemal force, so d,, is 

v2(d) EY3 r2/3, if the turbulence is isotropic. Here d,, is 

drops with diameters larger than d,, will be broken by the 

the maximum stable drop diameter. By using Eq.(2-40), 

E K N ~ D ~  , we obtain the following equation 

2 3 
d max -= P,N D )-3/5 
D c2( 

for d > q ,  where is the Weber number in mixing tank. 

In contrast to this, when a &op is smaller than q the dominant forces acting on 

the &op are the viscous shear forces. In this case the correspondhg equation for the 

breakup of a dmp was derived by Taylor (1 932) 

where f is a hc t ion  of pd / p,. Shi- (1961) then, derived the following equation 

using the relation for locally isotropic flow (aV / = 2s 1 1 5 ,  



for d«<q. 

It should be noted that Eqs.(3-6), or (36') and (3%) should apply only in dilute 

dispersions with a non-viscous dispersed phase where the viscous energy withh a drop is 

negligible compared with the surface energy of the drop and the average drop size is 

determin4 by the breakup of droplets. 

Calabrese et al. (1986a) derived the foliowing equation including the contribution 

of the viscous energy within a drop as a restoring energy: 

One of the methods commonly used to deal with the possible coalescence in 

concentrated dispersions is to correct the equatiom above with a hear fùnction of holdup 

hction (volume fiaction, +), which will be given in detail in the next section. Clsing 

such a correction, Eq.(36') will be in the form 

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 ffuctuations of the dispersion cause the drops to collide 

with each other. Mer two drops collide, providing they can stay together for a suflicient 

tirne for the conthuous phase liquid film separating them to dmin 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 fûnction 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 coliiding droplets and therefore will not be able 

to prevent theu coalescence. The energy of adhesion is expressed as A&)d, both A&) 

and ho are constant and independent of the droplet diameter d in any given dispersion as 



long as w d  is small. The kinetic energy of the droplets is proportional to pc~2(d)d3.  

The ratio of pcv2(d)d3 to A&)d determines if the two drops coalesce or separate again. 

The critical ratio is given by 

- 
Substituting the relation for locdy isotropic flow, v2(d) a (~d)~' when d >> q and 

for d >> q . 

In contrast to this, when d<<? the dominatiag force preventing coalescence is the 

viscous shear stress. The critical ratio which determines iftwo droplets coalesce is given 

by Sprow (1 967a) 

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

av 112 

when d e q and E a N3 D2 , Sprow obtained 

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

Distribution 

The maximum stable drop diameter d,  and the minimum stable &op diameter 

dm have already been introduced. Here some other definitions of mean drop diameters 

are introduced, 

a) Ariîbmetic-mean diameter, dlo 



where ni is the number of drops with diameter di 

b) Area-meaa diameter, dJO 

c)  Volume-mean diameter, dM 

d) Sauter mean diameter, d3? 

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

dm. = 

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

Among al1 the mean diameters, the Sauter mean diameter dJz is the most 

important since it is directly related to the interfacial ami per unit volume, a. The 

relationship between the Sauter mean diameter dz and the interfacial area per unit 

volume, a, is as follows 



To correlate the Sauter mean diarneter with properties of fiuids. operatinp 

conditions and geometric variables through force or energy adysis  (as in the case of the 

maximum stable drop diameter) many uncertainties relateci to the statistics of varying 

drop sizes must be overcome. Fortunately, in most cases there is a linear fùnction 

between the Sauter mean diamaet and the maximum stable drop diameter. It was Sprow 

(196%) who first assumed that d3* =const.x d, and then verified this relation with his 

experimentd data. He found that dJ2 =0.380 d,, for a non-coalescing dispersion. 

Several other investigators have also reprted this relation: 

-Brown and Pitt (1972) obtained dJ2 4 - 7 0  d,, 

-Coulaloglou and Tavlarides (1976) fomd that d3* =0.67d,, for a continuous 

process of mkhg. 

-Caiabrese et al. (1986) obtained d32=(0.48-0.60)d,, for p, fkom 0.0960 to 10.51 

Pas. They also anaiyzed the data reported by Chen and Middleman (1967) and got 

d32=0.64 d,, 

-Nishikawa et al. (1987) investigated liquid-liquid dispersions in both the breakup 

region (near impeller blades) and in the coalescence region (buik) in agitated tanks. They 

found that d32=û.50 d,, for breakup region, and dJZ =0.45 d,, for coalescence region. 

4erkma.n  and Calabrese (1988) obtained dJ2=û.67d,, for a Liquid-liquid dispersion 

in a static mixer. This sugpsts that the relation between the Sauter mean diarneter and 

the maximum stable drop size is independent of the geornetry of impellers (agitators) and 

tanks, and of the type of d g  process - batch or continuous. 

Based on these experirnentai redts, the equations for the maximum stable drop 

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

33.1 Methods of Memuring Dtop Sizes 

Experimental methods for measuring &op sizes have k e n  reviewed by Groves 

and Freshwater, 1968, Shah et al., 1972, Tavlarides and Stamatoudis, 198 1. Since 198 1, 

some new methods have been introduced for the rneaswment of drop size distributions 

of particular interests. The major categories reviewed by these authors are summarized 

below. 



a) In Situ Measu~ernents. 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 k used to measure the dispersion with high holdup fiaction, but 

the flow is af5ected. Taking photographs h u g h  a window of the tank cannot be used 

for hi& holdup fÎaction due to the interférence of drops with the optical path. 

b) S&e Withdruwui Measwernents. In this technique, a a p l e  of the dispersion 

is first withdrawm, then drop size distributions are measured fiom the sample by 

rnicroscopic examination, photograph, or photomicmgraph. The cntical 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 dishirbs the dispersion hydrodynamics, and the &op size distribution can 

not be meanired without distortion if the positions for sampling are not chosen properly 

and the size of the sample is not Nfncient. 

Phase doppler particle anaijzer (PDPA) 

The phase Doppler particle analyzer measures &op size distribution locdly Iike 

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 c m  not pass 

through dense clusters of drops to reach photodetectors if the holdup hction is hi&. The 

principle ofthis technique wiil be discussed in detail in Cbapter 7. 

3.3.2 Comlatioas for Mean Drop Diameter 

The first systematic experimental investigation to correlate mean &op size with 

physicochemicai properties of fluids, operating conditions and geometric variables was 

done by Vermeden et ai. (1 955). Since then many investigators have reported their 

correlations for mean drop size, d l y  the Sauter mean drop diameter. The Sauter mean 

diameter depends on the physicochemical properties of the system, the flow field, and the 

holdup fiaction if coalescence occurs. It is necessary to Nmrnarize the most important 

reported correlations with the ranges of operating variables and physical parameters. 

Table 3-1 gives such a sumrnary in chronological order. 
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From Table 3-1, it is clear that Eq(3-6') is w d  when the holdup hction is low 

and coalescence is negligible; Eq.(3-10) is used when the holdup fhction is hi& 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 M y  chatacterize a dispersion system because 

dispersions with different drop size distributions cm have the same Sauter mean &op 

diameter. To describe a dispersion system, both the mean &op size and the drop size 

distribution are weded. Several bct ions have been proposed by various investigators. 

a) Log-nonna[ Disnibution 

The number probability distribution fiinction 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 fkom Taviarides and Starnatoudis, 198 1 ): 

1 
f,W = .JZ =PL- &@ - 1ogdd2, 

n logo 2(10g a) 

where dio is the arithmetic mean dmp diameter, a is the standard deviation. 

Partbasarathy and Ahmad (1994) investigated the bubble size distribution in a 

gas-sparged tank agitated by a Rushton turbine. They found that with increasinp 

agitation, the drop size distribution changes h m  unimodal to bimodal, and again to 

unimodal, as the bubble population moves progressively down the size scale. They 

summed two log-nomal distributions, each with its distinct statistical parameters, to deai 

with the bimodal distribution. 

b) Normal Distribuh'on 

The volumetric probability distribution h c t i o n  can be represented by a normal 

distribution hction. Chen and Middleman (1967) used the following equation to fit 

their data 



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

By a detailed examination, they noticed that a bitnodal f o m  of distribution exists. 

Nishhwa et al. (1991) used a combination of normal distributions to express 

both the number density distribution and the volumehic pmbability distribution in order 

to fit whole range of drop s&s. They found that a combination of three normal 

distributions gives a good fit for the volumefric &op size distribution and that a 

combination of two nonnal distributions cm fit the number density distribution. 

c) Other Distribu~iom 

Several other distributions have been proposed, such as the Erlang distributioa. 

the Weibuli distribution, and the Gamma distribdon, but they are Iess common. nie 

distribution given by Schwarz-Bezemer, however, was found to fit the &op size 

distribution very weii (Sprow, 1967a) 

InV%=InlOO+d,/d,,-&Id (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 &op diameter in the dispersion. Another distribution bc t i on  worth 

mentioning is that proposed by Gd-Or and Hoelscher (1966, cited fiom Taviarides and 

Stamatoudis, 198 1) which directiy relates dmp size distribution with the rotational speed 

and holdup fiaction 

a = (1 67t '12~ / 3$)'13 > O 

More investigators found that a single distribution h c t i o n  is not able to describe 

the whole range of &op sizes, especiaiiy small or large drop sizes, so the curent trend is 

to use a combination of distribution fûnctions of the same form to express the drop size 

distribution (see Nishikawa et al. (199 1) and Parthasarathy and Ahmad (1 994)). 
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3.4 The Scope of This Stady 

From Table 3-1, we have noticed that although most of the correlations for mean 

drop size fd in the forrns of Eq.(3-4), (3-6') or (3-IO), the ciifference between constants 

or exponentials is not srnail. The same conclusion can be made for the relation between 

the Sauter mean &op diameter and the maximum stable &op diameter. By examination 

of the conelations an assumption is found to have been used in relating the local 

turbulence energy dissipation rate to the average enagy input, saPIpV,, i r .  the 

distribution of the main flow velocity in the tank is universal. This is true only for the 

impeller and impeiler discharge region (around and near impelier blades), but the mean 

drop diameter is ofien obtained experimentally in both the impelier and impeller 

discharge region and the buik of the tank. This meam that a gap between the model and 

the real physics of a phenornenon exists. To include the mean power input explicitly or 

implicitly in correlations for mean drop ske confuses the local characteristics of drop 

breakup. According to Park and Blair (1975) and other investigators' work, drop breakup 

occurs only near the irnpeiler and droplet coalescence predominates at other locations. 

Park and Blair found that beyond distances fiom the impeller region of order of only 116 

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 (Pl&) wiil provide a reasonable correlation." 

Nishikawa et al. (198%) found experimentally that neither the impeller speed, Reynolds 

number or average power input per unit mass of liquid (P/pVT) can be used as the scaie- 

up standard to keep the interfacial area of emulsion constant, though they are often used 

as the scale-up standard for various phenornena in the mixing vessel. Another possibility 

for the discrepancies between correlations for mean drop size is that the effects of some 

geometric variables of irnpellers 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 E) are 

not accounted for. This project is designed to fill the gap between the model and the real 

physics. It will: 



a) Investigate the local energy dissipation rate, namely SI, in the impeller regions 

where drop breakup dominates, and try to find if there is some more direct relation 

between SI and the mean drop diameter. Emphasis is aiso put on checkhg the conflicts 

about the magnitude of energy dissipation in the impelier region and in the impeller 

discharge region for the RT. A method to detemine sI will be proposed by using an 

equation with a good theoretical basis and more diable experimentd data. 

b) hvestigate the effect of impeUen and tank geometry such as the ratio of 

impeiier diameter to tank diameter, off bottom clearance, and the number of banles on 

the local turbulence energy dissipation rate, especially on the maximum turbulence 

energy dissipation rate in the tank, and try to shiw 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 determinhg the mean &op size. 

Four impellers - 1 radiai flow impeiler (RT) and 3 axial flow impellen (PBT. 

A3 10 and HE3) will be used. Research with the impellers A3 10 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 

a) Ligament stretching 
mechanism 

b) mbuient fragmentation 
mechanism 
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Chapter 4 

Validation of the Laser Doppler Anemometer (LDA) 

4.1 Introduction 

A phase Doppler p d c l e  analyzer (PDPA), which can measinr one of the three 

components of velocity and the diameter of a droptet simultaneously, or the velocity only 

(acting as a LDA), is used in this study. The equipment consisting of (PDPA and a 

bafned agitated tank) described below was installeci 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 calcdated using validated 

sampledattempted samplesx100, decreases to a sîgnincant extent when both the veiocity 

and the diameter of a &op are measured simultaneously. Furthennore, velocities 

rneasined in this way only characterize the motion of the &op, not of the continuous 

phase. When drops pass through the measriring volume of the PDPA the velocities of the 

drops are memed;  however, these velocities can not characterize the continuous phase 

flow field or the turbulence energy dissipation characteristics estirnated 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 &op diameters separately is that in this way we can disthguish 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 fiom the velocity field and the mean drop sue 

measured separately is possible when the introduction of the dispersed phase does not 

significantly change the flow field in the tank. This is tnre when the holdup hction of 

the dispersed phase is very low, the dispersed phase is not viscous, and the difference 



between the density of the continuous phase and that of the dispersed phase is not large. 

It will be s h o w  in later chapters that these conditions are satisfied in this study. 

In order to avoid confusion, when ody  velocity is measured ushg 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, Le. 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 deveiopment and some basic principles of the laser Doppler technique. 

The technique of using laser iight to determiw velocities was fïrst 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 

hypenonic 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 aaemometry can be interpreted in two ways: 

Doppler shift interpretation and vimial f i g e s  interpretation. 

a) Doppler Sh@ Interpretufion 

When a beam of light with a given frequency reaches a moving object, the light 

will change its kquency. In any f o m  of wave propagation, fiequency changes occur 

due to movement of the source, receiver, propagation medium, or an intemenkg reflector 

or scatter. This phenomenon is called "Doppler shflw after the A d a n  physicist who 

fint considered the phenomenon in 1842. The relation between the Doppler shifi 

fiequency fD and a moving object scattering the light is (Drain, 1980) 



where V is the velocity of the object, 0 the angle between two iliwninating beams, and Âo 

the wavelength of the Light. By measuring the Doppler shifk fiequency for a given 

wavelength and ande of two beams, we cm determine the speed of the object which is 

scattering the beams. There must be some particles to scatter the light These may be 

seediiig particles or naturally o c c h g  impurhies in the fiuid. In our case, the 1 micron 

particles in tap water are the perfect particles to smre as the scattering medium. 

b) Virtual Fringes Interpretation 

To constnict 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 d l  have a maximum inteasity 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 htensity wiIl be at a minimum. The aggregate effect 

of these combinations within the measuring volume is the production of apparent 

"f iges" of light with a known spachg. The orientation of these f i g e s  is exactly 

parallel to the bisector of the angle between the two incorning laser beams. When 

particles cross the measuring volume desaibed above, they scatter laser light with a 

modulated intensity corresponding to theK passage through the f iges .  The frequency of 

this modulation c m  be directly related to the component of fluid velocity perpendicular to 

the fiinges, and in the plane of the two laser beams, as foliows: 

Doppler fkequency 

Eqs.(4-2) and (4-3) are combined to give Eq.(4-1). This is refereed to as the f i g e  

interpretation of LDA. 



4.2.2 Measarement of the Doppler ShW 

Two main techniques are proposed to measure the Doppler shift. One is called 

"optical beating", and the other the "differentiai Doppler" technique. 

The optical beating technique is suitable for measuring very small Doppler shifts 

by ushg the principle of heterodyning or "beating" of two kquencies in a device having 

a non-linear response. The output of the detector contaias a signal of the ciifference 

hquency 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 diferenfial Doppler technique is the most commonly used technique; it 

requires no reference beam. Two beams of equal intensity (generated fiom 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 fiom the ùeams reaches 

the detector simdtaneously, a kat  is obtained of kquency equal to the dserence 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 Memurement 

A simple differential Doppler velocity measurement system consists oE a laser, a 

beam splitter. a Bragg ce11 for fiequency shifong, 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 p (Helium-Cadmium) - 0.4880 p 

(Argon) - 0.6328 pm (Helium-Neon) - 10.6 p n ~  (Carbon Dioxide) (Encyclopedia of 

Chernical Technology, 1981); 1 m W  (Helium-Cadmium, Helium-Neon) - 18 W (Argon) 

(Encyclopedia of Chernical Technology, 198 1) - 1 OOOW (Carbon dioxide) (Drain, 1980). 

In our case, the argon-ion laser radiates in the 457 nrn to 514.5 nm regime, at powers 

ranging fiom 10 rnW to 500 mW. Since the two laser beams fiom a laser source 

experience several reflections and passages through some medium, the intensities of the 
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two laser beams reaching the measuring volume generated by them is much less than that 

fkom the source; about 100 mW at the exit h m  the transmitting optics. 

The bemn splitfer (offen a prism) separates the laser beam into two beams with the 

same inteiinty, then a lem 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 tkquency (see Figure 4-1). The scattered üght is collected by a photodetector 

via a foc2cs1*ng lem and an optical aperture. 

A Bragg cell pmducing a frequency shift is to get around the velocity sign 

ambiguity. The f i g e  pattern mentioned above, which is produced at the crossing of the 

two beams, is stationary. Thus, the fieqwncy of the moduiated light has no information 

of the sign of the particle velocity. To distinguish the velocity sign requires introduction 

of a kquency shift in the transmitting optics to one of the two bearns. As a result, a 

particle moving in the measuring volume scatters light modulated such that the ciifference 

between the modulation fiequency and the shift fkequency is proportional to the velocity: 

moving in the same direction to the f i g e  movement reduces the modulation frequency, 

while moWlg in opposite direction increases i t  In the Aerometrics LDA and PDPA 

systems a 40 M H z  shift is produced by a Bragg cell. 

Two types of photodetectors are available at present, namel y photomuItipliers and 

photodiodes. They both convert changes in iight htensity into electrical signals. We 

have three photomultipliers in our receiver. 

The signai is analyzed by a signal processor afler king amplified. 

Signal processors can be classified into two categories: the rime domain 

processors (namely the counter and the covariance processors) and thefiequency domain 

processors , which use a Fourier transfom. 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 k e n  shown that 

the Fourier transfonn method gives the optimum frequency and phase estimation in terms 

of the maximum likelihood criteria (Bachalot, 1994). h our case, the Doppler sipal 

analyzer @SA) uses frequency dornain burst detection to convert signals. In the 

frequency domain the discrete Fourier transform @FT) of 16x1 6 samples is used. The 
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An argon-ion laser (1) was used. Two laser beams passed the transrnitting and 

focushg optics (2) including a Bragg celi which applies a frequency shift to one of the 

two beams. The intersection of the two beams forms a measuring volume within a 

cylindricai, baffled tank (3) m u n d e d  by a square tank. AU waiis of both tanks are 

made from perspex, and both tanks were fïiied with water to mniimize optical distortion. 

The two tanks are moved together horizontaliy using computer controlled traverses (6), 

and vectically using a manuai traverse (7). The speed of the motor was measured using 

an opticai tachometer (4). The receivhg optics (5) with photodetectoa are operated in a 

forward scattering mode. An Aerometrics Doppler signal analyzer @SA) (8) was used to 

convert analog signais fiom the receiving optics into Doppler fkequencies and velocities. 

Both the DSA and the traverse controiler (9) [Unidex I l ]  are connected to a computer 

(10). 

There are a few paxameters to be chosen in LDA: 

a) tracks. There are three diffierent tracks correspondhg to different beam 

separations: 

Track Beam separation, m 

1 0.01691 

2 0.03404 

3 0.06307 

The focai length (500 mm) is the same for al1 three tracks. 

b) voltages. The voltage applied to the photodetectors in receiving optics can be 

varied fkom tess than 200V to the maximum 800V. 

c) velocity range. Tbis range determines the minimum and the maximum 

velocities that can be measued. 

d) signal smpZing fiequency or sampling rate. Sample frequency detennines 

how fast the signal sampling is done. In general, it can be changed fkom 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 arriva1 in the measuring volume, and by the high 

voltage setting. 



e) sample size. The sample size defines how many vaiidated velocity samples are 

to be taken to get the average value and the mot-mean square of fluctuating values of a 

variable for one measurement. The qualifier "validateci" 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 tirne. This is an alternative parmeter for sample size. The 

sample time and sample size can not be set simdtaneously. The sample t h e  defines the 

total t h e  of measmement, 

AU of the parameters described above have optimum operation ranges for a 

specific application; thus the optimhtion of these parameters was carried out before 

acquiring data 

The geometric and operating variables for the e m m e n t s  used to optimize the 

LDA parameters are surnmarized 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 ~ 1 0 . 5  mm (2 mm below the impeller 

blades) and t-54 mm (2r/D=0.9) where the turbdent flow is strong for the PBT with 

D=T/Z. Except for the check of sample size, sample size was 10,000. 

a) Cornparison of packs. DBerent tracks have different beam separations. Although 

beam separation is cntical to the measurement of drop diameter, it has less effect on the 

measurement of velocity alone. Experimental data with different tracks codïrmed 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 al1 tbree tracks, but the 

data obtained using track 1 (minimum beam separation) give the best reproducibility for 

velocity measuternents. Therefore track 1 was chosen for al1 measurements in LDA 

mode. 

b) Voltage opplied to photodetectors. When the sample rate or sample fiequency is 

high enough and sample size is fixed, hi& voltages enhance the signal bmst detection and 



thus reduce the total sample time. Excessively high voltages make the sample tirne too 

short to give accurate mean values, since the measurements cover very few passages (or 

cycles) of the impeiier blades; whïie very low voltages limit detection to sipals with 

very high magaitudes, so the measurements are biased. Experimental resuits (Figure 4- 

7) with varying voltages and fixecl samphg fkquency aad sample size showed that 

voltages h m  400V to 680V give very stable measutements. It shouid be noted that 

when the signai is very stmng voltages less than 400V can also give stable measurements. 

c) Yelocify ranges. Experimentai d t s  showed that the velocity range does not 

&ect velocity measurements. As long as the velocity range is set to cover the whole 

range of possible velocities encountered in the measurement volume, no ciifferences in 

velocity measurements are found. 

d) Signal samplingfiequency or smnple rate. Like the velocity range, the signal 

samphg frequency does not substantialIy affect velocity meanirements if it is chosen 

properly. Although very a high sampling fiequency cm guarantee the total randomness 

of signal sampling, the validation rate decreases, which increases the file sue when the 

data are stored. It is not necessary to explain how the Doppler signal analyzer @SA) 

works in detail, but a few words about it may bring out some usefiil information to 

account for why file sizes are a concem. The DSA software can create data files and 

graphies. Velocity measurements of 30 spatial points with 10,000 velocity samples each 

occupy more than 10 MB (mega bytes) of cornputer memory if the percent validation is 

100%. If the percent validation of samples is below 100%, the same measmments need 

well above 10 MI3 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 fiequency between 2.5 

MHz and 10 MHz gives both stable velocity measurements and high validation percent of 

samples. 

e)  Smple size and sample time. Experimental results showed that both the sample 

size and the sampling tirne are critical to velocity measurements, so they should be set 

properly. One setthg cm not guatantee the accurate and reproducible measurement of 

velocities. It was found that the sample tirne must be long enough to cover at lest 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 (Le. 3x4~400/60=80 passages of blades). 

If the sample tirne is t w  short, the repfoducibility of velocity measurements is poor even 

with samplc 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 cm 

be completed within a short sampling tirne. Fortmately, this situation can be avoided by 

setting a p p e r  voltage. When the sampling time is d c i e n t ,  a sample sïze of at least 

4,000 is required to obtain accurate and stable measurement of velocities. Figures 4-9 

anci 4-10 show how important the sampling time and sample sUe 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 4 3  m/s 

signal sampling fiequency - 2.5-10 MHz 

veiocity samphg t h e  - 212ox60/(NxNb) 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 Veloeity Measurements 

Mer the optimization of the LDA parameters, validation of velocity 

measurements was canied out using these parameters. The validation was composed of 

four parts: reproducibility of experimental data, symmetry of the flow field, cornparison 

of experimental data with that of previous investigators and mass conservation. The off 

bottom clerance was Tl2. 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 al1 tests, and for mass conservation both 

the PBT and the RT were used. Before the experimentai results for the validation of 



velocity measurements are presented, some definitions of dimensionless variables are 

introduced below. 

4-4.1 Definition of DimensionIess Esperimental Variables and the measuring 

traverse and volume 

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

dimensionless variables are iwoduced. The tip speed of an impeller (nND) is the 

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

velocities. 
- - 
vz v7 ve ciirnensionless axial, radiai and tangentid velocities: - - - 
XM)'XM)'XND 

vz vr dimensionless axial, radiai and tangentid RMS velocities: - - - 
~ND'XND'~ND 

2r 22 
dimensionless radial and axial coordinates: - - , where Wp is the projected 

D ' W ,  

blade width, i.e. Wp=Wxsin@itch angle). The pitch angle for the PBT is 45O, 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 dong 

traverses: 2 mm above the upper edges and 2 mm below the lower edges of the irnpeller 

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 impeiler with four dotted lines: one is 2 mm below the 

Unpellet blades; one is 2 mm above the impeiier blades; and the other two are 3 mm fiom 

the impeller tip. 

4.42 Reproducibüity of Experimental Data 

The reproducibility of the experirnental data was checked in the impelier 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 



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 impeiler blades, respectively. The flow at the upper edge of the 

impder blades is l e s  stable tban that at the Iower edge of the impeiIer blades. 

4-43 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 impeiiers. Since impeller geometries are standard, 

the check of the çymmetry of flow field is mainly to determine whether the tank and 

baffles are symmetric and whether the shaft is exactiy in the center of the tank. By 

conhnning 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 444,445, and 4-16) close to the impeller. 

4.4.4 Cornparison of Experimental Data with That of Previous Investigators 

By choosing the same geometry of a banled agitated tank and an hpeller, 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 meanirements are stable and repeatable, comparing the data of this study with 

other investigators' data can serve as a means to ver@ the accuracy of the data; and 

checking mass conservation can give us idormation on both the accuracy and self- 

consistency of the data. 

Conthuity demands that the mass flowing into a control volume must be equal to 

that flowing out of the contml 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 tnie 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 dram schematidy in Figure 4-11. The volume 

conservation experiments were carrieci out with two hpellers - PBT and RT. The 

equations used to calculate volumetric flow rates are as foliows: 

a) The axial volumetric flow rate passing through the upper edge or low edge of 

impeller blades, Qzi: 

where i=U (representing the upper edge), or L (the lower edge of impeller blades). r, and 

r2 are the integration limits in the radial direction. 

b) The radial volumetric flow rate passing through the tip of the impeller blades, Q,: 

where z, and z2 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 volwnetric 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 (4-9, 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 baffied tank close to the impeller is symmetric, as are the velocity 

profiles on either side of the impeller shaR 



Tables in Cbapter 4 

Table 4-1 Geometric and operating variables of the impelier and the baffled tank in the 

expetiments used to optimize the LDA parameters 

1 Tank Variables Inmelier Variables 

Revnolds number. Re 1 97300 

width of bacs, Wb 

agitated liquid 

Iiquid height, H=T 

diameter, T 

numbet of blades Tl1 0=0,024 m 

water at 20°C 

0.240 rn 

0.240 m 

width of blades, W 

pitch angle 

off bottom clearance, 

C=T/2 

diameter. D= T/2 

rotation speed, IV 

PBT 

407 rpm 

Table 4-2 Geometnc and operating variables for volume conservation 

RT 

0.120 m 

0.120 m 

221 rpm 

O 

1.05D/2 

Variable 

D 

C 

N 

f 1 

r2 

2 2  

PBT 

0.120 m 

0.120 m 

400 rpm 

O 

1 .05D/2 

where W4.024 m, Wp=0.707W. 

a .70  WP +OS83 W 



Figure 4-1 LDA measuring volume as envisioned by the fnnge interpretation (fkom 

George, 1988). 



Figure 4-2 Opticai orientations for the determination of three components of velocity as 

defhed in cylindrical coordinates (fiom Knsta (1991)). 



Figure 4-3 The importance of proper alignment ofthe laser beams (fiom Hanson, 1974). 

TRANSMITTING LENS FWOTOOETECTOR 

a) crossing of the kams at the barn waia 

b) crossing of beams after the beam waist 



Figure 4-4 "Thumb" diagram showing the velocity component (fiom Kresta (1 99 1)). 

velocity component=thumb 

O O Figure 4-5 Arrangement of laser Doppler anernometer: 1-laser, 2-tnuismittmg optics; 

3-agitated tank; 4-tachometer, 5-receiving optics; 6-computerized X-Y traverses; 7- 

manuai Z traverse; 8-Doppler signai a n a l m  9-traverse controller, IO-computer. 



Figure 4-6 Axial velocity measurements ushg three tracks. 

O ! 1 I I I 1 1 T I 1 L 

1 2 3 4 5 6 7 8 9 10 11 

run number 

Figure 4-7 &ai velocity measurements with varyllig voltages. Each of the points in this 

figure was obtained by averaging values of 10 m s .  

I 1 1 1 I 1 

3 200 300 400 500 600 700 e 
voltage, V 



Figure 4 8  Axid velocity measuements with vaqing signal sampiîng fiequencies. Each 
ofthe points in this figure was obtained by averaging values of 10 nuis. 

0.8- 

0.6- -70 

0.4- 
w .- -- - J L 

-60 

0.2- 

O l l l l l L l l l l l r l  1 50 
O 1 2 3 i 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

I I I  

sample frequency, MHz 

Figure 4-9 Axial velocity meamrements with varying sample tirne. Sample size fiom 
1800 to -20,000. Each of the points in this figure was obtained by averaging values of 10 

sample time, s 



Figure 4-10 Axial velocity rneasurements with varying sampling size. Sample tirne3 s. 

Each of the points in this figure is obtained by averaging values of 10 runs. 

O !  L I n I 1 

O 2 4 6 8 I O  

sample ske (thousands) 

Figure 4-11 The meaa>ring traverses and wntrol volume for m a s  conservation (not to 

scaie). 



Figure 4-12 Reproducibiiity of the data (left side of upper edge). 

Figure 4-13 Reproduciiility of the data (ieA side of lower edge). 



Figure 4-14 Symme~y of the flow at the upper edge of the impeiler blades. z=-10.5 mm. 
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Figure 4-15 Syrnmetry of the flow at the lower edge of the impeller blades. ~ 1 0 . 5  mm. 

+ test4 (left) + test-2(left) * test-1 (right) + test-2 (right) 



Figure 4-16 Symmetry of the flow at the tip of the Unpeller blades. ~ 6 3  mm- 

* hip, left + n'p. right 



Figure 4-17 Cornparison of experimental data with Kresta's data. D=T/2, C=T/2, N=407 

rpm, PBT. Here dearame is defined as the distance nom the lower edge of the impeiier 

blades to the bottom of the tank, 

this shidy + Ktesta 
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Chapter 5 

Turbulence Energy Dissipation in the Impeller Regions* 

5.1 The Derivation of the Macroscopic Mcfhanicai Energy Balance Equation 

5.1.1 Introduction 

The characteristics of the turbulence energy dissipation in the impeiier region and 

the irnpeller discharge region (these two regions are cailed the impeller regions below) is 

important to the understanding of Liquid-liquid dispersion. As reviewed in Chapter 2, 

discrepancies exist arnong previous investigators on the turbulence energy dissipation in 

the irnpelier regions. In this chapter, a thoroughly theoretical treatment in the derivation 

of a macroscopic mechanical energy balance equation is f k t  presented, then calculated 

results for the turbulence energy dissipation in the impeller regions for the three impellers 

(the RT, the PBT and the A3 1 O) are given. 

5.1.2 Derivation 

The macroscopic mechanical energy balance equation is derived starthg with the 

stress equations of motion 

where V is a velocity vector; V is the divergence vector; f is the stress tensor. The 

material derivative is used to obtain: 

The scalar product of Eq.(X) with the velocity vector is taken to form the mechanical 

energy balance: 

* A modifid version of this chapter was published in Trcrns. IChemE., vol. 74, pp. 3 79- 

389, 1996. 



A scalar +=gz is intmduced so that the gravïty vector g may be expressed as: 
- 

g = -V$ (5-4) 

Substituting Eq.(S-4) into Eq.(S-3) and rearrangbg (Whitaker, 198 1) gives: 

Time rate of change Rate of work done 

of kinetic en= per by surface forces 

unit volume 

.1 
per unit volume 

5- 

Rate of work done Rate of conversion 

unit volume per unit volume 

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

balance: 

(5-6) 

where Qi the control volume; 

dQ - volurnetric integration element; 

A, - the total area amund the contml volume; 

4 - the area of entrantes and exits around the control volume; 

dA - area integration element; 

w - velocity of moving control volume surface; 

fi - unit normal vector of a surface; 

w - rate of the shaft work input to the control volume; 



Ev - totai rate of viscous dissipation to internai energy, or the turbulence energy 

dissipation rate in the control volume. Since we are only interested in the turbulence 

energy dissipation in the impeller mgions (around the impeiier and in impeiler discharge 

region), È, c m  be directly converted into the turbulence energy dissipation per unit 

mas, 6 defined in Chapter 2 by dividing by the mass in a control volume. 

For steady flow and a fixed control volume, Eq.(56) can be written as: 

(1) (W (VI 

( W  (W 
Considering a f i ed  control volume shown in Figure 5-1 in an agitated tank enclosed 

with r fiom r, to r, and z fkom zl to z2 in cylindrical coordinates, we analyze each terni in 

Eq.(5-7) by assuming steady flow and radial symmetry of velocities in a horizontal 

surface. 

First we notice that all d a c e s  are entrantes or exits except r reaching the tank 

wall or z reaching the top cover or the bottom surface of the tank, and al1 surfaces have 

either i or r as their normal. For simpiicity, z1 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: 

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 i g ,  we cm express term in Eq.(5-7) as: 



Tenn N in Eq.(S-7) is the power input to the control volume by an impelier that 

can be measured direcdy by instruments or calculateci by power number. 

Tenn II in Eq.(5-7) must be treated with caution. As stated above, T(,) = ii . f . 

In cylindrical coordinates: 

where F, 6,  5 are unit vectors in r, 0, z directions, respectively; 

n, n,, q are cornponents of 8 in r, 9, z directions, respectively. 

Using Eq.(5-1 O), fi,, is expressed as: 

Where TV (i j=r, 0, z) in Eq.(5-12) are the nine components of the stress tensor f . 
For surface 1 

For surface 2 

For d a c e  3 



For surface 4 

4=1 

ne* (5- 16) 

&=O 

Substituting Eq.(5-13) into Eq.(5-12), we obtain the stress vector on surface 1, denoting it 

b~ F(1) : 
- 
t(,, = - P T , + ~ T ~ ~  +ZTJ (5- 1 7) 

Substituting Eq.(5-14) into Eq.(5-12), we obtain the stress vector on d a c e  2, denoting it 

by i ( 2 )  : 

- d 

t ( t )  = ~ T ~ + ~ T ~ + z T ~  (5- 1 8) 

Substituthg Eq.(5-15) into Eq.(5-12), we obtain the stress vector on surface 3, denoting it 

by 1(3)  : 
- 
t(3) = - [ F T ~ + G T ~ ~  +ET J (5- 1 9) 

Substituting Eq.(5-16) into Eq.(W 2), we obtain the stress vector on sinface 4, denoting it 

by &4,: 

- 
t ( 4 ) = f ~ n + e ~ l s + ~ ~ R  (5-20) 

Before substituting Eqs. (5-1 7), (5-1 8), (5-1 9) and (5-20) hto the term II in Eq.(5-7), we 

expand f as: 

(5-2 1) 

Where p is pressure, Î is a unit tensor, î is the viscous stress tensor. f, f and i are al1 

symrnetric. In index notation, we have: 

c i = - p + r i i y  ~-,O,Z (5-22) 

Tij=rij. i*, id-, 0, z (5-23) 

By wing Eq.(5-22) and Eq.(5-23)- we can express Eqs. (5-17), (5-18), (5-19) and (5-20) 

as Eqs. (5-24), (5-25), (5-26), and (5027)~ respectively: 
- 
t(i) = -[rrm+&,+r(-p+r,)] (5-24) 

- 6 

t(2) = r in+græ +Z(-p+?=) (5-25) 



- - 
t (4 )=r( -p+ta)+ëta+n~,  (5-27) 

Substituthg Eqs. (5024)~ (5-25), (5-26), (5-27) and Eq.(5-11) into the term II in Eq.(j-7). 

we obtain: 

+[?[V,(-P + T ~ ) + V ~ ~ ~ + V ~ ~  J42nr2dz 

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

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

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 anaiysis. 



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 

2 0 " ~  as workhg fluids, we know h m  experiments 

8Vi Thus the tenns with - (i,j=r, 0, 2) are much less than the terms with p. When al1 of 
aj 

these ternis are neglected Eq.(5-34) simplifies to: 

(5-3 6 )  

For steady turbulent flow, we express variables as the sum of a tirne-averaged 

value and a fluctuating component: 

v = v + v v  (5-3 7) 

p = P + p '  (5-3 8) 

Substituting Eqs.(5-37) and (5-38) into Eq.(5-36) and taking the time average, we obtain 

the following equation by c h g i n g  the order of the integration fiom area-time to time 



-mes and noting that the time average of a term including a single fluctuating variable is 

zero. 

n P  -2-  - -- 
+Io r 2  { (VA v,i vdv'd2+ 2v,V',vr, +(V'd2V', )+ v,p + v', p' + pgzc 

Eq.(5-29) is the macroscopic mechanical energy equation obtahed only by 

neglecting the contribution of viscous stresses. For practical use, it is not necessary, and 

is in fact nearly impossible to keep al1 ternis of Eq.(5-39) to get the energy dissipation 

rate ÉV . 
- 

From the results of pressure measurements, we know that the magnitude of p' v f  j , 
- - 

P- P- 2 (j=r,z) is about two ordea of magnitude less than - v J v ~ ) ~  or - ~ $ v ' j )  , (i%z), so 
2 2 

- 
p' vt j can be neglected. 

The values of the cross correlation terms a d o r  the cubed tenns of the fluctuating 

velocities are randomly distributed and offset each other, so those tenns are also 

neglected. 



The average pressure P at d i t c e  2 (namely, ji3 cm be expressed by the sum of 

the average pressure p at d a ç e  1 (namely, P I) and p g .  due to the change of the axial 

By taking [p + pgzIt = lp + p g a  = pl, the pressure and gravity terms cancel by the 

Eq.(5-42) will be used to determine EV using experimentai data for V, V, V,, and v,, v, 



5.2 Metbods Used by Previous Investigatots to Estimate Average and Local 

Dissipation Rate 

D i f f i n t  types of impeIIers 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/pVT) can resuit in widely ciSietent distributions of turbulence energy dissipation when 

different impellers are used with the same tank geometry. The turbulence enerp  

dissipation in agitated tanks, especially in the irnpeller region (the volume wept  out by 

the impeller blades) and the impeller discharge region is needed to advance our 

understanding of mixing phenornena, such as the formation of liquid-liquid dispersions. 

The average power input can be measured using torque transducers, or calcuiated 

using the power numbers of impellers. However, the local turbulence energy dissipation 

rate? E, and the average turbulence energy dissipation rate for a specinc control volume. 
- zi, are diacult to measure directly, since al1 three instantaneous velocities need to be 

measured simuitaneously. Therefore, simplifying asswnptions andor semi-empirical 

equations must be used to estimate E and Ei. Previous investigations into the average 

dissipation and the local dissipation in the impeiier 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 Pmious 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 foliowing assumptions in the derivation of Eq.(2- 

36): 

a) the turbulence is steady; 

b) the viscous forces are negligible; 

2 c) the turbulence is isotropic, so v: = vf = v, ; 

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

components for an RT; 



e) circuiar symmetry exists, Le. d/C8=0. 

With the exception of (d), the assuraptions made by Cutter are reasonable, based 

on the data coilected in our lab. The axial mean velocities measured for the RT are not 

smaii enough to be neglected. 

Using radiai and tangential velocity &ta measimd by a photographie method in 

the flow produced by an RT, Cutter determiwd the average dissipation in the impeller 

region. He concluded that most of the energy supplied to the impeUer is dissipated within 

the boundaries of the impeiler (-20%) and in the impeller stream (-50%), with only about 

30% king 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 totaily 

dif5erent 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 worbg  fluid use& 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 (239a) and (2-39b) to calculate the kinetic energy flux in 

radial direction, KE, and the kinetic energy flux in axial direction, KEz. 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 buik of 

the tank. 

Iaworski 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 coacluded 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. 



Ranade and Joshi (1989), and Ranade et al. (1992) caiculated the turbulence 

kinetic energy flux Gom LDA data for a PBT, using the same method as Wu and 

Pattemon. The equations by Ranade et al., however, contain an emneous factor of 2 

which does not appear in the Wu and Patterson (1989) equations, or in the derived 

equation (542). 

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

impeller are available in the literature. 

5.22 Previous estimata of the local dissipation, E 

The local dissipation can be defhed in terms of the energy spectnim, E(k,t) by 

Lv 
Eqs (2- 13) and (2-14). Using Taylor's equation - , Batchelor (1 953), simplified 

v 

Eq.(2-14) to: 
- 

where A is an empirical constant, equai to 1 for isotropic turbulence, and L is the inte@ 

length scale. Usbg the basic definition of E as the rate of change of turbulence kinetic 

energy (TE),  Tennekes and Lumley (1972) were also able to obtain Eq.(2-41). They 

used dimensional arguments to characterize the turbulence kinetic eneqg with v2, and 

the characteristic tirne scale of the eddies with VIL. 

Isotropie turbulence is assumed in both denvations of Eq.(2-41). This allows the 

turbulence kinetic energy to be calculated h m  a single component of the fluctuating 

velocities (v). in the more general case, aii three fluctuating velocities are needed to fmd 

the turbulence kinetic energy. Thus the foilowing equation is often used to estimate E: 

1 
where q = -(v$+ vf + Vg) and At = 

2 

The coastant A in Eq.(2-41) or A' in Eq(2-43) is detemiined by the choice of the 

integral length scale of turbulence L, and the choice of the velocity scale v or q? The 



length sa le  cm be obtained in two ways: one is to set it as some h t i o n  of the impeller 

diameter (Brdey,  1975), auother is to calculate it nom the integration of the 

autocorrelation fimction (Wu et al., 1989, Wu and Paîterson, 1989, Kresta and Wood, 

1993). Wu and Patterson obtained the macroscaie length h m  the mean velocity and the 

Eulerian integral t h e  scde (Eqs (2-44) to (2-46)). Wu and Pattenon suggested that 

several corrections to these relations are necessary because the flow is diree dimensional 

and the fluctuating velocity contains a periodic component Kresta and Wood (1993) 

tested ai i  of the proposed methods on one set of LDA data h m  the PBT and showed that 

the more complex corrections are not necessary. They recommended use of A=l, 

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-containhg eddies in the 

1 
impeller discharge Stream of the tank They presented the relation - = L = 0.08D 

k. 
which is in excellent agreement with the value recommended by Kresta and Wood 

This work was undertaken with two objectives in mind. The fm was to put the 

value of the constant A on h e r  ground by performing macroscopic energy balances on 

small control volumes, and cornparhg 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 pefionned the macroscopic balance over the whole tank. 

Since it is hown that the state of turbulence varies substantiaily over the tank, this choice 

of control volume incorporates a sigoificant degree of uncertainty in the fmd 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 nom approximately 5 (RT) 

to 1.3 (PBT), to 0.3 (A3 10). 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 finai destination of al2 of the input power), and the various terms 

in the macroscopic balance equation close to the impeller. 



5.3 Experimental Determination of the Turbulence Energy Dissipation Rates in the 

ImpeIïer Regions 

53.1 Appataihs 

The D A  

The fiindamentas and validation of laser Doppler anemometer (LDA) were 

describeci in Chapter 4. With the setthgs chosen in Chapter 4 the data validation in al1 

measurements was S9%. The average kquency of velocity determinations was 1.2 

kHz. 

Geowwtry of the buned tank and the ibtpeilerx 

The bafned tank and the impellers are shown in Figure 2-2 and Figure 5-2, 

respectively. Geometnc variables are dehed 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 bafnes, and 

covered with 5 cm of water to seal the tank. 

AU thtee impellers were used in their standard configurations. The four-bladed 

PBT had blades inciined at 45" to the ho&ontal; the blade width of the PBT and RT was 

DIS; the blade length of the RT was D/4. The A3 10 was used as supplied by Lightnin'. 

The geometric and operating parameters for the three impellers are surnmarized in Table 

5-1. 

The confrol volumes 

The traverses bounding the control volumes are s h o w  in Figure 5-3, dong 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 impeiier RT, two volumes were chosen: one amund the impeller and another from 

the tip of impeller blades nearly to the banles (the impeller discharge stream). For each 

of the two axial flow impellers, the PBT and the A3 10, four volumes were chosen: one 

enclosing the impeller and three in the direction of the impeller discharge. Three control 

volumes were defined in the impeIler discharge region since the flow fields generated by 

these two axial flow impellers are charactenzed by a combination of a strong downward 



flow and less significant radial flow. The control volume with the highest Ei of these 

tbree control volumes was designated the ''mpeliier disbarge stream". Four additional, 

evenly-spaced measuring traverses were used for detennination of the local dissipation in 

this control volume. 

5.3.2 Methods 

The uverage dLrs@ation, Ei 

The macroscopic energy balance equation was derived as discussed in section 5.2, 

using Cutter's assumptions (a, b, c 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 show in Figure 5-3. In order to clearly speciQ energy terms, 

equation (5-42) is rewritten as follows: 

Power Dissipation Convective terms TKE tenns 

The ternis in the equation are as follows: w is the rate at which sh& work enters the 

control volume (W=N,,~N.'D~); E, is the rate of viscous dissipation to interna1 energy 

( Bv = miEi ); and the subscripts 1,2,3 and 4 outside the square brackets stand for 

d a c e s  1,2,3 and 4, respectively, which are show in the schematic drawing of a 

control volume (Figure $1). On the right hand side of equation, the mean velocity terms 

are grouped together as c6convective" terms and the fluctuating velocity terms are grouped 

as "turbulence kinetic energy" m) terms. Splitting the terms of the energy balance up 

in this way allows cornparison of the three types of impellers. 



The local diSs@ufion, E 

Since it is practically impossible to measurp s directly? semi-empiricai equations 

to estimate E have to be chosen. Kresta aml Wood (1993) gave an extensive review of the 

available methods. An experimental compatison of the methods as applied to the PBT 

showed that Eq.(241), Le. FAV~L, provides a ceasonable estimate of the dissipation 

close to the impeller where the tlow can be approxïmated as l d y  isotmpic. 

Three tbgs  must be coasidered when Eq.(241) is used to estimate a in flow 

fields generated by different turbines: the validity of the locally isotropic assumption, the 

value of the integral length sale L (as some fiaction of impeller diameter, D), and the 

value of the constant A. The locally isotropic assumption was fust checked in the control 

volumes for al1 the three impellers; values of L were obtained fiom the literature and 

nom tuft visualization; then the assumption of A=1 was examined using a cornparison of 

macroscopic energy balance results with the integration of the local dissipation (Eq. (5- 

43) below). 

Al1 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 closeiy isotropic, nor the wom case for a given impeller: the range of 

performance show in Figures 5-4 (a to c) is representative of the overall set of data. 

Perfectly isotropic turbulence requires that al1 of the statistical featws of the flow 

have no preference for any direction, so perfect disorder reigns. The most basic cnterion 

is that the tbree fluctuating velocities are equal, so that the turbulence kinetic energy, 

2 2 2  v ,+v ,  + V Q  
Q = , cm be calcdated using a single component of the fluctuating velocity, 

2 

3v+ 
i.e. q =- 

2 
i=r, z, or 8. The single component of fluctuating velocity is often the 



fluctuating velocity with the same direction as the main flow generated by an impeller. 

For the radial flow turbine, the radial fiuctuating velocity is chosen, and for the axial flow 

turbines the axial fluctuating velocity is used. From Fipres 5-4 (a to c), this 

approximation is reasonabie, 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 

3v; 
compared to - for dl three impellers. 

2 

&?fe?mh~ti~n of L using t ~ ï  vLsuaIiiaraion 

Kresta and Wood (1993) argued that the theoretically based estimate of the 

integral length scale used in Eq.(Z-41) is exactly equal to the length scale of the trailing 

vortices for both the RT and the PBT. Thus, by detennining the length scale of the 

trailing vortices at the edge of the blade for the RT, PBT, and A.310, the characteristic 

length L can be determined. 

Flow visuaikation with hifts was used to determine the length scale of the trailing 

vortices for the RT, PBT, and A310. Fujicolor nIms (400 Super G) were used. The 

shutter speed was 11500 sec. and focal length was set at i73.5. The £low was in a fully 

turbulent state with Re 2 22 x 1 o4 . All photos were taken 40 minutes after the impeller 

çtarted rotating. 

For the RT, the hifts attached to the tip of impeller blades separate uito two halves 

with the center line of the blade as their symrneûy axis. Tuft visuaiization shows that the 

nifts of each half are wound together, stretching radially towards the tank wall. This 

gives the diameter of the vortices created by the RT equd to Wl2, where W is the vertical 

width of the impeller blade. Since W=D/S, L=D/10. These results agree well with the 

resdts reported by Van't Riet and Smith (1975), by Yianneskis et al. (1987), and by 

Stoots and Calabrese (1995). 

For the PBT a d  the A314 the Ntts were attached to the lower edge of the 

impeller blades. Both the PBT and the A3 10 fom a vortex which extends fiom the tip of 

the impeller to approximately Dl10 fiom the tip. This is clearly shown in Figure 5-2, 



where the tufts on either side of the mark at D/10 separate nom each other. Tufts in the 

tip region of the PBT blades show clear winding, while no winding appears for tufis in 

the same region of the A3 10 blades; i.e. the PBT has a better defined vortex than the 

A3 10. These results support the use of L=D/10 for aii three impellers. 

5.4 Results 

The average turbulence energy dissipation was calculated h m  equation (5-42) 

and the local turbuience energy dissipation was estimated fiom equation (2-41) with 

L=D/10 and A=l. To check the validity of equation (2-41) with L=D/IO and A=l, a 

cornparison of the E, calculated h m  integration of the local turbulence energy 

dissipation and the E, nom the macroscopic cnergy balance equation was carried out for 

the irnpeller 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 Cornparison of the local and integral methods 

The E, calculated fiom Eq.(5-42) was compared with the integration of Eq.(2- 

41) for the irnpeller 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 , z2=27 mm. 

q=63 mm and r2=87 mm. For the PBT, the control volume is enclosed by the four 

traverses - z,=40.5 mm, ~ ~ ~ 1 0 . 5  mm, q=63 and r2=87 mm. For the A310, the control 

volume is enclosed by the four traverses - z1=39.0 mm, @.O mm, rl=O mm and r2=63 

mm. In order to obtain accurate integration results from Eq.(S-47), four radial traverses 

were added between z, and z2 (see Figure 5-3). Again, the streamwise f luc tua~g  

veiocity was used to estimate E. The integration equation is: 

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

five subdivided volumes in the control volume for each of the three impellers; E is the 



average value of two local E'S on ~ W O  adjohhg traverses at the sarne r, where the local 

vJ 
value of the dissipation is caicuiated by A- with A=1 and L=D/IO; Az~ is the axial 

L 

distance between two adjoining traverses; and p is IV kglm3. 

From the resuits given in Tabk 5-2, it is clear that the two methods are in very 

close agreement. That the local measurements give a consistently higher resdt may be 

caused by the use of the RMS velocity in the direction of the main flow for al1 the three 

impeiiers. Although the flow in the impeiler and impeller discharge strearn is 

approximately locdy isotmpic, 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 

radiai traverses. 

From the cornparison of the two methods, it was concluded that: 1) the two 

equations agree well for the three impeUers examined; 2) the local dissipation E c m  be 

estimated from Eq.(2-41) with A=l and L=D/lO close to the impeller; 3) cornparison of 

E, based on Eq.(5-42) with the integration of E (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 mail velocities and large relative errors observed in the 

remaining tank volume. 

5.4.2 Cornparison of the three impellers 

Values ofthe average dks@ation, Ei 

Figure 56 shows the percentage of the total energy dissipated and the average 

dissipation Ei for each control volume. The percent of the total energy dissipated in a 

control volume was calculated fiom 

where P is the input power. The average dissipation E, was calculated from 



where mi is the mass of fluid in the eontrol volume. In order to make a direct comparison 

between the thtee impeliers, the experimental EiYs in Figure ! 5 4  for the RT were 

multiplied by a factor of 1.54 (Le. 10.3/6.71). Since both the mean (V) and the 

fiuctuathg velocity (v) are proportional to ND, the terms v3 and V v2 in equation (5-42) 
3 3  2 are proportional to the power input P=N,p(N D )D for a given impeller. This 

adjustment dows  comparison on the basis of equal power input per unit mass for al1 

three impeilers. 

For the RT, the percent of the total energy dîssipated 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 impelier discharge Stream is twice that in the 

irnpeiler region. This may be explained by the fact that vortices are formed in the 

impeiler region, but are destroyed by the baffles which affect the flow in the impeller 

discharge stream. Cornparison 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 Pattenon's data. The equal distribution of dissipation between the 

impeller region and in the impeller discharge Stream agrees well with Wu and Pattenon. 

The difference in the percent of the total energy dissipated in the impelier region between 

this work and Wu and Pattenon's cm be partly explained by the ciifference in the ratio of 

DIT. 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 d o m i  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 haif of the total 

input energy is dissipated in the impeiler 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 al1 four control volumes are combined, the percent of the total input 



energy dissipated in them is 75.1%. Unlike the RT, the maximum average dissipation for 

the PBT occurs in the impeiler region. There is a 27.9 fold ciifference between the 

average dissipation existing in these four contml volumes. Jaworski and Fort (1 99 1) also 

found that most of the energy is dissipated in the irnpeller region and in the impeller 

discharge for a PBT. 

For the A3 10, the characteristics of the tirrbdence energy dissipation are dinerent 

fiom the PBT. The percent of the energy dissipated in the impeller region is just 18.0%. 

Again the fluid in the impeiler region occupies only 3 -45% of the tank volume. If all 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 A3 10 is nearly the same as that in the impeller discharge stream. 

This can be explained by the homogeneity of the flow generated by the A3 10. Because 

of the slightly varying pitch and varying blade width of the A3 10, the turbulence energy 

dissipation is more homogenous in the impeiler and impeller discharge stream. There is 

oniy a 1 1 .O fold difEerence between the average dissipation in the four control volumes. 

Figure 5-6 shows that the average dissipation clifXiers radically between impellea 

for the same total power input. To expplain these clifferences, the various terms in the 

macroscopic energy balance were cornpared, again scaling the RT measurements to a 

basis of equal power input. 

Disirbution of power beîween convective and turbulentjlow 

A better understanding of the characteristics of turbulence energy dissipation in 

the impeller and impeUer discharge stream for the three impeilers 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 irnpeller and the impeller discharge stream for d l  three impellers. The 

number in bold face is the largest term of the three impellers; the number in italics is the 

smaliest. 

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

the axial or radial mean velocity. At each point on the four traverses defining a control 

12 1 



volume, if the dot product of the mean velocity vector and the unit normal vector of a 

d a c e  is negative, the associated tenns are energy 'ïn"; and if the dot product of the 

mean velocity vector and the unit n o d  vector of a Surface is positive, the associated 

term are energy "out". We begin the analysis of energy distribution with the impeller 

region. 

ImpeUer region: 

The PBT produces the most dissipation in the impelier region. This is because the 

PBT has the largest convective energy in and T E  in and the srnailest convective energy 

out and TKE out. The axial flow generated by the PBT is very strong; fiom the upper 

edge, through the irnpeiler and d o m  to the lower edge of impelier blades. When 

compared with the other two impellers, it is clear that the PBT uses the retuming flow to 

boost its performance. 

Unlike the PBT, the RT has small vaiues of the convective energy in and TKE in, 

and shows large values of TKE and convective energy out. The difference between the 

T E  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 transfomis 

more of the power into turbulence kinetic energy. Note that for the RT the convecti\re 

energy out and the TKE out are mainly due to the radial flow at the tip of the impeller 

blades; the fiow fiom the top and the bottom of the impeller blades is weak. 

For the A3 10, the dissipation in the impeller region is nearly the same as the RT, 

but with diffierent features. The A3 10 has: 1) the smallest convective energy and TKE in; 

2) the largest convective energy out This is because correspondingly: 1) for the A3 10, 

the flow fiom the top region of the tank is rnuch 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 Merence between the convective energy out and convective energy in (5.95- 

0.69=5.26) for the A3 10 is more than 50% of the power input, while the same clifference 

for the PBT is around 30% of the power input. This means that the A310 is more 

efficient at generating downward convection. 



Impelkr discharge stream: 

in the impeiier discharge stream, the variation of dissipation between the three 

impellm is much less than that in the impeiier region. The RT has the largest value of 

dissipation. 

Because of the perfectly radial flow of the RT, the RT bas both the largest TKE in 

and the largest TKE out. The TKE losses ( T E  in-TKE out) are ody 10% of the 

dissipation E, . The remaining 90% of the dissipation temis cornes h m  the convective 

energy losses. The rapid decay of the main radial flow is the main source of dissipated 

energy. 

The PBT has the mallest 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 fonwd by the PBT is not destroyed in this 

region. The dissipation E, is nearly totaily due to the convective energy losses-the 

decay of the convective fiow. 

The A3 10 has both the largest convection in and the largest convection out, which 

again shows that the A3 10 is very efficient for convection. Experimental data show that 

the downward flow dominates even below the impeiler discharge strearn 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 A3 10 in this region is maidy due to the TKE 

losses. 

5.5 Conclusions 

The flow in the impeller and impeller discharge stream is approximately locaily 

isotropie for the three impellers. The two equations for E, (Eq.(S-42) and Eq.(S-43)) 

agree well for the three impellers. Eq.(2-41) with A=l and L=D/10 gives a reliable 

estimation of the local turbulence energy dissipation. The constant A in Eq.(2-41) can be 

detemiined by cornparison of the macroscopic energy balance (Eq.(5-42)) with the 

integrated local dissipation (Eq.(5-43)) for any impek .  



The dissipation was always very hi& in the impeller region and in the impeller 

discharge stream. The bulk of the energy is dissipated in the smail volume occupied by 

the impeller and the impeller discharge for ail three impeliers: in order of increasing 

percentages 38.1% (A3 IO), 43.5% (KT) and 70.5% (PBT). The dominant characteristics 

of energy distribution are different for each irnpeller. 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 h m  the r e m  flow. These differences should be taken 

into account when selecting an impeUer for a specinc application. 



Tables in Chapter 5 

Table 5-1 Experirnental conditions and selected results for the three impeIlee. 

1 Variable 1 PBT 

I OE bottom clearance, c I 

I power input*, P=NppN3Ds, 

- - - - 

number of baffles, Nf 

rotational speed, N (rpin) 

Reynolds number, Re 

power number, Np 

(kg m%3) 

7 

. 

I power input per unit mas ,  E I 
input energy dissipated in al1 

I control volumes I 
- 1 ci,, / ciamin in controi - volumes T 

a averaged from 1 I values in Table 2-1; 

b averaged nom 3 values and re-checked in this lab ushg a Torque Trducer; 

c provided by Lightnin' and re-checked in this lab using a torque transducer; 

* where p=l O3 (kg/m3). 



Table 5-2 Cornparison of the two methods for the impeiier discharge Stream. Al1 resuits 

are based on unscaled data, 

PBT 1 1.90 1 2-03 1 1.07 

Impeiler 

RT 

E, h m  the 

macroscopic balance 

(W5-42)) 

(kg m%3) 

1-91 

E, nom the local 

dissipation 

(Eq=(5-43)) 

(kg m%3) 

2.02 

ratio of the two 

methods 

1 -06 



Table 5-3 Distribution of power between convective terms, turbulent fluctuations 

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

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

power input. 

TKE Dissipation 

out E" 
Convective 

energy in 

Power Convective 

energy out 

hpeller discharge stream 

Convective TKE 

energy out out 

Power Dissipation 



Figures in Chapter 5 

Figure 5-1. A contml volume in an agitated tank in cyiindrical coordinates (r, 8,~). 
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d a c e  3 

- 
&2 

surface 4 

- 
=1  

I surface 1 
L 

set to O 

Figure 5-2 The three impellers studied, with tuft visualization of the trailing vortices at 

the blade tip. 

PBT 



Figure 5-3 The control volumes and local dissipation traverses for the three impellen. 

Al1 numbers are in units of mm. The dashed lines enclosing the impellers defme the 

impeller control volume. The lines encloshg the 6 evenly spaced traverses (e.g. dotted 

Lines to the right of the RT) define the impeller discharge control volumes. 

PBT 



Figure 5-4a Axial profiles of mean and fluctuating velocities at r d 3  mm for the RT. 

Figure 5-4b Radial promes of mean and fiuctuating velocities at ~ 1 0 . 5  mm for the 

PBT. 



Figure 5 4  Radial profiles of mean and fluctuating velocities at &.O mm for the A3 10. 

Figure 5-Sa Cornparison of the turbulence kinetic energy (q) calcdated fiom 3 RMS 
velocities with q estimated fiom the radial RMS velocity, RT, tip of the impeller blades. 
D=T/2, C=T/2, N=221 rpm, at r 4 3  mm. 



Figure 5-Sb Comparison of the turbulence kinetic energy (q) calcdated fiom 3 RMS 
velocities with q estimated h m  the axial RMS velocity, PBT, below the impeller blades. 
D=Tn, C=T/2, N=40 rpm, at ~ 1 0 . 5  mm. 

Figure 5-Sc Comparison of the turbulence kinetic energy (q) caicdated fiom 3 RMS 
velocities with q estimated from the axial RMS velocity, A310, below the impeller 
blades. DR4.475, C=T/2, N=728 rpm, at ~ 9 . 0  mm. 



Figure 5-6 Percent of the power dissipated, and average dissipation (rn'/s3) 

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

are in mm. The results are based on equal power input. 

RT 
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PBT 

Nd00 rprn 
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Cbapter 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 agitatecl tank (P/pVT) is not wflicient 

to completely define the characteristics of the turbulence energy dissipation. Accordhg 

to the length d e  defhed by Kolmogoroff, ? = (v3 1 df4 , the minimum length sa le  in 

a dispersion is determined by the maximum turbulence energy dissipation rate per unit 

mass, EN, ifthe Kolmogoroff length scale expresses the real relationship between drop 

size and the turbulence energy dissipation rate, so the local turbuience energy dissipation 

rate is critical. Since ail the particles in the dispersion have a finite probability of passing 

through the position where E,,,, occurs, the minimum dmp s k  in a dispersion of gas or 

liquid wiii be determined by E-. Most investigations of drop breakup and gas 

dispersion, however, characterize E,, by the power input per unit mass (P/pV,), and 

examine only one tank geometry. Thus, the investigation of the effect of geometry on 

E,, is important for both improved fiindamental understanding and for practical 

applications. 

In Chapter 2 and Chapter 5, the methods to estimate local turbulence energy 

dissipation rate E were reviewed. In Cbapter 5, Eq. (2-41) with L=D/lO and A=l as an 

estimation of local turbulence energy dissipation rate was verified by a combination of 

tuft visualization expairnent and cornparison with the macroscopic mechanicai energy 

balance. 

Pnor to this thesis, no work had k e n  published to investigate the effect of tank 

geometry on the mmimum turbulence energy dissipation rate in stirred tanks. Research on 

the effect of tank geometry on the local dissipation rate is M t e d  to some very specific 

correlations reported by Okamoto et al. (198 1). They reported Eqs. (2-38) and (2-39) to 

* A modijed version of ihis chaper was published in the AIChE J.. vo1.12, pp. 2476- 

2490 (1 996). 



correlate the local turbulence energy dissipation rates in the impeller stream E~ and in the 

circulation region E, to the ratio of Dm. These equations account for the effect of impeller 

diameter and of impeller blade width on E. In fxt, Eqs. (2-38) and (2-39) cm ody be 

used to correlate the effect of the width of impeller blades or impeiier diameter on E for a 

single point, since the locations of ci and E, were hed .  Measurernents have shown that E 

varies h m  point to point, especially in the region around the impeiler blades, so tbat any 

single measurement of a 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 

gi = 593E, which is well below the maximum dissipation (1 1.3 à) reported by the same 

authors, and sc = 0.42E, which is weil above the minimum dissipation (0.16 8 )  in the 

upper region of the tank. 

This investigation f o c u ~ s  on the effects of one operating variable (rotationai 

speed N) and three geometnc variables (hpeller diameter Dy off bottom clearance C and 

nurnber of bafnes N ) on the local rate of turbulence energy dissipation per unit mas ,  E. 

v3 
close to the impeller- The dissipation was estimated using Eq. (2-41), Le. E = A- with 

L 

A=l and L=D/lO, 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 irnpeller 

blades, while for the PBT, A3 10 and HE3, v is the axial RMS velocity below the blades. 

The effect of tank geometry on the maximum dissipation was investigated using 

factoriai designs of experiments. Factorial designs are ideally suited to initiai 

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 factoriai design c m  give a more general picture of the 

phenornenon of interest with a limited number of experiments. However, because the 

data are limited, a very carefùl analysis of the results is required. The variables must be 

chosen carefully if they are to rdect the underiying physics, and the initial experimental 

design must ofien be modified and expanded to check conclusions, and to test hypotheses 



obtained nom the initial results. For this study, three different 2-level factoriai desips 

were planned, and the resuits were analyzed using a combination of 95% confidence 

intervals, normal probability plots, and a detailed examination of the data. 

63 Experimental 

6.2.1 The LDA 

The validation of the one dimensional laser Doppler anemometer (LDA) was 

detaiied in Chapter 4. The main parameters are summarized here: beam 

separation=0.01691 m; focal length of both the transmitter and the receive~500 mm; 

high voltage=SOOV; sample sized000; signal sampling fkequency=2.5 MHz; the average 

fiequency of velocity measurement was 1.2 kHz. Cornparison of the velocity 

measurements fiom two separate detectors, based on this signal sampling rate, gave a 

data validation rate 2 99%. 

6.23 Geometry of the B-ed Tank and the Lmpeiiers 

The batned tank is shown in Figure 2-2. Vertical baffles (width=TflO) 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 baffies, and covered with 5 cm of water to seal the tank. 

Al1 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 Made length of the RT was Dl4 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. 

6.23 Experimental Designs 

Ail of the experimental runs and experimental resuits are summarized in Tables 

6-1 to 6-4. For each impeller, three sets of experirnents were m. The first was used to 

veriQ the scaling of E with N~. The second was a factorial design in Nfi D and C. The 



third was a modified factorial design using the dimensionless off bottom clearance CID. 

instead of C. 

6.2.3.1 Rotational Speed 

To test the effect of rotational speed on E,, , 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 irnpeiiers. 

One rotational speed (bold and italic in Tables 6-1 to 64 ) was chosen to match the 

power input used in the factorial designs. 

6.233 Factorial Design in No D and C 

To examine the effects of the three geometric variables on E,, factorial designs 

with three variables at two levels (designated +1 and -1) were applied. 

The number of baflles, NE and impeiler 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 CID. For the first factorial design, C was 

chosen as a geometric variable. Thus the fht set of experiments used the three geometric 

variables Nf, D and C (RLUE 1 to 8 in Tables 61 to 6-4). Nf is either 4 (+1) or 2 (-1); D 

is either Tl2 (+1) or T/4 (-1); and C is either T/2 (+1) or Tf4 (-1). 

63.33 Factorial design in NI, D and C D  

Aoalysis of the experimental data in the first factoriai design indicated that a 

modified design was aeeded. This modined design was then carried out with the variables 

Nfi D and C/D (Runs 3 to 10 in Tablea 6-1 to 6-4). When C/D was chosen as a geomeûic 

variable, C/D was either I (+1) or 112 (-1). 

In summary, there are two sets of experiments for factorial designs: the first is 

based on Nf, D, and C; and the second on N ,  D and CID. Each bas three variables at two 

levels. The number of experimentai nuis for each factorial design is 8, i.e. 2~2x2 .  In the 

third factorial design, the second set of data was rescaled from constant power input 

(N3~'=constant), to constant dissipation (N.'~~=constant) and reanalyzed. 



For each of the experimental nms, Tables 6 1  to 6 4  list the combinations of 

variables, the values of the Reynolds number, the power input per unit mass E(=P/pVT). 

3 2 h,, and s- made dirnensiodess with N D . Scaling of the local dissipation with 

3 2 N D is based on the fact that E is proportional to v?D ( h m  reduction of the time 

averaged equations of turbulence (Kresta and Wood (1991)) and vaND, so E is 

3 2 proportional to N D . 
The power input used for calcuiating E was computed using the power number 

(Np) for each impeiler. For the tank geometries used in this study, the power numbers for 

the four impeilers are: 5.4 for the RT; 1.35 for the PBT; 0.30 for the A3 10; 0.25 for the 

HE3 with DR=lR 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 measiued using a Torque Transducer 

in this lab, and the RT were averaged fiom data published by ptevious investigators 

(Table 2-1). 

6.3 Results 

63.1 Determination of the Location of the Maximum Dissipation 

According to Eq. (241), appears at the same position as the maximum 

fluctuating velocity. In order to avoid locating the position of E,, arbitrarily, al1 three 

fîuctuating velocities were measured on traverses in both the impeiler 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 impeiler blades are 2 mm away fiom the impeller blades. 

The axiai traverse near the tip of impeller blades is 3 mm away fiom the impeller tip. 

From these measurements, several conclusions were drawn. 

The maximum fluctuating velocity is v, for the duee axial flow impellers (the 

PBT, A3 10 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 A3 10, respectively. The line with 

~ 1 0 . 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, 



always appears on this traverse. The same is mie for the A3 10, but note that two clear 

peaks occur on the traverse where the maximum v, appears. Experimental results 

showed that for axial flow irnpellers the maximum fluctuating velocity is the axial 

fluctuating velocity for ail  IS nms examineci, although in the impeiler region, the radial 

and tangentid fluctuating velocities are nearly the same as the axial fluctuating velocity 

(see isotropic check in Cbapter 5). 

For the radial flow impeller (RT), the maximum v, aiways appears at the tip of 

impeller blades, and the maximum fluctuating velocity is v, (with the exception of nm 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 6-2c shows the axial profiles of v, for the RT 

at the two radu 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 impeiler discharge stream. Thus the 

maximum turbulence energy dissipation is approximately constant in this region. 

As stated above, the work reported in this chapter is prirnarily an investigation of 

the effect of geometry on cm=. To be sure that the location of the tnwerse containing E,, 

is independent of geometry, the effect of geometry on the location of this traverse was 

investigated. It was found that the traverse on which srna is found is independent of 

clearance, impeller diameter, and number of banles. 

With the locations of the maximum fluctuating velocities and thus sm, 

determined, streamwise velocity measurements were perfonned on a single traverse to 

fiad srna. 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 meanued on an axial traverse 3 mm away fiom the tip of the RT blades. The 

velocity was measured at 3 mm intervals. In the figures which follow, the dimensionless 

variables (2rlD and 2dW) are used. 



63.2 Effect of Rotational Speed on s,, 

If the flow is fully turbulent, the fluctuating velocities scale exacdy with the tip 

speed of an impeller for a constant tank geometry. Thus, h m  Eq. (2-41), E should be 

proportional to N ~ .  This is supported by the experhental msults of this work. Profiles 

of the scaled E for five different values of N are shown in Figures 6 3  (a to d) for the 

PBT, A310, HE3 and RT, ~spectively. The five profiles of the scaled s overlap in al1 

four figures, as do the five scaled &'S. Note that this close agreement appears even 

though the experimental error in the velocity measurements has k e n  cubed. These 

results confimi that q,,= is proportional to hJ3 when the geometry and scale me constant. 

Two peaks are cleariy shown for the A310. Experimental resuits show that this double 

peak appears consistentiy for the A3 10, regardess of the geometry used. 

6.33 Range of Variation in Scaled E,,,~ 

Different impellers create different flow fields. It is important to know how the 

hpeller style and tank geometry &ect E, because of its importance in determinhg 

process results. Figure 6-4 compares the scaled for aIl 60 experiments. The RT 

runs were arranged in order of increasing values of the scaled Runs for the PBT, 

A3 10 and HE3 were arranged to match the RT geometry. Serial numbers 1-6 on each of 

the four lines represent the five runs with different rotational speeds and the same 

geometry. 

The values of the scaled E,,,, for the RT, ranging from 9.75 to 19.9, are much 

larger than for the three axial flow impellers, noue 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 q,,= shows the same trend as the power nurnber: 

the impellea with larger power numbers generate larger scaled cm&. This is to be 

expected, since N was set for each run based on a constant power input. 



6.3.4 Effect of Tank Geometry on E, 

The experi.menta.1 nios 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 d t s  are summarized in Tables 6-1 to 6-4. For each set 

of e>cperÙnents, there are thtee main variables (Ne D, and C or C D )  and four possible 

interactions between these variables (NrD, NrC, D-C and NrD-C; or NrD, NfC/D, D- 

C f '  and NrD-C/D); therefore thete are seven possible geometric effects. 

The effects of these geometric variables on are estimated using the method 

given by Box et ai. (1978, pp.306-373). Factorial designs wiil 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 Ievel and -1 representing the lower 

b e l ,  the effect of a variable on s- scaied with N ~ D ~  (namely, ernadd in the 

equation below) can be calculated using the followiag expression: 

where meam to take the s u m  of ail eight runs, and li is the product of the levels for 

variable or interaction i. For example, in run 1 for the first factorid design in Tables 6-1 

to 6-4, the number of bafnes, Nf (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 Nfi C and D are +1, + l  and -1, respectively; the level of 

the interaction between NrC, Zl3, is +l . SSimilarly, 112, iZ3 and are al1 -1. is 

the scaled ha of the comsponding nui. 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 summarYed in Tables 6-5,64 and 6-7. 

Note that al1 experiments in the three factorial designs have a constant power 

input per unit mass. E was 0.652 m2/s3 for the PBT, A3 10 and RT, while E was 0.484 

m2/s3 for the HE3. The HE3 E was lower than the E w d  for the PBT, A3 10 and RT 

due to limitations on the rotational speed set by operational stability and prevention of the 



suction of air bubbles. Because the scaling with N~ was shown to be exact, this 

difference in experimental conditions did not preclude cornparisons between impellers. 

63.4.1 Criteria Useà to Evaluate the Statistical Signiticance of the Effccts 

The effect of a variable on E- c m  either be a true effect resulting fiom the 

variable, or cm be c a w d  by chance occuirences. It is necessary to analyze the statistical 

signincaulce of the geometnc effects on to distingukh whether the effects are caused 

by chance occurrences or are real effects. 'Ihree criteria were used to assess the 

significance of effects: the 95% confidence intend (or estimated experimental error), 

normai probability plots, and a detailed evaiuation of the data. 

95% confidence inferval, or esîimated experimentuf error 

The effects of geometric variables on q- may be partly attributed to 

experimental errors in the velocity measurements. Separation of the real effects corn the 

experimental errors is criticai to accurate statisticd analysis. nie experimental erron 

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 E,S for 5 

dinerent rotational speeds with the same geometry should be equal, the differences 

between them may be attributed to expehental errors. Thus the mean value of the 5 

scaled E-'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 

detemiined by assuming a t-distribution with 4 degrees of fieedom. The calculated 

results are Iisted in Table M a .  Effects which fa11 outside the 95% C.I. c m o t  be 

attributed entirely to experimental error. Note that the A3 10 impeiler produces a more 

stable flow field and its velocity measmement has a correspondingly good 

reproducibility. This is reflected by an extremely s m d  standard deviation. 



N o m 1  probability plots 

When the calculated effeçts given in Tables 6-5 and 66 are plotted on normal 

probability plots, the effects which are raudomly distributeci are expected to fd on a 

straight line. Box et al (1978, pp.306-373) state tbat ifthe seven effects (main effects and 

interactions) occur simply as the d t  of random variation about a Iked mean, and the 

changes in levels of the variables have w reai effect on the scaled b, then the seven 

effects me r o u g e  normal and dMbuted about zero. Thus, when normal probability 

plots are used, effects which do not fall on a straight Line may be coasidered significant. 

Detaiied wiuation of qerimentaf data 

Using the 95% C.I. and normal probability plots as guides, the diflerences 

between experimental runs were evaluated in detail. This last step is crucial for 

determinhg the physical meanhg behind the statistical d y s i s ,  and for evaluating the 

validity of the experimental design. 

In the f i a l  analysis, only effects which meet ail three critena can be considered 

significant. 

63.42 Discussion of Signihcant Effects 

Three factorial designs are discussed here: the first is based on the variables Nf, D 

and C with constant power input or Ë; the second on Nf, D and CID, again with constant 

power input; and the third on the Nr, D and C/D design rescaled to a basis of constant 

E,. While some significant differences are apparent between the fïrst and second 

factorial designs, none appear between the second and third when the results are rescaled. 

The conclusions drawn are based not oniy on the statisticai analysis, but on the overall 

behavior of the fiow field, and on the combined results of the three factorial designs. 

Firstfactoriai design: Nfl D and C, scaling based on constant P/p V, 

The 95% confidence intervals and normal probability plots for the first factorial 

design are shown in Figures 6-5 (a to d). Figures 6-6 (a to d) show the full details of al1 



eight experimental traverses for each of the four impeilea. To aid the interpretation of 

these figures, the nuis 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: 

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 signincant effect on the magnitude of k. While the off bottom clearance 

efféct is slightiy greater than the 95% confidence interval, it f d s  close to the 

regression line, and has a very srnall effect on the experimental traverses. 

For the A3 10 and the HE3, the variability is much smaller, and conclusions drawn 

fiom the 95% confidence intervai and the normal probability plot are less definitive. 

They must be combined with the experimental data before conclusions are drawn. 

The A3 10 shows a dependence on D and C (b decreases with decreasing C for 

both impeiler diameters). The HE3 data shows similar overall trends to the A3 1 0, 

but the significant variables are C and the interaction between C and D. Note that the 

values for the D=T/4 impeller are much larger for the HE3 (thus the iack of 

dependence on D), and that q,,= decreases with decreasing C only for the D=T/2 

impeiler (leadkg to both the dependence on C and on the interaction between C and 

Dl- 
Although the variation in tma is very large for the RT, no conclusions can be drawn 

fiom the results of this factorial design. The 95% confidence interval indicates that 

al1 variables are significant (with the exception of the interaction 13, between Nf 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 experixnental data shows clear sh ih  in the D=T/2 

traverses with changes in C (particularly for the A3 10 and HE3 impellers), while the 

D=T/4 traverses are almost identical for al1 thme axial impellers. Kresîa and Wood 



(1993b) reported that the fiow field generated by the PBT depends on the 

dimensionless off-bottom clearance, CID; not on the absolute value of C. A 

transition between two flow patterns occurs at CID=0.6. The C/D values for the 

D=Tn impeller (1.0 and 0.5) b d e t  this value, while the C D  values for the D=T/4 

impeiler (2.0 and 1.0) are both well above the transition point. A new factorial 

design was implemented, which uses CID instead of C, with values of 1 .O and 0.5 for 

al l  impeîlers. This required only 2 additional nias for each impeller (see Tables 6-1 

to 6-4). 

Second factorial design: Np D and CD, scaling based on constant P/p V, 

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 Fi y r e s  6-8 (a to d), the following observations are 

made: 

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 %a are now evident 

for the PBT, A3 10, and RT. For the HW impeller, the order and magnitude of E,, 

values has changed; the decrease in E- 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 effeet, with the addition of the interaction between D 

and C D  (due to the additional experimental information). Al1 three evaluation 

criteria (95% confidence interval, normal probability plot, and experimental 

traverses) are met. 

The A310 and HE3 again show the smallest variability. Combining infiormation 

fiom al1 three criteria, the impeller diameter remains the most important variable for 

the A3 10. The effect of C/D is large for the D=T/2 irnpeller, but much mialler for 

the D=Tl4 impeller. This gives rise to the two smailer effects of CD, and the 

interaction of D with CID, both of which fa11 outside the 95% confidence interval, 



but on the regression line. Similarly, the HE3 maintains the off bottom clearance, 

now in the fom of CID, as the largest e f f a  The interaction between D and C/D 

can now be neglected due to the reorddg of the DST14 data as discussed in (1) 

above. 

The RT results now offér some clear conclusions. The diameter is the most 

important variable, followed by the interaction between D and CID. 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. 

Both the fïrst 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 impeiler and the tank wds,  or due to the scaling 

of N to maintain a constant power input (Ê)¶ as opposed to scaling to maintain a 

Third factoria[ design: Np D und OID, scaling bmed on constant E 

For the nrst two factorial designs, dl rotational speeds were scaled to maintain the 

same power input pet unit mas. Thus when the impeller diameter D changed from 

D,=T/2 to D2=T/4, the rotational speed N was changed according to the formula: 

When N is scaled based on constant E, however, the rotational speed N is adjusted 

according to : 

Since E ~ ~ Z N '  for a given impelier diameter D, the ciifference between the two methods 

of scaüng is exactly ('D,/I3d3. In our case, @,m3 is 8 for the PBT, HE3 and RT, and 

3.88 for the A3 10. Dividing the D=T/4 results by these factors changes the scahg to a 

basis of constant E, or more specifically, ha. 



in order to compare the m s d e d  k ' s  between the four impellers directly, the 

HE3 redts were multiplied by a fwtor of 1.35 (Le. 0.65Z0.484) to correct for the 

smdler power input used for this hpeller. 

The two scahg methods are cornparrd in Figure 6-9. The eight cases for each 

impeller an grouped into (wo sets of four based on impelfer diameter. Runs for the RT 

were ~iiranged in order of incteasing c ,  and nms for the PBT, A310 and HE3 were 

arranged to match the RT geornetry. On the right haif 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 nms scaled for constant E. ScaIing for 

constant E gives much Less variabiiity in the resuîts. 

Since scaling with constant E gives more constant absolute values of srna, the 

factoriai analysis of the effects of geometry on ha was repeated for scaling with constant 

E. Al1 resuits were adjusted as for Figure 6-9, and the effects recaiculated. 

The experimental errors were again quantilied by a 95% confidence interval using 

the data at 5 different rotational speeds and the same geornetry ( nuis N1 to N5). Because 

the absolute values of are used here, the E- values with 5 different rotational speeds 

cannot be used directly to calculate the 95% confidence interval. For the third factorial 

design, the E,,'s at 5 different rotational speeds were first scaled with the appropriate 

value of N)D~, then multiplied by N:D: to adjust the 5 E,,,,'s to the case of D,=T/2 for 

the PBT, HE3 and RT or D1=û.550T for the A310. The calculated 95% confidence 

intervals for the four impellers are listed in Table Mlb. 

The resulthg normal probability plots are shown in Figures 6-10 (a to d). From 

these figures, the following observations are made: 

1) Cornparison of Figures 6-10 (a to d) with Figures 6-7 (a to d) shows no change in 

the results for the PBT, A3 10 and RT. For these three impellers, D is the dominant 

effect. Thus the statistical analysis of the geometric effects on the scaled E,, for the 

PBT, A3 10 and RT based on constant power input is also tme if the scaling of Ei is 

based on holding E constant. The eflect of D is due to interactions between the 

impeller and the tank walls; not due to the choice of scaling. 



2) For the HE3, C/D dominated the variation in scaled for the f m  two factorial 

designs. The normal probability plot for the HE3 shows a larger effect of D and of 

the interaction between D and CR) with the rescaled data. This makes the 

observations for the HE3 more consistent with the observations for the other three 

impeilers. Note that the HE3 was the ody impelîer for which the off bottom 

clearance was the dominant effect in the 6rst two factorial designs. 

summary 

Three foms of factoriai design have been used to evaluate the effect of tank 

geometry on the maximum dissipation, h. The first design used the variables Nfi D 

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

flow field depends on the ratio CID for the PBT, the experimental design was modified to 

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

al1 four impellers. Finally, in the third factorid design, the results were rescaled to a 

bais  of constant cm., (instead of constant power input) to ver@ the conclusions. Three 

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

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

experimental profiles. Taking the resdts of ali three factorial designs together, several 

important conclusions can be drawn about the effect of tank geometry on b: 

1) The effect of impeller diameter on 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, signincant changes in the turbulent flow field occur when the D/T 

ratio is changed. 

2) 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 irnpeller diameter, depending on the impeller used This means 

that the off bottom clearance and impeller diameter cannot be independently 

considered. 



3) The number of baflles, Nfi has no signifiant effect on smm, either as an independent 

variable, or in the fom of interactions with other geometric variables. This is mie 

for aii four impellm, and ai l  tbree factorial des ip .  

4) To maintain a mughiy constant E-, sale up which is not geometrically exact 

should be based on D~, not on D'. This is the scaling predicted h m  theory, rather 

than the constant P/pVT (equivalentiy constant power per unit mass, or average 

dissipation) which is commonly used in the literature. 

6.4 Conclusions 

This work represents the nrst extensive analysis of the effect of tank geometry on 

the maximum rate of dissipation of turbulence kinetic ewrgy, E-. Three axial impellen 

(the PBT, A310 and HE3) and one radiai ùnpeIier (the RT) were studied. These 

impeilers represent the fidl spectrum of impellers currently used for turbulent mixiag in 

industry. Three geometric variables were considered: the number of bafiles, the impeller 

diameter, and the impeIler off bottom clearance. 

The local dissipation was estimated fkom the streamwise RMS velocity 

fluctuations using E=AV)/L where A=I.O and L=D/lO for ail four impellers. The 

dissipation was show to scale exactly with bJ3 for the case where the tank geometry is 

held constant. The maximum dissipation was located on the traverse Unmediately below 

the impeller for the three axial impeliers, and on the traverse at the tip of the impeller 

blades for the RT. 

Cornparison of the scaled values for all geometries considered shows 

significant variation between the results both when constant power input per unit mass 

(P/pVT) is used as the scding critenon, and when is scaled with N ~ D ~ .  nie 

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 cm be most accurateiy observed when the dimensionless 

clearance, CID, is w d  as the experimental variable. The off bottom clearance ofien 

interacts strongly with the impeller diameter, and thus should not be considered as an 



independent variable. The number of bafaes had no signincant effect on the %,, either 

as an independent variable, or in interactions with other geometric variables. The same 

effects of geometnc variables were observecl when the results were rescaled based on 

maintaining a constant dissipation. 

The d t s  of this work show that the maximum local dissipation is larger for 

impeiiers with a larger power number. In addition to the dependence on power number, 

there is a substantid effect of tank geometry on the value of L. In fiiture, experimentai 

work which depends on e- should be designed to examine the effects of Dm, C/D, and 

interactions between the two variables on the redts. Scale up of stirred tanks shouid 

consider cm, as weil as P/pVT, particularly in cases where the type of impeiler andor 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 wbat values of c m  be 

expected for some standard impellea and tank configurations. 
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Table 6-5 Cdculated effects of geometric variables and interactions on E~.JN~D' for 

the factorid design bas& on Nfi D and C. Scahg of N for constant power input. 

Variable or Interaction Effict on the scaled 

impeller PBT A310 HE3 RT 
L 

*P 1.35 0.30 0.25-0.30 5.4 

power input per unit mass 0.652 0,652 0.484 0-652 

main effects 

number of baffies, Np 0.0670 0,0735 -0.154 0.963 

impeller diameter, D 1.41 0.33 1 -0.0623 3 -84 

clearance, C 0-41 3 0.255 0.32 I -3.54 

two-factor interactions 

NfxD 0.268 -0.01 55 0,0383 2.39 

NpC 0.0725 -0.00250 -0.0283 -0.388 

DxC 0.0725 0.1 12 0.254 -0.8 13 
1 

three-factor interaction 

NpDxC 0.0625 0.0345 -0.02 1 8 1.94 



Table 6-6 Calcuiated effects of geometric variables and interactions on E,,/N~D~ for 

the factorial design based on Nf, D and CID. Scaiing of N for constant power input. 

Variable or Interaction Effect on the scaled E- 

impeller 
I 

Np 

power input per unit mass 

3 2 average of E, / N D 

PBT 

1.35 

0.652 

2.96 

main effects 

number of baffles, Nf 

impeller diameter, D 

ratio of clearance to 

diameter, C/D 

two-factor interactions 

NfxD 

b& xCID 

0.202 

1 .O1 

-0.328 

three-factor interaction 

Nf xDxC/D 

A3 10 

0.30 

0,652 

0,783 

1.87 

3.58 

-1 .O8 

O, 108 

0.4 17 

O. 198 

0,133 

-0.072 

-0.088 

0,074 

0.390 

0.208 

HE3 

0.25-0-30 

0,484 

0,837 

-0.050 

0.00 1 

RT 

5 -4 

0.652 

15.1 

0.032 

-0.028 

-0.087 

1.38 

0.925 

0.038 0.525 



Table 6-7 Calculated effects of geometric variables and interactions on E ,  for the 

factorial design based on Ne D and CID. E,'S for the 16 cases with d l  D were 

divided by (D,/D~~ to give scaling for constant E,. 

Variable or interaction Effect on E, 

impeller I PBT 1 A310 I HE3 I RT 

power input per unit mass 

average of cm, 

main effects 

number of baffles, Nf 

impeller diameter, D 

ratio of clearance to 

diameter, C/D 

0.652 

8.97 

two-factor interactions 

Nf XD 

Nf x C D  

0.6 14 

3 .O6 

-0.992 

three-factor interaction 

Nt xDxC/D 

0.652 

8.04 

0-402 

-0.2 19 

1.10 

4.28 

2.03 

0.629 

0.652 

12-6 

-0.507 

0.005 

0.652 

11.4 

-1 -36 

3 -40 

6.1 1 

0.323 

1 -42 

2.73 

-0.8 17 

-0.544 

-1-27 

1 .O4 

0.702 

1 

0.454 0.399 



Table 6-8. 95% confidence intervals calculated fiom &,AJ3~' values for the 5 runs 

with varyhg N. 

Table 6-8b 95% confidence intervais calculated fiom values for the 5 runs with 

varying N. 

95% C.I. 

0-3 16 

0.03 f 

0,133 

0.575 

standard deviation 

0.1 14 

0.01 1 

0.047 

0.207 

impeiler 

PBT 

A3 10 

HE3 

RT 

mean 

2.44 

0.967 

1.30 

12-1 



Figures in Chapter 6 

Figure 6 1  Schematic drawing of the stirred tank and the meanning traverses (- - - - - ) 

used to locate E, for each of the four impeiiers. 

Figure 6-2 (a to c) Velocity profiles used to locate 6,: 

2a) PBT; radial pronles of v; Nfl, D/T=1/2, C/T=lB, N=400 rpm. 

0.7 -- 



2b) A310; radial profiles of v; N e ,  Dfl4.550, C/T=IB, N=652 rpm. 

2c) RT; axial profiles of v; N+, D/T=l/2, C/T=1/3, N=22 i rpm. 



Figure 6-3 (a to d) Validation of the scaiing of E with N.'; N+, C=T/3. 

3a) PBT; D/T=lB, WWp=I.3S. 



3d) RT; Dm-ID, 2r/D=1.08. 



Figure 6-4 Cornparison of the scaled E,'S for aii experiments. The RT data was 

arranged in order of increasing E,,,.JN~D~. Runs for the PBT, A310 and HE3 were 

amangeci to match the RT geometry with the same seriai number. 



Figure 6-5 (a to d) N o d  probability plots of the effects of geornetric variables on 
e - 1 ~ ~ ~ ~  sbwing the 95% confidence interval around zero effect for the factorial 
design based on Ne D and C. 

sa) PBT 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
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Fimn 6-6 (a to d) Profiles of dN3d  showing the details of the experirnental resuits for 
the factorial design based on Nfi D and C. 

6a) PBT 4.50 

4.00 

3.50 

3.00 





Figure 6-7 (a to d) Normal probability plots of the effects of geometric variables on 

E,N-'D~ showhg the 95% confidence intemal around zero effect 

design based on Nf, D and C/D. 

7a) PBT 

Effects 

7b) A310 

for the factorial 
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Figure 6-8 (a to d) Profiles of &I3Il2 showhg the details of the experimentai results for 

the factorial design based on Nh D and CID. 

8a) PBT 
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120 - -  

1.00 - -  
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W 
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Figure 6-9 Cornparison of scaling based on constant power (closed spbols) vs. scaling 

based on constant E, (open symbols) when the impeIIer diameter is changed h m  

+ RT 4 PBT 

c A310 + HE3 

1 2 3 4 5 6 7 8 

Serîal Number 



Figure 6-10 (a to d) N o d  pcobability piots of the effects of geometric variables on 
E ,  showing the 95% confidence interval around zero effect for the factorial design 
based on Nfi D and CID. 

10a) PBT; c ' s  for the four cases with D=T/4 were divided by 8. 

1 Ob) A310; k ' s  for the four cases with W . 3 7 5  were divided by 3 -88. 

1 -0 2.0 3 .O 4 .O 5 .O 

Effects 



10c) HE3; b ' s  for the four cases with D=T/4 were divided by 8. 

-1.8 -0.9 0.0 0.9 1.8 2 7  3.6 4-5 5.4 63 

Effects 

10d) RT; E-'s for the four cases with D=T/4 were divided by 8. 

-25 -2.0 -1.5 -1.0 9 .5  0.0 0.5 1.0 1.5 20  2 5  3.0 

Effects 



References 

Box, G. E. P., Hunter, W. G. and Htmter, J. S., 1978, Statistics for experïimenters, 
An introduction to design, dofa anulysis, and mode1 building pp.306-3 79. John Wiley & 
Sons, New York. 

Costes, J. and Couda,  I. P., 1988, Influence of the size of the imits-II. spectrai 
analysis and d e s  of turbulence. Chem Eng. Sci. 43,2765-2772. 

Cutter, L. A., 1966, Flow and turbulence in a stirred tank. MChE J.  12,3 5-45. 

Jaworski, Z., Nienow, A. W., Koutsakos, E., Dyster, K. and Bujalski, W., 1991, 
An LDA study of turbulent fiow in a banled vesse1 agitated by a pitched blade turbine. 
Tram fChemE. 69, Part A, 3 13-320. 

Ktesta, S. M., and Wood, P. E., 1991, Prediction of the three-dimeasional 
turbulent flow in stirred tank. AIChEJ, 37,448. 

Kresta, S. M., and Wood, P. E., 1993a, The flow field produced by a pitched blade 
turbine: characterization of the turbuience and estimation of the dissipation rate. Chern. 
Eng. Sei. 48, 1 76 1 - 1 774. 

Kresta, S. M., and Wood ,P. E., 1993b, The mean flow field produced by a 45- 
degree pitched blade turbine: changes in the circulation pattern due to off bottom 
clearance. Cam J.  Chem. Eng. 71,42-53. 

K r e m  S. M., 1991, Chmacterization measurement and prediction of the 
turbulentflow in stirred tanks, Ph.D. Thesis. 

Okamoto, Y., Nishikawa, M. and Hashimoto, K., 1981, Energy dissipation rate 
distribution in mWng vessels and its effects on liquid-liquid dispersion and solid-liquid 
mass transfet Int. Chem. Eng.21,88-94. 

Ranade, V .  V .  and Joshi, J. B., 1989, Flow generated by pitched blade turbines 1: 
meanuements using laser Doppler anemometer. Chem. Eng. Commun. 81, 197-224. 

Van't Riet, K. and Smith, J. M., 1975, The trailing vortex system produced by 
Rushton turbine agitators. Chem. Eng. Sci. 30, 1093-1 105. 

Wu, H. and Patterson, G. K., 1989, Laser Doppler measurernents of turbulent- 
flow parameters in a stirred mixer. Chem Eng. Sci 44,220702221. 

Yianneskis, M., Popiolek, 2. and Whitelaw, J.H., 1987, An experimental study of 
the steady and unsteady flow characteristics of stirred reacton. J Fluid Mech. 175,537- 
555. 



Chapter 7 

Measurement Using the Phase Doppler Particle Analyzer 

7.1 Introduction 

The mean &op size and drop s k  distribution characteriz! a liquid-liquid 

dispersion aud determine the transfer rates (mass, heat and/or chernical reaction) in the 

dispersion. To impmve our understanding of the hdamentals of drop dispersion, the 

relationship of the &op size distribution to the Bow field was investigated for several 

stirred tank configurations, specificaüy, the effect of dissipation and geometry on the 

distribution was investigated The energy distribution in impeller regions produced by 

one radial impekr (the RT) and two axial impeliers (the PBT and the A310) was 

reported in Chapter 5. The effect of geometnc variables on the maximum dissipation for 

the four impeliers (the RT, PBT, A3 10 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 meanvements of the Sauter mean diameter (d33' 

the minimum &op size and &op size distribution with changing rotational speeds (Le. 

different power input per unit mass and dif5erent local dissipation rates) for the four 

impellers (the RT, PBT, A3 1 0 and HE3) are presented in the foilowing chapter. Sorne 

considerations about the scale-up of liquid-liquid dispersion system are aiso analyzed 

tbere. 

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 simuitaneously. The velocity is 

measured using the principle of LDA as piwented 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   dam entais of PDPA are explained in some detail. 



7.2.1 Intederence 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 

(refiections, difhctions and &actions) of the dmplet, DBerent scattering interferences 

are formed by liquid droplets with different rektive indices. The scattering interference 

formed by a droplet with a r e k t i v e  index higher than that of its surroundings is shown 

in Figure 7-1, in which only two intenial rdections (Le. the second order interna1 

reflection) are included, and B o n  due to the deviation of light passing in the 

forward direction is not shown. 

72.2 Geornetric Optics Approaeh 

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 Iaws for electromagnetic waves- 

The scattering interference is described exactly by Lorenz-Mie theory, however, even 

with large cornputers, the cornputation tirne required to calculate the scattering 

coefficients for a range of drop sizes ushg 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/h»l), it is possible to approximate Lorenz-Mie scattering by the interference of 

dificted, refracted, and reflected rays according to van de Hulst (1957). Van de Hulst 

demonstrated that for rrdDl0, the scattering of efectromagnetic radiation is separable 

into the simplified theories of diiliaction, &action, and reflection. When the spheres 

have rehctive indices suniciently different fiom the surroundings, the amplitude 

hc t ions  denved fiom the geometnc optics are, in the asymptotic limit, equal to the Mie 

amplitude fûnctions. In such a scattering interference, regions are found with one of the 

three scattering pattern (reflection, d iec t ion and refraction) dominating. A linear 



relationship between phase shifi and &op diameter can be used for rehctive 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 

intemal reflections. If several scatterhg orders are present, each type of scattered light 

wül interfere and the resuiting phase vs diameter relationship may be highly nonlinear 

and not usefid for measurements. To prevent this behg the case, scattering angles must 

be chosen where a single scattering order is dominant and diffraction is mulimized 

(Seiiens, 1989, Sankar and Bachalo, 1991). 

Difbctive scatter is concentrateci in a lobe in the forward direction. Diffraction 

effects can be neglected when the off-axis co1Iection angle is greater than -20" (Sankar 

and Bachalo, 1991). Reflective scatter dominates when a PDPA is used in backward 

scatter. This is shown in Fipn 7-1. For a forward scatter PDPA with a off-axis 

collection angle of 30°, refktive scatter dominates. Figure 7-2 shows a sketch of the 

dominant scattering lobes when silicone oil with a rehctive index of 1.495 is dispersed 

in water, 

7.23 Optical Configuration of a PDPA 

In Chapter 4, the operating principles of an LDA were explained using a simple 

h g e  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 fiequency shifi 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 fiequency shift 

but with a relative phase shzp between each pair of PMT's which is proportional to the 

PMT sppcing divided by the projectedfiinge spacing. The projected fringe spacing is 

inversely proportional to the droplet diameter, so the meanired phase shiff is proporlond 

to the droplet dirmeter. Figure 7-3 shows the schematic of an Aerometrics PDPA 

opticai conf~guration. 



7*2A Experimental Parameters 

Imtrument Parameters 

In Chapter 4, the instnunent parameters for the LDA mode were described. 

Parameters related to the PDPA mode are Listed below: 

wavelength L4.5 145 pm 

transmitter: beam diameter d-=1.17 mm 

clear a m - 7 2  mm 

receiver: clear aperture=l06 mm 

collection angle and siring dope 

The d e  to choose a proper collection angle is to place the receiver in a region 

where rehction dominates to obtain a linear relationship between drop diameter and 

phase merence. Based on the above instrument parameters and the dispersion of 

silicone oil with refiactive index of 1.4950 in water, the optimum collection angle can be 

determined using the software LSAP offered by Aerometrks, Inc.. A collection angle of 

223" is in the middle of the region where rehction dominates. The real angle of the 

receiver fiom the center h e  of two beams is 22.S0x 1 -33 ( rehctive index of water), Le. 

30°, and a sieng slope of 1.186 is determined accordingly by optical geometry and the 

ratio of rehctive indices of the dispersed phase and the continuous phase. T'us the 

collection angle of 22.5" and the sizing slope of 1.1 86 are chosen. 

Drop Size Meusurement Ranges 

The measurement range of velocity is well beyond the flow in an agitated tank. It 

can be as hi& as 1o3 mls (see Table 7-l), while the velocity in the tank is just 1 mls, so 

velocity measurement puts w 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. 



For drop size measurement, the larger the intersection angle is, the smaller the 

&op size which can be me-d for a hxed focal length of both the transmitter and the 

receiver. When the beam separation (track) is ked, 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) d o w s  

out of &op sizes in the upper measuring Iùnit of the PDPA; wbile chwsing a larger beam 

separation and smaiier focal length of the transmitter (or the receiver) d o w s  

measurement of &op sizes in the iower 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 experimentd 

method. Thus, it is better to use one Gxed focal length of the transmtter. For the same 

reason, the focal length of the receiver is also better left fixed. 

Caiculation of diameter meanirement ranges with the tracks and lem focal lengths 

( f )  available in this PDPA was based on personal communication with Gregory Payne 

(Aerometrics, Inc.). The diameter meanuement 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 senings avoids r e a d j h g  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 diarneter can 

be chosen arbitrarily. In most cases, setting the maximum diarneter is possible to adjust 

the diameter meanwment range to cover the whole range of the drop size distribution. 

2) The minimum &op size is 0.5 m. 



In the foliowing experiments, the focal length of both trammitter and receiver Lens 

was 500 mm; track 1 was used when the mean drop size was larger t&an 50 pm and rrack 

3 was used when the mean drop Sue was d e r  than 50 pm (see numbers in bold face in 

Table 7-1). 

73 Choice of Fluids and Tank Materials 

Choice offlui& 

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 diflicuit signal processing needed to obtain the phase shift. T'o obtain 

good signai quality, the dispersed phase must be a transparent iiquid with a rehctive 

index dinerent fiom that of the continuous phase. It must have physicai properties which 

enable the formation and equilibration of a dispersion dominated by flow conditions 

detemiiwd by the agitation and the tank and impeller geometry Ui a mùwig system. 

rather than by undetemiined 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 w d s  due to the strong bonding between the 

dispersed phase and the tank material; poor visibility and signal quality due to an 

improper ratio of rehctive indices between the dispersed phase and the continuous 

phase; or due to an Unproper volume fiaction of the dispersed phase. Table 7-2 

summarizes the fluids used by previous investigators with their physicd properties and 

operating parameters. Oaly the cases where water was used as the continuous phase are 

summarized here. 

Accurate measurement of &op size must avoid the above conditions. M e r  

reviewing the systems used by other authors, and considering the properties of 

transparency, density and refiactive index, silicone oil was chosen as the most favorable. 

The reasons for this choice are as follows. 



L) The density of the disgersed phase is critical to the measurement of drop size 

and drop size distribution. If the density of the dispersed phase is much Zarger than the 

density of the continuous phase (water), the oil drops will tend to sink to the bottom of 

the tank, especidy when the rotationai speed of an impelIer is low; if the density of the 

disperseci phase is much smaller than the density of the continuous phase, oii drops will 

tend to float to the top of the fluid in the tank: thus the d e r  the difference between the 

density of the dispersed phase and that of the continuous phase is, the better. P d m  oils 

with reasonable viscosity seldom have densities near the density of water. Silicone oils 

cm be chosen with a wide range of densities. 

2) The refraave index of the dispersed phase is important to the signal quality of 

the PDPA. A suitable ratio of the rehctive indices between the dispersed phase (nd) and 

the continuous phase (%=1.33 for water) is needed. A large ratio of refiactive indices 

reduces the received signal strength; while a low ratio of tefiactive indices reduces the 

signal quaiity. Again, silicone oils can have refiactive indices around 1.5, givhg a ratio 

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

Fluid Properties 

To determine the Ihear 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 d a c e  tension of the two 

fluids. Al1 of these properties depend on temperature. Over the course of these 

experiments, the temperature remained constant at 20 f 1°C. 

From Table 7-2, when water was used as the continuous phase, it was always 

deionized to avoid a possible introducing of extemal forces other than the d a c e  tension 

and gravity force. To avoid impurities possibly existing in deionized water and affecting 

measwments, deionized ultra-filtered @IUF) water was used as the conrinuousphase in 

drop size measurements. The DIUF water was supplied by FisherScientific (Catalog No. 



W2-20). Its density and viscosity at 2011 Co are 998 ~g/lm) and 1.00~10~~ Kg/s.m., 

respectively (Gerhart et al. 1 992). 

As statd in Cbapter 5, vortices are fomed in agitated tanks. Air bubbles are 

inevitably entrained by the vortices in an open system. To get reliable data of &op size 

meastuement, one must be sure that no particles or air bubbles are measured with oil 

droplets when oil is added. Experimental resuits showed that negligible particles were 

found in DNF 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 dope value were the same as drop size measurements with silicone oil wbich 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 sigoal 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 74a, over more than 18 seconds only 23 particles were 

measured when the largest diameter was set at 170 pm. The ratio of sarnple to time is 1.3 

s-'. From Figure 74b, when the largest diameter was set at 50 pm 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 ~ 5 0  pm in DIUF water and 

particles with diameter >50 p are negligible, and air bubbles entrained by vortices are 

not measured when the collection angle of the receiver and sizing dope value are set for 

drop size measutements with silicone oil. To check the size distribution of air bubbles, 

the collection ange of the receiver and sizing dope value was changed according to the 

ratio of refhctive indices (water to air), and air bubbles were measured. Figure 7 4  

shows the results. It was found that most of air bubbles measured are with diameters 

larger than 250 p, and au bubbles with diameters a 5 0  pm are negligible. 

When the experhental results for DIüF water with no silicone oil are compared 

with those in which silicone oil was added, particles in DIUF water are negligible 

conside~g such low ratios of sample to t h e  and so high high voltage in the D m  water 

measurement. Figure 7-5 shows a typical experimental result with silicone oil. At 450 V 

of high voltage, 6000 samples were measured within less than 16 seconds. The ratio of 



sample to time is 375 s-'. Even through the effect of high voltage on the ratio of sample 

to time is not consïdered, a maximum of 3 particles in DIUF water may be meanired in a 

sample of 1000 oil drops. 

The dipersed phase was silicone oil with r e k t i v e  index of 1.4950 and density 

of 1050 kg/m3 (supplied by W c h  Chernid Company, Inc., Catalog No. 17,56303). 

The ratio of refractve indices between the dispersed phase and the continuous phase is 

1.124. The density of this type of silicone oil is perfkct for ou.  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 meanned ushg a CO-axial cylinder 

viscorneter (Contraves Rheomat 1 15) in this department. The gap width of the measuring 

head was 500 p. The length of the rotating bob was 114.3 mm. The bottom clearance 

between the bob and the cup was 330 prn. A mean value of 173.2~10~~ k g h s  with a 

standard deviation of 1.2 12 was obtained for the viscosity of the silicone oil fiom 8 

repeated experiments at 20°C (raw data is given in Appendix-4). 

The interfacial tension of the silicone oiVwatet was measured using a FISHER 

Surface Tensiomat, Mode1 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 d a c e  tension of water at 20°C (72.8 dynekm. 

Gerhart et al., 1992): the relative error between them is less than 2%. The interfacial 

tension of silicone oiVwater 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 dywlcm) with a mean value of 

45.0 and standard deviation O f  0.196. The value of 45.0 dynekm is used as the interfacial 

tension of silicone oil/water. 

Choice of T'k 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 

hydrophobie material: a drop of silicone oil spread quickly on the surface of perspex 



plate; whiie a drop of water did not. If a tank made of perspex is used, some oil in the 

dispersed phase WU possibly stick to walls of the tank. This wili certainly affect the 

accuracy and the reliabiiity of measurements of drop size in the dispersion, especially for 

a dispersion with a low volume fiaction of the dispesed 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 hydrophiiic materials. To avoid 

any unknown effits caused by SWfktants, the cylinder of inner tank was rebuilt using 

glass, with the top and bottom plates contacting directly with fiuids in the dispersion 

made of stainless steeI which is also hydrophilic. In order to keep the same tank 

geometry as was used for the velocity measurements, the giass tank has the same 

diameter and the same height as the perspex tank used for the velocity meanirementS. To 

avoid the introduction of any surfactants, the connection between the stainless steel 

bottom plate and the glass tank is fiee of any kind of glue or seahg agent. nie outer 

square tank was left unchanged. 

7.4 Validation of PDPA Size Measurement 

Validation of the &op size measurements was perfomed in three stages: 

1) PDPA size meanuements 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 Measuremenb Using Standard Particles 

In Cbapter 4, it was explained that increasing the high voltage on the 

photomultipliers increases the sampling speed of velocity measurement. The voltage 

applied to the photomultipiiers affects not only the sampling speed but also the accuracy 

of &op size measuement. 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 lirnit. By balancing the sampling 

speed with measurement accuracy, a voltage of 450 V was chosen for al1 of the size 



measurements for both standard particles/water dispersion and oWwater dispersion. The 

suitabïiity of this voltage was vefied by the accuracy check of PDPA meanvements 

using standard particles. 

Standard polystyrene particles (in solution state) with a mean diameter of 

14.6M.4 jun (suppliai by Duke Scientific Corp., Catalog No. 241) were used. The ratio 

of rektive indices is 1.195, so the collection angle and the sizing slope are 22" and 

1.046, respectively. As an impelier agitates the fluid in the tank, air is entrained into the 

fluid by vortices formed in the flow and is then broken to fonn air bubbles. More air 

bubbles are created when a large impeller diameter is used. in order to determine if the 

air bubbles e t e d  the accuracy of the PDPA measurement, standard particle 

measurements both with and without sealing water on the top of the tank cover were 

perfomed. The experimental conditions were: A3 10, C/D=lR, N=8.3 3 1 ls, D=0.550T 

which is the largest impeiler diameter used in &op size measurement. A sample size of 

1500 was used. Experimental results showed that measurements using PDPA give results 

in good agreement with the hown size range of the standard particles: resdts of al1 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 pm), the feasibility of PDPA technique was verified. Again, the results are show 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 Repeaîabüity of the Iustrument and of the Experimental Method 

The transparency requirement of the PDPA makes it necessary to determine the 

maximum volume fiaction of the dispersed phase before perfomiing &op size 

measurements in the oil/water dispersion. M e r  a proper volume hction was 

determined, the same volume fiaction was used to check the repeatability of the 

instrument and the experimental method. 



7.4.2.1 Volume Fraction, h of Silicone Oü 

The number density of drops in a dispersion increases with the increase of volume 

fiaction, 0, of a disperseà phase. There is a limit on $ for the pmper performance of a 

PDPA. When 41 incrûws to a value which produces a number density of drops high 

enough to block the incident light, no signai can be collected by the receiver. The volume 

hction of silicone oü was first set at 0.01%, and &op Nes were measlued at four points: 

one at r=û and the other at ~ 8 7  mm (near baffles) with 2zlWP=2.0 to give a spatial 

flexibiiity of measurements as large as possible. Since the M t  of 4 is also determined 

by the type of an irnpelier and by the turbulent strength (rotational speed of the impeller), 

the A3 10 with D==.550T and D=0.350T and the RT with D4.500T and D4.2SOT were 

chosen operating at their highest possible rotationai speeds. was graduaily increased 

until no good signal codd be obtained. Experimental results showed that 4=0.03% is the 

maximum value which is Nitable for ali the operating conditions to be investigated. 

although the PDPA can meanne dmp sizes with 4 as high as 1.5% at ~ 8 7  mm in some 

cases. +=0.03% was chosen to enable the use of a large impeller diameter, variation in 

wide rotational speeds and arbitrary sarnpling positions. In al1 of the following 

experiments in which silicone oil was useci, the volume fmction of silicone oil is 0.03%. 

7.43.2 Repeatabüity of the Instrument and Simple Size 

The results in Table 7-3 show that the reproducibiiity of drop size measurements 

is good when standard particles are used. To be sure that this is true for a silicone 

oivwater 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 fust 7 measurements bad 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 oiVwater dispersion is much wider than that of the standard particles. 

Experimental conditions were: A3 10, D=0.550T, C/D=IR, N=8.22 I/s. The results are 

listed in Table 7-4. 



ïhe  data in Table 7 4  show that a good repeatability can be obtained using the 

PDPA. The maximum difference of d32 among the first 7 nms is 2.3 p (see the two 

numbers in bold in Table 7-4). The repeatability with the sample sîze of 6000 was 

similar to that with the sample site of 4000. This means that the sarnple size of 4000 is 

high enough to achieve a gwd repeatab'ility. A sample size of 4000 was used for the drop 

size measurements below. 

7.4.23 Rime Procedure and Repeatabiîity of the Experiment 

Because of the strong sensitivity of a dispersion to cleamess of mixing equipment 

(tank, impellers), a proper rime procedure for the tank and impellers is a prerequisite to 

obtain reliable &ta. 

There are two main rime 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 rime procedure can be tested by checking the repeatability of 

the experiment. In this work, the repeatability of the experirnent was checked by 

repeating one case 4 times on 4 different days. The chosen case was: the A3lO; 

D=0.550T; C/D=ln; N=8.22 l/s. The examination of repeatability was intended to 

justi@ the riase procedure of the tank, bafne 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) nit& acid (0.00 1 mol/l); 

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

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

The results in Tabk 7-5 show that although the tepeatability of the experiment is 

not as good as the repeatability of the instrument (the maximum difference of d12 among 

the four runs is 3.3 pm (see the two numbers in italic in Table 7-5)), it is still in the range 



of the random error shown by the data in Table 7-4. Figure 7-7 shows the &op size 

distributions at 2dD4.55 measined on the four days. They are similar to each other. 

The repeatabiiity of the mean drop diameter and size distribution means that the rime of 

mixing equipment is sufticient to easure experimental repeatability. 

7.43 Feasibility of Ushg a Step-Change in N 

To find the relationship between Sauter mean drop size ( d d  and enerw 

dissipation, or turbulence strength (iocal maximum andor the average power input per 

unit mass, or the tip speed of an impeller), we need to know how d32 changes with the 

rotational speed of the impeiier. Thus experiments of drop size measurement could be 

designed as: fix a rotational speed and obtain a d32 after the equilibrium state of the 

dispersion is reached; then increase the rotational speed and obtain another equilibrium 

d32. Here dn is chosen because it is directly used in the cdcuiation of t rader  process via 

the total s e c e  meaper  unit volume, a, by the equation a=6+/d3, 

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 fkom a low rotational speed to a higher 

rotational speed without rinsing and restarting (step-change m e m e m e n t ) ?  1s there a 

ciifference between a step-change meanirement and a new experiment with rinse and refill 

of the water and oil before changing to the next rotationai speed (rime-and-change 

meusurement)? If there is no significant difference between the step-change and the 

rime-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 Equiiibrium Time of Süicone OiüWater 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 equiiibrium state is much longer than that 

needed for a flow field. The data show that the equilibrium state is not attained until at 



least 3 hours after the oil is aâded. Table 7 4  lists the data. Each entry in this table 

represents the average values h m  14 spatial points (2z/WP=1.4 and r nom 6 to 84 mm 

with Ar== mm) for tbat time. The total measuring h e  for ail 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 t h e  h m  the data in Table 7 4 .  Here two lines are 

included: one of them shows the effect of surfactant on liquid-liquïd dispersion. The 

expetimental procedure was the same for both cases: 

Experimental conditions were: A3 1 O, M . 3  SOT, Cm-1, N=l7.8 s-' . 
The inner cylindrical @ a s  tank was ntst filled with deionized ultra-filtered water; 

then the outer square tank was filled with distiiled water. 

The rotational speed of the impelIer 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 use& 0.0004 moM of surfactant-sodium dodecyf 

sulfte (SDS) was added fïrst and silicone oil was injected 5 minutes d e r  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 specidy necessary when the rotational 

speed is low. 

Measurement of the &op 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 4  that the dispersion of silicone oil both with and without 

surfactant does not reach its stable state until3 hours after the oil is added (the beginning 

of the dispersion). Addition of &actant shows a compiex effect on d3z: in the first 60 

minutes it slows d o m  drop breakup; then it decreases d32 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 &er more 

than one hour, a silicone oiVwater dispersion reaches an equilibrium state. 



7.43.2 Effet of a Step-Chaage in N 

To check the féasibility of a step-change mwisurement, mean &op size &ta were 

collected by changing N step by step. For cornparison 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 Tabk 7-7 lists the resuits. Figure 7-9 is the plot of d32 vs t h e  for each N 

using the data in Table 7-7. The initiai time for N=15.5 s-' started h m  when silicone oil 

was added, and the initial time for the other four N's started fiom when each of them was 

changed. The nrst data was coliected 3 hours aRer silicone oil was added, and the other 

four were collected 2 hours after the N was cbged. The data without SDS in Table 7-6 

can be compared dkctly with the data with N=17.8 s-' in Table 7-7. The only ciifference 

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 rime-and-change measurement 

is 1 .O6 (74.68-73 -62) pm at 120 minutes and 1 .O2 (74.42-73.40) p.m at 150 minutes (see 

numbers in bold face in Tables 7-6 and F7), both with less than 1.5% relative error and 

within the ciifference (2.3 p) shown in experiments to measure the instrument 

repeatability. As long as enough tirne is given, a new equiiibrium state is established 

responding to the new rotational speed, no matter what lower rotational speed was used 

before. This may not be tme for dispersions which involve strong coalescence or 

interactions between the dispersed phase and the continuous phase. Experiments showed 

that this was also not mie when N was changed fiom high to low instead of low to hi& 

since the minimum drop size created by a high N can not be coalesced at a lower N. 

Excepting the nrSt rotational speed, the e q u i i i b k  time is about 120 minutes. The 

longer time required for the fht equiübrium 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 Coiiclusions 

The PDPA used in this work is suitable for the measurement of drop diameters in 

the silicone oiVDIUF water dispersion. The repeatabiiity of the PDPA equipment and of 

the expriment is g m d  which verifies the suitability of the sampling size of 4000 and the 

193 



rime procedure. A wide impeiler diameter and rotationai speed range with no Limitation 

on samphg positions can be achïeved when the volume fraction of the dispersed phase is 

0.03%. As long as enough tirne is given, a new equilibnum state is established 

responding to a step increase in rotationai speed, and the stepchange measurements give 

good agreement with the rime-and-change measuteiiients when the rotational speed is 

increased. 



Tables in Chapter 7 

track 

1 

2 

3 

- 

lens focal 
length ( f )  
(mm) * 

300 
500 

* Factory settings; 

ex pander 
ratio * 

beam 

waist dia. 
d w 

Tablc 7-1 Diameter measurement ranges 

separation 

- 
fringe 

spacing 
51 

nominal 

fringe 
count ** 

velocity 1 diameter measurement 1 
range 
(m/s) 

min. max. 

** The probe volume characteristics (beam waist diameter, fringe spacing and fringe count) are computed as 
4hf ; fringe spacing: 6 = h hf 

follows: beam waist diameter: dw = R - where y is the beam angle: y = 2 tan- - * 

' dbcam 2sin(y / 2) s 

dw Nominal fringe count= - . 
s r  



Table 7-2 Physical properties and operating parameters of the dispersion systems used by previous investigators 

-- - 

Continuous   hase 
Fluid 

water with polyvinyl 
alcoholn (PVA) 
(O, I g/l)/gtass, 
stainless steel 

water/glass pipe 

waterlstatic mixer 

waterlglass, stainless 
steel, teflon 

waterlglass 

Dispersed phase 

polystyrene-o- 
xylenc 

solution with 
polystyrene at O 

to 25 wt% 

kerosene 

silicone oil 

paraffin ail 

p-xylene 

benzyl alcohol 

63% kerosene 
and 37% 

dichlorobenzene 
silicone oils 

u 1 Temp, 1 Remark 

1 1 photo- 

photo- g W V ~ Y  

41.6 23 ta 25 photo- 
W P ~ Y  

crograph y 



Author(s) 

Chotzi et al., 
î 989 

Godfrey and 
Grilc, 1977 

Hatzikiriakos 
et al., t 990 

Godfrey and 
Grilc, 1977 

Hatzikiriakos 
et al,, 1990 

continued Table 7-2 Physical propertios and operat ing parameten of  the dispersion systems used by prewious investigaton 

water with 0SgA 
PVA Iglass, 

stainless steel 
water 

1s phase 
Pc 
CP - 

0.915 

0,550 
0.89 
0.90 
1.19 

wated 1 

Dismrsed phase 1 o 1 Tema. 

styrene 

kerosene 
n-octanol 
n-butanol 

linseed oil(85 vol,6h)+TCE 
(1 5 vol,%) 

cottonseed oil(83 vol.%) 
tTCE (17 vol,%) 

castor oil(90 vol,%)tTCE 
(IO vol,%) 

dibcnzyl ether 
-- -- 

kerosene 
n-octanol 
n-butanol 

linseed oil(85 vol?/o)+TCE 
(15 vol.%) 

cottonsced oil(83 
vol?/o)tTCE (17 vol,?/) 

castor oil(90 vol,%)+TCE 
(1 O vol.%) 

dibenzvl ether 

Remark 

sampling 
photo- 
W P ~ Y  

sampling 
photo- 
graphy 
photo- 
W P ~ Y  

sampling 
photo- 
g w h y  
photo- 
graphy 



Author 

Konno et 
al., 1980 

Laso et 
al,, 1987 

Mlynek 
and 

Resnick, 
1972 

Park and 
8lair, 
1975 

Ross et 
al., 1978 

continued Table 7-2 Physical properties and operat ing parameters of  the dispersion systems uscd by previous investigators 

Continuous phase 
Fluid 

watcr + 
0.002 moVf 

N ~ , P O ~  
/glass, stainless 

steel 

water/pyrexC, 
stainless steel 

waterc with 
0.00 1 N Na3P04 

- - 

Disuerscd d hase 
Fluid 

O-xylene (64 wt,%) + 
carbon tetrachloride 

(36 wt%) 

34.7 vol.% CCI,+ 
653 vol.% n-heptane 

22.6 vol.% CCI,+ 
77.4 vol% 1 -octon01 

25.1 vol,% CCI4+ 
74.9 vol,% MlBK 
isooctanetCCI, 

meihylisobutyl-betone 
(MIBK) 

39.1 vol,% Dowtherm-E' + 
6 1 $9 vol,% Shell No.3747 

base oil 

o 1 Tcmp. 1 Remark 

/cm 
34.3 25k photo- 

. - .- 

167 20 sampling 
photo- 

18.5 gmph 

photomi- 
crograph y 

probe 
photo- 



m m -  



Table 7-3 Experimentai redts with standard polystyrene particles 

Table 7-4 Repeatability of the PDPA instrument 

Seaied with 
water 

Sarnple size 4000 
Mean diameter, dj2 104.4 - 105.2 103.8 104.7 106.1 104.9 1 O5 -5 

(PI 
Average d3; (im) 104.9 

Standard deviation 1 0,750 

Table 7-5 Repeatability of the experiment 

m 

Kun 1 2 4 

Mean diameter, d32 1 04.9* 103.4 106,7 1 05.9 
(ciml 

Average dn (P) 105.2 
Standard deviation 1.42 

* fkom the case in Table 7-4. 

Run 
Sample size 

Mean diameter, d3z 
(pm) 

8 1 9 1 l O I l l I  1 1 
6000 

105.8 104.8 104.3 

- 

103.6 



Table 7-6. Time evolution of  mean drop size, d32 

Table 7-7 Stepchange measurement of mean &op size, d32 

- - 

T i e  
(minutes) 

15 
30 
45 
60 
75 

dn ( S D S ~ )  
(w) 
92.73 
87.5 1 
83.79 
80.88 
78-61 

Time 
(minutes) 

30 
60 
90 
120 
150 
180 

d3, (SDS=û.0004 moVL) 
(P) 
96.16 
94-10 
92.07 
88-59 
82.92 

ci37 (Pm) 
N=2 1.8 
(W 
72.7 1 I 

68.00 
64.02 
62.10 
61.81 

N=15.5 
( 1/s) 
120.0 
99.0 1 
95.03 
93.92 
93 .O 1 
92.73 

N=17.8 

82.1 1 
79.00 
75-02 
73.62 
73.40 

- 

N=l6.3 
( 11s) 
92.5 1 
90.00 
89.03 
87.72 
87.56 

N=16.9 
(W 
87.3 1 
84.50 
83.20 
82.50 
82.37 



Figures in Chapter 7 

Figure 7-1 Ray trace for light incident on a spherical, transparent particle with an index 

of refiaction higher than that of its swroundings as is the case for a silicone oil droplet in 

water. 

incident ray 

O Reflection 

1 Rebtion 

2 One intenial reflection 

3 Two intenial reflections 

Figure 7-2 Schematic of the scattering lobes for a spherical, transparent silicone oil 

dmplet with a rehctive index of 1.495. Numbers are in units of degrees (not to scale). 

dominates 

[=:on 

v Reflection 



Figure 7-3 Schematic of an Aerornenics PDPA opticai configuration. 

COUlMATfNG 
LENS 

RECENER LUUSES 

Figure 7-4 Particle and air bubble measurement in deionized ultra-fütered water. 

4a) p d c l e  measurement with Iargest diameter set at 170 p. 

4 

2 - 

8 L I I 
3 45 87 128 179 

Diametes rur 

4b) particle measurement with largest diameter set at 50 p. 



4 4  air bubble measwement in deionized ultra-filtered water. 

~ r r  ncaursrrron 26 m~ 1996 i3:86:27 = 

H tri . 

Figure 7-5 Size histogram measured in silicone oiVD[UF water dispersion. 



Figure 7-6 Typicd size histogram of standard particles. 

6a) Particie size histogram (without seaiing water) 

M n  a = 7.1s~-4 crr2 whEmAfzg 5 2.64E+2 Icc  
8XE-8 cc/s 

~ a t k e F l -  k 13E-5 cc/s/cn2 

II 3981 
968 
24 

Co~ircc tcd 1824 
Run l i m e  100.41 sec 

6b) Particle size histogram (with sealing water) 

Probe A r c a  = 7 32E-4 cm2 
NU&- Densi tg = 2 -83~12 /cc 
V o l .  Flou Rate = Ls6iE-8 C C ~ S  
V o l u n e  Flux = 2:28E-5 co/s/cm2 

5 
A t t c m g t s  124L yal  id 
X U a l i d  
C o i ~ r ~ c  ted 

*99 
896 

Run T i n e  100.15 sec 



Figure 7-7 Drop size distribution for the 4 nms with the same tank geometry and N 

measured on 4 consecutive days. The Sauter mean diameters are Listeci in Table 7-5. 

o . ,  , , , , , , . . , . . , . , 4 ,  



Figure 743 Equilibrium tirne for silicone oiVDIUF water dispersion. 

Time (minute) 

Fipre 7-9 Step-change measurement: d32 vs time at varying N's. 

: + 15.5 11s + 16.3 I l s  *+ 16.9 11s 
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Chapter 8 

Chancterization 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 distniutions are analyzed. 

As stated in Chapten 5 and 6, in the experiments to investigate turbulence 

energy dissipation in impeller regions and the geometric effect on b, a 50 mm layer of 

extra water layer was added on the tank cover to pievent entrained air bubbles forming 

vortices, in order to separate the effect of air bubbles h m  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 d a c e  over the tank 

cover by the flow. Preliminary experiment. were carried out to investigate the effect of 

the extra water layer on the flow field and to measure the meaa and fluctuating velocities 

without the extra water layer to estimate the maximum turbulence energy dissipation rate. 

Preliminary experiments aiso irsciuded 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 &op aze 

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 oillwater dispersions and on the Sauter mean 

diameter. Correlations of d32 with ND (equal tip speed), with P/pVT (equal power input 

pet unit mass) and with G- (a new appmach) were compared to determine which is the 

best. 

First, the experimental procedure and preliminary experiments are presented. 



8.1 Experimental Design 

8.1.1 Impeliers and Tank Geometry 

Four impellers were used: the A3 10; the PBT; the HE3 and the RT. AU the 

impeilers foilowed the standard geometries desCnbed in section 63.2. The seven taak 

geometries used for investigating the oiVwaîer dispersion and the flow field are listed in 

Table SI. These seven cases were chosen based on the experimental results presented in 

Chapter 6 (refer to Figures 4-7 (a to d) and Figures 6-10 (a to d)): 

a) The number of bafZïes, Ne has no effect on E-, so four balTies were used in al1 

seven cases, 

b) The impeller diameter has a sipnincant effect on s- for the A3 10, the PBT and 

the RT, so two A3 10 diameters were w d  to investigate the effect of impeller diameter on 

Sauter mean &op size and drop size distribution. The reason for choosing the A3 10 to 

check the effect of irnpeiler diameter on drop size distribution is that the A3 10 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 ema is the strongest for the 

RT nom 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 E,, ,~  is not significant 

for the A3 10, the relationship between the mean drop size and the flow field should be 

characterized in a similar way when CID changes if&,,,, dominates drop breakup process. 

Thus, two ratios of C/D were used for the A310. The other reason to use two CID'S for 

the A3 10 is because the A3 10 is an axial flow impeller, so the effect of C/D on d32 can be 

investigated using both one radial flow impelier (the RT) and one axial flow impeller (the 

A3 10). 



8.1.2 Merisurement Locations 

Because of the non-homogeneous nature of the local turbulence ewrgy dissipation 

rates in the tank, the mean drop size and diop size distribution may be non-homogeneous 

in the tank. Obtaining a reliaMe mean drop s k  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 meun &op sizes on all sarnpling points 

on a traverse. An o v d  mean dmp sUe was calculated by taking the arithmetic average 

of the mem &op &es on ail sarnpling 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 (=ND'/v) is larger than 5x10~ the traverse-averages are the 

same throughout the tank. Table 8-2 lists the mean drop sbes 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 impeiier blades. The experimental conditions 

were: A3 10, D=0.350T, C/D=l, N=17.5 S-', ~e=12.3x lo4. From Table 8-2, the mean 

drop sizes are different fiom point to point on a radiai traverse (the maximum difference 

of mean drop sizes is 8.1 1 pm, but the maximum merence among the traverse-average 

mean &op sizes is only 2.49 pn (f'kom the two numbers in bold in Table 7-9). One 

should note that the traverse-average value of d32 canwt be exactly calculated by dividing 

the sum of the 5 d3z's by 5 because d32 is not an arithmetic average. However, the 

experimental rrsults showed a simiiar shape of the drop size distribution at the 5 

sampling points on each traverse when the equilibnum state was achieved. Calcdation of 

dj2 ushg the raw data (&op diameter vs number) for all 5 points on the traverse 

2z/W=1.40 and the Eq. (3-17) retumed a value of 76.32 for d3z. The relative error 

between these two methods was only 2%. so the arïthmetic average of d3z'~  was used for 

the rest of the data. 

The sampling positions were chosen as foliows: when Reynolds number was 

<5x104, four radial traverses were meanired 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 fiom the tank bottom to the impeller blades; when 



the Reynolds number was >5x104, ody one radial traverse just below the irnpeller 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 aii of the radial traverses, and 

the points on each traverse. 

8.13 Experimental Parameters and Procedure 

The PDPA parameters, eexptimenntal conditions and experimentai procedures 

were presented in Cbapter 7, and are summarized below. 

Fluids and their properties at 200C*: 

continuous phase: deionized ultra-filtered water. 

dispersed phase: silicone oil with a deosity of 998 kg/m3 and a rehctive index of 

1.495; volume hction of silicone oil, 4,0.03% (vol. of oil/vol. of water). 

interfacial tension: 45x 10' kg/s2. 

* Temperature was kept at 20+1 OC. 

PDPA parameters: 

1) voltage applied to photomultipliers=450 V. 

2) collection angle=22.S0; sizing slope=l. 186. 

3) sample size=4000. 

4) focal length of both the trammitter and the receiver-500 mm. 

5) track 1 was used when d32 > 50 p; tmck 3 was used when d32 < 50 p. 

rime procedure: 

1) tap water with detergent; 

2) immersed in r u d g  tap water for more than 20 minutes; 

3) nitnc acid (0.00 1 rnoUI); 

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

5) Deionized ultra-filtered water (at l es t  three times). 



merimental procedure: 

1) Fiil inner cylindrical tank with DIUF water; t h  fiil outer square tank with 

distilled water. 

2) Set the lowest rotational speed (the nrst N). Add 3.24 mi silicone oil into the 

DIUF water below impeller blades using a pipette @recision=M.Ol ml) d e r  the impeller 

has operated 20 minutes (the volume of the h e r  tank is 10.8 1, so the oil volume added is 

3.24 ml for 44.03%). 

3) Equilibration t h e  for the N is 180 minutes and 120 minutes for each 

foilowing N. 

4) Perform drop size measurements on four radial traverses (two above and two 

below the impeller) when ~ ~ 5 x 1 0 '  and on one radial traverse below the impeller when 

~e>5x10~.  Each traverse has 5 points for the A310 (2 inside impeller blades, one at 

impeiler tip and two beyond impeller); each traverse has 6 sampling points for the HEJ, 

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 rime the mixing 

equipment for the next case. 

8.2 Preliminary Experiments to Lnvestigate the Effect of the Extra Water Layer and 

Oil Addition on the Flow Field 

8.2.1 Eff't of the Extra Water Layer on the Flow Field 

As explained in Chapter 5 and Chapter 6, the maximum turbulence energy 

dissipation rate can be estimated using Eq. (2-41) fiom die 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 

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



was added on the top of tank cover to prevent entrained air bubbles forming vonices. 

Experiments with silicone oil cannot use the extra water layer because the oil droplets are 

driven up ont0 the tank cover thraugh the hole for the impeller shaft. Thw, when no 

extra water layer is added, the maximum RMS velocities in flow fields without silicone 

oil need to be measUrrd separately with the same tank geometries as cases with silicone 

oil. In order to compare the effets of tank geometry on with and without an extra 

water layer, a factorial design was used with two D's and two CD's for the four 

impeilers. Since the number of bafnes has no signifiant effect on E-, the number of 

baffles was not changed and four bafnes were used throughout. The experimental results 

and tank geometries are show in Table 84. Comparing the data in Table 8-4 with the 

resdts listed in Tables 61 to 6 4  where the extra water layer was used shows that when 

no extra water layer is used the k ' s  decrease by about IO%, but the effect of tank 

geometry on hm shows no significant change. Figure &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, &op breakup in liquid-liquid dispersions may occur 

by two main mechanisms, namely ligament stretching and turbulent hgmentation. 

Ligament stretching breakup dominates when the dispersed phase is viscous a d o r  the 

Reynolds number is low; while turbulent fkgmentation dominates when the viscosity of 

the dispersed phase is low andfor the Reynolds number is very high. For a less viscous 

dispersed phase, the turbdent hgmentation of droplets is caused by turbulent pressure 

fluctuations, often estimated using p , ~ 2 ( d ) .  Note that p c ~ 2 ( d )  is the externd or 

defoming force in a continuous phase experieDced by a drop with a diameter of d. If the 

size and the velocity of the drop are measured simuitaneously, the drop velocity may not 

represent the velocity of the continuous phase as experienced by the drop and thus could 



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 sepaiately. The validity of 

this method and the possibiiity of relating the drop size to the separately rneasured flow 

relies on the assumption that the dispersed phase has a very low volume fiaction. In this 

case, introduction of the dispersed phase creates a negligible diffmnce in the flow field 

and because the h p s  are d, they closely follow fluctuations in the flow. In this 

work, the volume fkaction 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. Cornparison 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 redts. However, since ~ a v ) ,  the e m r  in the RMS velocity is cubed when E is 

estimated, so the RMS velocities were measured separately with no extra water layer. 

The eqmhnental results are listed in Table 8-4. 

8.3 Drop Size Distributions 

The mean &op size can not Mly characterize a dispersion because the same 

Sauter mean &op diameter can be obtained for dispersions with different drop size 

distributions. To describe a dispersion, both the mean drop ske and the drop size 

distribution are needed. 

83.1 Drop Size Distributions Proposeà by Previous researchers 

A lot of work has been done to characterize the drop size distributions of various 

dispersions, and severai functions bave k e n  proposed. There are two main types of &op 

size distribution, normal and log-nomal. Because of irnpmving methods of drop size 

meamernent and coverage of wider operational conditions of more dispersion systems, 

several other distributions have been suggested. 



a) Normai Distribution 

nie volumetric probability distribution hc t ion  can be represented by a normal 

distribution hction. Chen and Middleman (1967) used a nomial distribution fimction 

nomalized with respect to dn to represent the &op size distribution of a xylendwater 

dispersion agitated by Rushton turbines (Eq. (3-21)). They found that the &op size 

distribution d e p h  on& upon d3? 

Brown and Pitt (1972) used an equation simiiar 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 bhodai form of the distribution exists. They 

found that no eflect of hnpeller speed on the distribution w u  evident. Photographie 

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 hi& 

0.20, so pictures were taken near the bottom of the tank. Because of the sarnpling 

location, large drops were tnincated and no data beyond 1.7 t h e s  the standard deviation 

(1 .7a(d/d3d) 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 f i t  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 normai distributions can fit the number density distribution. 

b) Log-normal Distribution 

Severai investigators fouad that the number probability distribution h c t i o n  of 

drops is a log-normal distribution (Keey and Glen, 1969, Nagata and Yamaguchi, 1 960, 

Yamaguchi et al., 1963, cited nom Tavlarides and Stamatoudis, 198 1): 
I 

where dlo is the aithmetic mean &op diameter, a is the standard deviation. 



Parthasarathy and Ahmad (1994) used a sampling/photography method to 

investigate the bubble size distribution of an airhater 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 

h m  unimodal to bimodal, and again to unimodal, as the bubble population moves 

progressively d o m  the size scale. They summed two log-normal distributions, each with 

its distinct statistical parameters, to d d  with the bimodai distribution. 

c) Other Distributions 

Several other distributions have k e n  proposed, such as the Erlang distribution, 

the Weibuli distribution, and the Gamma distribution for bubble s k  distribution, but 

they are less common in liquid-Iiquid dispersions. The distribution given by Schwarz- 

Bezemer was fowid to fit the drop sue distribution very well (Sprow, 1967a): 

InV%=h100+dCId,-&Id 

where V% is the cumulative volume percent of drops below diameter d, d, is a 

characteristic diameter related to the maximum of the distribution fiinction, and d,, is 

the largest drop diameter in the dispersion. Another distribution function worth 

mentionhg is that proposed by Gd-Or and Hoelscher (1966, cited corn Tavlarides and 

Stamatoudis, 198 1) which directly relates drop size distribution with the rotational speed 

and holdup fiaction 

in which 

Many investigators have found that a single distribution function is not able to 

describe the whole range of drop sizes, especially the smd or large drop sizes, so the 

curent trend is to use a combination of distribution hctions of the same form to express 



the drop size distribution (see Nishikawa et ai. (1991) and Parthasarathy and Ahmad 

(1 994)). 

8.3.2 Changes in the Drop Size Distribution with Increasiag Rotational Speed 

In some industrial processes (e.g. processes involving selective chernical reactions 

or separations) a well defined size distribution is ideal for achieving a better process 

result. Knowledge of &op size distributions as they evolve with turbulence intensity 

and/or rotational speed is important to understand the hdamentais of mi>ong as they 

relate to industrial applications. 

In this work efforts were made to mesure &op sizes with varying impellers and 

with as wide a range of operational conditions as possible to cover a broad range of 

possible evoiution 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 impeilers studied: 

a) At low rotational speeds, the &op 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 disnibution. The distribution on the lower diameter side c m  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 cm be represented by superimposing two 

normal distributions with their unique mean &op 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 shw distribution. A skew distribution can 

not be shp ly  represented by a single normal distribution. A skew distribution such as a 

Poisson distribution, an exponentiai distribution, a r-distribution, or two superimposed 

normal distributions need to be used. 



d) Findy, N reaches a vdue at which both the s m d  diameter side and the large 

diameter side shrink and the distribution becomes more symmetric. This distribution was 

narned a skew-normal distribution to distinguish it as a distribution close to a normal 

distribution. A nomial distribution crm represerit this mono-modal distribution. The 

symmeûy of the distribution is due to the c o a l e s c e  of smali droplets and breakup of 

large drops. Both of these occur due to increased energy in the flow. 

By checking the evolution of drop sîze distribution wiîh N, a more symmetric size 

distribution can be expcted when N is larger than 22.7 S.'. 

Although al1 four distributions were not present in a i i  seven cases studied, the 

trends desCnbed were foilowed in each case. The ody  exception is the RT with C/D=l, 

for which no clear second peak f o m  when N increases, which may be because it bas a 

narrower drop size distribution and the newly-formed drops (nom continuous breakup of 

large drops due to the enhanced flow as N increases) have diameters in the range of the 

fkst 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. 

Foilowing dl* as it changes with N shows the evolution of the drop size 

distributions. Thus, instead of deriving distribution hctions for al1 impellers and 

rotational speeds, the aritbmetic mean diameters and their deviations at dinerent 

rotational speeds for ai i  seven cases were plotted to show the evolution of the drop size 

distributions. The case - A3 10 wîth D=0.350T and C/D=l (which clearly shows the four 

distributions) is analyzed in detail. 

The arithmetic mean drop size was calculated using Eq.(3-14): 

Z ni 
min-d 

and the standard deviation a(d) was calculated using: 



The area mean and volume meau diameters, dzO and d30 were defhed in Chapter 3. The 

values of dich a(d), dZ0 and dm with N, Re, P/pVT and G- are listed in Tabk 8-5. d,,, 

a@), dzo and dm are ail overall mean values (defined in section 8.1.2)- From Table 8-5, 

a(d) shows a consistent de~~ease  with an increase in rotationai speed. The volume mean 

diameter, d30, ais0 shows a consistent decrease with the increase in rotational speed, 

excepting the case of the A310 with D=OJSOT and C/D=I. The arithmetic and area 

means show a simikir pattern of change wïth rotationai speed, but dlo tracks changes in 

the &op size distribution more closely. Because d32 can characterize the drop size 

changes with rotational speed as effectively as d30 and is analyzed in detail in section 8.5, 

d,, and a(d) were chosen to characterize the evolution of the drop size distribution with 

rotationai speed. 

Figures 8-4 (a to g) are the plots of dl, and a(d) versus rotational speed for ail 

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 mithnietic mean &op 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=0.3501 at both C D 1  and IR (Figures 8-4a and b), the 

arithmetic mean &op 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; fïnaily, when N reaches a 

value at which codescence becornes significant the arithmetic mean &op size increases 

with inneashg N. For the A310 with D=0.550T (Figure Mc), the range of rotational 

speeds is lhited by air bubble entrainment, so the highest value of N is 10.5 s-' - at 



which the grnm was oniy 18.1 m2/s3. in generai however, the arithmetic mean drop size 

decreases with in~~easing N in the range of N meanired. 

For the HE3 (Figure 8 4 )  and the PBT (Figure Me) ,  the arithmetic mean drop 

size shows similar trends to the A3 10 as N increases. That is: an increase in dio with the 

formation of the second peak, a decrease with the wntinuous breakup of large àrops, and 

an inaease with the coalescence of s m d  dropIets. When N inmases m e r ,  the 

arithmetic mean drop size decreases again; this effect may be caused by m e r  breakup 

of large dmps at hi& &,,,='S. 

For the RT, no clear second peak is found in the range of N investigated. When 

CID=l the drop s k  distribution is characterized by quick movement of the peak towards 

the larger diameter and quick shrinkage of the largest drops, so the arithmetic mean &op 

size inmeases with increasing N. When C/D=IR the arithmetic mean &op size decreases 

slowly with hcreasing N. Note that h, is much smaller for large for C/D=IR than for 

C-1. Figures 84f and g show the plot of dl, and a(d) vs N for the RT with C I D 4  

and CD-1 i2, respectively. 

From Figures 8-4a through g, it is clear that the arithrnetic mean diameter cm 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 dlo with N can be cleariy 

explained if the evolution of the &op size distribution is also considered. 

From the experimental r ed t s  and d y s i s  above, it is clear that the drop size 

distribution changes with the rotational speed. The evolution of the drop size distribution 

wiîh N is expected to become more complex when high volume fiactions of the dispened 

phase are used, due to increased coalescence. From this work, we can conclude that some 

distribution fiuictions proposeci 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. 



8 3 3  Characterization of the Drop Size Distribution Usiag Two Superimposed 

Normal Distributions 

In the section above, the evolution of the &op size distribution with rotational 

speed was SIllStlyzed qdtatively. Four types of distribution were presented. Although a 

general description of the distribution was not attempted, fitting the experimentai 

distribution using distribution hctions is sometunes usefiil for predicting the &op size 

distribution in varying flow conditions. In this section, the experimental distributions are 

fit with distribution fiinctions. 

It is clear fiom the seven cases investigated that a single distribution fùnction 

cannot characterize the evolution of the &op size distribution with N. The long tail 

distribution c m  be represented by a normal distribution on the smail 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 shodd be represented either by a Poisson distribution, a X2 

distribution, or a r-distribution. Altemately, the drop size distribution (from the double 

peak distribution to the skew distribution and finaIly to the skew-normal distribution) 

may be represented by combining two normal distributions. No furthet exphnation is 

needed for the double peak distribution and the skew-normal distribution. For the skew 

distribution, one can superimpose two normai distributions with overlapping two sub- 

ranges of diameter - a main normal distribution on fow diameter side and a secondary 

normal distribution on large diameter side to characterïze skewness. When N is large, the 

two predicted normal distributions becorne one. 

The following explains how two superimposed normal distributions are used to fit 

the double peak distribution, the skew distribution, and hal ly  the skew-normal 

distribution. The nonnai number probability density is given by the following equation: 

min-d 



and îhe cumulative number pmbability density is caiculated by: 

Double Peak Dism*bution 

When N=15.5 s-' in Figure û-3, the second peak appears clearly in the drop size 

distribution. Two normal distributions can represent this distribution weii. 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 ciiffirent dlo's and a's. d,o and c are in 

units of p. Figure 8-Sa shows the comparison of experimental &op size distribution 

(plotted as F,(d) vs d) and the distribution fit using two superimposed normal 

distributions with two sets of (di*, 0): (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 DISh.ibution 

As large drops break m e r  with increasing N, the second peak in the drop size 

distribution graduaily disappears. A skewed distribution forms with an increase of mid- 

size diameter drops. This is shown for N=18.8 C' in the case of A310 with D=0.350T 

and C/D=I. Figure 8-Sb shows the comparison of the experimental &op size 

distribution (plotted as F,(d) vs d) and the distribution fit using two superimposed normal 

distributions with two sets of (dl,, c): (23.4, 10.4) and (65.3, 18.7). n i e  distribution is 

again in good agreement with the experirnental distribution. 

Skew-Nonnal Distribution 

As N increases, the &op size distribution becornes more syrnmetric and ha l ly  a 

single nearly normal distribution appears. This is s h o w  for N=22.7 s-' in the case of 

A310 with D=û.350T and C/D=l. This distribution can be represented by a single 

nonnai distribution, but the use of two superimposed nomial distributions can better 



represent the experimental distribution. Figure &Sc shows the cornparison of the 

experimental drop size distribution @lotted as F,,(d) vs d) and the distribution fit using 

two superimposed nonnal distributions with two sets of (dl,, a): (2 1.7, 8.39) and (59.3, 

15.7). The predïcted distribution is in good agreement with the otperimental distribution. 

If measurements of the drop size distribution were taken at smaii intervals of N in 

the range h m  the double peak distribution (af€er the long tail distribution) to the skew- 

normal distribution, a relationship between the rotational speed and the parameters (dto, 

G), as weii as the division of the two diameter sub-ranges could be obtained. This 

approach may resuit ùi an unique distribution function which genaates the experimental 

distribution h m  the double peak distribution. The &ta 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,3 can 

not be used as a characteristic mean to depict the relationship between the mean drop size 

and the turbulent flow as al1 the impellers are considered, but its changes with N track the 

evolution of the &op size distribution with N for each impeller. Excepting the long tail 

distribution, the &op size distributions can be fit using two nomai distributions with two 

different diameter sub-ranges. It may be possible to denve an unique distribution 

fûnction to represent the drop size distribution fiom the double peak distribution using the 

parameters (dl,, a(d)) and the break between the two distributions as functiom of N. 



8.4 Minimum Drop Size 

8.4.1 Kolmogoroff length scaie 

K o l m o g o ~ u s e d  dimensional analysis and derived a length scale q (=(v3k)*" ). 

This Kolmogoroff Iength scale has nbquentiy been used as an estimate of the minimum 

&op size for dispersions in agitated tanks. The relatioaship between q and the turbulence 

energy dissipation rate E descriid by Kolmogoroffs equation is shown in Figure 8 6 .  

When tz is low, q decreases rapidly with increasing E. For example, when E increases 

ftom 10 to 25 rn2/s3, q decreases by 3.64 p; but when E increases h m  400 to 1000 

m2/s3, q decreases only 1.45 pn (taking water at 20 OC as the continuous phase). For the 

£low in an agitated tank, the reported values of the ratio di are of the magnitude of 100 

m2/s3. n e  highest ratio of dË reported by previous investigators is 270 (Cutter, 1966)- 

Most reported values of E/E are smaller than 100 (Okamoto et al., 198 1, Costes and 

Couderc, 1988, Wu and Patterson, 1989(see Chapter 2), this work(see Chapter 5)). The 

value of È for the flow in an agilated tank is -1 m2/s3. The maximum possible value of 

E, is 1000 m2/s3. Even for E-=IO00 rn2/s3, q c m  not be smaller than 5 prn if 

Kolmogoroff s equation holds. The experimental drop ske distributions consistently 

include drops much srnalier than this. 

Chen and Middeman (1967) once predicted that "under condirions of e x ~ e ~ e l v  

high energy input it is possible to produce drops maIler than q. Such drops would be in 

a dynamic reginie known as the viscous subrange. " The turbulence in agitated tanks. 

however, shows behavior characteristic of the inertid 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 hi&. 

Unlike the maximum stable drop size in a dispersion, which has been investigated 

extensively, no published articles question the suitabiiity of the Kolmogoroff length scale 

for dispersions with varying turbulence energy dissipation levels. There are four possible 

reasons for this scarcity: 



a) the local turbulence energy dissipation rate E can not be detemiined simultaneously 

with drop size measurement when traditionai measuring methods, such as 

sampiing/photography and drop encapdation are used. 

b) lack of a suitable mea-g method to detect droplets d e r  than 10 p. in a 

recent paper of Pacek and Nienow (1995), the video end capillary technique are 

compared. They found that the video technique ailows hple t s  h m  25 p upwards to 

be meanned and that both the minimum and maximum drop diameters measured with the 

capillary technique are limited by the design of the capillary ( b e l  diameter and tube 

diarneter and length). 

c) sîrong coalescence coexists in dispersions (the minimum volume hction of the 

dispersed phase used by previous investigatoa is 0.057% (Berkman and Calabrese, 1988, 

see TsbIe 7-2). 

d) the non-arbitrary sampling always over-estimates drop size (e.g. sampling near 

tank wall in in-situ photography method; miallest droplets undetected by capillary tube; 

difficult to access the strongest turbulent energy dissipation region using 

sarnpling/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 d g  

equipment is very important to some industrial processes. This research on the minimum 

&op size in an oillwater dispersion is based on requirements at Syncnide Canada Inc.. In 

the bitunen extraction process, fine water droplets of 1 pm diarneter are found d e r  the 

separation of bitumen nom oil sand in a tumbier. 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 &op diameter rneasured 

can be as mal1 as 0.5 pn if a proper diameter range and settings are chosen. Thus the 

PDPA makes it possible to measure the minimum &op sizes in dispersions agitated by 

different impellers with varying tank geometrïes. This is the first effort ever made to 



experimentally test the suitability of the Kolmogoroff length scale as an estimate of the 

minimum drop Ne in liquid-liquid dispersions in agitated tanks. 

8.4.2 Experimentai Results for the Minimum Drop Size 

The minimum dmp sizes are presented in terms of: 

a) number probability densi@, P ( 4  

where ni is the number of droplets with diameters between di and di+,; and 

b) Cumulative number probability demity, FJdJ 

When dr=, F,(di) is expressed as F(q) which deterrnines the number percentage of drops 

with diameters Sq. If the Kolmogoroff length is the smallest drop size, F(q) should be 

zero. 

The experimental r ed t s  which follow show that the minimum drop sizes are well 

below what Kolmogoroff s equation predicts. These srnailest 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 srnalier than 13 p were measured in D m  

water. #en silicone oil was dispersed in the DIUF water, 4000 drops were meanned in 

10 seconds. Effectively, al1 of the droplets srnalier than q in the dispersion are oi1 drops 

created by the flow. 

The experimental F(q)'s at different N's are üsted in Table 8-5. The ha's in 

Table 8-5 are calculated using -= NI and h-l are taken from Table 

8-4. Each F(q) at a rotational speed in Table 8-5 was fiom one of the sarnpiing points in 

each case, not a traverseaverage mean value or overall mean value. The measurements 

were taken inside the impeiier blades (2r/D<1) to avoid selecting the region where E, 



appears since F(q) may be larger in the region which contains E-. In fact, the dispersion 

is h0mogeneou.i in the tank when ~ e 5 x l 0 '  (see section 8.1.2). 

The measured &op sïze distributions show that in some cases as many as 35% of 

drops have diameters smaller than q, particdarly when N is low. With an increase in N, 

F(q) decreases for six cases out of the seven listed in Tabk 81. One c e  (A3 10 with 

M . 3 5 0 1  and C D I )  shows a jump in F(q) afkr a consistent decrease with N. The 

higher number percentage of drops with diameters 4 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 q are created 

continuously by the turbulent fragmentation and c m  survive at low N's. Ody 3 values of 

F(q) are less than 1% (see numbers in bold and italic in Table û-5). They are: the A3 10 

with D=0.350T and C/D=l at N=20.7 S-' ; the PBT with D=T/4 and C D 1  at N=30.0 s-[ 

and the RT with D=T/4 and C m 1  at N=20.3 S.'. Ail three values of F(q) less than 1% 

resulted fiom the highest N used. This means that even with a low volume fiaction of 

dispersed phase, coalescence occurs when N is hi&. 

Figure 8 7  shows the evolution of the cumulative number probability density as 

well as F(q) for various rotational speeds for the PBT with D=Tl4 at C D 1  and 

2r/D=0.30. The figures in Appendir-B show the evolution of the cumulative number 

probability density as well as F(q) for various rotational speeds for the six other cases 

summarized in Table 8-1. The slope of the Ihe on the low diameter side with increasing 

N as the peak of the &op 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 Kohogoroffs 

equation is incorrect; b) is incorrect, c) Kolmogomffs equation dues predict the 

smallest drop which can be brokn, but does not predict the smallest drops resuliingfiom 

the breakup of mother drops into multiple smaller drops, The author of this thesis 

considers that argument (a) may be the reai reason why Kolmogoroff length fails to 

predict minimum drop sizes in dispersions in agitated tanks. The reason is simple: using 



Kolmogoroff s equation to obtain 1 pm drops requires ihat the b, or the ratio of dg, is 

of a magnitude of 106, which is vnimapinable 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, especidy when no coalescmce 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 pn 

using the estimated in Table û-4). The diameten for most droplets measured are 

also of a magnitude of 10 pm. 

8.4.3 Correlation of F(q) with Flow Field and with Drop Size Distribution 

From the data Listed in Table 8-5, Figure û-7, and the anaiysis above, it is clear 

that the minimum drop size (F(q)) is related to the flow field and to the drop size 

distribution. At low rotational speeds, F(q) is large, corresponding to the distribution 

with a peak on s m d  diameter side. When N increases, F(q) decreases as the peak moves 

to larger diameters. 

Turbulent hgmentation appears to dominate &op breakup when N is low since a 

lot of droplets are fonned with diameters smaiier than the Kohogoroff length; 

coalescence coexists with &op breakup when N is high since the drop size distribution 

shrinks in the low diameter side. Both the turbulent hgmentation and the coalescence 

produced by the enhanced flow are related to the turbdence energy dissipation, so F(q) 

should be related to E-. Plots of F(q) versus N, ND, Re, and P/pVT (Figures 8-8) 

show that E, gives the closest conelation with F(q). Excepting the plot of F(q) vs E,,, 

the data are more scattered when ail seven cases and four impeiiea are considered 

together. Although PlpVT shows nearly as good a correlation with F(q) as q,,= (based on 

the R-square value), the data for the A3 10 with W.550T fdl off the curve in Figure 8- 

8e, while only single points are bad in Figure 84d. When each of the seven cases is 

considered separately, F(q) shows a somewhat defined relationship with any of the 



variables considered Only when a wide range of Dm, CID, em, and impeller geometries 

are combined does the underiying physics begin to emerge. 

An effort was also made to correlate F(q) to the &op s k .  Figures 8-9 (a tu c) 

are the plots of F(q) with dlo, d30 and d3= respectively. The d$s at merent N's for each 

of the seven cases are listed in Tabk 89.  From Figures 8-9 (a to c), the data on each 

plot are scattered. No clear relationship between F(q) and dlo or d30 or dn can be drawn 

when the seven cases of the four impellers are considered together. This is because F(q) 

is related to the whole distribution of the drop size, not just the drops with small 

diameters or large diameters, whereas d l ,  d30 and d32 are mean diameters which over- 

estimate either drops with smaU diameters or drops with large diameters. Thus, F(q) is 

replotted with d3ddlo and with d32/d10. Figures 8-10 (a and b) are the plots of F(q) vs 

d3ddlo and F(q) vs d32/dlo, 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 Iines on each abscissa are crossed at a point on the abscissa If al1 the data of F(q) vs 

d3ddI, or F(q) vs d32/dlo are correlated ushg a straight line, two equatioas are obtained: 

F(q)=41 .6(d3ddlo)-48.7 

F(q)=l 4.8(d32/dlo)-l 7.6 (8-4) 

The two R-square values are 0.672 and 0.632, respectively. If F(q)) in each equation is 

set to zero, the intercept on each abscissa is obtained which turns out 1.19 for F(q) vs 

d3ddlo and 1.17 for F(q) vs d3z/d10. This means that if d3dd,&1.19 or d32/dl&1.17, 

F(q)==û (F(q) cannot be Iess than O), and the minimum drop sùe is estimated by 

Kolmogoroff length scale. It is not clear whether these two values (1.19 and 1.17) are 

generally true for difKerent liquid-liquid dispersions. 

8.4.4 Conclusions about the Minimum Drop Sire 

A significant number of drops smalier than the Kolmogoroff length scale were 

measured in the seven tank geometries investigated. The Kolmogoroff length scale is 

generaliy suitable as an estimate of the order of magnitude of the mean drop size in the 



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 Kolrnogoroff 

length d e  (F(q)), is high due to drop breakup dominating in the dispersion; F(q) 

decreases with an increase in N since cdescence increases with an increase in N. F(q) 

approaches zero oniy at very high N. 

F(q) is clearly related to b. When d l  of the data are considered at once, the 

correlation F(q)-7.77ln(~,p6.1 is obtained with an R-square vaiue of 0.665. F(q) is 

dso clearly related to the drop size distribution. When d,,,/d& 1-19, the minimum drop 

size can be estimated using the Kolmogoroff length scale. 

Reîurning to the Syncrude problem, inc-g the coalescence of water droplets 

may be usefid for removing the fine water droplets. To achieve this, some chernical 

processes may be better than the physical one (bigh rotational speeds and increased q,,d 

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 anaiyzed 

above. Although it was found that the drop size distribution cbanged with rotational 

speed; the arithmetic and area mean &op 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 ('hi& 

turbulence energy dissipation rates); however, the Sauter mean diameter decreases 

consistently as the rotational speed inmeases. 

Many investigators have related the Sauter mean diameter to the physical 

properties of fluids in dispersions andlot the turbulence in agitated tanks. Diverse 

correlations have been prcsented. 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 mas ,  Pl&, which is 

proporîional to N ~ D ~  when the ratio of D R  is k p t  the same for the same impeller; the 



other is based on constant tip speed of an irnpeller (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, k, and to test theu compatibility 

under various operating conditions aad tank geometnes by measu~g &op sizes over a 

wider range of rotational speeds and using four different impellen and various tank 

geometries, and possibly to propose a new scale-up d e .  

Since the relationship between the Sauter mean diameter and the physical 

properties of fluids in dispersions has been investigated extensively and vefied by many 

researchers, only one dispersed phase was sndied 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 Dtop Diameter in the Turbulent Flow in Agitated Tanks 

The maximum stable &op diameter, &, is determined by the balance between 

the extemai defomiing forces and the restoring forces experienced by droplets. The main 

restoring force on a droplet is the interfacial tension, d d .  The dynamic pressure due to 

the deformation of the droplet defïned by Eq. (3-1) can be included in the interfacial 

tension. As for the viscous stresses, which are of the order of pd-(slpa)-'R/d (Hiuze, 

1955), they can be neglected when pd is not extremely hi&. The main extemal 

defomiiog force is determined by the intensity of the turbulence in agitated tanks. There 

are three possible cases: 

a) Mean velocity gradients dominate &op 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 p c N  

b) Macroscale eddies dominate &op breakup when d is of magnitude D. In this case 

the defomllng force is of magnitude p c - ~ 2  with v2 so the deforming force is 

estimated by pc@D)2. 

C) Turbulent presnue fluctuations d o h t e  drop breakup when the turbulence is in 

the inertial subrange, which is the case most kquently occurred in agitated tanks. The 



defonning force is of magnitude p,-~2(d) with ~ ' ( d ) o c ( ~ d ) ~  and E ~ N ~ D ~ ,  so the 
2 4n m defonning force can be estimated by p,.N D d . 

The maximum stable drop diameter for the three cases above is determined by the 

batance between the deformllg force and the intertirid tension. By replacing d with &, 
and t a b g  the ratio of the deforming forces to the interfacial tension, the following 

expressions of 4, are obtained (Blount and Calabrese, 1995): 

i) Mean velocity gradients vs interfaçiai tension 

ii) Macroscale eddies vs intedaciai tension 

iii) Turbulent pressure fluctuations vs interfacial tension 

8.5.2 Relationsbip beîween the Sauter Mean Diameter and the Maximum Stable 

Drop Diameter 

The aithmetic-mean, area-mean, volume-mean and Sauter mean diameters were 

dehed in Cbapter 3. Among them, the Sauter mean diameter d3? 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 resuits (heat, energy, mass transfer andlor 

chernical reaction rate). The relationship between the Sauter mean diameter dX and the 

interfacial area per unit volume, a, is 6$/d3,. Directly relating the Sauter mean diameter 

to fluid properties, operating conditions and tank geometry through 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 



the Sauter mean diameter is proportional to the maximum stable &op diameter which is 

detennined by the balance between the defomhg and r e s t o ~ g  force acting on droplets 

in the flow. It was Sprow (1967b) who fmt assumeci that d 3 ~ d ,  and then verified 

this relation with his experimental data. His assumption was confirmed by many 

subsequent investigators. Table û-6 summarizes some valw of the constant c obtained 

by previous researchers. The cases in Tabk 86 cover batch and wntinuous processes, 

breakup and coalescenee regions, agitatecl tanks and a static mixer with various impeilers. 

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 (Ï.e. batch or continuous). 

Experimental results from thîs 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 c at different N's for the seven cases listed in Table 8-1. The value of c decreases 

with increasing N. When N is very hi&, c approaches a constant value. The range of 

values for c from this work is 0.42 to 0.69, which agrees with previous investigations. 

The reiationship between c and the turbulent flow was checked using 5 plots: c vs N; c vs 

ND; c vs Re (ir. ND2 because v is constant); c vs hm and c vs P/pVF Al1 plots include 

the data for al1 seven cases. The plots are shown in Figures 8-11 (a to e). Compatison of 

these five figures shows that c is most closely related to the Reynolds number. From 

Figure 8-llc, one can see a clear hea r  relation between c and ND2 aithough the data are 

divided into two groups: one group includes the data for the A3 10 with two different 

clearances and two different bpeller diameters; the other group includes al1 other 

impellers: the HW; the PB?' and the RT (two dflerent clearances for the RT). The linear 

regression equations are: c=0.020Re+0.806 with ~ ~ 4 . 7 5 0  for the A310 and c= 

0.027Rec0.739 with ~~4.596 for the HE3, PBT and RT group. When d32 is related to 

using d3z=~ cl-, the effect of the Reynolds number on the value of c sbouid be 

considered. 

To summarize, al1 correlations between and the physical properties of fluids, 

operating conditions and tank geometries are also vdid for d32 except that a diffierent 



constant needs to be used and the effect of the Reynolds number on the value of c needs 

to be considered. 

8.53 Sale-up of GeometricaJIy Simihr Dispersion Systems 

nie scaieup of geometridy simiiar dispersion systems for the three cases above 

can be derived h m  Eqs (8-5) to (8-7). For case a), d-aa/@~, so the scale-up for d32 
2 2 is based on constant impeiler rotational speed 0; for case b), 4,=(a/pJN D- so the 

315 - -2/5 scale-up is based on constant tip speed (ND); for case c), &a(a/pJ (E) , so the 

scale-up is based on constant power input per unit m a s  (Ë) if DIT is kepr the some. Of 

course, these scale-up d e s  for d32 are based on the assumption that d32=~=&,. Most of 

the correlatiom 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 mas. 

Okufi et al. (1990) measwd &op sizes in two dispersion systems (n- 

heptanelwater and n-heptane containing different concentrations of di-(2-ethylhexyl) 

phosphoric acid dispersed in an aqueous solution) with capillary and photography 

methods. They w d  three different diameters of tanks and the same D/T ratio (D/T=1/3, 

RT impeller). They found that equai impeller tip speed provides the best scale-up 

criterion for equai interfacial areas per unit volume (i. e. for equai d3, when 4 is constant). 

Brown and Pitt (1974) suggested using the foilowing equation to correlate dJ2: 

9 3  P - t d3z -&a = cons tant T 2 3  

They used the equation 

to correlate their data. In their paper, they dso presented an equation to correlate the 

circuiation tirne t, with N and tank geometry: 



(a value of 0.0122 was given in their paper, but h m  the data for N, t, W/T and DiT 

given in Tables 1 and 2 in their paper, the constant should be 0.122). Substituting Eq.(8- 

10) into Eqs (8-8), one obtains d32~~2/5, which implies that d32 inmases with an increase 

of impeller diameter if T and W are kept the same. This contradicts physical principles 

and other investigators' work. Tabk 8-8 lists values of the exponent of D in the 

correlations of d32 ed in Tabk 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 d32. The exponent of D varies h m  -0.326 to -0.8 in Tabk 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 fiom an unsuitable 

measuring method: the large drops in their distributions were not measured Because of 

this, the enhanced &op breakup which occurs with an increase in the impeller diameter 

codd not be captured in their data. It is not necessary to test the scale-up d e  (Eq.(8-8)) 

they proposed. 

Aithough the presented scale-up d e s  are used satisfactorily for some dispersion 

systems, their suitability is limited to specific operating conditions and tank geomemes. 

The remos for the lack of a more general scde-up d e  include: 

i) Confusion of the local turbulence energy dissipation rate with the power input per 

unit mass C'average dissipation rate"). Drop breakup mainly occurs in the strongest 

turbulence energy dissipation region, so 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 

E,, and the mean flow on dispersions. It is reasonable to assume that a dispersion with a 

stronger mean flow may have a smaller d32 than a dispersion with the same E, and a 

weaker mean flow since in the latter droplets visit the impeller region less fiequently, and 

stay longer in the more quiescent regions of the tank. 



iü) The assumption that c in d32=cd-.is independent of scale and valid for al1 cases 

is questionable. From this work, the value of c c m  only be considered a constant over a 

Iimited range of operating conditions. 

In this work, the local maximum turbulence energy dissipation rate was chosen to 

characterize the defonning force. Correlations of d32 to the mean flow (ND), hax, and 

the average power input per unit mass (P/pVT) are compared. To improve the 

correlations of d32? the interaction of E- with the mean flow (+-ND) is compared to 

the correction of the non-constant efféct of c ( E m a x ' ~ ~ 2 ) .  This effort was also made for 

P/pV,. 

When ND is used as the scaiing critenon (Figure 8-l2a), 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 gm, is used as the scaling criterion (Figure Sl2b) ,  two groups of data dso 

appear: one for the PBT and the RT, and one for the HE3 and the A3 10. This means that 

when d32 is related to h, the impellers with high power numben (the PBT and the RT) 

are grouped and the impellers with iow power numbers (the HE3 and the A310) are 

grouped. 

Finally, when d32 is related to P/pVT, the data are scattered and no unique 

characteristics can be dehed. 

Using this data, the correlation suggested by Brown and Pitt cm be re-examined. 

From Figure 8-12b, it is clear that the increase of irnpelier diameter reduces d32 rather 

than increases 4 2 .  The A310 with WSSOT has a smder d32 than the A310 with 

D=0.350T at the same If the effect of impelier diameter on d32 is accounted for 

using with Do= 0.350T9 the thm cases for the A310 f d  in a single line on 

the plot of d32 vs E,,,~Q/D~)~. Figure 8-13 shows the plot. If one uses d32d/(~ma-tJ 

and t p ~ ~  as Brown and Pitt suggested, the plot of d32 vs E-Q/D~)" gives the 

opposite picture. Figure 8 1 4  shows the result. The data for the A310 become more 

scattered. 



It is clear fiom Figures 8-12 (a to c) that the scale-up d e  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 considemi. Thus d32 vs &-ND, k - ~ 2  and 

%(ND)' are plotted to determine which of these characteristics may collapse the data. 

To double check the Nitability ofPlpVT, d32 vs P/pVT*ND, P / ~ v ~ ~  and P/~v,(ND)~ 

are a h  plotted. Figures 815 (a to c) and Figures 8-16 (a to c) show the plots and 

regression redts for cm, and P l f i ,  respectiveiy. The comlation with b a - ~ ~ 2  is 

suggested by the fact that the consuint c changes with rotational speed; and the correlation 

with &--(ND)' or &--ND is suggested by the fact that there is an interaction between 

g, and the mean flow. To include the effect of physical pmperties - density of the 

continuous phase and interfacial tension, in E,,,~-ND, or or %(ml2 to fonn 

C/(~~E~,*ND), or O/(~~E-ND~), or O / ( ~ ~ ~ @ I D ) ~ )  just changes the value and units of 

the constant in each regression equation and does not change the exponents. This is also 

true for PlpV,. Cornparison of these six figures shows that correlation for impelier 

diameter is better when the second power of D is used. Regession of d32 against 

E ~ ~ * N D ~  gives the best result. This agrees with both theoretical and experimental scale- 

up considerations: drop breakup should be detemllned by E,, rather than by P!pVT; the 

constant c changes with N and can be correlated with Ml2. The regression equation for 
2 d3, with s,&D is: 

with an R-square of 0.809, which is good for a correlation for aii seven cases and four 

impellea. The correlation cm be rewritten in another fom using the Reynolds number 
-6 2 (ND'/v~ since v, is constant (1.00~10 m /s): 



The PBT falls apart h m  the other t h e  impellers in Figure 8-15b. The reason is 

not clear h m  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 resuits for d32 versus ND, E- and P/pVT for each of seven 

tank geometries are listed in Appendir-3. 

8.5.4 Conciusions about the Sauter Mean Dicimeter 

Drop s k s  were measured using four différent impellers with varying diameters 

and clearances. The assumption that d32 can be directiy related to the maximum stable 

drop diameter through a single, unvarying constant is not valid when the operating 

conditions change dramatically. To relate d32 to the flow, one must consider the 

interaction between cm, the mean flow and drop breakup and coalescence. The 

correlation given in Eq. (8-12) is suggested fiom this work. 

8.6 Summary 

Drop sizes were measured over a wide range of rotational speeds using four 

different impeilers with varying diameters and clearances. Three sets of conclusions c m  

be drawn nom the experimental results: 

Drop size distribution 

The drop size distributions (normal or log-normal, mono-modal, or bimodal) 

proposed by previous investigators are only mie under the specific operating conditions 

used. By checking a wide range of rotational speeds for the four dBerent impellers, four 

types of &op 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 c m  be predicted using two superimposed normal distributions and two 

diameter sub-ranges 



Minimum drop ske 

Using the Kolmogoroff length seale as an estimate of the minimum drap size in 

dispersions in agitated tanks in which the flow is in an inertial subrange is questionable. 

The Koimogoroff length scale is g e n d y  suitable as an order of magnitude estimate of 

the mean size of drops in dispersions in agitated tanks, but it c m  not be used as an 

estimate of the minimum &op size in the dispersions. A sigaisant number of drops 

srnalier than the Kolmogoroff leagth scale were muwred in the dispersions for al1 seven 

tank geometries investigated. When N is low, the number percentage of drops srnaller 

than the Koimogoroff length sale, F(q), is high because drop breakup dominates in the 

dispersion; F(q) decreases with an i nc rea~  in N since coalescence coexists in the 

enhanced flow. Only at very high N, does F(q) approach zero. F(q) is clearly related to 

srna and the shape of the drop size distribution. When d3ddloS1.19, F(q)=O and the 

minimum drop size may be estimated uçing the Kolmogoroff length scale. 

Sauter mean diameter 

The assumption that d,, is directly proportional to the maximum stable &op 

diameter is not valid when the operating conditions change dramatically. Relating dj2 to 

the flow requires consideration of the effect of the flow on the constant c in the equation 

d32=~*& or consideration of the effects of the interaction between and the mean 

flow on dmp breakup in agitated tanks. The correlation given in Eq. (8-12) is suggested 

fiom this work, and the value of the constant in Eq. (8-12), the effects of a and p, on d32 

need to be verified, when different dispersions are used. 



Tables in Chapter 8 

Table 8-1 Cases investigated 

Tabie 8-2 Mean &op size at dEerent radial traverses 

Impeller 
1 

A3 10 

RT 

C/D=1 

M.35OT 

4 

D=T/4 

4 

C/D= 1 /2 

Radial position 

2rfD 

0.50 

0.79 

1.07 

l 
1.36 

D=0.550T 

4 

Traverse-average 
l 

ovedl mean* 

Standard deviation for 

traverse-average values 

Standard deviation for ail  

20 vaiues 

D=0.3 SOT 

4 

Mean &op Sue, d32 (p) 

D=T/4 

4 

* overail mean is the arithmetic average value of al1 20 d3+ (5x4) on the four traverse: 

74.80 

2z/W=20.( 

76.32 

78.05 

80.25 

74.6 1 

. 
2z/W=1.40 

76.36 

76.36 

74.3 1 

73.26 

75.02 

1.10 

2.40 

74.53 

2z/\K=5.50 

76.1 2 

z%z9 

7I.68 

7 1.90 

2dW=9.10 

74.96 

74.98 

75.58 

72.6 1 

74.12 76.61 



Table 8-3 Sampling points for mean drop size measurements 

1 Radial traverse 2z/W (numbers in italic) 

PBT no 

data 

no 

data 

no 

data 

no 

data 

no 

data 1 data - 



Table 8 4  Maximum turbulence energy dissipation rates (no extra water layer) 

hpeller Case + TE + 1 ( ~ m )  xlo4 (m2/s3) (m'Ir3) E,, geornetry as 

- Tf4 - 112 
N3D2 (ïab~e, nin) 

A- I + + 503 14.4 0.652 14.2 138 6-2,s 

A310 A92 + - 503 14.4 0.652 9.16 0.89 6-2, 7 

A-3 O + 1068 12.4 0.652 36.9 0.93 6-2,3 

A-4 O O 1068 12.4 0.652 35.7 0.90 6-2,9 

H- I + + 567 13.4 0.484 15.5 1.28 6-3,s 

HE3 H-2 + O 567 13.4 0.484 722 0.59 6-3,7 

E-3 - + 1694 10.0 0.484 74.2 0.92 6-3,3- 

H-4 - - 1694 10.0 0.484 61.5 0.76 6-3,9 

P- 1 + + 357 8.43 0.652 16.1 5 3  1 6-1,5 

PBT P-2 i - 357 8.43 0.652 12.5 4.12 6-1.7 
.I 

P-3 - + 1133 6.69 0.652 83.7 3.45 6-1,3 

P-4 - O 1133 6.69 0.652 94.3 3.89 6-1,9 

R- 1 + + 225 531 0.652 15-4 20.3 6-4,s 

RT R-2 + - 225 5.31 0.652 17.1 22.6 6-4,7 

R-3 - + 714 4.22 0.652 1 06 17.5 6 4 3  
L 

R-4 - - 714 4.22 0.652 93 .O 15.3 6-4,9 
A 

? Values for the A3 10 in this column are: "+" for 0.550T; "-y, for 0.350T. 



Table û-5 List of dlo, a(d), dZ0, dJO, q and F(q) at different rotationai speeds (srna were 

obtained by using *= - ( w 1 ) 3  . NI and hl were fkom (Ta bic 8-4). 



Table 8-5 Cont'd 

RTI 1 8.62 1 3.10 1 0.247 1 35.3 1 31.0 1 34.9 



Table 86 Constant (c) values in the equation d 3 2 ~ * d -  obtained Sy previous 

investigators 

Investigators value of c Remarks 

Sprow, 1967b 0.380 non-coaiescing dispersion 

Brown and Pitt, 1972 0.70 

Coulaloglou and Tavlarides, 1976 0.67 continuous process 

Cdabrese et al., 1986 0.484.60 pd nom 0.0960 to 10.5 1 Pas 

0-64 h m  the data of Chen and 

Middieman, 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 O -42-0 -69 c decreases with an increase in N 



O H -  ~~~~ 



Table 8-8 Values of the exponent of D in typical correlations of d32 if D is considered as 

an independent variable. 

Chen and 
Middleman, 
1967 
Roger et al., 
1956 
Calderbaak, 
1958 
S hinnar, 1 96 1 

WeUistein 
and Treybal, 
1973 

Godfiey and 
Gnlc, 1977 

- W C &  - - 

Calabrese, 
1986 

Nishikawa et 
ai., 1987 

Values of the 
exponent of D 

two terms: 1st 
term d32=~"8; 

- - 

coalescence 
control 

for batch process 

for continuous 
process 

(breakup region) 

(coaiescence 
region) 



O 

m g -  - : =  00 



Figures in Chapter 8 

Figure 8-1 Cornparison 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, ciosed 

symbols without. 

la) HE3 

1 b) PBT 



Figure 8-2 Cornparison of RMS velocities between the two cases with and without 

siiicone oïl when no extra water layer was added. 

2a) HE3 

0.6 0.7 0.8 0-9 1 0.5 0.7 0.9 1.1 

2 r/D 
m oit + C D 1  * CID=IR + C m 1  +C/D=1/2 

"hoil . C D 1  CID=IR C/D=l 4 C/D=1/2 

2b) PBT 

PBT 



Figure û-3 Plots of drop size distributions at different rotational speeds for case: Aj 10: 

w.350T, C D l ,  Zr/D=û.SO. 

a) 

- - -  
i mN=13.3 Ils. 





Cont'd Figure 8-3 

g) 



Figure 8-4 Plots of arithmetic mean drop sizes and standard deviations vs N 

4a) A3 10: D=0.350T, CBI. 
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4e) PBT: D=T//4, C/D=I. 
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4f) RT: D=T'/4, C D 1 .  

+plithmtifman distribution ir 
9 .0  - dmp site 

40.0 - +srandard dcviPtion 
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Figure 8-5 Cornparison of experimental distribution and fit distribution. A3 1 0, N+, 

D=0.350T, C/D=I. 

5a) Double peak distribution 

Skew distribution 



Cont'd Figure û-5 

Sc) Skew-normal distribution 



Figure 8-6 Koimogoroff Iength I( vs turbulence energy dissipation rate E 

Figure 8-7 Plots of cumulative number probability density vs d at different rotational 

speeds. PBT: D=T/4, C/D=I, 2 r M . 3 0 .  



Cont'd Figure 8-7 

w 

-N=I8.4 Ils 
i 



Cont'd Figure 8-7 

e) 



Cont'd Figure 8-7 

h) 

Figure 8-8 Correlation of F(q) with the flow. 

8a) Plots of F(q) vs N for all seven cases 

O 4 8 12 16 20 24 28 32 

Rotational speed (s-') 

8b) Plots of F(q) vs ND for al1 seven cases. 



8c) Plots of F(q) vs Re for ail seven cases. 

O 4 8 12 16 20 24 28 32 

Reynolds number *lo4 

8d) Plots of F(q) vs E, for aii  seven cases. 



8e) Plots of F(q) vs P/pVT for ali seven cases. 

Figure 8-9 Correlation of F(q) with mean &op sizes. 

9a) Plots of F(q) vs dio for al1 seven cases 

, + A3 10: Dû.3501.-1 A3 10. D=0,35(rT.-lE A A3 10. D45MT,mI/1, O HE3 II;T/4,C'D=l 

; Pm: D=Tht,C/D=I RT: D = T / 4 . ~ 1  0 RF WTl4,/I)=I/Z 



9b) Plots of F(q) vs d3* for aii  seven cases. 

9c) Plots of F(q) vs d32 for aii seven cases. 

; . A3lO: D 4 . 3 5 0 T . m I  A3 1& D4350T,-LE AA~IO.  1#3550T.-l/2 O HE3 WTI4,UWl 

0 PBT: ~ T / 4 . # B I  RT: WTf4.C/D=I 0 UT: I)=T14,C/D=1/2 



Figure 810 Correlation of F(q) with scaled d30 and d32 

10a) Plots of F(q) vs d3ddlo for ai l  seven cases 

lob) Plots of F(q) vs d32/dio for all  seven cases. 



Figure û-11 Correlation of the constant c with the fIow. 

1 la) Plot of the constant c vs N for aii seven cases. 

Rotational speed (Cl) 

1 1 b) Plot of the constant c vs ND for all seven cases. 



1 lc) Plot of the constant c vs Re for ail seven cases. 

.A3 10: D=035OT.UD=I DA3 10: M350T,UD=l/2 .A3 10: D=0550T,C/D=lR [ oHE3:~T/4,.CID=I 0 PBT: D=Tf4,UD=I RT: D=Tl4,Uïk1 
i O RT: C)ETf4,UD=lR 

O 4 8 12 16 20 24 28 3 2 

Reynolds namber *104 

I Id) Plot of the constant c vs E,, for aIl seven cases. 



1 le) Plot of the constant c vs P/pVT for ali seven cases. 

+ A3 10: f M l . X U T , ~ l  A3 IQ I#).SUr*CYIHl2 A A31C D.OJSUr,~lf2 O HE3. bT/4,C/D=l 

PEI? WT/4*-1 RT: bT/4,UbL 0 Ki: D.T/4,c/D.I/2 

Figure &12 Correlation of Sauter mean diameter with the flow. 

Plot of Sauter mean diameter vs ND for di seven cases. 



12b) Plot of Sauter mean diameter vs E- for ai l  seven cases. 

12c) Plot of Sauter mean diameter vs P/pVT for aii  seven cases. 

:. A310: M.3S(TT,c/I1.1 . A310: LW.350T.mIR .A310. DS].55UT,C/[)=I/Z 0 HE3 WTl4,C'bI 

, O Pm: I)=T/4,C/I)=I . RT WT/4,C/D= 1 O RT: D=TI4,CYIHR 



Figure 8-13 Plot of Sauter mean diameter vs for the A3 10, D0=O.3SOT. 

Figure 8-14 Plot of Sauter mean diameter vs E--(D/D~)" for the A3 10, Do=0.350T. 



Figure 815a Plot of Sauter mean diameter vs UND for d seven cases. 

Figure 8-15b Plot of Sauter mean diameter vs t+,,,ND2 for ail seven cases. 



Figure 8 - l k  Plot of Sauter mean diameter vs E--(ND)~ for dl seven cases. 

Figure 8-16a Plot of Sauter mean diameter vs (P/pV,)-ND for a i i  seven cases. 



Figure 8-16b Plot of Sauter mean diameter vs @ V p ~ T ) - ~ 2  for al1 seven cases. 

Figure &16c Plot of Sauter mean diameter vs (P/p~T)-(ND)2 for al1 seven cases. 
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Chapter 9 

Synthesis 

This dissertation resuvch had the foiIowing objectives: 

a) to investigate the turbulence energy dissipation (average and local) in the 

impeiler regions where the bullc of the input power is dissïpated 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 effcct of tank geometry on the maximum turbulence energ 

dissipation rate, E,. 

c) to characterize liquid-lïquid dispersions generated by different irnpellers with 

various tank geometries. 

d) to examine the suitability of the two existing scaleup p ~ c i p l e s  - constant tip 

speed of an impeller or constant average power input per unit mas,  and to improve the 

understanding of fluid flow fiinclamentals of scalllig up liquid-liquid dispersions. 

Characteraiition 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 hrst validated and then used to 

measure al1 three components of instantaneous velocities for the three impellea (the RI, 

the PBT and the A3 10). The average turbulence energy dissipation rate in the impeller 

regions was cdcuiated using the energy balance and the LDA data. 

For the local turbulence energy dissipation rate, E, the equation (E=AV~/L) was 

venfied 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 tufl vidization experiments and a cornparison between energy balance results and 

integration of the estimated local E'S. 



Experimental results show that the flow in the impeller and impeller discharge 

Stream is approximately locally isotmpic for the t h e  h p e b  examined (the RT, PBT 

and A310). The two equations (Eqs.(5-42) and (543)) for the average turbulence energy 

dissipation, E, , agree well for the three irnpeUers. The equation (FAV~L) with A=l 

and L=D/10 gives a diable estimate of the local turbdence energy dissipation rate. The 

constant A in the equation can be deteimined by compatison of the macmscopic 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 impeiler region and in the impeller 

discharge stream. The bulk of the energy is dissipated in the smdl volume occupied by 

the impeller and the impeller discharge for al1 three impellers: in order of increasing 

percentages 38.1 % (A3 10, 13.1 % of the tank volume), 43.5% (RT, 9.83% of the tank 

volume) and 70.5% (PBT, 1 3.1 % of the tank volume). The dominant characteristics of 

energy distribution are different for each impeller. The A310 is moa 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 specifc 

application. 

Effech of Tank Geometry on 

The maximum turbuleace energy dissipation rate, was estimated using the 

equation ~;-Av~/L. First, the location of in the flow field was determined for each of 

the four Unpellets (the PBT, the A310, the HE3 and the RT). Then, the effects of 

geometric variables (nurnber of baflies, (Nd, ùnpeller dimeter, @), off bottom 

clearance, (C, or the ratio of CD)) on E- were investigated using three different 

factorial des ip .  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 axid impellers (the PBT, the A3 10 and the 



HW), 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. 

Cornparison of the scaled E- values for ail geometries considered shows 

significant variation between the resuits both when constant power input per unit mass 

(P/pVT) is used as the scaling criterion, and when E, is scaled with N~D~. Taking the 

results of ai i  three factorial designs together* several important conclusions can be drawn 

about the effect of tank geometry on h: 

The dominant variable was shown to be the impeller diameter. This effect is in 

addition to the expected scaling with D~. This can ody be due to interactions 

between the impeUer and the tank wails; put another way, signifïcant changes in the 

turbulent flow field occur when the DIT ratio is changed. 

A substantial dependence on the off bottom clearance was dso demonstrated. This 

dependence is best quantilied when a dimensionless fonn, CID is used. The off 

bottom clearance ofien interacts strongly with the impelier diameter, and thus should 

not be considered as an independent variable. 

The number of baffles, Nf, has no signiscant effect on ha, either as an independent 

variable, or in the form of interactions with other geometric variables. This is tnie 

for aii four impeilers, and all three factorial designs. 

To maintain a roughly constant b, scale up which is not geometricaily exact 

should be based on D~, not on D'. This is the scaling predicted from theory, rather 

than the constant P/pVT (equivaiently constant power per unit mas,  or average 

dissipation) which is commonly used in the literature. 

Cbaracterization of Liquid-Liquid Dispersions 

Drop sizes were measured over a wide range of rotationai 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 &op size distribution; on the minimum drop size in oiVwater dispersions and its 

relationship to turbulent flow, especialIy the cm,; and on the Sauter mean diameter and 

its relationship to ND, E, and P/pV,. Four Unpellers (the A3 10, HE3, PBT and RT) 



with varying tank geometries were w d .  The two scde-up d e s  (constant impeller tip 

speed and constant power input per unit mass) were examined using al1 the data obtained 

for the four impeIIers and varying tank geomeûïes. Three sets of conclusions can be 

drawn h m  the aualysis of experimental results: 

a) Drop Sue distributio~ 

The drop s k  distributions ( n o d  or log-normal, mono-modal or bimodai) for 

dispersions proposed by previous investigators is ody true for the dispersions under the 

specific operation conditions used. By checking a wide range of rotationai 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 (dlo, o(d)) and two diameter subranges at 

different N's, 

12) 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 smailer than the Kolmogoroff length scale were measured in the seven 

tank geometries investigated. When N is low, the number percentage of drops srnaller 

than the Kolmogoroff length scale, F(q), is high due to drop breakup dominating in the 

dispersion; F(q) decreases with an increase in N since coalescence coexists in the 

enhanced flow. Only at very hi& N's where coaiescence may become significant does 

F(q) approach zero. F(q) is cleariy related to E- and the &op size distribution. When 

d3ddlo=1. 19, F(q) drops to O and the minimum drop size may be estimated by the 

Kolrnogoro ff length scale. 



c) Swter mean diorneter 

The assumption that d32 is directly proportional to the maximum stable &op 

diameter is not vaüd when the operathg conditions change dramatically. R e l a ~ g  d3, to 

the flow requires consideration of the effect of the flow on the constant c in the equation 

d3z=~& and the interaction between &- and the wan flow on drop breakup in 

agitateci tanks- S d e  up using constant tip speed is not suitable, and constant power input 

per unit mass is not as good a scale-up criterion as hm for scaie up of the dispersions 

studied. The correlation given in Eq. (8-12) is suggested h m  this work. The effect of o 

and p, on d32 needs to be verified, together with the constant in Eq. (8-12), when different 

dispersions are used. 

Advancéments 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 analyzhg 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.(S-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 mentionkg. The energy distribution between the convective flow and 

the turbulent flow for the three impellers (the RT, the PBT and the A3 10) explains the 

ciifferences ammg different Unpeuers, and presents usefiil information for selecthg an 

impeller for a specinc application. The A3 10 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, ha. The four impellers (the RT, PBT, 

A310 and HE3) represent the full spectrum of impellers currently used for turbulent 

mixing in industry. The resuits of the effect of tank geometry on E, provide some 



guidance as to when these effects wiii 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 nrst tirne this belief is 

questioned and rejected, based on the experimental resuits obtained in this work. 

Also, the constant c in equation d 3 2 -  bas never been examined. The 

constant c is found to be related to the flow when the operating conditions change 

dnunaticaiiy. For the fkst t h e  it is proposed that relatuig d32 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/pVT and 

h, in the scale-up of iiquid-liquid dispersions. Experimental results show that d32 

depends both on %a and the circulation. This is most accurately represented by 

Future Research Needs Related to This Work 

At least four projects may be devised fiom this work: 

a) the characteristics of the flow at high Reynolds numbers. When N is very high in 

tbree out of the seven cases investigated in dmp size measurernent, F(q) appears to agree 

with what Kohogoroff length scaie predicts, which is assumed to be applicable for the 

fiow 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 detemine if it is possible tbat the flow is in the viscous subrange by 

checking the energy spectrurn. This effort may be not easily accomplished becaw of the 

high wavenumbers present in the viscous subrange, but it would be helpfbi to better 

understand the characteristics of the flow in agitated tanks and to determine the suitability 

of Koimogoroff length scaie for dispersions in flow fields in viscous subrange. 

b) the evolution of the drop size distribution with N for dtyerent dispersions with 

various tank geometries and with dzrerent volume fiactions 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 al1 the information about the âroplets in a 



dispersion. Therefore, the evolution of the drop size distribution with N needs to be 

investigated extensively. 

c) minimum drop size in different dispersions. 

d) test of the correlation of d&%  ND^) with varying tank diameters and fluid 

properties. In this work, although the ratio Dm was changed for the A310, the tank 

diameter was kept the same; and the dispersed phase was also unchanged. To develop a 

reliable d e - u p  rule requins study not only of diffetent ratios of DiT but also different 

T's, and different dispersecl fluids. For the correlation of dn with physicd 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., 199 1, Wang and Calabrese, 1986). 
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Appendkl 

Drop She Distnbotion Data 

Figure A 4  Plots of drop sîze distributions at different rotational speeds. 



Cont'd Figure A-la 

/ m ~ = 1 8 . 8  I h :  



Cont'd Figure A-la 



Cont'd Fi y r e  A-lb 





Cont'd Figure A-lc 



Cont'd Figure A-lc 

d) PBT: D=T/4, C/D=l ,2rlD=0.30. 
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e) RT: D=T/4, C/D=I, 2 r M . 7 0 .  
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f )  RT: D=T/4, ClD-ln, 2r/D==O.30. 
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Appendir-2 

Cumulative Number Probability Deasity Data 

Figure A92 Plots of cumulative nurnber pmbability density vs d at different rorationai 

speeds. 
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e) RT: D=T/4, C/D=l ,2r/D=0.70. 
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f )  RT: D=T/4, C/D=1/2,2r/D=û.30. 
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Appendir-3 

Parameters of the Regnssion for Each Case 

Tabk A-3.1 Parameters of the regression of d32 with tip speed (ND). 

Table A-3.2 Parameters of the regression of d32 With maximum turbulence energy 

dissipation rate, E- 

-- I Regression eqGtion -1 1 

Regression equation 

d32 (PO, N (s-9, D (ml 

4 ~ ~ ~ ) ~  

L 

Impeller 

A310 

HE3 
L 

PBT 
1 

RT 

3 
0.978 

0.983 

0.986 

0.991 

0.990 

0.978 

0.989 

a 

137.5 

134.6 

123.9 

114.1 

112.9 

58.26 

54.71 

P 
-1.4126 

-1.5685 

-2.0926 

-1.3659 

-1.445 

-0.9634 

-1,1233 

Geometry 

D 

0.3SOT 
I 

0.350T 

0.550T 

T/4 

Tl4 

T/4 
1 

Tl4 

1 

1/2 

LI2 

1 

1 

1 

112 



HE3 

PBT 

RT 

Tabh A-33 Parameters of the regression of d3z with P/pVT 



Appendix-4 
Viscosity of Silicone Oil 

Rheomat with W l l S  
Sctting slmd 

(minA-1) 
Constants 

Stress vs. Shear Rate 

100000 - 

O 200 400 600 

Shear Rate (1 ls)  

Süicone oiï @ 20 O C  

0 %  Reading Strcss Viscosity 

(dm (W ( d a )  (mpas) 
14.786 65.64 

Viscosity vs. Shear Rate 

Shear Rate (1 hl 

Stress vs. Shear Rate 

Shear Rate (1 1s) 

Silicone oil was bought fiom Alcirich 
Chernical Company, Inc.. 
Catalog No. 1 7,56303 

nb 1 -495 

P 1 .OS0 
More information about this oil cm be 
found on page 1252, in Catafog 
Handbook of Fine Chemicals, 
Aldrich (1994- 1995). 




