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Abstract

Research into the oxygen pressure leaching of zinc sulphide concentrates has identified

that oxygen absorption is a rate-controlling process. In this study, the transfer of oxygen

from air to aqueous sodium sulphite solutions by gas pumping impellers was studied as

a simulation of the gas-liquid mass transfer step.

A 200 litre right-cylindrical lucite mixing vessel with near-hemispherical bottom was

employed. With this tank design, interference with impeller discharge is minimized and

the environment approaches the ideal case of an impeller in the ocean. Four radially

mounted baffles could be inserted to induce flow conditions characteristic of industrial

mixing vessels. The effects of baffles and impeller type, diameter, immersion depth, and

tip speed were evaluated in terms of the oxygen transfer rate, power consumption, and

power efficiency of oxygen transfer.

It was demonstrated that in the absence of baffling a critical tip speed exists, above

which the impeller begins to pump gas at a rate proportional to the impeller tip speed.

This critical tip speed is linked directly to the depth of immersion of the impeller on the

basis of a theoretical energy balance at the impeller tip. The fit of experimental data to

the theoretical was explained in terms of the geometry of the impeller and the shape of

the gas vortex it produces. When baffling is introduced, the results obey the critical tip

speed relation less accurately, as baffle-impeller interactions significantly alter the flow

patterns and change the gas pumping mechanism to bubble capture from surface eddies.

In the unbaffled vessel, axial flow impellers pump oxygen at lower rates and energy

efficiencies than radial disc impellers, unless placed at shallow immersion. Gas pumping

by dual impellers offers no advantage over a single radial disc impeller operating at the
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lower immersion depth.

At a given impeller speed, oxygen transfer is increased by the addition of baffles, but

power consumption increases at a faster rate so that the energy efficiency is lower than

without baffles. However, it was possible with impellers of smaller diameter at a shallow

immersion depth to sustain a vortex in the baffled vessel, which gave the largest rates

and efficiencies of oxygen transfer. This suggests it is possible to reduce the degree of

baffling, and that the rate and efficiency of oxygen transfer can be optimized through

judicious selection of impeller diameter and baffle size.
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Chapter 1

Introduction

1.1 Oxygen Pressure Leaching

1.1.1 Process Development

The pursuit of hydrometallurgical processes which utilize elevated pressures (most al-

ways in association with elevated temperatures) is common today but hardly a new phe-

nomenon. As far back as 1859, Beketoff [1] precipitated metallic silver from a solution

of silver nitrate with heat under hydrogen pressure.

Reaction under pressure was exploited by Bayer [2] in 1892 to dissolve alumina and

separate it from most bauxite impurities via :

Al2 03 . xH2 O + 2NaOH -4 2NaA10 2 (x + 1)1120 (1.1)

The reaction occurs at a temperature between 140 and 220°C and pressure of 1000

to 1200 kPa. Bayer digesters continue to be used in the production of purified alumina

for the Hall-Heroult process.

The genesis of modern pressure leaching systems can be traced back perhaps to Malzac

[3] who, in 1903, patented a process for the pressure leaching of copper, nickel and

other sulphides with ammonia and air at high temperature. Indeed the first successful

application of the technology was the Sherritt Gordon ammonia pressure leach process

in the early 1950's.

This process was founded on a feature of ammonia chemistry, where cobalt, nickel,

copper, zinc and ferrous iron form complex ions of the form [Me(NH 3 )x ]z+ in aqueous

1



Chapter 1. Introduction^ 2

ammonia solution [4].

The Caron process [5] had made use of that feature during the Second World War.

Reduced nickel and cobalt from nickeliferous laterite ores were leached with ammonia-

ammonium carbonate solutions and air under ambient conditions. The pregnant solution

was steam stripped of ammonia (which was recycled) to precipitate basic nickel carbonate

(NiCO3 .2Ni(OH) 2 ). This precipitate was calcined to nickel oxide (NiO) containing some

cobalt oxide. Operations were interrupted by Cuban nationalization and later resumed

on the Major Ramos Latour (formerly Nicaro) ores of Cuba.

Sherritt initially proposed in 1948 roasting their domestic pentlandite concentrates

to remove the sulphur (as SO 2 ), reducing the calcine, and then digesting and leaching

via the carbonate route [6]. But this flowsheet proved unwieldy and was not pursued

commercially.

Subsequently it was found by Professor Frank Forward that the concentrates could

be leached directly in an aqueous solution of ammonia in the presence of oxygen [4]. The

chemistry of the batch tests demanded a large initial oxygen requirement for the oxidation

of sulphide minerals and sulphur oxyanions. An important observation from the 1948

testwork was the dramatic increase in nickel leaching rate as the oxygen partial pressure

was increased from 21 kPa (ambient air) to 203 kPa. This was applied to the newer

process and a similar (yet less profound) effect was demonstrated with partial pressures

between 70 and 280 kPa. As well, the reaction rates were expected to be influenced by

temperature and this was examined in the range 50 to 104°C.

From this work, a successful two-stage leaching process at 80°C and oxygen partial

pressure of 90 kPa (using air and ammonia) was incorporated into a commercial flowsheet

which has operated since 1954.

The Sherritt ammonia process serves as a landmark in the evolution of pressure leach-

ing technology because it was developed in direct response to the difficulty in adapting
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an existing ambient process. It realized at least three important advantages over the

Caron approach:

• Simplification: It eliminated two unit operations (roasting and reduction) ...

• Materials Handling: ... which were high-temperature processes

• Pollution: It treated sulphide concentrates yet produced no SO 2 .

1.1.2 Chemistry of Modern Processes

Several processes and flowsheets have been developed during and since the 1950's. For

example, alkaline (Na2CO3 ) pressure leaching was adapted for tungsten-molybdenum and

arsenide concentrates in the USSR [7] and by Sherritt for uranium ores [8]. Sulphuric

acid pressure leaching was developed by Chemico for cobalt concentrates [9], and for the

low-magnesium Cuban laterite ores 1 [10] and their resultant sulphide precipitates [7]. It

was also applied to lead [11], zinc [12], complex sulphide [13] and copper concentrates [14].

Sarkar [15] classifies five separate systems based on chemistry:

(a) Acid Pressure Leaching Metal sulphides and oxygen react in strong acid solution

to produce metal sulphates and elemental sulphur. Examples of over-all reactions:

ZnS^H2 SO4 -I- 102 -4 ZnSO4 -I- H2 O -I- S° (1.2)

PbS^H2 SO 4 + 12- 02 --+ PbSO 4 4- H2 0 + S° (1.3)

Cu2 S^2H2SO4 -I- 02 -4 2CuSO4^2H20^5° (1.4)

UO 2 + H2 SO 4^102 -4 UO2 SO4 + H2 O (1.5)

1 The ores were concentrated to a small degree by screening off the practically barren +20 mesh
fraction.
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(b) Alkaline As used in the processing of uranium ore (e.g. Eldorado Beaverlodge),

incorporating bicarbonates:

U308 +102 3UO3^(1.6)

UO3 + Na2 CO3 + 2NaHCO3 -4 Na4 UO2 (CO3 )3 + H2 O^(1.7)

(c) Aqueous Ammonia Applied to copper and nickel sulphides found in association

with iron sulphides:

NiS:FeS-F3FeS+702+10NH3+41120 -4 Ni(NH3 Sal 2Fe2 03-H2 0+2(NH4 )25203

(1.8)

2(NH4 )2 S2 03 + 202 -4, (NH4 )2 5306 + (NH4 )2 SO4^(1.9)

^

(NH4 )2 S306 + 202 + 4NH3 + H2 O -4 Nal •S03•NH2 + 2 (NH4)2 S°4^(1.10)

(d) Ammonia-Ammonium Sulphate For the treatment of metal sulphides in mattes:

MeS (Matte) + 202 + 2NH3 -+ Me•(NH3)2SO4

The metallics associated with mattes react to form diammine sulphates also:

^Me (Metallics) + 102 + (NH4 )2 504 —> Me•(NH3)2SO4 + H2 O^(1.12)

The metal diammine sulphates are reduced by hydrogen, producing pure metal

precipitates and ammonium sulphate for recycle.

(e) Aqueous The oxidation of metal sulphides in water with air, generally at low tem-

perature (< 130°C) and high acidity:

2FeS + 2H2 0 + 202^Fe2 03 + 2H2504 (1.13)

4FeAsS^502 + 41/2 504^4HAs02^4FeSO4^2H20 + 4S° (1.14)

2FeAsS^7Fe2(SO4)3+ 81120^16FeSO4 + 2H3A804 + 5H2 SO4 + 2S° (1.15)
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1.1.3 Merits of Pressure Leaching Processes

The direct leaching of concentrates offers certain advantages over 'conventional' processes.

A practical example is the treatment of zinc sulphide concentrates, where the traditional

roast-leach process has onerous consequences stemming mainly from the disposition of

sulphur.

The roasting process dispels sulphur by the formation of SO 2 gas, with as much as

one quarter of the initial feed borne in dust-laden roaster off-gases. Secondary roasting

of partially oxidized material may require energy input due to low sulphur content levels.

Iron in the concentrate reacts to form zinc ferrite, which is insoluble in the leach and

requires additional processing to recover the zinc.

Electrostatic precipitators are required to remove dust from off-gases, but capture

is never entirely complete so heavy metal particulates escape to the atmosphere. The

practice of simply allowing SO 2 gases to escape up the stack is no longer prudent and

faces increasing legal restriction [16]. Thus, the captured SO 2 gas must be fixed in a

marketable or disposable form.

Liquid SO2 can be produced from SO 2 gases which must be absorbed and then acidi-

fied to attain commercial purity. It is less expensive to capture the SO 2 from zinc roaster

off-gases as sulphuric acid. However, sulphuric acid is very costly to transport to market,

and though it and ammonium sulphate can be generated as feedstock for fertilizers, this

requires nearby facilities and ties metallurgical operations to agricultural commodities

which are subject to their own market conditions.

Oxygen pressure leaching, as described in Reaction 1.2, is an attractive means of

addressing the problems just cited:

1. The hygiene and environmental concerns associated with roaster off-gases and their

contained dusts are eliminated.
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2. S02 -containing gases are not released into the atmosphere, averting 'acid rain'

production.

3. Zinc ferrite is not formed, so first-pass recovery of zinc may approach 100 per cent.

4. The link between production of zinc and of liquid SO2 , sulphuric acid or fertilizers

is broken.

5. Sulphur recovered in elemental form may have greater market appeal (if appropriate

purity can be achieved). Alternative handling strategies include impoundment, or

combustion to generate plant acid.

1.2 Pressure Leaching of Zinc Sulphide Concentrates

1.2.1 Process Development

Early investigation into the treatment of zinc sulphides was reviewed by Forward and

Warren [17]; patents were awarded as early as 1927 but no system was applied commer-

cially.

Reaction 1.2,

ZnS H2 SO4 02 Zn SO 4 + H2 O + S°
was reported by BjOrling [18] to occur under pressure but impractically slowly in the

absence of nitric acid (a catalyst). The nitric acid would have a negative impact on the

electrolysis of the ZnSO 4 so the process was not seen as promising.

Forward and Veltman [12] achieved remarkably different results with zinc-lead concen-

trates. If H2 S 04 was supplied stoichiometrically to react with the ZnS and PbS according

to Reactions 1.2 and 1.3, near complete conversion of the sulphides was observed.
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1.2.1.1 Reaction Temperature and Piloting

There were two important observations regarding the rate of the reaction, which spawned

parallel paths of development. The first was a temperature limit of about 115°C, just

below the melting point of sulphur. In excess of this point the reaction was initially very

rapid but then ceased almost completely within minutes, as molten elemental sulphur

encapsulated the unreacted sulphide particles and prevented further reaction. Thus, a

typical batch test required four hours for 97 per cent conversion when limited only to

110°C.

This constraint was solved [19] by use of lignin sulphonate salts: surface active agents

which disperse the molten sulphur by lowering the work of adhesion between the molten

sulphur and the mineral surface [20]. The upper bound was pushed to about 158°C, and

is now likely linked to the minimum viscosity range of molten elemental sulphur [21,22]

or the diminishing solubility of FeSO4 [23].

Since faster leaching rates can be realized with increased temperatures, retention

times are of course reduced. This translates directly to smaller autoclave volumes or

larger throughputs and in turn, reduced capital costs for the vessels, which adds to the

competitiveness of pressure leaching as a process alternative. A 30 per cent advantage

in capital cost (relative to a roast-leach plant) has been estimated [24].

Pilot plant demonstration was first attempted jointly by Cominco and Sherritt in 1961

[25], but only at 110°C. This obtained zinc extraction of 70 to 80 per cent with a mean

residence time of eight to twelve hours. At this throughput the capital costs for pressure

leaching were not advantageous. Plans to run a pilot plant at Hudson Bay Mining &

Smelting [26] were discontinued in 1971 after preliminary testwork was not encouraging,

due to constraints similar to those encountered in 1961. Cominco and Sherritt piloted

a single-stage leach in 1977, following discovery of the surfactant (as cited) and two
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techniques for separating elemental sulphur (in the molten or solidified state) from the

leach product [21].

The results of the latter testwork were incorporated into modernization plans by

Cominco and the process was established commercially in 1980, with the capacity to

treat up to fifteen per cent of their zinc capacity [24,27,28]. In 1983 the process was

installed at Kidd Creek Mines [29], but presently it runs only intermittently. Hudson

Bay plans in 1994 to be the first to apply the process to treat 100 per cent of its zinc

concentrates.

1.2.1.2 Iron and the Reaction Mechanism

The second observation in the work of Forward and Veltman concerned the presence

of iron in the leach solution. (BjOrling's 'natural' sphalerite must have been iron-free.)

Although the role of iron species was not determined in their work, it was noted that

some iron in the concentrate dissolved as FeSO 4 , with subsequent oxidation of Fe2+ to

Fe3+ .

Continued research by Mackiw and Veltman [13] established the source of iron as

being FeS from pyrrhotite or the iron sulphide component of marmatitic ZnS concen-

trates. (Pyrite and chalcopyrite oxidized very slowly in comparison.) They proposed a

dissolution mechanism,

FeS + H2 SO4+ 102 —+ FeSO4 + H20 + So (1.16)

2FeSO4 +112 50.4 + 202 --+ Fe2 (SO4 )3 + H2 O

which would act in concert with a proposed leaching mechanism:

(1.17)

ZnS + H2 504 —4 ZnSO4 + H2 S (1.18)

Fee (SO4 )3 + H2 S —> 2FeSO4 + H2SO4 + S° (1.19)
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with regeneration of ferric iron by Reaction 1.17. The rates of leaching and S° production

were very dependent on the presence of iron, which was proposed to be an oxygen carrier.

Assuming the sulphur in the H2 S comes from the ZnS, the change in oxidation state of

sulphur is seen to occur not in Reaction 1.18 but in Reaction 1.19.

Later work [30,31,32] suggested a basic electrochemical leaching model, analogous to

the corrosion of metals, with

ZnS = Zn 2+ + S° + 2e-^(1.20)

being the anodic reaction and

2H+ + 102 + 2e- = H2 O^ (1.21)

the cathodic reaction.

The first two of these studies also proposed the existence of the 1.1 2 S intermediate

product. Although the formation of H2 S from most metal sulphides (e.g. Reaction 1.18)

is not thermodynamically favoured and its oxidation is known to be slow [33], Scott and

Dyson [30] detected it and suggested the oxidation may be subject to catalysis. However,

they offered no mechanism for its formation nor oxidation. (If the 3.1 per cent impurity

in their 'pure' ZnS contained FeS, then the origin could have been

FeS + H2 SO4 -4 FeSO4 + H2 S
^

(1.22)

reported in 1955 by Downes and Bruce [34] and shown to be thermodynamically favour-

able by Majima and Peters [33].)

They postulated that catalyst ions (Cu, Bi, Ru, Mo and Fe in descending order of

effectiveness) displace zinc from the surface layers of ZnS, making it more electrically

conducting and accelerating the reduction of dissolved oxygen on the ZnS surface.

Pawlek [31] used H 2 S to suppress ZnS dissolution, which would be predicted by Re-

action 1.18 in an enclosed environment.
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Niederkorn [32] evaluated Co2+ and Ag+ as catalysts acting in the same vein as

those of Scott and Dyson. He did not mention a role for or the presence of H2 S in his

experiments.

Jan et al. [35] cited deficiencies they believed detracted from the electrochemical

model and returned to the Mackiw-Veltman model. They assumed ferric oxidation of H2S

(Reaction 1.19) to be the rate-controlling step of 1.18, 1.19 and 1.17. However, they pre-

ferred the non-oxidative Reaction 1.22 to Reaction 1.16 for the dissolution of pyrrhotite.

Verbaan and Crundwell [36] proposed an electrochemical charge-transfer model con-

sisting of the non-oxidative dissolution of ZnS (equivalent to Reaction 1.18)

ZnS + 2H+^Zn2+^112 S

followed by the oxidation of H2 S,

H2 5^S° + 2H+ + 2C

(1.23)

(1.24)

2Fe3+ + 2e- -4 2Fe2+ (1.25)

1.2.1.3 Current Reaction Mechanism

The present understanding of the leaching mechanism in the commercial process no longer

views H2 S as being critical or rate-controlling. While indeed it may be generated and

oxidized as described, the leaching rate it would sustain has been shown by Dreisinger

and Peters [37] to be too slow to explain observed industrial leaching rates.

The over-all reaction mechanism is now generally accepted to consist of three simul-

taneous physicochemical steps [37]:

1. Mass transfer of oxygen from the gas to the leach solution,

02 (g)^02 (aq)
^ (1.26)

R1 = k1([02] I — [02]b )
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2. Homogeneous oxidation of Fe2+ to Fe3+ by dissolved oxygen,

4Fe2+ + 4H+ + 02 —> 4Fe 3+ + 21/2 0^(1.27)

R2 = k2 [Fe2+ ]2 [02]

3. Leaching of ZnS by the ferric ion,

4Fe3+ 2ZnS 4Fe2+ 2Zn 2+ 2S°^(1.28)

R3 = k3aZnS [Fe3+

1.2.2 Process Optimization

Dreisinger and Peters [37] used Cominco plant data to model the zinc pressure leach

and showed how rate control is different in each of the compartments of the four-stage

autoclave.

In the second through fourth stage the rate is governed by ferric ion leaching, and

the rate constant for Reaction 1.28 in each stage declines from first to last. This could

be attributed to the increased relative abundance of less reactive zinc minerals, or to a

molten sulphur encapsulation problem caused by decreased surfactant activity. The role

of the surfactant was investigated separately by Owusu [20].

Their model also showed that in the first stage, the over-all reaction rate probably is

controlled by the rates of all three reaction steps. An improvement in the rate constant

for any of Reactions 1.26, 1.27 and 1.28 would result in an over-all improvement in perfor-

mance. Since greater than 80 per cent of the leaching occurs in the first compartment 2 ,

these are fruitful areas of investigation.

2 This is true for a single-autoclave circuit; when two countercurrent autoclaves are employed, about
80 per cent of the leaching occurs in the first autoclave [38].
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Parker and Romanchuk [21] had reported that under standard pilot plant conditions

in 1977, concentrate surface area was found to be the rate-limiting factor; but when

concentrate was fed at 150 per cent of the standard rate, the ferric ion concentration

dropped to zero, which would mean the rate-limiting factor shifted from azns in the rate

equation for Reaction 1.28 to the oxidation of ferrous ion (Reactions 1.26 and 1.27).

This oxidation has been the subject of much previous work, which was reviewed by

Dreisinger and Peters as part of another investigation [39], where the oxidation of the

ferrous sulphate ion pair under pressure leach conditions was evaluated.

Finally, the absorption of oxygen (Reaction 1.26) is left for scrutiny. The model

showed that of the three rate constants, the greatest benefit in extraction would be

derived from an increase in k1 . This can be expressed more appropriately by

ki = Kg = kg•a = 4, • a (1.29)

where KG is the product of the gas phase mass-transfer coefficient and the volumetric

gas-liquid interfacial surface area. Either or both of these can be influenced to produce

an increase in KG.

DeGraaf [40] investigated the effect upon oxygen transfer rate of:

• agitator type, speed, configuration

• depth of immersion

• baffles

• and gas sparging

in gas-liquid models at several volumetric scales. The power input of agitation also was

measured.

The work presented in this thesis builds upon that of DeGraaf, examining in greater

detail:
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• agitator design

• agitator type, speed, configuration

• depth of immersion

• and effect of baffles

at one tank volume (200 t). As with the previous work of DeGraaf and subsequent work

of Dawson-Amoah [41], it will provide an understanding into the means by which physical

factors can be exploited to maximize KG and, in turn, over-all pressure leaching rates.



Chapter 2

Study of Gas-Liquid Mass Transfer in Agitated Systems

The practical approaches for increasing the rate of oxygen absorption usually are based

on increasing the partial pressure of oxygen, increasing the volumetric gas-liquid in-

terfacial area, and increasing the efficiency of agitation. Each of these has theoretical

considerations.

2.1 Gas-Liquid Mass Transfer

The phenomenon of mass transfer with chemical reaction is generally described by four

elementary steps [42]:

1. Diffusion of one or more reactants from the bulk of phase 1 to the interface between

phases 1 and 2;

2. Diffusion of the reactant(s) from the interface towards the bulk of phase 2;

3. Chemical reaction within phase 2;

4. Diffusion of reactants and reaction products within phase 2, due to concentration

gradients established by the chemical reaction.

Steps 2, 3 and 4 may take place simultaneously, in series with step 1. If 1 is the rate-

controlling step, the over-all rate is not influenced by chemical reaction and the phe-

nomenon reduces to simple mass transfer, independent of the reaction rate. Alternatively,

14
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the over-all effect of 2, 3 and 4 may be rate-controlling. In this case each of these three

steps may be analysed for their respective contributions.

This sequence is acceptable for the specific example of pressure leaching described

by Reactions 1.26 and 1.27. Phase 1 is the gas containing the reactant oxygen (as pure

oxygen or air), phase 2 is the liquid containing the Fe2+, Fe3+ and H+ ions, and the

chemical reaction occurring in step 3 is the homogeneous reduction of oxygen by ferrous

ions (Reaction 1.27).

2.1.1 Gas Absorption

Various models have been advanced to describe the absorption of a gas into a liquid.

Historically the most prominent have been the film, penetration and surface renewal

theories.

Film Theory

In the film theory of Lewis and Whitman [43], there exist layers or films of gas and liquid

respectively on each side of the gas-liquid interface, in which motion by convection is

slight. Thus, any transfer of solute through the layers must occur by diffusion, and the

films offer resistances to transfer of a material from one phase to another.

The gas film is likely the thicker of the two since film thickness probably depends on

the ratio of viscosity to density, which is greater for gases. But resistance to diffusion

owing to intermolecular collision is much greater for the liquid.

The rate of gas absorption by diffusion through the two films is then given by:

R kga(Pg — PI ) = lcZa(C I — Cb )^(2.1)

where P and C are gas and liquid concentrations and the superscripts I, g and b refer to

conditions at the interface and at the outside of the gas and liquid films respectively.
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With film thickness of 6 and no generation (i.e. no chemical reaction),

(ac \^Cr — Cb
ax )x=0 =

and the coefficient for physical absorption, kz, is defined as

(2.2)

(2.3)

where the exponent n equals unity. Thus at constant hydrodynamic conditions (effecting

no change in 6), the absorption coefficient is seen to be proportional to molecular diffu-

sivity. This is contrary to experimental values for n for turbulent flow which range from

nearly zero to 0.8 or 0.9 [44], with 0.5 being a reasonable estimate [42, p. 4].

Penetration Theory

The film theory assumes diffusion via a steady concentration gradient in the liquid film.

However, at the instant gas and liquid are first brought into contact, the concentration

in both liquid film and bulk liquid are identical. If the time of contact between gas and

liquid is shorter than the time required for the diffusing gas to 'penetrate' and establish

the liquid film gradient, the film theory is not applicable.

Higbie [45] believed contact time to be in the order of only 0.01 second for bubbler

absorbers, and described the liquid surface about an ascending bubble as being continu-

ally formed at the top, passing around it and then being destroyed at the bottom when

taken into the bulk liquid, all of which shared the same life te . In this way the absorption

coefficient would be

k° 2,IDA (2.4)

and would vary as the inverse root of contact or penetration time. It would asymptotically

approach the value given by the film theory to the time the concentration gradient had

been established in the film.
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Surface Renewal Theory

The penetration theory was later modified to consider the liquid surface as being com-

posed of surface elements, with constant life te . Danckwerts [46] viewed the surface

elements as being exposed to the gas for different lengths of time before being replaced

by fresh elements of bulk composition. Thus the absorption rate in an element is a func-

tion of its age, while the chance of an element being replaced is independent of its age.

The distribution function of ages, &(t), is given by

(t) = s • exp (—st)^ (2.5)

where s is the fractional rate of surface renewal. The system hydrodynamics and geometry

affect the value of s.

The absorption coefficient computes to

14, = VD.A.s.^ (2.6)

If 1/s is considered to be the average life of the elements, Equation 2.6 takes the form

of Equation 2.4, with a different distribution of surface ages about the mean value.

The surface renewal model is perhaps the most realistic, but all three models have

been shown to give close agreement in their predictions of the effect of chemical reaction

and physicochemical factors on absorption rates [47].

Theory development continues; several newer models have been proposed (e.g. film-

renewal, potential flow, surface rejuvenation, molecular and eddy diffusivity) and re-

viewed [44, pp. 62-64], [48].

2.1.2 Mass Transfer with Chemical Reaction

When the concentration of the liquid phase reactant is practically equal in the bulk and

in the vicinity of the gas-liquid interface, and is much larger than the concentration of
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the absorbing gas, simultaneous diffusion and chemical reaction can be expressed as:

11 02c ac
= at + r(c) .D

A OX 2

In Section 2.1, step 3 cites chemical reaction of the dissolved gaseous reactant within

the liquid phase, but is indeterminate about its rate relative to the rate of absorption

and about the proximity of its occurrence relative to the gas-liquid interface. The char-

acterizations of the possibilities are many, but may be limited to three practical reaction

regimes [42]:

(a) Slow

(b) Fast

(c) Instantaneous

A slow chemical reaction can be defined as one where the amount of gaseous reactant

consumed within the liquid film is negligible compared to the amount which diffuses

through (film theory), or where the reaction is negligible during the life of a liquid surface

element (surface renewal theory). In this case the chemical absorption coefficient, kL , is

equal to that for physical absorption, 11.

A system operating in this regime with chemical reaction rate much greater than

absorption rate can have the absorption rate enhanced through increases in both the

absorption coefficient and gas-liquid interfacial area. When the rate of chemical reaction

is much less than that of absorption, the over-all rate is independent of ki, and a but

depends on the reaction rate; rate improvement would require catalysis or other factors

making the kinetics more favourable.

A fast chemical reaction is a reaction which occurs to an appreciable extent during the

element life. The term r(c) is much larger than ac/at and the reaction is sufficiently fast to

keep the bulk liquid concentration C" practically equal to the equilibrium concentration

C*.

(2.7)
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The total absorption rate does not depend on 8, to or 1/s, i.e. it is independent of

the hydrodynamic conditions of the liquid phase. It is independent of Icy, but depends on

a and the reaction rate.

A reaction which takes place in the liquid phase such that neither the gaseous nor

liquid-phase reactant can coexist in the same region is termed instantaneous. The

two reactants diffuse through the liquid film to a reaction plane a distance A from the

gas-liquid interface. Equation 2.7 extends to:

02 c Oc
"Ox2 = 8t
, 02b ab
" ax 2 = Yi •

(2. 8)

(2.9)

This leads to

- DC (Z)
x = A

for the surface renewal theory or

^1, ^(^7 ,^a b= - 1-•B q^ax)x . A

Bb,., CI
DB 

8 — A = qi,c T

(2.10)

(2.11)

for the film theory, where q describes the stoichiometry (moles of liquid-phase reactant

per mole of gaseous reactant).

The absorption rate in the instantaneous regime is dependent upon both IcL and a

and of course is independent of the reaction rate.

2.1.3 Optimization

It is seen in Equation 2.1,

R = kga(Pg — PI ) = qa(C I — Cb ),

that the rate R of transfer of gas into a liquid is the product of three terms: the absorption

coefficient, the interfacial area across which the gas is transferred, and the driving force

presented by the difference in concentration.
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Recalling the result of Dreisinger and Peters in Section 1.2.1.3 that an increase in the

rate constant for oxygen absorption,

ky, • a • (CI — Cb ),^ (2.12)

would yield the greatest benefit in the oxidative pressure leaching of sphalerite, each of

the three terms is subject to optimization.

The concentration gradient is of course exploited through the use of oxygen overpres-

sure: the difference between the concentration of oxygen at the interface (C/ or [0 2 ]I)

and in the bulk liquid.

The absorption coefficient and interfacial areas may be addressed through principles

of mixing and agitation. It should be possible to realize an increase in the rate of

Equation 2.12 by creating turbulent shear to reduce the thickness of the liquid film;

through the increase in gas-liquid interfacial area, i.e. more bubbles and/or smaller

bubbles per given gas rate; and by lengthening the time of passage through the slurry

before the gas bubble escapes.

2.2 Mixing and Agitation Theory

The industrial practice of mixing and agitation is applied to many operations, ranging

from the simple bulk mixing of two dissimilar liquids, to promotion of chemical reac-

tion and heat and mass transfer, to the more complex three-phase systems where solids

suspension, gas entrainment and interphase contact must be achieved simultaneously.

In these complex systems the optimization of one function may be at odds with that

of another: an improved agitation system for solids suspension might provide inferior gas

dispersion. While this stands as an impediment in the pursuit of more universal design

criteria, it should not prevent study into the fundamentals of the individual objectives,

which may then be extended carefully into problems of greater dimension.
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2.2.1 Early Work

The first detailed studies into agitation centred on impeller power consumption in liquid

mixing, as this was needed to size the motors and drives for design purposes. With the

extensive data generated by White et al. [49] with paddle agitators, White and Brenner

[50] used dimensional analysis to correlate power to significant variables' with the forme

P ^(W)b (HL) c (T) d

pL,N3 D5^kND2pL, kD) D)
(2.13)

where the term ND 2 pap is a modified Reynolds number. The results reduced to

P = 0.000 129 
(^

0.86
ND2 pL)

 N2DT1'1 Wa3H2,.6p
)

or after rearrangement,

P = 0.000 129 N2'86D2.72 T1.1 w0.3 ET0.6
PL

 0.86 0 14
"L 

(2.14)

(2.15)

with P being the power requirement of the impeller in Hp; N the agitator speed in

rev/sec; D the impeller diameter, T the tank diameter, W the impeller width and Hi,

the liquid height from tank bottom, all in ft; AL the density of the liquid being mixed in

lbs/ft3 ; and p the absolute viscosity of the liquid in lbs/sec-ft.

Hixson and Luedeke [52] measured the friction drag at the tank wall for liquids of

varying viscosities, and examined the effects of turbine impeller pitch and clearance and

liquid height. They grouped the length dimensions and their correlation was similar to

that of White and Brenner.

Hixson and Baum [53] later measured the power input to the impeller. A wide range

of variables was evaluated, but each independently of the others. Stoops and Lovell [54]

began with a modified correlation which included a Froude number, Fr = N2D/g, though

'Nomenclature for variables relating to mixing vessels and impellers is defined in Figure 2.1.
2 Thomson in 1855 first related the work consumed in friction of a rotating disc by P = k N3D5 [51].
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Figure 2.1: The Mixing Vessel and Impellers

                                                                             

-J

                     

. 1

                              

Following recommended nomenclature for mixing [55].

marine propeller^ radial disc^ axial turbine
(Rushton) turbine
^

(pitched blade)

Figures from Oldshue [56].
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their data with a marine propeller gave the term an exponent of zero. They also found

liquid height and off-bottom clearance to have negligible impact on power consumption.

Miller and Mann [57] studied the mixing of two immiscible liquids. They introduced

an agitator power function O,

P
= PLN3D5 

Re (2.16)

and used the 'mixing index' concept [58] to evaluate not only the power requirement but

also the degree of mixing achieved by several different impeller types and settings.

Hixson and Baum found it necessary to compose a cluttered 'correction factor' graph

to make their mass of results predictive for a change in two or more variables [53]. Hooker

[59] attempted to correlate the data published up to 1948 for axial, tangential and radial

flow impellers but, likewise, still was forced to generate a series of design factor constants

to account for blade geometry plus the effects of tank diameter and liquid depth.

Rushton, Costich and Everett [60,61] recognized some of the shortcomings of these

pioneering methods. Most investigators used several different impellers and settings but,

as Table 2.1 shows, offered a correlation only to one 'standard' impeller 3 and configura-

tion, thus much of their data was not represented, nor did each conform to an identical

`standard'. They too saw advantage in using an agitator power function, and wrote theirs

to include the Froude number but not the Reynolds number (to isolate the functional

dependence upon Re). The term Po,

Po = Pg/pLN3D5 (2.17)

was called the 'power number' 4 , and is a measure of inertial forces and basic flow patterns.

3White 0 al. did account for paddle dimensions, Equation 2.15.
4The power number was originally denoted by the symbol Np.



0

n ={0
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without baffles and Re < 300, and
(log Re) — a without baffles and Re > 300.b

(2.18)
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Table 2.1: Summary of Exponents to Original Power Correlations

Investigators,
year

std. impeller:
pitch, blades k x 105

Exponents to:
N D PL p

White et.al., 1934 90° 2-flat 12.9 2.86 4.72 0.86 0.14
Hixson & Luedeke, 1937 45° 4-flat • • • 2.8 4.6 0.8 0.2
Hixson & Baum, 1942 45° 4-flat 6.34 2.88 4.76 0.88 0.12
Stoops & Lovell, 1943 3-prop 3.16 2.8 4.6 0.8 0.2
Miller & Mann, 1944 90° 2-flat 5.74 2.78 4.56 0.78 0.22

Correlations of the form P kNaDbpipd , in Hp.

All investigations in right-cylindrical flat-bottomed unbaffled mixing vessels.

They defined 4 = Po • Fr" where

When required, the exponent n of Fr was found by plotting the logarithm of Re vs. the

slope of the lines of a plot of Po vs. Fr for a particular impeller at constant Re. Thus a

and b are empirical constants for a specific impeller. It was found that a (and hence, n)

varied with the impeller-to-tank diameter ratio D/T.

Using (I. instead of the power measurement as the ordinate in the usual log-log plots

vs. Re, they could plot literally hundreds of test results on a single chart. While this

technique greatly simplified the graphical presentation of design data 5 , it required a

significant amount of calculation to produce the value of (I) for a given configuration.

Others later modified Po to correlate to the number of impeller blades [62], and

extended it to account for impeller blade geometry [62,63,64]. In the last case, Nagata

5 The graphs from [60] still appear in the Chemical Engineers' Handbook
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and co-workers developed a remarkably complex relation:

25

a,^103 + 1.2Re "6
Po = — + 0

Re^(103 + 3.2Re 0 -66

P
( HL) ("54-'4'-^ ) (sin a) 1.2 (2.19)

T

with
2

Till-,-{670a = 14 -I- (-f,D - 0.6)^+ 185}, (2.20)

b = 10{1.3-4 ( lir - 0.5)2-1.14 (14)1 (2.21)

and
2^ivy

^

p = 1.1 + 4 —
w

^2.5 (P- — 0.5) —7 (
T^•^T ^T

(2.22)

Nagata and co-workers continued their study of one-phase systems. They evaluated

the flow patterns within unbaffled [65] and baffled tanks [66], and from a Rushton-Oldshue

relation [67] developed the discharge number for impellers,

ND = QL /ND3, (2.23)

where QL is the volumetric flow rate of liquid from the impeller.

The general thrust of this initial body of research, though extensive and meritorious,

suffered from two major limitations in scope:

• Work was restricted almost entirely to liquid mixing; aeration from the freespace

was prevented through the use of baffles and/or curtailed impeller speeds. This

precluded the application of results to gas-liquid mixing, or even the results of

unbaffled testwork to baffled systems;

• Correlation of data into dimensionless groups could never account for all variables

and this hindered insight into the fundamental factors of mixing. Power input was

the usual objective function, but good experimental designs were rare. 'Standard'

configurations were adopted and while they facilitated the comparison of different

investigations, they prevented examination of the interaction of the many variables

that exist in mixing and agitation systems.
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2.2.2 General Directions of Later Work

Three areas of investigation of profound importance in mixing applications have been:

the effect of dispersed gas on impeller power consumption; the existence of a critical

impeller tip speed for effective gas distribution; and the nature of gas behaviour at the

impeller and the distribution of bubbles throughout the vessel.

2.2.2.1 Power Consumption in Aerated Systems

When an agitator disperses gas in a liquid, it consumes less power than in an identical but

gas-free system as was first demonstrated by Cooper et al. in 1944 [68]. The magnitude

of this reduction depends on impeller type, tank geometry, physicochemical properties of

the liquid and gas sparging rate. The difference in effective density is obvious, but simple

replacement of At, in Equation 2.17 with the density of the dispersion pp is insufficient

to account for the entire reduction, since pp is not uniform throughout the dispersion

and is usually lowest at the impeller [69]. Thus, Rushton-type correlations to a Reynolds

number can no longer be used for gas-liquid systems.

Many investigators have proposed correlations to account for this reduction. Oyama

and Endo [70] developed the flow numbers, Fl = QG/ND 3 , analogous to Nagata's subse-

quent ND but with QG the volumetric gas sparging rate. Michel and Miller [71] correlated

impeller power to impeller speed and the gas rate in sparged systems. They fitted their

data and that of three others to

(P2 ND 3  ) 0.45

•Pg = c nass
''GG

(2.24)

The coefficient c accounted for the impeller and other geometric factors. They demon-

strated that a plot of Pg / P. vs. Fl is discontinuous—a clustered family of curves for

each QG arises instead—but this result was largely ignored.

6This was originally called the Aeration Number, NA.
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Uhl et al. [72] found their data fit Equation 2.24 if Pu was used in place of P. Brown

[73] found his own data fit

aP. • exp (—NG)
^

(2.25)

and Equation 2.24 within similar error. However, the constants a and 0 were empirically

derived from his data so his correlation is descriptive only.

Effect of Solution Properties

Michel and Miller found interfacial tension had an unpredictable effect on power con-

sumption of gassed liquids with different Weber numbers (We = N2D3pL/c) [71], while

Lee and Meyrick [74] and Bruijn et al. [75] each observed little effect on power, only on

bubble size, which suggests an effect on the bubbles which break away from the impeller

cavities but not on the cavity structure itself. Hassan and Robinson [76] proposed

Pg = Cl Pu Went F a 38 (PL)

PD
(2.26)

where the constant ci depended on impeller type, tank size and ionic nature of the

liquid, while the exponent m varied only with impeller type. But since the density ratio

is related to gas hold-up EG, power consumption cannot be predicted without knowledge

of eG . This requires another correlation which includes gas flow rate and surface tension.

Impeller clearance C/HL was always held constant by each author, yet varied amongst

authors: 0.67 [71], 0.175 [72] and 0.33 (D/3) [73,76]. It was later shown that Pu depends

on the clearance [77] and liquid height HL /T [78].

2.2.2.2 Critical Tip Speed

Research into gas-liquid systems began to correlate superficial sparged gas velocity v 8 ,

agitator speed N and volumetric power input eT PleLV) to ha. This shifted the

objective function from a process requirement to the process result.
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Westerterp et al. [79] fixed the vertical position of the impeller at C/T = 2 and varied

the liquid height HL . At constant N their volumetric mass transfer term decreased with

increasing HL ; when plotted as (kLa1 HL ,)/(1cLa), it varied linearly with HL /T.

They also studied the creation by agitators of interfacial area and found two regions:

a sparging regime below a minimum agitation rate NoD where area depends only on

sparger design and gas velocity; and an agitation regime above NoD, where area depends

only on the stirring rate. A plot of mass transfer rate vs. N shows the transition;

extrapolation of the linearly dependent (agitation) regime to the abscissa yields No . In

the agitation regime the superficial gas velocity has no effect, since the volume of gas

circulated in the dispersion [80] or that provided by surface aeration? [81] was shown to

be about an order of magnitude larger than that supplied by the sparger at N = 1.8No .

They proposed the relationship

1cL a oc (N — No ) D (HL)2,-o.5

and further correlated the minimum agitation speed No to

NoD̂ = A + B G3-)(agipL ) 0.25

(2.27)

(2.28)

where A and B are constants characteristic of the impeller. They intrepreted Equa-

tion 2.28 to mean R-NoD should be at least 8 to 30 times higher than the rising velocity

of gas bubbles for a good dispersion.

The existence of a critical tip speed has been confirmed by Mehta and Sharma [82]

and DeGraaf [40]; others have confirmed the result of Equation 2.28 [83,84]. The sparging

regime N < No was defined as a condition of 'flooding' by Nienow and Wisdom [85].

7By definition, surface aeration refers to the transfer of gas through the cross-sectional tank interface
between the liquid in the tank and the gas above, and is the mechanism associated with (though not
exclusive to) baffled tanks. Vortex aeration occurs when the forced vortex reaches the impeller allowing
gas to be dispersed by contact with the impeller blades; this is the principal form of such transfer in
unbaffled tanks. Gas pumping agitators may use either or both methods.
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Boerma and Lankester [86] extended some of Westerterp's work to an unsparged

system, and confirmed Westerterp's claim of a minimum agitator speed for absorption to

occur, with absorption rate a function of No . They too found No to be dependent upon

T/D, but also showed a dependence upon Hi, by using variable liquid heights.

Westerterp's linking of No to gas bubble ascension rate should not apply to an un-

sparged system, yet Boerma and Lankester also found a dependence upon a minimum tip

speed. From this they concluded that aeration from freespace gas, even surface aeration

in a baffled tank, contributed far more to mass transfer than sparged bubbles.

In concert with the observations on the volume of gas being circulated relative to that

being sparged, this suggests the impeller is most effectively used for both the dispersion

and entrainment of gas.

2.2.2.3 Gas Deportment and Distribution with Impellers—Baffled Vessels

The distribution of sparged gas has now been studied extensively ([69,75,83], [87] to

[92]). The phenomenon consists of the bubble behaviour about the impeller, the flow and

discharge from the impeller, and the distribution of the gas-liquid dispersion throughout

the mixing vessel.

Cavity Development and Bubble Deportment—Radial Flow Impellers

De-rotational prisms have been used to produce a stationary image of the rotating

impeller [93], and this has permitted the observation of cavity initiation and growth.

Greaves and Kobbacy [77] have summarized this mechanism: when gas is sparged to

a rotating turbine impeller, it fills the low pressure regions behind the blades, forming

gas cavities. The cavity begins at the lower part of a blade back, and will cover the

upper part as gas flow increases. If the impeller speed is adequate to cause gas and

liquid to flow from both the top and bottom of the blade into the discharge stream, large
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gas cavities can then form behind both the top and bottom of the blade, causing some

hydrodynamic smoothing of the blade, which decreases the drag effect and reduces the

power consumption.

An increase in gas rate leads to full coverage of the blade; with the formation of each

cavity there follows a step-wise drop in impeller power. (This is most notable upon the

formation of the first three cavities, and less distinct for the final blades.) On the other

hand an increase in speed can change the number and shape of the trailing cavities, so

that less of the blade is covered by gas and the power again increases.

There is visual evidence of coalescence of sparged gas bubbles into an inner vortex

within the cavity, followed by dispersion from a cavity tip or edge [87], due to flow

instabilities and turbulence. Four distinct cavity structures have been described for

six-blade Rushton impellers [95]: (a) small vortex cavities, which cling to the blade at

higher gas rates; gas is dispersed from the vortex ends; (b) larger clinging cavities, with

gas departing from the cavity edge; (c) ragged cavities, with gas broken away from the

trailing end; and (d) a highly stable alternate larger-smaller structure where gas is again

dispersed from the trailing end.

vortex clinging ragged stable

Figure 2.2: Characteristic Cavity Shapes Behind the Impeller Blades
From Nienow, Konno and Bujalski [94].
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There exists some uncertainty about the nature of cavity development, however. For

large QG and small N the progression follows (a)-(b)-(c) as the flow number Fl increases.

There is a drop in power as the impeller becomes flooded at (c). But for small QG and

large N the impeller should always be able to disperse sparged gas and will not flood;

the progression with Fl then follows (a)-(b)-(d)-(c) with a step increase in power at (c),

thought to be due to the decreased blade coverage by ragged cavities 8 .

Most of the researchers attempted to describe these mechanisms in terms of the Fl

group. But the number of large cavities was shown to be a function of the impeller diam-

eter [75], and since gas reaches the cavities not only by sparging but through recirculation

from the bulk liquid and from surface aeration as well, the gas sparging rate QG does

not always describe total gas feed. Thus the power and gas dispersion phenomena of an

impeller are a very complex function of N, D, and total gas flow, and are insufficiently

described by correlations to Fl, which had been the conclusion of Michel and Miller much

earlier.

The impeller blade region has long been considered to be the area of greatest mixing

[96,97,98]. Though it occupies only a small fraction of the vessel volume, it also may be

the site of most of the gas-liquid mass transfer for certain systems. The absorption of an

ammonia-air mixture by dilute HC1 with indicator showed initial colourization only in the

impeller vortex region, but not in the vicinity of the sparger orifice nor in the remainder

of the tank [83]. A similar result was found earlier for the absorption of chlorine by

benzene [99]9 .

8A cavity 'stability map' has been proposed [92] for an N —QG plot, but even this must be interpreted
with a companion Pog 1 Pbt, — QG graph.

91t must be recognized that since both chlorine and ammonia are much more soluble in said solvents
than is oxygen in sulphuric acid solutions, the interfacial area in the impeller region of a pressure leach
autoclave will not be so dominant or exclusive a reaction site.
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Cavity Development and Bubble Deportment—Axial Flow Impellers

Since axial flow impellers have been restricted mainly to blending operations, little at-

tention was paid to their gas pumping capacity until very recently [100,101,91,102].

The cavity types with downward pumping axial impellers are quite similar to radial

disc impellers [91]. The cavities attach towards the outer part of the blade and ultimately

grow inward, to about the blade mid-point, as they become more stable. They follow a

rough (a)-(b)-(d) progression, where the vortex (a) and clinging (b) cavities are long and

trailing, while the stable (d) cavity ends more abruptly. In all instances gas is dispersed

from the trailing end of the cavity. The power drop at (d) is much sharper than for radial

flow impellers, since stable cavities for the radial impeller develop more gradually and

are subject to more interaction between cavities.

Gas sparged from beneath an axial impeller approaches it in two ways. For large N

and small QG the strong downward flow beneath the impeller sweeps the bubbles outward,

and they will reach the impeller from above only if recirculated liquid carries them there.

At smaller N and larger QG the ascending bubbles can overcome the downward flow

and rise into the impeller region directly, in addition to whatever contribution from

recirculation occurs above.

This transition has been shown to correlate very well with blade pitch angle at

= 30, 45 and 60° by

NT sin a = cs(45 ; ( 2.29)

gas supply becomes 'direct' with an increase in QG, while the constant Cs becomes smaller

(i.e. a larger QG is required) as the sparger is moved further beneath the impeller [91].

Upward pumping axial impellers have been the subject of less study. A maximum in

power number is observed when recirculation loops (reaching the impeller from below)

are formed. Cavity formation has not yet been well-documented [101].



(a)^(b)^(c)^(d)^(e)
Figure 2.3: Bulk flow patterns with increasing N or decreasing QC 4- •

From Nienow, Wisdom and Middleton [89].
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Distribution Within the Vessel

The macroscopic distribution of sparged gas by radial disc impellers was defined [89] as

progressing through five stages, at constant QG and increasing N (or N constant and QG

decreasing from a large value): (a) N too small to disperse any gas; (b) mild dispersion

only above the impeller plane, similar to a bubble column (`flooded' impeller); (c) cir-

culation above the impeller plane but with little or no movement below; (d) circulation

throughout the vessel (goaded' impeller); (e) formation of secondary circulation loops

depending upon vertical positioning of the impeller.

The degree of recirculation was described as a step function dependent upon the

existence of recirculation loops below and above the impeller [90]. However, evidence in

that paper suggests recirculation commences with the emergence of the first triad of large

cavities. Once this occurs, the degree of recirculation would then become a function of

the impeller speed required to establish the flow loops, and the vertical positioning of

the impeller which modifies those flow loops. The effect of impeller speed was illustrated

therein [90], and subsequent work by the principals [103] has demonstrated the important

effect of vertical positioning.

A good treatment of the patterns of liquid flow in a baffled stirred tank was given

by Reed et al. [104]. Small, neutrally buoyant spheres were tracked using laser Doppler
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anemometry with optical frequency shifting. This technique is superior to previously used

methods which required insertion of measuring devices (pitot tubes, flow propellers, con-

ductivity meters); which were unsuitable for the high turbulence intensities at Re > 106

(hot wire and hot film anemometry); or which biased against negative velocities (conven-

tional LDA). A number of (r, 9, z) maps for the velocity profiles were presented which

illustrate the complex, pronounced three-dimensionality of the flow; the observed flow of

some bubble streams assisted in the practical interpretation.

Surface Aeration

The results cited in Section 2.2.2.2 [81,79,86] indicate surface aeration may be very use-

ful, yet relatively little attention has been paid to this process. Its mechanism in baffled

vessels has been summarized generally [105,106]: gas is drawn in at the surface by cylin-

drical eddies; bubbles detach from the surface vortices which form; the entrained bubbles

then are carried down to the impeller region by circulating liquid. As impeller speed

increases, the eddies become stronger and draw more gas, and circulation velocities in-

crease as well. The number of bubbles increases, as does the average diameter (although

this effect is less pronounced in electrolytes). As expected, power consumption drops as

stable clinging cavities develop behind impeller blades.

The rate determining step is the ability of the circulating liquid to carry the gas to the

impeller. If sparged gas is added to the system it will (a) reduce the discharge capacity

of the impeller and (b) induce quite different flow patterns in the vessel. The bulk upflow

of the sparged gas may physically oppose downflow from the surface. Nienow and co-

workers [107,108] claimed typical gas sparging rates can reduce the surface aeration rate

to neglible levels, but this was only true when their impeller tip speeds were slower than

the industrial norm (about 2.0 m/sec). In fact, their date ) indicate the surface aeration

10Cf. Figure 2, p. 987 [108].
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rate may be as high as 28 per cent of the sparging rate at the more realistic tip speed of

4.0 m/sec, and that this value will continue to increase with N.

Earlier work also reflected such a trend with N. Reith and Beek [109] proved freespace

gas was drawn down and then became mixed with sparged gas bubbles by coalescence.

The volumetric fraction of freespace gas in the dispersed bubbles increased with N but

decreased when v8 was increased. The data of Fuchs et al. [110], though confounded by

severe geometric dissimilarity, showed the same increase with N though they did indicate

a diminishing contribution from the freespace with increasing vessel scale. Nonetheless,

under these conditions the impeller still is able to overcome the effects of the sparged

gas.

Clark and Vermeulen [111] found the onset of surface aeration depended upon impeller

location:
HL ) 0

.5 ( HI) 0.33
NSA1 =--- DC2 11 (WD 1^C 1 (2.30)

Greaves and Kobbacy [105] found smaller impeller diameters required larger impeller

speeds (both in Hz and m/sec) to detach bubbles from the surface vortices. They sug-

gested
Hi, T ) 0.67 1 c ) 0.33 To -0.13

NsAi = C3 (
D3 Hi,

• (.1. - •(
Pa) 

(2.31)
 )

where c3 is specific to the electrolytic nature of the liquid, and P and P a are the vessel

operating and atmospheric pressures. Heywood et al. [106] defined two other critical tip

speeds in this phenomenon: NsA2, where bubbles are first drawn into the impeller region;

and NsA3 , the point at which Po drops with increasing Re. They could correlate each

NsA to D, T, C and HL, but each impeller or different electrolyte required a different

correlation, with vastly different exponents.
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2.2.2.4 Flow Phenomena and Vortex Characteristics—Unbaffied Vessels

The height of the free surface of the vortex can be related to the impeller Froude number

by
Zv^(N2 D)

— C4^ (2.32)

where Zt, can be the height of the vortex below (Zb) or above (Z0 ) the static gas-liquid

interface, or the total vortex height Z' = Zb Za . Tsao's log-log plots of vs. N

aligned well to a slope of 2 for water and simple polar solvents, but the slope changed

to 2.5 for glycerol and sulphuric acid, at about v > 0.01 cm 2 /sec and Re < 3500 [112].

This less turbulent range could be accounted for by multiplying Equation 2.32 by Re1 .5 .

Alternatively, Zlokarnik [113] fit all his low- and high-viscosity data with the help of the

Galileo number (Ga = Re 2 1Fr = D3g/v 2 ),

Za
c5

(

N2D 
7 ) -0.16

—) • (0.1 — Ga -1118 ) • (51 (2.33)

Tsao also proposed that the difference in potential energy between the top edge of the

vortex and its base was maintained by the continuous conversion of the kinetic energy of

the impeller into potential energy. Hence the energy balance is

^Z' pis = 2c6 PL (irND) 2 ,^ (2.34)

which yields

^Z' = .cL6- (rD)2 N2 , or^ (2.35)
2g

N = c6
e, 2g 

(2.36)
7r2 D2 •

A plot of potential energy vs. kinetic energy (Equation 2.34) will give unity slope (c6 = 1)

for the ideal case of perfect conversion of energy. Tsao found some departure from unity

depending on impeller size, but his data are not well documented vis-a-vis impeller
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position, and are only cursory in scope. Equation 2.36 thus will define the impeller speed

Nv at which the vortex reaches the impeller, Z' = Za -I- Z. This has been illustrated by

theory and experiment [114,115].

Nagata et al. [116] defined the onset of vortex aeration as Nv oc 7'•67 . But they

fixed D/T at and the impeller diameter would be a more appropriate variable than

vessel diameter. There also was a distinct effect of impeller clearance which was not

accounted for.

The 'competition' between gas sparging and freespace aeration as described in Sec-

tion 2.2.2.3 for baffled systems is resolved somewhat differently in unbalfled systems.

Chain et al. showed the contribution by vortex aeration in a Waldhof fermenter was

some 80 per cent of the total oxygen transfer; the sparged gas supplied the minority

[117]. In fact, the central draught-tube (which prevents foaming by promoting spill-

over onto the impeller) impeded the success of the vortex. Although Chain wrote very

favourably of its promise, vortex aeration never was embraced in preference to sparging.

2.2.3 Effect of System Design Elements on Power and Flow

The collected knowlege of the interrelations amongst power consumption, bubble be-

haviour and impeller operation presented in Section 2.2.2 has fostered much more de-

tailed study into the effects of the many individual geometric and physical variables in

the mixing vessel. These factors define the physical environment in which mass transfer

takes place.

2.2.3.1 Vessel Shape

The bulk of research over the last two decades has retained the 'standard' tank configu-

ration which evolved by mid-century. This featured a right cylindrical vessel with a flat

bottom, which provided a stable basis of support.
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When scaling up from bench-scale to pilot plant through to industrial scale, it is

standard practice to fix dimensions to certain ratios to preserve geometric similarity.

However, as mixing techniques have become more sophisticated the shape of industrial

vessels rarely features a flat bottom, and dish-shaped or rounded-out bottoms are the

norm. Zwietering used both flat- and dish-shaped bottoms in his work on solids suspen-

sion [118], and an increasing number of investigators are adopting a dish-shaped bottom

for laboratory vessels ([73,78,79,84,89,102], [119] to [132]). In the case of pressure leaching

the scaling process is made difficult by the unique 'cigar' shape of horizontal autoclaves,

especially the bulged end of first compartmentsn.

While it is encouraging to see that recent investigations into three-phase systems are

being interpreted in terms of the well-studied gas-liquid and liquid-solid phenomena, the

continued disregard for vessel geometry effects is unfortunate. The most notable omission

in this respect is in the study of gas-liquid mixing, where a thorough comparison has not

been reported. The added complexity in fabricating and manipulating dish bottomed

mixing vessels for use in the laboratory no longer is so great that future investigations

can simply ignore vessel shape effects when generating scale-up criteria. As well, these

effects must be better understood, in order to make the vast body of data generated with

flat bottomed vessels truly useful for scale-up to vessels of industrial size and shape.

Flat Bottom vs. Dish Bottom

The comparison of performance of flat and dish bottoms is very limited, and surprisingly

the effect on gas-liquid mixing has not been reported in the literature. However, in the

work that has been done the influence of these geometries on power consumption, and

the interrelation with other physical parameters has been demonstrated. Novak et al.

[128] used three- and six-blade axial turbines to stir only liquid in unbaffled vessels and

11 Vertical autoclaves, in comparison, are very well-served by a dish-bottomed model.
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found power consumption lower for dish and cone bottoms than for flat. Zwietering [118]

reported the impeller speed required to 'just suspend' solids off the bottom of the vessel,

Njs, to be lower for a dish bottom for two-blade paddle impellers but practically equal

for marine-type propellers. Cliff et al. [127] used a marine propeller in a flat-bottomed

tank with a dish insert and found Njs was lower with the dish when the impeller was

C/T = A. from the tank bottom, but was comparable when the impeller was lower. The

dish case consumed more power, especially at the lower clearance. As well, dropping the

clearance in the flat bottomed tank required lower Njs and power, while with the dish

this was reversed, suggesting a narrower effective T in the dish.

The smaller tanks of Westerterp et al. [79] had flat bottoms while their larger tanks

had dish bottoms, but the authors chose not to consider this in any difference between

test results. Connolly [121] designed from a smaller dish-bottomed tank to a larger flat-

bottomed tank to demonstrate the universality of certain scale-up principles. The power

savings realized by using fillets (either built-in or from settled solids) in flat-bottomed

tanks was illustrated by Oldshue [56].

2.2.3.2 System Geometry

Impeller Location—Off-Bottom Clearance

The 'standard' mixing tank uses a liquid height HL equal to T, the tank diameter. The

impeller clearance usually is at half liquid height, CIT = 5.11L = 4T. Liquid mixing

homogenization time was reported to be minimized at the half-height location [114],

although a relation of CIT = D/T often was recommended [133]. Since the standard

impeller-to-tank ratio D/T then was this led some investigators to set CIT A and

occasionally this is still seen.

The fact it exists as a convention unfortunately has caused most researchers to fix the

impeller automatically at half-height and avoid any departures therefrom. Apart from
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the results mentioned in Section 2.2.2.2, the effect of vertical location rarely has been

examined rigorously. Clark and Vermeulen showed that power drawn falls more and at

lower N as a flat-blade impeller is raised from the bottom of the tank [111].

The change in flow patterns induced by impeller position likely is a critical factor.

Bates et al. [134] duplicated the power drop result for flat-blade and axial impellers in

liquid mixing, but obtained the opposite trend for radial disc impellers. It was suggested

at lower clearances a simpler flow pattern with less recirculation emerges, and the impeller

works against itself much less [135]. For gas dispersal, Nienow et al. [89] found C/HL =

to be optimal, as gas was poorly circulated above the impeller at smaller clearances and

below the impeller at greater clearances.

Early work by Chain et al. [117] offered limited results which indicated impellers in

unbaffled vessels closer to the bottom gave slightly better oxygen transfer but at much

greater power consumption than impellers at mid-height, beyond speeds of about 6.5

m/sec. It was over 30 years before DeGraaf revisited the subject [40], and showed how

oxygen transfer can be related to impeller clearance12 and tip speed. His work indicated

conclusively that power consumption and the minimum tip speed for agitation No fall as

the impeller is brought closer to the surface.

Some recent liquid-solid studies [135,136,137] suggested qualitatively that lower clear-

ances (C/T < i) gave more efficient particle suspension (especially as D/T D. Work

on three-phase systems has shown that the clearance giving the minimum ET is not the

same as for two-phase systems [126], and depends greatly on the gas rate [138].

Liquid height

The practice of fixing the off-bottom clearance and increasing the liquid height is similar

12 DeGraaf used the static gas-liquid interface instead of the tank bottom as his datum, and expressed
his results in terms of immersion depth (Z).
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but not strictly identical. Cooper et al. [68] reported an increase in the volumetric ab-

sorption rate of oxygen at constant CT when they increased liquid height above HL/T = 1.

Wilhelm et al. [99] found the absorption rate of a sparingly soluble gas was linearly de-

pendent upon liquid height above the impeller. They apportioned the total absorption

rate at a given volume to two sources: a finite rate delivered by the impeller region, and

an incremental (variable) contribution of mass transfer from free bubbles in the remainder

of the liquid. These results endorse the use of tall, thin vessels for gas absorption.

Mehta and Sharma [82] observed that ha decreased as HL /T increased, and increased

with C/T up to a critical value, above which there was no longer any effect. This was

true both for sparging and surface aeration, although they failed to examine clearances

greater than 2. Unfortunately they did not report their power consumption, so it is not

possible to determine if their results match with the two earlier groups.

Greaves and Kobbacy [77] observed incidentally that surface aeration in a baffled tank

occurred at a lower impeller speed when the C/HL was raised to from I-. Heywood et al.

[106] observed that NsAi increased as HL was increased, more so with axial impellers.

Impeller-to-Tank Diameter Ratio

D/T has been used often as a dimensionless group in correlations (e.g. Equations 2.13,

2.28, 2.30, 2.31) and is frequently investigated. The range usually spans 0.20 to 0.50

(e.g. [71,134,87,73]) although this is by no means restrictive, as values of 0.15 [122] and

0.75 [139] have been reported. The industrial standard is often given as D/T [133].

The power number relation Po = Pg/pLN3D5 defines (at least for a well mixed

liquid) the inverse relationship between impeller diameter and speed for a given power

delivery. The large D-small N cases often are classed as 'flow-sensitive' mixing systems,

and small D-large N cases as 'shear-sensitive'. While these labels are very general, they

do describe broadly the action of the impeller on its medium. Liquid mixing, blending
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and solids suspension are examples of flow applications, and gas dispersion is an example

of a high-shear process.

Most often D/T is discussed only qualitatively, probably due to the difficulty in

decoupling the flow/shear effects of an impeller from its influence on bulk flow patterns.

Rushton and Bimbenet [140] showed that their D/T ratio for maximum gas hold-up

increased as T increased. Solomon et al. [141] found large D/T ratios required much less

power to achieve good aerated mixing of highly viscous liquids. Roustan [132] observed

that P9 / P„ fell with N faster with larger D/T ratios, and attributed this to the greater

ability to recirculate gas bubbles back to the impeller.

2.2.3.3 Impeller Geometry

Smith, van't Riet and Middleton [142] claimed mass transfer in aerated mixing vessels

appears to depend only on the dissipation of agitator power eT and the gas flow rate

v8 , and is almost independent of the D/T ratio. But this is misleading, as it suggests

insensitivity to impeller size. In fact, the €7 , and gas dispersing ability of an impeller are

determined directly by the diameter of the impeller and by the flow pattern it establishes.

The ratios for the dimensions of turbine impellers were first given by Rushton et al.

[60] as D:L:W = 20:5:4, and these have been adopted as the standard. A convention is

useful since Po and CT have been shown to be very sensitive to the minor dimensions of

the impeller [62,63,64,143,144,101] (also recall Equation 2.19).

For axial impellers, D:W is fixed at 5:1 for a 45° pitch [145,56,91,146] although an

equipment manufacturer gave the projected height to be D/6 (i. e. D:W = 4.24:1) [121].

Flow Characteristics

Radial flow impellers are used for mass transfer and gas-liquid processes (e.g. contacting
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and dispersion) where greater shear and turbulence is required. Axial flow impellers 13

generally are used for the flow-sensitive applications, such as blending, heat transfer and

solid-liquid processes, which rely upon discharge from the impeller stream and movement

of the bulk vessel contents [56,91].

The power consumption of gassed downward pumping axial impellers fluctuates with

the prevailing flow patterns; the impeller must also work against the rising flow of gas.

The transition from axial to radial discharge reportedly can be impeded, i.e. more gas

can be dispersed per given power input, by the use of ring spargers and increased distance

between the sparger and impeller [102], and by using six blades and D/T > 0.4 [94].

When pumping upward, gas and liquid flows are co-current so energy efficiency is

improved. The benefits of six blades, large D/T ratio and ring spargers are claimed to

apply to these impellers as well.

Performance Comparisons—Freespace Aeration

Nagata, Yamamoto and Ujihara [65] showed that flat blades are superior to pitched

blades for vortex formation in unbaffled tanks, by producing larger tangential velocities.

Pitched blades discharge more volume of liquid but the direction of flow is away from the

rotation plane of the impeller. Rieger et al. [147] showed that six-blade radial, six-blade

radial disc, six-blade pitched and three-blade pitched turbines produced more shallow

vortex depths in that order. Heywood et al. [106] found Nv was lower for radial disc

impellers than for axial. They also found NSA1 increased as HL was increased in baffled

vessels, more so for axial impellers. Therefore by virtue of their characteristic discharge

patterns, radial flow impellers would be expected to be the more efficient at pumping gas

from the freespace.

13Marine propellers generate axial flow but are rarely used in gas-liquid applications. The term 'axial'
impeller will be used here to denote only axial, pitched-blade turbine impellers.
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Performance Comparisons—Sparged Gas Dispersion

Disc turbines are less energy efficient than downward pumping axial impellers when

suspending solids in unaerated systems [118,148], and upward pumping axial impellers

are the least efficient of the three [148]. But a reversal was found when gas was introduced

to the system: the renowned ability of the downward axial impeller to suspend solids

quickly declined and it approached the results of the disc turbines. This led Chapman

et al. [138] to conclude that at large gas flows the upward axial impeller may be the best

choice when both particle suspension and gas dispersion are required.

This unheralded ability of upward axial impellers to disperse large gas flows applies

also to gas-liquid systems. Chapman et al. later showed kZa to be a function of ET

and gas flow rate for radial disc and upward pumping axial impellers, but only of ey,

for downward pumping axial impellers [149]. They interpreted this to mean the radial

disc and upward axial impellers could still effectively disperse additional sparged gas with

relatively less additional power. This would disprove the opinion of Oldshue [56], who felt

upward axial impellers did not give the required flow pattern for proper gas dispersion.

Warmoeskerken et al. plotted the dimensionless mass transfer coefficient (Ida•VL)/QG

vs. dimensionless gassed power consumption P9 / (QGpL(gv) 213 ) at Re > 105 and showed

that 45- and 60°-pitch blade downward axial impellers were equal or superior to the radial

disc impellers, a remarkable result [91].

This may be explained in part by an observation—on downward axial impellers but

which can be extended to upward also—that with the formation of cavities on the blades,

axial flow diminishes and the discharge becomes almost completely radial [102].

Other Impeller Types

Chapman et al. [101] evaluated a Rushton-type impeller with blades at a 45° pitch.

Its flow patterns were similar to the standard 90° model and although it needed to run
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slightly faster to distribute the same flow rate of gas, it required less specific power

(W/kg) than the standard Rushton, axial up or axial down impellers, and at large gas

flow rates (1 v.v.m.) was four times more efficient than the axial down impeller. Pawlek

[31] also used this impeller. When mounted on a hollow shaft, it induced substantially

more air than its 90° counterpart.

Joshi and Sharma did extensive work with gas-inducing impellers in baffled vessels.

The kLa performance at a given eT was claimed to be 'comparable' to a six-blade radial

disc impeller, although their logarithmic plot of kL a obscures the quite inferior results

below ey, = 5 kW/m3 [150, cf. Fig. 18, p. 693]. Interestingly, in many respects the (baffled)

gas-inducing impellers behaved as the conventional impeller does in an unbaffled tank.

The minimum tip speed for gas induction could be related identically to Equation 2.36

for the onset of unbaffled vortex aeration,

\ I - Z' 2g
Nv = cs r2

D2
.

Blade Dimensions

Chain et al. [117] doubled blade width and obtained oxygen efficiencies (oxygen transfer

rate/power consumption) almost identical to their reference impeller. Nagata, Yokoyama

and Maeda [63] varied blade length ratios and observed an increase in Po as D/T de-

creased, or W/D increased. Bruxelmane [151] obtained a power dependence of 1.3 on

the width ratio. Bates et al. [134] give Pa /P900 = (sin a) 2 .5 for four-blade axial impellers

with blade angle a.

Calderbank and Moo-Young [152] varied the blade areas of six-blade disc turbines at

D/T = 0.27 and correlated to

LW(D — L)Po = 07 .
D3

(2.37)

The constant c7 would appear to account for the system D/T ratio, cf. [73]. A similar
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form was used to correlate to oxygen transfer [143,144], where the observed increase

reached a break point. This levelling-off was attributed to a minimum bubble size being

reached when bubble coalescence became a dominant factor. In the latter work, Hamer

and Blakebrough [144] studied at least 36 combinations of blade and disc sizes but did

not report their results or trends apart from the LW(D — L) correlation.

Studies into the effect of blade size on oxygen transfer are beset by the same problems

which make correlations to the flow number Fl so difficult (Section 2.2.2.3): the impeller

is able to disperse gas efficiently by developing shear and flow patterns which can ade-

quately treat the gas stream, but gas flow and impeller discharge are 'competing' factors.

Since blade area directly determines the impeller discharge, its effect cannot be isolated

easily from the gas flow and impeller speed used in its application. This explains the

apparently contradictory results of work from the same laboratory [143, p. A79], [144,

Fig. 9], [69, Fig. 7].

Number of Blades

This is a neglected area since the industrial standard has long been the six-blade radial

disc impeller. For a baffled tank Po was reported to vary with n to a power of about

0.5 for flat blade impellers [62], about 0.9 for radial disc turbines [151] and about 0.6 for

axial impellers [145]. Johnson et al. [153] found the increase in ha by using more blades

was more pronounced at lower stirring speeds.

Bruijn et al. [75] also showed how the power number increased with number of blades:

for their six-blade impeller, Po = 5.6; for nine, 8.6; for twelve, 10.0; and for eighteen,

12.0. Thus a twelve-blade impeller must have a diameter (5.6/10) 115 = 0.89 times that of

a six-blade impeller to run at the same P. Their data for sparging indicated that the

twelve-blade impeller (with new D = 0.89) would pump 2.7 times as much gas as the
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six-blade running at the same speed and P9 . 14 They also estimated that the proportion

of recirculated gas in the discharge stream was more than doubled with twelve blades

instead of six, and that the drop in power with gassing was much less severe [154].

A radial disc turbine with an odd number of blades will exhibit cavity formation sim-

ilar to the six-blade model described in Section 2.2.2.3. However, for (N, QG) conditions

leading to the alternating cavities of different sizes, symmetry cannot be established and

the distribution amongst the blades changes continuously, leading to a periodic non-axial

loading on the impeller shaft [90]. For this reason an odd number of blades is undesirable.

Impeller Discs

Oldshue [56] explained the role of the disc as forcing sparged gas bubbles along a path

of maximum liquid contact, and toward the regions of high shear. Nienow and Wisdom

[88] stated that it acts as a splitter plate to the flow about the blade. A leading edge

separation bubble forms on the blade front, which is a high-pressure region; this would

help explain why full-blade turbine impellers without discs draw 20 per cent less power

[134]. A full-blade disc impeller draws 40 per cent less power, so clearly there is an effect

associated with the disc. As well, there is the obvious complexity of flow induced by

not extending the blade inward to the shaft hub. Very few investigators [68,70,118,155]

have reported the use of a vaned disc impeller (i.e. partial blades beneath a disc of full

impeller diameter). Only Yoshida et al. [155] gave data on their performance: they were

inferior to a radial disc and the deficiency widened as N increased.

The ratio of the disc to the over-all impeller diameter has almost exclusively been

reported as Dd/D = 0.75, though it has infrequently been set at 0.70 [118,79], 0.67

[99] and 0.65 [156]. Blakebrough [69] even used 0.19 as an extreme but did not discuss

its effect. Bruxelmane [151] varied Dd/D from 0.75 to 0.65 but reported only that a

14Bruijn et al. claimed this value is over three times as great (p. 101) but their calculation, which was
not given, must be in error since QG E- Fl ND3.
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smaller disc made the impeller more susceptible to flooding (or reduced its gas dispersing

capacity). Industrial practice appears to favour 0.67, as this is the recommendation of

Oldshue [120,56] and Bowen [157].

Thickness of Material

A reduction in Po for liquid mixing has been observed when thicker gauge material is

used for radial disc impellers. The results have been attributed to a reduction in inside

edge blade perimeter [139]; to a reduction in size of the leading edge separation bubble

and high pressure region at the blade front [88]; and finally to the skin friction and form

drag acting on the impeller [158]. This last study correlated mean peak power number 15

to the ratio of disc thickness to impeller diameter:

for 0.01 < xD /D < 0.05.

Po 2.5 (
D
1.3)-°*2^T )"65

Lo (2.38)

2.2.3.4 Multiple Impellers

Multiple impeller systems are used often in fermentors, and in any vessel which is tall

and narrow or requires specific mixing at vertical points.

Results in the literature appear contradictory and are greatly dependent upon system

specifications. On the one hand, Rushton et al. [156] reported that depending on air

flow, power input and impeller spacing, a second impeller could reduce 1cLa by 50 per

cent or increase it by 25 per cent. They suggested dual impellers offer advantages at

high v8 or at ET levels of about 700 W/m3 , and with large liquid heights (HL IT 4)

and impeller spacings (3 < S/D < 7). On the other, the mass transfer coefficient, air

15 The power number was originally believed to be independent of Re in the turbulent regime
(Re > 104 ) in a baffled tank with no surface aeration [60,134], but has since been shown to rise
about ten per cent to a peak (near the onset of surface aeration), and then subside [89,73,78,158].
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utilization and rate of extraction of nickel from matte evaluated by Queneau et al. [136]

all were better for one radial or one axial impeller than for any combination of the two.

In a similar vein, Oldshue [120] claimed that similar mass transfer coefficients could

be obtained if eT was maintained: that is, an averaging process occurs so that a weaker

dispersion from two or three turbines is similar to a more intense dispersion from one.

This conclusion was drawn from a log — log plot of KGa vs. eT; unfortunately, some of

the data were plotted incorrectly16 . Though they are confounded somewhat by different

system geometries, his data tend to indicate that a dual impeller system gives comparable

results only when working in a vessel of double volume and liquid height (i.e. same

diameter).

Impeller Spacing

A rule of thumb for vertical separation S has long been one impeller diameter [159]. This

has been varied often [156,134,120] but results usually are specific to the system (impeller

type, D/T, HL/T) studied, and no universal correlations have emerged.

Power Consumption

Nagata et al. [63] found a dual impeller system drew the same power as a single impeller

with identical blade area. Bates et al. [134] measured P for two ungassed impellers

relative to a single flat-blade impeller. For spacings greater than one diameter, two flat-

blade impellers drew almost twice the power, and for an axial above a flat-blade, the ratio

was about 1.5. A single axial impeller drew one-half the power of the single flat-blade

impeller, and two axial impellers drew about 90 per cent of the power.

Combinations of Impeller Types

Kuboi and Nienow [160] reported Rushton (lower) and upward pumping axial impellers

16Cf. Table 7 and Figure 13, pp. 18-19 op.cit.
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(upper) are often used industrially. Oldshue [56] suggested putting most of the power

into the lower radial flow impeller, and using one or more axial impellers above to pump

the dispersion into the upper regions of the vessel. This was shown to be especially

effective for gas distribution in a high viscosity liquid [141].

The `additivity' rule for no sparging [161],

(Pu ) dual = 2 (Pu) single, (2.39)

was shown by Kuboi and Nienow [160] to work to within about ten per cent when one

or two axial impellers were used, but two Rushton impellers drew 25 per cent less power.

It had also been proposed [162,161] that with sparging, the lower impeller will draw the

same power as it would alone at the same sparging rate,

(Pg) iower (Pg) 9 (2.40)

and the upper impeller the same power as it would alone in pumping a dispersion with

the same gas hold-up,

(Pg)upper = (Pu ) 1 • (1 — EG), (2.41)

but Equation 2.41 was shown to overestimate the power drawn. Downward pumping axial

impellers performed poorly, especially at the lower position. Upward pumping impellers

tended to discharge gas up to the surface. A lower Rushton and upper upward axial pair

produced a hysteresis loop relative to impeller speed, which would produce a loss of gas

dispersion and conceivably a loss of solids suspension in a three-phase system. The three

combinations listed in Table 2.2 were judged the most efficient. Unfortunately the data

were presented in Pg /Pu vs. Fl plots at constant gas flow, with a criterion of complete

dispersal of gas in the vessel or above the upper impeller, and it is difficult to transfer

their results to systems with different gas flows and impeller speeds, which permit surface

aeration, or which have particular power requirements.
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Axial Down

Axial Up

Good dispersion
Dispersion as above at much lower N and Pg

Needs larger D/T, P falls when flow pattern changes
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Table 2.2: Observations on Dual Impeller Performance

Lower^Upper^Comments

From Kuboi and Nienow [160].

DeGraaf's combination [40] for surface aeration drew fifteen per cent more power but

its oxygen transfer rate was about four times greater than the sum of the individual

impellers working alone in their same location, indicating synergy of flow patterns.

2.2.3.5 Effect of Baffles

Baffles serve to minimize the tangential component of velocity, increase the vertical mix-

ing currents and provide a more homogeneous turbulence distribution. They help to

circulate the liquid, delay gas escape and increase contact time, and by increasing tur-

bulent shear contribute to the reduction in liquid film thickness [143].

Hixson and Wilkens [163] were perhaps the first to report the increase in P with the

introduction of baffles. As well, they offered the first evidence that four (T/12) baffles

constitute the so-called 'fully-baffled' condition. Mack and Kroll [119] claimed maximum

power input into a mixed liquid could be achieved with only one baffle of width T/16,

or four with width of only T/32. Obviously this represents a different definition of 'full

baffling' or the purpose of baffles.

Nagata et al. [63] measured PB /P, the ratio of power with and without baffles. It

increased to about 15, then subsided to about 9.5 as baffle width B increased. The peak

value occured at B/T 1/12 with six baffles, c•_, 1/8 with four baffles, and increased as

number of baffles decreased. In the literature, B = T/10 is almost universally quoted now
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by the European researchers, while T/12 is preferred by North Americans, particularly

those with ties to industry [156,121].

Bates et al. [134] found Po was less sensitive to changes in D/T for baffle width T/12

than for T/10. But this is merely the overlap of similar effects: a wider baffle moves

closer to the impeller, while a wider impeller moves closer to the baffle.

An off-centred impeller in an unbaffled tank suppresses tangential flow and the forma-

tion of a forced vortex. In this way its effect is akin to that of baffles, with the expected

consequence of increased power dissipation. A near tripling in power consumption at

equal N was observed for a downward axial impeller at an off-set e/T = 0.3. This corre-

sponded to the same power consumption of a fully-baffled tank with a centred impeller

[128]. A remarkable feature of this arrangement is the reduction in ArsAi which results

from the initial minor departure from concentricity (typically for e/T < 0.03). Thus

where an impeller is used for surface aeration, a slight off-set from co-axial alignment

and removal of baffles may result in better mixing and a reduction in power consumption.

2.2.3.6 Effect of Solids on Gas-Liquid Phenomena

It would be inadequate and unwise to restrict the concern for solids deportment in a three-

phase system solely to the actual solid-liquid or solid-gas mass transfer which occurs.

Some degree of understanding must be achieved about the impact that solids will have

upon gas-liquid processes, to prevent the expectation that such two-phase phenomena

will remain entirely unchanged when a solids phase is introduced.

Mehta and Sharma [82] found the addition of solids caused an increase in a, perhaps

by decreasing bubble size, and a decrease in kL , attributed to a decrease in interface

mobility and interference with surface turbulence. The combination of the two effects

can then lead either to an increase or decrease in k7a, depending upon the more dominant

effect.
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Greaves and Loh [78] investigated gas-liquid-solid suspensions and identified distinct

rheological regimes depending upon solids concentration. Up to about 30 weight per cent

the viscosity increased and larger stable gas cavities formed on the impeller. Between

30 and 40 weight per cent, the suspension became non-Newtonian, and the trailing gas

cavities may have coalesced into one large bubble about the impeller. Beyond 40 weight

per cent, the suspension was highly non-Newtonian and once formed, the stable gas

bubble continued to enshroud the impeller even when the sparger gas was discontinued.

The decreased discharge capacity of the impeller with sparging and the effect of the

rising gas on slurry flow beneath the impeller will alter the flow patterns within the

tank Frijlink et al. [102] found that at low sparging rates, downward pumping axial

impellers transported solids from the bottom of the tank towards the walls and then

upward, but at high sparging rates, the pattern reversed, as solids were drawn from the

wall to the bottom centre and then up into suspension. In some systems the massive

sedimentation of suspended solids is known to occur when a critical gas flow rate is

exceeded, e.g. the Port Nickel matte leach [136]. Warmoeskerken et al. [129] were able to

associate this occurrence with the incidence of the large cavity structure on the impeller.

Thus, an (N, QG) operating regime which is efficient for gas-liquid contacting might

not be suitable for slurry reactors, and adjustments to N and QG which are helpful in

gas-liquid reactions may prove catastrophic for three-phase processes.

2.2.4 Factors Affecting Mass Transfer

Having gained an understanding of the factors which determine the supply of energy, gas

bubbles and liquid flow within the mixing vessel, the final step leading to system design

is the study of the effects of the physical environment on mass transfer itself.
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2.2.4.1 Interfacial Area

Factors Affecting Bubble size

Vermuelen et al. [164] showed that bubble diameter decreased toward the impeller region

and with increasing N, and increased as gas hold-up was increased, for air and helium

bubbled into CC14 (p = 1.595 g/cm3 ).

The results of Benedek and Heideger [165] would place the bubble size dependency

at 4 oc N- °•24 if, as they suggested, icy, is approximately proportional to de.5 . The db-N

result was confirmed by others: Johnson et al. [153], who also found db independent of

v3 ; Westerterp et al. [79], who observed an intermediate range of N where db levelled off

before decreasing further; and Pawlek [31], who found the average size decreased with

increasing N until a minimum was reached, beyond which a further increase in N had

no more effect.

The increase in db with gas hold-up may be explained by coalescence caused by the

greater bubble density, which increases the frequency of collisions [166].

Factors Affecting Surface Area

Calderbank [167] correlated a to:

a = 230 ^
{(ET )o.41121

v0.5 cm i
0-0.6

(2.42)

He noted (as did Lee and Meyrick [74]) that interfacial area changes greatly with position

relative to the impeller, and that the distribution of interfacial area near the impeller

changes with a change in ET. Preen [168] observed that disintegration occurred almost

exclusively in the impeller region, and coalescence further away, with coalescence the

more important in determining the final value of a.

Sideman et al. [169] reviewed the correlations for surface area to superficial gas

velocity, impeller speed and energy dissipation rate. They found ranges of exponents to
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v8 of 0.33 to 0.9; to N of 0.9 to 1.5; and to CT of 0.35 to 0.40. These values reveal the

sensitivities of a one might encounter, although the wide variations reported imply that

individual results are very specific to the range of the variables investigated and to the

physical characteristics of the system used (impeller type, vessel geometry). For that

reason the correlations are not useful for predicting results in non-standard or scaled-up

applications.

Matheron and Sandall [170] found a rose both with N and v8 . There appeared to be

a minimum agitator speed, 200 rpm, below which a was insensitive to N, but this was

only 0.53 m/sec (or Re < ,,,10,000), while Equation 2.28 suggests the critical tip speed

for their system should have been about 950 rpm (2.5 m/sec). Thus their experiments

may more closely describe the mass transfer of bubbles rising almost freely in a gently

stirred liquid than of those being mixed in an agitated vessel.

Solution Properties

Surface active agents (surfactants) will reduce gas-liquid interfacial tension and thus

increase the interfacial area. However, they will establish an interfacial tension gradient

which damps internal circulation and reduces kz, so the over-all effect may be an increase

or a decrease in keLa [165]. The action of inorganic electrolytes is not as well understood:

they increase interfacial tension slightly but hinder coalescence, thus providing an increase

in surface area. If their concentration is sufficient to decrease the diffusivity of oxygen,

they will have a negative effect on kz.
Rennie and Valentin [83] noted the addition of nonyl alcohol to water decreased the

bubble size and enabled bubble swarms to exist throughout the tank instead of only in

the impeller region. Mehta and Sharma [82] related a to the -A- power of surface tension.

They also found larger values of a for aqueous electrolytes than for non-electrolytes, and

for electrolytes with greater ionic strength and viscosity. They interpreted the effect of
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viscosity as imparting a higher stability to the dispersion, further reducing coalescence.

2.2.4.2 Mass Transfer Coefficient

The literature contains contradictory results concerning the effect of agitation and power

dissipation upon the mass transfer coefficient. It has been reported variously that 11

is independent of [81,170], rises with [171,172,173,174,175,176,177] or falls with [82,165,

178,179] stirrer speed.

Calderbank [81] found a dependence only upon liquid phase diffusivity, but not upon

agitation, gas hold-up or bubble mean residence time. The dependence upon bubble size

was somewhat complex: ki, remained constant with diminishing db until a critical value

was reached, it fell, then ultimately became constant again. The transition region was

found for 0.7< db <2.5 mm [180]. There also was an indirect dependence via diffusivity,

which had a step-functional relationship upon bubble size [81, Fig. 4, p. 178]. Although

he used energy dissipation rates of up to 5 kW/m3 , it is still possible he may have missed

the indirect link through bubble size by not reaching conditions where db would decrease

with N.

Matheron and Sandall [170] found icz was independent of N but declined with v8 .

However, they used only very low values of ET (probably not in excess of 500 W/m3 ).

Their maximum agitator speed, 500 rpm, was only 1.33 mjsec (or Re '-' 18,000), well

below the 950 rpm suggested earlier.

The claim of a proportional increase with agitator speed and power consumption has

more experimental and some theoretical support. Carpani and Roxburgh [171], Kataoka

and Miyauchi [172] and Alper et al. [176] found ky, proportional to the 2.6, 1.5 and 0.75

power of N respectively (0.87, 0.5 and 0.25 power of ET). However, this work was done at

low tip speeds (below 1.5 m/sec) using the freespace-liquid interface, so ET never exceeded

about 1200 W/m3 . Prasher and Wills [174] worked with slightly greater tip speeds but
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also used sparged gas, which reduced their power input below 400 W/m3 . Their functional

dependence matched that of Alper et al. They recommended the addition of a D/T term

for scale-up to help account for the nonhomogeneity of eT.

Koetsier and Thoenes [173] reported icz oc N°•9 or 43 . Their closed vessel maintained

gas hold-up at one per cent; they suggested it had little influence on kz. They proposed

the increase in lel, was a consequence of higher surface renewal rates caused by the

increased intensity of turbulence.

Greater power dissipation was used by Gollakota and GuM [177] and Topiwala and

Hamer [175] (up to 8 kW/m3 ). The former authors found 107, increased as N1.23 (441),

while the latter found an increase as Er for weak electrolyte solutions. But stronger

electrolytes yielded smaller bubbles and the exponent appeared to fall through zero and

become negative.

Calderbank and Moo-Young [180] semiempirically related

,1/4 n2/3 5/2
kr, = 0.13 'T^PL 

u5/12 (2.43)

for mass-transfer of solid particles where turbulent forces exceed gravitational forces.

Lamont [181], in his eddy cell model, derived an equation for kz oc 4/4 for mass transfer

from gas bubbles, or in any turbulent phase contacting situation. Thus the results of

at least two groups [173,176] provide some validation of the 4 power dependence upon

energy dissipation rate.

The slight decrease (oc N- °.12 ) observed by Mehta and Sharma [82, Fig. 23] and

Benedek and Heideger [165] may have been artifacts of the bubble size effect just over-

coming the power dissipation effect.

Hassan and Robinson [179] more thoroughly investigated the effects of ionic strength.

They reported icy, to be independent of power dissipation up to about 2 kW/m3 , at which

point it fell as €27 °.56 ; this result qualitatively explains the inflection at a similar eT point
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for a correlated ha term Robinson and Wilke had found earlier [178]. Such a response

can be accounted for if one assumes that in the 'independent' region the increase in

surface area (and hence, le2a) is achieved solely by an increase in gas hold-up, while

in the 'declining' region the increased power dissipation contributes to a reduction in

bubble size, which causes the characteristic decline in ky, reported by Calderbank and

Moo-Young [180]. Although their exponent to eT was practically constant, the relative

values of 4, increased for solutions of greater ionic strength. While this last feature was

at odds with Topiwala and Hamer, who found the opposite effect on kz, the general trend

of an inverse relationship with power dissipation in stronger electrolytes appears to be

consistent.

The apparent contradictions can be resolved simply enough: obviously the degree of

uniformity of power dissipation could serve either to mask or illustrate the dependence on

power. For example, a decrease in if but more uniform distribution of power dissipation

would exert both a decreasing and an increasing influence upon lq. Authors reporting

an exponent to eT greater than i possibly may have increased the uniformity of power

dissipation at the same time --, was increased.

2.2.5 Review of Design and Scale -Up Approaches

The basic method for the design or scale-up of mixing and agitation vessels requires

identification of a certain condition or conditions which, if maintained at the next scale,

should guarantee an identical process result. These scale-dependent conditions have

been expressed both as dimensional (e.g. eT) or dimensionless ratios (e.g. D/T), and are

determined through correlations to the objective function of the process.

Because these correlations generally are not derived from fundamental first principles,

and are developed from ranges of scale much smaller than those being commissioned,

they are prone to extrapolation errors. This often has led to the over-specification of
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important, costly elements such as mixers [121].

2.2.5.1 Constant Power per Unit Volume

Maintenance of constant power (or energy dissipation rate) per unit volume, eT , was long

observed in liquid blending and mixing. There now is some debate as to its reliability, as

one equipment manufacturer (Connolly, [121]) sided against it while another (Oldshue,

[56]) recently endorsed it.

A practical illustration of a deficiency of the eT method concerns gas hold-up achieved

in a sparged vessel (which often is a desirable feature). Experimental evidence showed

the fractional hold-up €G increased with tank diameter even though geometric similarity

and eT were maintained [140].

Since surface and vortex aeration will decrease the power delivered to the vessel

contents they are generally regarded as undesirable (viz. solids suspension), even though

they may prove beneficial for gas-liquid mass transfer 17 .

Another difficulty with designing to constant eT arises from the correlations for power

and impeller flow. From Equations 2.17 and 2.23, P = PopLN3D5 1g and QL = NDND 3 .

Expanding upon an example given by Rushton and Oldshue, and with the term ND

being a measure of the shear produced by the impeller, Table 2.3 illustrates that for

identical unit power input to a mixing vessel, impeller flow increases nearly ten-fold and

shear decreases to one-third its value when impeller diameter is increased by a factor of

about five. When tank volume is doubled, the shear values are slightly larger but the

impeller discharge is increased only by 12/7. Thus the practice of fixing D/T to preserve

geometric similarity will cause a (theoretically) smaller proportion of vessel contents to

be discharged by the impeller in the larger tank. An increase in one and decrease in the

other of N and D would be required to maintain shear and discharge in the larger vessel.

17This might not be true if the reactive gas being sparged is diluted, e.g. air instead of pure oxygen.
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Table 2.3: Impeller Flow and Shear at Constant Power

N,
rpm

D,
relative

P/V,
relative

flow QL I

= ND3

shear,
= ND

For Vessel Volume = 1, Hi, = T
1680 0.44 1.00 139 731
840 0.66 1.00 241 554
420 1.00 1.00 420 420
210 1.52 1.00 731 318
105 2.30 1.00 1273 241

For Vessel Volume = 2, HL, = T
1440 0.55 1.00 238 790

720 0.83 1.00 414 599
360 1.26 1.00 720 454
180 1.91 1.00 1254 344
90 2.89 1.00 2183 261

For right -cylindrical vessels at constant D/T (from Rushton and Oldshue, [67, p. 268]).

2.2.5.2 Constant Impeller Tip Speed

Constant impeller tip speed is a poor design parameter for gas-liquid contacting systems.

It was noted in Section 2.2.2.2 that the gas flow rates due to recirculation can be an order

of magnitude larger than the feed rate of fresh gas. If an industrial vessel is scaled to a

ten-fold increase in diameter, then N must fall by a factor of ten, which will bring the

two gas flow rates much closer into balance. This has important consequences when the

reactive gas is borne by an inert carrier, e.g. oxygen in air. In the industrial vessel the

sparged gas will be less diluted by the (depleted) recirculating gas, but since circulation

times will be longer, there is more opportunity for the reactive gas to be absorbed. The

gas flow phenomena are not maintained with increasing scale, and this scale-up rule
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clearly is deficient. Yield loss in systems with multiple product gas-liquid reactions has

been modelled to demonstrate this point [182].

Table 2.4 summarizes the variety of effects that may arise when certain ratios are

held constant during scale-up.

Table 2.4: Effect of Scale-Up on Mixing Parameters

Parameter Pilot Scale
10 £

Plant Scale 10,000 €
(geometric similarity)

P 1.0 125 3125 25 0.2
P/V 1.0 1.0 25 0.2 0.0016
N 1.0 0.34 1.0 0.2 0.04
D 1.0 5.0 5.0 5.0 5.0
QL 1.0 42.5 125 25 5.0

QL /V 1.0 0.34 1.0 0.2 0.04
ND (tip speed) 1.0 1.7 5.0 1.0 0.2

Re 1.0 8.5 25.0 5.0 1.0

From Oldshue [120, p. 4).

2.2.5.3 Constant Torque per Unit Volume

One means by which liquid mixers have compensated for their over-design of P and eT

has been to maintain constant torque per unit volume [121,146]. Bowen [146] gave a

defining relation of
T Po ALM T
17 " g

(2.44)

where N T, the agitation intensity, is a semiempirical group N1 = c9 ND (T,D ) 0.7 . Then

for design, T/V is held constant and D/T is constant to preserve geometric similarity.

With NI constant and proportional to ND, N will decrease on scale-up. Rearranging

Equation 2.44 to yield
P^T

NV = el° V' (2.45)
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the new ET (or P/V) is not constant but will decrease as scale increases. Although the

inclusion of NI prevents it from being entirely rigorous, Equation 2.45 does predict the

drop in €7, which is encountered by equipment designers.

Wastewater aeration is not regarded as a flow-sensitive mixing operation yet Uhl

et al. [72] were able to correlate kZa to T/V, which indicates the concept may have an

expanded usefulness.

2.2.5.4 'Flooding-to-Loading' Transition Point

The flooding-to-loading transition was proposed as a design criterion: it is now defined

either as the impeller speed NF at which sparged gas no longer ascends through the

impeller region (flooding) but is efficiently dispersed throughout the tank by the impeller

(loading) [89], or as the (N, QG) condition at which the impeller begins radial flow

discharge by overcoming the upward axial flow induced by the sparged gas, at Fl = 1.2Fr

[92]. It was found by the Nienow et al. [89] that the transition depends upon D and

v3 , and that at equivalent gas rates, larger impeller diameters prevent flooding at lower

specific power inputs; Warmoeskerken et al. [92] did not even attempt to account for

variation in D/T, and acknowledged that the type and location of sparger exert an

influence. More recently the transition was found at lower N as Iii increased [183].

This approach has two deficiencies. First, it ignores the impeller-sparger separation.

An increase here may establish secondary circulation loops (which serve to carry the gas

bubbles away from the impeller) depending upon the placement of the sparger. Second,

the NF transition is defined by the discontinuity in the plot of the ratio of gassed to

ungassed power P9 /P vs. the flow number Fl. The problems with using Fl were cited in

Section 2.2.2.3. While the power ratio makes for simplified correlation of data, it masks

the absolute value of power itself (which is a much more useful design number). If a

system is sparged, the power drawn when no gas is delivered is almost irrelevant. The



N
kZa

= 1.1 x 10-7 Fio.6 Rem (2.46)

kZa
N

= 1.6 x 10-7 F1o.42 Re l.° (2.47)
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ratio is sometimes confused for power itself (see [183, p. 376]).

2.2.5.5 Correlations to kL a

Nienow and Wisdom [85] claimed that equal specific mass transfer coefficients are ob-

tained regardless of scale at constant N and QG/V. While their data generally are

colinear, they do not provide conclusive support since there is a persistent tendency for

kZa to increase with tank diameter at equivalent N. Also they failed to examine if the

result was independent of impeller clearance.

Smith and Warmoeskerken [184] reported correlations for kZa based on the prevailing

cavity structure:

before large cavities have formed, and

after they have formed. Again, this method suffers from its dependence on Fl.

Cooper et al. [68] in 1944 were the first to correlate the volumetric absorption coeffi-

cient with agitator power consumption and superficial gas velocity:

kLa . en el! vi:.^ (2.48)

van't Riet [185] reprised his earlier comment [142, Section 2.2.3.3] to claim that other

factors, such as sparger type, liquid height, and number, type and placement of impellers,

each have no further influence in a properly stirred tank. However, he was forced to

define the scope in which this 'general' statement applies: liquid height 0.5 < T/HL, < 1.5

and impeller clearance D/HL < C < HL/2. He also acknowledged that the reported

coefficients vary widely: 0.4 < a < 1 and 0 < /9 < 0.7. Finally, he proposed one set

of (c i , a, /3) for pure water and another for 'strong ionic solutions', and these equations



Chapter 2. Study of Gas-Liquid Mass Transfer in Agitated Systems^64

could describe the published data only with scatter of 20 to 40 per cent. Such a result

illustrates the sensitivity of operating conditions and gas distribution on process results.

Moreover there is a fundamental flaw with this correlation: it can only be used if the

energy dissipation rate in the vessel is everywhere equal to ET. Metzner and Taylor [97]

in 1960 found that local rates decreased rapidly within very short radial distances from a

turbine impeller. Cutter [186] had estimated that about 20 per cent of the power input

was dissipated in the impeller, about 50 per cent in the impeller stream, and about 30 per

cent in the rest of the tank. The ratio of local to average energy dissipation rate, (E T/FT .')

was found to vary by a factor of 270 depending upon position in the vessel. Thus, power

dissipation is extremely heterogeneous. Levins and Glastonbury [187] reminded that

since 0 < a < 1 then any factor—including a physical factor such as impeller placement

or D/T ratio—can effect an increase in kLa simply by making the power dissipation more

uniform, even though the aggregate P/V ratio may remain constant. Only if the range

of turbulent energy relevant to mass transfer is uniformly distributed will kLa be truly

independent of geometric factors.

Finally, there is a flaw in the practice of correlation per se: Richards [188] was able

to fit the same data of Cooper et al. (Equation 2.48, a = 0.95, # = 0.67) quite well to

and even to

0.95 ,„0.45

kLa = C12 N̂O.5 D0.52

kL a C13 eT0.4 v0.50 NO.48 .

(2.49)

(2.50)

Clearly the selection of different groups of variables can result in entirely different cor-

relations from the same data. Each equation is 'correct' insofar as it fits the given data

with success, but cannot be expected to produce results congruent with the others when

used for scale-up purposes. Thus there is a need for design relationships which begin to

incorporate fundamental principles.
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2.3 Measurement Techniques

2.3.1 Power Input to Agitated Systems

Prochazka [189] reviewed the initial measurement techniques. Essentially, four different

methods were used: (a) split shaft dynamometers, using springs or torsion bars as the

measuring element [54,119]; (b) differential gear dynamometers [60]; (c) freely rotating

motors, where torque of the shaft is measured [53,62,60]; and (d) freely rotating vessels,

where the torque transmitted by the liquid to the vessel wall is measured [52,57].

Prochazka also described his system of floating the rotating vessel in a larger second

vessel and holding it in place by means of hydraulic bearings [189]. Nienow and Miles

[190] described the use of an air-bearing dynamometer. Nienow and co-workers have

mounted foil strain gauges on the impeller shaft. For their dual impeller system, Kuboi

and Nienow [160,93] placed one strain gauge above each impeller to measure the torque

due to the lower impeller and due to the pair.

2.3.2 Oxygen Mass Transfer

The rate of oxygen transfer in a mixing vessel usually is measured by one of two aera-

tion tests. The rate is measured as the product of the mass transfer coefficient kr, and

interfacial area a. Techniques are available to measure a independently, and thus kr, can

be computed from the measured value of ha.

Non -Steady State Reaeration

In this method the water in the vessel first is stripped of oxygen by the bubbling of an

inert gas (usually pure nitrogen), or by the addition of sufficient sulphite ion to reduce

the dissolved oxygen content to a negligible level. The reabsorption is then followed with
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a dissolved oxygen electrode or by Winkler titration. This gives

lc^
1 — eG Ci — C„

Za =^ ln^
C/ — Ct

(2.51)

so that a plot of the natural logarithm of the normalized concentration vs. time should

produce a straight line with slope kZa.

Steady State Aeration

In the steady state test the rate of oxygen transfer is assumed to be constant, and is

measured chemically by the rate of depletion of a reactive specie. The absorption into

sodium sulphite solution was used by Cooper et al. [68] and since then it has been

employed widely. The over-all reaction

SO32- +02-+ SO4-

gives
d [02 ]^d [S 

dt^2^dt

where the sulphite ion concentration can be determined by iodometric titration.

(2.52)

(2.53)

Measurement of Interfacial Area a

Direct measurements have been made by physical methods. Vermeulen et al. [164],

Calderbank [167,81] and Benedek [165] used a light transmission technique to measure a

in liquid-solid and liquid-gas dispersions. When a probe inside the apparatus is necessary,

it may interfere with flow conditions in its vicinity. The method also is limited to a

maximum area of about 800 m2 /m3 , and only to local measurements of a, which is

known to vary with position in the vessel [167]. Full vertical and radial traverses thus

are necessary to obtain an average for the whole tank.

Preen and Valentin [168,191] used photographs of the dispersion, which requires db

of the dispersion to be known. This technique is liable to the overestimation of surface
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area due to the disproportionate detection of small bubbles which may, under certain

conditions, form a thin 'curtain' at the vessel walls [192]. An alternative technique

involved the induction of a sample of the dispersion through a tube to an external column

where the bubbles were photographed [109]. This also is limited only to measurement of

local samples and may cause disruption of the hydrodynamics in the vicinity of the tube.

Chemical methods have been used more often to determine a. The primary require-

ment of a chemical system is a chemical reaction in the fast regime (Section 2.1.2). So

long as kr, is independent of the hydrodynamics and will not be subject to the bubble

size effect (Section 2.2.4.2), the observed changes in kLa will be caused only by the effects

of the mixing system on a.

Sulphite oxidation with appropriate catalyst and Na 2 S03 concentrations and oxygen

partial pressure is commonly used. Other requirements of this system are a constant

temperature, and negligible gas phase resistance and oxygen depletion in the gas phase.

The absorption of CO 2 in hydroxide solutions also has been employed [79,82]; the

difficulties and precautions have been outlined by Westerterp et al. [79, p. 171]. Other

systems have included the absorption of CO 2 (diluted with air) in aqueous solutions

of alkanolamines, and oxygen (in air) in neutral and acidic solutions of CuCl [82] and

aqueous alkaline solutions of Na2 S2 04 [82 ,150 ].

An estimate of a (and hence, kr,) in any system can be made via the relation

6EG
a= _, .

ab
(2.54)

This requires knowledge of gas hold up eG, which is either calculated by measurement of

the vessel liquid volumes when gassed and when static,

V — VL,
EG = ^ (2.55)

V '
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or estimated from

EG = 
vs^

(2.56)
vt —

where vt is the terminal velocity of bubble rise [84].

Measurement of Mass Transfer Coefficient

In the slow chemical reaction regime, kL = kz. The absorption of diluted CO2 by

carbonate-bicarbonate buffers was used by Mehta and Sharma [82] as a slow reaction.

They then absorbed CO 2 in monoethanolamine solution (a fast reaction) to determine

a. Under identical agitation conditions, and keeping solution properties (ionic strength,

viscosity, density) as constant as possible, lei, for the slow chemical reaction was obtained

by dividing (Icy,a) slow by a.

2.3.2.1 Sulphite Oxidation

The catalysed oxidation of sodium sulphite, as described in Reaction 2.52, has gained

broad acceptance by researchers measuring ha and/or a. The reactants are inexpen-

sive, relatively harmless, and can be used under ambient conditions. Potassium and

ammonium sulphite also have been used but much less frequently.

In spite of its wide-spread use its reaction mechanism still is not entirely clear; and

its kinetics, still not well defined, are sometimes misunderstood.

The Reaction Mechanism

Titoff [193] in 1903 suggested that sulphite and cupric ions formed a complex ion which

reacted quickly with oxygen. BackstrOm suggested [194] and then developed [195] a

chain reaction mechanism, activated either by molecular activity or absorption of a light

quantum hv. The free-radical chain mechanism, adapted below for a cobalt catalyst,
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now is generally accepted [196,197,198,199] to follow:

SifA- [Co(H2 0) 6 ]3+^.SO;^o(H20)612+
^

(2.57)

+ 02
^ (2.58)

+ .503- -24 SOr + .s0;^(2.59)

SOr + .503- -1+ 2,504-
^

(2.60)

Reaction 2.57 is the initiation step whereby cobaltic hexaquo complex ions abstract an

electron from sulphite ions to produce active centres. Reactions 2.58 and 2.59 generate

more active centres plus SOr , which oxidizes the sulphite to sulphate ions.

The above sequence provides no mechanism for the regeneration of the cobaltic

specie, however. In the absence of complexing agents, the oxidation back to Com is

very unfavourable [200]. A possible mechanism could be oxidation via the SOr which

would be generated in Reaction 2.59. The unique oxidizing capability of the S02-02

(i.e. SO3- -02) system has been demonstrated industrially (e.g. the INCO-S02 cyanide

oxidation process). Applying the mechanisms proposed by DeVuyst et al. [201], an

activated complex of CoSO5 might react with Con according to:

CoSO5 + Con + 2H+ 2Com SO4- + H2 O.^(2.61)

Hayon et al. [202] suggested a role for the radical .SOT in place of SOg - in Equa-

tions 2.59 and 2.60, but they could not detect it by its electronic spectrum.

Barron and co-workers observed that in homogeneous solutions Equation 2.58 was

rapid and thus not rate-limiting [196,197]. They also assumed that free radical termina-

tion occurred through the formation of inert products, with .SOr being rate-limiting:

.SCC —+ ... terminal products^(2.62)
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.SO;^... terminal products^(2.63)

+^---+ ... terminal products.^(2.64)

Catalysis and Inhibition

The catalytic effects of copper [193,194], cobalt [203,204,205] and nickel [205] were ob-

served very early. The results of Reinders and Vles [205] showed copper to be most

effective in neutral and acidic solutions, and nickel and cobalt only in alkaline.

Alcohols [206] and hydroquinone [207] are known to inhibit the reaction. Titoff [193]

believed inhibitors acted by complexing with and rendering inactive the positive catalysts.

Use of Sulphite Oxidation as a Model Reaction

Benedek [208] investigated the effects of the sulphite solution on oxygen solubility, oxy-

gen diffusivity, viscosity and surface tension. Below 0.8M Na2 SO3, only the change in

surface tension influenced the mass transfer rate (by altering coalescence and dispersion

behaviour).

Cooper et al. [68] used a 1.0M solution of Na 2 SO3 but by the mid-1960's a standard

concentration of 0.8M Na2 SO3 (100 grams per litre) became popular. Kountz [209], on

the other hand, recommended only 0.004 to 0.008M for reaeration device testing. A

smaller group of researchers has used lower concentrations: Astarita et al. [210], down

to 0.00375M; Bengtsson and Bjerle [211], 0.01M; and DeGraaf [40], 0.005 to 0.03M.

Cobalt now is used as a catalyst more frequently than copper. Linek and Bene;

[212] gave results indicating the reaction with copper catalyst (10 -3M CuSO4 , 0.5M

Na2 SO3) was not always sufficiently fast to keep kL independent of the hydrodynamics.

The results of Schultz and Gaden [213] are ambiguous but it appears that under their

conditions (10-4M CuSO4 , 0.075M Na2SO3) the chemical reaction was made slower than

the absorption rate: thus the over-all rate was independent of both icy, and a. Either case
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would make a copper catalysed reaction system unsuitable for determination of interfacial

area.

Reinders and Vles [205] noted a decrease in reaction rate with decreasing pH and

postulated this was due to the increasing solubility of their proposed insoluble Co(OH) 2

catalyst. A more certain concern would be the effect upon dissociation equilibria such as

HSO; H+ SOr"^ (2.65)

which are dependent upon [H+].

Linek and Vacek [199] reviewed some proposed correlations which account for pH,

temperature, cobalt concentration and activation energy. However, they are valid only

within the particular ranges of the variables in which they were defined, and some ex-

trapolate poorly at values beyond.

For use in determining the volumetric mass transfer coefficient, the gas phase resis-

tance has been determined to be negligible [213,155,79,214].

Reaction Kinetics

The rate equation for the over-all reaction described by Reaction 2.52,

SO + 102 -+ S0 24-

can be expressed as
d [02]^qoso, CT2 Cka2s03dt (2.66)

where m is the reaction order with respect to oxygen, n with respect to sulphite and r

with respect to the catalyst. But as Linek and Vacek [199] have reviewed, the values of

m, n and r vary widely with concentration ranges and experimental conditions. Thus,

for the commonly used heterogeneous reaction, reaction orders of zero and one have been

reported for all three species, and for oxygen (m) an order of two as well.
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Generally, the reaction is of zero order in sulphite, although there is wide disagreement

about the concentration below which the order becomes one.

For oxygen, Linek and Vacek give the empirical rule:

m = 2

m = 1

for Ch. , < 3.6 x 10-4M; and

for CA
2 -

> 7 x 10 -4M.
.-- 

(2.67)

Thus under most instances, oxygen in air under ambient conditions will obey a reaction

order of two. At low concentrations of Na2 S03, an order of zero was found by Astarita

et al. [210] (10-4 to 10-3M CoSO4 , 0.2 to 1 atm 02 , and 0.06M Na2 S03) and by Bengtsson

and Bjerle [211] (10 -8 to 10-4M CoSO4 , 0.04 to 0.2 atm 02, and 0.01M Na2 S03).

An order of one in cobalt catalyst is almost always observed, although Bengtsson and

Bjerle [211] reported zero (Ccoso, < 10-7M) and one-half orders (Ccoso, > 5 x 10-8M).

The reaction orders for the homogeneous 18 reaction have been summarized by Linek

and Vacek as well; these differ systematically from the heterogeneous reaction. Sawicki

and Barron [198] related the difference in apparent activation energies for the two reaction

methods to different rate controlling steps in the reaction sequence. They concluded that

the rate of the heterogeneous reaction is affected by a diffusion-limited regeneration of

the catalyst.

2.4 Closure

In Section 2.2.3, studies into the individual elements of system design were reviewed to

explain their effects on power consumption/energy dissipation rate and bulk flow pat-

terns. In Section 2.2.4, the sensitivity of the interfacial area and mass transfer coefficient

to the these environmental conditions was assessed. But the linking of the two fields

unfortunately is not straightforward.

18In the homogeneous reaction, sulphite solution reacts with water in which oxygen has already been
dissolved.
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The objective of the experimental design is to identify and describe those physical

variables which distribute the liquid flow, energy and dispersed gas bubbles in a manner

which yields the maximum volumetric rate of oxygen transfer, or the maximum ratio of

oxygen transfer to power consumption.

Equation 2.36,

Nv = 
ese, 2g 

1.2 D2 '

defines the interesting condition of the critical tip speed where vortex aeration becomes

theoretically possible. Yet this result went unnoticed by subsequent researchers.

DeGraaf [40] seized upon the underlying principles to propose a design criterion for

gas pumping agitators. He defined the potential energy of a gas bubble of volume VB at

depth Z below the hydrostatic surface,

Ep = gZ(pD — PG)VB,
^ (2.68)

where pp and pG are the densities of the dispersion, and the kinetic energy of a volume

of the dispersion moving with the tip speed of the impeller,

E K = ippVp(r-ND) 2 .^ (2.69)

An ideal impeller will transform the kinetic energy of a unit volume of slurry at depth Z

into the potential energy of a unit volume of bubbles at the same depth; thence

PDV•p(7rND) 2 -.a gZ(pD — PG)VB.

With VD = VB and, for most cases, (pp — pG) L'e pp, Equation 2.70 reduces to

(rND) 2 = 2gZ, or

(2.70)

(2.71)

    

29Z Nv . ,i1
7r2 D2 • (2.72)
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The right-hand side of Equation 2.72 may be made independent of impeller geometry by

expressing the impeller tip speed as Nv7rD. Then the critical tip speed of the impeller,

vc , may be defined as

vc = /2gZ.^ (2.73)

This means that impeller immersion depth should be the sole determinant of the tip

speed at which an impeller begins to pump gas.

He was able to confirm experimentally, in principle, this fundamental relationship.

Departure from ideality—i. e. values of vt /gZ other than 2—was noted, due to effects

within the mixing vessel such as viscosity, flooding of the impeller, direction of impeller

discharge, and wall and baffle effects. Each of these acts to prevent perfect transformation

of energy at the impeller tip; thus, departure from the ideal case of vt/gZ = 2 becomes

a tangible measure of the efficiency of the mixing system.

If the effects of those variables which cause departure from ideality can be system-

atically investigated, it should be possible to specify and scale up to new systems based

on the ideal, designing so as to optimize the departures. The reliance on generalized,

scale-dependent correlations can then be reduced, if not eliminated, through the use of

this more fundamental approach.



Chapter 3

Experimental

3.1 Physical Apparatus

3.1.1 Mixing Vessel

The mixing vessel is shown in Figure 3.1. It was constructed of 14" clear acrylic plexiglass

with bonded seams down the side of the cylinder, between the cylinder and its reinforced

extension, and between the cylinder and the near-hemispherical "dish" bottom.

A line denoting the operating volume of 200 litres was scribed on the outside at a

point just below the extension, with 27 litres in the dish and 173 litres in the cylinder.

The vessel was designed as a one-tenth scale replica of the 2000 litre Cominco mixing

model at Trail, B.C. used by DeGraaf [40]. There were three purposes to this design:

1. To generate data in a 200 litre vessel, intermediate to those of DeGraaf at the twenty

and 2000 litre scales, providing results at three orders of magnitude to assess the

sensitivity to scale;

2. To study mixing where the interaction between the impeller and the tank is mini-

mized, approaching the case of an impeller in the ocean;

3. To study mixing in the industrial configuration. While a horizontal arrangement

was originally contemplated, it could not be pursued because of the importance of

purpose 2. Baffles were then inserted to induce flow conditions characteristic of

those found in the industrial vessels.

75
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All dimensions in cm

Figure 3.1: Dimensions of the mixing vessel.

The baffles were made of lucite, with width 6.1 cm or T/10. They extended up into

the freeboard to permit complete baffling of the vortex, and had angled bottom ends to

rest against the curvature of the dish.

3.1.2 Impellers

Two types of impellers were examined:

(i) four-bladed axial flow (upward pitch)

(ii) six-bladed radial disc.

Two families of radial disc ("Rushton") impellers were tested:

(i) with varying over-all diameter D

(ii) with varying disc diameter Dd (at constant D).
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Dimensions in mm

Radial Disc Impellers
D L W Dd Dd/D

183 46 37 137 0.75
229 57 46 152 0.67
229 57 46 171 0.75
229 57 46 194 0.85
279 70 56 210 0.75

40170013
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D

Figure 3.2: Types and dimensions of the impellers.

The dimensions of these impellers are displayed in Figure 3.2. They were attached to the

agitator shaft by set screws, and two impellers could be easily attached to and adjusted on

the shaft. The shaft and impeller(s) were coated with Glyptal paint to prevent corrosion.

3.1.3 Assembly

The initial assembly is shown in Figure 3.3. The vessel rested in a sand-filled box and

had two additional particle-board brackets to maintain vertical alignment and absorb

shock. The vessel could not move (turn) due to the packing of sand, and the box itself

was restrained by the handi-angle brackets which formed the assembly frame.
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Figure 3.3: Initial assembly with vessel fixed in sandbox.

The agitator shaft was held and aligned by two shaft bearing assemblies. These were

mounted on angle brackets which permitted centering of the shaft along the cylindrical

axis of the vessel. Similarly an idler shaft was mounted to one side, which could be moved

to allow snug adjustment of the v-belt between the idler and agitator shaft pulleys.

A one-horsepower 1725 rpm motor was mounted on a free-floating bearing, and the

bearing was inserted in a steel plate. In turn, the plate was fastened to angle bracket

"runners" which permitted x — y movement of the motor to provide snug adjustment of

the v-belt between the motor and idler shaft pulleys.

When the need for more accurate determination of power consumption values was

assessed, the assembly was changed (Figure 3.4). The vessel was placed in a circular
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LJ

D: brackets with roller
F^bearings

F: Steel bearing shoes

D^G: turntable mounted on
needle thrust bearing

G

Figure 3.4: Assembly with freely-rotating vessel.

sandbox, which in turn was mounted on a turntable with a needle thrust bearing, which

permitted free rotation of the vessel about its cylindrical axis. Two plywood brackets

were placed at one-third intervals up the vessel, and three roller bearings were mounted

in each at 120° offsets. The bearings were aligned to just touch curved steel bearing

shoes which were strapped around the vessel. The contact of bearing on steel provided

the necessary vertical alignment as well as unhindered rotation.

The steel shoes gave a smooth surface of constant radius of curvature on which the

bearings could impinge (the vessel cylinder was fabricated from a sheet of plexiglass and

was not a perfect circle itself). As well, the steel contact surface could absorb undue

shock that might have arisen in the system and thus prevented cracking of the plexiglass.
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3.2 Measurement Technique

3.2.1 Oxygen Consumption

3.2.1.1 Reaction Chemistry

The reaction describing the consumption of oxygen in sulphite solution was given in

Reaction 2.52:

S03-- + lo2 -- s024-. (3.1)

As the reaction proceeds in the vessel the sulphite ions will be depleted (by reaction

with oxygen). The concentration of sulphite ion in a sample taken at any time can be

determined by titration with iodine solution:

503- -1- 12 + OH- -+ S01- + 21- + H+ (3.2)

The strength of the iodine solution can be determined by titrating against thiosulphate

solution of known strength:

2520r + .12 -4 S406- + 21- (3.3)

If the quantity of iodine solution required to titrate against the sulphite in each vessel

solution sample is recorded and plotted against the elapsed time at which each vessel

sample is taken, the slope of the curve will represent the depletion rate of sulphite ion. By

Reaction 3.1 this is stoichiometrically related to the oxygen supplied and thus the oxygen

consumption rate for the particular system (temperature, pressure) can be established

by:
d[021 _ 1 d[I2 } 

dt — 2 dt (3.4)

Figure 3.5 shows the form of a typical iodine titration curve.
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Sulphite Ion Depletion Titration Curve
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Figure 3.5: Typical iodine-sulphite ion titration (rate) curve.
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3.2.1.2 Reagents, Preparation and Procedure

Anhydrous sodium sulphite was weighed out in 500.0 gram samples. A six litre erlenmeyer

flask was filled almost fully with warm tap water. The crystals were funnelled into the

flask, which was sealed with a rubber stopper and stirred with a magnetic stirring bar

for about ten minutes to achieve complete dissolution.

Reaction 3.1 is catalysed by the cobaltic ion. A 9.540 gram sample of CoSO 7T-T 0_ __ -4*. -2 _

was dissolved in a little tap water with 3.0 me of sulphuric acid. The flask was opened to

add the cobalt solution, then resealed and stirred for about ten seconds to mix completely.

The dish of the vessel was filled with ambient tap water. A siphon hose drained the

flask contents by gravity into the pool of water with minimal exposure to the air. After

the flask was emptied the flow of tap water to the vessel was resumed. The hose end

was weighted to maintain submerged delivery, to prevent air from being entrained by the

jetting of a stream of water above the liquid surface. The turbulence of the immersed

water stream provided sufficient blending of the entire vessel contents. Scavenging of

dissolved oxygen in the tap water was assumed to be complete in the approximately ten

minutes it took to fill the vessel to the 200 litre mark.

3.2.1.3 Sample Taking

Two sets of fourteen-60 me plastic sample bottles were available for sample acquisition.

Each was purged with nitrogen and left inverted prior to experimentation.

The sampling apparatus consisted of two rods of length one metre. One had a wire

basket at its end to hold a sample bottle; the other had a flask stopper fixed to its end.

When a sample was to be taken, an inverted bottle was placed in the basket and the

stopper inserted upward. The two rods were then returned upright and immersed into

the vessel to place the stoppered bottle against the vessel wall at a point 30 cm below
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the (static) liquid surface. The stopper was then removed and solution allowed to fill the

bottle while the nitrogen bubbled out. The bottle was then withdrawn from the vessel,

removed from the basket and capped.

When preparation prior to an experiment was complete, a sample of the unagitated

solution was withdrawn, assigned a time t = 0 and titrated immediately. The agitator

motor was then started and elapsed time commenced from this point. Samples of solution

were then withdrawn so as to provide twelve to fourteen data points spanning the duration

of sulphite ion oxidation.

The samples were titrated at the earliest opportunity, usually while the experiment

proceeded. This provided an estimate of the duration of the test and allowed an optimum

sampling frequency. The end-point of the experiment could then be ascertained by the

last few titration values and/or a subtle colour change in the bulk solution (from pale

canary or rust to clear).

3.2.1.4 Sample Titration

The standard titrant for sulphite ion determination was an iodine solution, approximately

0.0125M I2 . It was prepared by dissolving a quantity of iodine (about 6.3 grams) in a

small amount of distilled water and about 40 grams of potassium iodide. When all the

solid iodine had dissolved, the solution was diluted with distilled water in a two litre

volumetric flask.

A 10 me aliquot of sodium thiosulphate was used to standardize the molarity of the

titrant. A quantity of Na2S203.5H2 0 was weighed accurately and dissolved in distilled

water to produce a solution of known molarity (close to 0.1000M Na 2 S2 03).

Iodine solutions need attention on two accounts. The first is due to incomplete disso-

lution of 12 solids during solution make-up. If there is some iodine which did not dissolve

in the first small mixture with KI, then complete dissolution is very slow in a diluted
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(0.0125M) solution. Thus, the molarity may increase slightly with time; a two litre flask

of iodine solution would last approximately ten experiments.

The second account is deterioration of iodine solution by direct exposure to sunlight

[215]. In this instance, the molarity may decrease slightly with time.

Every care was taken to ensure complete initial dissolution (by visual inspection)

and storage in a dark cupboard when not in use. As a safeguard, the Na 2 S2 03 solution

used in the initial standardization was retained to perform a recheck when the flask of

iodine was nearly exhausted. The discrepancy was less than about 0.2 per cent and was

apportioned linearly by time (viz. days) to the experiments performed.

The indicator used for iodine-sodium sulphite titrations was a simple starch suspen-

sion. It was prepared by mixing a little solid starch, dissolved water and acetic acid. The

bottle was shaken prior to the withdrawal of one or two drops for the titration.

3.2.2 Power Consumption

The principle of power measurement is derived from Newton's Third Law: to every force

acting there is always a force equal in magnitude and opposite in direction. Practically,

the force supplied by the motor to the agitator shaft is equivalent to the force of the

agitator impeller acting on the mixing tank. More specifically, the force supplied by the

motor, less slippage losses at the motor pulley, idler pulley and (agitator) shaft pulley

and their connecting belts, is equivalent to the force applied to the mixing tank contents.

Power is the measurement of a force, acting over a distance, over an interval of time

(i.e. the time rate at which work is done). For a constant moment M with direction

parallel to the axis of rotation:

power = 
dU 

= 
d

(Md6) = Mde = Mw.
dt^dt

(3.5)

Equation 3.5 is then applied to the motor and vessel.
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3.2.2.1 Power at the Motor

Thus at the motor (Figure 3.6), M is the product of:

( the reading on the spring balance^gravitational
x^--_,T: F, and

attached to the motor arm^constant

( the distance from the axis of rotation to

fixed spring balance

Figure 3.6: Lever arm dimension (cm) of motor: plan view.

3.2.2.2 Power at the Tank

The torque at the tank was calculated similarly (Figure 3.7). The spring balance was

attached to the turntable, and the lever arm was the distance from the axis of rotation

to the point of attachment. The rotational speed at the impeller shaft gave w.

--.E lever arm.
the point of attachment on the motor arm

Then, w is the product of:

(rpm/60 as measured at the motor shaft) , in rev/sec, and

27r rad/rev.
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fixed spring balance

Figure 3.7: Lever arm dimension (cm) of mixing vessel: plan view.

3.2.2.3 Instruments and Procedure

The rpm of the shafts was measured using a hand-held tachometer. Typically this was

done for ten consecutive measurements, with the cumulative reading divided by ten and

recorded. Such measurements were taken between one and four times per sampling

interval. The over-all rpm was the time-average of all recordings.

Small pulleys were fastened to the shaft ends to provide sufficient contact area for

the bevelled rubber end fitting of the tachometer. In some instances the idler pulley rpm

was also measured to provide an estimate of the location and magnitude of belt-pulley

slippage.

Ohaus spring balances of ranges 0.10, 0.50, two, five and ten kg were used to measure

the load of the motor and tank turntable. Nylon line was used for the connections.

Balance readings were recorded for both the motor and turntable between one and four

times per sampling interval. The over-all balance reading was the time-average of all

recorded values.
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Results

4.1 Overview and Data Treatment

Three hundred and fifty five experiments were completed. Data were tabulated to eval-

uate for each of the impellers:

• The adherence to the critical tip speed equation (Equation 2.71);

• The effect on oxygen transfer rate, power consumption and oxygen transfer effi-

ciency (the quotient of these two terms) of: (a) baffles; and (b) impeller diameter,

as a function of immersion depth and impeller tip speed.

As well, investigations were made into:

• Impeller type: axial flow vs. radial flow;

• Effect of impeller disc size; and

• Dual impeller systems, without baffles.

The titrations to measure sulphite depletion provided curves from which rates of

oxygen absorption could be estimated. Results are sometimes reported in the literature

as (kg 02 /m3 .min), but this restricts their utility only to the temperature at which they

were obtained. The solubility and diffusivity of oxygen vary with temperature and, as is

shown in Appendices A and B, these effects can be significant even over small temperature

ranges.

87
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From the general equation for the rate of oxygen absorption,

R = 14, • a • (C I — Cb )^ (4.1)

in moles/volume•time, the oxygen solubility term'. can be divided from the measured

value of R. Oxygen diffusivity is linked to the mass transfer coefficient by II oc D8 2 and

thus cannot be factored out entirely. However, it can be normalized 2 from the observed

temperature T to a reference, e.g. 7,0 2 at 20°C. Assuming the volumetric surface area a

does not vary substantially with temperature, the oxygen transfer rate can be expressed

as the mass transfer parameter Kg ,
Ta

s=.2
o ) n

KY = ky, • a ( -- -
Doe

(4.2)

in units min-1 . This facilitates the comparison of data, and greatly assists in modelling

endeavours as described in Section 1.2.2. For this work, n was assumed' equal to 0.5.

4.1.1 Reproducibility

Table 4.1 summarizes data from an initial series of experiments (D = 23 cm, Z = 10 cm,

unbaffled) which give an indication of the experimental error. The large error in the

power measurement arises because in these runs the value of P is the small difference

between two similar numbers—the power at the motor during the experiment and when

running empty. The error decreases as the Pnet becomes larger.

Another view of reproducibility is given in Figure 4.1. In this instance only three

pairs of experiments were made, but on different dates and with greater variability in

water temperature.

'Estimation of oxygen solubilities is given in Appendix A.
2 Normalization factors are given in Appendix B.
3Experimental justification appears in Section 6.1 and Figure 6.1.
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Table 4.1: Comparison of Repeat Run Results

Run
#

Tavg

°C

v
misec

R x 100
Trik g--12.) -3.min

KY (p/sr)
min-1

KY (film)
min-1

P
W

Ii2u(iciYs°

(kW hr) -1

7 9.2 1.78 0.0734 0.0761 0.090 4.7 972
6 9.3 1.79 0.0799 0.0829 0.097 5.2 962

± Per Cent Deviation from the mean 4.3 3.7 10 0.5
10 9.8 2.54 0.321 0.334 0.389 14.7 1367
8 9.9 2.54 0.289 0.300 0.350 13.5 1337
9 9.8 2.55 0.303 0.314 0.367 11.9 1585
11 9.9 2.55 0.284 0.295 0.344 14.7 1209

± Per Cent Deviation from the mean 7.4 7.3 13 15
13 20.4 2.99 0.492 0.535 0.532 27.1 1187
12 11.0 3.00 0.520 0.543 0.622 20.1 1623
14 18.3 3.03 0.487 0.525 0.538 25.5 1233

± Per Cent Deviation from the mean 1.8 10.3 17 20

Experimental Determination of v E
Radial Disc Impeller, D = 23 cm Z = 30 cm Unbaffled

0
..2^243 2.5 258^3^3.5^4

Impeller Tip Speed, v misec

Figure 4.1: Reproducibility over Different Time Intervals

4.5 5
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These data are also presented in Table 4.2 and show that the error in the value

of P falls as the magnitude of P increases. As was seen for runs 12-14 in Table 4.1,

the deviation in KG is greater when corrected for diffusivity by the film theory, which

supports the selection of the penetration/surface renewal theory correction factors.

Table 4.2: Reproducibilty Data over Different Time Intervals

Run date Zwg v R x 100 no (p/sr) no (film) P KY(Plsr)

# y-m-d °C m/sec 2550--?tn
min-1 min-1 W (kW hr) -1

111 mrt

35 88-04-21 13.5 3.34 0.309 0.326 0.359 44.9 436
165 88-08-12 17.9 3.38 0.307 0.330 0.340 39.9 496
± Per Cent Deviation from the mean 0.6 2.7 5.9 6.9

92 88-06-10 13.3 4.00 0.580 0.611 0.675 55.4 662
342 89-03-08 9.0 4.01 0.607 0.629 0.744 58.4 752
± Per Cent Deviation from the mean 1.4 4.9 2.6 6.8

53 88-05-04 12.9 4.71 0.851 0.895 0.995 74.5 721
58 88-05-07 14.5 4.68 0.846 0.896 0.972 70.9 759
± Per Cent Deviation from the mean 0.1 1.2 2.4 2.6

Radial Disc Impeller, D = 23 cm, Z = 30 cm, Unbaffled

4.1.1.1 Power Consumption Measurements

When the vessel was mounted in the fixed sandbox (Figure 3.3), power consumption was

calculated by first subtracting the power requirement of the impeller running in air from

the power measured at the motor during the experiment. From this was subtracted a

quantity based on the ratio of the impeller shaft speed which should have been delivered

by the motor (i.e. the impeller speed running in air, but deflated for the decrease in

motor rpm output as it is works under a load) and the impeller shaft speed measured

during the experiment. This was attributed to losses in the drive system between the

motor and impeller shafts which includes belts, pulleys, the idler shaft and shaft bearings.

This quantity typically was less than 1 watt, although in one case when the impeller shaft

rpm was 369 empty and 297 during the experiment, it computed to 98 watts.
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Scatter of Unaccounted Power Losses (Gains) as Function of Power at Motor
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Figure 4.2: Distribution of Unaccounted Power Losses in the Baffled Vessel

When the sandbox was allowed to rotate freely, power at the tank was measured

as described in Chapter 3, but motor power measurements were continued as before to

establish a data base to compare the two methods of measurement. The results are shown

in Figures 4.2 and 4.3 with the unaccounted losses (the difference between [net motor

power minus the 'pulley losses'] and the power measured at the tank) plotted against the

net motor power minus pulley losses. In the baffled vessel the scatter can be reasonably

accounted for by an error band of + 10/- 5 per cent; the five data points above 60 W

were measured using a suboptimal spring balance at the motor. In the unbaffled vessel

the data can be described by an error band of ± 22 per cent. Noteworthy is the much

smaller abscissa scale, with the largest P(motor) being only 103 W. The absolute value of

the unaccounted power is not as large as in many of the baffled vessel experiments, but of

course is plotted relative to the much smaller abscissa. Figure 4.3 illustrates the difficulty

in obtaining reliable power measurements when using the difference between the motor

power during the experiment and when running empty. When both numbers are small
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Scatter of Unaccounted Power Losses (Gains) as Function of Power at Motor
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Figure 4.3: Distribution of Unaccounted Power Losses in the Unbaffled Vessel
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and of comparable magnitude, the sum of the errors associated with each measurement

can be a large percentage of the small difference between them.

4.2 The Critical Tip Speed vc

Since by the theory of the critical tip speed given in Equation 2.73, Section 2.4

vc = V2gZ ,

0

a line with slope (2g)• on the plot of v vs. Z• 5 will define the theoretical minimum tip

speed vc required for an impeller to pump gas at a given immersion depth Z. Thus the

alignment of experimental data on this plot will determine the validity of the theory, and

characterize the nature of gas pumping of each impeller.

Data for the four impellers were first plotted as KG vs. v; the linear portion of each

curve was extended to the abscissa to determine the experimental critical tip speed vE.
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4.2.1 Unbaffied Vessel

Values of vE are given in Table 4.3. The number n of data points used and the coefficient

of determination R2 are a measure of the reliability of each vE. While often only three

data were present in the linear region, the values of R 2 for these usually exceeded 0.99,

which indicates the condition of linear behaviour was identified experimentally.

Table 4.3: vE Data in the Unbaffied Vessel

Immersion
Depth
Z, cm

vc
m/sec

Radial Disc, D = 18 cm Radial Disc, D = 23 cm
vE

m/sec
data,

n
correlation

R2
vE

m/sec
data,

n
correlation

R2
10 1.40 1.75 4 0.941 1.61 10 0.973
15 1.72 1.94 3 0.998 2.11 7 0.983
20 1.98 2.16 3 0.980 2.18 4 0.996
25 2.21 2.44 3 1.000 2.28 4 0.999
30 2.43 2.46 5 0.973 2.58 10 0.995
35 2.62 2.45 4 0.962 2.87 3 0.998
40 2.80 2.94 3 0.998 3.02 5 0.994
45 2.97 3.09 3 0.999 2.96 4 0.997
50 3.13 3.14 3 0.989 3.26 4 0.974
Z vc Radial Disc, D = 28 cm Axial - Upward, D = 23 cm
10 1.40 2.01 4 0.992 2.41 3 1.000
15 1.72 2.46 3 0.999 ... ... ...
20 1.98 2.76 3 0.999 2.64 3 0.999
25 2.21 2.92 3 0.998 ... ... ...
30 2.43 2.98 3 1.000 2.78 3 0.999
35 2.62 3.18 3 0.990 ... ... ...
40 2.80 3.31 3 0.998 3.16 4 0.996
45 2.97 3.35 3 0.994 ... ... ...
50 3.13 3.39 3 0.995 3.62 3 0.994

These results are plotted in Figure 4.4. While the regression line for the 18 cm impeller

shows some curvature, this is due mainly to difficulty in defining the true linear portion

in some of the Kg' vs. v plots.
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Experimental Estimates of Critical Tip Speed
Radial Disc Impellers Unbaffled T = 61 cm

(Immersion Depth, Z) 1  cm 112

Figure 4.4: Experimental and Theoretical Critical Tip Speeds—Unbaffied Vessel

Generally, the data follow the theoretical line very closely. Although the they do

appear to converge slightly to the theoretical line at the deeper immersions, values of vE

rise with Z• 5 at close to the same slope as predicted by the theory. Linear regression

against the theoretical line gives relative slopes (and R2 ) of 0.82 (0.950), 0.90 (0.966) and

0.77 (0.951) for the 18, 23 and 28 cm diameter impellers respectively.

The departure from ideality may be assessed by the offset from the theoretical line;

this offset, or 'energy penalty', increases as the impeller diameter increases in relation to

the vessel diameter. That is, in a right-cylindrical unbaffied tank, a greater tip speed is

required by a larger impeller to begin to pump gas. The regression slopes suggest that

for all three impellers this offset—the magnitude of extra tip speed required to initiate

gas pumping—tends to decline gradually with V-5.
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4.2.2 Baffled Vessel

Values of vE are given in Table 4.4. The 18 and 23 cm diameter impellers were able to

sustain a vortex at Z = 10 cm in spite of the baffles. The vortex was not always stable,

and Figure 4.5 for the 23 cm impeller suggests a hysteresis over intermediate ranges of

tip speed. For instance, run #355 began with a stable flow pattern but a vortex broke

through to the impeller at 7:29 into the run. At a faster tip speed, run #248 began with

a vortex but reverted to the typical flow after 30 seconds.

Table 4.4: vE Data in the Baffled Vessel

Immersion
Depth
Z, cm

vc
m/sec

Radial Disc, D = 18 cm Radial Disc, D = 23 cm
vE

m/sec
data,

n
correlation

R2
vE

m/sec
data,

n
correlation

R2
10 1.40 2.61 3 1.000 2.10 4 0.998

10 cm vortex 1.96* 3 0.999 1.53 4 0.977
20 1.98 2.64 3 0.999 2.21 3 1.000
30 2.43 2.84 5 1.000 2.32 4 0.994
40 2.80 3.09 3 0.991 2.54 3 0.997
50 3.13 3.12 3 0.984 2.81 3 0.891
Z vc Radial Disc, D = 28 cm
10 1.40 1.86 4 0.996
20 1.98 1.94 4 0.995
30 2.43 1.86 5 0.990
40 2.80 2.13 5 0.991
50 3.13 2.31 3 0.954

For D = 18 cm and Z = 10 cm only two rate data points were obtained with typical

flow; the third run developed a vortex before sampling could establish the oxygen transfer

rate R. The R result for the same v at Z = 20 cm was used as the third data point. Since

KG at Z = 10 would be greater or equal to that at Z = 20, this substitute data point

will inflate the vE estimate. However, R2 of the three points (0.999) suggests this is not

a poor substitute. This point is indicated by the dotted regression curve in Figure 4.6.
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Figure 4.6: Experimental and Theoretical Critical Tip Speeds—Baffled Vessel
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When four T/10 baffles are present, the critical tip speed behaviour is very different.

Figure 4.6 illustrates how vE increases only very slowly until the immersion increases

beyond about mid-vertical height. Data at Z = 50 cm were difficult to obtain (large power

requirement, slow transfer rate) and displayed poor linearity, making the estimation there

of vE difficult.

The remarkable feature in the baffled vessel is the crossing over the theoretical line

for at least the two larger impellers. The data align into a family of curves where the

vertical offset is opposite to that in the unbaffled vessel: the larger diameter impeller

now begins to pump gas at a lower value of v.

The ability of the impellers to pump gas below the theoretical tip speed at deep

immersion indicates the aeration mechanism in these instances cannot be described solely

by the impeller tip energy balance. More power is required to turn an impeller in a vessel

when baffles are used, due to their opposition to flow of the discharged liquid. There

must be a contribution to gas draw-down caused by the energy associated with these

liquid discharge streams.

4.2.3 Upward Pumping Axial Impeller

The upward pumping axial impeller (D = 23 cm) used for the dual impeller experiments

was studied in the unbaffled vessel. Since in this case it produces a vortex but at the

same time generates axial flow, its flow should show characteristics of both unbaffled and

baffled radial flow impellers. It is compared with the radial disc impeller (D = 23 cm)

in the unbaffled and baffled vessel in Figure 4.7. The vE for the axial impeller is larger

than either of the radial disc impeller applications. A surprising feature is the nearly

parallel offset from the curve for the baffled 23 cm radial disc impeller. In fact it is nearly

identical to the curve for the baffled 18 cm radial disc impeller shown in Figure 4.6.

The axial impeller was studied only twice by itself in the baffled vessel. For the sake
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Experimental Estimates of Critical Tip Speed
Comparison of Impeller Type T = 61 cm

2^3^4^5^6
^

7
^

8

(Immersion Depth, Z)1/2 cm 1/2

Figure 4.7: Comparison of vE and vc for (Upward) Axial and Radial Disc Impellers

of comparison in Table 4.5, results for the baffled radial disc impeller were interpolated

from data at Z = 10 and 20 and Z = 40 and 50 cm.

Table 4.5: Comparison of Axial and Radial Disc Impellers in Baffled Vessel

Impeller Immersion tip speed
Type Depth, Z v If6° P R.O.T.E.

cm m/sec min-1 watts kW hr-1

Radial 15 3.48 1.586 327 291
Axial 15 3.48 1.626 77.0 1270
Radial 45 3.49 0.404 380 63.8
Axial 45 3.49 0.030 88.1 20.4

At the shallow immersion the axial impeller may give a comparable oxygen transfer

rate and certainly is more efficient, but of prime importance is the fact the data used for

the radial disc at Z = 10 cm correspond to the condition w ithout the vortex. Also it is

uncertain if the froth layer developed by the axial impeller at Z = 15 cm would give a
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transfer rate at 10 cm similar to the vortex condition of the radial disc impeller. It is

apparent, though, that at deeper immersion the axial impeller is poorer both in rate and

efficiency, and that its transfer rate is much more sensitive to immersion depth.

4.3 Effect of Baffles on the Rate and Efficiency of Oxygen Transfer

Baffles were used to increase the physical interference of the mixing environment. When

absent, the effect is minimized and the vessel approaches the ideal case of an impeller

rotating in an ocean. When present at the so-called `fully-baffied condition' (B = T/10),

the effect is accentuated and departures from ideality can then be assessed.

Figures 4.8 to 4.10 compare the effect of baffles on Ke, the power consumption P,

and the relative oxygen transfer efficiency4 defined as

R.O.T.E. = KY 
' 

(kW hr) -1
P 

(4.3)

at five immersion depths for the three impeller diameters. It is important to note the

ordinates in each pair of graphs are not always identical, and that two ordinates are

sometimes employed on the same graph. This was done to keep the effect of immersion

depth from being obscured by too narrow a band of scaling.

4.3.1 Effect of Baffles on the Rate of Oxygen Transfer Ke

Graphs (a) and (b) in Figures 4.8 to 4.10 show the general trend that KG is enhanced by

the introduction of baffles. This enhancement increases as impeller diameter increases,

and is more pronounced at the shallow immersions.

4To obtain oxygen transfer efficiency values in the units of kg 02/m3 .k Whr (adopting the penetra-
tion/surface renewal theory), the value of R.O.T.E. should be multiplied by the value of (C/ — C b) in
kg/m3 , where C is the solubility of oxygen at the ambient partial pressure in the gas bubbles, and
C b is the mean dissolved concentration of oxygen in the bulk vessel liquid (negligibly small in the sys-
tem studied). Since C4 is roughly 0.01 kg 02/m3 in the temperature range considered here, transfer
efficiencies in kg 02 /m3 4 Whr can be approximated by dividing R.O.T.E. by 100.
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But there is an important exception to this trend. For this vessel shape, for a given

impeller there appears to be a critical immersion depth Za above which baffles improve

Kb° but below which they cause a reduction. (Alternatively, this may be defined for

a given immersion depth as a critical impeller diameter.) This is better illustrated in

Figure 4.11, where the data have been interpolated to two impeller tip speeds and plotted

as a function of the immersion depths.

In Figure 4.11(a:b) where D = 18 cm, "<"6° is lower with baffles until Z is brought

to about 35 cm. With an increase in D to 23 cm (Figure 4.11(c:d)), the improvement

in no caused by baffles is now seen to occur at or near Z = 50 cm. With D = 28 cm

(Figure 4.11(e:f)), the improvement appears to occur at some point below Z = 50 cm.

Thus for a given tip speed, improvement in KG by the addition of baffles will be enhanced

by an increased impeller diameter (KY will be increased at a deeper Z) or a more shallow

immersion depth (KY will be increased at a smaller D).

The existence of a stable vortex in the presence of baffles was mentioned in Sec-

tion 4.2.2, and Figures 4.8(a:b) and 4.9(a:b) illustrate their profound increase in no.
Over the tip speed range where they are stable, baffled vortices gave transfer rates about

four times greater than the standard baffled condition and about six times greater than

the unbaffled vessel. Clearly, a geometry which can sustain a vortex and concurrently

exploit the increased mixing provided by baffles offers much promise for improvements

in oxygen transfer.

5 Dotted lines have been included for the sake of reference. In Figure 4.11(a:b) it indicates the
extrapolation of vortex behaviour for the 18 cm impeller although the vortex was no longer stable at
tip speeds above about v = 3.44 m/sec. In Figure 4.11(c:d) the 'typical' flow pattern was stable only
outside of the tip speed range shown. In Figure 4.11(e:f), the impeller was not run at v = 3.5 or 3.8
m/sec at all immersion depths; thus the extrapolation from lower tip speeds has been included.
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4.3.2 Effect of Baffles on Power Consumption

Graphs (c) and (d) in Figures 4.8 to 4.10 show the substantial increase in power consump-

tion when baffles are inserted into the mixing vessel. At tip speeds between 3 and 5 m/sec

the power consumed is increased by a factor of between six and ten. The flow patterns

are made much more complex by the baffles, and the magnitude of the difference in P

suggests the conversion of radial flow to axial flow is large, and that the impeller must

be rotating against some of its discharge flow which has been returned by the baffles.

The increase in power consumption as immersion depth increases shows some unifor-

mity in Figure 4.10(d) for D = 28 cm in the unbaffled vessel. A similar trend is apparent

at v = 4 m/sec in Figure 4.9(c) although there is more scatter of the data.

In the baffled vessel there is an apparent inversion for the power consumption at

Z = 50 by the two smallest impellers at higher tip speeds: it lies between that consumed

at Z = 30 and 40 (Figures 4.8(d) and 4.9(d)). This may be a reflection of less severe

baffling occurring in the impeller region as the impeller approaches the dish bottom.

Experiments in a flat-bottomed vessel would confirm if this interpretation is correct.

When the stable vortex was sustained in spite of the baffles (denoted by the shaded

boxes in Figures 4.8(b) and 4.9(b)) the power consumption relative to the typical baf-

fled flow was reduced by about 60 per cent. But relative to unbaffled flow it still was

approximately three to four times as great. This indicates that less than 'full baffling' is

provided when both vortex and surface aeration are operative.

4.3.3 Effect of Baffles on Relative Oxygen Transfer Efficiency

Graphs (e) and (f) in Figures 4.8 to 4.10 illustrate that the improvements in KG caused

by baffles are more than matched by the corresponding increase in power consumption.

It is difficult to put an exact value on the per cent reduction relative to the unbaffled
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condition, due to the different slopes of the curves. In broad terms, for the smaller two

impeller diameters the efficiency with baffles is reduced by about 70 to 80 per cent, i.e.

the unbaffled vessel is about three to four times more energy efficient. This is not valid

for the largest impeller (Figure 4.10(e:f)), which with baffles is able to pump gas at tip

speeds lower than without baffles (and even below vc). Hence at low tip speeds it is more

efficient by default, but is surpassed by the unbaffled impeller at about v = 3.5 m/sec.

While energy efficiency with or without baffles increases with tip speed but with

diminishing returns, Figure 4.10(f) gives a good illustration that a break-point exists

beyond which the increase in P outstrips the increase in I. There are indications this

may occur for the other impellers but is especially pronounced in this example where

impeller-baffle interaction would be at its greatest.

When the vortex was present in the baffled vessel, as mentioned the oxygen transfer

rate was increased by a factor of six and four, while power consumption increased by

a factor of four and declined by three-fifths relative to the unbaffled and typical baffled

cases respectively. Since it is superior not only in terms of relative efficiency but also in

oxygen transfer rate, it is the most attractive means of oxygen transfer.

4.4 Comparison of Axial Flow (Upward Pitch) and Radial Flow Impellers

As noted in Section 4.2.3, the upward pumping axial impeller was studied at one diameter

D = 23 cm in the unbaffled vessel. This allows a basic comparison of its performance

with the radial flow impeller of the same diameter, displayed in Figure 4.12.

4.4.1 Effect of Impeller Type on the Rate of Oxygen Transfer Re

In the absence of baffles both the radial disc and upward pumping axial impellers pump

gas from a vortex. Figures 4.12(a) and (b) illustrate chiefly their abilities at creating the
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gas vortex. The axial impeller is uniformly inferior at the lower immersion depths, and

expectedly so since it discharges its flow both radially and axially. The axial component

contributes little to the creation of the forced liquid vortex. At Z = 10 its transfer rate is

much increased due to the ease with which the shallow pool of liquid above the impeller

plane can be made into a vortex. At the highest tip speed this liquid pool was converted

into a froth; at high tip speed but increasing immersion the froth subsided, and the

vortex was uneven and slopped against the vessel walls. Only at Z = 10 cm was KG for

the axial impeller comparable to the radial disc impeller.

4.4.2 Effect of Impeller Type on Power Consumption

Figures 4.12(c) and (d) show the power consumed by the axial impeller is reduced to

just over one-half that consumed by the radial disc impeller. While this comparison is

true for a given tip speed, the oxygen transfer results in Figures 4.12(a) and (b) suggest

this is because vortex development is not as great with the axial impeller: less energy is

required to sustain a forced liquid vortex of smaller diameter.

4.4.3 Effect of Impeller Type on Relative Oxygen Transfer Efficiency

Figures 4.12(e) and (f) show efficiencies for the axial impeller equal or marginally inferior

to the radial disc impeller for Z = 20 through 50 cm. While this can be attributed to

the axial component of discharge from the impeller, the expected efficiencies should be

much lower on this account.

Comparison of the results at Z = 10 cm indicates that the vortex, splashing and froth

generated by the axial impeller at high tip speeds is more efficient than the stable vortex

of the radial disc impeller. The dubious data point for the latter impeller is the result of

an unusually low value for net power consumption.
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4.5 Impeller Disc Diameter

A brief series of experiments was performed with a series of radial disc impellers with

D = 23 cm and identical blade dimensions but ratios of disc diameter to impeller diameter

of 0.67, 0.75 and 0.85. The results are presented as bar graphs in Figures 4.13 and 4.14.

For the three impeller tip speeds at Z = 15 cm, two at Z = 30 cm and one at

Z = 45 cm, the KY results are consistently within about 0.04 units of each other. No

conclusive pattern emerges to indicate superiority of one disc size over another, although

the results for Dd/D 0.67 appear to be the least favourable.

Effect of Impeller Disc Diameter on K2:
D = 23 cm Z = 15 cm Unbaffled
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Figure 4.13: Effect of Impeller Disc Diameter on no at Z = 15 cm (D = 23 cm)
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Effect of Impeller Disc Diameter on KG
D = 23 cm Z = 30, 45 cm Unbaffled

4 20, Z = 30
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Figure 4.14: Effect of Impeller Disc Diameter on KG at Z = 30, 45 cm (D = 23 cm)

4.6 Dual Impeller Configurations

Six dual impeller configurations were investigated in the unbaffied vessel as an exten-

sion of the work of DeGraaf, approximating the standard configuration employed in the

zinc pressure leach autoclave used by Cominco (upward pumping axial above/four blade

radial below). The six blade radial disc was selected in place of the four blade radial

since DeGraaf determined it gave superior performance in his gas-liquid mass transfer

experiments [40, p. 47]. The D/T ratio was maintained by using the 28 cm diameter

impellers.

4.6.1 Adherence to the Critical Tip Speed Equation

1.00

0.80

7 0.60

E

0 

0.40

0.20

0.00
3 38, Z = 30 4 20, Z = 45

The first analysis compared the vc values for each impeller location with the vE for each

configuration calculated from three experiments, and is given in Table 4.6.
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Table 4.6: Initial Results of Dual Impeller Configurations Investigated

Designation Upper 1 Lower 11 vc(uPPER) I vc(LowER) 1 vE R2
For Zu = 15 cm, ZL = 45 cm:

A 15/ R45 Axial Radial 1.72 2.97 3.13 1.000
R15/A45 Radial Axial 1.72 2.97 2.64 0.972
R15/R45 Radial Radial 1.72 2.97 3.09 0.995

For Zu = 25 cm, ZL = 35 cm:
A25/R35 Axial Radial 2.21 2.62 2.76 0.998
R25/A35 Radial Axial 2.21 2.62 2.71 0.999
R25/R35 Radial Radial 2.21 2.62 2.55 0.969

The vE for four configurations was similar to but larger than vu for the lower of the

two impeller positions. The two cases where vE was intermediate to the two vc values

are marked by poor linearity. For R25/R35 there was slopping of the vortex caused by

interference between the flow patterns of the two closely spaced impellers; the result for

R15/A45 is caused by a large KG at low tip speed which cannot be easily explained.

Generally, vE is best matched by vC(LO WER) • Restated, the onset of gas pumping by

dual impellers in an unbaffled vessel may be characterized by vE of the lower impeller.

4.6.2 Performance of Dual Impeller Configurations

The six configurations were evaluated for oxygen transfer rate, power consumption and

relative oxygen transfer efficiency. The results appear in Figures 4.15 to 4.17 as bar

graphs. Impeller tip speeds very close to 3.36, 4.12 and 4.61 m/sec were used for each

configuration, and linear interpolation (or extrapolation) was used where required to

adjust the data to these tip speeds.

Oxygen Transfer Rate of Dual Impeller Configurations

The major conclusion from Figure 4.15 is that better oxygen transfer is provided when
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the lower impeller is at the more shallow position. This indicates it is the lower of the

two impellers which defines the shape of the vortex from which both pump gas.

It would be expected that the pair with a lower axial impeller would give the poorest

result amongst the R/R, R/A and A/R combinations, since it would create the weakest

vortex. In fact this is seen for the 25/35 setting, but at 15/45 the R/A pair gives the

best result, not the poorest. The axial impeller by itself pumps poorly from its vortex

at Z = 45 cm so it cannot be said that the gas pumping performance per se can be

characterized by the lower impeller (although the vE performance can). This must mean

that the radial disc impeller at Zu = 15 cm is contributing the bulk of the pumping from

the vortex.

R25 / R35
A25 / R35

R25 / A35
R = Radial Disc

R15 / A45
A = Upward Axial
#s = Zu / ZL^R15 / R45

A15 /R45

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

4.61
Impeller Tip
Speed, v

m/sec

K2G0

min-1

Figure 4.15: Oxygen Transfer by Dual Impellers in Unbaffied Vessel
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R25 / R35

A25 / R35

R25 / A35
R = Radial Disc^R15 / A45
A = Upward Axial^R15 / R45
#s = Zu / ZL^ A15 /R45^3.36

100

80

60 Power,
P

40 watts

20
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4.61

Impeller Tip

Speed, v
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Figure 4.16: Power Consumption by Dual Impellers in Unbaffied Vessel

The slopping caused by flow interactions in the R25/R35 pair caused its result at

v = 4.61 m/sec not to exceed A25/R35. Until this point the R25/R35 pair gave the

largest rates of oxygen transfer. It is expected that at even greater tip speeds the slopping

would continue to be a problem, and that A25/R35 would yield the best results.

Power Consumption of Dual Impeller Configurations

From the power consumption data in Figure 4.16, very generally it can be concluded that

for a given ZU/ZL , the least power was drawn by the R/A pairs, A/R were intermediate

and R/R drew the most power. As well, for a given R/A, A/R or R/R pair, power

consumption was very similar whether the inter-impeller spacing was 10 cm or 30 cm.

The value of P for A25/R35 at v = 4.61 m/sec appears to be lower than the trend

suggests. It had the greatest disparity between power measured at the motor (96.9 W)
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R25 / R35
A25 / R35

R25 / A35
R = Radial Disc^R15 /A45 4.12^Impeller Tip
A = Upward Axial^R15 / R45 '̂ Speed, v
#s = Zu / ZL^ A15 /R45^3.36^m/sec

Figure 4.17: R.O.T.E. by Dual Impellers in Unbaffled Vessel

and at the tank (76.2 W).

Relative Oxygen Transfer Efficiency of Dual Impeller Configurations

Oxygen transfer efficiency is plotted in Figure 4.17. The R/R pairs were the least efficient

at the two immersion settings. The R/A pairs generally were the best, especially if P for
A25/R35 was underestimated.

4.6.3 Comparison of Dual and Single Impeller Performance

It is important to evaluate the oxygen transfer characteristics of dual impeller systems for

systems such as the zinc pressure leach where two impellers are required for three-phase

mixing. But the usefulness of dual impellers only for gas-liquid mixing also needs to

be addressed. Figures 4.18 to 4.22 compare the no, P and R.O.T.E. performance for

700
600
500
400 R.O.T.E.
300 (kW hr) -1

200
100
0
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the impeller pairs to the performance of the constituent single impellers, and evaluates

the `additivity' principle suggested for dual impellers in baffled vessels [161]. Data bars

denoted within apostrophes, e.g. `1125-FR35', are the mathematical or weighted sums of

KIP, P and R.O.T.E. Data for the axial impeller at Z = 25, 35 and 45 cm were extracted 6

from regression curves computed for the data for Z = 20, 30, 40 and 50 cm.

Performance of the R25/R35 Dual Impeller Configuration

Easily the most striking feature of Figure 4.18(a) is that there is little improvement in /C6°

by adding the second impeller. The R25/R35 pair is poorer than either single impeller

at v = 4.61 m/sec but offers some improvement over R35 at the lower tip speeds.

On the other hand, power consumption for the pair increases with tip speed more

rapidly than for either of the single impellers, and is greater than either beyond the

lowest tip speed. Clearly, power consumption of the pair is not additive, although it is

greater than the power consumed by the lower impeller.

As expected, relative oxygen transfer efficiency is lower than for R25 and declines at

high tip speed because of the rapid increase in P mentioned above. Again, there appears

to be some improvement over R35 at the lowest tip speed, and the efficiency of the pair

is close to the weighted sum of the two individual impellers.

Performance of the R15/R45 Dual Impeller Configuration

The R15/R45 pair in Figure 4.19 show a slight improvement in oxygen transfer vs. R45 if

a second radial disc impeller is added at Zu = 15 cm. The power consumption is affected

very little and oxygen transfer efficiency is improved. However, it would be far simpler

to use the single R15 impeller, which would give a superior Ife, P and efficiency.

6Since the performance of the axial impeller at Z = 10 cm is dissimilar from Z = 20 cm and below,
and it is unclear if the change is gradual or occurs at a sharp break, regression estimates for Kr and
R.O.T.E. at Z = 15 cm would be subject to uncertainties of about ± 100 per cent and thus have not
been employed.
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(c) Relative Oxygen Transfer Efficiency

Figure 4.18: Comparison of Single and Dual R25/R35 Impellers in Unbaffled Vessel
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(c) Relative Oxygen Transfer Efficiency

Figure 4.19: Comparison of Single and Dual R15/R45 Impellers in Unbaffled Vessel
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(c) Relative Oxygen Transfer Efficiency

Figure 4.20: Comparison of Single and Dual A25/R35 Impellers in Unbaffied Vessel
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Figure 4.21: Comparison of Single and Dual R25/A35 Impellers in Unbaflied Vessel
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(c) Relative Oxygen Transfer Efficiency

Figure 4.22: Comparison of Single and Dual R15/A45 Impellers in Unbaffled Vessel
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Performance of the A25/R35 Dual Impeller Configuration

As with the R25/R35 pair, the A25/R35 pair in Figure 4.20 shows evidence of slight

improvement in KY over the lone lower radial disc impeller at the lower tip speeds. The

A25 impeller pumps much less gas alone than does the R25 mentioned above, so in this

case the impeller pair actually offers improvement, albeit small, in KG over either of the

two individual impellers.

Power consumption appears to be erratic when compared to the R35 impeller. This

may be due to flow interactions between the two impellers which are beneficial at lower

tip speeds but detrimental as v increases. For this reason the efficiency of the pair at the

lowest tip speed is superior to R35, but declines as v increases.

Performance of the R25/A35 Dual Impeller Configuration

The R25/A35 pair in Figure 4.21 gives KY results intermediate to the two single im-

pellers. Again, power consumption is lower than the single radial impeller at the lowest

tip speed, but increases more quickly with v.

Performance of the R15/A45 Dual Impeller Configuration

The R15/A45 pair in Figure 4.22 does not show a lower power consumption at the lowest

tip speed; it is possible the impeller spacing is so large that no beneficial flow interaction

can develop.

4.6.4 Use of Dual Impellers for Gas Pumping in Two-Phase Systems

Only a slight increase in KY and relative oxygen transfer efficiency is given by the

R25/R35 and A25/R35 pairs at low tip speeds. This is hardly strong justification for

the use of a dual impeller system for gas-liquid mass transfer by gas pumping in an

unbaified cylindrical vessel. Use of the lower radial impeller of the pair provides superior

KY and efficiency performance in all but these two cases and is far simpler to operate
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and maintain.

The addition of baffling would change the gas pumping mechanism either partly or

entirely to surface aeration, and thus would change the roles of the impellers as they

have been defined for the unbaffled vessel. This scenario must be investigated before the

applicability of dual impellers for gas pumping in two-phase gas-liquid systems can be

fully analyzed.



Chapter 5

Discussion

5.1 Critical Tip Speed Theory and Nature of Flow Patterns

Allowing for the difficulty in generating many data points from the experimental regime

where Ke increases linearly with impeller tip speed, the values of vE presented in Fig-

ure 4.4 must be considered as confirming the principle of the critical tip speed theory

under conditions of radial flow in a right-cylindrical vessel in the absence of baffles. Al-

though correlations have been published which suggest its existence [79,83,82,84], this

result demonstrates that the value of vc is directly linked to the depth of immersion of

the impeller.

Before the equation can be used to great advantage, the departures from ideal energy

conversion will need to be firmly characterized.

5.1.1 Unbaffied Vessels

Confirmation of the vC equation should be expected in unbaffied cylindrical vessels,

because the equations defining the critical tip speed (Equation 2.73)

vc = NI2gZ ,

and the onset of vortex aeration (Equation 2.36)

2gNv =--- cs 7̂r2D2 '

are identical when the vortex height Z' is defined as the distance from the impeller to

the static interface, and when c6 FL- 1, which would be true for ideal energy conversion.

123



Chapter 5. Discussion^ 124

5.1.1.1 Vortex Aeration Mechanism

The gas pumping mechanism under this condition was observed closely. Gas pumping

does not commence until the inner edges of the impeller blades are able to slice through

the gas-liquid interface of the conical vortex. Gas is induced into the liquid in a kind

of reverse analogy to a cyclone cloud: the funnel is stationary and the surroundings

are rotating. The pumped gas clings to the back of the impeller blades before being

dispersed from the trailing edges of the cavities. The cavity form in plan view could not

be ascertained at the impeller speeds employed, but blade coverage was seen to begin

along the top and angle down to the outer edge. Discharge occurs initially from a point

about one-quarter of the blade height (width) from the top. As gas coverage of the blade

increases, discharge is possible from the middle half of the outer blade edge.

5.1.1.2 Effect of Impeller Diameter

The position of the gas vortex relative to the impeller substantiates the slight mis-match

but general equality of the vortex and critical tip speed equations, and assists in deter-

mining the departures from ideality which cause the tip speed offsets shown in Figure 4.4.

This is illustrated schematically in Figure 5.1. As the impeller speed increases, the nose

of the parabolic gas vortex approaches the impeller plane. At the speed Nv (or vv) where

the nose just reaches the impeller disc (Figure 5.1(a)), Equation 2.36 is satisfied (although

the definition of vortex height Z' is still arbitrary). Since the blades of a Rushton-type

turbine do not extend to the hub, they are not able to intersect the gas cone and thus

cannot yet pump gas. An extra increment of impeller speed is necessary to draw the

vortex even deeper into the liquid, such that the nose now lies some distance beneath the

impeller disc (Figure 5.1(b)). The deeper gas vortex presents a wider diameter to the

impellers, and finally the upper inside corners of the impeller blades are able to chop at
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the gas and pump it into the liquid. Thus vE is attained.

N v satisfied; impeller unable to pump gas^vE attained; impeller able to pump gas

(a)
^

(b)

Figure 5.1: Gas Pumping Relative to Gas Vortex Position

The greater offset of vE from the theoretical vo displayed by impellers with larger D

(Figure 4.4) should be due in large part to the greater distance from the axis of rotation

of their inside blade edges. A standard Rushton turbine has an inner blade edge-to-inner

blade edge distance of D/2. Thus, the blades of the 18 cm impeller will first encounter

gas when the gas vortex diameter (at the plane of the blade tops) is 9.1 cm. But the 28

cm impeller will require a gas vortex diameter of 14.0 cm before it begins to pump gasl.

This is not a complete explanation since an impeller with larger D should sweep out

and sustain a forced liquid vortex of greater diameter as well, i.e. the gas vortex should

also have a greater diameter. The existence of the different offsets, however, indicates

1 The plane of the blade tops for the 28 cm impeller is only about 1 cm closer to the static interface
than for the 18 cm impeller fixed at the same Z.
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the wider vortex cone does not entirely compensate for the larger blade-to-blade gap, i.e.

the two do not vary proportionately with D.

The gas in the nose of the vortex trapped beneath the impeller disc appears as a

`cup'. The cup base was very rounded when Z was small, but was more like a square `1.3 . '

when Z was large.

Table 5.1: Impeller 'Cup' Depth at Different Z

Immersion
Depth,

Z
cm

Radial Disc,
D = 18 cm

Radial Disc,
D = 28 cm

tip speed,
m/sec

Cup base
cm

tip speed,
m/sec

Cup base
cm

10
50

2.30
4.41

19
64

2.55
4.54

21
65

This is an artifact of the parabolic surface of the gas vortex, which changes with

immersion depth. This observation can be used to explain the gradual convergence of

the vE curves to the theoretical line in Figure 4.4. At shallow immersion, the gas-liquid

vortex interface has a shallow slope, which means the ability of the blades to reach the

gas will be very sensitive to Z: i.e. (cIDvortex dZ) is large. At the largest Z (50 cm), the

slope was much larger, giving the gas vortex the appearance of a nearly uniform cylinder.

In this case, ((ID vort ex dZ) is small and the impeller blades sense little difference in Dvortex

between 40 and 50 cm.

This would predict a gradual diminution of the slope of the vE vs. Z°• 5 curve as Z

increases, which was particularly evident with the 28 cm impeller in Figure 4.4.

5.1.1.3 Validity of the Critical Tip Speed Theory in Unbaffled Vessels

The two major factors preventing strict adherence of vE values to a V2gZ relation thus

are the extra increment of tip speed required to pump gas, as seen in the vertical offset
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from the theoretical line, and a possible variation in slope with Z.

If the variation in slope of vE is due to the slope (curvature) of the parabolic vortex

interface, then this implies the theory is better at predicting critical tip speed as the

gas vortex becomes cylindrical—at deeper immersions. The departure is observed for

shallow vortices, and any phenomena such as splashing which may occur due to large

energy dissipation in the small liquid volume in the immediate vicinity of the impeller,

will detract from the ideal conversion of energy.

The non-ideality associated with the vE offset can be simply summarized by recogniz-

ing that gas pumping from the vortex occurs at the inner blade edge, while the theory is

defined by the outer blade edge. However, this is more a question of impeller geometry

than the lack of fit of the theory. It would seem logical that gas pumping will commence

sooner if the impeller diameter is held constant but the blades are extended inward toward

the shaft hub.

Power consumption in liquid mixing has been defined ably by the outer blade diame-

ter. Correlations for gas-liquid mixing, though not as universal, also made use of the outer

diameter. In the little work reported where blade length was varied [152,143,144,69], no

attempts were made to isolate it from changes in blade width. However, the effects of

blades extended inward might not prove detrimental. First, gas discharge occurs at the

outer blade tip so there should be no influence there. Power consumption might be ex-

pected to increase due to increased blade area, although the extra area should in theory

serve to assist in creation of the liquid and gas vortices. Thus, a Rushton-type impeller

with blades extending toward (or even reaching) the shaft hub may provide superior per-

formance where vortex aeration is utilized, and should display even closer adherence to

the critical tip speed theory.



Chapter 5. Discussion^ 128

5.1.2 Baffled Vessels

The theoretical energy balance at the impeller tip is not changed by the presence of

baffling, i.e. vc is identical in both cases. However, the power consumption of an

impeller is increased substantially when baffling occurs. Extra power is required to

discharge the gas-liquid dispersion against the opposition of the complex, asymmetrical

flow patterns induced by the baffles. This extra increment of power can be up to ten

times that required in the unbaffled, cylindrical vessel. It is thus large enough to obscure

the theoretical energy conversion which may occur at the impeller tip, and makes vE

almost impossible to predict.

5.1.2.1 Surface Aeration Mechanism

The complex flow may prevent or supplement gas pumping, and could possibly produce

both effects simultaneously. The schematic drawing in Figure 5.2 illustrates the flow.

(a) Plan View^ (b) Side View
Figure 5.2: Schematic Flow Patterns in a Baffled Vessel

From Rushton, Gallagher and Oldshue [156].

In plan view, the dispersion is seen to be discharged radially and a portion assumes

tangential motion upon reaching the vessel wall. Its tangential path is impeded by the

baffle, which redirects it back toward the impeller. It can be seen that a portion of this
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stream will oppose the discharge stream from the impeller, which will greatly restrict

the radius of the forced liquid vortex. This smaller liquid vortex in turn will induce a

concentric gas vortex of much smaller diameter, i.e. with its nose much more shallow

than in the unbaffled vessel at the same v and Z. As the degree of baffling increases,

the gas vortex diameter will decrease to zero and vortex aeration will be eliminated. It

is worth noting that under these conditions, both an increase in baffle width B and an

increase in impeller diameter D will act to 'choke off' the gas vortex. Thus, the energy

of radial discharge which in the unbaffled vessel is used to create a gas vortex, serves to

prevent it in a baffled vessel.

At the same time, it can be seen that in each quadrant between two baffles a crude

kind of cylindrical motion is being established. When combined with the axial flow up

the walls and back down the shaft axis, cylindrical eddies are able to induce gas vortices

into the dispersion. Greaves and Kobbacy [1051 have proposed a qualitative model of

these eddies as in Figure 5.3. They proposed the eddies A to be large and stable, with

smaller eddies B and C forming with increasing impeller speed. They found B eddies

rotated slowly about the shaft axis until they combined to form an actual gas vortex.

        

■■•••■■••■

                                            

(a) Plan View^ (b) Side View
Figure 5.3: Eddy Behaviour and Surface Aeration in Baffled Vessels

From Greaves and Kobbacy [105].
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The eddies observed in this work were of very small diameter, penetrated only a few

centimetres into the dispersion, and survived only for a few seconds. However, there was

a continual replenishment of them in any quadrant. It was not possible to distinguish

between the B and C types suggested by Greaves and Kobbacy—the movement of eddies

was chaotic, there was no apparent migratory pattern about the shaft axis, and the

distribution of sizes and ages appeared fairly random within each quadrant. The A type

probably describes what appeared as 'invisible' gas vortices, those of the smallest or

indistinguishable diameters, but from which small gas bubbles were visibly drawn down.

5.1.2.2 Effect of Impeller Diameter

The shape of the family of vE curves in Figure 4.6, particularly their shallow slopes at

lesser immersion, reflects phenomena which at present cannot be described quantitatively.

But qualitative considerations coupled with visual observation can provide plausible ex-

planations for such features. Greaves and Kobbacy [105] had observed point gas hold-up

near the surface was always larger than near the impeller, and suggested the ability of the

circulating dispersion to carry gas down to the impeller was the limiting factor in surface

aeration, rather than the strength of the eddies. This would mean bulk flow patterns are

predominant over energy considerations.

According to this postulation, physical factors within the vessel which promote flow

interaction about the impeller region will cause a lowering of vE . Referring to the curves

in Figure 4.6, this is in fact borne out. The reduction in vE with increasing impeller di-

ameter is quite clear. This provides support for the postulation, suggesting the increased

impeller–baffle interaction plays a key role in enhancing recirculatory flow patterns.

If the nature of the flow patterns is accepted to be the critical phenomenon, then the

gradual slope to the vE curves implies that both the eddy capture of gas in the surface

region as well as the flow patterns produced at a particular tip speed deteriorate only
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very slowly as the impeller is lowered into the vessel. Finally at about mid-vertical height

the effect becomes significant; this may be attributable to 'bottom' effects caused by flow

from the vessel base sweeping up and interfering with the impeller, to 'top' effects caused

by the increased volume of liquid above the impeller, or to surface eddies finally too weak

to induce gas into the liquid.

For this qualitative model to be consistent one would expect flow pattern deterioration

to occur at more shallow Z and more sharply for smaller impellers. This is indicated in

Figure 4.6, particularly for D = 23 and 28 cm, although within the scatter of the data

the support is not conclusive.

5.1.3 Comparison with Previous Work

Dependence of vE on Z

Equation 2.31 in Section 2.2.2.3 gave the dimensional correlation derived by Greaves and

Kobbacy [105] for the onset of surface aeration:

HLT)"7 ,^33^7, -0.13

NSAi C3 (—
D3^ift

• (1. --C ) a •—)

The term (1 — k) can be seen to be (Z/1-/L), similar to the per cent of maximum

immersion. Linear regression for all three impellers gave lower values of R2 against Z•33

than against Z• 5 , indicating no improvement in linear fit of the data of this work when

using the emprical correlation of Greaves and Kobbacy.

Effect of D/T on vE

The effect of impeller diameter on vE in baffled vessels has been reported previously.

Westerterp, in developing his correlation for the critical tip speed No [216,79] and Boerma

and Lankester [86] each used at least five different D/T ratios in generating their No

values. The data of Westerterp [216] and Boerma and Lankester were extracted from
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the paper of the latter group [86, Figs. 2 and 3] and are plotted in Figure 5.4 against

data from this work with a fortuitously similar vc. What is interesting about the general

Effect of Impeller Diameter on vE in a Baffled Vessel
Comparison with Westerterp (1962) & Boerma and Lankester (1968)

0^0.1^02^0.3^0.4^0.5^0.6
^

0.7

Impeller-to-Tank Diameter Ratio, D/T
Figure 5.4: Effect of Impeller-to-Tank Diameter Ratio on vE in a Baffled Vessel

agreement of this work relative to that done earlier is the difference in vessel size. The

present work was done in a vessel of T = 61.0 cm, while Westerterp used T = 19.1 cm

and Boerma and Lankester used T = 19.4 cm, giving a volume difference of 200 litres vs.

about 6 litres.

DeGraaf claimed there was essentially no change in vE with D [40, p. 62], but used

only two six-blade radial disc impellers with D/T of 0.38 and 0.44, where the effect on

vE is seen to be less pronounced. Linear regression to determine vE from data read from

his graph (Figure 19, p. 106) gave vE values of 2.50 and 2.12 for D/T = 0.38 and 0.44

respectively. This difference in vE is similar to that found by Boerma and Lankester over

the same D/T range. The vc for the measurements of DeGraaf was 2.34 m/sec.
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The strong dependence of vE upon D especially as D diminishes again serves to

indicate an important effect of the impeller on flow interactions within the vessel when

surface aeration occurs.

Measure of Agreement with the Critical Tip Speed Theory

DeGraaf used the correlation coefficient R to describe the agreement between vE and

vc [40, p. 61]. However, this is not a useful statistic since R (or R2 ) describes only

the linearity of the experimental data and says nothing of its positioning relative to the

theoretical. This is illustrated in Figure 5.5 where his data have a fine R2 of 0.999 but

increase at a slope of 1.4 relative to the theoretical. Both the slope and intercept must be

reported to make experimental results useful for design. A more appropriate alternative

is graphical presentation, which permits even non-linear data to be interpreted relative

to the prediction of the theory.
Comparison of Critical Tip Speed Estimates

6-Blade Radial Disc Impellers D/T = 0.38
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Figure 5.5: Comparison of Critical Tip Speed Estimates
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5.1.3.1 Validity of the Critical Tip Speed Theory in Baffled Vessels

If surface aeration in a fully-baffled right-cylindrical vessel is indeed described by the

ability of recirculatory flow to carry a more highly aerated surface layer down to the

impeller region, then the phenomenon is not well described by considerations of the

energy balance at the impeller tip.

5.1.4 Application of the Critical Tip Speed Theory for Design Purposes

The critical tip speed equation should be useful for designing mixing systems with radial

disc impellers where baffling is mild or absent, and/or where the impeller diameter is not

a large fraction of the tank diameter. Applications would include wastewater aeration

basins, and fermentors which pump gas from the vessel freespace especially by vortex

aeration.

Due to the complex interactions between the liquid flow patterns and the impeller

caused by a large impeller diameter, axial impellers, significant baffling and/or an asym-

metric vessel shape, the tip speed energy balance is insufficient to account for the gas

pumping process in these cases. This would include systems such as the zinc pressure

leach autoclave at present, or those where gas pumping is achieved mainly by surface

aeration.

5.2 Effect of Baffles

5.2.1 Effect on Oxygen Transfer Rate KY

The appearance of a critical impeller immersion depth Zc for improvement in KY caused

by the addition of baffles, and its dependence on impeller diameter, can be interpreted

by considering the effect of the baffle-impeller interaction. At the deepest immersion

(Z = 50 cm), the flow interactions induced by the 18 cm impeller were more destructive
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than constructive for oxygen transfer. Either as the impeller was raised or made larger,

the balance between constructive and destructive influences was made to favour enhanced

oxygen transfer.

Destructive influences would be maximized at the deepest immersions, where bottom

effects would be at their greatest and the liquid volume above the impeller is maximized.

Increasing the impeller diameter would increase the size of the discharge stream and assist

in bringing captured gas bubbles down to the impeller region (of course at much greater

power consumption). Alternatively, raising the impeller from the base would draw it

away from the interference of flow patterns at the bottom, and decrease the distance it

must pump gas bubbles.

Figures 4.4 and 4.6 for the critical tip speed estimates show how the dependence of

vE on impeller diameter reverses when baffles are used. The data in Tables 4.3 and 4.4

indicate the cross-over immersion point for D = 18 cm occurs at about Z = 50 cm,

and for D = 23 cm at about Z = 20 cm. In the presence of baffles, the 28 cm diameter

impeller begins to pump gas at a lower tip speed at any immersion. Thus for an unbaffled

vessel where the process result makes it desirable to place the impeller deeper into the

tank, but where the impeller tip speed cannot be adjusted to be greater than vC at the

new immersion, the addition of baffling would be an alternative to the fabrication of a

larger impeller or a change in the motor or motor drive.

5.2.2 Effect on Power Consumption

Assuming the flow patterns drawn schematically in Figure 5.2 are correct, it is apparent

a large portion of the dispersion which is discharged radially by the impeller is directed

axially by the baffle at the baffle-wall intersection. That which travels upward must

return back to the bulk, generally by cascading back upon the small forced liquid vortex

which the impeller maintains. As well there is a portion which maintains tangential flow
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in the impeller plane and opposes the direction of motion of the impeller discharge. Each

of these flow patterns is essentially absent in an unbaffled vessel, and each demands an

increase in the power consumed by the impeller.

5.2.3 Effect on Relative Oxygen Transfer Efficiency

At the point of contact between a tangential flow element and the baffle, the daughter

elements may be considered to have opposing effects on gas-liquid mass transfer. That

portion which is converted to axial upward flow is beneficial in that it sustains the surface

eddies and contributes to the recirculatory flow patterns which bring the gas bubbles to

the impeller. That which flows axially and downward does not contribute to gas bubble

capture, but does carry the gas already brought to the impeller region. The tangential

portion which remains in the impeller plane neither captures nor distributes gas bubbles,

and ultimately it constricts the forced liquid vortex and opposes impeller discharge. This

component of flow cannot be eliminated, but surely a compromise must exist between

the beneficial effects of the axial flow generated and the negativing effects of tangential

flow.

DeGraaf [40] examined half-baffles (extending from the base to half liquid height)

at the 20 and 2000 scales. In the smaller tank, which was a flat-bottomed right-

cylindrical vessel, he found the oxygen transfer rate R (in kg 02 /m3 .min) decreased with

the reduction in baffle height, although P also decreased and the relative mass transfer

efficiency (in kg 02 /kW-min) still increased. For these experiments, however, only one

Z was studied, D/T was only 0.19 and the impeller was imprecisely fabricated.

In the larger vessel, which was a scale model of the zinc pressure leach autoclave, R

was increased and power consumption was either similar or decreased when half baffles

were used. The relative mass transfer efficiency also increased. The improvement in R

decreased as Z was increased. This would be expected since the vortex would become



Chapter 5. Discussion^ 137

less stable and the volume of opposing tangential flow would increase as the impeller

plane was moved to immersions at which the baffles were present.

Only a four-blade upward-pumping axial impeller was employed in these 2000 £ exper-

iments, and the differences in both R and P which would be delivered by a Rushton-type

impeller would be interesting to examine in greater detail.

While the `fully-baffled' condition of four baffles of width B = T /10 (or T/12)

mounted radially 90° apart has been adopted industrially and is obediently duplicated

in laboratory research, it must be recalled that it was developed to provide an environ-

ment for liquid mixing. No confirmation has appeared in the literature to suggest it is

the appropriate amount of baffling for gas-liquid contacting or transfer applications. The

experiments which yielded a vortex in the baffled vessel suggest rapid and energy efficient

gas-liquid mass transfer environments exist where the degree of baffling permits surface

aeration and vortex aeration to occur simultaneously.

Consideration of the degree of baffling as a variable has not been explored in the

literature and, one assumes, to any great degree industrially. The rate and efficiency of

oxygen transfer measured for the baffled—vortex condition lay claim that the prevailing

biases of liquid mixing theory must be reconsidered.

5.3 Interaction Between Impeller Diameter and Baffles

The increase in KG with impeller diameter is very slight in the absence of baffles, but

substantial with their addition. This is best illustrated in Figure 4.11, where for a con-

stant v and Z the gap between the KY curves for the baffled and unbaffled cases widens

substantially as D increases. Only at the most shallow immersions is there sensitivity to

impeller diameter in the unbaffled vessel.
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The result in the unbaffled vessel is to be expected. This vessel represents an envi-

ronment with minimized physical interference to the mixing process. It can be thought

to characterize the action of an impeller in the ocean, which ideally encounters no wall,

baffle or bottom effects. Comparing the values of KG at each diameter in Figure 4.11, it

is seen that only a slight change occurs with v except for the largest impeller, i.e. where

impeller-wall effects will finally become significant. Thus the right-cylindrical unbaffled

vessel used is insensitive to impeller diameter over a broad range of D/T extending at

least up to 0.38.

The sensitivity to D in the unbaffled vessel at shallow immersion is thought to be

caused by the degree of splashing which occurred. This is a surface effect and not true

vortex aeration.

Baffles improve the mixing within the vessel by changing the flow patterns of the liquid

discharged by the impeller. The degree of these changes should be acutely sensitive to

the relative proximity of impeller and baffles, and indeed this was recorded.

Recall that a vortex could be sustained in the baffled vessel but only for the smaller

impellers (D small) and at the most shallow immersions (Z small), which provide the

least amount of constriction of the vortex. An analog to a decrease in impeller diameter

would then be a decrease in baffle width B. There appears to be an impeller-to-tank

diameter ratio D/T of about 0.46 at which the impeller-wall effects in the unbaffled vessel

contribute to oxygen transfer. That is, the unbaffled vessel begins to develop a level of

flow complexity similar to a small degree of baffling. It should then follow that there

exists a baffle width ratio BIT below which the flow complexity in the baffled vessel

begins to resemble that in the unbaffled vessel. If the interactions between impeller and

baffles can be adjusted by changing the BIT and D/T ratios, it should be possible to

engineer the energy efficient surface-vortex aeration system by this method.
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5.4 Comparison of Axial Flow (Upward Pitch) and Radial Flow Impellers

The vE values in Figure 4.7 for the axial impeller appear to follow the form of radial

disc impellers in baffled vessels, which themselves use axial flow in their gas pumping

mechanism. However this must be considered a coincidence because the unbaffled axial

impeller does not pump gas from surface eddies but rather from a gas vortex as does

the unbaffled radial disc impeller. The vertical offset for vE between the unbaffled axial

and radial flow impellers demonstrates the axial is less efficient at creating a vortex from

which to pump.

Because a component of the discharge from the axial impeller is in an axial direction,

the conversion of energy toward the creation of a forced liquid vortex is smaller than

for a radial flow impeller, and this is evinced in Figure 4.7 in the vertical offset for v E

between the two unbaffled impellers.

Since for a given tip speed the axial impeller dedicates less energy to vortex creation,

its gas vortex is narrower and hence it cannot pump as much gas as the radial impeller

(Figure 4.12(a:b)). Its blades certainly extend to the shaft hub, but because of their

upward pitch it is difficult for a gas cavity to form and cling to the back of the blades.

As with radial disc impellers, bubbles were discharged from the outer edge of the blades.

For the same given tip speed, the axial impeller produces the smaller vortex but also

draws less power. In a sense this can be considered to be a reduced effective gas pumping

tip speed relative to the radial disc impeller. That is, at the same Z the radial disc

impeller will produce a vortex of equal size at a lower tip speed since it dedicates more

energy to vortex formation. The energy required by the axial impeller will be the sum of

that required to create the vortex, to produce axial flow, and to compensate for the axial

flow patterns which diminish the vortex. The latter two terms are variable and depend

upon the amount of axial flow generated by the impeller. In this way the vE offset can
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be used to estimate the degree of axial flow produced, and should be different for blades

of different pitch angle a.

When it produced a froth at the shallow immersion and high tip speed, the axial

impeller also was able to exploit the axial characteristic of its flow. Bubbles were observed

being drawn from the surface froth in cascading sheets, and dispersed below the impeller

plane by the axial flow patterns which are somewhat similar to those from a radial

impeller in the vessel. Observation of the bubbles which reached the base indicated they

were very similar to those produced and dispersed by shallow radial disc impellers in the

baffled vessel. They were very small in size (less than 0.5 mm by visual identification)

and remained as a very slowly ascending mist-like dispersion even eight minutes after the

impeller had been stopped at the end of the experiment.

It is left to speculation if a downward pumping axial impeller would be more efficient

either at drawing bubbles from the froth or dispersing them to the rest of the vessel.

5.5 Impeller Disc Diameter

For gas-liquid mixing systems where gas is sparged at a point beneath the (lower) im-

peller, the impeller disc size may be an important factor due to the physical barrier it

presents to bubbles, which may otherwise rise vertically through the impeller region and

escape the shearing and distributing action of the impeller. For gas pumping agitators

the effect is less predictable, since gas is brought down to the impeller and contacts the

impeller blades at a point above the disc. In either instance, there is no report in the

literature of the effect of impeller disc diameter.

The results in Figures 4.13 and 4.14 suggest that the smallest disc diameter may

produce slightly inferior rates of oxygen transfer. However, because of the small range

of the KG data for all three impellers it is difficult to draw a firm conclusion. A more
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thorough investigation with many repeat runs would be required to verify if this is indeed

a systematic result or is only within the bounds of experimental reproducibility.

As mentioned, the gas vortex (in the unbaffied vessel) extended beneath the impeller

disc to form a 'cup', and in instances as depicted in Figure 5.1 it was possible for the

disc to completely separate the cup from the remainder of the gas vortex. Thus, the

disc does not completely prevent the migration of the vortex nose to a point below the

impeller plane. It is possible, however, that the disc exerts an influence on the shear and

flow patterns in the impeller region, and that the shear and inducement of radial flow

increases with impeller disc diameter. Such an investigation was beyond the scope of

the present work, but a cursory examination could be performed fairly simply by using a

flat blade turbine impeller (without disc), a standard radial disc impeller (Dd/D = 0.67

or 0.75) and a modified vaned disc impeller with the disc extending though the middle

of the blades to the shaft hub (Dd/D = 1.00). The contribution of the disc to radial

flow, and the importance of radial flow to oxygen transfer could be assessed using these

extreme cases.

5.6 Dual Impeller Systems in the Unbaffled Vessel

In an unbaffled vessel, the lower of the two impellers works to establish the vortex from

which both impellers will pump gas. When an upward axial impeller is placed in the

lower position, the radial disc impeller contributes most of the gas pumping, i.e. the gas

pumping performance of the pair more closely resembles that of the radial disc impeller

even though it is in the upper position.

It follows that improvement in KG will be realized by reducing the immersion depth

of the characteristic impeller, and that at least up to a near mid-height immersion,

distribution of bubbles into the lower part of the vessel is not significantly impaired.
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The shape of the gas vortex is almost identical to that produced by the lower impeller.

With a radial disc impeller below, the upper impeller contributes very little to the creation

of the vortex, but it would be simplistic to suggest it merely 'rides for free' and therefore

should always be a radial disc impeller because the upward pumping axial impeller does

not pump gas via its blades as effectively. It can be seen in Figure 4.15 that the A25/R35

pair produces nearly the same KG at lower tip speeds and larger K6° at greater tip

speeds, probably due to the more stable flow interaction when impeller separation S is

only 10 cm. Although the blades are only partly covered by liquid, the flow patterns

they induce still are important to the operation of the system.

Thus it would be expected that a downward pumping axial impeller in the A25/R35

setting would not give so large a KY, and that when S is increased or v is decreased

the flow interaction will become less important such that the radial disc impeller might

again be the superior choice in the upper position.

The poor Ke performance of the A15/R45 pair can be explained by considering the

diameter of the gas vortex at Z = 15 cm. Again invoking the analogy of the funnel

cloud, close to the freespace interface the vortex will be much wider at Z = 15 than at

Z = 25 cm, and coupled with the poor geometry of a pitched blade for cavity formation,

very little gas pumping should be expected by A15. But in light of the remarkable KG
results for a single axial impeller at Z = 10 cm, it would be interesting to observe if it

could induce frothing or splashing at this more shallow immersion in spite of the still

wider gas vortex through which it would be rotating.

Alternatively, an axial impeller of wider diameter may be selected for the upper po-

sition to improve gas pumping. In fact, since the vortex—and consequently the power—

characteristics of the impeller pair appear to be determined by the lower impeller, it may

be prudent to increase the diameter of the upper impeller regardless of its flow type, in

order to maximize capture of gas from the vortex. Again, flow interaction could be a
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limitation as S is reduced.

5.6.1 Use of Dual Impellers for Gas Pumping in Two-Phase (Gas-Liquid)

Systems

In the series of figures in Section 4.6 it was demonstrated that only two dual impeller

configurations gave 40 and relative oxygen transfer efficiencies even slightly improved

over those provided by the single lower radial disc impeller. The effect of dual impeller

systems with baffling was not investigated but is expected to yield unrelated results since

the gas-pumping mechanism will revert mostly to surface aeration, with the degree of

vortex aeration dependent upon the proximity of the upper impeller to the freespace

interface.

The role of the impellers in the unbaffled vessel to create the gas vortex and pump

from it will not apply, but factors such as impeller spacing and the interference of flow

patterns should be much more prominent. The direction of axial impeller flow could

prove to be influential in determining the ability of the liquid flow to carry captured gas

bubbles to the impellers.

Different impeller diameters were not investigated in the unbaffled vessel. As men-

tioned, an increase in D at the upper impeller may increase the gas pumping from the

vortex. An increase in D at the lower impeller likely would yield results similar to gas

pumping by a single impeller in an unbaffled vessel: vE should increase but the gain in

KY with v should also increase. In the baffled vessel the same impeller-baffle interactions

also should be expected to figure in the oxygen transfer rate and power consumption.
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General Observations

6.1 Film Theory vs. Penetration/Surface Renewal Theories

For the sake of completeness the oxygen transfer rate data R for each experiment were

normalized using factors for both the film theory method (n = 1.0) and the penetra-

tion/surface renewal (P/SR) theory method (n = 0.5). For reasons 2 and 3 enumerated

in Appendix B, namely that 0.5 is considered the best estimate of n for 730 and that it

provides the more conservative estimate of KG, use of the P/SR normalization factors is

preferable in the absence of experimental data.

A triad of experiments was performed to examine the effect of water temperature

on the process result. Hot tap water supplemented the supply from the cold tap to

obtain the warmer temperatures. The results appear in Figure 6.1. Though this was

not an exhaustive evaluation, the wide difference in temperatures for runs #12 and #13

are an acid test of the ability of the theories to harmonize the staggered KG values

obtained by initially dividing R by the estimate of oxygen solubility (cluster 2). The

P/SR normalization factors for n = 0.5 are seen to bring these two extreme runs into

concordance (cluster 3), while the film theory factors fail by a substantial margin (cluster

4).

The data in Table 4.2 for repeat runs done after long intervals, where seasonal effects

led to different tap water temperatures, also demonstrate the better concordance given

by the P/SR factors.
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Comparison of Film and Penetration/Surface Renewal Theory Normalization Factors
Relative to 20 ° C Standard D = 23 cm Z = 10 cm Unbaffled

T= 11.0°C
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Figure 6.1: Comparison of Diffusivity Normalization Factors

The use of film or P/SR factors makes only a minute difference in the determination

of vE. Since the film factors are the square of the P/SR factors they simply inflate or

deflate the KG values by a proportional amount. The difference in vE was rarely greater

than 0.04 in/sec.

6.2 Oxygen Solubility Estimations

Predictions of oxygen solubilities in water by the correlation of Linek and Vacek [199]

are seen in Figure A.1 of Appendix A to stray somewhat from a set of published values

[217] at about 16°C. An alternative method of estimation would be to consider 0.02M

Na2 S03 to be practically identical to water and to use the data for water. But use of the

correlation, which was based on the available published experimental data, affords the

ability to make estimates for those experimental runs where the Na 2 S03 concentration
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was changed from 0.02M, which cannot be estimated by other means. Finally, considering

the maximum error induced by the correlation is in the order of 2 per cent, its universal

application was considered to be the most suitable compromise

The temperature of the solution was not constant during the experiment and rose

due to the energy dissipation by the impeller and to equilibration with the ambient

temperature in the laboratory. As such both the diffusivity and solubility estimates are

called into question. For the longer experiments the solution and ambient temperatures

were recorded every hour, but an integrated time average of diffusivity and solubility

would require the acquisition and treatment of an unwieldy amount of data. The marginal

increase in accuracy, relative to the average of the initial and final temperatures, would

not seem to warrant the extra work.

Where the change in temperature is of concern is on the measured rate of sulphite

depletion. Typical temperature increases ranged between 1.5 and 2.0 C°, with a maximum

of 8.7 C° over 444 minutes (run #239, baffled) and another of 6.6 C° over 125 minutes

(run #250, baffled). Thus as the solution temperature increases, the driving force (C/

taken as oxygen solubility) decreases while the mass transfer coefficient (taken as (1)60 )0.5)

increases.

For temperatures from 8 to 25°C, the solubilities given by the Linek-Vacek correlation

(Equation A.3, Appendix A) decline from 11.6 to 8.4 mg/i while values of (1) 20°0°•5 from

the Wilke-Chang relation (Equation B.4, Appendix B) increase from 3.83 to 4.92 x 10 -3

cmjsec- °.5 . The product then decreases from 4.44 to 4.12 x 10 -5 (Mg/ CM2 •SeC-° * 5 ) over

this temperature range, a difference of 7.2 per cent. So for even the most extreme case

of temperature variation, the influence on the instantaneous rate of sulphite oxidation

would only be about a 4 per cent decline between the initial and final measurement,

based on solubility and diffusivity considerations only.
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6.3 Oxygen Depletion in the Gas Bubble

The estimation of oxygen solubility (Appendix A) was made assuming the liquid was

saturated with oxygen at a concentration of Pg; for this work atmospheric air was used

so Pg is taken to be 0.209 atm. However, as absorption from the bubble into the sulphite

solution occurs the bubble becomes depleted in oxygen and 'Po , decreases. The longer

the residence time of the bubble before it reaches the freespace interface, the greater will

be the depletion and the decrease in the driving force. Thus, the method of estimation

(Appendix A) causes the average effective oxygen solubility to be overestimated, which

understates the computed value of Kc.

Coalescence also determines the 'average' oxygen concentration of the bubbles. But

since not all bubbles share the same residence time, the distribution of oxygen concen-

tration amongst bubbles is a more exact, but tedious, specification.

Bubble composition has been measured by a variety of means. Reith and Beek [109]

withdrew a stream of single bubbles from the dispersion through a thin glass pipe under

vacuum, and contacted the stream with a pyrogallol-KOH solution to absorb the oxygen.

The difference in bubble length before and after contacting was used to determine the

oxygen content. Their data were obtained with sparged oxygen in a baffled vessel and

are plotted in histograms of bubble oxygen content. This makes data extraction difficult

but a depletion of about 20 per cent can be estimated for a sparge rate of v 8 = 3.0 m/sec

and impeller tip speed of 2.4 m/sec (vc = 1.37 m/sec).

DeGraaf placed inverted beakers in the 2000 i vessel to capture rising depleted bubbles

and found a 37 per cent reduction in volume per cent of oxygen, i.e. a 42 per cent

depletion of oxygen [40, p. 125].

Since the residence time distributions and coalescence phenomena will be influenced

by the flow patterns, i.e. by (D, D/T, Z, v, impeller type), the magnitude of depletion
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will be expected to vary with each unique set of variable set-points. The average oxygen

concentration should be constant during a given experiment, so if a relationship between

per cent depletion and transfer rate R can be established, it will greatly reduce the

effort required to determine oxygen depletion for the purpose of solubility estimation.

The degree of depletion must be quantified in the future to ensure the accuracy of KG

computations.

From another viewpoint, knowledge of oxygen depletion from the bubble is the critical

component in evaluating the efficiency of oxygen utilization in an oxygen absorption

system. This characteristic is related but certainly not identical to measurements of

oxygen transfer rate or the energy efficiency of oxygen transfer. For a process such as the

zinc pressure leach which utilizes oxygen as a reagent, economies are available if the per

cent utilization is increased. For example, when oxygen makes a single pass through the

slurry from the sparger to the compartment headspace and is then purged and vented, it

is not as efficiently utilized as when it is recycled within the autoclave by gas pumping

impellers. Vortex and surface aeration would extend the recirculation time within the

autoclave.

The extent to which this is achieved by a given impeller system could be estimated

using an ambient air/sulphite solution system in a model of the autoclave; of course this

requires development of a reliable technique for bubble analysis and the over-all mass

balance. This represents the refined extension of the present work: the true optimization

of oxygen transfer for the pressure leaching system.

6.4 Residual Oxygen in Sulphite Solution

The second term defining the oxygen driving force is Cb, the concentration of oxygen in

the bulk liquid. If this is non-zero or changes with time, it will decrease or change the
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driving force for oxygen transfer.

The reaction of oxygen with sulphite ion is irreversible, and Cb historically has been

assumed equal to zero. In his experimental method DeGraaf [40, p. 43] filled the vessel

with water and then added the Na 2 S03 crystals. Mixing was provided and gas pumping

prevented by the repeated starting and stopping of the agitator. This was continued until

the reading on the dissolved oxygen meter fell below 0.3 mg/t. Thus it can be assumed

that if Cb is finite and non-zero it is at most 0.3 mg/e. At an oxygen solubility of 8.5

mei (24°C) the maximum reduction in oxygen driving force would be 3.5 per cent.

The sulphite samples in this work were titrated at the earliest convenience, generally

within five minutes of acquisition. In the event there was a residual Cb which reacted

slowly but at a known rate, the times at which the samples were titrated (relative to the

start of the experiment) were recorded on the data sheets.

In run #96, the regression line for ten samples gave an iodine titration slope of -0.7603

with intercept 30.66 and R2 of 0.999. The sample taken at t = 12 min was titrated with

21.51 me of 12 solution. The regression line predicts a value of 21.54 mt.

A duplicate sample was taken at t = 12:30 and set aside until t = 144 min, i.e. an

incubation time of 131:30. The regression line predicts a value of 21.16 me; 21.08 int of

titrant was actually required. If the offset of - 0.03 me is assumed to be typical during

this period of the run (although the samples at t = 9 and t = 16 min each required

more titrant than predicted by the regression line), the difference of 0.05 me 12 could be

attributed to the reaction of residual oxygen with the unreacted sulphite in the sample

bottle. While this is almost certainly covered by the error in the burette measurements,

nonetheless it computes to an error of 0.24 per cent. Recast, 0.05 me of 0.0125M 12

solution is equivalent by stoichiometry to 3.1 x 10 -7 moles of 0 2 ; in the 60 me sample

bottle this equates to an initial residual oxygen concentration of 0.2 mg/t.

Given the accuracy of the titrations and burette measurements, the above result
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cannot indicate the presence of a significant residual concentration Cb of oxygen in the

bulk solution.

6.5 Effect of Cobalt Catalyst Concentration

As discussed in Section 2.3.2.1, the reaction order in cobalt catalyst is almost always

observed to be one, although Bengtsson and Bjerle [211] found zero and one-half orders.

This is important because only these authors and Astarita et al. [210] have reported

the use of sulphite concentrations at low levels (i.e. < 0.1M) similar to those used by

DeGraaf. Moreover, DeGraaf [40] used one catalyst concentration at the 2000 £ scale

(5 mg/t, p. 43) and another at the 20 t scale (25 mg/t, p. 44). Thus the effect of the

catalyst must be known to confirm if its concentration has no or little bearing on the

results of this work and those of DeGraaf.

A series of experiments was performed with cobalt catalyst concentrations (in met

of Co) of 10.0, 5.0, 2.5 and 0.059, with two 'blank' runs using no added catalyst. The KG
data are plotted in log-log form on an expanded vertical scale against the catalyst con-

centration in Figure 6.2. The data for this series aligned remarkably well to a regression

line of slope 0.038 and R 2 of 1.000. Then, using the logarithm of their KG values, the two

data 'blanks' were placed on the regression line to determine their abscissa coordinates,

i.e. the equivalent or effective catalyst concentration in the tap water. Values of 16 and

34 itg/t (ppb) were obtained in this way (2.7 and 5.8x10 -7M Co).

Two more series were performed. Using catalyst concentrations of 20.0, 10.0 and 5.0

mg/t Co a regression line was obtained with slope 0.049 and R2 of 0.994. The other

series used 10.0, 5.0, 1.0 and 0.1 mg/i Co with another 'blank' run, and obtained a line

with slope 0.043 and R2 of 0.989, with the tap water 'blank' giving a KG equivalent to

71 fig' i Co (1.2x10-6M).
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Figure 6.2: Effect of Cobalt Catalyst Concentration on KG

The average of these three determinations is 0.043. While not apparently large, it

does mean that experiments performed with 25 mile Co as catalyst will yield a KG

about 7 per cent larger than those with only 5 mg/i Co.

The variation in the estimate of the effective catalyst in the tap water generally

has as much to do with the placement of the regression line as it does with chemical

variation. However, these results do give an order-of-magnitude estimate of the catalytic

power of stray cations in the tap water supply. Copper, iron and nickel ions should be

present and it is expected their relative proportions would change as water temperature

and cleanliness would change seasonally in Vancouver. Thus the safest conclusion is to

suggest the equivalent catalyst strength of tap water is variable and ranges between about

10-6 and 10 -7 M Co.



Chapter 7

Summary, Conclusions and Recommendations

7.1 Summary

• The theory that an impeller will not pump gas below its critical tip speed v c , which

is a function of depth of immersion i.e.

vc = Al2gZ

was confirmed experimentally for radial flow impellers in the unbaffled vessel. De-

parture from strict adherence to the theory appears to lie in the impeller blade

geometry: the gap between the inner edges of the blades does not enable the im-

peller to pump gas when the nose of the vortex first reaches the impeller plane.

• The theory does not accurately predict critical tip speeds in a vessel with baffling,

where experimentally determined values of the critical tip speed vE smaller than vc

were observed where the impeller diameter was large and it was placed deep within

the vessel. Gas pumping occurs by the capture of small bubbles by surface eddies

and their subsequent draw-down and distribution by the impeller. The strong

effect of the impeller diameter on vE supports the postulation in the literature that

recirculatory flow patterns, which carry gas bubbles to the impeller, likely are the

dominant factor.

• Once the critical tip speed is attained, the rate of oxygen absorption is a linear
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function of impeller tip speed, i.e.

KG c( , _ vE ) .

Over the range of D (or D/T) studied, the constant c was a strong function of

impeller diameter D in the baffled vessel; in the unbaffled vessel D was significant

only between its larger values.

• An upward pumping axial flow impeller requires a larger tip speed to begin to pump

gas in an unbaffled vessel, and pumps less gas at a given tip speed. An exception

occurs at very shallow immersions, where slopping of the vortex and splashing into

the vessel freeboard may create a froth, which the axial impeller can pump and

distribute effectively.

• The difference in vE between axial and radial disc impellers in an unbaffled vessel

likely is linked to the portion of energy which creates axial flow and that which is

needed to create more radial flow to overcome whatever interference exists. The

offset in vE should characterize the degree of axial flow produced by an axial impeller

and should be related to the blade pitch angle.

• It is possible to sustain a gas vortex in a baffled vessel at least over some tip speeds.

This condition is favoured when the impeller is close to the surface and its diameter

is not so large as to destroy the vortex by constriction or by splashing. The oxygen

transfer rate is increased substantially, as much as four times greater than in a

baffled vessel with no vortex, and eight times greater than in an unbaffled vessel.

• For the above condition, power consumption is about 60 per cent less than for

typical flow with baffles, and about four times greater than without baffles. This

indicates that when the gas vortex is present the vessel is providing a degree of

baffling which is reduced from the 'fully baffled' condition.
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• It should thus be possible to strike a balance between the two effects such that a

gas vortex can be sustained in a baffled vessel, which would permit gas pumping

by both vortex and surface aeration simultaneously.

• Large impellers (D/T f.sz 0.46) are able to pump gas at lower tip speeds when

baffling is present. However, as tip speed increases the unbaffled vessel eventually

becomes more energy efficient.

• In a dual impeller configuration in an unbaffled vessel, the lower impeller defines

the shape of the gas vortex, and the critical tip speed vE can be estimated using

the lower impeller as the reference. Gas pumping performance, on the other hand,

is very similar to the performance of a single radial disc impeller operating at the

position of the lower radial disc impeller of the pair.

• The primary function of the lower impeller is to create the gas vortex. The up-

per impeller pumps from the existing gas vortex but it does contribute to over-all

power consumption as well. As impeller tip speed increases or inter-impeller spac-

ing decreases, the interaction of flow patterns between the two impellers must be

considered.

• To increase the contribution to gas pumping by the upper impeller, axial flow

impellers, an increased impeller diameter and a reduced immersion depth all might

be used to advantage, especially if impeller spacing is sufficiently large to absorb

the change in flow patterns. The increase in diameter enables better pumping from

the gas vortex, while the decrease in immersion promotes more vigorous agitation

at the surface, especially with upward axial flow impellers.

• To increase gas pumping by the lower impeller, the impeller immersion should be

raised at least to mid-vessel height.
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7.2 Conclusions

1. Mechanical agitators have a critical tip speed above which they pump gas from the

freespace and disperse it into solution. A theory exists which predicts that under

conditions of perfect energy transfer at the impeller tip, this critical tip speed is

related to the immersion depth of the impeller via

vc = /2gZ.

In practice, radial disc impellers operating in a non-interacting tank—an unbaffled,

right-cylindrical vessel with a dish-shaped bottom—have critical tip speeds which

are close to those predicted by the equation above. Axial flow impellers with an

upward pitch have critical tip speeds well in excess of those predicted.

2. The addition of baffling greatly alters the direction of discharge from the impeller

and hence its gas-pumping action. This leads to critical tip speeds which are not

predicted by the equation. In general, the larger the impeller diameter (and hence

the smaller the distance between it and the baffles), and the deeper it is placed in

the vessel, the poorer is the matching between experimental and predicted values

for the critical tip speed.

3. Above the critical tip speed, the measured gas absorption rates (and, presumably,

gas pumping rates) increase with increasing impeller tip speed. For radial disc

impellers in an unbaffled vessel, this increase is linear with tip speed. When baffling

is introduced, the rate of increase is also affected by the impeller diameter (and

proximity to the baffles) and depth of immersion.

4. Gas pumping in an unbaffled vessel transfers oxygen at a slower rate than in a

baffled vessel. However, it does so with an even greater decrease in power con-

sumption. Thus it is the preferable means of gas pumping where minimizing the
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energy (i.e. operating expenses) associated with mixing and oxygen transfer is

more important than maximizing the throughput rates (i.e. minimizing capital

expenses) associated with the process.

5. The rate and efficiency of oxygen absorption are greatest when a gas vortex can

be sustained in a baffled vessel. This condition occurs with impellers of smaller

diameter operating at shallow immersion depths.

6. In the unbaffled vessel, upward pumping axial impellers provide rates and efficien-

cies of oxygen transfer comparable to radial disc impellers only when placed at

shallow immersion depths.

7. In an unbaffled cylindrical vessel, dual impellers are almost uniformly inferior at

gas pumping to a single radial disc impeller mounted at the same position as the

lower of the pair, or the position of the radial disc impeller if it is combined with

an axial impeller.

8. In zinc pressure leaching autoclaves, multiple impellers are used where the lower im-

peller must maintain the solids in suspension. Oxygen utilization is increased when

the upper impeller pumps gas from the freespace, thereby recirculating sparged

oxygen which otherwise would have made only one pass through the slurry. For

this reason a radial disc impeller at the upper position should be placed near the

surface, to sustain a vortex in the presence of the baffling caused by the baffles

and asymmetric shape of the autoclave compartments. An upward pumping axial

impeller will consume less power, but its oxygen transfer rate is more sensitive to

immersion depth than the radial disc impeller in the presence of baffling.
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7.3 Recommendations

7.3.1 Physical Apparatus

Variable Speed Motor A variable speed motor would be desirable to eliminate the

time-consuming manipulation of belts and pulleys. It would also permit custom-

selection of tip speeds, which would greatly assist in generating data for the esti-

mation of vE.

Impeller Strain Gauges Shaft-mounted foil strain gauges such as those described in

[93] would reduce the error associated with calculating the net power from the

motor as the difference between the power drawn during the experiment and when

running empty. This error was shown to become substantial when the net power

was the small difference between these two measurements.

7.3.2 Further Areas of Investigation

Bubble Depletion A method for sampling and analysing bubbles should be developed

to permit the evaluation of oxygen utilization efficiency.

Vessel Shape Until recently, laboratory mixing vessels usually have been flat bottomed

while industrial reactors have featured dish bottoms. Work is needed in duplicate

vessels with each bottom to evaluate bottom effects and determine the degree to

which much of the extant literature can be applied to industrial problems.

Baffling:

Baffle Width This needs to be investigated in tandem with impeller diameter to begin

to quantify the 'degree of baffling' spectrum which is available. Even for a baffled

vessel where a vortex is not created, the effect of baffle-impeller interactions on flow
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patterns will change the oxygen transfer and power consumption results for a given

tip speed and immersion depth.

Baffle Height The use of half- or variable-height baffles and the proximity of the im-

peller plane to the baffle tops will also generate a series of flow patterns which

cannot be predicted from `present/absent' experiments. As well, the impeller di-

ameter should play a role in determining the size and stability of the gas vortex.

`Baffling' by Other Methods Use of an eccentrically mounted impeller (offset frac-

tionally from the cylindrical axis) may be another route to combining the two

mechanisms of aeration. Non-standard vessel shape will also be important. This

need not be limited to autoclave first-compartment shape but could also include a

square vessel or the trough shape of the middle autoclave compartments.

Dual Impeller Systems Investigation should be continued in the cylindrical vessel

with baffles. Impeller pairs with different diameters, and configurations with a

very shallow upper (probably axial) impeller may improve gas pumping.

Impeller Design Radial disc impellers with larger or even full blades should be inves-

tigated to observe if pumping from a gas vortex can be made more efficient. A

modified vaned disc impeller, with a full disc running through the middle of the

blades, and a flat blade radial impeller (without disc) also should be incorporated

into an investigation to determine if shear and radial flow can be manipulated to

advantage by impeller disc design.
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Appendix A

Estimation of Oxygen Solubilities

The rate of sulphite ion depletion during an experiment is proportional to the rate of

oxygen transfer; thus from Equation 4.1,

R=Il• a • (C I — Cb) (A.1)

it is a measure of the 4' and a provided by the particular (D or D/T, Z, v, impeller

type). The oxygen concentration Cb in the bulk of the sodium sulphite solution is taken

to be always zero. But since the oxygen concentration C/ at the interface is essentially

equal to that of a liquid saturated with oxygen at concentration Pg, the term C/ depends

on the oxygen solubility at the temperature and sulphite ion concentration at which the

experiment was performed.

The oxygen transfer rate R can be made independent of these two effects by dividing

by the at for the particular experiment. In this way the result is applicable to other

systems where Cr is known for the particular temperature and sulphite ion concentration.

Of course the result cannot be applied to systems where changes in viscosity and ionic

strength, for example, are so significant they induce changes in icy, and/or a.

There are several possible methods of estimation for C. First, since the concentration

of Na2 S 03 used in this work is relatively small it could be considered negligible, and values

for the solubility of oxygen in water published, for example, in 'Standard Methods for the

Examination of Water and Wastewater' could be used [217, Table 422:1, pp. 446-447].
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Conway and Kumke stated the equation

(kL a) 200c = (kLa)T • (1.02420-T) (A.2)

could be used to correct kLa for the effects of temperature on diffusivity and viscosity,

although their table of values of 1.024 20-T [218, Table 1, p. 24] is based only on oxygen

solubility in distilled water and thus does not cover diffusivity or ionic strength effects on

icy, and a. Consequently the equation offers no improvement upon the published values

mentioned above [217].

Several authors have published solubility data for Na 2 SO4 solutions at a series of

temperatures [219,220,221,222]; it is assumed the solubilities in Na2 SO3 and Na2 SO4 are

identical. Linek and Vacek [199] produced the following correlation from the published

data:

6
(1602.1 0.940 7 CNso4a = 5.909 x 10- exp ( ., T 1 + 0.193 3 CNa2s04 ) mol/t • atm. (A.3)

A comparison of its predictions for [Na 2 SO3] = 0 with the data published for water in

reference [217], along with its predictions for the 0.02M Na 2 SO3 solution used in this

work, are given in Figure A.1. The prediction for water is in good agreement with the

published values to about 10°C, above which it tends to overestimate, the degree of

overestimation increasing as temperature increases, to a maximum of about 0.2 mg/I.

This computes to a maximum deviation of about 2 per cent for the highest temperatures

which have the lowest solubilities.

The figure shows it is inadvisable to select an arbitrary temperature and use its

solubility value as a 'blanket value' to cover every experiment regardless of their actual

solution temperatures. Relative to 15°C, the solubilities at 20°C and 10°C are 8 per cent

lower and 11 per cent higher respectively, which would cause KG to be underestimated

by 9 per cent at 20°C and overestimated by 12 per cent at 10°C.
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Figure A.1: Comparison of Predicted and Published Oxygen Solubility Data

The predictions for the 0.02M Na2 S03 solution are included to indicate the magnitude

of the decrease in solubility with respect to the water reference.



Appendix B

Normalization Factors for Oxygen Diffusivity

Oxygen diffusivity is related to the mass transfer coefficient by

k° oc DnL^02 (B.1)

where n is predicted to be equal to 1 by the film theory and equal to 0.5 by the penetration

and surface renewal theories. Laboratory investigation has placed the value of n between

0 and 0.8 or 0.9, depending upon the experimental circumstances [44, p. 60].

B.1 Estimation Methods

Data for the diffusivity of oxygen in water usually are reported only for a few tempera-

tures, which requires interpolation for the intermediate temperatures or perhaps resort

to the Stokes-Einstein relation,

DA • IIZ, ^constant.

Othmer and Thakar [223] developed the relation

14.0
Du, x 105 = /11.1vi:7);6

for the diffusion coefficient Du, of a substance in water in cm2 /sec, where it is the viscosity

of water in cp and Vm is the molal volume of the diffusing substances in me/gm•mole.

The exponents to it and 17,u were derived from the best-fit plots vs. D„ for 31 gases,

liquids and solids with widely varying molecular weights and molal volumes.

(B.2)

(B.3)
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Wilke and Chang [224] expanded upon the Othmer-Thakar equation and reasoned

that the Stokes-Einstein group Dp/T was more appropriate at representing the temper-

ature dependence than Dp 1.1 . They proposed

D = 7.4 x 10-8 ( (xM)"T )
itVo.6

(B.4)

in cm2 /sec. The term x is an association parameter which defines the effective molecular

weight of the solvent; they assigned a value of 2.6 for water. M is the molecular weight

of the solvent, and V the molal volume of the solute, 25.6 for 0 2 .

Because of the link between v20°, and kz, diffusivity cannot be factored from the

equation for R in the same way as the solubility (Appendix A). But KY can be normalized

to a reference value by dividing R by the ratio of Do e at the temperature of the experiment

and 7,02 at the reference temperature. In this way the absolute values of 7,0 2 need not

be known. Equation B.4 thus reduces to a Stokes-Einstein group .

Data for the ratios, relative to a 20°C standard, for both the Othmer-Thakar and

Wilke-Chang equations are presented in Figure B.1. There is only a minute difference

on either side of the equivalence point near 19°C. The Wilke-Chang equation usually is

recommended for the prediction of diffusivities. The normalization factors for both the

film and the penetration/surface renewal theories are plotted in Figure B.2.

The raw R data after division by the oxygen solubility estimate were normalized

by the diffusivity factors for both theories. The film theory factors are not quite as

linear with temperature as are those for the penetration/surface renewal theory. For

both theories, the normalization factor for a given experiment was calculated by taking

the average temperature (the mean of the temperatures at the beginning and end of

the run) and interpolating linearly from the normalization factors for the immediate

integer temperatures. For the sake of reference both sets of data appear in Figures 4.1

(as triangles) and 4.5 (as pyramids). Only the KG values for the n = 0.5 factors are
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presented in the remainder of the figures and analysis.

The exponent n = 0.5 was chosen because:

1. The values of R for the experiments which evaluated the water temperature effect

are harmonized much better by the factors for n = 0.5 (Figure 6.1, Section 6.1);

2. Experimental values of n vary but 0.5 often is considered to be the best estimate

[42, p. 4];

3. It produces a more conservative estimate of KY .

The temperature of 20°C was selected since it is much more meaningful than 0°C, and

because the viscosity of water at 20°C is very nearly 1.000 cp = 1.002 cp [22, p. F-49]).

This causes 20°C to be used as a reference for matters concerning viscosity (e.g. Othmer

and Thakar [223]).

From Figure B.2 it is seen for the P/SR theory that the diffusivity factor decreases

about 7 per cent in moving only 5 C° from 20°C. (For the film theory this difference is

approximately doubled.) This would cause KG to be underestimated by about 8 per cent

at 15°C and overestimated by about 7 per cent at 25°C.

B.2 Viscosity Effects

This treatment method assumes the viscosity of 0.02M Na2 S03 solution and the diffu-

sivity of oxygen into it are identical to pure water. No data were found in the literature

for D02 for Na2 SO4 solutions, but Ratcliff and Holdcroft [225] absorbed CO 2 into various

electrolytes' including Na2 SO4. The smallest concentration of Na 2 SO4 used was 0.318M

but the data were only mildly non-linear (curved) with [Na 2 SO4] (R2 = 0.991) such that

1 While CO2 is more soluble in water and aqueous electrolytes than oxygen, it is still sparingly soluble
when compared for example with the very soluble HCI.
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interpolation to 0.02M does not induce error. By this method the viscosity in 0.02M

Na2 SO4 would be only 0.89 per cent greater than in pure water.

Ratcliff and Holdcroft proceeded to plot their data on a log-log plot and derived the

equation

logio (—) = 0.637 logio^ (B.5)
itH20

from linear regression for data from the six electrolytes studied, where Do is the diffusivity
of CO2 in pure water. Extracting only their data for Na2 SO4 the coefficient is reduced
to 0.609 (R2 0.966 with intercept 0). Substituting for 0.02M Na2SO 4, the increase in
D is only 0.54 per cent. Thus the differences in viscosity and diffusivity between water

and 0.02M Na2 S03 solution are not considered to be significant.
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Comparison of Normalization Factors of Diffusivity Prediction Equations,
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1.2

                                                                      

1.1

    

Othmer-Thakar (1953) *

Wilke-Chang (1955)^0

                                                                                                                        

1.0
I)

••••••••

N O
° 0.9

                                                                                                                                                                                                                                       

0.8

                                   

•

                                                     

0.7

                                                                                                                    

0.6

                                              

0^5^10^15^20
^

25
^

30
Temperature of Water, °C

Figure B.1: Comparison of the Normalization Factors for the Two Equations

Comparison of Normalization Factors for Gas Absorption Theories
Relative to 20° C Standard For Wilke-Chang Equation


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206



