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Synopsis

SYNOPSIS

Protein break-up in stirred reactors plays a key role during the formation, 
processing and subsequent recovery of protein precipitates. This is largely 
due to their characteristically delicate nature and high sensitivity to shear 
forces.

The experimental observations are presented for the breakage of Isoelectric 
Soya protein precipitate in suspension in mechanically agitated vessels under 
turbulent flow conditions. The experiments were performed in a 0.29 m 
diameter vessel equipped with four standard baffles and a six bladed, 45° 
angle turbine impeller positioned centrally and driven from the top of the 
vessel by a 1.1 kW motor with infinitely variable speed control. Impeller 
speed and power input were monitored using a shaft mounted torque 
transducer.

The parameters investigated were size of impeller (ranging between 120 mm 
and 205 mm), speed of impeller (ranging between 60 rpm and 800 rpm) and 
total protein concentration (ranging between 0.35 kg/m^ and 35 kg/m^). 
Reynolds numbers ranged from 36,000 to 560,333 corresponding to a range in 
the mean energy dissipation rate of 37.5 W/m^ to 5683 W/m^ equivalent to a 
range in the mean velocity gradient of 194 s"i to 2385 s 'l. Experiments were 
carried out in order to measure the effect of these parameters on the rate of 
protein precipitate break-up and to determine their final equilibrium size 
distributions. The basis used for the analysis of the results was to maintain a 
constant energy input per unit volume of suspension within the various 
impeller-vessel geometrical configurations. A standard procedure was used 
for the preparation and conditioning of the protein precipitates for every run. 
At the end of the conditioning period a step change in impeller speed was 
carried out and from then on samples were removed periodically for up to five 
hours for particle size analysis using a modified Coulter Counter technique.

The analysis of the results suggests that the break-up of these particles is 
sensitive to even the minor changes in operating conditions. It appears from 
the experiments that most of the protein aggregate breakage occurs within the 
first half an hour of exposure to shear, the modal particle size distribution 
decreasing from a value of approximately 10 p,m to about 1.0 p,m. The rate of



Synopsis

protein aggregate breakage as well as the final protein aggregate size at the 
end of the five hour period of exposure to shear are strongly dependent on 
both the speed of agitation and protein concentration. The effects of impeller 
speed on the breakage of the protein aggregates becomes progressively greater 
as the speed of agitation is increased and similar trends are obtained when 
varying protein concentration.

The results indicate that for a given protein concentration, the initial rate of 
aggregate breakage is uniquely dependent on the impeller speed and impeller 
diameter, both parameters being related to the mean energy dissipation rate 
inside the vessel. The concept of a constant mean energy dissipation rate 
provides a rational scale-up basis for the design of industrial mechanically 
agitated reactors for precipitation. Moreover it provides a common basis upon 
which it ought to be possible to assess and compare breakage of protein 
precipitates in seemingly different types of processing equipment, such as 
pumps, pipelines and centrifuges.

Additionally, a model has been established to describe the influence of these 
different hydrodynamic conditions on the breakage of protein precipitates in 
turbulent suspension. The proposed model accurately describes the influence 
of the mean energy dissipation rate and also the protein concentration on the 
initial breakage frequency of the protein aggregates.

7VCÛ01 aea\)Tov 
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Chapter 1 Introduction

CHAPTERONE

INTRODUCTION

1.1. Processing of Proteins

Proteins constitute a fundamental basis to a huge plethora of essential 

products world-wide, therefore major developments are currently being 

carried out in protein technology that will offer the prospect of efficient 

processing and improved economics. Particular areas of interest include the 

need for protein-based vaccines for presently incurable diseases, monoclonal 

antibodies for medical diagnosis, enzyme proteins to convert animal to human 

insulin or novel proteins from microbial or vegetable sources. The revolution 

in biotechnology brought about by advances in molecular genetics is having 

its fastest impact upon protein production because proteins are the most direct 

product of the gene. In health care this promises better treatment for 

haemophilia, thrombosis and life threatening infections as well as new 

vaccines.

In the process industries it is likely to be food proteins, such as vegetable 

proteins used in the present investigation, which are the most crucial to 

society. The very high tonnages required mean that efficient processing is 

especially important. With a projected increase in world population of two 

billion by early in the next century, the upgrading of poorer quality food 

protein will become a necessary priority.

However, the central question is whether these proteins can be handled 

efficiently in conventional process engineering equipment. They are very
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large entities, typically of molecular weight 20-200 thousand Daltons, held 

together in their globular conformation mainly by weak, non-covalent forces. 

Consequently it is a common industrial experience that many such proteins 

are readily damaged during processing. This confirmation severely limits the 

ways in which large-scale processing of proteins could be conducted and there 

have been many studies carried out to identify the modes and mechanisms of 

protein disruption in a wide range of process equipment.

Like several other key biological substances, proteins are polar, 

macromolecular and of very limited thermal stability, so they cannot be 

processed in the vapour phase. Instead they must generally be handled in an 

aqueous medium and subsequently recovered from solution. One of the most 

widely applied recovery techniques for proteins is precipitation which is often 

a difficult and costly process. Proteins form fine, highly hydrated precipitates 

with relatively open structures in which typically sub-micron sized primary 

particles are loosely bound together to form aggregates with a maximum 

diameter of less than 50 |im (Virkar et al., 1982; Hoare, 1982a & b; Chan et 

al., 1986; Fisher and Glatz, 1988a & b). The distribution of constituent 

particles within individual aggregates is non-uniform (Bell and Dunnill, 

1982a; Devereux et al., 1984), and moreover with an aggregate density 

typically less than 10 % higher than that of the mother liquor protein 

precipitates can be difficult to recover by conventional means such as high 

speed centrifugation (Bell et al., 1983). Efficient centrifugal separation is 

further hindered by the low mechanical strength of these fragile aggregates 

which tend to break up within the shear field present in such process 

equipment.

An important aim of the precipitation operation therefore is to create a 

physical and chemical environment in which the primary particles can

17
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combine to form relatively large and dense aggregates without the loss of their 

structural integrity or the risk of protein dénaturation. Aggregation and 

densification greatly improve precipitate properties for subsequent 

downstream processing operations including their separation from the mother 

liquor (Devereux et a l ,  1984; Titchener-Hooker et ah, 1990). Mechanically 

agitated vessels are often used to achieve these technical objectives (Hoare 

1982b; Glatz et al., 1986; Fisher and Glatz, 1988a & b). However, it has been 

shown that protein precipitates can break up during exposure to fluid induced 

stresses in mechanically stirred vessels (Bell and Dunnill, 1982a; Petenate and 

Glatz, 1983; Glatz et a l, 1986; Fisher and Glatz, 1988b), in pumps (Hoare et 

al., 1982; Hoare et al., 1984), in centrifuges ( Bell and Dunnill, 1982b) and in 

pipe-line transportation (Hoare et al., 1982). Excessive breakage of the 

protein precipitates can severely limit the size and density of the precipitates 

and can thus hinder downstream processing of the protein products.

The response of protein aggregates to fluid dynamic induced forces has been 

studied in the past in a variety of situations including capillary and concentric 

cylinder viscometers (Hoare et al., 1982). These studies generally agree that 

fluid induced stresses are responsible for protein aggregate breakage. 

However, the effect of these stresses on protein precipitates during processing, 

for example in a mechanically stirred vessel, is less well understood. Several 

models of breakage have been developed in the past based on different 

mechanisms such as fluid shear, collisions between aggregates and impact 

between aggregates and inserts in the reactor, such as the walls of the vessel, 

the baffles and the rotating impeller (Parker et al., 1972; Glasgow and Luecke, 

1980; Twineham et al., 1984; Glatz et al., 1986; Sonntag and Russel, 1986; 

Brown and Glatz, 1987; Akers et al., 1987; Ayazi Shamlou et al., 1990; Ayazi 

Shamlou et al., 1993). However, there is no unequivocal experimental

evidence in existence as yet in the published literature to support the

18
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application of any of these models to protein precipitates and therefore there 

is much scope for further elucidation of the mechanisms by which breakage of 

protein aggregates occurs.

1.2. Objective of Research Project

The aim of this work is to investigate the influence of impeller agitation on 

the breakage of Soya protein precipitates in a mechanically stirred vessel, 

under turbulent flow conditions. The basis used for the analysis of the 

experimental results was to maintain a constant energy input per unit volume 

of suspension within the various impeller-vessel geometrical configurations. 

Particle size distributions were obtained during the five hour breakage period 

operating under various different conditions. Two models have been 

proposed which relate the initial frequency of protein aggregate break-up and 

the maximum attainable aggregate diameter to the energy dissipation rate in 

the vessel.

The initial frequency of breakage is investigated, since it has been shown 

throughout the course of this work and other work of similar nature, that the 

aggregate breakage activity is at a maximum at the very beginning of the 

breakage cycle. Moreover, the final equilibrium particle size of the 

aggregates is a key parameter influencing downstream separation of the 

precipitate from the continuous phase, commonly carried out using a 

centrifuge during industrial clarification.

19
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CHAPTER TWO

LITERATURE SURVEY

2.1. Precipitation and Recovery of Proteins

Protein precipitation and the subsequent recovery of the precipitate from the 

associated aqueous medium are two important unit operations for the 

laboratory and industrial scale isolation and purification of proteins. These 

proteins include vegetable and microbial food proteins, human and animal 

blood plasma proteins and enzymes for analytical and industrial applications. 

Proteins which are produced by genetic engineering are also being recovered 

and purified by this technique. Protein precipitates are aggregates of protein 

molecules often large enough to be visible and to be recovered by filtration or 

centrifugation. Precipitation can be performed either in a continuous, semi

batch or batch fashion. In batch precipitation mechanical agitation is often 

used to aid the process. The primary objective of mixing is to obtain 

aggregates which are large in size, high in density and resistant to breakage 

during subsequent processing without denaturing the structure of the protein.

The solubility of the protein in various solvents is determined by the 

distribution of hydrophilic residues on the surfaces of the protein molecules. 

These molecules are very hydrophilic being associated with up to three times 

their own weight of water. The loosely associated water forms a stabilizing 

barrier to aggregation. Altering the protein environment by addition of a 

precipitating reagent such as salts, acids or organic solvents leads to a 

reduction in the barrier preventing protein association and primary protein 

particles emerge which grow further by diffusional transport of protein

20
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molecules to the solid protein surface and diffusional controlled aggregation 

of the primary particles. Subsequently, the rate of aggregation is largely 

determined by orthokinetic shear related collision, these being promoted by 

continued stirring or flow of the suspension and by higher concentrations of 

particles. The final aggregate size is limited by the hydrodynamic forces 

causing disruption of the aggregates.

An extensive review of the methods of protein precipitation has been written 

by Bell et al. (1983). The association of the globular molecules to form 

precipitates involves a reduction in the solubility of the protein by either 

changing the nature of the solvent environment or by direct interaction of a 

reagent with the protein. Many techniques are available to carry out the 

precipitation using a wide range of precipitating agents. The choice of 

precipitating agent or combination of reagents will depend on several factors. 

These include the precipitation yield, selectivity, dénaturation, and product 

end-use, as well as the factors which influence large-scale processing, such as 

viscosity, density, flammability and corrosiveness.

1. Salting-out by the addition of high concentration of neutral salts such as 

ammonium sulphate.

2. Isoelectric-point by pH adjustment; solubility is a function of net charge 

on the surface of the aggregates and is at a minimum at the Isoelectric 

point-zero net charge.

3. Reduction in the dielectric constant by the addition of miscible organic 

solvents, e.g. ethanol, enhancing the electrostatic interaction between the 

molecules.

4. Addition of non-ionic polymers to protein solutions causes precipitation, 

probably operating by an exclusion effect, reducing the amount of water 

available for protein solvation, e.g. polythene glycol.
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5. Addition of charged poly electrolytes which act as flocculating agents 

under appropriate pH conditions, e.g. carboxymethylcellulose.

6. The interaction of polyvalent metal ions with proteins which precipitate 

protein irreversibly, e.g. Ca^+.

Isoelectric Soya protein precipitate is utilised in this research project, the 

source material being Soya flour. In the commercial production of isolated 

soy protein the soy flakes are extracted in dilute alkali followed by lowering 

the pH to the point of minimum solubility (loosely referred to as the 

Isoelectric point) to precipitate the protein (Wolf and Cowan, 1975). The 

resulting slurry must then eventually be dried. Previous work has been carried 

out on the definition of protein precipitates and their characteristic 

biochemical behaviour which means that some knowledge has been 

accumulated over the years concerning this product. At the Isoelectric point 

the different proportions of basic and acidic groups on the protein surface 

gives rise to a pH value at which the net charge of the protein becomes zero.

At this point the solubility of the protein becomes a minimum and for a pure 

protein this minimum will be very sharp, with greatly increased solubility at 

0.5 pH units either side of the minimum. For Soya protein these trends in 

solubility are illustrated in Figure 2.1 (Virkar et a l ,  1982). Precipitation of 

protein occurs because at the Isoelectric point the electrostatic charges causing 

repulsion of protein molecules are removed resulting in attraction of 

molecules to each other by the van der Waals forces and increases collision 

effectiveness of primary protein particles to form larger aggregates. The 

effect, which is enhanced for proteins of low hydration constant or high 

surface hydrophobicity, has been widely used. For example, casein, a protein 

with the latter characteristic, precipitates at its Isoelectric point forming large, 

strong aggregates (Shaw, 1966). On the other hand, gelatin, an exceptionally

22
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hydrophilic protein does not precipitate at its Isoelectric point in low ionic 

strength or high dielectric constant environments.

A major advantage of Isoelectric precipitation commonly carried out at acidic 

pH's, is the cheapness of the mineral acids and the fact that several such as 

phosphoric, hydrochloric and sulphuric are acceptable in protein food 

products. In addition it will usually be possible to proceed directly to another 

fractionation procedure without the need, for removal of the reagent.

The principal disadvantage of using acids is their potential for damaging 

proteins irreversibly. Work carried out using differential scanning calorimetry 

(Salt et al., 1982) has indicated that protein dénaturation occurs only under 

severe conditions of acid pH, but may be greatly amplified by the action of 

particular acid anions.

Figure 2.2 shows a schematic flow sheet for the process of isolation and 

recovery of an extracellular protein product (Gritsis and Titchener-Hooker, 

1989). This is a typical process for the precipitation of proteins and 

subsequent separation of the precipitate from the mother liquor to form a basis 

of a group of unit operations commonly used for the recovery and 

fractionation of proteins.

Stirred vessels are used for many operations in the biological process 

industries, including fermentation and precipitation. The purpose of agitation 

is generally to ensure homogeneity of the vessel contents, to promote mass 

and heat transfer (especially oxygen transfer in aerobic fermentation), and to 

suspend particles in a fluid. Increased agitation, where the fluid viscosity 

permits, will improve the performance of the system in these respects.

24
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On the other hand poor mixing results in the occurrence of localized zones of 

high acid concentration that are dispersed relatively slowly as a result of the 

poor agitation. This effect was examined by pouring in the predetermined 

required quantity of acid as quickly as possible (Salt et al., 1982). Relative to 

the slow dropwise addition of acid, there was an increase in the mean particle 

size together with a marked broadening of the size distribution curve. This 

effect was more pronounced at high protein and acid concentrations and low 

stirrer speeds.

Unfortunately, increasing agitation increases shear and other forces to which 

the vessel contents will be exposed. The reaction of biological materials, such 

as protein precipitates, to these increases in impeller speed might restrict the 

range of usable impeller speeds. The problems of shear in a stirred vessel 

during the precipitation of proteins arise from the need to compromise 

between conflicting requirements such as promotion of mixing and reduction 

in shear damage.

Shear effects are a strong determinant of particle size in precipitation reactors. 

The shear in these systems is usually characterized by the mean velocity 

gradient as will be described later. Figure 2.3 shows the effect of mean 

velocity gradient in various reactor types on precipitate sizes on Isoelectric 

precipitation of Soya protein (Glatz et at., 1986). d^o represents the diameter 

at which 50% of the particles by weight are over this size as does dgo for that 

at which 90% are oversize. dgQ is essentially a measure of the importance of

the fine tail of the precipitate. The particle sizes shown are of the order of the 

microscale of turbulence. It can be seen from Figure 2.3 that both d^Q and dgo

fall with the mean velocity gradient. Unfortunately reductions in the velocity 

gradient are limited if the reactor is to be well mixed, and high local 

concentrations of precipitant are to be avoided.
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Precipitation of protein is typically a batch process in which the precipitating 

agent is added to the product-bearing solution in the mechanically agitated 

vessel under conditions of high shear. The precipitation takes place in two 

stages. In the first, which is extremely rapid, small primary particle nuclei are 

formed, experimental evidence suggesting that these are typically sub-micron 

in diameter (Virkar et al., 1982; Chan et al., 1986). During the second stage 

of growth larger aggregates are formed by a process of shear-induced collision 

between these small primary particles (Bell et al., 1982). Since the 

precipitation is carried out under turbulent conditions both particle 

aggregation and breakage occurs (Glatz et al., 1986).

Brown and Glatz (1987) re-examined several models in the literature for 

aggregate breakage, and reported further work on isoelectrically precipitated 

Soya protein in a stirred tank. They concluded that breakage of protein 

aggregates of sizes smaller than the microscale of turbulence was probably 

dominated by collisional fragmentation. Evidence included the concentration 

dependence of rate constants. It is clear that particle breakage limits sizes 

achievable in precipitation, and hence the efficiency of the subsequent solid- 

liquid separation. Qualitatively, and in some respects quantitatively, the 

behaviour of precipitates has been well described using the mean velocity 

gradient. Further progress will undoubtedly require more detailed 

hydrodynamic descriptions, rather than a reliance on this single parameter. 

Incorporating particle strength into models, possibly using some improvement 

on the ageing parameter, will also be necessary for a full kinetic description of 

the precipitation process.

Over the past decade substantial experimental work has been carried out and 

several theories have been proposed to describe the various ways in which the 

engineering environment in the stirred vessel influences the breakage of
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particles in suspension. (Bell and Dunnill, 1982a; Petenate and Glatz, 1983; 

Glatz et al., 1986; Fisher and Glatz 1988b; Brown and Glatz, 1987). 

Unfortunately, many of these theories have remained essentially unverified 

due to a lack of quantitative, systematic and unambiguous data. This project 

therefore aims to shed some light on all this by clarifying the possible modes 

and mechanisms of protein precipitate aggregate disruption inside the 

mechanically agitated vessel.

The stirred vessel, however, is just one of the items of process equipment in 

which the protein precipitate is severely damaged. Once the proteins have 

been precipitated, a subsequent unit operation involves transportation of the 

precipitate suspension from the precipitation vessel to a separator in order to 

concentrate the protein suspension. For batch precipitation vessel reactors 

and ageing vessels, this usually requires the use of pipelines and pumps, the 

disadvantage being that further shear damage or breakage of the protein 

precipitate is likely under the intensity of the turbulent flow fields.

Hoare et al. (1982) studied the effect of laminar pipeline couette shear on 

Soya protein precipitates using a coaxial viscometer. The particle size 

distribution was found to be strongly dependent on the time of exposure to 

shear and the rate of strain. Precipitate breakage occurred by fragmentation of 

larger particles ultimately leading to erosion of primary particles making up 

the precipitate. Fragment size data is presented in Figure 2.4 for a 2.5 % by 

weight precipitate size distribution exposed to 2000 s 'k  Initially large 

fragments of diameter approximately 8 pm are produced, rapidly reducing to 

fragment sizes of around 2.5 pm. This analysis does not take account of the 

growth of precipitate by aggregation, but studies of break-up at higher shear 

rates, using capillary shear in a capillary rheometer, show that fragment size 

data can give some indication of break-up mechanisms (Bell and Dunnill,
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1982). With mass-average shear rates of 9000 s"l to 90,000 s 'l, Soya protein 

aggregates were broken by removal of 3-9 \Lm fragments from initial sizes of 

9-50 pm. Increased protein precipitate concentrations decreased the overall 

rate of precipitate break-up due to the greater rates of aggregation-controlled 

growth.

The effect of pumps on aggregate breakage of Soya protein precipitate has 

also been examined by Hoare et al. (1982). Very rapid break up of the 

protein precipitate particles was observed in the centrifugal, mono, and gear 

pumps over the first few passes, as illustrated in Figure 2.5. Normally these 

pumps would be operated on a once-through basis only but with a significant 

back pressure. This would increase the back flow through the pump head and 

probably would have a similar effect to increasing the number of passes in the 

pump head operating at low back pressure. The pressure drop required to 

feed most centrifugal separators is generally quite small the main pumping 

and feed requirement is for good flow control.

The objective, in the case of protein precipitate recovery, must be to minimize 

the production of fines by minimal exposure to shear. A peristaltic or other 

positive displacement pumps, operating under low back pressure and on a 

single pass basis only, should be suitable for this purpose. Alternatively, 

pumping systems may be avoided by developing sufficient pressure prior to 

precipitation in a continuous reactor or by using gravity feed or gas pressure 

for precipitate displacement.

Another location of concern with respect to aggregate breakage in the flow 

process is to be found in the feed zone of the centrifuge during the final 

process of separation. The breakage of large aggregates into smaller 

fragments results in reduced solids recovery since the separation efficiency of
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a centrifugal separator is strongly dependent on the aggregate size. Centrifuge 

feed geometries have now been designed to reduce such effects. It is also 

found that the more open and irregular structure of precipitates prepared in 

tubular reactors results in greater particle breakage (Bell and Dunnill, 1982a). 

However, higher dewatering is achievable with the precipitate prepared in the 

tubular reactor. Although stronger, batch prepared precipitates are also 

susceptible to breakage at high flow rates. The nature of the centrifuge gives 

only very limited information of the state of the particle suspension, i.e. 

particle concentration and size distribution, before and after the separator. 

This is because it is not possible to collect a sample of feed suspension 

leaving the feed zone and before entering the disk stack, which would give a 

direct measure for the rate of break-up (Mannweiler, 1990).

2.2. Particle Aggregation

It is well known that when particles in liquid suspensions are in the low or 

sub-micron range they either remain in suspension or settle too slowly for 

economic sedimentation, and are difficult to filter. Usually appreciable rates 

cannot be achieved when individual primary particles are aggregated into 

larger units.

Aggregation can be described as the process by which individual or small 

groups of particles collide and adhere to one another. Measurements of the 

evolution of particle size distribution suggest the existence of at least four 

distinct stages of aggregation, illustrated in Figure 2.6. In the initial stage, the 

rate of aggregation is relatively slow and growth is assumed to be due to 

binary collisions between small primary particles of equal size, leading to the 

formation of doublets. In the second stage, growth occurs rapidly, while in
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the third stage the rate of increase in aggregate size decreases, until 

eventually, in stage four a stable aggregate size is reached. This stable size is 

maintained for as long as the operating conditions remain unchanged.

Binary aggregation is thought to occur by collision following diffusion of two

particles towards each other. The basic equation relating the number of 

collisions per unit time, Jÿ, between two particle species with radii a/ and ^  

and number concentrations n/ and ny is given by Smoluchowski (1971)

JÿocRÿn,n,-Y (2 1)

where R/y is the collision radius and may be assumed to be equal to (a^+a^). 

For collisions between two spheres with equal radii Ryy= 2a (Figure 2.7) and

Equation 2.1 reduces to

J“¥dpV (2 2)

where dp is the diameter of the colliding primary particles. In Equations 2.1 

and 2.2, \\r is the diffusion coefficient. In the absence of an external motive 

force, such as an impeller, any aggregation will be due to Brownian motion 

and the diffusion coefficient is given by

k T
V = (2.3)

For aggregation in a turbulent flow field, if the scale of the smallest 

turbulence is larger than or is comparable to the size of the particles, the 

diffusivity term in Equations 2.1 and 2.2 may be replaced by the expression 

for the eddy diffusivity denoted by Equation 3.15 of Chapter 3 (Ayazi
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Shamlou and Titchener-Hooker, 1993). In using Equation 3.15 for this 

purpose, it is implicitly assumed that the root-mean-square velocity 

fluctuation differences between points are at a distance of one particle 

diameter apart. Combining Equation 3.15 and 2.1, the collision frequency at 

the microscale of turbulence becomes

(Rÿ)3n,ny viscous (2.4)

If the sizes of the particles are of the same order as the turbulent eddies in the 

inertial subrange, the corresponding diffusion coefficient is obtained from 

Equation 3.19 of Chapter 3. Substituting for \|/ into Equation 2.1 using 

Equation 3.19 gives the frequency of aggregation at the inertial subrange. 

Thus

Jlj -  A 2 (R,y)7/3 ni lij inertial (2.5)

In practice, primary particle size is usually much smaller than the microscale 

of turbulence and most previous researchers have recommended Equation 2.4 

as the basis for the prediction of the aggregation rate. Table 2.1 lists a few 

published expressions based on Equation 2.4. Evidently, the only difference 

between these equations is in the magnitude of the coefficient A j.
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TABLE 2.1. Theoretical equations for the estimation of aggregation rate 

between particles of equal size.

Aggregation rate, J  (m '^s’l) Researchers

0.93 dp3 (e/v)l/2 np2 Camp and Stein (1943)

1.3 dp3 (8/v)1/2 np2 Saffman and Turner (1956)

13.8 dp3 (8/v)1/2 np2 Levich (1963)

0.4 dp3 (8/v)1/2 np2 Delichatsios and Probstein (1974)

1.3 dp2 (8/v)1/2 np2 Higashitani et al. (1983)

Data reported for the aggregation rate of mono-size spherical polystyrene 

particles dispersed in distilled water (Higashitani et al., 1983; De Boer et al., 

1989a & b) indicate that aggregation rates predicted by Equation 2.4 of Table 

2.1 are significantly higher than experimental observations. The discrepancy 

between measurements and predictions is caused because Equation 2.4 

assumes that every collision is effective, i.e. it leads to attachment. In 

practice, for a variety of reasons, only a small fraction of collisions are 

successful. Head-on collisions are obviously more effective than off-centre 

collisions. The analysis of collision is further complicated by the presence of 

a liquid film between the colliding particles. This liquid film provides a 

hydrodynamic resistance to aggregation and, therefore, a necessary 

requirement for an effective collision is its drainage. The time scale of the 

turbulent eddy forces responsible for bringing the particles together must be 

higher than the drainage time for the liquid film, otherwise the particles will 

separate when the flow changes direction. Additionally two particles, moving
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towards each other by the turbulent eddies are influenced by the short-range 

interparticle forces which include the attractive Van der Waals forces and the 

repulsive double-layer forces. Whether two particles will adhere to each other 

or detach from one another following a collision between the convective 

turbulent induced flow forces and the interparticle attractive and repulsive 

forces.

Higashitani et al. (1982, 1983) used a collision efficiency, , defined as the

ratio of particles that aggregate to those which collide, and proposed that 

Equations 2.4 and 2.5 should be modified to include Cÿ . Thus

/ £ \
J ÿ '^ C ÿ tv /  viscous (2.6)

and

Jÿ «C ÿ el/3 (R^)7/3 n. inertial (2.7)

Theoretical calculations for the collision efficiency in turbulent flow are 

carried out by assuming that the collision efficiency for turbulent aggregation 

is equal to that for laminar flow at corresponding values for the shear rate. 

These calculations are based on the equations of motion for the trajectory of 

the colliding particles Adler, 1981; Batchelor and Green, 1972; van de Yen 

and Mason, 1976). The results for some specific cases are shown in Figure 

2.8. For aggregation between particles of equal size Higashitani et al. (1982,

1983) suggested that the collision efficiency may be related to the 

dimensionless flow number defined as the ratio of hydrodynamic repulsive 

forces to the interparticle attractive forces. Thus
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( 6 £ £ ^ )  p .8 )

where A is the Hamaker constant. For turbulent flow the average shear rate, 

Gy, was defined as (Saffman and Turner, 1956)

1/2

G v = ( ^ )  (2.9)

Figure 2.9 shows experimental data on collision efficiency reported in the 

literature (De Boer, 1989a and b; Higashitani et al., 1983; Kusters, 1991). For 

collision between spheres of equal diameter, the plot is approximately 

described by:

-0.35
/ 6 n \ i  dp3

C ÿ = 1 . 7 (  f  )  (2.10)

Equation 2.10 covers the range of shear rate of interest to turbulent 

aggregation in stirred vessels. Replacing Gy in Equation 2.10 using Equation

2.9 and substituting this for the collision coefficient in Equations 2.6 and 2.7 

gives the following relationships for the rate of aggregation for mono-size 

particles:

2
j  (dp) Dp2 viscous (2.11)

and, to a close approximation,

/ 8  1 3
J  (dp) ' np^ Y-0.35 inertial (2.12)

41



u

I
§

u

1

Bound of experimental data

Equation 2.10

0,1

10 100 1000
Flow number

Figure 2.9. Collision efficiency for the aggregation of mono-sized polystyrene particles in water as a function of the 
dimensionless flow number (data from De Boer et al., 1989 and Higashitani et a l ,  1983).



Chapter 2 Literature Survey

Experimental data of Higashitani et al. (1983) and De Boer et al. (1989a) are 

used to test the applicability of Equations 2.11 and 2.12. De Boer et al. 

(1989a) examined the aggregation of polystyrene particles, with a mean 

diameter of 0.74 pm, in water agitated by a standard Rushton turbine impeller 

in three geometrically similar vessels of 0.09 m, 0.19 m and 0.44 m diameters. 

Higashitani et al. (1982, 1983), on the other hand, studied aggregation of 0.85 

pm polystyrene particles in a 0.14 m diameter vessel equipped with a 0.07 m 

diameter flat paddle impeller.

Some of the most interesting results from these investigations relate to the 

effect of the energy dissipation rate on the rate of aggregation. These results 

are shown in Figure 2.10. In each of these plots the turbulent energy 

dissipation rate has been calculated on the basis of energy dissipation in the 

entire liquid volume in the vessel. There is hardly any difference between the 

data for the two impellers. In addition, the slope of the regression line 

provides information on the likely mechanism of aggregation. If collision rate 

were proportional to (e/v)^-^^, then aggregation would occur at the 

Kolmogoroff microscale of turbulence. For aggregation to proceed at scales 

of the inertial subrange the collision rate would be expected to be proportional 

to (e/v)01^. The slope of the line in Figure 2.10 is 0.3 and appears to support 

the theory behind Equation 2.11 which states that aggregation of small 

particles occurs at the smallest scale of turbulence.

Figure 2.8 indicates that collision efficiency falls off sharply as aggregate size 

increases. The implication is that aggregates grow up to a maximum size 

determined only by the collision coefficient. This conclusion, however, does 

not appear to be in agreement with the experimental observations of De Boer 

et al. (1989a). Their limited experimental results suggest that the rate of 

aggregation between small and equal size primary particles is about eight
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times less than that between large aggregates and primary particles. This 

difference is believed to be due to the porous, soft and non-uniform structure 

of most aggregates. Tambo and Hozumi (1979) used computer simulation of 

aggregate growth to show that to a first approximation aggregate-particle 

collision efficiency is essentially a constant factor. This conclusion has been 

confirmed by more recent studies (Kusters, 1991).

It thus seems reasonable to assume that as aggregate size increases the mode 

of aggregation switches from homogeneous growth involving binary collisions 

between pairs of particles of equal size to heterogeneous growth and possibly 

between large aggregates and doublets. Moreover, assuming that for 

heterogeneous collisions involving soft and non-uniform aggregates the 

collision efficiency is a constant factor, then the frequency of collision will be 

given by Equations 2.4 and 2.5.

Taking Vf to be the volume of a single spherical aggregate of size df, assuming 

that aggregate size is significantly larger than primary particle diameter, i.e. a/

+ SLj = df, it can be shown (Petenate and Glatz, 1983) that

d Vf d (ky df3) d df
dt = 3 k v d f 2 - j ^  (2.13)

where ky is a volumetric shape factor. Hence, for aggregation occurring at the 

microscale of turbulence Equation 2.4,

Vf Jf/Vp /6  \
It -  nr = ^ 3 \ v /  (2.14)
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where Vp is the volume of a single particle, Hp is the number of primary 

particles and nf is the number of aggregates.

Combining Equations 2.13 and 2.14 gives the expected linear aggregate 

growth rate. Thus

d d f  /E 
dt “ ^ 4 V y /  dfVpUp viscous (2.15)

For aggregate sizes in the inertial subrange Equation 2.5 should be combined 

with Equations 2.13 and 2.14. Thus

É A  A _l/3 j  1/3
dt = A5 E df VpUp inertial (2.16)

Equations 2.15 and 2.16 relate the linear aggregate growth rate to some of the 

important variables affecting it. These variables include the energy 

dissipation rate, the size of the aggregates and the number and volume of the 

primary particles. Despite the obvious importance of these equations, so far 

they have not been checked against experimental data. There appears to be a 

distinct shortage of relevant experimental data on the aggregation rate 

covering the full range of parameters of interest.

An important and implicit assumption involved in the derivation of all the rate 

expressions presented so far is that the particles are considered to experience a 

steady and well correlated flow field. This assumption is thought to be 

satisfied when the particle relaxation time is less than the appropriate 

turbulent times. The particle relaxation time may be thought of as the time 

required for a particle to respond to a change in the convective flow forces.
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For small particles, assuming Stokes resistance, the particle relaxation time is 

given by (Delichatsios, 1980).

. { }v
For the 0.74 pm diameter polystyrene particles used by De Boer et al. (1989), 

tp=2.3 X 10"^ s. Typical values of the Kolmogoroff microscale of turbulence

for a stirred vessel are shown in Table 2.2. Evidently, the time scales of the 

eddies are significantly larger than the relaxation time of the particles. 

Additionally, Table 2.2 reveals that the size of the smallest scale of turbulence 

are still much larger than the size of the particles, which again supports the 

view that aggregation is primarily controlled by the smallest scale of 

turbulence.

With regard to the turbulent flow in the tank it is worth investigating the 

possible effects of particles on the turbulent structure. Turbulent properties 

are normally calculated from equations which are based on particle-free flow. 

Limited data by Lats and Frishman (1974) and Delichatsios (1980) show that 

turbulent fluctuations are damped when particles are introduced into the flow. 

It appears that the turbulent energy dissipation per unit mass and time 

decreases according to the following equation:

8 ri-H 
e . "  L 1

l + 0 . 2 K P p / p ) f  ,
+<^(pp/p) J  ̂ ^

where Eq is the energy dissipation per unit mass in particle-laden flow. These

measurements also suggest that the damping of turbulence by particles is 

practically independent of particle size for particle sizes below 32 |xm, and
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TABLE 2.2. Properties of turbulent eddies for water stirred by a 0.07 m diameter impeller (Po=0.6) in a 0.2 m cylindrical tank 

with H=D'p.

Im peller speed, N (rps) 0.5 1 2 3 4

Re 2450 4900 9800 44100 225400

e (cm^s"^) 0.2 1.6 12.8 43.2 102.4

(e/v)l/2 (s-l) 4.5 13 36 66 101

X (cm) 0.05 0.03 0.017 0.012 0.0099

uk  (cm s-l) 0.21 0.36 0.60 0.81 1.0

tR (s) 0.22 0.08 0.03 0.015 0.01
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decreases slightly with increasing particle size in the range 40-120 |Lim. There 

is little information on the possible implications of these observations for 

turbulent aggregation of particles. For a Soya protein precipitate suspension 

the ratio of (Pp / p) is very close to unity.

2.3. Aggregate Breakage

Turbulent stress levels below about 0.75 N/m^ are generally 

considered to be mild (Lee and Brodkey, 1987). Agitation-induced forces 

below this threshold are likely to promote particle-particle collision leading to 

attachment. When the turbulent stress levels in the vessel are intermediate, 

Ts=2.6 N/m^ and high, Tg above 5.3 N/m^, many experimental observations

suggest aggregates can be physically disrupted. Weak aggregates can be tom 

apart into many fragments, deformable aggregates may be considerably 

stretched before breaking up into two or more parts, while rigid agglomerates 

may suffer extensive surface erosion. Aggregate dismption limits the 

maximum size to which aggregates can grow regardless of whether or not the 

collision efficiency becomes zero. The maximum aggregate size may be 

determined by the balance between agitation intensity and strength.

2.3.1. Mechanisms of Aggregate Breakage

Few investigations have considered floe disruption processes, partly because 

of the theoretical difficulty and partly because empirical observations had not 

previously recognized the importance of disintegration. However, with the 

increasing use of protein products and polymer coagulate-aids, aggregate 

dismption has become a significant concern. The mechanisms by which
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breakage of protein precipitate aggregates occurs and models to describe the 

size and shear dependence of breakage rates are the subjects of continuing 

inquiry. Breakage has been shown to be a dominant factor in the growth 

(Grabenbauer and Glatz, 1981) and ageing (Bell and Dunnill, 1982) of protein 

precipitates, where particle size is critical to the ease of the recovery of the 

product.

Several breakage mechanisms have been proposed in the literature as follows:

(1) bulgy deformation due to pressure differences on opposite sides of the 

aggregate (Hinze, 1955 and Thomas, 1964);

(2) primary particle erosion due to hydrodynamic shear (Parker et al.,

1972 and Glasgow and Luecke, 1980);

(3) erosion of particles larger than primary particles due to hydrodynamic 

shear (Bell and Dunnill, 1982a; Hoare, 1982a & b; Glatz et a i ,  1986; 

Ayazi Shamlou et at., 1993);

(4) fragmentation due to particle-particle collisions (Glasgow and Luecke, 

1980; Twineham et a l,  1984; Fisher and Glatz, 1987); and, less 

commonly,

(5) fragmentation by viscous drag or local shear (Hinze, 1955).

However, not all of these are equally plausible for particular floe structures. 

Loose, physical associations of colloidal particles might be susceptible to 

primary particle erosion or dynamic deformation and breakage. Local shear, 

which is caused by the density difference of the aggregate and the suspended 

medium is not a likely mechanism for the size and density of the protein 

aggregates considered here. However these aggregates are smaller than the 

Kolmogoroff microscale of turbulence, a size where such a mechanism could 

be important (Hinze, 1955). On the other hand, aggregates characterized by 

numerous interparticle linkages (or macromolecular bridges) could be
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expected to be much more resistant to the dynamic pressure and primary 

particle erosion mechanisms. Much of the early information appearing in the 

literature concerning breakage (e.g. Thomas, 1964; Parker et a l ,  1972; 

Glasgow and Luecke, 1980; Petenate and Glatz, 1983) have assumed that 

collisional events are negligible compared to hydrodynamic shear-initiated 

events for protein precipitate aggregates.

The two extremes in characterizing particles with respect to break-up are 

liquid droplets and brittle solids. Liquid droplets in a turbulent or laminar 

flow field deform as a function of the relative velocity across the droplet 

(Coulalogou, 1977). For break-up to occur the forces of distortion have to 

overcome the increased surface energy of the droplet. The droplet will break 

into two roughly equal parts, possibly also forming very small droplets. 

Droplet break-up is usually characterized by the maximum stable droplet 

diameter to exist in a particular shear field (Shinnar, 1961 and Hinze, 1955). 

The essential difference between the mechanisms for break-up of liquid drops 

and the rupture of suspension floes is that drop oscillations play a primary 

role in the break-up of drops in liquid-liquid systems, whereas the turbulent 

intensity must be sufficiently great to shear the floe structure in the solid- 

liquid suspensions. This means that since drop oscillations may be excited 

over a wide range of turbulent intensities, the drop size is not strongly 

dependent on the values of the local turbulent energy dissipation. However, 

since the turbulent pressure difference must exceed the yield stress before a 

floe can be sheared, the floe size will be strongly dependent on the value of 

the local turbulent energy dissipation.

The strong dependence of the size on the local energy dissipation, once the 

turbulent intensity is sufficient to rupture the floes, is confirmed by the data 

obtained by agitation of low concentration suspensions of flocculated ferric
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oxide and carbon in water (Reich and Void, 1959). Unfortunately, besides 

stating that their experiments were carried out in a Waring blender, they do 

not give any other information concerning the geometry of their system.

The other extreme in break-up is characterized by the abrasion in liquid 

suspensions of brittle substances such as crystals (Nienow and Conti, 1978 

and Conti and Nienow, 1980) or coal particles (Karabelas, 1976). Removal of 

protuberances, corners and edges from the particles proceeds as a first order 

process with respect to particle concentration. Power dissipated into the 

suspension can cause abrasion by particle-particle and particle-surface 

collisions and also by fluid turbulence, the degree being dependent on the 

particle hardness.

The properties of protein precipitates place them somewhere in the range 

between brittle particle abrasion and liquid droplet break-up. The factor 

opposing the production of small aggregates is the agglomeration of the 

aggregates as they are brought into contact by local velocity gradients. The 

balance between the disruption and agglomeration processes determine the 

equilibrium distribution of aggregate sizes.

Three plausible mechanisms of aggregate (particle) disruption leading to 

surface erosion of primary particles are:

(i) aggregate-impeller impact,

(ii) aggregate-aggregate collisions,

(iii) erosion by hydrodynamic shear.
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2.3.2, Aggregate-impeller Impact

Models incorporating the particle-surface or particle-impeller collisional 

mechanism mostly appear in conjunction with a description of the secondary 

nucléation process in agitated crystallizers (Clontz and McCabe, 1971; Bauer 

et a l ,  1974; Larson and Bendig, 1976). These models describe the extent of 

secondary nucléation on the basis of the rate of particle-impeller collisions 

and the collision energy, that is to say, if the collision energy exceeds the 

primary particle-aggregate cohesive strength then primary particles will 

detach. Conversely, if the collision energy is below the threshold value, then 

the aggregate experiences no surface erosion.

The basis of the particle-impeller collisional model is that the rate of erosion 

of primary particles from the surface of the aggregates is proportional to the 

frequency of aggregate passage to through the impeller zone, that is the 

impeller pumping capacity, (ND%̂  / V), the aggregate-impeller impact energy,

E, the number concentration of the aggregates, nf, and the probability of an 

aggregate-impeller impact, ô. Thus the rate of erosion of primary particles 

can be expressed as (Nienow, 1976):

dnp
- ^ « l E  (2.19)

where the rate of impact. I, is given by:

NDi^
l a - ^ ) n f ô  (2.20)
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Nienow (1976) further assumed that for solid-liquid systems in agitated

vessels, the probability of an aggregate-impeller impact is related to the 

impeller rotational speed, N, and the aggregate settling velocity, uj, by:

ôocNut (2.21)

The impact energy (or the kinetic energy), E, can be related to the impeller 

speed and diameter by the expression:

EocN^Di^ (2.22)

Substitution of Equations 2.20 2.21 and 2.22 into Equation 2.19 yields the 

rate of primary particle erosion or liberation as:

dnp / N % i \
- ^ “ I E “ (^— Hf 5oce N Hf (2.23)

where e is the power dissipation per unit mass of suspension and p is the 

suspension density. Equation 2.23 indicates that the rate of erosion of 

primary particles is directly proportional to power dissipation per unit mass at 

constant impeller speed. However, the rate of primary particle erosion will 

have a fourth order and 4/3 rd order dependency on impeller speed and power 

dissipation per unit mass, e, for varying impeller speed respectively. The rate 

of primary particle erosion is also directly proportional to the aggregate 

number concentration.
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2.3.3. Aggregate-Aggregate Collisions

The frequency of collision between the aggregates in suspension could have a 

profound effect on the properties of that suspension. In mechanically stirred 

vessels solids motion is brought about as a result of the agitation and 

movement of the liquid. Although at low solids concentration the number of 

particle-particle collisions is low, at high concentrations the frequency of such 

collisions increases following from a simple statistical reasoning. Most 

studies on particle collisions in turbulent flow fields are not amenable to 

experimental verification, nevertheless such a model has been developed 

(Kuboi et al., 1972) for both the inertial convection subrange and the viscous 

dissipation subrange of the universal equilibrium range of eddy scales.

On deriving the equations for the rate of primary particle erosion, it is 

assumed that collisions occur between equal-sized aggregates. From the point 

of view of deaggregation, collisions involving aggregates of widely disparate 

sizes are generally not energetic enough to produce sufficiently large 

mechanical energy for surface erosion of primary particles.

In the derivation of the equations, it is assumed that the rate of erosion of 

primary particles is proportional to the rate of aggregate collisions R^, and the

energy of collisions, E (Kuboi et al. 1972). Thus:

dup
-^ ccR c  E (2.24)

The researchers have expressed the rate of collisions of aggregates where 

collisions are caused by eddies in the inertial convection subrange of 

turbulence, R^i, as:
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/O -jrX 1/2
Rci = nf2 el/3 (2.25)

while the rate of collisions of particles caused by eddies in the viscous 

dissipation subrange of turbulence, R^v, is given by:

yo 1/2 _ 1/2
= ( — )  df3 nf2 [— ]  (2.26)

The energy of collisions, E, may be approximated as the kinetic energy of the 

colliding aggregates:
1 1 /7t df^\

E “'E]àn*'5mfUr = 2 t “ ^ /P f % 2  (2.27)

where u^ is the relative velocity of the aggregate with respect to the fluid and 

has a value which depends on the critical eddy scale responsible for the 

collisions. Levich (1962) has proposed the equation:

for the relative velocity in the inertial convection subrange, u^, and

for the relative velocity in the viscous dissipation subrange, u ^ .  It is worth 

noting that the density difference between the protein aggregates and the 

suspending fluid is negligible in the present study and therefore terms such as
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(Pf - p) are far too small for serious consideration. Thus u^ and are 

practically equal to zero and therefore this mechanism of breakage is not 

applicable.

However, in situations where the density difference is not negligible 

substitution of Equations 2.25 and 2.28 into Equation 2.24 yields the 

expression for the rate of primary particle erosion due to collisions in the 

inertial convection subrange:

(2.30)

Similarly, substitution of Equations 2.26 and 2.29 into Equation 2.24 yields:

[ ^ ]  (2.31)

as the rate of primary particle erosion for collisions in the viscous dissipation 

subrange of turbulence.

As may have been expected, the rate of primary particle erosion in both the 

inertial convection subrange and the viscous dissipation subrange of 

turbulence exhibits a second order dependency on the aggregate number 

concentration. Moreover, the rate of primary particle erosion in both regimes 

is strongly dependent on aggregate size, since both the rate of collisions and 

the energy of collisions increase substantially with increasing aggregate size. 

The equations do, however, differ with respect to the influence of power 

dissipation per unit mass on the rate of primary particle erosion. In the 

inertial convection subrange, the rate of primary particle erosion is directly 

proportional to the power dissipation per unit mass, whereas in the viscous
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dissipation subrange the erosion rate is proportional to the square of the power 

dissipation per unit mass. However, the most effective verification of a 

collisional mechanism is the square dependency of the rate of primary particle 

erosion on aggregate concentration.

Ham and Christman (1969) were the first to present one of the few studies 

demonstrating a role for the collisional deaggregation mechanism. In a series 

of experiments where silica suspensions were coagulated with alum, they 

observed a greater size reduction of alum-sihca agglomerates at higher 

concentrations in a couette flow concentric cylinder device. Accordingly, it 

would be expected that in dilute suspension negligible breakage would occur. 

More recently, evidence has been found (Twineham et al., 1984 and Brown 

and Glatz, 1987) for particle-particle and particle-solid surface breakage of 

Soya protein aggregates, rather than hydrodynamic shear. Breakage rates 

increased with concentration while extrapolated final sizes first decreased 

with concentration before ultimately rising again. The same has not been 

observed for turbulent fields where extensional flows can be expected to be 

more effective than simple shear in disruption of aggregates (Kao and Mason, 

1975).

2.3.4. Erosion bv Hydrodynamic Shear

The most plausible mechanisms of aggregate disruption to the present date 

appear to be those based on the turbulent dynamic forces acting across an 

aggregate and turbulent drag forces acting on the surface of the aggregates.

Considering whether disruption occurs by dynamic shear forces acting across 

the aggregates or by turbulent surface drag depends on aggregate size and
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aggregate-liquid density difference. For relatively large density differences 

between the liquid and the aggregates it has been reported (Ayazi Shamlou et 

al., 1990) that disruption by turbulent drag forces can be significant. 

Experimental data were obtained on the disruption rate of model aggregates 

and crystals of potassium sulphate in aqueous suspension under mechanical 

agitation in a stirred vessel. The results appear to support the theory which 

states that disruption is caused by turbulent drag forces on the surface of the 

aggregates. In addition to a large density difference, the sizes of both the 

crystals and the model agglomerates were much larger than the Kolmogoroff 

microscale of turbulence. This results in significant velocity differences 

between the particles and the local liquid motion. Consequently, disruption 

by surface drag forces resulting from these relative velocities is to be 

expected. No comprehensive experimental data exist, however, for 

comparison and verification of this mechanism.

For small density differences and small aggregate sizes as in the case of the 

protein precipitate in the present investigation, disruption by surface drag 

forces will be negligible. The forces which are believed to be primarily 

responsible for the breakage of the protein precipitates therefore are the 

turbulent dynamic forces acting across the aggregates and for this reason it is 

these forces which will be considered here in greater detail.

Turbulent dynamic forces originate from the instantaneous turbulent velocity 

differences acting on the opposite sides of the aggregates (Hinze, 1975). 

These stresses may be either shear or normal stresses depending on the 

direction of the fluctuating velocities influencing the aggregates.

For instantaneous velocities acting parallel to the surface of the aggregates the 

local shear stress can be written as
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= ^ l 0

1/2

assuming that the fluctuating velocities are separated by a distance equal to 

the aggregate diameter.

Multiplying Equation 2.32 by the aggregate surface area ^df^), the shear force 

across the aggregate can be shown as

i ê  C .3 3 ).v > '"

The dynamic pressure fluctuations acting on opposite sides of an aggregate 

result in normal stresses. These pressure fluctuations are related to the 

instantaneous eddy velocities by the following equation assuming that the 

eddy scales influencing the aggregates are equal to the diameter of the 

aggregates:

Ap = p [ Au(df) f  (2.34)

Substituting for the fluctuation velocity, Au(df), using Equations 3.14 and 3.18 

(Chapter 3), and multiplying by the surface area of the aggregate the 

instantaneous normal forces acting across the aggregates can be written as

FnO^df  ̂P ( “ )  viscous (2.35)

and

Fn«df^^^ P inertial (2.36)
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The simplest correlation for break-up usually relates to the maximum stable 

size of an aggregate, (d^)max' which exists in a shear field. It is now possible

to examine this critical situation in which an entrained aggregate can just 

withstand hydrodynamic break-up effects under conditions of fully developed 

turbulence. The maximum stable aggregate size may be obtained from a force 

balance on an aggregate at the point when the instantaneous turbulent forces 

accelerating the aggregate are just equal to the mechanical strength of the 

aggregate (Parker et a i,  1972). This term represents a hydrodynamically 

controlled limit of performance and is therefore of interest in design. 

Assuming the aggregate to be spherical and uniform in its structure, the force 

balance on the aggregate may be written as

d [Au(df)]
^ ( f̂)max o<̂ (̂ f)max Pf (2.37)

where a  is the characteristic mechanical strength of the aggregates; d [Au(df)] 

/ dt is the aggregate acceleration which is assumed to be the same as the eddy 

acceleration influencing the aggregates and is given by

d [Au(df)]
 ^ -----= [ Au(df) ] [ fe(df) ] (2.38)

For eddies in the viscous dissipation subrange, substituting into Equation 2.38 

for the fluctuating velocity and eddy frequency using the expressions in 

Equations 3.14 and 3.17, the aggregate acceleration becomes

d [Au(df)] 
dt = df viscous (2.39)
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For eddies in the inertial subrange, the acceleration term is obtained by 

substituting into Equation 2.38 for the fluctuating velocity and eddy frequency 

using the expressions in Equations 3.18 and 3.21. Thus

[ûu(df)] = e2/3 inertial (2.40)

Substituting Equations 2.39 or 2.40 into Equation 2.37 and rearranging gives 

(df)max“ y  ( - )  (2.41)

(df)max“ ©  G )  inertial (2.42)
•pr 'E-

However, these relationships are by no means conclusive. Tambo and 

Hozumi (1979) describe successfully the breakage of clay-aluminium floes in 

a mechanically stirred batch flocculator using the condition of viscous 

dissipation subrange. The data are produced in a recently submitted article 

(Appendix D3), where plots are shown of maximum floe diameter as a 

function of the energy dissipation rate with pH as a parameter. In this case 

the lines have a constant slope of approximately -0.3 which tends to disagree 

with the value of -0.5 given in Equation 2.41. In addition to this, similar 

information has been obtained only recently (written in the communication of 

Appendix D3) regarding the breakage of the protein precipitate aggregates 

studied in this work.

For isoelectrically prepared Soya protein aggregates, the slope of the line of 

best fit through the data points obtained for all three impeller-vessel 

configurations has a value of -0.24. This value compares well with the 

experimental findings of Tambo and Hozumi (1979) and therefore deviates
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somewhat from the imphcations of Equation 2.41. Consequently, it is clear 

that further investigation into this field is necessary, for better understanding 

of this otherwise equivocal concept in particle breakage.

2.4. Population Balances and Kinetic Models

Under specific conditions molecular association leading to precipitation of the 

protein will occur. In Isoelectric precipitation, the solid first appears in the 

form of primary particles which are formed rapidly (Parker and Dalgleish,

1977) when the soluble protein molecules of the extract encounter the lower 

pH of the precipitator where they are insoluble as a result of altered surface 

charge. The random motion or thermal energy of the molecules will promote 

collisions. Removal of any hydration or electrical barriers to collision will 

allow association of the protein molecules.

Formation of protein nuclei and primary particles as a result of removal of 

hydration or electrostatic barriers in order to facilitate collision of protein 

molecules is referred to as nucléation. It has been shown (Grabenbauer and 

Glatz, 1981) that the time scale of the formation of primary particles is much 

smaller than that of the overall precipitation process. Therefore it is 

speculated that the nucléation process taking place in fluid eddies smaller than 

the Kolmogoroff microscale is independent of convective fluid motion and is 

entirely governed by a diffusion process where local protein and precipitant 

concentration gradients are important. If the nucléation rate is much faster 

than the rate at which turbulent eddies lose their identity (commonly referred 

to as micromixing), then the size of primary particles is determined by the 

eddy size and protein concentration within the eddies. Hence, the size of
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primary particles should depend on the rate of energy dissipation in the 

precipitator.

Contradictory to this (Nelson and Glatz, 1985) observed no significant effect 

of agitation rate, pH and ionic strength of the solution on the size of primary 

particles. The type of the precipitant and the reactor configuration, however, 

exerted some influence on the size of primary particles. Isoelectric 

precipitation with hydrochloric acid (HCl) produced significantly larger 

primary particles compared with the Isoelectric precipitation with sulphuric 

acid (H2SO4) and with calcium acetate [Ca(C2H302)2]- Batch operation

produced larger primary particles than the continuous operation. High levels 

of supersaturation during precipitation resulted in larger primary particles 

compared to low levels of supersaturation (Fisher et al., 1986). A 

homogeneous mechanism has been proposed (Nielson, 1964) where there is a 

power law dependence on supersaturation for the formation of primary 

particles which is followed by a diffusion-controlled growth mechanism.

Subsequent to this and on a slower time scale, the primary particles so formed 

will continue to grow by diffusion until the aggregates reach a threshold size, 

above which disruption forces originating from the motion of the fluid will 

cause breakage.

In general, protein precipitation involves nucléation, diffusion controlled 

growth of primary particles, and growth due to shear-controlled aggregation 

and shear controlled breakage processes. Efforts to model these experimental 

particle size distributions have been based on the well established general 

population balance approach originally devised for crystallizing systems 

(Randolph and Larson, 1971) and later on for coagulation systems (Spielman,

1978). The population density distribution for protein precipitation strongly
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deviates from the straight line obtained from an idealised Mixed Suspension 

Mixed Product Removal (MSMPR) reactor, which corresponds to the 

analogue of the CSTR used in the present work.

Attempts have been made to model the kinetics of protein growth using a 

number of population functions in the population balance equation (Virkar et 

al., 1982; Glatz et al., 1986; Hounslow, 1989). These include a particle 

growth function by collision mechanisms and particle death and birth 

functions by turbulent induced stresses.

For an idealised continuous flow, well-stirred reactor with a number density 

n, the growth kinetics of particles of mean size L may be expressed by the 

following general population balance equation (Randolph and Larson, 1971):

,2.43,

The second term on the left hand side of Equation 2.43 accounts for changes 

as a result of differential growth through a size range, where G is defined as 

the linear particle growth rate. The birth rate, B, and the death rate, D, terms 

represent the disappearance and appearance of particles resulting from 

breakage or death. They account for the step changes in the number of 

particles within the size range dL.

The system is at steady state, there are no particles in the inlet feed stream and 

the vessel is well mixed so that the outlet distribution is assumed identical to 

that in the vessel. Hence for a single product stream flow, the population 

balance becomes:
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+ ^  + (2.44)

where Tr is the mean residence time of the particles (Q/V). The solution of 

Equation 2.44 requires expression for G, D and B.

Growth rate

Growth of an aggregate in protein precipitation is assumed to occur by 

aggregation of primary and smaller aggregates. Under fully turbulent flow 

conditions, protein precipitate growth is believed to be due to fluid-induced 

collisions between primary (and smaller) particles. Collision between larger 

aggregates, on the other hand, are ineffective in forming lasting aggregates. 

Growth is therefore envisaged as the incremental addition of small units to the 

growing aggregates. The effectiveness of those collisions of small particles 

with growing aggregates is independent of the size of the collecting species. 

In Equation 2.15 it was shown that the linear aggregate growth rate within the 

viscous flow regime, appropriate to the protein aggregates produced here, may 

be expressed as G(L) = L/t. Consequently,

r  1
G(L) =37 = L^o I 7 )  Vp n J  L = Ko L (2.45)

The linear differential growth rate term in Equation 2.44 may thus be written 

as
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Death rate

It is assumed that the aggregates break as a result of the turbulent- 

induced fluid stress acting on them, to form a small number of daughter 

fragments of significant mass. The usual mechanism for aggregate breakage 

by hydrodynamic forces in turbulent flow has been mentioned earlier. The 

number of daughter fragments would tend to be greater for larger parent 

aggregates, and this is approximated as an average fragment number 

dependent on the mean size of the distribution. The daughter fragments are 

assumed to be of equal volume. As far as the present discussion is concerned, 

the death term may be expressed by the following general equation (Petenate 

and Glatz, 1983):

D = K n (2.47)

where K is defined as the death function and may be represented by

K = f ( ^ )  (2.48)

where (x/o) corresponds to the ratio of the instantaneous local stresses acting 

on the aggregates to the aggregate mechanical strength, and f is the frequency 

with which the aggregates are disrupted by the instantaneous turbulent 

stresses.

Parameters x and f  are both dependent on the turbulent flow forces acting on 

the aggregates. Following earlier discussion, the largest contribution to these 

forces are more likely to come from eddies in the viscous flow regime rather 

than the inertial flow regime. Furthermore, two distinct types of force will
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operate on the particles depending on the direction of the instantaneous forces 

with respect to the surface of the aggregates.

If protein precipitate aggregate disruption is assumed to occur by turbulent 

dynamic shear forces acting parallel to the surface of the aggregates then the 

local instantaneous shear stress is given by

= (2.49)

and according to the Kolmogoroff theory of isotropic turbulence the 

frequency of occurrence for eddies in the viscous dissipation subrange 

(Equation 3.17) may be expressed as:

f  =
Au(L)

= A' ( - )  (2.50)

Substituting into Equation 2.47 for K using Equations 2.49 and 2.50 

respectively, result in the following relationship for the death rate:

D(L) = K' ( ^ )  [  ]  „(L) (2.51 )

D(L) = K' [  ]  n(L) (2.52)

Alternatively, assuming protein aggregate disruption occurs due to the result 

of dynamic pressure forces acting normal to the aggregates, then the 

appropriate relationship for the pressure fluctuations, which is related to the 

instantaneous eddy velocities, may be given by

Ap = p [ Au(L) ]2 (2.53)
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assuming that the eddy scales influencing the aggregates are equal to the 

diameter of the aggregates. Additionally, according to the Kolmogoroff 

theory of isotropic turbulence, the root mean square velocity difference is 

expressed as

Au(s)<^A" s (2.54)

and therefore since s = L Equation 2.53 for the pressure fluctuations becomes

Ap = A" p Q )  (2.55)

describing the relationship for the local instantaneous pressure stress 

fluctuations acting normal to the aggregates. Once again, substituting into 

Equation 2.47 for K, this time using Equations 2.50 and 2.55 respectively, 

results in the following relation for the death rate

D(L) = K" Q )  [  ]  l 2 n(L) (2.56)

D(L) = K" [  n(L) (2.57)

Birth rate

The death rate of a large aggregate leads to the creation of smaller size 

aggregates and the birth rate is often taken to have the same form as the death 

rate. Purely for mathematical convenience, it is normal practice to assume 

that break-up occurs by the splitting of each parent aggregate into two new
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daughter aggregates of equal size, each with half the original protein content. 

Thus, assuming spherical aggregates of uniform density, the birth of two 

daughter protein particles of size L is the result of the death of a parent 

protein particle of sizeSL and the birth rate is given by

B(L) = D(L) (2'/^ L) (2.58)

Substituting into the steady state population balance equation for the growth 

rate, death rate and birth rate, represented by Equations 2.45, 2.52 (or 2.57) 

and 2.58 respectively, and integrating, gives the theoretical relationship 

between particle number density and precipitate particle size. However, Glatz 

et al. (1986) assumed the following semi-empirical expressionsfor G, D and 

B:

G(L) = Ko L (2.59)

D(L) = Ki l P n(L) (2.60)

B(L) = K2 D (K2 '/^ L) (2.61)

which are essentially simplified versions of Equations 2.45, 2.57 and 2.58 

respectively. Subsequently, substitution of Equations 2.58, 2.60 and 2.61 into 

the steady state population balance. Equation 2.44, produces the following 

relationship:

Ê  = (K2) P/3+l n (K 2 1/3 L) - n ] - ^  [ l  + ( : ^ ) ]  (2.62)

Integration of Equation 2.62 to give the number density as a function of size 

requires values for the four fitting parameters, Kj, K2, Kq and |3. Previous

work (Glatz et al. 1986) has suggested that for a given protein concentration
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P and K2 may be fixed at reasonable, leaving Kq and K2 as the only two fully 

variable parameters.

For large precipitate aggregates at a protein concentration of c=25 kg/m^, the 

most appropriate values of (3 and K f̂or the purposes of the modelling prepared 

were found to be at [3=1.5 andK=3. For small precipitate aggregates obtained

at lower protein concentrations of c=0.15 kg/m^ and 3 kg/m^, the most 

suitable values were (3=2.3 and p=2. Once p and K2 were assigned a least-

squares fitting of experimental size distribution data was used to obtain the 

values of the remaining two parameters. In this way it was possible to 

examine the influences of operating conditions on the kinetics of protein 

precipitation.

The effect of mean shear rate, Gy, on the breakage rate constant, K%, is shown

in Figure 2.11 for three values of protein concentration. The plot suggests 

that Ki«:(e/v)0-2 which disagrees with the exponent of (£/v) of the model

prediction in Equation 2.60. Additionally, analysis of the experimental data 

suggested that the growth rate constant, K^, was independent of (e/v) which is

again inconsistent with the model prediction. Equation 2.59.

There are several factors affecting break-up which have not been accounted 

for by the model and these could provide as an explanation for the deviation 

witnessed between experimental observations and model predictions.

Firstly, the model used assumes a time-independent behaviour of the 

precipitate aggregates. Within a CSTR, the protein aggregates are exposed to 

a wide range of residence times and velocity gradients. Increased exposure to 

shear leads to protein aggregates which are more resistant to shear breakage. 

This increase in aggregate strength largely results from a mechanism of

72



c=0.15 kg/m^, p=2.3 

c=3.00 kg/m^, p=2.3 

c=25.00 kg/m^, p=L5

j

c3Ut
<L>

I
PQ

40 300 70010020
Mean shear rate, G» (s"*)

Figure 2.11. Breakage constant as a power law function of mean shear rate for three levels of total protein concentration. Choices 
of power law index p affect magnitude and slope, but trends are unchanged.



Chapter 2 Literature Survey

reshaping of weak irregular aggregates prepared under low residence time 

shear conditions into more compact aggregates (see later). Consequently 

there is a size dependency on the overall mechanical strength of the 

aggregates in the reactor.

Additionally, growth may also depend on aggregate history. Ageing of the 

precipitate at the same mixing conditions as used for preparation, leads to a 

continual decline in size. It has been suggested (Hoare, 1982b) that freshly 

prepared precipitate aggregates are more capable of further aggregation as 

compared to aged particles.

Finally, and perhaps most importantly, in Equation 2.62 and others similar to 

it (Virkar et al., 1982; Hounslow, 1989) all assume the same population 

functions (growth, death and birth) for the complete range of precipitate 

aggregate sizes. The only step function employed confines the volume 

fraction of growth units to particles or small aggregates. No such step 

function is applied to the break-up of aggregates. It is reasonable to expect 

aggregates larger than the microscale of turbulence within the reactor to break 

up in a manner different from those smaller than the microscale of turbulence 

(Tomi and Bagster, 1978). Such analysis is complicated by the range of 

scales of turbulence that would be experienced in a mechanically stirred 

reactor, but some of the aggregates formed at the highest protein concentration 

are likely to be susceptible to other mechanisms. The implication for this 

latter cause for deviation is that different population functions are needed for 

large and small sized aggregates. This is probably one of the main reasons for 

the observed deviations between predicted and experimental growth profiles 

of protein precipitation as portrayed in Figure 2.12.
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For the particular system studied (Virkar et a l,  1982), the mean velocity 

gradient, Gy, was estimated to be 600 s"l for a relatively high liquid flowrate.

It can be observed from Figure 2,12 that the predicted growth profile could be 

matched to the experimental one for the initial stages of the growth process. 

The profile diverges at large growth times as expected, due to the lack of a 

realistic model for break-up of the particles.

The simulation was initiated by inserting data obtained from the first sample 

port, after which the contribution of Brownian motion to particle growth was 

negligible. However, mixing and precipitation occur simultaneously, giving 

rise to a more complex situation from the point of view of modelling. For this 

system, the formation of primary particles of a size greater than 1 pm was 

extremely rapid and a simple design procedure for such reactors would be to 

assume primary particles of that size on a starting point for the simulation.

In the Isoelectric precipitation of Soya proteins the Umiting step has been 

identified as the aggregation of rapidly precipitated submicron protein 

particles. When the pH of the protein solution is changed to 4.8, a solid 

protein phase of submicron particles forms on a time scale much shorter than 

that of the overall precipitation process. The addition of primary particles and 

submicron clusters of those primary particles to growing is responsible for 

the growth of aggregates. While the larger aggregates might combine, they 

seem unable to form stable bonds because there is little chance to form 

sufficient contacts to survive disruption by hydrodynamic forces. As the 

aggregates grow they become more susceptible to break-up so that there is 

effectively a maximum stable size.

The aggregation kinetics can be modelled as a combination of growth, break

up, and outflow from the continuous precipitator. A differential growth term

75



:±
T3

N
53
T)

cu

15

10

5

0 0 5 10 15 20
Growth time, 0 (s)

Figure 2.12. Comparison of the (—) predicted and (—) experimental growth profiles in the continuous reactor; protein 
concentration, c=2.0 kg/m^; (o) d ^ ; (6 ) standard deviation.



Chapter 2 Literature Survey

can be incorporated into the population balance, along with empirical 

expressions to account for aggregate break-up. The modelling approach 

proposed for the Soya protein coagulation may also find more general 

applicability in other precipitation processes.

It appears that protein concentration, impeller agitation intensity and ionic 

strength are all significant factors in shaping the particle size distribution. 

(Grabenbauer and Glatz, 1981). Protein concentration influences the number 

of aggregates more than it does their growth or break-up rates. Agitation 

intensity affects the growth rate of aggregates but affects aggregate break-up 

much more. Ion concentration alters both the growth and break-up patterns, 

with divalent calcium ions showing much more effect than monovalent 

sodium.

2.5. Reactor Design in Protein Precipitation

The efficient process operation requires the optimum design of systems for the 

precipitation and recovery of protein precipitates. This involves a careful 

consideration of the precipitation method, the characteristics of the protein 

precipitate and its interaction with the process equipment involved.

The required mixing conditions during the nucléation stage will be determined 

by several factors such as the kinetics of nucléation, the importance of shear 

or thermal dénaturation and the method of reagent addition. The nucléation 

kinetics and dénaturation effects can be assessed at the laboratory bench. The 

effect of contacting procedure and mixing conditions may be significantly 

affected by scale-up.
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Selection of a continuous or batch process will depend on the reaction kinetics 

and on the particular system requirements, i.e. throughout, single or multi

product capability, the desirability of automation, etc. With rapid 

precipitation reactions the use of continuous tubular reactors offers a system 

with low hold-up and so facilitates control of process variables. These 

reactors are also amenable to scale-up either by multiple parallel units or by 

an increase in diameter using the average shear rate and residence time as a 

scale-up parameter for ageing processes. Defined mixing conditions in 

tubular systems can be achieved by the use of turbulence promoters with the 

subsequent particle growth to a maximum size being controlled by ageing.

In general the following conditions should be considered in order to prepare 

an aggregate of maximum size and strength:

a) The precipitating reagents should be added under mixing conditions 

that minimize dénaturation yet ensure good mixing.

b) The shear rate should be reduced as soon as possible after nucléation to 

promote orthokinetic growth in a controlled manner.

c) The aggregated precipitate should be aged for sufficient time to 

maximize its strength.

d) Exposure to all high rates of shear should be minimized by careful 

design and operation of the suspension stirred piping system and the 

centrifuge feed zone.

For a given protein solution and method of precipitation the particular reactor

configuration and extent of ageing will result in a particle size frequency 

distribution, q^ (Gy.t) which is a function of the rate of shear, Gy, and the time

of exposure to shear, t. The shape of this distribution will be defined by the 

particular conditions and time ageing, with long periods of ageing usually
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resulting in a reduction in the number of fine particles, given that significant 

shear break-up is not occurring concurrently.

Design of a process to prepare and recover the precipitate can be made by 

defining a limiting characteristic for centrifuge performance and using this to 

establish a minimum particle size (or settling velocity) for the particle 

preparation. The critical diameter, which corresponds to the smallest particle 

size that is just recovered can be used to define centrifugal performance. The 

ageing process would then be designed to ensure that say 95% of the particles 

were larger than the centrifuge critical diameter. This would require 

information about the growth kinetics of the protein precipitate. Other factors 

which must be accounted for include the existence of aggregate strengthening 

due to ageing under defined shear conditions and the possibility of aggregate 

break-up. If break-up does occur in feed piping or in the high shear field of 

the stirred vessel and centrifuge feed zone, then this must be accounted for in 

designing the aggregate growth and ageing processes. Ideally a knowledge of 

break-up mechanisms is necessary to predict whether fine particles or large 

fragments will be produced by break-up.

Figure 2.13 shows a typical relationship between protein particle size, and 

ageing time for different mean velocity gradients in the mechanically stirred 

vessel during the ageing of the protein precipitate. The operating region 

highlighted on the graph defines the conditions of ageing in the stirred tank 

reactor which are necessary to prepare a protein precipitate for successful 

recovery in a given centrifuge. Four particle growth curves are indicated at 

mean velocity gradients Gyj, Gy2, Gyg and Gy^. The particle size increases at

a given mean velocity gradient for increasing ageing time. However, an 

increase in the mean velocity gradient from Gy% to Gy^ results in a reduction

in the final particle size. Line A is the minimum particle size for centrifugal
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separation and corresponds to the critical particle diameter. Line B is the 

curve for Gy.t =10^, that is the minimum value of the product of the mean

velocity gradient in the vessel and the ageing time, required to optimize the 

aggregate strength. Line C can be defined for processes where reagent mixing 

and ageing occur in the same vessel. This limit corresponds to the minimum 

mean velocity gradient required to achieve good mixing and avoid 

dénaturation effects due to high localized temperature and reagent 

concentrations. Line D is the maximum time limit for the ageing process and 

will be defined by the particular process operating requirements. These lines 

define the boundaries for the design of the ageing process.

To summarize, Soya protein is a convenient and suitable product to use in 

biochemical, food and pharmaceutical industries due to its availability in great 

abundance and the ease with which a simple protein solution can be extracted 

from the crude Soya flour. Most importantly the nature of its manufacture is 

such that the product is largely reproducible. The design of protein 

precipitation and precipitate recovery processes requires information from 

physical biochemistry, molecular biophysics, colloidal chemistry and 

biochemical engineering. In fact, a scientific framework for protein 

precipitation has been emerging continuously for a number of years now 

which has enabled laboratory tests to be interpreted into efficient engineered 

processes on a much broader scale than ever before.
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CHAPTER THREE

BREAKAGE OF PROTEIN AGGREGATES 
BY FLUID INDUCED TURBULENT 

STRESSES IN MECHANICALLY 
AGITATED VESSELS

3.1. Fluid Dynamics Within Stirred Vessels

The complex turbulent flow in a stirred vessel has been studied by several 

researchers in the past (Cutter, 1966; Levins and Glastonbury, 1972; Gunkel 

and Weber, 1975; Rao and Brodkey, 1972). Cutter found that a stirred vessel 

may be divided naturally into two regions; a high-energy zone close to the 

impeller and a low-energy quiescent region outside it. In the impeller zone, 

the flow is definitely inhomogeneous and anisotropic (Gunkel and Weber, 

1975) with the small area immediately around the impeller in general and the 

wake behind the rotating blades in particular being a zone of strongly 

accelerating flow, strong vortexing, rapidly changing pressure and fluctuating 

shear stresses that are as high as one hundred times the mean values in the 

vessel. Figure 3.1 (van't Riet and Smith, 1975). Even in a sparged vessel, 

highly intense agitation occurs near the impeller blades. The limited data 

available suggest that this zone of extreme turbulence intensity occupies of the 

order of 5% of the impeller zone, which itself occupies no more than 5% of 

the vessel content, but with a considerable fraction of this liquid passing 

through this zone, it is generally believed that this is where aggregate break

up predominantly occurs .
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Shinnar (1961) on the basis of flow measurements in mixing vessels by other 

workers established that local values of the energy dissipation rate per unit 

mass, are proportional to the corresponding average or mean value

~ 9 (3.1)

Cutter has reported that for the impeller tip zone,

8m (3.2)

is representative and, from an energy balance, the remainder of the impeller 

zone is characterised by

8i«^5.4ejn (3.3)

In contrast, away from the impeller zone, turbulent intensity is relatively mild 

and agitation-induced forces are more relevant to promoting particle-particle 

collision, attachment and aggregation. Homogeneity of the bulk is favoured 

with a large impeller say Dj/D^ > 0.3. Studies using a relatively small

impeller have shown that the ratio of the local to average energy dissipation 

rate varied over a 270-fold range and that in the bulk of the tank

^bulk^ £ixi (3.4)

This partitioning of the tank into flow regimes is shown schematically in 

Figure 3.2 and is summarised in Table 3.1. It must be stressed that the above 

scheme does not purport to describe accurately each flow condition 

encountered, rather it shows a representative case and enables estimation of 

local flow parameters. Presumably, the volume occupied by each zone would
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depend on the impeller type and the value of Dj/Dx as would the profile of q 

factors.

TABLE 3.1. Relative volumes of zones in a stirred vessel.

Zone Fractional volume Factor q (Equation 3.1)

Bulk zone 0.9 0.25

Impeller zone 0.095 5.4

Impeller tip zone 0.005 50

The effects of shear are a strong determinant of the protein particle size in 

precipitation reactors. The shear in these systems is usually characterized by 

the mean velocity gradient, Gy, which is commonly defined in terms of the

energy dissipation rate per unit mass of vessel content, e. For a cylindrical 

vessel as is the one used in the project, Gy may be obtained from

X p  \  1/2 ^ 4  p o  p n 3 D t5 \  1/2

° v = ( v )

where Po is the impeller power number. For turbulent flow conditions, Po is 

a constant, with a value which depends only on vessel and impeller 

configuration.

In general no rigorous description of the complex hydrodynamics near a 

particle in a turbulent flow field is possible, and it is therefore difficult to 

estimate shear stresses. Thomas gave the first detailed discussion of the 

mechanism of rupture of solid aggregates in turbulent flow. He postulated
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that instantaneous pressure differences across a particle caused by turbulent 

fluctuation lead to formation and rupture. The state of turbulent flow in each 

zone of the stirred vessel is normally assumed to be isotropic, i.e. no 

preference for any direction exists, even though the overall flow in the vessel 

may be non-isotropic. This allows the flow in each zone to be represented by 

the properties of the turbulent eddies in that region. The motion of an eddy is 

characterized by an eddy velocity, Au(R) and by the scale of eddy motion, R, 

which is the distance over which the eddy velocity remains unchanged. The 

eddy velocity, Au(R), is defined by the root-mean-square velocity difference 

of the fluid flow over the eddy scale R.

For isotropic turbulence the root-mean-square velocity, Au(R), the Eulerian 

macro scale, S, and the kinematic viscosity of the liquid, v, completely define 

the state of turbulence.

In a stirred vessel, turbulent eddies may be visualized as packets of fluid 

which are generated initially by, and close to, the impeller. In the impeller 

discharge zone of the vessel, these energy-containing eddies have a scale,

R=S, proportional to the diameter of the impeller. Data reported by 

Schwartzberg and Treybal (1968) suggest that S=0.08 Dj. The eddy Reynolds

number.

R e s = ^  (3.6)

is relatively high and consequently, energy losses by viscous dissipation are 

practically neghgible. However, these large eddies produce, and lose their 

energy to, smaller eddies. The eddy Reynolds number decreases progressively 

as eddy scale decreases, until eventually a scale is reached (known as the
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Kolmogoroff microscale), R = X, for which the eddy Reynolds number is 

unity. Kolmogoroff (1941) suggested that for fully turbulent flow conditions, 

a range of eddy sizes exists that is totally independent of the external 

conditions, e.g. impeller type and vessel configuration. This range is called 

the universal equilibrium range and the properties of the eddies in it are 

determined solely by the energy input and the viscous dissipation.

The eddies in the universal range are further divided into two subranges 

depending on whether the eddy size is greater or less than the Kolmogoroff 

microscale. Eddies in the so-called viscous dissipation subrange have sizes 

less than the Kolmogoroff microscale, while eddies with sizes greater than the 

Kolmogoroff microscale belong to the inertial convection subrange.

An implication of the above simple description of turbulent flow is that eddies 

of different scales coexist in the vessel. Figure 3.3 shows the energy spectrum 

of the turbulent flow and some of the eddy size ranges. Energy flows 

continuously from the macroscale eddies to the smallest of microscale eddies.

In the microscale eddies viscous forces convert the kinetic energy to heat. In 

the presence of particles such as the protein aggregates some of the kinetic 

energy of the eddies may be changed to mechanical work. Whether or not 

this will influence aggregation and break-up depends on the size and 

properties of the particles.

The transfer of energy between eddies continues as long as the kinetic energy 

of the macroscale eddies is maintained by the action of the impeller. For 

macroscale eddy Reynolds number.

Res = ^ ^ 7 ^  >30 (3.7)
F
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the rate of energy transfer from macroscale eddies to smaller scale ones is 

assumed to be proportional to the kinetic energy [Au(S)^] divided by the 

lifetime of the large eddies [S/Au(S)]. Under steady state conditions, this 

energy is lost at a rate proportional to the rate at which it is supplied by the 

impeller, i.e.

(3,8)

From this the root-mean-square velocity difference of flow over the eddy 

macroscale S may be written:

Au(S) = (e S)l/3 (3.9)

The properties of the Kolmogoroff microscale of turbulence are given by

A.= ( —)  (3.10)

U K =(ev)l/4  (3.11)

t K = Q ) "  (3.12)

/X  u%\
R e K = (— ;  = 1 (3.13)

According to the Kolmogoroff theory of isotropic turbulence the root-mean- 

square velocity difference, the diffusivity, the timescale and the frequency of 

occurrence for eddies in the viscous dissipation subrange and the inertial 

subrange are given by the following set of equations (Levich, 1962):
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Au(s) = (15)'’^̂  Q )  s (3.14)

1/2
\|/(s) = Au(s)s = (1 5 ) ''^ ^ Q )  s2 (3.15)

- 1/2

(3.16)

1 /9

f e ( s ) = ^ ( 1 5 ) ' ' ^ H 9  (3.17)

for the viscous dissipation subrange, and

Au(l) = 1 .3 7 (e l)‘ 3̂ (3.18)

1 /a
\j/(l) = Au(l) 1 = 1.37 (E1) 1= 1.37 El/3 14/3 (3.19)

t(l) = ^  = (l-37)-l E-1/3 12/3 (3.20)
1.37(8 1)

fg (1) = ^  =  ̂ 37 (e ^  1.37 el/3 i2/3 (3.21)

for the inertial convection subrange of the turbulent energy spectrum (refer to 

Figure 3.3).

Equations 3.18-3.21 are applicable for eddy sizes between 25X to S/2, while 

Equations 3.14-3.17 are valid for eddies in the size range up to about lOX. 

For macroscale eddy sizes between S/2 and S, Equation 3.9 may be used.

90



Eddy streamlines

particle path

<r̂

Shear stresses due to 

fluctuating velocities 

parallel to particle surface 1
CQ)

Pressure stresses due to 

fluctuating velocities 

normal to particle surface

Figure 3.4. Particle-eddy interaction in turbulent flow fields: (a) particle size significantly smaller than eddy size; (b) eddy size 
much smaller than particle size.



Chapter 3 Turbulent Breakage o f Protein Aggregates

Equations 3.9-3.21 provide a basis for examining the ways in which the 

break-up and aggregation of particles occur in a stirred vessel under turbulent 

flow. When particle sizes are significantly smaller than the Kolmogoroff 

microscale, the particles follow the liquid flow, as portrayed in Figure 3.4 and 

the main forces influencing the particles will be due to the instantaneous 

velocity differences across the particles. They suggest that when the velocity 

differences on opposite sides of the particles are parallel to the surface of the 

aggregate, as are the protein aggregates in this investigation, the predominant 

stresses acting across the particles will be due to shear forces. When the 

instantaneous velocity differences are normal to the surface of the aggregate, 

the main forces on the aggregates will be due to the dynamic pressure 

fluctuations associated with the velocity fluctuations. The sequential 

breakage of a protein aggregate by hydrodynamic shear has been illustrated in 

Figure 3.5. It has been shown that multiple birth occurs as the fluid element 

containing daughter fragments continues to thin and the particles are caught in 

the continuing shear field. Among several possible distributions, the simplest 

case is to assume that the aggregates are reduced to primary particles (or at 

least close to this size).

Finally, it is worth noting that aggregates larger than the Kolmogoroff 

microscale are influenced largely by surface shear stresses arising from the 

turbulent drag forces on the aggregates. These forces originate from the 

velocity differences between local eddies and the aggregates. Eddies both in 

the viscous dissipation and the inertial subranges are responsible for these 

drag forces.
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3.2. Modelling the Breakage Process

In considering the turbulent shear effects it is often necessary to look more 

closely at the structure of the turbulence. In a mechanically stirred vessel, the 

turbulent flow field is generally non-homogeneous and non-isotropic (Tomi 

and Bagster, 1978; Levins and Glastonbury, 1972a), but for the purposes of 

model development it is assumed that turbulence is locally isotropic, provided 

that the impeller Reynolds number is sufficiently high (Levins and 

Glastonbury, 1972b; Thomas, 1964). Isotropic means statistically 

independent of direction.

There is as yet no completely satisfactory theory of turbulent flow but a 

simple approach that nevertheless gives a good description of protein 

breakage is based on the concept of local isotropic turbulence. Such an 

approach has been used in the past to describe fluid-particle interactions in 

many similar situations. For example, previous studies on breakage such as 

low density filamentous micro-organisms (Ayazi Shamlou et a l ,  1993), 

mammalian cells on microcarrier culture (Cherry and Papoutsakis, 1989), 

crystals of potassium sulphate (Ayazi Shamlou et a l,  1990) micro-organisms 

both in pellet and filamentous form (Smith et a l,  1990; van Suijdam and 

Metz, 1981a and 1981b) and oil drops suspended in an immiscible aqueous 

phase (Davies, 1987) suggest that in turbulent stirred tanks, the most plausible 

mechanisms of particle disruption are those based on the fluid dynamic forces 

originating from the turbulent velocity fluctuations in the tank. They have all 

been successfully described using Kolmogoroffs theory of local isotropic 

turbulence.

A suspended particle in a turbulent flow field can experience both turbulent 

dynamic forces acting across it and turbulent drag forces acting on its surface.
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In the case of protein precipitate aggregates, the density difference between 

the fluid and the individual aggregates is usually very low and consequently, 

the drag and body forces acting on the aggregates will be negligible. Thus, 

any aggregate disruption mechanisms relying on inertial forces, for instance 

collisions of aggregates with each other or with the rotating blades, are 

thought to be relatively insignificant (Parker et al., 1972; van Suijdam and 

Metz, 1981a).

Turbulent dynamic forces originate from the instantaneous turbulent velocity 

differences acting on the opposite sides of a particle and may be either shear 

or normal stresses depending on the direction of the fluctuating velocities 

influencing the particle. These studies suggest that the ratio of the size of the 

particles to the size of the turbulent microscale determines the ways by which 

particle breakage can occur in a turbulent flow field. For particle diameters 

less than the turbulent microscale, breakage is likely to be caused by shear 

stresses originating from the turbulent dynamic velocity differences acting on 

the opposite sides of the particle. When the size of the particles is greater 

than the size of the smallest eddies, breakage is more likely to occur by 

instantaneous normal stresses due to pressure fluctuations acting on the 

surface of the particle. For particle sizes comparable with the turbulent 

microscale both shear and normal stresses can be expected to be responsible 

for breakage.

The size of the smallest eddies in a typical mechanically stirred tank is in the 

range 10 |im  to 50 pm (Davies, 1972) while the size of the protein aggregates 

in this study fall in the range of 1 pm to 15 pm with a primary particle size of 

less than 0.5 pm. The nominal values for the modal protein aggregate size 

and the Kolmogoroff microscale of turbulence at all levels of mean energy 

dissipation used in the present investigation are compared in Figure 3.6 along
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TABLE 3.2. Comparison between sizes of Kolmogoroff microscale of turbulence and experimentally produced protein aggregates 

at different levels of mean energy dissipation.

Energy dissipation rate per unit mass, 

e (W/kg)

0.038 0.090 0.710 2.397 5.683

Kolmogoroff microscale of turbulence, 

X (pm)

72 58 33 25 20

Experimental protein particle size range, 

d (pm)

All particles between 15pm - 1pm
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with Table 3.2. It is absolutely clear that the particles present in the vessel 

are significantly smaller than the turbulent microscale, as all the protein 

particle sizes lie completely below the corresponding curve for the 

Kolmogoroff sizes. More specifically, the diameter of the precipitate particles 

is approximately seven times smaller than the Kolmogoroff microscale at low 

values of e and about two times at high values of e. It is therefore reasonable 

to assume that any breakage is likely to occur by turbulent induced shear 

stresses acting across the aggregates.

3.3. Development of Model

For a fluid of dynamic viscosity, p and kinematic viscosity, u, the mean shear 

stress, T, is defined by the energy dissipation rate, e, in the vessel. Thus, for 

instantaneous velocities acting parallel to the surface of an aggregate the local 

shear stress can be wriUen as

T: = H ( - )  \

assuming that the fluctuating velocities are separated by a distance equal to 

the aggregate diameter.

The rate of disruption of aggregates in a turbulent flow field is assumed to be 

equal to the product of the number concentration of the aggregates, the 

frequency of disruption of the aggregates by the instantaneous turbulent 

stresses and the number of primary particles eroded per disruption (Parker et 

aL, 1972; Brown and Glatz, 1987; Ayazi Shamlou et a l ,  1990).
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Assuming the protein aggregates to have a mean mechanical strength, a , the 

rate of breakage following collisions between the aggregates and the turbulent 

eddies is determined by the fraction of the eddies having an energy in excess 

of that holding the primary particles together. The rate of breakage of 

aggregates having an initial diameter, d f , can be expressed by

B(df) = f (d f )U f  (3.23)

where nf is the number concentration of the aggregates, f(df) is the eddy-

aggregate collision frequency and ^ is the probability of a collision leading to 

breakage. An expression can be obtained for f(df) by assuming that the

frequency of eddy-aggregate interactions is equal to the frequency of 

occurrence of the smallest eddies, given by (Levich, 1962):

1 /E \^ ^
^(^f) “  151/2 (3.24)

The probability of breakage following a collision between an eddy and an 

aggregate depends on both the mechanical strength of the aggregate and on 

the magnitude of the turbulent stresses acting on its surface. For a fixed 

intensity of agitation, this probability is expected to approach unity for weak 

aggregates and zero for strong ones. A general expression for this kind of 

variation is the exponential distribution law of probability,

% = exp ( - ^ )  (3.25)

Substituting this probabihty function in Equation 3.23 and replacing f(df) 

using Equation 3.24 gives the following expression for the rate of aggregate 

breakage.
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1 f-<3\
B(df) = ^  l - j  exp )  nf (3.26)

Equation 3.26 suggests that the rate of disruption of aggregates having sizes in 

the inertial subrange is expected to have a . order dependency with

respect to the energy dissipation rate per unit mass and a first order 

dependency with respect to the volume concentration of the aggregates, nf.

External forces originating from the mechanical agitation of the liquid aie 

primarily responsible for two particles approaching one another. A successful 

collision requires the squeezing of the continuous liquid film out of the gap 

between the particles. As the gap reduces, the interparticle repulsive double

layer forces and van der Waals attractive forces begin to operate on the 

particles, as portrayed earlier in Figure 2.7.

In Equation 3.26, a , is the mechanical strength of a single aggregate. The 

overall strength of an aggregate is given by the sum of the strength of the 

individual particles. An equation that provides an estimate of this strength is 

given by (Rumpf, 1962):

Aggregation occurs due to the attractive van der Waals forces between the 

particles.

In Equation 3.27, it is assumed that the only inter-particle forces between two

primary particles within the aggregate are the van der Waals forces of 

attraction, F. For a pair of equal size primary particles of diameter, dp , and
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with a separation distance of Hq , the van der Waals forces of attraction can 

be expressed by:

A dp

where A is the Hamaker constant for the liquid-particle system. Additionally, 

in Equation 3.27, Iq. is the co-ordination number which, based on

experimental observations (Kusters, 1991) appears to have a power-law 

dependency upon the volume fraction of solids within the aggregate, ([), given 

by

kp = X (t)Y (3.29)

with Xi=15 and Y=1.2. Substituting these values together with Equation 3.28 

in Equation 3.27 gives:

a  = 0 .4 4 ( |) 2 - 2 ^ ; f  (3.30)
Hr*

Equation 3.30 offers a simple explanation of the mechanical strength of an 

aggregate. Its derivation assumes that the structure of aggregates is uniform 

with a constant porosity. Experimental data, however, suggest that most 

aggregates have a non-uniform structure and aggregate density decreases as 

aggregate size increases (Tambo and Watanabe, 1979).

Protein precipitates, as mentioned earlier, are characteristically open 

structures with high voidages. The properties of the aggregates result from 

the growth processes (Family and Landau, 1984) occurring in the reactor. 

Computer simulation of particle growth and theoretical work (Void, 1963)
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suggest that protein precipitation results in the formation of scale-invariant 

fractal aggregates. Essentially, the structure of such an aggregate can be 

characterized by the magnitude of the fractal dimension, y. The number of 

primary particles, Np, within a fractal aggregate is related to its radius, Rf, by

the following expression (Gregory, 1989):

Np = Rf''̂  (3-31)

In practice the value of y may be obtained from the slope of a log-log plot of 

aggregate mass against its size as shown in Figure 3.7. The value of y varies 

between 1 for a linear aggregate and 3 for an aggregate with uniform density 

(Weitz and Huang, 1984). These computer simulation studies suggest that 

values of y are in the range of 1.6 to 2.0 for aggregation by cluster-cluster 

collisions, while aggregation via particle-particle collisions results in 

aggregates having values of y of about 2.5 (Ring, 1991). A fractal

dimensionality of less than 3 indicates that the concentration of particles falls 

off with distance from the centre of the aggregate. Evidently, aggregation by 

cluster-cluster collisions produces aggregates which are less dense (i.e. greater 

porosity) on average than particle-particle aggregates. Additionally, the 

number, Np, of primary particles of radius, a, within a fractal aggregate is 

related to its radius, Rf, by the following equation (Sonntag and Russel,

1987):

(3.32)

Little experimental data exists on the fractal dimensionality of protein 

precipitates. However, in a recent publication (Appendix D3) regarding the 

analysis of the turbulent breakage process of protein aggregates studied in this
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work, it has been concluded that the protein precipitate results in the 

formation of scale-invariant fractal aggregates with a fractal dimensionality 

close to 2.2. This value indicates that protein growth during precipitation 

occurs by a combination of particle-particle and cluster-cluster collisions.

For Brownian aggregation of polystyrene spheres of 0.14 |im  diameter in 

aqueous suspension the value of the constant k' in Equation 3.32 was found to 

be 0.455 and the value of the fractal dimensionality, y, was equal to 2.48.

This is consistent with the experimental observations of the present study as 

well as previous findings (Bell et al., 1982) where the aggregate density has 

been shown to decrease with an increase in aggregate diameter.

Nevertheless, the strongest impact of the concept of fractal aggregates appears 

to be in studies on computer simulation of aggregate structure (Sutherland, 

1967; Goodarznia, 1979; Family and Landau, 1984). More direct 

experimental data on the fractal dimension of aggregates would be helpful in 

trying to understand its impact on aggregation and break-up processes. The 

variation of the volume fraction of solids with radial position, r, within a 

fractal aggregate has been shown to take the following form (Sonntag and 

Russel, 1986)

<f(r) = k' ( : ^ )  ( 3)  ( ; ) ^  (3.33)

Equation 3.33 then provides a description of the distribution of the particles as 

a function of radial position within an aggregate and can be used together with 

Equation 3.30 to obtain an estimate of the distribution of the mechanical 

strength within the aggregate. However, since most experimental and 

theoretical evidence indicate that the breakage of protein aggregates occurs by
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erosion of small fragments from the surface of the aggregates, (Bell and 

Dunnill, 1982a; Hoare 1982a & b; Glatz et al., 1986) it is therefore reasonable 

to suggest that it is the solids volume fraction close to the surface of the 

aggregate that determines whether, and if so to what extent, aggregate 

breakage occurs.

In the absence of data for the protein precipitates, setting y=2.48 and k'=0.455 

in Equation 3.33, assuming protein primary particles to have a diameter of 0.5 

mm and taking a typical 10 |xm protein aggregate gives a value for the surface 

volume fraction, $(Rf), of 0.038. Substituting this value into Equation 3.30, 

assuming a typical mean separation distance between primary particles, Hq, of

3 nm (Hogg, 1989) and a value of the Hamaker constant. A, of lO'^l J, gives a 

value of 0.26 N/m^ for the surface mechanical strength c(Rf) of the aggregate.

For a mechanically stirred vessel of a standard configuration Lee and Brodkey 

(1987) suggest that fluid stress levels below about 0.75 N/m^ can be 

considered to be mild while stress levels above about 5 N/m^ are classed as 

high. Setting x=0.75 N/m^ and using the estimated value of the aggregate 

surface strength (a=0.26 N/m^), gives a value for the probability of breakage 

(exp-a/t) of about 0.7 which suggests that even under relatively mild 

agitation, aggregate breakage is to be expected.

Assuming that the energy distribution in the vessel is uniform, the local 

energy dissipation rate can be replaced by its mean value, which in the

case of turbulent flow is given by:

En, = KN3Di2 (3.34)

w h e r e  k  i s  a  p r o p o r t i o n a l i t y  c o n s t a n t .

This, together with Equations 3.22, 3.26, 3.30 and 3.33 gives
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3/2 _  A FA/D \i2.2_ _ /N"'" D i \  r  -K A[(^(Rf)]- -,
B « l t ) « ( - : n 3 - ) “ P L H . : d , N » « D , p : ' 2 ; J  ‘ '

Assuming that the aggregate size at the end of the ageing process, df, is 

significantly larger than the primary particle size, dp, and provided that

breakage occurs via erosion of a single or small groups of primary particles 

from the surface of the aggregates, the breakage rate B(df) can be represented 

by the rate of change in the volume, Vf, of the aggregate. Thus

d df3 d df
B(df)o‘ - 5 r “ d f2 -j;-  (3.36)

Replacing B(df) in Equation 3.35 using Equation 3.36 and noting that for 

spherical aggregates with mean diameter, df, the number concentration is 

related to the volumetric concentration and the aggregate diameter, i.e. nf 

Cy/df^, and rearrangement gives

1 d df z N ^ ^ x  r  -KA[(|>(Rf)]^-^ 1  Cv _

df dt \  v l/2  ) Lhq2 dp N2/2 Df pl/2  pl/zj df6

The term on the left-hand-side of the equation which has units of reciprocal of 

time gives a measure of the frequency of breakage and can be obtained 

experimentally from the slope of aggregate diameter versus time. The right- 

hand-side of Equation 3.37 shows the influence on the breakage frequency of 

some of the most important material and operating parameters. It is these 

operating parameters which have been examined in this study.
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CHAETERTOUR

MATERIALS AND METHODS

4.1. Total Water Protein Extract Preparation

All precipitation experiments were carried out by adjustment of the pH of a

total water extract (TWE) of Soya flour to the isoelectric point, of pH 4.8, by

addition of sulphuric acid. The total water extract was prepared in a 5 L

vessel (internal diameter 170 mm, height 200 mm) equipped with a 6-blade

Rushton turbine impeller (internal diameter 53 mm), temperature sensor, pH

probe and impeller speed control. 0.5 kg of defatted Soya flour (Soya fluff

200W, Interfood Ltd, England) was dispersed in 4 L of distilled water

operating at 20 (Elgastat EM5 water purification system. The Elga Group,

Bucks, England) at an impeller speed of 200 rpm. In order to extract the

soluble protein approximately 40 mL of 10 % (w/v) sodium hydroxide

solution (NaOH) was added until pH 9.2 was reached (AGE 2000, AGE

Scientific Ltd, Dublin Industrial Estate, Glasnevin, Dublin 11, Ireland). The

suspension was aged for 30 minutes at 200 rpm. The resulting dispersion was

clarified in a laboratory refrigerated centrifuge (Europa 24M, MSE Scientific

Instruments, Crawley, Sussex, UK) operated at an RCF of 8000 and a

temperature of 4 for 20 minutes. After centrifugation the fraction

containing the insoluble carbohydrates and proteins was discarded and the

desired supernatant containing the soluble proteins and carbohydrates was

stored overnight in a refrigerator at a temperature of 4 ^C. In order to restrict 

bacterial growth, approximately 5 mg of sodium azide (NaNg) was added to

the total water extract for which the overall yield of extract was about 2.7 L 

per batch. The protein solution was assayed by the Eiuret method (Gomall et
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al, 1949), using Bovine Serum Albumin (Sigma Chem. Co., No. A4503, 

Bovine Albumin, Fraction V, Lot 37c - 0354, 96 - 99 % Albumin, 15.2 % 

Nitrogen) as a calibration standard. This extraction resulted in a total protein 

concentration of approximately 60 kgm'3 which was diluted, where 

necessary, to the appropriate concentration with deionized water.

4.2. Isoelectric Protein Precipitation and Conditioning

Figure 4.1 shows the complete assembly of the experimental rig in which all 

experiments run were carried out, including the precipitation of protein, the 

conditioning of the precipitate and the subsequent breakage of the precipitate. 

Protein precipitation was performed in a mechanically agitated vessel, 290 

mm in diameter and 280 mm in height. Figure 4.2, fitted with four equally 

spaced baffles 29 mm in width and 272 mm in height, and positioned firmly 

against the walls of the vessel. The liquid height was kept as close as possible 

to the tank diameter and was kept constant for every experiment; in fact the 

volume of liquid inside the vessel was 0.0145 m^. Agitation and breakage 

was provided by three stainless-steel, 45® angled, open turbine impellers with 

six blades of diameter 120 mm, 166 mm and 205 mm (Figures 4.3 and 4.4) 

driven by a 1.1 kW infinitely variable speed power motor (Figure 4.5, 

Halesfield 19, Telford, Salop, UK). Specifications of the impellers are given 

in Table 4.1.

Impeller speed and torque were measured and displayed simultaneously and 

monitored continuously using a shaft-mounted torque/speed pick up unit 

(pictured in Figure 4.5, EEL Ltd of Westland Aerospace, East Cowes, Isle of 

Wight, UK). A schematic diagram of the torque transducer is featured in 

Figure 4.6.
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Figure 4.2. Mechanically agitated vessel equipped with four baffles.
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FigiM 4.3. Stainless-steel, 45° pitched open turbine impellers with six blades.

Di=0.120 m DpO.166 m Dj=0.205 m
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TABLE 4.1. Impeller details.

Vessel diameter Impeller diameter Impeller diameter Impeller diameter

Dt=0.29 m Dj=0.12 m Dj=0.166 m Dj=0.205 m

Ratio of D i/D j 0.41 0.57 0.71

Impeller blade height, w (m) 21 X 10-3 24 X 10-3 28 X 10-3

Impeller blade width, h (m) 15 X 10-3 17 X 10-3 20 X 10-3

Impeller blade thickness, y (m) 3 X 10-3 3 X 10-3 3 X 10-3

Impeller hub diameter, x (m) 27 X 10-3 46 X 10-3 51 X 10-3



Impeller blade
width, w Impeller blade 

thickness, y

Impeller blade 
height, h

Impeller blade angle, 
a  = 45°

Impeller diameter.Impeller hub 
diameter, x

Figure 4.4. Geometrical dimensions of the 6-bladed open turbine impellers.



Figure 4.5. Infinitely variable speed power motor, featuring the torque 
transducer.
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Roller bearings

High tensile 
steel shaft
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Siver graphite brushes
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Figure 4.6 Schematic diagram of the torque transducer.
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The shaft of the torque transducer is manufactured from high tensile steel to 

which is cemented a network of foil strain gauges covered by a sleeve 

carrying a set of four silver slip rings. Each slip ring is connected to one of 

four terminals of a fully active strain gauge bridge. The housing of the above 

is spun as a one piece moulding and supported by the rotating parts via a pair 

of deep groove roller bearings. A set of eight silver graphite brushes are 

carried by the stator thus providing two parallel contact paths per ring. Each 

brush is directly connected to the instrumentation system via an integral 

length of four core cable.

The mode of operation of the transducer is such that when torsion is applied 

to the shaft the induced torsional strain causes a change in the electrical 

resistance of the strain gauges and produces an electrical output voltage from 

the energized bridge circuit which is directly proportional to the applied 

torque.

The speed pick-up unit was mounted on the window of the torque transducer 

and consisted of a miniature light source and photo transistor. The photo 

transistor responded and counted the number of times that six equidistant 

white markings on the shaft passed over it during a ten second period; this 

reading is then converted into the shaft revolutions per minute.

The stirred vessel was also equipped with a temperature sensor and a pH

probe. For the first concentration run the total water extract was diluted with

deionised water to give a protein concentration of 3-3.5 kgm"^. Protein 

precipitation was initiated by adding 30 % (v/v) sulphuric acid (H2SO4 )

dropwise using a small pipette at an impeller speed which was preselected for 

each impeller so as to maintain a constant energy dissipation rate in the tank.

To ensure rapid dispersion in the vessel, the acid was supplied from a hand-
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operated syringe and added via a length of stainless-steel capillary inserted 

just above the eye of the rotating impeller. When the pH of the suspension 

reached pH 4.8, acid addition was stopped and the suspension was aged for 30 

minutes at the same impeller speed as that used during precipitation. The 

suspension temperature was maintained at approximately 20 during the 

whole operation using a constant temperature water bath to circulate water 

through a stainless-steel coil inserted in the vessel. Typically 80 % of the 

soluble protein in the total water extract was precipitated in this way.

4.3. Protein Precipitate Break-up Experiments

At the end of the ageing process, the suspension was subjected to a step 

change in the level of agitation by a step increase in the speed of the impeller 

to one of four predetermined values. These values were calculated using the 

experimental power curves for each impeller in such a way that for each level 

of agitation a constant energy dissipation rate was maintained for the three 

impellers. Table 4.2 gives details of the full range of experimental 

conditions.

At various intervals, given in Table 4.3, samples of approximately 1 mL of 

protein precipitate suspension were withdrawn from a port on the vessel lid 

using a 1 mL graduated pipette with a wide 10 mm bore tip in order to 

minimize any breakage of the delicate precipitates during sampling. Each 

sample taken was then immediately diluted into a pre-weighted beaker 

containing a 50 mL aliquot of 0.2 p.m filtered degassed sodium acetate buffer 

(ionic strength 0.7 M, pH 4.8) to prevent any agglomeration of the 

precipitated particles (Virkar et al., 1982).
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TABLE 4.2. Experimental parameters.

Protein concentration 

c (kg/m^)

0.35 3.50 35.0

Impeller 

diameter 

Di (m)

Energy

dissipation 

e (W/m3)

Velocity

gradient 

Gy (s-1)

Impeller

speed 

N (rpm)

Reynolds

number

Re

0.12 37.5 194 150 36000

90 300 200 48000

710 845 400 96000

2397 1550 600 144000

5683 2385 800 192000

0.166 37.5 194 89 68890

90 300 116 91853

710 845 233 183707

2397 1550 350 275560

5683 2385 466 367413

0.205 37.5 194 61 105063

90 300 82 140083

710 845 164 280167

2397 1550 245 420250

5683 2385 328 560333



TABLE 4.3. Experimental sampling times.

Sample (no.) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time (mins) 0 0.5 1 2 5 10 20 40 60 90 120 150 180 210 240 300
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Initially at each interval three samples were removed from the vessel 

independently in order to ensure that each sample was truly representitive of 

the entire suspension. The particle size distributions obtained for each sample 

were practically identical and therefore a single sample taken at each interval 

was sufficient for subsequent particle size analysis.

Each of the sixteen samples was taken at approximately the same position 

inside the reactor just above the eye of the impeller. Immediately prior to 

every sample taken the pipette was rinsed several times with precipitate 

sample which was about to be taken to minimize the withdrawal of any 

precipitate particles which had remained perhaps on the walls of the pipette 

from any previous sampling. Subsequently the beaker containing the buffer 

and sample was weighed using an electronic balance set to 4 d.p. (AA-250, 

BDH Balance Service Unit, Adam Equipment, Third Avenue, Bletchley, 

Milton Keynes, UK). The sample was then ready for analysis which was 

carried out on the same day that the experiment was performed. Initially each 

protein precipitate break-up experiment was repeated three times and as a 

result the particle size distributions were found to be consistent for all three 

experimental runs, with a total error for the determination of the various types 

of size being approximately 5 %.

4.4. Particle Size Analysis

The particle size analysis for the protein precipitate was performed using an 

Elzone 80XY particle sizing instrument (Figure 4.7, Particle Data Ltd, 

Hereford, Gloucs., UK) attached to an IBM personal microcomputer (Figure 

4.8, Micro Facilities Ltd, Hampton Hill, Middlesex, UK) for the rapid 

acquisition and analysis of data. The Elzone device operates using the
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Figure 4.7. Elzone 80 XY particle sizing instrument.
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Figure 4.8. IBM personal microcomputer.
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electrical sensing zone method (Karuhn and Berg, 1982). This device 

measures the effective diameter of a particle as it traverses an electrical field 

set up across a small orifice (8-2000 |im in diameter). Passage of a particle 

through the field increases the electrical field resistance. The magnitude of 

these changes may be related to the particle diameter, and counted to yield a 

complete particle size distribution. In the case of aggregates, the recorded 

diameter is equal to the equivalent sphere which would envelop the aggregate.

In this respect the device does not account for aggregate non-sphericity but 

since batch prepared material has been shown to have a regular compact 

structure (Bell and Dunnill, 1982b) this is not a serious limitation. 

Furthermore, passage of small, delicate aggregates through the orifice of an 

Elzone may be expected to cause breakage of the aggregates leading to the 

measurement of artefacts. Previous work (Virkar et al., 1982) has shown 

however, that the aggregate measurement takes place in the electrical field 

upstream of the orifice, and hence before the delicate material is subjected to 

shear stresses which may lead to breakage. An 18 jxm orifice tube was used 

for all measurements carried out in this investigation since for the protein 

precipitate particles produced, this gave the most appropriate detectable size 

span of 0.651-13.2 |xm at the settings used. The complete particle size 

distribution was based on the passage of 100,000 protein aggregates through 

the 18 p,m orifice tube. This value was chosen to ensure that a sound 

representative particle size distribution would be obtained for each sample and 

is the value which is recommended for the Elzone. Calibration of the Elzone 

was carried out using the twin-peak method (Karuhn and Berg, 1982). Two 

latex standards of sizes 2.02 pm and 10.2 pm were used to obtain a good 

range for the two peaks and this was then checked using a latex standard of 

size 5.1 pm falhng approximately in the centre of this cahbration range. Auto 

calibration was then used between samples to account for changes in 

temperature and associated changes in electrolyte conductivity. The total error
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temperature and associated changes in electrolyte conductivity. The total error 

for the determination of the mean particle sizes was about 5 %.

For each size analysis the sample was further diluted using a graduated pipette 

in 50 mL of sodium acetate electrolyte (0.7 M, pH 4.8) containing a small 

quantity of dispersing agent (Brij 35, BDH Chemicals Ltd, Poole, UK) and 

this was filtered at least five times using 0.2 |im membrane filter paper 

(Millipore U.K. Ltd, Peterborough Road, Harrow, Middlesex, UK) and then 

vacuum degassed for a further twenty minutes. Care was taken in 

withdrawing the sample from the beaker to avoid any shear disruption. A 

high level of dilution was required in order to reduce the coincidence level on 

measurements to below 1.0 %. By ensuring a high dilution of sample, 

blockage of the orifice by the small number of large aggregates was avoided.

In addition to obtaining the protein precipitate particle size distributions based 

on 100,000 counts, the protein precipitate particle number density had to be 

determined by recording the number of precipitate particles counted in a 10 

|iL  aliquot. The number of such counts was registered on the screen of the 

Elzone and the final figure was based on the average of ten separate readings 

taken, five immediately prior to size analysis and five immediately after, and 

hence the average number of particles in the 10 pL of suspension passing 

through the orifice was calculated.
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CHAPTER FIVE

DISCUSSION

5.1. Effect of Protein Precipitate Exposure to Shear

The method of particle size analysis employed in the current investigation 

involved the Elzone particle Sizer which is an enhanced version of the Coulter 

Counter, working under the same principle. For each sample analysis, 

numerical data were obtained for the particle size distribution of the protein 

precipitate particles together with a corresponding graphical representation, 

for which three examples are given in Figure 5.1.

Figure 5.1 represents three protein particle size distributions obtained at the

end of the thirty minute period of ageing, prior to any particle breakage. The

three curves denoted by different shades of line described on the plot

correspond to the three impeller-tank configurations used in the project 

[namely: DpO.12 m, Dj/D'p = 0.41; DpO.166 m, D j/D j = 0.57; DpO.205 m,

Dj/D-p = 0.71]. The protein concentration used for this comparison was c=3.5

kg/m^. The mean energy dissipation per unit volume was kept constant 

during the ageing process at 8=37.5 W/m^ equivalent to a mean velocity 

gradient of Gy=194 s 'l. Despite the differences in the ratios between the

impeller and the tank diameter, the curves follow practically the same trend 

yielding a particle modal size of approximately 10 pm. Initial particle sizes 

for all other experiments were very similar to these examples. The graph 

represents the proportion of particles on a volume basis on the ordinate axis 

which lie in the various size divisions on the abscissa. The experimental error 

involved in the reproduction of identical protein particle size distributions
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Figure 5.1. Typical initial protein particle size distributions for the three impeller-vessel configurations. Impeller diameter, D% (and

corresponding speed used during protein precipitate ageing, N): (—) 0.12 m, (N=150 rpm); (—) 0.166 m, (N=89 rpm); 

(-—) 0.205 m, (N=61 rpm).

Protein concentration, c=3.5 kg/m^; mean energy dissipation rate, 6=37.5 W/m^; mean velocity gradient, 0^=194 s"1.



Chapter 5 Results and Discussion

using the Elzone, for similar samples taken after the same time of exposure to 

shear under identical operating conditions was around 5 %, thus proving to be 

a very effective method of particle size analysis.

During the five hour period of aggregate exposure to shear, the protein 

precipitate experienced break-up and consequently the protein particle size 

decreased with time, shown by a progressive shift to the left of the aggregate 

size distribution. This trend occurred gradually until eventually the final 

protein particle size was attained which was found to be close to the steady- 

state value, and this is shown by the three examples of Figure 5.2.

Figure 5.2 shows three protein particle size distributions obtained at the end 

of the five hour period of exposure to turbulent shear, and therefore very close 

to an equilibrium particle size. The three curves denoted by the various 

different lines on the plot, again correspond to the three impeller tank 

configurations (Table 4.1) for the same protein concentration of c=3.5 kg/m^. 

The impeller speeds of rotation used in this comparison were such that the 

corresponding mean energy dissipation rate was kept at a constant value of 

£=5683 W/m^,equivalent to a mean velocity gradient of Gy=2385 s"l.

[Namely: DpO.12 m, N=800 rpm; DpO.166 m, N=466 rpm; DpO.205 m,

N=328 rpm]. Consequently, it can be observed that the protein aggregates 

comprising the precipitate experienced break-up from a modal size of around 

10 pm to a final modal size of approximately 1 pm as a result of five hours of 

exposure to impeller agitation. The experimental results obtained in the vast 

majority of the experiments adhere to this general pattern.

A comparison of the graphs before and after break-up shows that the 

aggregate size distributions became increasingly monosized on exposure to 

shear.. This was indicated by the change from an initial wide distribution
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Figure 5 .2 . Typical final protein particle size distributions for the three impeller-vessel configurations. Impeller diameter, D% (and 

corresponding speed used during protein precipitate break-up, N): (—) 0.12 m, (N=800 rpm); (—) 0.166 m, (N=466 

rpm); (—) 0.205 m, (N=328 rpm).

Protein concentration, c=3.5 kg/m^; mean energy dissipation rate, e=5683 W/m^; mean velocity gradient, 0^=2385 s'l.
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with a modest peak (Figure 5.1) to a final narrow equivalent where the distinct 

peak showed a significant increase in the number of fine particles created 

during the breakage process (Figure 5.2). In the examples shown in Figures 

5.1 and 5.2, which have identical particle size scales on the abscissa for easy 

comparison, it can be observed that in the initial particle size distribution, the 

length of the base of the curve is 18 cm signifying a wide range of protein 

particle sizes; in the final particle size distribution, however, the 

corresponding base of the curve has a length of just 3 cm as most of the 

protein particles are the in the form of fines, which have been created as a 

result of five hours of turbulent agitation.

A series of particle size distributions could be plotted on a single graph in 

order to show effectively that the breakage of protein particles occurred 

continuously inside the mechanically agitated vessel (Figures 5.3-5.5). 

Although particle break-up was observed throughout the five hours, it appears 

that the majority of the precipitate disruption occurred within the first half an 

hour of the experimental runs. The rate of particle breakage and the extent to 

which it had done so strongly depend on the operating parameters. The 

concomitant effects of each operating parameter on the protein aggregate size 

now follow, and for each a discussion is presented separately.

The influence of time of exposure to shear on the complete particle size 

distribution for three samples of protein precipitate prepared using the three 

different protein concentrations is summarized in Figures 5.3-5.5. The data 

were obtained for a mean energy dissipation rate of e=5683 W/m^ equivalent 

to a mean velocity gradient of 0^=2385 s'^ (Table 4.2). This was the highest

value of energy used in the project and consequently the protein aggregates 

experienced the greatest degree of breakage, thus highlighting physically the 

extent of aggregate disruption. Other related details are shown on the plots.

129



4500000

^  4000000
I
X  3500000

§ 3000000
3
g
Id

2000000
IS 1500000

I 1000000
I< 500000

20 4 86 10 12 14 16

Protein aggregate diameter, d (|xm)

Figure 5.6. Effect of impeller speed on the protein precipitate particle size distribution after 5 minutes of exposure to shear.

Impeller speed, N: (1) 150 rpm (ageing); (2) 200 rpm; (3) 400 rpm; (4) 600 rpm; (5) 800 rpm.

Impeller diameter, DpO.12 m; protein concentration, c=0.35 kg/m^.
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Figure 5.7. Effect of impeller speed on the protein precipitate particle size distribution after 20 minutes of exposure to shear.

Impeller speed, N; (1) 150 rpm (ageing); (2) 200 rpm; (3) 400 rpm; (4) 600 rpm; (5) 800 rpm.

Impeller diameter, DpO. 12 m; protein concentration, c=35 kg/m^.
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Figure 5.8. Effect of impeller speed on the protein precipitate particle size distribution after 36 hours of exposure to shear. Impeller

speed, N: (1) 150 rpm (ageing); (2) 200 rpm; (3) 400 rpm; (4) 600 rpm; (5) 800 rpm.

Impeller diameter, DpO. 12 m; protein concentration, c=3.5 kg/m^.
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From Figures 5.3-5.5 it is observed that the general shapes of the initial size 

distributions of the aggregates at t=0 , at the end of the ageing process, 

exhibited similar properties and this was true for most of the entire 

experimental program.

The three size distributions representing the three different concentrations 

progressively shifted to the left of the plot with an increasing time of 

exposure, and the mode of the distribution decreased constantly denoted by 

the peak of the curve. For instance in Figure 5.3 the initial modal particle size 

obtained was d^^oj =13.2 p,m which subsequently reduced to just 1.4 |Lim after

five hours of exposure to shear. In fact it canWhown that most of the 

precipitate breakage was experienced within the first thirty minutes of 

agitation. This particular manner of describing the effects of agitation is 

rather crude however, the intention simply being to envisage at a glance the 

continuous breakage cycle using raw data obtained from the particle size 

analyser.

Similarly, the particle size distributions shown in Figures 5.6-5.8 are 

"snapshots" of the breakage cycle of the aggregates obtained after various 

time intervals of the protein precipitate exposure to impeller agitation. The 

standard impeller-vessel configuration of impeller diameter DpO. 12 m was

used in these examples for various protein concentrations. The five size 

distributions on each individual plot constitute five separate runs, each of 

which pertains to the five impeller speeds used for agitation. Impeller speeds 

of rotation and further details are given on the Figure (also Table 4.2).

The initial speed in Figures 5.6-5.8 correspond to that of the control 

experiment performed at the speed used for precipitate ageing of 150 rpm, 

where aggregate breakage was found to be virtually non-existent. However,
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Figure 5.3. Effect of time on the protein precipitate particle size distribution for a protein concentration of c=35 kg/m^. Time of

protein precipitate exposure to shear, t: (1 )0  mins; (2) 2 mins; (3) 20 mins; (4) 180 mins; (5) 300 mins.

Impeller diameter, D;=0.12 m; impeller speed, N=800 rpm; mean energy dissipation rate, e=5683 W/m^; mean velocity gradient, G^=2385 s"*;

Re=192000.
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Figure 5.4. Effect of time on the protein precipitate particle size distribution for a protein concentration of c=3.5 kg/m^. Time of

protein precipitate exposure to shear, t: (1 )0  mins; (2) 2 mins; (3) 20 mins; (4) 180 mins; (5) 300 mins.

Impeller diameter, DpO.205 m; impeller speed, N=328 rpm; mean energy dissipation rate, 6=5683 W/m^; mean velocity gradient, G^=2385s‘ ;̂

Re=560333.
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there was, once again, a definite shift in the particle size distributions towards 

smaller sizes as the impeller speed was increased from 200 rpm through to 

800 rpm. At an impeller speed of 200 rpm the low forces of agitation resulted 

in relatively mild damage to the precipitate aggregates, and at a speed of 800 

rpm, the high forces associated with such a turbulent agitation intensity 

influenced the particle size strongly. Similar plots were obtained for the 

remaining two impellers. The results portrayed by these graphs produced 

under the various operating conditions were analysed further in order to 

examine the influence of fluid turbulence on the breakage of protein 

aggregates.

The raw data acquired by the Elzone software described each set of breakage 

data using various different sizes such as the mode, median and various types 

of mean. For example the peaks of the curves of the particle size distributions 

as shown in the previous Figures correspond to the modal protein particle 

size. However, these curves could be plotted on a cumulative basis as 

illustrated in Figure 5.9.

It was possible to use this type of plot in the manner shown to extract various 

other single value size measures in addition to the mode size given by the 

peaks of the size distributions. A single statistic such as the dgg value

represents the particle size for which 90% of the particles are of a cumulative 

volume oversize and that of djg represents the particle size for which 10% of

the particle size distribution is the oversize, in other words 90% is the

undersize. The appropriate type of size selected for data analysis depends on

the particular process to which the particles are being applied, and in some

cases more than one type of size is required for better judgement of the

results. As far as the work in the present investigation is concerned the size 

which is used predominantly throughout the work is the dçg diameter.
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It is thought that the dgg depends on a balance between the rate of breakage

and the rate of orthokinetic aggregation during which large precipitate 

particles mop up the fines. The reason for the choice of this diameter was 

mainly because the dgo is considered to be the most appropriate size for

protein recovery using centrifugation which is a technique of considerable 

importance to the process of protein precipitate recovery. Similarly, for 

alternative recovery techniques such as those based on membrane separation, 

the value for the djo particle diameter would have been considered the most

appropriate since it would have been the undersize or finest particles which 

would have been of interest.

Although the dgg size was used for the large majority of the analysis of the 

experimental data, initially it was interesting to observe the trends produced 

by using some of the other single statistical measures of the size distribution,

including the mean, median and mode. The results obtained for six such sizes 

are shown in Figure 5.10. The standard impeller of DpO. 12 m was used in

this example at a protein concentration of c=3.5 kg/m^ rotated at an impeller

speed of N=800 rpm. This corresponds to a mean energy dissipation rate of 

6=5683 W/m^ equivalent to a mean velocity gradient of Gy=2385 s 'k

Figure 5.10 clearly demonstrates that while the magnitudes of the six values 

of size measurement were somewhat different, the relative graphical trends 

were similar, showing a marked decrease in protein particle size initially, 

followed by a more gradual steady decrease after approximately thirty 

minutes of agitation. As it may be expected, the values obtained for the 

various types of particle diameter decreased from the djo value, through to the 

d̂ Q size and down to the dgg value. Therefore, the dpQ value possessed a

limited particle size range on the ordinate axis but at the same time it was the 

most appropriate size which provided the ultimate description of protein
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particles for the purposes of the work. Moreover, the and

followed very similar trends to the d̂ Q size, this essentially being attributed to 

the fact that the vast majority of the particle size distributions produced during 

the course of the work were actually Gaussian in nature. Finally, the modal 

size was somewhat greater than these sizes but not as large as the d^o size as it

represents the peak of the particle size distribution. In Appendix C similar 

graphical trends are shown for experiments performed at different levels of 

mean energy dissipation.

5.2. Effect of Particle Ageing

The precipitation of protein was initiated by the addition of Sulphuric acid 

(H2SO4) and this formed a thick white^ precipitate in the precipitation reactor.

Once the nuclei of the protein precipitate particles had been formed the 

objectives of any subsequent treatment were to condition these particles in 

order to form large, dense and stable aggregates which could be readily 

recovered by centrifugation. This process whereby the precipitate is 

conditioned is more commonly known as the ageing process as time is one of 

the prime factors responsible for the conditioning of the precipitate, whilst 

shear rate is the other.

The strength of the aggregated precipitate and its ability to withstand the 

intense levels of shear associated with high speed rotating equipment is 

crucial to the efficient performance of centrifuges since the production of fine 

particles by shear break-up will result in poor clarification. The improvement 

in mechanical strength of the aggregates with ageing may be attributed to the 

unique hydrodynamic' conditions in the stirred vessel during ageing. It has 

been suggested that the continuous passage of the aggregates through the zone

141



Chapter 5 Results and Discussion

of high shear around the impeller is likely to be responsible for aggregates

which are strong and compact. The frequency of aggregate passage through

the high shear zone is related to the pumping capacity of the impeller, while

the total number of passages is proportional to the ageing time. Thus for a

given shear rate as ageing time increases, the strength of the aggregates is

expected to increase. Based on these observations Bell and Dunnill (1982) 

proposed the use of a unifying parameter defined by Gy.t, commonly known

as the Camp number, in order to account for the effect on final aggregate size 

of both time and level of shear during ageing.

It has been shown by these researchers that the maximum strength of a protein 

precipitate prepared in a batch precipitator is obtained at an ageing parameter, 

Gy.t, greater than 1 x10^  where Gy is the mean shear rate:

G v = ( - )  (5.1)

where P is the power dissipated in the liquid by a rotating agitator, V is the 

volume of the liquid in which the agitation power is dissipated and [i is the 

dynamic viscosity of the liquid. For low viscosity fluids like the suspension 

used in the present work, the power is closely related to the agitator diameter, 

Dj, and agitator speed, N, by the relationship:

P = Po p N3 D;5 (5.2)

where N is the impeller rotational speed (revs s"l), Dj is the impeller diameter 

(m) and p is the liquid density (kg/m^).
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p N D i2
R e = ^ ; ^  (5.3)

Equation 5.3 shows the Reynolds number which was calculated as 36,000 for 

the present example as used for the ageing process, using the smallest 

impeller. This numerical value is the smallest in comparison with all other Re 

values used under the various different experimental conditions (see Table 

4.2 for the full range). This indicates that agitation is being carried out under 

fully established turbulent flow throughout the work.

For geometrically similar, fully baffled vessels operating under turbulent 

conditions (Re > 2 x 10^) the Power number, Po, is a constant independent of 

the Reynolds number but dependent on the agitator type. A mean value of the 

Power number for the various turbines used in this work is in the region of 

1.4. This value was verified in the laboratory using the three impellers 

(Figure 4.3 of Chapter 4) used in the current investigation. The tabulated 

results obtained for the experimental program regarding the determination of 

the impeller Power number along with the subsequent Power curve plotted, 

are detailed in Appendix B.

Under the experimental conditions and using Equations 5.1 and 5.2, the root 

mean square velocity gradient Gy was calculated as:

/ 4 P o p N 3D t5\1/2

QvH k D t 2 H p  )

Therefore, considering the standard impeller used during the process of ageing 

and substituting for all the parameters in Equation 5.4,
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/ 4 X 1.4 X 1000 X (150/60)3 x 0.125^ ^ ^  
3 .142x0 .292x0 .22x0 .001  '

and therefore,

Gv = 194 s-1

Considering the example taken for the smallest impeller, for an ageing period 

of 30 minutes the ageing parameter or the Camp number becomes:

or.

Gy.t = 194 X 30 X 60

Gy.t = 349,200

This value is well above the recommended limit of 1 x 10^, indicating that the 

aggregate particles were sufficiently conditioned to yield large, dense particles 

of maximum strength.

However, after having been conditioned, precipitates prepared at a high

concentration tended to yield on average larger final aggregate sizes compared 

to those prepared at a low concentration. The initial dgo protein particle sizes

resulting after the 30 minute ageing period, just prior to breakage at t=0, are 

compared in Tables 5.1, 5.2 and 5.4 (see later) for all impeller-vessel systems, 

impeller speeds and total protein concentrations. In some cases the 

differences were only slight and therefore direct comparisons of the breakage 

data could easily be made between the different experimental conditions. In 

the case for the three protein concentrations the initial dgo aggregate size did
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show a very slight difference, as will be explained later, ranging from 5.2 |xm 

for a protein concentration of c=0.35 kg/m^ to 5.5 pm for c=3.5 kg/m^ and 

finally 5.9 pm for c=35 kg/m^.

There was a similar trend when particles were prepared at varying rates of 

shear (not shown here but conducted during the early stages of the research 

nevertheless), with precipitates prepared at higher rates of shear tending to 

yield on average smaller aggregate sizes due to the greater rates of shear 

induced aggregate break-up. Since the lowest average rates of shear give 

substantially the largest final precipitate aggregate size, this must be taken into 

consideration when preparing protein aggregates that are intended to be as 

large as possible. For this particular reason an impeller rotation speed of 150 

rpm was chosen for the standard impeller due to its relatively mild action 

during agitation.

Applying this chosen technique to the present work has led to the creation of 

particles of a mode diameter of approximately 10 pm and a corresponding dgg

size of about 5.6 pm. It is interesting to note that the initial stable aggregate 

size yielded after the 30 minute ageing period, at t=0, was practically identical 

for every experimental run for a given protein concentration. This is 

irrespective of the impeller speed of rotation used for the conditioning step 

bearing in mind that it is the energy dissipation rate which has been kept 

constant. These initial dgo protein particle sizes produced just after ageing for

the three impeller-vessel systems and the three protein concentrations are 

compared in Tables 5.1 and 5.2 respectively. The minor differences are well 

within the accepted range of experimental scatter of approximately 10 %.

The microphotograph in Figure 5.11(a) shows the nature of the characteristic 

shape and structure of the Isoelectric Soya protein precipitate aggregates
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prepared in the mechanically agitated vessel, prior to break-up. The figure 

represents protein aggregates that have just been aged for 30 minutes at a 

rotating impeller speed of N=150 rpm using an impeller diameter of D%=0.12

m. Essentially, these aggregates were removed from the vessel at t=0 and

were therefore on the verge of experiencing an increase in impeller speed and

hence breakage. The mean energy dissipation rate in the stirred vessel during 

ageing was e= 37.5 W/m^ equivalent to a mean shear rate of Gy= 194 s"l.

In addition to the protein precipitate produced for the purposes of the current 

work. Figure 5.11(b) (Bell and Dunnill, 1982) shows an Isoelectric Soya 

protein precipitate sample prepared in a continuous tubular reactor, and 

subjected to a period of ageing of just 25 secs. The purpose of including this 

photograph is to be able to make a direct comparison of the typical protein 

aggregate sizes obtained as a result of ageing, and at the same time to 

highlight the visual differences in the inherent characteristics of the aggregates 

after their preparation in the two different types of reactor.

While the hydrodynamic effects of both the tubular and the stirred tank 

reactor may be characterized by using the mean energy dissipation per unit 

volume, the physical properties and the structure of the precipitates prepared 

in these reactors are quite different. These differences are clearly visible in 

the photograph shown in Figure 5.11, which show that precipitates prepared 

in a batch stirred vessel are considerably more compact and are stronger than 

those prepared in a tubular reactor. Some of these differences may be 

attributed to differences in the distribution of shear rate in the two types of 

reactor. In a stirred vessel, the protein precipitate aggregates are likely to 

experience local shear rates, for example around the impeller, that are 50-100 

times greater than the mean value (as was clearly described in Chapter 3). 

Aggregates will be continuously compacted as they regularly pass through the
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zone of high shear around the impeller. Aggregates from such a reactor are 

expected to be regular in shape and to have a relatively high density, and 

hence a high mechanical strength. Additionally, the aggregate size range is 

rather limited after preparation though not completely monosized.

In contrast, high local velocity gradients are far less pronounced in a tubular 

reactor and the effect is that precipitates from this type of reactor are likely to 

be loosely bound, low density and filamentous in nature. Here the aggregates 

possess a larger diameter spectrum, including a wider range of sizes. 

However, the physical nature of the continuous tubular reactor operation, 

implies that there is a shorter mean residence time of any material passing 

through the vessel, in this case 25 seconds, which in reality, cannot be 

compared to the ageing time of 30 minutes used in the batch stirred reactor 

used in the present study.

5.3. Effect of Impeller Speed

When considering the effects of speed the intention was to investigate this 

influence as far as possible by using the maximum possible range in impeller 

speeds of rotation. For an impeller diameter of D;=0.12 m the corresponding

impeller speed used during the ageing process was N=150 rpm whose effect 

was to increase the protein aggregate size during agitation inside the vessel. 

Therefore, a speed just above the ageing speed was selected, N=200 rpm, and, 

since the results showed that there was a slight breakage effect on the protein 

aggregates, this was found as the ideal impeller speed for the lower end of the 

speed range. Speeds between N=150 rpm and N=200 rpm did not show a 

significant difference in the breakage trends from the two values themselves
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and this is also true for the intervals between the other speeds, for instance 

between N=600 rpm and N=800 rpm.

For the upper end of the range a speed of N=800 rpm was chosen to be the 

most suitable and convenient for the work. Impeller speeds above this value 

resulted in a substantial degree of turbulence in the vessel creating a high 

aeration effect, which was a factor certainly worth avoiding. Therefore the 

impeller speed range of N=200 rpm to N=800 rpm proved to be the most 

appropriate for the laboratory experimental set up used during the course of 

this study. It is also worth mentioning that this small scale set up comprising 

the precipitation unit closely resembles the actual large scale industrial 

process used during the precipitation of proteins.

Figures 5.12-5.14 describe the effects of aggregate exposure to shear for the 

three impeller-vessel configurations using impeller diameters of D%=0.12 m,

DpO.166 m and DpO.205 m respectively. The results were obtained for 

experimental runs carried out for five hours at a protein concentration of 

c=3.5 kg/m^. The five lines on each graph represent the breakage trends 

produced at the five different levels of agitation intensities, including the first 

used during ageing. The levels included : £=37.5 W/m^, 8=90 W/m^, 8=710 

W/m^, 8=2397 W/m^ and 8=5683 W/m^. These values were kept constant for 

each impeller-vessel system by pre-calculating the appropriate impeller speeds 

which were necessary and thus maintaining constant the value for 8 . The 

impeller speeds used during agitation for each individual impeller are given on 

the plots and in Table 4.2.

Since the aggregates showed maximum response within the first ten minutes 

of exposure to shear, the plots are rather obscured by the many points 

obtained during this period and are therefore rather difficult to interpret. For
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TABLE 5.1. Comparison of protein particle size with impeller speed, for all three impeller-vessel configurations, at a protein 
concentration of c=3.5 kg/m^.

Di N e Time for dgo size (p,m) Initial size d® (p,m) Final size d^ (p,m) Ratio

(m) (rpm) (W/m^) d®/2 (mins) at t==40 mins (dgo) (dmod) (dio) (dgo) (dmod) (dio) dgô /̂dgo®

0.12 200 90 >300 (2.7) 4.0 (0.74) 5.4 11.0 13.7 2.9 6.1 7.0 0.54
400 710 90 (2 .8) 3.1 (0.55) 5.6 10.3 12.2 1.8 2.8 3.5 0.32
600 2397 40 (2.7) 2.7 (0.50) 5.4 10.0 12.2 1.5 2.5 3.1 0.28
800 5683 4 (3.0) 2.2 (0.37) 5.9 9.6 12.4 1.1 1.9 2.5 0.19

0.166 116 90 240 (2.5) 3.4 (0 .68) 5.0 11.2 13.4 2.4 5.8 6.6 0.48
233 710 20 (2.9) 2.7 (0.47) 5.8 10.1 12.4 1.7 2.5 3.3 0.29
350 2397 12 (2 .6) 2.1 (0.40) 5.2 9.8 13.0 1.3 2.5 3.3 0.25
466 5683 5 (2.9) 1.8 (0.32) 5.7 10.1 12.5 1.0 1.6 2.7 0.18

0.205 82 90 290 (2.9) 4.1 (0.72) 5.7 10.7 13.1 2.8 5.7 6.5 0.49
164 710 45 (2 .6) 2.6 (0.51) 5.1 10.0 12.6 1.7 2.5 3.4 0.33
245 2397 17 (2.4) 2.0 (0.42) 4.8 10.9 12.8 1.2 2.2 3.1 0.25
328 5683 6 (2.7) 1.8 (0.34) 5.3 10.5 12.9 1.1 1.7 2.7 0.21
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this reason an extended version of these initial breakage trends are further 

projected for visual clarity on the mini-plots in the top right hand comer of 

each main figure. These highlight clearly that the trends in aggregate 

degradation were in fact fairly gradual and rather smooth over the first ten 

minutes of exposure and not as instantaneous as portrayed on the larger plot.

The data in Figures 5.12-5.14 demonstrate that the majority of protein 

aggregate breakage occurred during the first thirty minutes of agitation with 

relatively minor occurrences thereafter. This was true for all levels of 

impeller speed of rotation, and in fact at high levels of turbulence most of the 

breakage occurred much prior to 30 minutes of exposure to shear. As a 

control, an experiment was also carried out in which, at the end of ageing, 

agitation was continued at the same speed, to determine whether breakage 

would have actually proceeded.. Results from the control run confirmed that 

even after five hours of continuous ageing of the precipitate , the size 

distribution of the protein aggregates remained fairly stable over the entire 

period. A horizontal line was observed for all three graphs (as shown on the 

plots) representing the three impellers, denoting a constant stable particle size 

which compared favourably with the initial particle size obtained just after 

ageing at t=Os (see Table 5.1).

The first signs of breakage of the aggregates appeared when the level of 

agitation followed a step increase in energy input from 6=37.5 W/m^ to 6=90 

W/m^ (corresponding values of mean velocity gradients: from Gy=194s-1 to

3 0 0 s - a n d  impeller speeds: from N=150 rpm to 200 rpm). However, at this 

level it is evident that the degree of break-up was fairly modest, being far less 

than for any other chosen level for all three systems. Additionally, as it may 

be expected, the rate of break-up at this low rate of shear was also 

considerably less than for any other rate of shear. The rate at which protein
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aggregates experienced disruption was critically dependent on the magnitude 

of the impeller speed of agitation within the mechanically stirred vessel, for 

all experimental runs undertaken. At the same time, aggregates experienced a 

greater degree of breakage at high rates of shear, reducing to a small fraction 

of their initial size.

The relationship between protein aggregate size and time of exposure to 

varying degrees of shear is highlighted with better accuracy in Figures 5.15- 

5.17. The ordinate of the graphs gives the value for the ratio of the diameter 

of the aggregate at time t, and the initial diameter of the aggregate, at time 

t=Os. This way it was possible to compare directly the data obtained 

experimentally on the severity of the damage infhcted on the protein 

aggregates by the various rates of turbulent shear inside the vessel. In these 

reproductions the five different trends in aggregate breakage appeared to be 

more distinct than in the previous graphs shown in Figures 5.12-5.14. This is 

on account of the initial protein particle size being relatively different in one 

or two cases and thus shifting the complete breakage trend either upwards or 

downwards. This effect may be demonstrated by comparing Figure 5.14 with 

Figure 5.17 which represent data at the two highest speeds of agitation. The 

figures clarify the fact that the rate at which protein aggregates tend to break 

up is directly related to the rotating impeller speed, that is to say the higher 

the speed is the greater is the effect of breakage. Additionally, it can be seen 

that the majority of breakage occurs within the first half an hour of aggregate 

exposure to turbulent shear forces, cause by the rotating impeller.

In order to compare these effects quantitatively several interesting points have 

been selected and are illustrated in Table 5.1. Firstly a comparison should be 

made of the time of exposure necessary for aggregates to break down to half 

of their original dgg size at each of the speeds used for agitation. In addition
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to the initial protein particle sizes presented in Table 5.1, the corresponding 

values which represent half of the initial dgo sizes are provided in brackets in

the column denoting the time of exposure. For the smallest impeller diameter 

of DpO.12 m, it is clear from the table that for the lowest impeller speed of

N=200 rpm, it required well over five hours for the protein aggregates to 

break down to a dgg size of 2.7 |xm, this value being half of the initial dçQ size

for this particular run. When the impeller speed was increased to N=400 rpm 

the corresponding time necessary was 90 mins and at N=600 rpm the 

equivalent time value became 40 mins suggesting a huge increase in particle 

breakage. Finally, at a level of agitation of N=800 rpm, a time of exposure to 

shear of a mere 4 mins was sufficient for the protein aggregates to be reduced 

by half of the original value (in this case from dgo=5.9 pm to dgo=3.0 pm). It

is thus reasonable to say that at the lowest speed of agitation it takes 

approximately one hundred times longer for the protein aggregates to suffer 

the same extent of breakage than at the highest speed of agitation.

Furthermore, taking time to be the constant parameter, a comparison could be 

made between the dgg diameters of the aggregates at the five levels of agitator

speed after a period of exposure of the aggregates to shear of 40 minutes. 

(The numbers in brackets on the right hand side denote the ratio of the dgo 

size after 40 mins of exposure to shear to that of the initial dçQ protein particle 

size). It was seen that if the protein precipitate is agitated at an identical level 

of shear as it was aged, then, as breakage did not feature at such low levels of 

shear, then there is no doubt that the aggregate size at any time during the five 

hour period of exposure would be similar to the size attained just after ageing. 

However when the impeller speed was increased to N=200 rpm, the dgo size

of the protein aggregates decreased to 4 pm (0.74), at N=400 rpm, the 

corresponding dpo size was 3.1 pm (0.55) and at N=600 rpm the equivalent

size was 2.7 pm (0.5). A maximum increase in impeller speed to N=800 rpm
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resulted in an eventual dçg aggregate size of a mere 2.2 [im (0.37). This is 

almost one third of the initial diameter, yet again illustrating a remarkably 

high degree of aggregate breakage at very high rates of shear. Similar 

conclusions can be drawn from the other two impellers whose values are also 

compared in Table 5.1.

Parallel to this, Table 5.1 compares the final equilibrium protein aggregate

diameters where the particles are more or less stable in size, since further

reduction was almost non-existent for all levels of turbulent agitation. It is

therefore reasonable to conclude that the lower the speed of agitation was, the 

greater was the final stable aggregate size. Eventual "steady-state" dgg

aggregate diameters for the experiments shown in Figures 5.12-5.17 range 

from 5.6 pm at N=150 rpm where there was no breakage, 2.9 pm at N=200 

rpm where slight breakage occurred, 1.8 pm at N=400 rpm, to 1.5 pm at 

N=600 rpm. However, most importantly, this value became a mere 1.0 pm at 

N=800 rpm where the majority of breakage occurred, representing one sixth 

of the initial particle size and thus emphasizing the need for a clear 

explanation as to how these protein aggregates are constantly breaking up. 

This particular trend was demonstrated by all three impeller-vessel systems 

for these five levels of impeller agitation, and is a topic for discussion in the 

subsequent section.

Comparing now the extent of protein aggregate break-up for the same 

example (i.e. D%= 0.12 m), it can be seen from the final column in Table 5.1

that at the lowest speed of impeller agitation of N=200 rpm, the ratio of the 

final aggregate size to the initial aggregate size was 0.54, at N=400 rpm the 

corresponding ratio was 0.32, at N=600 rpm the equivalent value was 0.28 

and finally at the highest speed of N=800 rpm it was only 0.19. Therefore it 

could be concluded that using the highest impeller speed has led to an 81 %
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reduction in the size of the protein aggregates while using the lowest impeller 

speed has resulted in a 46 % reduction, a significantly smaller amount. Very 

similar trends were observed for the remaining two impellers whose nominal 

values are shown in Table 5.1.

The experimental data presented thus far has illustrated the breakage resulting 

from five hours of exposure to impeller agitation. It appears that at each rate 

of shear there was a distinct rate of break-up, each curve following a 

particular trend which eventually levels off again, converging to a specific 

steady-state aggregate size after several hours.

In order to verify whether equilibrium had actually been reached between 

aggregation and breakage after the five hour period or whether further 

breakage would have occurred after this time, experiments were carried out 

with protein aggregates exposed to these levels of shear overnight for up to 

thirty-six hours.

Figure 5.18 shows the outcome to these experiments and clearly demonstrates 

that the greatest break up activity for every experimental run occurred during 

the initial stages of agitation and the final particle size reached after thirty six 

hours of exposure to turbulent shear was practically identical to the size 

reached after the end of the five hour period used in all the experiments. This 

implies that equilibrium steady-state between aggregate agglomeration and 

breakage was reached after a few hours yielding fairly stable aggregates and 

therefore after this period of time further disruption did not occur even when 

exposed to shear for thirty six hours. In addition to the experiments presented 

by Figures 5.12-5.17, further experimental runs were carried out using several 

other protein concentrations whose results can be referred to in Appendix C.
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Very similar trends were observed for all these experiments to confirm the 

results in the trends already established.

The breakage trends obtained in these experiments were produced using open 

turbine impellers with six blades operated at various levels of agitation 

intensities. The shear stresses associated with the nature of the turbulence 

inside the vessel, whilst using these impellers were obviously too high for the 

protein aggregates to withstand and consequently severe damage was inflicted 

upon them resulting in their breakage. Agitation with lower maximum shear 

stresses could be achieved with alternative types of mixer such as propellers 

or helical ribon type impellers. However use of these impellers is usually 

accompanied by higher recirculation rates which can result in dénaturation 

due to the higher rate of reformation of air-liquid interfaces in a non-flooded 

reactor.

These overall trends in the breakage data were observed to be somewhat 

similar in nature to the data obtained for the breakage of protein precipitates 

carried out within other turbulent flow fields carried out by previous workers, 

more specifically in pumps and centrifuges (discussed in Chapter 2). 

Unfortunately a more direct comparison cannot be made due to the non

existence of a common basis suitable for describing the break-up of soft 

particles in these items of process equipment. Therefore there is a strong need 

for further research into this topic, perhaps by commencing with a detailed 

investigation involving the energy input per unit volume of suspension, e, as 

the basis for data interpretation. This has been done in the current project for 

the stirred tank reactor, using different impeller sizes but maintaining constant 

the diameter of the cylindrical tank.
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5.4. Effect of Tmpeller-Vessel Configuration

Figure 5.19 illustrates the characteristics of the three configurations employed 

during the course of the recent study. The diameters of the three impellers 

used to provide agitation inside the stirred vessel ranged from the smallest 

impeller of diameter Dj=0.12 m to the medium-sized impeller of diameter 

Dj=0.166 and finally to the largest impeller of diameter DpO.205 m. The

corresponding ratios for the impeller to tank diameter ranged from 0.41 (for 

DpO.12 m) to 0.57 (for DpO.166 m) and to 0.71 (for DpO.205 m) for the

smallest to largest impellers respectively. In effect, the first configuration 

shown is a close representation of the standard impeller-vessel configuration 

for obtaining maximum shear out of the process during agitation. In all three 

cases the same stirred vessel of diameter Dt=0.29 m was used to carry out the

breakage experiments on the protein precipitates.

As mentioned earlier, an important aim of the current investigation was to 

maintain a constant energy input per unit volume of suspension, e, during 

agitation for the three geometric systems shown in Figure 5.19, for a wide 

range of agitation intensities. This was brought about by selecting the 

standard impeller configuration illustrated in the first diagram and hence 

calculating the necessary impeller speed which would be required to maintain 

the value of e constant for the remaining two systems.

For example, in the first system the corresponding impeller diameter has a 

value of DpO.12 m and the first speed selected which provided adequate

breakage was set at N=200 rpm. This speed value was then used to calculate 

the equivalent value for the mean energy dissipation rate within the vessel for 

system 1. Knowing the dimensions of the impellers comprising systems 2 and 

3, it was then possible to determine the speeds of rotation necessary for these
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larger impellers, whilst the value of e was kept constant in all three systems as 

follows:

p 4 Po p 
® "  V = m D f  H

_ / 4 X 1.4 X 1000 X (200/60)3 x  

“  ^  3.142 X 0.292 X 0.22 X 0.001 *

implying that,

e = 90 W/m^

Since most of the parameters in Equation 5.5 are constant for all three systems 

it is clear that the mean energy dissipation is directly proportional to the 

impeller power input which is itself proportional to the cube of the impeller 

speed and to the impeller diameter to the power five:

eocP-N^ (5.6)

Therefore, if the subscripts given correspond to the three different impeller- 

vessel geometries starting from the smallest impeller, then the values can be 

presented as shown below, in order to cancel the constant factor:

/ N i 3 X Di 5 \  1/3 /N |3  x D ,5 \ 1/3

Therefore, N2 = 116 rpm and N3 = 82 rpm.
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The calculations showed that impeller speeds of 116 rpm for configuration 2 

and 82 rpm for configuration 3 were required in order to maintain a constant 

value for the mean energy dissipation, in this case 8 = 90 W/m^, in all three 

systems. Similar calculations concerning the values of the other levels of 

agitation used for the three impeller system geometries were carried out and 

the resulting impeller speeds together with the mean energy dissipation rates 

are all included in Table 4.2.

Referring to Table 4.2, it can be appreciated that a wide range of values of 8 

were used, namely between 37.5 W/m^ at the lower end and 5683 W/m^ at 

the higher end of the energy spectrum. The purpose for this was to examine 

the influences on the protein aggregates at both high and low values of 

energy, despite most industrial processes generally operating at energy 

dissipation levels of less than about 1000 W/m^ due to the very high costs 

associated with high energy levels. However, on a laboratory scale, it is not 

too difficult to obtain such high rates of energy input and hence, to carry out 

experiments in order to investigate any interesting occurrences which may 

arise as the numerical value of 8 is progressively increased.

Another important feature given in this table is the mean shear rate, Gy, which 

can be determined for each level of energy dissipation. Again, as with the 

value for the energy dissipation, the level of shear in the stirred vessel is 

influenced by both the diameter of the impeller as well as the rotating impeller 

speed. In fact the rate of shear, Gy, is directly proportional to the square root 

of the energy dissipation (refer to Equation 3.5), the nominal values of Gy not 

being as high as that of 8, nevertheless covering a wide range of mean shear 

rates between 194 s~̂  and 2385 s"l, once again, more than adequate with 

respect to the recommendations made for industrial applications
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Finally, the values of the Reynolds number. Re, are also calculated in Table 

4.2, ranging from a minimum value of 36,000 to a maximum of 560,333. 

These values of Re emphasize that the experimental investigation was carried 

out under totally turbulent conditions and therefore aggregate breakage is 

believed to have been caused by turbulent dynamic forces acting across the 

aggregates and turbulent drag forces acting on the surface of the aggregates.

The graph in Figure 5.20 shows the breakage data obtained experimentally for 

the three impeller configurations at a fixed energy dissipation level, 8, of 710 

W/m^. This example was conducted for experiments using a total precipitate 

concentration of 3.5 kg/m^. Each individual curve on the graph denoted by a 

single symbol represents the trend in breakage of the protein precipitate 

aggregates obtained for a single impeller configuration, the identity of each 

curve specified on the plot.

The data produced for the three very different impeller systems together 

follow closely a trend in aggregate breakage which is practically 

indistinguishable for each of the impellers. The nature of these trends clearly 

demonstrate that when the value for the mean energy dissipation throughout 

the vessel is maintained at a constant level, the experimental data obtained for 

the breakage of the protein precipitates is almost identical, irrespective of the 

differences between impeller-vessel configuration.

The breakage data show similarities not only in the initial rate of aggregate 

breakage where the majority of the breakage activity actually occurs, but also 

in the rate at which equilibrium is finally reached and furthermore for the final
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steady-state protein aggregate size, in this case approximately 1 |im. In order 

to elucidate this observed phenomenon, Figure 5.21 is constructed with a 

dimensionless size parameter on the ordinate axis in order to account for the 

slight differences observed for the initial size distributions of the aggregates. 

Here, too, it can be seen that the entire set of data strongly follow a very 

similar pattern to that presented in Figure 5.20.

As with the previous section, a table has been constructed to compare the 

effects of the different impeller-vessel configurations on the protein aggregate 

size, on a more quantitative basis. Table 5.2 illustrates these effects for the 

four levels of energy dissipation used in the work.

To begin with, a comparison could be made of the time required for the 

protein aggregates to break down to half of their initial size (this value of d°/2 

is shown in brackets). Using a mean energy dissipation rate of e=90 W/m^, it 

can be seen that it required over 240 mins for all three systems to reach this 

target value. At the second mean energy dissipation rate of 6=710 W/m^, the 

time range was between 20 and 90 mins for all the three systems and, at the 

third rate of 6=2397 W/m^, the corresponding time range was between 12 and 

40 mins. Finally, at the highest mean energy dissipation rate of 6=5683 

W/m^, the equivalent time range was between a mere 4 and 6 mins, 

highlighting the somewhat identical nature in the breakage trends obtained for 

the three different systems.

Considering time to be the constant factor, a comparison could be made of the 

protein dgo size obtained after, say, 40 mins of exposure to shear. The values

in brackets in this column in Table 5.2 represent the ratio of the size reached 

after 40 mins of impeller agitation to the initial particle size produced just 

after ageing. Here a somewhat clearer picture has emerged since the values
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TABLE 5.2. Comparison of protein particle size with mean energy dissipation rate, for all three impeller-vessel configurations, at 
a protein concentration of c=3.5 kg/m^.

e

(W/m3)
Di

(m)

Time for 

d®/2 (mins)

dgo size (p,m) 

at t=40 mins

Initial size d® (pm) 

(^90) (dmod)(dlo)

Final size d^ (pm) 

(dço) (djnod) (^ 1 o)

Ratio

90 0.12 >300 (2.7) 4.0 (0.74) 5.4 11.0 13.7 2.9 6.1 7.0 0.54
0.166 240 (2.5) 3.4 (0 .68) 5.0 11.2 13.4 2.4 5.8 6.6 0.48
0.205 290 (2.9) 4.1 (0.72) 5.7 10.7 13.1 2.8 5.7 6.5 0.49

710 0.12 90 (2 .8) 3.1 (0.55) 5.6 10.3 12.2 1.8 2.8 3.5 0.32
0.166 20 (2.9) 2.7 (0.47) 5.8 10.1 12.4 1.7 2.5 3.3 0.29
0.205 45 (2 .6) 2.6 (0.51) 5.1 10.0 12.6 1.7 2.5 3.4 0.33

2397 0.12 40 (2.7) 2.7 (0.50) 5.4 10.0 12.2 1.5 2.5 3.1 0.28
0.166 12 (2 .6) 2.1 (0.40) 5.2 9.8 13.0 1.3 2.5 3.3 0.25
0.205 17 (2 /0 2.0 (0.42) 4.8 10.9 12.8 1.2 2.2 3.1 0.25

5683 0.12 4 (3 00 2.2 (0.37) 5.9 9.6 12.4 1.1 1.9 2.5 0.19
0.166 5 (2.9) 2.3 (0.32) 5.7 10.1 12.5 1.0 1.6 2.7 0.18
0.205 6 (2.7) 2.0 (0.34) 5.3 10.5 12.9 1.1 1.7 2.7 0.21
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have illustrated an even greater similarity for the three systems. For instance, 

at 8=90 W/m^, the dgo protein aggregate size range obtained varied from 3.4

|im  to 4.1 pm (0.68-0.74); at 8=710 W/m^, the same size ranged from 2.6 pm 

to 3.1 pm (0.47-0.55); at 8=2397 W/m^, the corresponding dgg size range

showed a variation from 2.0 pm to 2.7 pm (0.40-0.50); and finally, at 8=5683 

W/m^, the equivalent size range was from 2.0 pm to 2.3 pm (0.32-0.37), 

therefore signifying a unified manner of aggregate breakage between the three 

impeller-vessel systems.

In Table 5.2 it is also worth considering the final particle size which was 

reached as a result of five hours of aggregate exposure to shear, and also, the 

extent of aggregate breakage that occurred eventually, simply denoted by the 

ratio of the final and initial protein dgg particle sizes (d^d°).

As it may be expected, at the low mean energy dissipation value of 8=90

W/m^, relatively little breakage occurred and therefore relatively large 

aggregates remained at the end of the breakage process, namely between dgo

sizes of 2.4 pm and 2.9 pm (0.48-0.54), the resulting degree of breakage after

five hours being about 50 % for all three systems. On increasing the energy 

input to 8=710 W/m^, this same dgo size range was between 1.7 pm and 1.8

pm (0.29-0.33) denoting again a very similar final particle size and extent of 

aggregate breakage for all systems, in this case the extent of breakage being 

equivalent to about 70 %. Moving onto an energy input of 8=2397 W/m^, it is 

clear that the final dgg sizes became progressively smaller, that is to say

between 1.2 pm and 1.5 pm (0.25-0.28) after 300 mins of aggregate exposure

to turbulent shear, equivalent to about 75 % breakage for the three systems. 

Finally using an energy input of 8=5683 W/m^, the final dgo size range of the

protein aggregates was very close to unity (1.0 pm -1.1 pm) for all three 

systems yielding a substantial degree of breakage (0.18-0.21) of over 80 %.
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The similarities in the breakage patterns of the protein precipitate aggregates 

have been highhghted further for the three impeller system geometries, even 

for such a high level of agitation intensity.

Moreover, to further authenticate the validity of this devised concept a family 

of plots were produced on a single graph (Figure 5.22), for four of the energy 

dissipation rates used in the project. It is important to make absolutely clear 

that while for a constant value of energy dissipation the trends in breakage 

data are very similar in nature for the three impeller configurations, the 

nominal features in the breakage trend are distinctively different for the 

various rates of energy dissipation. The four different values of 8, which have 

now become very familiar (Table 4.2), are represented by four different 

colours on the graph of Figure 5.22. Each curve produced at a different value 

of 8 closely resembled the curves produced for each impeller at the chosen 

rotating impeller speeds, in other words the example shown in Figures 5.12- 

5.17. From the set of curves composed in Figure 5.22 it is apparent that for 

the four different energy dissipation rates, the curves produced were naturally 

distinctive from one another following a unique breakage pattern during the 

five hour period of exposure to shear. Additional experimental results of this 

nature which are presented individually (and thus provide a clearer picture) 

can be referred to in Appendix C.

These observations indicated that the rate of protein precipitate aggregate 

breakage was independent of impeller-vessel system geometry but critically 

dependent on the level of the mean energy dissipation rate within the 

mechanically agitated vessel. This substantiated to some extent the belief that 

it is the fluid which surrounds the protein precipitate particles which is 

responsible for the breakage and not the direct impact of the particles with the 

impeller, baffles or any other physical boundary. Consequently, it is not the
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size or type of impeller which are the critical factors in the determination of 

particle breakage but, moreover, it is the rate of the mean energy dissipated by 

the impeller.

The detailed distribution of energy in a stirred vessel is not clearly defined at

present and is a current topic of considerable interest in the field of mixing.

As a consequence the use of parameters, such as the average power input per

unit volume, are not totally satisfactory for scale-up, involving a certain

degree of ambiguity. When the effects of shear dénaturation of the soluble

protein or shear disruption of the formed precipitate are of primary

importance the conditions of mixing in the impeller zone where the maximum

shear stresses occur, will form a design basis. The high shear stresses

associated with the trailing vortex system produced by turbine impellers have

been described in Chapter 3. The values for the energy dissipation per unit 

volume within the impeller zone. Eg, have been determined (refer to Figure

3.2) for the standard impeller of diameter 0.12 m and, as before, the 

corresponding speeds of agitation for the remaining impeller systems have 

been calculated so as to maintain a constant energy input within this specific 

region. In addition to this, and purely for comparison, the values of the 

energy dissipation rate within the impeller zone. Eg, have been calculated in

Table 5.3 using the existing impeller speeds as they have been applied to in 

the current investigation. For example:

Pg 4 P o p  N3 Dt5 4 Po p N3 Dt̂

where Pg and Vg denote the impeller swept power input and volume 

respectively.
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TABLE 5.3. Comparisons between mean and local energy dissipation rates 

and impeller speeds, for all impeller-vessel configurations.

Impeller 

diameter 

D i  (m)

Mean energy

dissipation

(W/m3)

Local energy 

dissipation 

£s (W/m3)

Impeller

speed 

N (rpm)

Swept 

speed 

Ns (rpm)

0.12 37.5 3202 150 150

90 7590 200 200

710 60717 400 400

2397 204920 600 600

5683 485737 800 800

0.166 37.5 1462 89 113

90 3465 116 151

710 28082 233 301

2397 95186 350 452

5683 224659 466 603

0.205 37.5 768 61 97

90 1960 82 129

710 15683 164 258

2397 52288 245 386

5683 125465 328 515
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Basically, the only significant difference in the calculation of Eg lies in the 

numerical values used for the impeller diameter, D% and the impeller blade 

height, h, these, of course, being considerably smaller than the corresponding 

values used for the vessel as a whole. Hence from Equation 5.6, for each rate 

of shear stress the value of Eg will be significantly higher than that of E^.

The results are all detailed in Table 5.3. Since the calculations of Eg and Ng in

the impeller zone involve the use of different numerical dimensions from 

those of E and N based in the bulk region, it is not surprising that the figures

shown in Table 5.3 are very dissimilar. However, the trends that would have 

been produced using the new calculated speeds of agitation (Ng) could be

extrapolated for each system using the appropriate graphs already existing.

The graph in Figure 5.23 illustrates the results obtained for the extrapolated 

breakage trends, using numerical values of speed calculated in Table 5.3. and 

performing a basic graphical analysis on the existing plots. It appears that for 

similar values of Eg the three corresponding extrapolated data points produced

three distinct curves. Due to the nature of the existing breakage trends of the 

protein particles, two of the curves appeared to follow a somewhat similar 

path; nevertheless this is somewhat deceptive and in actual fact should be 

ignored. This implies therefore that the value of Eg cannot be used as a sound

basis for breakage data interpretation inside the mechanically agitated vessel, 

since the analogy does not hold.

Hence it has been proved that the concept of maintaining a constant mean 

energy dissipation parameter inside the stirred vessel provides a sound basis 

for the description of breakage data for soft particles, providing a simple 

scale-up rule for the design of industrial mechanically agitated reactors for 

various uses such as precipitation or fermentation. It also provides a common

179



0.9 

3  0.8
0.7(D

0.5
1
1 “
I  0.3

& 0.2

I  0.1
I  n

50 1000 150 200 250 300
Time of exposure, t (mins)

Figure 5.23. Extrapolated effect of time of exposure on the dimensionless dgq protein particle size at a constant local "impeller

swept" energy dissipation rate, 6$ = 60717 W/m^, with impeller diameter as a parameter. Impeller diameter, Dj: 

{%) 0.12 m; (•) 0.166 m; (o) 0.205 m.

The data have been extrapolated from existing experimental data provided by Figures 5.12-5.17 using a protein concentration of, c=3.5 kg/m^. 
Impeller "swept speed”, Nj. (and corresponding impeller speeds of rotation used for extrapolation of curves, N): for D|=0.12 m, Nj.=400 rpm
(used as a basis therefore no difference and hence no extrapolation necessary); for D|=0.166 m, Ng=30l rpm (N=233 rpm and N=350 rpm); for
DpO.205 m, Ng=258 rpm (N=245 rpm and N=328 rpm).



Chapter 5 Results and Discussion

basis upon which it ought to be possible to assess and compare breakage of 

protein precipitates in seemingly different types of process equipment, for 

example, pumps, homogenizers and centrifuges. It would now be of further 

interest to conduct experiments using protein precipitates prepared under 

identical conditions and passing them through these various other items of 

process equipment. The objective would be to determine whether the 

breakage data produced within the turbulent flow fields associated with these 

other items compares in any manner to those produced during aggregate 

exposure to shear in the stirred vessel, at corresponding values of e. If 

evidence suggests that this is successful, it would then be possible to use the 

breakage data obtained from the stirred tank reactor to predict the breakage of 

soft particles such as protein aggregates, in, say, pumps, valves or filter units.

The problem associated with this matter at present lies with the unavailability 

of a feasible method of measuring the values of the energy dissipation 

parameter with, say, the centrifuge. In some cases the values of e cannot be 

determined directly from the system used due to either the physical nature of 

the equipment or the lack of understanding on how the energy is actually 

dissipated within the process equipment itself. Many assumptions are needed 

to be made beforehand therefore resulting in rather equivocal ideas on how to 

embark on the measurement of 8, and at this stage requires an extensive 

amount of pioneering work on the part of the chemical and biochemical 

engineer.

5.5. Effect of Concentration

In the majority of published articles studied the concentration of the protein 

precipitate did not play a key role in the determination of either the rate of
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aggregate breakage or of the extent to which the aggregates degrade. 

Therefore in the present investigation a range of three protein concentrations 

has been selected which covers the majority of concentrations used both in the 

laboratory and in industrial applications, namely c=0.35 kg/m^, c=3.5 kg/m^ 

and c=35 kg/m^. It is interesting to note that there is a difference of no less 

than one hundred times between the lowest protein concentration of c=0.35 

kg/m^ and the highest of c=35 kg/m^. Furthermore, the straightforward 

nature of the experimental data obtained suggest that, any trends in aggregate 

breakage for values of protein concentration between this concentration range, 

can be assumed to fall on a corresponding curve anywhere between the three, 

depending on the concentration in question and can easily be extrapolated.

The experiments for the additional two protein concentrations were carried 

out at the same rates of shear as those used for the existing runs using c=3.5 

kg/m^, as described on the plots. This way any influences which may prevail 

would be solely due to the effect of protein concentration as this would be the 

physical parameter. Figures 5.24 and 5.25 illustrate the trends followed 

during aggregate exposure to shear at these three different concentrations, 

using the standard impeller-vessel arrangement (DpO.12 m). The figures

depict the breakage occurring at the two extremes in impeller speed of N=200 

rpm and N=800 rpm respectively. These correspond to mean energy 

dissipation rates of 90 W/m^ and 5683 W/m^ respectively, equivalent to mean 

shear velocities of 300 s~̂  and 2385 s"l respectively. The general shape of the 

breakage curves closely resembled the previous breakage curves obtained 

when comparing the various trends at different levels of impeller agitation. In 

parallel. Table 5.4 has been constructed to help elucidate the observations 

made in a more quantitative manner.
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TABLE 5.4. Comparison of protein particle size with protein concentration, at all four levels of impeller agitation, using the 
standard impeller-vessel system (DpO.12 m).

N

(rpm)

c

(kg/m3)

Time for 

d®/2 (mins)

d9o size (|im) 

at t=20 mins

Initial size d® (|xm) 

(dgo) (dmod)(dio)

Final size d^ (|im) 

(dgo) (dmod)(dio)

Ratio

dgo^/dgo^

200 0.35 >300 (2 (% 4.5 (0 .86) 5.2 9.2 13.2 3.4 6.5 7.6 0.65
3.50 >300 (2.7) 4.1 (0.76) 5.4 11.0 13.7 2.9 6.1 7.0 0.54
35.0 200 (2.9) 3.7 (0.63) 5.8 11.5 14.1 2.7 5.5 6.2 0.47

400 0.35 200 (2.7) 3.9 (0.73) 5.3 9.4 12.8 2.3 3.4 4.2 0.43
3.50 90 (2 .8) 3.3 (0.59) 5.6 10.3 12.2 1.8 2.8 3.5 0.32
35.0 25 (3 CO 3.1 (0.52) 5.9 12.6 12.4 1.5 2.3 3.1 0.25

600 0.35 90 (2.7) 3.5 (0 .66) 5.3 9.3 12.0 1.8 2.8 3.9 0.34
3.50 40 (2.7) 2.8 (0.52) 5.4 10.0 12.2 1.5 2.5 3.1 0.28
35.0 10 (3.0) 2.7 (0.45) 5.9 12.5 12.9 1.2 2.0 2.4 0.20

800 0.35 50 (2 .8) 3.3 (0.60) 5.5 9.5 11.8 1.7 2.5 3.3 0.31
3.50 4 (3X0 2.4 (0.41) 5.9 9.6 12.4 1.1 1.9 2.5 0.19
35.0 1.7 (3.0) 2.2 (0.33) 6.0 13.2 12.8 0.8 1.4 1.9 0.13



Chapter 5 Results and Discussion

To begin with, as has already been described during the discussion of particle 

ageing, the highest protein concentration tended to yield the largest protein 

aggregates and therefore this was reflected in the initial aggregate size 

obtained, just after ageing. In these particular experiments the initial value for 

the dgo aggregate size formed at the highest protein concentration of c=35

kg/m^ was 5.9 pm, at the subsequent concentration of c=3.5 kg/m^ it was 5.5 

pm and finally for the lowest concentration of c=0.35 kg/m^ it was 5.3 pm. 

The rate of breakage of the protein precipitate aggregates was critically 

dependent on the concentration of the protein which was in suspension. That 

is to say at the highest protein concentration, the rate at which the aggregates 

break up is much higher than for the other two relatively lower concentrations 

used. This is clearly highhghted in the small graphs in the top right hand 

comer of the plots which magnify the existing trends for the first ten minutes 

of aggregate exposure to shear.

Since the initial aggregate sizes of the protein precipitate were somewhat 

different for the three concentrations (i.e. at t=0), it would be easier to 

compare the trends visually by constmcting the graphs of Figures 5.26 and 

5.27, which make use of the dimensionless size term on the ordinate axis. 

Figures 5.26 and 5.27, together with Table 5.4 provide a clearer picture of the 

relative degrees of aggregate dismption for the three concentrations during the 

course of the five hour period of aggregate exposure to shear in the stirred 

vessel.

A comparison should firstly be made of the time of exposure necessary for the 

protein aggregates to break down to half of the initial d^Q size, at the three 

different concentrations. Once again, the corresponding initial dgg aggregate 

sizes in this column of Table 5.4 are given in brackets. It can be observed 

from the table (as well as Figures 5.24-5.27) that when using an impeller
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Chapter 5 Results and Discussion

speed of N=200 rpm (or a mean energy dissipation rate of 90 W/m^), a period 

of over 300 minutes was required for the protein aggregates to reach this dçQ

target value when using the two lower concentrations of c=0.35 kg/m^ and 

c=3.5 kg/m3. However, this equivalent period was only 200 minutes at the 

highest concentration of c=35 kg/m^, bearing in mind that very little breakage 

activity actually occurs at such a low degree of shear. Therefore, at the 

highest value of c=35 kg/m^, the length of time required by the precipitate 

particles to reduce to half of the original size value was less than half than that 

achieved by the one-hundred-times-lower protein concentration of c=0.35 

kg/m^.

Similarly, for an impeller speed of N=400 rpm (or a mean energy dissipation 

rate of 710 W/m^), 200 minutes were sufficient for the precipitate aggregates 

to break down to half of their original dgo size at the lowest protein

concentration of c=0.35 kg/m^, 90 mins at c=3.5 kg/m^, and only 25 mins at 

the highest protein concentration of c=35 kg/m^. Once more, it was revealed 

that in order for the aggregates to break down to 50 % of their initial dgo

value, it was necessary for the aggregates prepared at c=0.35 kg/m^ to be 

exposed to an identical rate of shear for a length of time which was eight 

times greater, than for aggregates prepared at c=35 kg/m^.

If the subsequent impeller speed of N=600 rpm is considered (equivalent to a 

mean energy dissipation rate of e= 2397 W/m^), similar conclusions could be

drawn. Using a protein concentration of c=0.35 kg/m^, the time taken for the 

aggregates to reduce to half of their initial dgo size was 90 mins; for c=3.5

kg/m^ the equivalent time was only 40 mins; however, for c=35 kg/m^ a mere 

10 mins of exposure were sufficient for the corresponding dgo size to be

reached. Consequently, an increase in the protein concentration by a factor of

189



Chapter 5 Results and Discussion

one hundred resulted in a nine-fold reduction in the length of time necessary 

for an identical degree of break-up.

Finally, at the highest level of impeller agitation of N=800 rpm (equivalent to 

an energy input of 8=5683 W/m^), the period of time associated with a 50 % 

reduction in the dgg size of the precipitate aggregates was much lower for

each concentration of protein. For c=0.35 kg/m^, 50 mins were required; for 

c=3.5 kg/m^, just 4 mins were sufficient and, for c=35 kg/m^, the 

corresponding time was a mere 1.7 mins. Although at N=800 rpm the times 

shown were much less than those at any other speed, for a protein 

concentration of c=0.35 kg/m^, the time needed for an identical degree of 

breakage was thirty times greater than for c=35 kg/m^.

Alternatively, comparisons could be made of the dçQ size of the protein 

aggregates which was reached as a consequence of exposure to impeller 

turbulent agitation for a fixed period of time, say 20 minutes. The reduction 

in aggregate diameter could then be assessed for the three protein 

concentrations used, as always using all four levels of impeller agitation in the 

stirred vessel. The results are illustrated in the last column of Table 5.4. (The 

numbers in brackets on the right hand side of the column denote the ratio 

between the protein aggregate size after 20 mins of exposure to shear and the 

initial aggregate size just before exposure).

At the lowest impeller speed of agitation of N=200 rpm (8=90 W/m^), the dgo 

value reduced to 4.5 pm (0.86) when using a protein concentration of c=0.35 

kg/m^, 4.1 pm (0.76) for c=3.5 kg/m^, whereas for c=35 kg/m^, the equivalent 

dgo value was found to be 3.7 pm (0.63). This implies that at the highest

protein concentration there was a reduction in aggregate size which exceeded 

two and a half times of that at the lowest concentration.

190



Chapter 5 Results and Discussion

If the subsequent impeller speed of N=400 rpm (8=710 W/m^) is considered, a

similar picture would emerge from the corresponding data. That is to say, at a 

protein concentration of c=0.35 kg/m^ the value for the dgo aggregate size

reached after 20 mins of exposure to shear was equivalent to 3.9 |im (0.73), 

for c=0.35 kg/m^ the corresponding dgg value was 3.3 pm (0.59) and, for 

c=35 kg/m^, the same dgg value was 3.1 pm (0.52). In other words, for the 

highest protein concentration of c=35 kg/m^, the reduction in the dgg 

aggregate size was about twice as that for the lowest protein concentration of 

c=0.35 kg/m^.

Similarly, using an impeller speed of N=600 rpm (8=2397 W/m^), and after 

20 mins of impeller agitation, the dgo size reached for the lowest

concentration of c=0.35 kg/m^ was 3.5 pm (0.66), for c=3.5 kg/m^ the 

equivalent dgg value was 2.8 pm (0.52) and for the highest concentration of 

c=35 kg/m^, the same dgo value was 2.7 pm (0.45). This time the protein 

aggregates were reduced in size by a factor of approximately one and a half 

times at c=35 kg/m^ compared to that at c=0.35 kg/m^.

Finally, at the highest impeller speed of agitation of N=800 rpm (8=5683 

W/m^), the same dgg value decreased to 3.3 pm (0.60) for the lowest protein

concentration of c=0.35 kg/m^, 2.4 pm (0.41) for c=3.5 kg/m^, whereas for 

the highest concentration of c=35 kg/m^, the corresponding diameter was only 

2.2 pm (0.33). The equivalent ratios relating this size with the initial diameter 

therefore signify that aggregate breakage is almost twice at the highest protein 

concentration.

Yet again, it was witnessed that the majority of the break up activity was more 

or less complete after approximately 30 minutes of agitation for all protein 

concentrations. All three curves followed a distinct breakage trend which, at
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equilibrium, seemed to level off horizontally and focus on a specific final, 

equilibrium aggregate size.

From Figures 5.24 and 5.25 and Table 5.4, it is apparent that while the initial 

protein aggregate diameters are greatest at high protein concentrations, at the 

same time it was at these high protein concentrations where the rate of 

aggregate breakage was also witnessed to be greatest leading to the smallest 

final stable aggregates. In order to compare the extent of aggregate breakage 

experienced by the protein precipitate, the ratio of the final to the initial 

particle size, d^/d°, is referred to in Table 5.4.

At the relatively low level of agitation of N=200 rpm, for a protein 

concentration of c=0.35 kg/m^, the corresponding ratio was 0.65, for c=3.5 

kg/m^, it was 0.54 and for c=35 kg/m^, it was 0.47, showing a marked 

decrease in aggregate size at the highest protein concentration, even at such a 

low rate of shear.

For experiments performed at N=400 rpm the corresponding values for the 

ratio of d^d° became 0.43 for c=0.35 kg/m^, 0.32 for c=3.5 kg/m^, and 0.25 

for c=35 kg/m^. These values show similar trends as for the previous 

example, these values being smaller, however, on account of the higher degree 

of impeller agitation applied.

When the rate of agitation was increased even further to N=600 rpm, the 

equivalent values for the dW ° ratio would become 0.34 for c=0.35 kg/m^, 

0.28 for c=3.5 kg/m^, and just 0.20 for c=35 kg/m^. This, too, reinforces the 

observations made above where the higher protein concentrations exhibited 

the greatest extent of precipitate breakage.

192



Chapter 5 Results and Discussion

Finally, using the highest degree of impeller agitation of N=800 rpm, the 

corresponding values for the ratio d9d° became 0.31 for c=0.35 kg/m^, 0.19 

for c=3.5 kg/m^, and finally, only 0.13 for c=35 kg/m^. It was at this 

particular intensity of agitation that most of the protein aggregate breakage 

was realized, especially at the two highest concentrations of protein.

Consequently, it can be concluded that for the range of impeller speeds used 

in the current work, there was a massive reduction in the aggregate dgo size,

between 35% and 70% at the lowest concentration of c=0.35 kg/m^, and 

between 53% and 87% at the highest concentration of c=35 kg/m^. Therefore 

the extent of protein aggregate breakage in these experiments was found to be 

greater at the higher concentrations of protein.

Undoubtedly there is a major need for the elucidation of the breakage of 

protein precipitates in all items of downstream processing equipment, more 

especially in the neglected agitated vessel, for, as it has been portrayed thus 

far, the precipitated particles are experiencing a degree of breakage within the 

vessel which is unacceptable to the vast majority of industrial processes. It is 

now also apparent that the concentration of the protein in the suspended 

medium influences the trends in aggregate breakage by a definite amount and 

therefore further investigation is necessary. A recognition of the disruptive 

effects exhibited by the aggregates on a quantitative basis is essential when 

dealing with proteins of different physical properties during the processing of 

protein products.
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5.6. Final Protein Aggregate Size

During the course of the discussion of the effects of impeller speed and 

protein concentration on the protein aggregates it was noticed that for each 

breakage trend there was a sudden initial decrease in aggregate size followed 

by a smoother, more gradual decrease, with each individual trend slowly 

reaching a unique stable steady-state size at the end of the five hour period. If 

the protein aggregate size after this period could be termed the "final" size, 

then Figure 5.28 illustrates the relationship between the d^Q value of this final

aggregate size and the rotating impeller speed, N, using the standard impeller 

configuration (DpO.12 m), for the three protein concentrations.

From Tables 5.1 and 5.2 it is apparent that the final aggregate size was found

to be critically dependent on both the level of impeller agitation and the value

for the total protein concentration. In order for the final process of centrifugal

separation to be successful, the protein precipitate aggregate size ought to be

above a certain critical value. Any particles present below this size limit will

be impossible to separate from the associated aqueous medium during

centrifugation and will inevitably remain in the suspension. The value for the

critical diameter is dependent on the operating conditions of the centrifuge

and on the physical properties of the material to be separated. For protein 

aggregates the critical dgg diameter is generally between 1 and 2 pm, a value

which features strongly in the graphs produced in the present study. It is 

important therefore to consider the consequences of centrifugal separation 

when selecting the level of shear which is to be implemented for a particular 

process, since the separation of the solids from the mother liquor may prove to 

be ineffective.
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While Figure 5.28 portrays the decline in the final, steady state aggregate size 

with increasing levels of turbulent agitation, the three curves plotted for the 

three concentrations represent the results obtained in only a single impeller 

configuration, namely the standard of impeller diameter, Dj=0.12 m.

Furthermore it would be of great interest to construct a graph showing the 

relationship between the final equilibrium size and the energy dissipation rate,

8, which would incorporate the results for all three systems of impeller 

configuration, since e is both a function of the impeller speed of rotation and 

the diameter of the impeller. Such a graph would then distinguish whether the 

energy dissipation rate is really the principal factor in the determination of the 

steady-state aggregate size of the protein precipitate or whether it is the 

geometry of the impeller-vessel configuration which plays the significant role.

This particular graph is shown in Figure 5.29 using a protein concentration of 

c=3.5 kg/m^. Each symbol represents a specific impeller configuration and 

these are clearly labelled on the figure itself. The abscissa represents the rate 

of mean energy dissipation rate, e, inside the mechanically stirred vessel 

during the agitation of the protein precipitate. The various points for the three 

systems investigated lie on an identical slope, whose curve passes through 

almost every single point on the way. This curve is of considerable 

importance for it confirms that it is essentially the energy dissipation rate 

which determines the steady-state protein aggregate size inside the mixing 

vessel and not the system geometry involved, or any other outside influence.

It is also interesting to observe the nominal value of this final stable aggregate 

size as the level of the energy dissipated in the vessel increases from a very 

low to a very high value. In the majority of industrial applications the 

concomitant energy dissipation rates are well below 8=1000 W/m^ or the 

equivalent shear stress of 600 s"l, otherwise the associated costs would be too
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high and the process uneconomical to pursue. Consequently, operating at low 

energy dissipation rates would be advantageous not only on a financial basis 

but also, since the equilibrium particle sizes at the end of each process would 

be desirably larger. As mentioned earlier a larger particle size implies that 

there is a higher probability for efficient subsequent downstream processing 

and moreover a successful separation step provided that the particle sizes 

exceed the critical particle diameter required for the chosen centrifuge.

In a very recent communication yet to be published (Appendix D3) the 

experimental data describing the breakage of protein precipitate aggregates in 

the mechanically stirred vessel were examined in the light of a proposed 

mechanistic model which relates the size of the maximum attainable aggregate 

diameter to the mean energy dissipation rate in the vessel. The basic premise 

behind the analogy is that aggregate breakage occurred by turbulent shear 

stresses originating from the viscous dissipation subrange. The analysis 

suggested that the process of protein precipitation results in the formation of 

scale-invariant fractal aggregates with a fractal dimensionality close to 2 .2 , 

indicating that aggregate growth during precipitation occurs by a combination 

of particle-particle and cluster-cluster collisions.

5.7. Comparison with Model Predictions

It is generally recognized that during precipitation, the time-dependent size 

distribution of protein aggregates is determined by the balance between 

particle aggregation and breakage. These competing processes occur 

simultaneously in the reactor and together they establish both the equilibrium 

size distribution of the aggregates and the rate at which this distribution is 

reached. The aim of the present experimental work was to obtain data on
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aggregate breakage, by avoiding aggregation which tends to complicate the 

analysis. The experimental technique adopted was based on the method 

recommended by Howarth (1967) who used it successfully to investigate 

breakage of oil drops dispersed in an aqueous phase. Initially, a steady-state 

mean protein aggregate size was established in the vessel. It was at this point, 

that the speed of the impeller was increased suddenly and rapidly to a new 

and higher value. The intensity of turbulent fluctuations in the vessel would 

rise to a new value determined by the prevailing conditions of agitation. If the 

change in the turbulence level is sufficiently rapid, then it could be assumed 

that at the moment of increase in impeller speed only aggregate breakage 

would occur. The effects of aggregation would not become apparent until 

some time after the introduction of the step increase in agitation. Thus, if 

experimental data from such an experiment are plotted as mean aggregate size 

against time (after the step change in agitation intensity), the initial rate of 

decrease in the mean aggregate size would be controlled by aggregate 

breakage alone. This is the line of reasoning that was followed when the 

experimental data obtained in this study were analysed and subsequently 

published in an article included in Appendix D2.

In Figure 5.30, the slope of each curve at t=0 was calculated graphically in 

order to obtain a measure of the initial frequency of breakage. In fact this 

graph is identical in nature to the ones shown in Figures 5.15-5.17 but in this 

case the graph shows the methods applied in determining the corresponding 

gradients at t=0. The numerical values for the gradients are calculated by 

measuring the slopes of the curves as close as was practically possible to t=0 .

Subsequently, in Figure 5.31 these breakage frequency data were plotted as a 

function of impeller speed for the three impellers. The results indicated that 

for a given protein concentration, the initial breakage frequency was uniquely
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dependent on the impeller speed and impeller diameter. This was confirmed 

by the plot in Figure 5.32 which shows the initial breakage frequency data as 

a function of the rate of energy dissipation in the vessel.

An interesting aspect of the experimental results produced in the present work 

was that the slope of the three lines plotted in Figure 5.31 has a mean value of 

1.3. Comparing this value with the exponent of N in Equation 3.37 which is 

3/2, suggested that for the range of experiments covered in the present study 

the initial breakage frequency was relatively insensitive to changes in the 

probability factor (the exponential term in Equation 3.37). This was further 

verified by the plot in Figure 5.33 where the slope of the best line has a value 

of 0.5, which agrees well with the exponent of e in Equation 3.26 which is 1/2 

and, once again, suggested that the probability of breakage did not change 

significantly over the range of experimental conditions.

The results of the experiments using different total protein concentrations also 

supported the general applicability of the turbulent breakage mechanism 

which lies behind the derivation of Equation 3.37. The results from these 

experiments are shown in Figure 5.34 where the initial breakage frequency 

data were plotted as a function of the protein concentration. The results did 

suggest a first order dependency of the initial breakage frequency on the 

protein concentration, and thus are in accordance with Equation 3.37.

This comparison between the theoretical work and the experimental data 

reported in Figure 5.34, showed that the initial breakage frequency of the 

protein precipitates is a unique function of the protein concentration and the 

mean energy dissipation rate in the vessel. For this reason the implications 

are that, for a given protein concentration, the concept of a constant energy 

dissipation rate per unit volume of suspension ought to provide a basic scale-
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Chapter 5 Results and Discussion

up foundation for the design of industrial mechanically agitated precipitation 

reactors.

This breakage model is currently being developed further to establish a 

relationship between the final aggregate size and the energy dissipation rate in 

the stirred vessel, and is tested using the experimental data considered 

throughout this work (Appendix D3).
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Chapter 6 Conclusions and recommendations

CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 
FOR FURTHER WORK

6.1. Conclusions

The present investigation has highlighted the effects of impeller agitation on the 

breakage of Soya protein precipitates in a mechanically stirred vessel. A model 

has been provided that describes the influence of hydrodynamic conditions on 

the breakage of the soft protein precipitate aggregated particles in turbulent 

suspension. The analysis of the experimental results based on the proposed 

model shows that the initial frequency of breakage of protein precipitates is a 

unique function of the energy dissipation rate in the vessel, encompassing both 

effects of impeller diameter and impeller speed. Consequently the rate of 

aggregate breakage is independent of the impeller-vessel configuration. The 

model accurately describes the influence of both the energy dissipation rate and 

the protein concentration on the initial breakage frequency of the aggregates. 

The concept of a constant energy dissipation rate provides a simple scale-up 

rule for the design of industrial mechanically agitated precipitation reactors. It 

also provides a common basis upon which it ought to be possible to assess and 

compare breakage of protein precipitates in seemingly different types of 

processing equipment, e.g. pumps, homogenizers and centrifuges. A difficulty 

that still remains to be resolved however is the development of reliable 

experimental methods and theoretical expressions for the evaluation of the 

energy dissipation rate in these devices.
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In addition, it has also been shown that the final "steady-state" protein 

aggregate size is strongly dependent on the mean energy dissipation rate below 

approximately 1000 W/m3 and almost independent of it thereafter.

6.2. Recommendations for Further Work

Further experimental analyses can be adopted as in the present study but with 

the use of more impeller speeds of agitation and total protein concentrations. 

Ideally, a couple of impellers could be constructed so as to obtain an impeller- 

vessel configuration where the value of Dj/Dt  is both at a maximum and

minimum, as well as other values between these extremes.

This will determine whether the concept of maintaining constant the mean 

energy dissipation per unit volume to describe the rate of protein aggregate 

breakage can be applied to all impeller system geometries irrespective of the 

diameter of the impeller used for agitation with regards to the vessel 

dimensions. Even if the analogy does not hold at the two extremes in impeller 

to vessel diameter ratios, the two boundary limits can be defined.

While the present study has been concerned with 6-bladed, 45° pitch, open 

turbine impellers, investigations using other types of impeller can be carried 

out, for example, for Rushton turbine and marine propellers. It would be 

worthwhile to observe whether the trends in aggregate breakage are similar at 

corresponding values of the mean energy dissipation. Furthermore it would be 

of interest to use two, three or more impellers coaxially to provide the agitation 

at similar values of agitation intensities already used as well as exploring 

additional ones.
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These experiments would then determine whether the breakage data obtained in 

this system could be predicted using the existing protein precipitate breakage 

data realized using a system with a single impeller. If successful this would 

then further confirm the experimental findings of the current project.

Additionally, instead of relying on turbine impellers to provide the agitation of 

the fluid, a gas stream may be incorporated inside the vessel whereby agitation 

may be established. The extent of aggregate break-up using this gas injection 

method may then be compared to the existing data obtained using the solid 

turbine impellers. Once again the energy dissipation per unit volume (or a 

parameter similar to this) may be determined and comparisons can be made 

between various types of system using different gaseous mixing systems and 

the solid mixing systems.

A similar experimental program may be carried out at temperatures close to 

freezing (for instance 2-5®C) where the aggregates would be more compact and 

therefore would have a greater degree of mechanical strength, to determine 

whether the influences of impeller agitation on aggregate breakage are different 

to those conducted at room temperature at existing values of agitation 

intensities. In fact many industrial processes operate at temperatures close to 

freezing and it could well be that breakage is somewhat suppressed at these low 

temperatures.

The protein precipitate breakage experiments may be repeated with the addition 

of various types of chemical stabilizers which are believed to protect aggregates 

from shear damage by some form of catalytic action. Furthermore, harmless 

additives which are used for obtaining coalescence effects may be utilized to 

determine whether the rate of aggregate coalescence or aggregation is actually 

greater than the rate of breakage. The extent of breakage may be minimized to
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an effective degree for subsequent downstream processing and also final 

precipitate centrifugal recovery.

Further work may be carried out to include other types of precipitates, prepared 

and aged under the various other precipitation methods described in Chapter 2. 

For example a casein precipitate prepared by salting out using ammonium 

sulphate could form the basis to future experimental work followed by an 

analysis of the breakage data acquired after the exposure of these aggregates to 

turbulent shear. The history of preparation and ageing of the soft particles 

plays a fundamental role in determining the size and the strength of the 

aggregates and therefore a marked difference would be observed in the case of 

the casein precipitate. While the type of molecules within the casein 

precipitate are clearly different to the protein, the particles constituting the 

precipitate are still classified as "soft particles" with similar physical 

characteristics. Therefore it would be interesting to see in what way, if any, 

these particles respond when made to experience similar exposure to shear as 

for the protein particles. Most other types of protein precipitation methods are 

less well biochemically characterized and also have a lesser technological 

significance. These include for instance precipitation by the reduction of the 

solvent dielectric constant with the addition of ethanol, or precipitation by 

metal ions such as Mn^+, Fe^+ and Cu^+, as mentioned before in the literature 

survey.

The next stage would be to extend the breakage of protein precipitates to 

various other items of process equipment such as pumps, pipelines and 

centrifuges. It would be necessary to devise methods of measuring the energy 

dissipation rate per unit volume in each of these items of equipment, which at 

present seem rather vague. For instance, taking the centrifugal pump as an 

example, the power input is given by the product of the volumetric flowrate and
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the pressure drop across the pump. These two parameters could be measured 

directly. From the following relationship:

8 = (Power/mass)=(Pressure drop x volumetric flowrate/mass of suspension)

the value of 8 could be estimated. Samples of protein precipitate could then be 

passed through at different pump speeds and for various pump passes, in order 

to obtain a variation on the value of 8, and the corresponding particles size 

distributions acquired could then be analysed. It should be possible to describe 

the data produced from inside the pump by the two models proposed during the 

course of the work for obtaining the initial breakage frequency and the final 

equilibrium aggregate size. Consequently any relationship yielded during the 

passage of aggregates through the centrifugal pump ought to closely resemble 

the curves of the graphs depicted in Figures 5.29, 5.32, 5.33 and 5.34. The test 

would be to determine whether the parameter, 8, can be used as a universal 

parameter for the prediction of particle breakage in any piece of equipment (as 

it has been achieved for the stirred vessel for various impeller configurations). 

Ideally, the particle breakage data produced from the passage of the protein 

aggregates through any item of process equipment should be consistent with the 

current trends obtained from inside the stirred vessel. It may then be possible 

to use the breakage data obtained from one item of process equipment, say, the 

pump, to describe the breakage which would be obtained in the other items 

such as the centrifuge, various valves or even the filter unit.

In the current study the value for the mean energy input per unit volume, 8, was 

chosen to be kept constant. Similarly other criteria could be used, for instance, 

a constant Reynolds number, a constant impeller-vessel system geometry or 

maintaining a constant swept volume, 8g, instead of an overall mean value. The
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feasibility of using these other criteria would then be established and any 

interesting discoveries may subsequently be investigated.

The ultimate challenge would be to investigate whether a mechanistic model 

can be simulated to predict the dynamic aggregate size for various operating 

parameters as well as the final equilibrium size to which the aggregates would 

degrade during exposure to turbulent flow fields. If this proves to be successful 

it would imply that the protein particle size distribution could be predicted at 

any time during exposure to any level of turbulence in any item of process 

equipment, whether this may be during agitation in a stirred vessel, during 

pumping or during transportation in a length of pipeline. This would be 

possible simply by determining the value of £, determined from the individual 

operating parameters for each single item, and substituting these parameters in 

the mechanistic model.
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Nomenclature

NOMENCLATURE

Roman symbols

A Hamaker constant (J)

A' Stress frequency proportionality constant in Eqn 2,50 (-)

A" Pressure fluctuations proportionality constant in Eqn 2.54 (-)

Aq Growth rate proportionality constant in Eqn 2.45 (-)

A 1-A5 Aggregation rate proportionality constants in Eqns 2.4, 2.5, 2.14-2.16

a Radius of primary particle (m)

a/ Radius of i-fold primary particle (m)

2ij Radius of j-fold primary particle (m)

B Birth rate of particles (no./ m^ s)

Cij Efficiency of collision between i and j particles (-)

Cy Volume concentration of aggregates in the vessel (m^ / m^)

c Total protein concentration (kg / m^)

D Death rate of particles (no./ m^ s)

Dj Impeller diameter (m)

Dy Stirred tank diameter (m)

(jf Final particle diameter (m)

(jo Initial particle diameter (m)

d Particle diameter (m)

djo Particle diameter at 10% cumulative volume oversize (m)

d̂ Q Particle diameter at 50% cumulative volume oversize (m)

dço Particle diameter at 90% cumulative volume oversize (m)

df Aggregate diameter (m)

dju Mean particle diameter (m)

^max Maximum stable particle diameter (m)
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Nomenclature

^med Median particle diameter (m)

dmcxl Modal particle diameter (m)

dp Primary particle diameter (m)

E Aggregate-impeller/aggregate-aggregate impact energy (N m)

F Van der Waals forces of attraction (N)

Fn Instantaneous dynamic normal force (N)

Fg Instantaneous dynamic shear force (N)

f Frequency of collision, disruption or vibration (Hz)

fg Frequency of eddy velocity fluctuations (Hz)

/  Characteristic "function" coefficient (-)

G Growth rate of particles (no./ m^ s)

Gy Mean velocity gradient or shear rate (s”l)

H Liquid height in the vessel (m)

Hq Separation distance between two primary particles (m)

h Height of impeller blades (m)

I Impact rate of aggregate-impeller (s"l)

J Collision frequency between particles of equal size (m"^ s"l)

Jÿ- Collision frequency between i-fold and j-fold particles (m"3 s'^)

Collision frequency between i-fold and f-fold aggregates (m’3 s'^)

K Death function in Fqn 2.47 (-)

K' Death rate proportionality constant in Fqn 2.51 (-)

K" Death rate proportionality constant in Fqn 2.56 (-)

Kq Growth rate constant in Fqn 2.59 (s"^)

K i Breakage rate constant in Fqn 2.60 (s‘l)

K2 Number of equal-size daughter fragments (-)

k Boltzmann constant (J / K)

k  Primary particle proportionality constant in Fqns 3.32 (-)

kc Co-ordination number (-)

kf Turbulent friction factor (-)
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ky Aggregate shape factor (-)

L Characteristic size of particle expressed in the population balance (m)

1 Length or size of eddies in the inertial convection subrange (m)

Ik Length or size of Kolmogoroff microscale eddies (m)

mf Mass of an aggregate (kg)

N Impeller speed of rotation (rev / s)

Np Number of primary particle within an aggregate (-)

Ng Impeller swept speed (rev / s)

n Number density of particles (no./ m^)

nf Number density of aggregates (no./ m' )̂

n/ Number density of i-fold particles (no./ m^)

rvj Number density of j-fold particles (no./ m^)

np Number density of primary particles (no./ m^)

n^ Number density of particles in channel z (no./ m^)

P Impeller power input to the stirred vessel (W)

Po Impeller power number (-)

Pg Impeller "swept" power input to the stirred vessel (W)

p Instantaneous pressure stress fluctuations (N / m^)

Qg Volumetric flow rate of stream z (m^ / s)

q Energy proportionality factor defined by Eqn 3.1 (-)

R Scale of eddy motion (m)

Rç> Rate of aggregate collisions (s'l)

Rci Rate of aggregate collisions in the inertial convection subrange (s'l)

Rev Rate of aggregate collision in the viscous dissipation subrange (s"^) 

Re Impeller Reynolds number (-)

Re^: Reynolds number for the Kolmogoroff microscale eddies(-)

ReL Reynolds number of macroscale eddies (-)

Rf Aggregate radius (m)

Rlj Collision radius (m)
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Nomenclature

r Radial position in an aggregate measured from the centre (m)

S Size of the eddy macroscale of turbulence (m)

s Size of eddies in the viscous dissipation subrange (m)

T Absolute temperature (K)

t Time (s)

tK Time scale for the Kolmogoroff microscale eddies (s)

tp Particle relaxation time (s)

u Root-mean-square fluctuation velocity (m / s)

uk Velocity of the Kolmogoroff microscale eddies (m / s)

Uj. Relative velocity of aggregates (m / s)

Ufi Aggregate relative velocity in inertial convection subrange (m / s)

Ufy Aggregate relative velocity in viscous dissipation subrange (m / s)

Ut Settling velocity of the aggregates (m / s)

V Volume of liquid in the vessel (m^)

V Volume of a particle (m^)

Vf Volume of an aggregate (m^)

Vp Volume of a primary particle (m^)

Vg Swept volume of impeller (m^)

w Width of impeller blades (m)

X Co-ordination number constant defined by Eqn 3.29 (-)

X Hub diameter of impeller (m)

Y Co-ordination number power constant defined by Eqn 3.29 (-)

y Thickness of impeller blades (m)

Hellenic characters

a  Angle of impeller blades ( °)

p Breakage rate power constant in Eqn 2.60 (-)

Y Fractal dimensionality constant (-)
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Nomenclature

ô Aggregate-impeller impact probability (-)

8 Energy dissipation rate per unit mass inside the vessel (W / kg)

Ebuik Bulk energy dissipation rate per unit mass in the vessel (W / kg)

8j Local energy dissipation rate per unit mass in the vessel (W / kg)

8j^ Mean energy dissipation rate per unit mass in the vessel (W / kg)

Eq Energy dissipation rate per unit mass in particle-laden flow (W / kg)

Eg Swept energy dissipation rate per unit mass in the vessel (W / kg)

Ç Zeta potential (V)

0 Protein particle growth time (s)

K  Mean energy constant defined by Eqn 3.34 (-)

X Kolmogoroff microscale of turbulence (m)

p Liquid suspension dynamic viscosity (kg/ m s)

V  Liquid suspension kinematic viscosity (m^ / s)

^ Eddy-aggregate collision probability (-)

7C Characteristic mathematical constant, pi ~ 3.142 (-)

p Liquid suspension density (kg / m^)

pf Aggregate density (kg / m^)

pp Particle density (kg / m^)

a  Mechanical strength of aggregates (N / m^)

T Shear stress (N / m^)

T(j Local surface shear stress (N / m^)

Tr Mean residence time distribution (s)

Tg Local dynamic shear stress (N / m^)

(|) Particle volume concentration (m^ / m^)

\}/ Particle and eddy diffusivity (m^ / s)

A Characteristic parameter denoting difference (-)

Z Characteristic parameter signifying summation (-)
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Appendix A

APPENDIX A

Measurement of the total concentration of protein in the TWE solution using 

the Biuret method. Preparation of necessary substances and calibration of the 

photospectrometer used to carry out the analysis have also been included.
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Preparation of Biuret Solution

To make a litre of Biuret solution, a mixture of 1.5 g Copper Sulphate 

(CUSO4.5H2O) and 6.0 g Potassium Sodium Tartrate [KNa(C4H405 )-4H2 0 ]

was dissolved in 500 ml distilled water. 30 g Sodium Hydroxide (NaOH) 

pellets were also dissolved in 300 ml distilled water. The two solutions were 

added together and made up to 11 with distilled water, and subsequently 

decanted into a l l  volumetric flask.

Calibration of Photospectrometer

Dilutions of Bovine Serum Albumin (Sigma Chem. Co., No. A4503, Bovine 

Albumin, Fraction V, Lot 37c - 0354, 96-99 % Albumin, 15.2 % Nitrogen) of 

1-7 mg/ml protein were prepared in distilled water. 1 ml of the BSA solution 

was then mixed well with 4 ml of the Biuret solution and left to stand for 45 

minutes. Using quartz curvettes and setting the machine at an optical density 

of 540 nm (OD540 nm)» ^he following measurements of absorbance were 

taken: absorbance for 1 ml H2O together with 4 ml Biuret; the machine was

zeroed at this stage and similar measurements of various concentrations of 1 

ml BSA solution together with 4 ml Biuret were taken subsequently. A 

calibration curve was finally plotted of increased absorbance versus BSA 

concentration, illustrated in Graph A l.

Biuret Test - Measurement of Total Protein Concentration

For this simple test 1 ml Total Water Extract (TWE) was diluted with 9 ml 

deionised water, and the following were made up in duplicate:
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1 ml dilute TWE 
+ 4 ml Biuret

0.5 ml dilute TWE + 
0.5 ml deionised water 
+ 4 ml Biuret

1 ml deionised water 
+ 4 ml Biuret

Analysis was carried out as before by taking measurements of the increased 

absorbance using the Photospectrometer set at OD540 nm- The following is a

typical example illustrating how the concentration of protein was calculated 

from the measurements obtained and tabulated in Table A l:

Table A l. Determination of protein concentration.

Sample
No.

Protein
content

Absorbance 1 
(abs)

Absorbance 2 
(abs)

Average

lA 1/10 0.301 0.301 0.301
2A 1/20 0.158 0.150 0.154
3A blank 0.000 0.000 0.000

IB 1/10 0.316 0.316 0.316
2B 1/20 0.152 0.156 0.154
3B blank 0.000 0.000 0.000

From the calibration curve of Graph A l 

Average for A = 0.308 and Average for B = 0.154

Therefore at abs = 0.308, protein concentration = 6.0, implying that the actual 

total concentration of protein in solution is 6.0 x 10 = 60 mg/ml. Similarly, at 

abs = 0.154, protein concentration = 3.0, and the total concentration of protein 

is 3.0 X 20 = 60 mg/ml. precisely as before. Dilution of the protein solution is 

then proceeded as required for experimentation.
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G raph A l. Calibration Curve of Photospectrom eter
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Table A2. Calibration of Photospectrometer.

Sample
No.

BSA cone, 
mg/ml

Absorbance 1 
(abs)

Absorbance 2 
(abs)

Average

1 0 0.004 0 0.002
2 1 0.063 0.063 0.063
3 2 0.118 0.118 0.118
4 3 0.161 0.162 0.162
5 4 0.214 0.214 0.214
6 5 0.264 0.262 0.263
7 6 0.323 0.323 0.323
8 7 0.374 0.374 0.374
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APPENDIX B

Determination of the power curve for the six-bladed 45° pitched open turbine 

impellers. Torque measurements obtained at different impeller speeds for 

various solutions are tabulated and the Power curve plotted.
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Table B l. Data for 100 % glycerol solution, density p=1252 kg/m^ and 
viscosity |x=0.805 kg/ms; impeller diameter Di=0.12 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.933 0.469 18.513 20.903 56.0 0.08
2.033 1.660 6.338 45.539 122.0 0.13
3.117 3.719 3.943 69.801 187.0 0.19
4.000 6.029 3.024 89.584 240.0 0.24
4.950 9.948 2.633 110.860 297.0 0.32
5.567 13.284 2.472 124.671 334.0 0.38
6.383 18.440 2.276 142.961 383.0 0.46
7.433 27.075 2.116 166.477 446.0 0.58
8.267 35.821 2.035 185.140 496.0 0.69
9.500 51.904 1.943 212.762 570.0 0.87
10.500 68.578 1.902 235.158 630.0 1.04
12.033 99.752 1.838 269.499 722.0 1.32
12.900 119.088 1.781 288.909 774.0 1.42
13.650 141.441 1.785 305.706 819.0 1.65
17.117 225.735 1.445 383.345 1027.0 2.10

Table B2. Data for 100 % glycerol solution, density p=1252 kg/m^ and 
viscosity 11=0.805 kg/ms; impeller diameter DpO.166 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.933 0.586 4.568 40.000 56.0 0.10
1.817 2.282 2.412 77.857 109.0 0.20
2.617 5.751 2.034 112.143 157.0 0.35
3.550 10.701 1.516 152.143 213.0 0.48
3.900 15.675 1.674 167.143 234.0 0.64
4.567 23.517 1.565 195.715 274.0 0.82
5.767 43.095 1.424 247.144 346.0 1.19
6.033 52.287 1.509 258.572 362.0 1.38
6.867 74.171 1.452 294.287 412.0 1.72
7.683 93.608 1.308 329.287 461.0 1.94
8.950 124.777 1.103 383.573 537.0 2.22
9.467 138.520 1.035 405.716 568.0 2.33
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Table B3. Data for 100 % glycerol solution, density p=1252 kg/m^ and 
viscosity ji=0.805 kg/ms; impeller diameter DpO.205 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

1.100 1.243 2.061 71.897 66.0 0.18
1.417 2.758 2.140 92.594 85.0 0.31
1.867 5.158 1.749 122.006 112.0 0.44
2.483 10.761 1.550 162.312 149.0 0.69
2.817 15.566 1.537 184.099 169.0 0.88
3.250 23.267 1.495 212.422 195.0 1.14
3.900 38.208 1.421 254.906 234.0 1.56
4.300 51.848 1.439 281.051 258.0 1.92
4.850 72.795 1.408 316.999 291.0 2.39
5.000 80.384 1.419 326.803 300.0 2.56
5.333 94.786 1.378 348.590 320.0 2.83
5.883 123.035 1.333 384.538 353.0 3.33

Table B4. Data for 60 % glycerol / 40 % water solution, density p=l 153 
kg/m^ and viscosity )li=0.011 kg/ms; impeller diameter Dj=0.12 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

1.050 0.396 11.912 1584.851 63.0 0.06
2.533 1.432 3.070 3823.767 152.0 0.09
3.650 3.209 2.300 5509.244 219.0 0.14
4.067 4.086 2.118 6138.153 244.0 0.16
5.100 7.046 1.851 7697.847 306.0 0.22
5.933 10.806 1.803 8955.665 356.0 0.29
6.900 15.600 1.655 10414.735 414.0 0.36
7.867 24.207 1.733 11873.804 472.0 0.49
8.767 31.932 1.652 13232.247 526.0 0.58
9.567 39.051 1.555 14439.753 574.0 0.65
10.650 52.168 1.505 16074.916 639.0 0.78
12.250 73.083 1.386 18489.927 735.0 0.95
13.850 93.936 1.232 20904.938 831.0 1.08
15.167 116.201 1.161 22892.291 910.0 1.22
16.700 141.583 1.060 25206.676 1002.0 1.35
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Table B5. Data for 60 % glycerol / 40 % water solution, density p=1153 
kg/m^ and viscosity |i=0.011 kg/ms; impeller diameter Dj=0.12 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.950 0.477 3.830 2743.951 57.0 0.08
1.783 1.568 1.902 5150.926 107.0 0.14
2.067 2.206 1.720 5969.298 124.0 0.17
2.667 4.019 1.458 7702.320 160.0 0.24
3.633 9.127 1.309 10494.410 218.0 0.40
4.383 15.415 1.259 12660.688 263.0 0.56
5.050 22.834 1.220 14586.268 303.0 0.72
5.483 28.581 1.193 15837.895 329.0 0.83
5.900 34.088 1.142 17041.382 354.0 0.92
6.367 41.182 1.098 18389.288 382.0 1.03
6.833 50.638 1.092 19737.194 410.0 1.18
7.400 59.484 1.010 21373.937 444.0 1.28
7.700 64.313 0.969 22240.448 462.0 1.33
7.967 68.542 0.933 23010.680 478.0 1.37
8.633 81.326 0.870 24936.259 518.0 1.50

Table B6 . Data for 60 % glycerol / 40 % water solution, density p=1153 
kg/m^ and viscosity |i=0.011 kg/ms; impeller diameter Dj=0.205 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.917 0.633 1.969 4037.902 55.0 0.11
1.383 1.998 1.808 6093.561 83.0 0.23
1.800 4.069 1.672 7928.971 108.0 0.36
1.950 5.266 1.701 8589.719 117.0 0.43
2.083 6.411 1.698 9177.050 125.0 0.49
2.467 10.379 1.657 10865.627 148.0 0.67
2.567 11.605 1.644 11306.126 154.0 0.72
2.717 13.990 1.671 11966.873 163.0 0.82
2.833 15.658 1.649 12480.788 170.0 0.88
3.167 20.483 1.545 13949.116 190.0 1.03
3.267 22.566 1.551 14389.615 196.0 1.10
3.617 27.937 1.415 15931.359 217.0 1.23
3.783 31.125 1.377 16665.523 227.0 1.31
4.050 36.371 1.312 17840.186 243.0 1.43
4.333 42.725 1.258 19088.264 260.0 1.57

240



Appendix B

Table B7. Data for 40 % glycerol / 60 % water solution, density p=l 100 
kg/m^ and viscosity |i=3.75xl0"^ kg/ms; impeller diameter D p0.12 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

1.033 0.389 12.892 4364.800 62.0 0.06
2.100 1.187 4.682 8870.400 126.0 0.09
3.250 2.449 2.607 13728.000 195.0 0.12
4.033 4.053 2.257 17036.800 242.0 0.16
4.633 5.819 2.137 19571.200 278.0 0.20
5.533 9.035 1.948 23372.800 332.0 0.26
6.150 11.973 1.880 25977.600 369.0 0.31
7.017 16.745 1.771 29638.400 421.0 0.38
7.917 22.870 1.684 33440.000 475.0 0.46
8.333 26.167 1.652 35200.000 500.0 0.50
8.800 30.395 1.630 37171.200 528.0 0.55
9.600 37.981 1.568 40550.400 576.0 0.63
10.000 42.704 1.560 42240.000 600.0 0.68
11.050 52.045 1.409 46675.200 663.0 0.75
12.300 69.52 1.365 51955.2 738.0 0.90
13.433 82.674 1.246 56742.400 806 0.98
14.683 97.744 1.128 62022.400 881 1.06
16.067 115.024 1.013 67865.600 964 1.14
17.333 139.332 0.977 73216.000 1040 1.28
20.333 194.094 0.844 85888.000 1220 1.52
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Appendix B

Table B8 . Data for 40 % glycerol / 60 % water solution, density p= l 100 
kg/m^ and viscosity |i=3.75xl0"3 kg/ms; impeller diameter DpO.166 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.933 0.469 4.160 7544.220 56.0 0.08
2.000 2.010 1.812 16166.187 120.0 0.16
2.750 4.145 1.437 22228.507 165.0 0.24
3.217 6.262 1.357 26000.617 193.0 0.31
3.667 8.980 1.314 29638.009 220.0 0.39
4.217 12.976 1.248 34083.710 253.0 0.49
4.517 16.452 1.288 36508.638 271.0 0.58
5.083 22.027 1.209 41089.058 305.0 0.69
5.517 26.676 1.146 44591.732 331.0 0.77
6.050 33.435 1.089 48902.715 363.0 0.88
6.400 38.986 1.073 51731.797 384.0 0.97
7.250 49.628 0.939 58602.427 435.0 1.09
7.667 55.369 0.886 61970.382 460.0 1.15
8.333 66.463 0.828 67359.111 500.0 1.27
9.600 87.418 0.713 77597.696 576.0 1.45

Table B9. Data for 40 % glycerol / 60 % water solution, density p=1100 
kg/m^ and viscosity |i=3.75xl0‘3 kg/ms; impeller diameter DpO.205 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.933 0.821 2.534 11505.511 56.0 0.14
1.667 2.721 1.476 20545.556 100.0 0.26
2.000 5.024 1.577 24654.667 120.0 0.40
2.467 10.224 1.710 30407.422 148.0 0.66
2.650 12.315 1.662 32667.433 159.0 0.74
2.917 15.936 1.613 35954.722 175.0 0.87
3.200 20.498 1.571 39447.467 192.0 1.02
3.417 24.675 1.553 42118.389 205.0 1.15
4.000 32.656 1.281 49309.333 240.0 1.30
4.333 39.459 1.218 53418.444 260.0 1.45
4.933 49.570 1.073 60814.844 296.0 1.60
5.383 56.120 0.903 66362.144 323.0 1.66

242



Appendix B

Table BIO. Data for 100 % water solution, density p=1000 kg/m^ and 
viscosity |Lt=l.11x10"^ kg/ms; impeller diameter D%=0.12 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

1.017 0.383 14.650 13189.189 61.0 0.06
2.500 1.413 3.630 32432.432 150.0 0.09
3.200 2.412 2.958 41513.514 192.0 0.12
4.050 4.069 2.462 52540.541 243.0 0.16
5.050 6.977 2.177 65513.514 303.0 0.22
6.100 11.492 2.035 79135.135 366.0 0.30
6.883 15.562 1.918 89297.297 413.0 0.36
7.917 22.372 1.812 102702.703 475.0 0.45
8.750 28.574 1.714 113513.513 525.0 0.52
9.683 35.271 1.561 125621.622 581.0 0.58
11.000 45.593 1.377 142702.703 660.0 0.66
12.383 58.550 1.234 1660648.649 743.0 0.75
13.817 73.753 1.124 179243.243 829.0 0.85
15.083 88.093 1.032 195675.676 905.0 0.93
17.233 116.883 0.918 223567.568 1034.0 1.08

Table B l l .  Data for 100 % water solution, density p=1000 kg/m^ and 
viscosity p = l.l  1x 10"  ̂kg/ms; impeller diameter Dj=0.166 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

1.033 0.454 3.266 25885.939 62.0 0.07
1.783 1.456 2.037 44674.121 107.0 0.13
2.633 3.638 1.581 65967.394 158.0 0.22
3.433 7.115 1.395 86008.121 206.0 0.33
4.033 10.892 1.317 101038.667 242.0 0.43
4.400 14.092 1.312 110224.000 264.0 0.51
5.033 19.914 1.239 126089.576 302.0 0.63
5.450 24.643 1.208 136527.455 327.0 0.72
5.750 28.527 1.190 144042.727 345.0 0.79
6.283 35.513 1.136 157403.212 377.0 0.90
6.800 43.131 1.088 170346.182 408.0 1.01
7.683 55.007 0.962 192474.485 461.0 1.14
8.250 64.762 0.915 206670.000 495.0 1.25
8.667 70.755 0.862 217107.879 520.0 1.30
9.467 83.231 0.778 237148.606 568.0 1.40
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Appendix B

Table B12. Data for 100 % water solution, density p=1000 kg/m^ and 
viscosity |i= l.llx lO "3 kg/ms; impeller diameter Dj=0.205 m.

Speed
(rps)

Power
(W)

Power
No.

Reynolds
No.

Speed
(rpm)

Torque
(Nm)

0.033 0.010 780.554 1273.485 2.0 0.05
0.950 0.776 2.499 36294.318 57.0 0.13
1.533 2.600 1.992 58580.303 92.0 0.27
1.783 3.920 1.909 68131.439 107.0 0.35
2.050 5.793 1.850 78319.318 123.0 0.45
2.483 9.825 1.857 94874.621 149.0 0.63
2.567 10.800 1.772 98058.333 154.0 0.67
2.750 12.952 1.764 105062.500 165.0 0.75
2.850 14.318 1.720 108882.955 171.0 0.80
3.183 19.192 1.708 121617.803 191.0 0.96
3.450 22.749 1.530 131805.682 207.0 1.05
3.633 25.099 1.445 138809.849 218.0 1.10
4.033 31.408 1.322 154091.667 242.0 1.24
4.450 37.727 1.183 170010.227 267.0 1.35
4.733 43.102 1.123 180834.848 284.0 1.45
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Appendix C

APPENDIX C

Presentation of additional experimental results. The raw data obtained from 

the particle size distributions are plotted in terms of the dgo protein aggregate

size versus time of exposure to shear for the various experimental parameters 

investigated.
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g = 90 W/m*: c = 3.5 kg/nY

Time, t 
(mins)

d90 
D^0.12 m

d90 
Dg=0.166 m

d90 
Dg=0.205 m

0.0 5.4 5 5.7
0.5 5.1 4.7 5.3
1.0 4.7 4.5 5
2.0 4.5 4.1 4.6
5.0 4.4 3.7 4.4
10.0 4.3 3.6 4.3
20.0 4.1 3.5 4.2
40.0 4 3.4 4.1
60.0 3.9 3.3 4
90.0 3.6 3.2 3.9
120.0 3.5 3.2 3.7
150.0 3.3 3.1 3.5
180.0 3.1 2.9 3.3
210.0 3 2.6 3.1
240.0 3 2.5 3
300.0 2.9 2.4 2.8

o
CT3■o

6

5

4

3

2

0
0.0 50.0 100.0 150.0 200.0 250.0

Time, t (minutes)

X 0.120 m •  0.166 m □ 0.205 m

300.0



6=710 W/m\ c = 3.5 kg/m®

Time, t 
(mins)

d90 
Dg=0.12 m

d90 
D^O.166 m

d90 
Dg=0.205 m

0.0 5.6 5.8 5.1
0.5 5 5.1 4.5
1.0 4.6 4.6 4.3
2.0 4.2 4.1 4.1
5.0 4.1 3.6 3.8
10.0 3.6 3.3 3.4
20.0 3.3 2.9 2.9
40.0 3.1 2.7 2.6
60.0 2.9 2.7 2.4
90.0 2.8 2.4 2.3
120.0 2.6 2.4 2.1
150.0 2.2 2.3 2
180.0 2 1.9 1.9
210.0 1.9 1.9 1.9
240.0 1.8 1.8 1.8
300.0 1.8 1.7 1.6
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2

0
0.0 50.0 100.0 150.0 200.0 300.0250.0

Time, t (minutes)

X 0.120 m •  0.166 m □ 0.205 m



£ = 2397W/m*: c = 3.5 kg/m'

Time, t 
(mins)

d90
Dj=0.12m

d90 
0^=0.166 m

d90 
D[=0.205 m

0.0 5.4 5.2 4.8
0.5 4.6 4.3 4
1.0 4 3.8 3.8
2.0 3.6 3.3 3.4
5.0 3.4 3.1 3.2
10.0 3.1 2.7 2.9
20.0 2.8 2.3 2.2
40.0 2.7 2.1 2
60.0 2.4 1.8 1.9
90.0 2.3 1.7 1.8
120.0 2.2 1.6 1.7
150.0 1.9 1.6 1.5
180.0 1.8 1.4 1.4
210.0 1.7 1.3 1.4
240.0 1.6 1.4 1.3
300.0 1.5 1.3 1.2
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E = 5683 W/m̂ ; c = 3.5kg/m^

Time, t 
(mins)

d90 
D[=0.12 m

d90 
Dg=0.166 m

d90 
Dg=0.205 m

0.0 5.9 5.7 5.3
0.5 4.4 4.6 4.3
1.0 3.8 4 3.7
2.0 3.3 3.6 3.5
5.0 2.8 2.9 2.8
10.0 2.5 2.7 2.2
20.0 2.4 2.5 2.2
40.0 2.2 2.3 2
60.0 2.1 2 1.8
90.0 2 1.8 1.6
120.0 1.8 1.6 1.5
150.0 1.7 1.2 1.4
180.0 1.4 1.1 1.3
210.0 1.2 1 1.2
240.0 1.2 1 1.1
300.0 1.1 1 1.1
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3

□ □

0
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c = 0.35 kg/m’; Dj = 0.12 m

Time, t 
(mins)

d90 
N=200 rpm

d90 
N=400 rpm

d90 
N=600 rpm

d90 
N=800 rpm

0.0 5.2 5.3 5.3 5.5
0.5
1.0 5 5 4.9 4.5
2.0 4.9 4.9 4.7 4.1
5.0 4.8 4.7 4.3 3.7
10.0
20.0 4.5 3.9 3.5 3.3
40.0
60.0 4.1 3.4 2.8 2.5
90.0
120.0
150.0
180.0 3.6 2.8 2.2 1.9
210.0
240.0
300.0 3.4 2.3 1.8 1.7
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c = 3.5kg/m; 0^= 0.12m

Time, t 
(mins)

d90 
N=200 rpm

d90 
N=400 rpm

d90 
N=600 rpm

d90 
N=800 rpm

0.0 5.4 5.6 5.4 5.9
0.5 5.1 5 4.6 4.4
1.0 4.7 4.6 4 3.8
2.0 4.5 4.2 3.6 3.3
5.0 4.4 4.1 3.4 2.8
10.0 4.3 3.6 3.1 2.5
20.0 4.1 3.3 2.8 2.4
40.0 4 3.1 2.7 2.2
60.0 3.9 2.9 2.4 2.1
90.0 3.6 2.8 2.3 2
120.0 3.5 2.6 2.2 1.8
150.0 3.3 2.2 1.9 1.7
180.0 3.1 2 1.8 1.4
210.0 3 1.9 1.7 1.2
240.0 3 1.8 1.6 1.2
300.0 2.9 1.8 1.5 1.1
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c = 35kg/m; Dj= 0.12m

Time, t 
(mins)

d90 
N=200 rpm

d90 
N=400 rpm

d90 
N=600 rpm

d90 
N=800 rpm

0.0 5.8 5.9 5.9 6
0.5
1.0 4.6 4.2 3.8 3.4
2.0 4.4 3.8 3.4 2.8
5.0 4.1 3.5 3.1 2.4
10.0
20.0 3.7 3.1 2.7 2
40.0
60.0 3.2 2.6 2.4 1.5
90.0
120.0
150.0
180.0 3 2.1 1.7 0.9
210.0
240.0
300.0 2.7 1.7 1.2 0.8
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0
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Time, t (minutes)
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N = 200 rpm; D̂  = 0.12 m

Time, t 
(mins)

d90 
c=0.35 kg/m*

d90 
c=3.5 kg/m*

d90 
c=35 kg/m*

0.0 5.2 5.4 5.8
0.5 5.1
1.0 5 4.7 4.6
2.0 4.9 4.5 4.4
5.0 4.8 4.4 4.1
10.0 4.3
20.0 4.5 4.1 3.7
40.0 4
60.0 4.1 3.9 3.2
90.0 3.6
120.0 3.5
150.0 3.5
180.0 3.6 3.1 3
210.0 3
240.0 3
300.0 3.4 2.9 2.7
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N = 400 rpm; = 0.12 m

Time, t 
(mins)

d90 
c=0.35 kg/m'

d90 
c=3.5 kg/m'

d90 
c=35 kg/m'

0.0 5.3 5.6 5.9
0.5 5
1.0 5 4.6 4.2
2.0 4.9 4.2 3.8
5.0 4.7 4.1 3.5
10.0 3.6
20.0 3.9 3.3 3.1
40.0 3.1
60.0 3.4 2.9 2.6
90.0 2.8
120.0 2.6
150.0 2.2
180.0 2.8 2 2.1
210.0 1.9
240.0 1.8
300.0 2.3 1.8 1.7
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N = 600 rpm; 0  ̂= 0.12 m

Time, t 
(mins)

d90 
c=0.35 kg/m’

d90 
c=3.5 kg/m’

d90 
c=35 kg/m’

0.0 5.3 5.4 5.9
0.5 4.6
1.0 4.9 4 3.8
2.0 4.7 3.6 3.4
5.0 4.3 3.4 3.1
10.0 3.1
20.0 3.5 2.8 2.7
40.0 2.7
60.0 2.8 2.4 2.4
90.0 2.3
120.0 2.2
150.0 1.9
180.0 2.2 1.8 1.7
210.0 1.7
240.0 1.6
300.0 1.8 1.5 1.2
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N = 800 rpm; = 0.12 m

Time, t 
(mins)

d90 
c=0.35 kg/nf

d90 
c=3.5 kg/m*

d90 
c=35 kg/m*

0.0 5.5 5.9 6
0.5 4.4
1.0 4.5 3.8 3.4
2.0 4.1 3.3 2.8
5.0 3.7 2.8 2.4
10.0 2.5
20.0 3.3 2.4 2
40.0 2.2
60.0 2.5 2.1 1.5
90.0 2
120.0 1.8
150.0 1.7
180.0 1.9 1.4 0.9
210.0 1.2
240.0 1.2
300.0 1.7 1.1 0.8
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Dj = 0.12 m; c = 3.5 kg/m

Time, t 
(mins)

d90 
N=200 rpm

d90 
N=400 rpm

d90 
N=600 rpm

d90 
N=800 rpm

0.0 5.4 5.6 5.4 5.9
0.5 5.1 5 4.6 4.4
1.0 4.7 4.6 4 3.8
2.0 4.5 4.2 3.6 3.3
5.0 4.4 4.1 3.4 2.8
10.0 4.3 3.6 3.1 2.5
20.0 4.1 3.3 2.8 2.4
40.0 4 3.1 2.7 2.2
60.0 3.9 2.9 2.4 2.1
90.0 3.6 2.8 2.3 2
120.0 3.5 2.6 2.2 1.8
150.0 3.3 2.2 1.9 1.7
180.0 3.1 2 1.8 1.4
210.0 3 1.9 1.7 1.2
240.0 3 1.8 1.6 1.2
300.0 2.9 1.8 1.5 1.1
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Di = 0.166 m; c = 3.5 kg/m

Time, t 
(mins)

d90 
N=116 rpm

d90 
N=233 rpm

d90 
N=350 rpm

d90 
N=466 rpm

0.0 5 5.8 5.2 5.7
0.5 4.7 5.1 4.3 4.6
1.0 4.5 4.6 3.8 4
2.0 4.1 4.1 3.3 3.2
5.0 3.7 3.6 3.1 2.8
10.0 3.6 3.3 2.7 2.4
20.0 3.5 2.9 2.3 2.1
40.0 3.4 2.7 2.1 1.8
60.0 3.3 2.7 1.8 1.7
90.0 3.2 2.4 1.7 1.4
120.0 3.2 2.4 1.6 1.3
150.0 3.1 2.3 1.6 1.2
180.0 2.9 1.9 1.4 1.1
210.0 2.6 1.9 1.3 1
240.0 2.5 1.8 1.4 1
300.0 2.4 1.7 1.3 1
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Dj = 0.205 m; c = 3.5 kg/m'

Time, t 
(mins)

d90 
N=82 rpm

d90 
N=164 rpm

d90 
N=245 rpm

d90 
N=328 rpm

0.0 5.7 5.1 4.8 5.3
0.5 5.3 4.5 4 4.3
1.0 5 4.3 3.8 3.7
2.0 4.6 4.1 3.4 3.5
5.0 4.4 3.8 3.2 2.8
10.0 4.3 3.4 2.9 2.2
20.0 4.2 2.9 2.2 2
40.0 4.1 2.6 2 1.8
60.0 4 2.4 1.9 1.7
90.0 3.9 2.3 1.8 1.6
120.0 3.7 2.1 1.7 1.5
150.0 3.5 2 1.5 1.4
180.0 3.3 1.9 1.4 1.3
210.0 3.1 1.9 1.4 1.2
240.0 3 1.8 1.3 1.1
300.0 2.8 1.7 1.2 1.1
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£ = 90 W/m ; c = 3.5 kg/rr t

Time, t 
(mins)

dim. d90 
D^=0.12m

dim. d90 
pi=0.166 m

dim. d90 
D[=0.205 m

0.0 1 1 1
0.5 0.94 0.93 0.93
1.0 0.87 0.89 0.88
2.0 0.83 0.82 0.81
5.0 0.81 0.74 0.77
10.0 0.79 0.72 0.75
20.0 0.76 0.7 0.73
40.0 0.74 0.68 0.72
60.0 0.72 0.66 0.7
90.0 0.67 0.64 0.68
120.0 0.65 0.64 0.65
150.0 0.61 0.62 0.62
180.0 0.57 0.57 0.58
210.0 0.56 0.52 0.55
240.0 0.56 0.5 0.53
300.0 0.54 0.48 0.49
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e = 710W/m^ c = 3.5 kg/m'

Time, t 
(mins)

dim. d90 
Pg=0.12 m

dim. d90 
D[=0.166 m

dim. d90 
D[=0.205 m

0.0 1 1 1
0.5 0.89 0.88 0.88
1.0 0.82 0.8 0.84
2.0 0.75 0.7 0.8
5.0 0.73 0.62 0.74
10.0 0.64 0.57 0.67
20.0 0.59 0.5 0.57
40.0 0.55 0.47 0.51
60.0 0.52 0.47 0.47
90.0 0.5 0.41 0.45
120.0 0.46 0.41 0.41
150.0 0.39 0.4 0.39
180.0 0.36 0.33 0.38
210.0 0.34 0.33 0.37
240.0 0.32 0.31 0.35
300.0 0.32 0.29 0.33
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0.8
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o
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£ = 2397 W/m^; c = 3,5 kg/rn

Time, t 
(mins)

dlm.d90
Dj=0.12m

dim.d90 
D̂ =0.166 m

dlm.d90 
P[=0.205 m

0.0 1 1 1
0.5 0.85 0.83 0.83
1.0 0.74 0.73 0.79
2.0 0.67 0.63 0.71
5.0 0.63 0.59 0.67
10.0 0.57 0.52 0.6
20.0 0.52 0.45 0.46
40.0 0.5 0.4 0.42
60.0 0.44 0.35 0.4
90.0 0.43 0.33 0.38
120.0 0.41 0.31 0.35
150.0 0.35 0.31 0.31
180.0 0.33 0.27 0.3
210.0 0.31 0.25 0.29
240.0 0.3 0.27 0.27
300.0 0.28 0.25 0.25

0.9

0.8

0.7

0.6
o

0.5

^  0.4

0.3

0.2

0.1

0
300.0200.0 250.050.0 100.0 150.00.0

Time, t (minutes)

X 0.120 m •  0.166 m °  0.205 m



6 = 5683 W/m^ c = 3.5 kg/m

Time, t 
(mins)

dlm.d90 
D[=0.i2 m

dlm.d90 
0^=0.166 m

dim.d90 
D^O.205 m

0.0 1 1 1
0.5 0.74 0.8 0.81
1.0 0.64 0.7 0.7
2.0 0.56 0.56 0.66
5.0 0.47 0.49 0.53
10.0 0.42 0.42 0.42
20.0 0.41 0.37 0.38
40.0 0.37 0.32 0.34
60.0 0.36 0.3 0.32
90.0 0.34 0.25 0.3
120.0 0.31 0.23 0.28
150.0 0.29 0.21 0.26
180.0 0.24 0.19 0.25
210.0 0.2 0.18 0.23
240.0 0.2 0.18 0.21
300.0 0.19 0.18 0.21

0.9
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o

0.5

n X-E 0.4
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0
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X 0.120 m •  0.166 m □ 0.205 m



c = 0.35 kg/m’; Dj = 0.12 m

Time, t 
(mins)

dim. d90 
N=200 rpm

dim. d90 
N=400 rpm

dim. d90 
N=600 rpm

dim. d90 
N=800 rpm

0.0 1 1 1 1
0.5
1.0 0.97 0.95 0.92 0.82
2.0 0.95 0.92 0.88 0.75
5.0 0.93 0.88 0.81 0.68
10.0
20.0 0.86 0.73 0.66 0.6
40.0
60.0 0.79 0.64 0.53 0.45
90.0
120.0
150.0
180.0 0.69 0.52 0.42 0.35
210.0
240.0
300.0 0.66 0.43 0.34 0.3

0.9

0.8

0.7

0.6
o

0.5
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300.0250.0200.0150.050.0 100.00.0
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c = 3.5 kg/m’: D, = 0.12 m

Time, t 
(mins)

dim. d90 
N=200 rpm

dim. d90 
N=400 rpm

dim. d90 
N=600 rpm

dim. d90 
N=800 rpm

0.0 1 1 1 1
0.5 0.94 0.89 0.85 0.74
1.0 0.87 0.82 0.74 0.64
2.0 0.83 0.75 0.67 0.56
5.0 0.81 0.73 0.63 0.47
10.0 0.79 0.64 0.57 , 0.42
20.0 0.76 0.59 0.52 0.41
40.0 0.74 0.55 0.5 0.37
60.0 0.72 0.52 0.44 0.36
90.0 0.67 0.5 0.43 0.34
120.0 0.65 0.46 0.41 0.31
150.0 0.61 0.39 0.35 0.29
180.0 0.57 0.36 0.33 0.24
210.0 0.56 0.34 0.31 0.2
240.0 0.56 0.32 0.3 0.2
300.0 0.54 0.32 0.28 0.19
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c = 35kg/m^ Dj = 0.12 m

Time, t 
(mins)

dim. d90 
N=200 rpm

dim. d90 
N=400 rpm

dim. d90 
N=600 rpm

dim. d90 
N=800 rpm

0.0 1 1 1 1
0.5
1.0 0.8 0.72 0.64 0.56
2.0 0.75 0.65 0.58 0.47
5.0 0.7 0.6 0.53 0.4
10.0
20.0 0.63 0.52 0.45 0.33
40.0
60.0 0.55 0.44 0.4 0.25
90.0
120.0
150.0
180.0 0.52 0.35 0.28 0.15
210.0
240.0
300.0 0.46 0.29 0.21 0.13

0.9

0.8

0.7

0.6

i  0.5

0.3

0.2

300.0200.0 250.0150.0100.050.00.0
Time, t (minutes)

X 200 rpm •  400 rpm °  600 rpm ^ 800 rpm



N = 200 rpm; = 0.12 m

Time, t 
(mlns)

dim. d90 
c=0.35 kg/m*

dim. d90 
c=3.5 kg/m*

dim. d90 
c=35 kg/m*

0.0 1 1 1
0.5 0.94
1.0 0.97 0.87 0.8
2.0 0.95 0.83 0.75
5.0 0.93 0.81 0.7
10.0 0.79
20.0 0.86 0.76 0.63
40.0 0.74
60.0 0.79 0.72 0.55
90.0 0.67
120.0 0.65
150.0 0.61
180.0 0.69 0.57 0.52
210.0 0.56
240.0 0.56
300.0 0.66 0.54 0.46
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N = 400 rpm; Dj = 0.12 m

Time, t 
(mlns)

dim. d90 
c=0.35 kg/m’

dim. d90 
c=3.5 kg/m*

dim. d90 
c=35 kg/m*

0.0 1 1 1
0.5 0.89
1.0 0.95 0.82 0.72
2.0 0.92 0.75 0.65
5.0 0.88 0.73 0.6
10.0 0.64
20.0 0.73 0.59 0.52
40.0 0.55
60.0 0.64 0.52 0.44
90.0 0.5
120.0 0.46
150.0 0.39
180.0 0.52 0.36 0.35
210.0 0.34
240.0 0.32
300.0 0.43 0.32 0.29
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N = 600 rpm; 0  ̂= 0.12 m

Time, t 
(mlns)

dim. d90 
c=0.35 kg/m*

dim. d90 
c=3.5 kg/m’

dim. d90 
c=35 kg/m’

0.0 1 1 1
0.5 0.85
1.0 0.92 0.74 0.64
2.0 0.88 0.67 0.58
5.0 0.81 0.63 0.53
10.0 0.57
20.0 0.66 0.52 0.45
40.0 0.5
60.0 0.53 0.44 0.4
90.0 0.43
120.0 0.41
150.0 0.35
180.0 0.42 0.33 0.28
210.0 0.31
240.0 0.3
300.0 0.34 0.28 0.21
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N = 800 rpm; 0  ̂= 0.12 m

Time, t 
(mlns)

dim. d90 
c=0.35 kg/m’

dim. d90 
c=3.5 kg/m*

dim. d90 
c=35 kg/m’

0.0 1 1 1
0.5 0.74
1.0 0.82 0.64 0.56
2.0 0.75 0.56 0.47
5.0 0.68 0.47 0.4
10.0 0.42
20.0 0.6 0.41 0.33
40.0 0.37
60.0 0.45 0.36 0.25
90.0 0.34
120.0 0.31
150.0 0.29
180.0 0.35 0.24 0.15
210.0 0.2
240.0 0.2
300.0 0.3 0.19 0.13
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Dj = 0.12 m; c = 3.5 kg/m'

Time, t 
(mlns)

dim. d90 
N=200 rpm

dim. d90 
N=400 rpm

dim. d90 
N=600 rpm

dim. d90 
N=800 rpm

0.0 1 1 1 1
0.5 0.94 0.89 0.85 0.74
1.0 0.87 0.82 0.74 0.64
2.0 0.83 0.75 0.67 0.56
5.0 0.81 0.73 0.63 0.47
10.0 0.79 0.64 0.57 0.42
20.0 0.76 0.59 0.52 0.41
40.0 0.74 0.55 0.5 0.37
60.0 0.72 0.52 0.44 0.36
90.0 0.67 0.5 0.43 0.34
120.0 0.65 0.46 0.41 0.31
150.0 0.61 0.39 0.35 0.29
180.0 0.57 0.36 0.33 0.24
210.0 0.56 0.34 0.31 0.2
240.0 0.56 0.32 0.3 0.2
300.0 0.54 0.32 0.28 0.19
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Dj = 0.166 m; c = 3.5kg/m^

Time, t 
(mlns)

dim. d90 
N=116 rpm

dim. d90 
N=233 rpm

dim. d90 
N=350 rpm

dim. d90 
N=466 rpm

0.0 1 1 1 1
0.5 0.93 0.88 0.83 0.8
1.0 0.89 0.8 0.73 0.7
2.0 0.82 0.7 0.63 0.56
5.0 0.74 0.62 0.59 0.49
10.0 0.72 0.57 0.52 0.42
20.0 0.7 0.5 0.45 0.37
40.0 0.68 0.47 0.4 0.32
60.0 0.66 0.47 0.35 0.3
90.0 0.64 0.41 0.33 0.25
120.0 0.64 0.41 0.31 0.23
150.0 0.62 0.4 0.31 0.21
180.0 0.57 0.33 0.27 0.19
210.0 0.52 0.33 0.25 0.18
240.0 0.5 0.31 0.27 0.18
300.0 0.48 0.29 0.25 0.18
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Dj = 0.205 m; c = 3.5 kg/m

Time, t 
(mlns)

dim. d90 
N=82 rpm

dim. d90 
N=164 rpm

dim. d90 
N=245 rpm

dim. d90 
N=328 rpm

0.0 1 1 1 1
0.5 0.93 0.88 0.83 0.81
1.0 0.88 0.84 0.79 0.7
2.0 0.81 0.8 0.71 0.66
5.0 0.77 0.74 0.67 0.53
10.0 0.75 0.67 0.6 0.42
20.0 0.74 0.57 0.46 0.38
40.0 0.72 0.51 0.42 0.34
60.0 0.7 0.47 0.4 0.32
90.0 0.68 0.45 0.38 0.3
120.0 0.65 0.41 0.35 0.28
150.0 0.62 0.39 0.31 0.26
180.0 0.58 0.38 0.3 0.25
210.0 0.55 0.37 0.29 0.23
240.0 0.53 0.35 0.27 0.21
300.0 0.49 0.33 0.25 0.21
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N = 200 rpm; D^= 0.12 m

Time, t 
(mlns)

d90

r

dSO

r
dlO
( p )

d mean

r ’

d median

r
d mode

r
0.0 5.4 11.1 15.7 10.8 10 11
0.5 5.1 10.3 14.7 10.1 9.5 10.9
1.0 4.7 9.8 13.7 9.6 9 10.3
2.0 4.5 9.1 12.5 9 8.5 10
5.0 4.4 8.1 11.5 8 7.9 9.4
10.0 4.3 7.5 10 7.3 7.5 8.6
20.0 4.1 7.2 9 7 7.2 7.8
40.0 4 7 8 6.6 6.9 7.4
60.0 3.9 6.9 7.8 6.5 6.8 7.1
90.0 3.6 6.8 7.6 6.4 6.7 7
120.0 3.5 6.7 7.5 6.3 6.6 6.8
150.0 3.3 6.6 7.4 6.2 6.5 6.7
180.0 3.1 6.4 7.3 6.1 6.4 6.5
210.0 3 6.3 7.2 6 6.3 6.3
240.0 3 6.3 7.1 6 6.2 6.2
300.0 2.9 6.2 7 5.9 6.2 6.1

Q _
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X d10 dmod o dm ^ dmed + dSO d90



N = 400 rpm; D̂  = 0.12 m

Time, t d90 dSO d ie d mean d median d m ode
(mlns) ^ m ) r r' r r’ r

0.0 5.6 9.2 12.2 9.1 9 10.3
0.5 5 8.3 12 8 8.4 10.2
1.0 4.6 8.1 11.8 7.8 8.1 10
2.0 4.2 7 11.4 7.1 7 9.7
5.0 4.1 6.3 9.8 6.4 6.3 8.5
10.0 3.6 5.5 8 5.6 5.4 7.1
20.0 3.3 5 6.8 5.2 5 5.9
40.0 3.1 4.5 6.3 4.7 4.4 5.3
60.0 2.9 4 5.7 4.3 4 4.7
90.0 2.8 3.6 4.6 3.6 3.6 4
120.0 2.6 3.4 4.1 3.4 3.4 3.7
150.0 2.2 3.2 3.9 3.1 3.1 3.4
180.0 2 3 3.8 2.9 3 3.2
210.0 1.9 2.8 3.7 2.8 2.8 3.1
240.0 1.8 2.7 3.6 2.8 2.7 3
300.0 1.8 2.6 3.5 2.6 2.5 2.8

o
CD■a

14

12

10

8

6
! ' i

4

2

0
0.0 60.0 100.0 150.0 200.0 250.0 300.0

Time, t (minutes)

X d10 dmod o dm ^ dmed + dSO d90



N = 600 rpm; = 0.12 m

Time, t d90 dSO dIO d mean d median d m ode
(mlns) ÿm ) ÿ m ) (jim)

r ' r
0.0 5.4 8.5 12.2 8.5 8.4 10
0.5 4.6 7.9 11.7 8 7.9 9.5
1.0 4 7 11.5 7.5 7 9.3
2.0 3.6 6.8 11 7 6.7 9.2
5.0 3.4 6 9.5 6.1 5.9 8.1
10.0 3.1 5.1 7.7 5.2 5.1 6.8
20.0 2.8 4.3 6.5 4.3 4.3 5.5
40.0 2.7 3.7 5.8 3.6 3.6 4.6
60.0 2.4 3.2 5 3.5 3.1 3.8
90.0 2.3 3.1 4.5 3.4 3 3.7
120.0 2.2 3.1 4 3.2 3 3.4
150.0 1.9 2.7 3.8 2.8 2.6 3
180.0 1.8 2.4 3.6 2.5 2.4 2.8
210.0 1.7 2.2 3.4 2.2 2.1 2.8
240.0 1.6 2.1 3.2 2.3 2.1 2.6
300.0 1.5 2 3.1 2.1 2 2.5
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N = 800 rpm; Dx = 0.12 m

Time, t 
(mlns)

d90
(^m)

dSO
(yrr\)

dIO
Jjm)

d mean d median 
(Jim)

d m ode 
(Jim)

0.0 5.9 8.9 12.4 9 8.8 9.6
0.5 4.4 8 11.6 8.3 8 9.1
1.0 3.8 7.2 11 7.5 7.2 8.6
2.0 3.3 6.6 9 6.7 6.5 7.8
5.0 2.8 5.7 8 5.6 5.6 7.2
10.0 2.5 4.3 7.2 4.3 4.5 6
20.0 2.4 3.8 6.3 3.6 3.9 5
40.0 2.2 3.2 5.5 3.4 3.3 4.5
60.0 2.1 3 5 3.2 3.1 3.9
90.0 2 2.9 4.5 2.9 2.9 3.7
120.0 1.8 2.7 4 2.7 2.7 3.4
150.0 1.7 2.4 3.5 2.6 2.5 3
180.0 1.4 2.1 3 2.4 2.2 2.3
210.0 1.2 1.8 2.8 2.2 2 2.1
240.0 1.2 1.6 2.6 1.9 1.7 2
300.0 1.1 1.5 2.5 1.7 1.5 2
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Appendix D

APPENDIX D

Published works and conference presentations:

(1) "Effects of engineering parameters on the precipitation, recovery and 
purification of proteins." A chapter written for, and included as Chapter 
5 in the book, "Processing of Solid-Liquid Suspensions" edited by P. 
Ayazi Shamlou, and published by Butterworth-Heinemann in 1993.

(2) "Growth-Independent Breakage Frequency of Protein Precipitates in 
Turbulently Agitated Bioreactors." A paper published in Chemical 
Engineering Science, Volume 49, Number 16, pages 2647-2656, in 1994.

(3) "Turbulent Breakage of Protein Precipitates in Mechanically Stirred 
Bioreactors". A paper only recently submitted for publication in 
Chemical Engineering Science.

(4) "Breakage Of Protein Precipitates In Mechanically Agitated Vessels." A 
summary accepted for the CHISA 93 conference (11th International 
Congress of Chemical Engineering, Chemical Equipment Design and 
Automation) held in Prague, The Czech Republic, where a presentation 
was given.

(5) "Effects Of Agitation-Induced Shear Stress On Breakup Of Soya Protein 
Precipitate." An article published in the proceedings for the 1992 
IChemE Research Event held in Manchester where a presentation was 
given.

(6) "The Breakage Of Protein Precipitates In Stirred Reactors." An article 
published in the proceedings for the 1994 IChemE Research Event held in 
London where a presentation was given.

(7) "The breakage of soya protein particles in stirred tank reactors." A 
summary accepted by the IChemE Mixing Subject Group for my 
participation in a competition for research students held in Birmingham in 
the year 1993 where a presentation was given.
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Chapter 5_______________________________________

Effects of engineering parameters on the 
precipitation, recovery and purification of 
proteins
S. Stavrinides, P. Ayazi Shamlou and M. Hoare 
Advanced Centre for Biochemical Engineering 
(SERC Interdisciplinary Research Centre)
Department of Chemical and Biochemical Engineering
University College London
England

5.1 Introduction

Precipitation and solid-liquid separation constitute two essential unit 
operations in the purification of proteins, typically enzymes, from a wide 
range of sources including microbial cells and animal and plant tissue. The

Total
protein

0.8

«
.QD
s  0.6O)c
'c

i
£
c
0

u
SLL

Alcohol
dehydrogenase Q

0.2

0.0

Ammonium sulphate concentration, % saturation

Figure 5.1 The variation with ammonium sulphate concentration of the solubility of yeast 
protein (0) and the yeast enzyme, alcohol dehydrogenase (□).
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Engineering parameters on precipitation and purification of proteins 119

key advantages of precipitation over many other purification techniques 
are that it provides a relatively low-cost, high-yield stage suitable for use 
with biological substances containing a high concentration of a large 
number of both soluble and insoluble contaminating materials. Typically, a 
two-cut fractionation process may be operated in conjunction with a 
suitable solid-liquid separation step to remove, firstly, low-solubility 
contaminants, and then recover the required protein in the form of 
dcwalcrcd precipitate to discard high-solubility contaminants. Figure 5.1 
gives such an example of a solubility curve for an enzyme product to be 
recovered from a yeast cell homogenate with the overall protein 
representing the contaminant. Evidently, a two-cut process could lead to 
full recovery of the enzyme, with 60% removal of contaminating protein. 
Such a graph neglects the removal of a wide range of other contaminants 
such as nucleic acids, cell debris and lipids.

The performance of such a precipitation process is more clearly seen by 
plotting the enzyme removed against the contaminating protein removed 
to give a form of fractionation diagram (Figure 5.2). The construction lines 
identify the compromise to be made in process design between the process

0.0 0.2 0.4 0.6 0.8
Fraction of total protein in solution

Figure 5.2 Fractionation diagram for the purification of alcohol dehydrogenase from a 
clarified yeast cell homogenate -  data points taken from Figure 5.1, A two step fractionation 
process is illustrated; cuts 1 and 2 refer to the first and second cuts respectively. The yield is 
given by { E ^ - E j )  and the purification factor by {Ex~E:^l{Py~p2),



120 S. Stavrinides, P. Ayazi Shamlou and M. Hoare

yield and the purification factor achieved. Evidently, the choice lies in the 
relationship with other purification stages to be employed and the overall 
process economics.

The ability to use fractional precipitation in highly complex suspensions 
generally leads to its early use in a purification sequence (Figure 5.3). 
Other purification techniques such as chromatography based on charge, 
size, and ligend recognition are all susceptible to fouling and column 
blockages when dealing with unclarified biological suspensions. The use of 
precipitation late in a purification sequence may rather be to provide a 
convenient storage for the product or as a means for changing the protein 
environment prior to another high-resolution step. In more instances 
highly selective precipitation-crystallization may be possible and a 
considerable contribution directly to the purification process.

The relative roles of precipitation and chromatographic separation in 
purifying proteins is usefully explored by comparing process performances 
in terms of yield, initial purity and purification factor. This has been 
carried out for a large number of laboratory-based purification processes
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Nucleic acid removal

Protein p recip ita tion
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A dsorption

53 42
Isolation stage

Figure 5.3 Number of times a given isolation procedure is used vs. the sequence of isolation 
stages.



Engineering parameters on precipitation and purification of proteins 121

c
o

3
3

CL

00
•  o
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Initial puri ty

Figure 5.4 Analysis of purification steps using precipitation (#) or ion exchange (O) in terms 
of purificatitm factor (final purity/initial purity) achieved and the initial purity (fraction of 
total protein). The theoretical purification limit indicates the maximum purification factor 
achievable for a particular initial purity (Bonnerjea et a l., 1986).

where a protein has been purified to homogeneity and hence where a 
complete process mass balance is possible (Dunnill and Lilly, 1972). Ion 
exchange chromatography is representative of a wide range of truly 
chromatographic separations and in Figure 5.4 the relative performance of 
ion exchange chromatography and fractional precipitation is explored in 
terms of the initial purity, the purification factor and the approach to the 
theoretical purification limit. For ion exchange chromatography the 
purification factor averages 10-fold with the maximum recorded approxi
mately 100-fold. In a substantial number of cases, especially for a high 
purity, the theoretical purification limit is approached, that is, the product 
approaches purity. In contrast, for protein precipitation the average 
purification factor is 3-4-fold (maximum 10-fold) with no instances of 
complete purification and many instances of no purification (purification 
factor 1). Such data ignores process yield and also only looks to protein as a 
contaminant while many other contaminants may have been processed. 
With regard to yield, this was recorded as an average of 81% for 
precipitation compared with 70% for ion exchange and other forms of 
chromatographic separation.

The process performances developed here are largely for laboratory- 
scale results with little published information being available for industrial 
processes. The engineering design of a precipitation process must 
necessarily take into account many features of the process including:

1. the contacting of the protein and the precipitating agent, including the 
effect of mixing conditions and the choice of agent on the protein 
molecule native structure and on the resultant precipitate properties;

2 . the transport of the precipitate suspension to the separation device and 
any ageing or breakup affects;
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3. the deliberate manipulation of the precipitate properties to aid 
recovery;

4. the choice of the method of particulate recovery or removal (e.g. 
centrifuge, filter or membrane separator) and the extent of carry-over 
of precipitate into the clarified liquor or the entrapment of clarified 
liquor in the concentrated solids, both of which contribute to reduced 
yield and loss of performance in terms of purification achieved.

5.2 Physico-chemical aspects of protein precipitation
5.2.1 General design considerations

Many proteins of industrial interest may be described as single globular 
polymers or assemblages of such polymers with a range of polar and 
non-polar groups on the surface. The polymer structure and configuration 
are essential to the correct functionality of the protein and considerable 
attention must be paid to process design to preserve the structure. While 
such aspects are crucial in the design of a precipitation system, they are 
considered outside the scope of this chapter and a brief summary will 
suffice. Protein molecules are susceptible to damage by removal of the 
protective layer of water associated with the molecule, organic solvents 
(Bell et al., 1983; Schubert and Finn, 1981) and certain salts, for example 
metal chlorides (Bell el al., 1982; Morris and Morris, 1976; Gurd and 
Wilcox, 1956), will promote irreversible protein damage by removal of this 
water layer while many carbohydrates will tend to stabilize the proteins. 
The tendency of proteins to adsorb or unfold at interfaces, such as 
air-liquid barriers, also promotes their dénaturation and the effect of a 
well-mixed environment is to accelerate such damages, requiring careful 
attention to reactor design (Chan et a i ,  1986; Virkar e/«/., 1982). Thermal 
damage is also of considerable importance as also is damage to protease 
attack. Such proteases are often present and in order to limit their effect, 
low temperature and low residence time of operation is recommended, 
again with considerable bearing on reactor design.

5.2.2 Choice of precipitating agent

The association of the globular molecules to form precipitates involves a
reduction in the solubility of protein by either changing the nature of the
solvent environment or by direct interaction of a reagent with the protein.
Many techniques are available to carry out the precipitation including:

1. salting-out by the addition of high concentration of neutral salts such as 
ammonium sulphate;

2. isoelectric-point precipitation by pH adjustment; solubility is a function 
of net charge and is at a minimum at the isoelectric point -  zero net 
charge;

3. reduction in the solvent dielectric constant by the addition of miscible 
organic solvents, e.g. ethanol, enhancing the electrostatic interaction 
between the molecules;
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4 . addition of non-ionic polymers to protein solutions causes precipitation, 
probably operating by an exclusion effect, reducing the amount of water 
available for protein solvation, e.g. polythene glycol;

5. addition of charged polyelectrolytes which act as flocculating agents 
under appropriate pH condtions, e.g. carboxymethylcellulose;

6 . the interaction of polyvalent metal ions with proteins which precipitate 
protein irreversibly, e.g. Ca^^.

The choice of precipitating reagent or combination of reagents will 
depend on several factors. These include the fundamental aspects of 
precipitation yield, selectivity, dénaturation, and product end-use, as well 
as the factors which influence large-scale processing, such as viscosity, 
density, flammability and corrosiveness.

5.2.3 Protein solubility

The surface chemistry of the protein will have a significant influence on the 
interactions leading to precipitation. The protein molecule may be 
considered as a globular amphoteric polymer with a large number of 
non-uniformly-distributed dissociable surface groups. However, the 
density of these groups is low and the presence of hydrophobic residues 
and hydrogen bonds make the prediction of properties difficult. The 
presence of a barrier to aggregation due to a shell of surface-associated 
water is of particular significance in protein precipitation. Layers of 
associated water up to several tenths of a nanometre deep have been 
estimated to surround a protein molecule. This layer may inhibit molecules 
from approaching close enough for aggregation to occur. If this barrier is 
overcome, the effectiveness of collisions may be dependent on the 
orientation of the particles and the nature of the species adsorbed to the 
surface.

If the character of protein interactions is considered to be colloidal in 
nature, then aggregation can be described using the theory of Derjaguin, 
London, Vcrwcy, and Ovcrbeek (DLVO theory) for the interaction of 
lyophilic colloids. On addition of a precipitating agent it is assumed that 
the surface characteristics of protein molecules are changed such that 
chance collision of the molecules leads to an aggregation by virtue of the 
fact that the energy barrier to aggregation is sufficiently small. A  simple 
example of this is shown in Figure 5.5. It is commonly assumed that the 
shape of the diagram will determine the properties of the aggregates. 
However, this is beyond the scope of the present chapter.

5.3 Theoretical considerations
5.3.1 Nucléation

Nucléation is the process by which a new phase is formed. Homogeneous 
nucléation refers to the creation of nuclei from a homogeneous parent 
phase, while heterogeneous nucléation refers to the formation of nuclei on 
foreign m atter in the parent phase.
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Figure 5.5 Combination of attractive and repulsive forces between two charged particles 
giving overall interaction curves; ( I ) low salt concentration; (2) high salt concentration.

Ihe role of nucléation is central to precipitation. Studies on protein
precipitation are largely based on the supposition that nucléation is
instantaneous. The limited data available, however, suggest that induction 
times, i.e. the time between mixing the reagents and the appearance of the 
first detectable particles, can vary from the order of a few seconds for the 
calcium precipitated bovine-casein (Parker and Dalgleish, 1977), to as 
high as several minutes for the ammonium sulphate salting out of fumcrase 
(Foster cf a/., 1976).

For protein nucléation to occur either the concentration of the 
precipitate species must be increased in relation to the solubility or the 
solubility of the particles must be decreased by chemical reactions, 
salting-out, cooling, etc. (Chan et al., 1986). The theoretical rate of
homogeneous nucléation is given by (Mullin, 1972)

-1 6 ji^w^dN _ ^
K„ exp (5.1)

where ^ is the surface energy, w is the molecular weight, S is the 
supersaturation, R is the gas constant, T  is the absolute temperature and 

is a composite constant with a value of 10“ .̂
The exponential form of Equation (5.1) suggests that the rate of 

homogeneous nucléation is relatively small until a critical supersaturation 
is reached, beyond which nucléation increases rapidly. Additionally, 
Equation (5.1) indicates that the rate of nucléation at a given 
supersaturation varies with the cube of the interfacial energy. This implies 
that the nucléation rate can be increased substantially by small alterations 
in the zeta potential, a conclusion which is well demonstrated experimen
tally.
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In a continuous tlow precipitator, the theoretical rate of nucléation, 
given by Equation (5.1), should be equal to the rate at which particles are 
discharged from the reactor, in practice, the required number of nuclei 
spontaneously created falls in the presence of foreign matter in suspension, 
e.g. dust particles, and in situations where secondary nuclei are formed by 
other means, e.g. from existing particles.

5.3.2 (jirowth and breakup of aggregates

Experimental data on the growth of protein particles during precipitation 
may be analysed by using the well-established population balance 
approach originally proposed for crystallizing systems (Randolph and 
Larson, 1988). The population density plot for protein precipitation 
strongly deviates from the straight line which is obtained from a typical 
MSM1M< reactor (see Chapter 1 for further discussion on this aspect). I he 
data in Figure 5.6 shows population density-size plots for isoelectric soya 
protein precipitation in mechanically stirred vessels at three levels of stirrer 
speed, and demonstrates a fairly complex growth profile (Glatz et al., 
1986). The causes of this kind of behaviour are many and include 
size-dependent growth and solids classification in the vessel. Attempts 
have been made to model the kinetics of protein growth using a number of
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population functions in the population balance equation (Virkar et al., 
1982; Glatz e t a i ,  1986; Hounslow, 1989). These include a particle growth 
function by collisional mechanisms and particle death and birth functions 
by turbulent-induced stresses. For a continuous flow, well-stirred reactor 
with no solids in the feed and with a number of product stream flows at a 
rate Qi containing particles with a number density the growth kinetics of 
particles of mean size L may be expressed by the following general 
population balance equation (Randolph and Larson, 1988):

— + - B  + D + 1 —  = 0 (5.2)
9t 9L ' y

For steady state conditions and single-product stream flow, Equation (5.2) 
reduces to

-  B + D f5 J)
SL Xr

In Equation (5.3), G is the particle growth rate, Tr is the mean residence 
time of the particles (QIV), and D and B are the death rate and birth rate, 
respectively, representing the disappearance and appearance of particles 
resulting from breakage. The solution of Equation (5.3) requires 
expressions for G, D and B.

Growth rate. The second term on the left-hand side of Equation (5.3) 
accounts for the differential growth rate. In protein precipitation, growth is 
usually assumed to occur by aggregation of primary particles. Under fully 
turbulent flow conditions, protein precipitate growth is believed to be due 
to fluid-induced collisions between primary particles. In Chapter 1 it was 
shown that this type of growth rate may be expressed as G(L) = dUdt  
(Equation (1.19), Chapter 1). Thus

G{L) = = [ A ( t l v f ' ^ w ^ ] L  = K^L (5.4)

The differential growth rate term in Equation (5.3) may thus be written

= 4 -  {«(L) dUdt] = Ko L Bn(L)ldL (5.5)
oL oL

Death rate. The death term, D, in Equation (5.3) represents the sudden 
loss of aggregates of a given size resulting from the breakage of aggregates 
by turbulent-induced fluid stresses acting on them. As far as the present 
discussion is concerned, the death term may be expressed by the following 
general equation (Petenate and Glatz, 1983):

D = Kn (5.6)

K is the death function and may be defined by K = (i/o) /  where (x/o) 
represents the ratio of the instantaneous local stresses acting on the 
aggregates to the aggregate mechanical strength a n d /is  the frequency with 
which the aggregates are disrupted by the instantaneous turbulent stresses.

Both X and /  depend on the turbulent flow forces acting on the 
aggregates. Following the discussion in Chapter 1, the largest contributions
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to these forces are likely to come from eddies in the viscous flow régime. 
Additionally, two distinct types of forces will operate on the particles 
depending on the direction of the instantaneous forces with respect to the 
surface of the aggregates. If precipitate disruption is assumed to occur by 
turbulent dynamic shear forces acting parallel to the surface of the 
aggregates, then the local instantaneous shear stress is given by Equation 
(1.23), C hapter I

Xj =  n(e/v )"‘' (5.7)

and the frequency of occurrence of these stresses is (Equation (1.4d), 
C hapter I)

/  = Au(L) = (5,8)

Substituting into Equation (5.6) for K  using Equations (5.7) and (5.8) 
respectively, gives the following relationship for the death rate:

D = /C'(e/v)‘̂ [̂p(e/v)‘̂ “/o] (5.9)
Ahernatively, assuming protein disruption to be the result of dynamic 
pressure forces acting normal to the particles, then the appropriate 
relationship for the instantaneous stresses is given by Equation (1.26), 
C hapter I (Brown and C latz, 1987)

|p i( t7 v ) |/ /  (5.10)

and the death rate takes the following form:

D{L) = K"(dvf ^(p(dv)/o\L-n(L)
= K"{(eNŸ'^/o } L M L )

Birth rate. The death of a large aggregate results in the creation of smaller 
sized aggregates and the birth rate, B, in Equation (5.3) is often taken to 
have the same form as the death rate. Additionally, purely for 
m athem atical convenience, it is normal practice to assume that the death 
occurs by the splitting of each parent aggregate into two new aggregates of 
equal size. Thus, the death of a spherical aggregate of uniform density and 
of size L creates two daughter particles, each of size (3/\C2) 'L  and the 
birth rate is given by

n {L )  = D (/.)(2 ‘' ’L) (5.12)

Substituting into the steady state population balance equation. Equation 
(5.3), for G , D and B in Equation (5.4) using Equations (5.9) (or (5.11) 
and (5.12)) respectively, and integrating gives the theoretical relationship 
between num bet density and precipitate size. Glatz et al. (1986) assumed 
the following semi-empirical expressions for G , D and B respectively:

G(L) = (5.13)

D(L) = (5.14)

B(L) = K2-D{K'^^L) (5.15)

which are, in effect, simplified versions of Equations (5.4), (5.11) and
(5.12) respectively. Substitution of Equations (5.12), (5.14) and (5.15) into
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the steady state population balance equation, liquation (5.3), gives the 
following relationship:

^  - n ) -  n{l + 1/(TrA:„)} (5.16)
oL Kq

Integration of Equation (5.16) to give the number density as a function 
of size requires values for the four fitting parameters K,, K2, Ko, and p. 
Glatz et al. (1986) suggest that P and ki  may be fixed at reasonable values, 
leaving Kq and K, as the only adjustable parameters. Values of /  and Ki  
were found to depend on precipitate size and concentration: K2 = 3 and p 
= 1,5 (for large particles and Cy, = 25 k g m '^ j and K2 = 2 and p = 2.3 (for 
small aggregates and = 0.15 and 3kgm “ ) were found to be adequate 
for modelling purposes. A least squares fitting of experimental size 
distribution data was used to obtain the other two parameters. In this way 
the authors were able to examine the influences of operating conditions on 
the precipitation kinetics. For example, Figure 5.7 shows the effect of

10 '

9  0 .15  kg m ' ^ ,  ^  = 2 .3  

Û 3 .00  kg m - 3 , 0(5 2 .3  

o  25 .0 0  kg m ' ^ , 0 =  1.5

70030 020 4 0 100
G row th  rate, G ( s ’ )

Figure 5.7 Break-up constant  ̂as a power law function of mean shear rate (G) for three levels 
of protein concentration. Choices of power law index affect magnitude and slope, hut trends 
are unchanged.

shear rate on the death constant K  for three levels of protein 
concentrations. The plot suggests that K  ^  (e/v)°^, which disagrees with 
the exponent (e/v) of the model Equation (5.11). Additionally, analysis of 
experimental data suggested that the growth constant, Kq, was indepen
dent of (e/v) which is again inconsistent with the model prediction. 
Equation (5.4). There are several causes for the deviation between 
experimental observations and model predictions, including size- 
dependent mechanical strength. Figure 5.8 shows experimental data on 
aggregate apparent density as a function of size (Bell el a i ,  1982). It is
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evident from these plots that large, loosely packed (low apparent density) 
aggregates are relatively weak and break up more easily compared with 
small, more compact (high apparent density), aggregates. Additionally, 
Equation (5.16) and others like it (Virkar et al., 1982; Hounslow, 1989) all 
assume the same population functions (growth, death and birth) for the 
entire range of precipitate sizes. Following the discussion presented in 
Chapter 1, it is reasonable to conclude that fluid dynamic forces in a 
turbulent flow field influence large and small particles in different ways. 
The implication is that different population functions are needed for large- 
and small-size aggregates. This is likely to be one of the main causes for the 
observed deviations between predicted and experimental growth profiles 
of protein precipitation, see Figure 5.9.

5.3.3 Experimental observations

Evidently, the kinetics of protein precipitation is greatly complicated by 
the many interactions of the protein precipitate aggregates with the 
surrounding environm ent. In an attem pt to resolve some of the most 
im portant issues, Dunnill, Hoare and coworkers carried out a series of 
systematic experiments in which the breakage of a range of protein 
precipitates was studied under both model and realistic flow conditions 
(Bell and Dunnill, 1982; H oare, 1982; Virkar etal., 1982; Chan etal. , 1986; 
Glatz el at., 1986; Bell et al., 1982; Hoare et al., 1982; Twineham et al., 
1984; Devereux el al., 1984; Devereux et a i ,  1986a,b; Bcntham et al., 
1987; Hoare and Dunnill, 1989; Mannweiler etal., 1989; Richardson etal. , 
1989). They studied the kinetics of precipitation of soya protein in a 
laboratory-scale continuous flow tubular reactor using four different 
precipitating reagents; ammonium sulphate, ethanol, divalent calcium and 
sulphuric acid. All experiments were carried out at exactly the same mean 
shear rate, G, of 340 s“ ‘ (G was calculated from G = Q/3n cP). The results 
of these experiments are shown in Figure 5.10. Evidently, in each case 
there is an initial period of rapid nucléation followed by a period of 
relatively slow growth to a stable size which depends on the type of 
precipitation. Additionally, the shape of the four growth curves is 
practically similar, suggesting that the mechanisms of nucléation and 
growth are the same in all cases, with the nucléation and growth rate 
constants being different for different reagents.

In a separate investigation, Virkar et al. (1982) monitored the growth of 
isoelectric soya protein precipitate aggregates in a large-scale tubular 
reactor under turbulent flow conditions. Among the variables examined 
was the effect of the power dissipation rate on the growth kinetics and in 
one set of experiments the hydrodynamic conditions were identical to the 
laminar flow experiments used by Chan et al. (1986). Comparison of the 
data from these tests revealed the strong influence of shear rate on the 
stable aggregate size and confirmed that for design purposes the average 
shear rate in the reactor, based on (e/v) may be used for reactor scale-up to 
give approximately the same final particle size.

In an interesting series of experiments, Virkar et al. (1982) examined the 
effect on the final aggregate size of turbulence prom oters in the reactor, in
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the form of a series of grids fixed at various axial distances from the 
entrance of the reactor. The results are shown in Figure 5.11 and indicate 
that the presence of turbulence decreases the final aggregate size.

The strong effect of the energy dissipation rate on the final aggregate 
size is also evident from plots shown in Figure 5.12. The data refer to 
experiments carried out in a helical ribbon stirred vessel (Hoare, 1982). All 
other experimental conditions are shown on the plots.
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Figure 5.12 I'ffcct of reactor preparation conditions on precipitate particle-size distribution: 
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weight; temperature = 23°C; precipitate suspension density = 1(K)8 kg m~̂ ; viscosity = 
0.(X)2 Ns m"‘. Power derived from power number Reynolds number curves of Rushton ei al. 
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While the hydrodynamic effects of both the tubular and the stirred-tank 
reactor may be characterized by using the mean energy dissipation per unit 
volume, the physical properties and the structure of the precipitates 
prepared in these reactors are quite different. These differences are clearly 
visible in the photographs shown in Figure 5.13, which show that 
precipitates prepared in a batch-stirred vessel are considerably more 
compact and arc stronger than those prepared in a tubular reactor. Some 
of these differences may be attributed to differences in the distribution of 
shear rate in the two types of reactor. In a stirred vessel, the protein 
precipitate aggregates are likely to experience local shear rates, for
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example around the impeller, that are 50-100 times greater than the mean 
value (see Figure 1.1, Chapter 1). Aggregates will be continuously 
compacted as they regularly pass through the zone of high shear around the 
impeller. Aggregates from such a reactor are expected to be regular in 
shape and to have a relatively high density, and hence high mechanical 
strength. In contrast, high local velocity gradients are far less pronounced 
in a tubular reactor and the effect is that precipitates from this type of 
reactor are likely to be loosely bound, low density and filamentous in 
nature.

5.4 Manipulation of precipitate properties

The physical and mechanical properties of aggregates may be improved 
considerably by ageing: the term ‘ageing’ is used loosely to refer to 
post-precipitation treatment aimed at enhancing recoverability of solid 
products by centrifugation. Bell and Dunnill (1982) reported on a series of 
experiments in which the effect of ageing, and of exposure for short times 
to high shear rates, was studied for isoelectric soya protein precipitate 
aggregates in a capillary shear flow. Rates of shear between 10 *̂ and 10'**s~‘ 
and times of exposure between 0.004 and 0.2s were used, these being 
typical conditions in the feed zone of high-speed centrifuges. Ageing of the 
precipitated protein aggregates was carried out by stirring for a fixed time. 
Experiments were carried out for ageing times of 300, 600, 1200, 1680 and 
24()0s. The results of these experiments arc shown in Figure 5.14.
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Figure 5.14 The effect of ageing on the change in particlc-number frequency resulting from 
capillary shear: average rate of shear -  1.7 x average time of exposure -  0.065 s;
initial distributions (tim) = 15.2 0.1; SD = 9.5 0.2; tube diameter = 575 jim.
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Aggregate breakup was observed in all experiments, but the mode of 
breakage was found to depend on ageing time. Aggregates sheared after 
relatively short ageing times were found to fragment into many parts with 
sizes of up to approximately 10 pm. As ageing time increased, shearing was 
found to produce aggregates with a distinct bimodal-size distribution. The 
size distribution data suggested that both fragmentation and erosion 
occurred. Additionally, it is interesting to note from Figure 5.14 that the 
median size of fragments produced (5.8 pm) is practically unaffected by 
ageing and only the % change in number decreases.

The data in Figure 5.14 indicate that aggregate strength increases with 
increased ageing time. The improvement in mechanical strength of the 
aggregates with ageing may be attributed to the unique hydrodynamic 
conditions in the stirred vessel during ageing. It was observed previously 
that the continuous passage of the aggregates through the zone of high 
shear around the impeller is likely to be responsible for aggregates which 
are strong and compact. The frequency of aggregate passage through the 
high shear zone is related to the pumping capacity of the impeller, while 
the total number of passages is proportional to the ageing time. Thus for a 
given impeller and speed (hence shear rate) as ageing time increases, the 
strength of aggregates is expected to increase. Based on these
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observations, Bell and Dunnill (IVS2) proposed the use of a unifying 
parameter defined by Gi in order to account for the effect on final 
aggregate size of both time and level of shear during ageing. The results are 
plotted in Figure 5.15 and demonstrate that Gi values of above 10*' are 
necessary in order to ensure maximum aggregate strength.

The main reason for the ageing process is to improve the recovery of the 
solid phase by centrifugation. The transportation of the precipitate 
aggregates from one item of process equipment to another inevitably 
requires pumping of the suspension and therefore there is considerable 
interest in determining the breakage behaviour of aggregates through 
pumps, valves, orifices, pipe bends, etc. For example, the data presented 
in Figure 5.16 show the variation of final aggregate size as a function of
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Figure 5.16 Flow of protein precipitates through various pumps: total protein concentration =
2.5% by weight; mono pump -  flow rate = 1.67 x IO“^m ŝ“ ; pump and pipe volume =

,  - I rm. I0.2751: 0.061 passes s"' (O); flow rate = 2.95 x 10"^m^s“‘; pump and pipe volume =
0.2901,0.101 passes s"' ((Z)); gear pump-flow rate = 2.5 x 10"'’m^s~‘; pump and pipe 
volume = 0.0451,0.067 passes s"‘; centrifugal pump -  flow rate = 5 x IO"*m ŝ~‘; pump and 
pipe volume = 0. :
and pipe volume -  = 0.051,0.05 passes s" '

I, 5.0 passes s"‘; peristaltic pump-flow rate = 2.5 X lO'^m^s *;pump
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luimher of passes for four different pumps (Hoare et al., 1982). It is 
desirable to be able to present these results in terms of power dissipation 
per unit volume, as scale-up on the basis of this criterion has been 
demonstrated successfully (Virkar et a i ,  1982; Chan et al., 1986).

5.4.1 Protein aggregate density

The density-size relationships for soya protein and casein precipitates are 
shown in Figure 5.8. Both the soya and casein precipitates show a trend to 
decreasing aggregate density, p^, with increasing aggregate size, d.y,. The 
following equation was found by regression analysis to fit the density data 
for the isoelectric soya protein precipitate:

-  KKI4 = (5.17)
For casein precipitate aggregates prepared by the salting-out method:

(>A -  1136 = 31 (/À"-'-" (5.18)
As the aggregate size decreases the aggregate density approaches a 
maximum value as defined by the protein precipitate buoyant density. The 
size at which the aggregate density is equal to the buoyant density is not 
well defined by the above method in the hydrodynamic density of the total 
aggregate, including both protein solids and interstitial liquid. The 
decreasing aggregate density with increasing size is consistent with an 
aggregate structure comprised of primary particles. However, both the 
soya and casein solids volume fraction curves. Figure 5.17, show significant
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Figure 5.17 Solids volume fraction as a function of aggregate size: protein solid densities 
(kgm~^), soya protein = 12%; casein = I2(K); theoretical curve, I pm primary particles 
(I.ewis and Nielsen, l%8).
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differences for large particles from the theoretical curve based on cubic 
packing of 1 pm primary particles. The smaller density function exponent 
compared to the Void model (Void, 1963) also indicates that the successive 
random addition of primary particles does not fit these precipitates. The 
higher levels of interstitial water for the larger aggregates may be due to 
both particle non-sphericity and interaction of protein surface groups 
inhibiting closer packing. The lower volume fraction values measured for 
casein at a given size compared with soya protein are supported by the 
physical characteristics of the aggregate shown in the microphotographs, 
and the shape of the profile can be expected to change depending on the 
particular protein, the shear history and the method of precipitation.

An alternative, more direct and flexible way of improving the nature of 
aggregating protein particles, was introduced by Jewett (1974) whose 
device has found application in the field of human plasma protein 
fractionation. Recent work has indicated that the technique of acoustic or 
low-frequency conditioning on protein precipitates has the capability of 
enhancing centrifuge performance by the increases resulting in both the 
median aggregate size and aggregate-suspension density differences 
occurring as a result of conditioning; in addition, the sediments obtained 
using this technique are more highly dewatered than unconditioned 
material, and the centrifuge capacity is also increased.

The low-frequency conditioning is based on a chamber, shown in Figure 
5.18, the volume of which can be continuously expanded and contracted 
rapidly by a reciprocating paddle. The chamber can be operated with a 
continuous flow of suspension to be conditioned. I he cross-sectional area 
of the chamber is considerably larger than the inlet and outlet pipes I he 
outlet pipe acts as a flow constriction and, since it is eventually open to llie 
atmosphere, fluid is in turn forced back through the outlet pipe at a 
frequency and a rate determined by the frequency of compression and 
expansion of the chamber volume. The returning fluid enters the chamber 
volume as a jet and entrains mass in order to conserve momentum as it 
dissipates its energy into the fluid volume. In this way, mixing of the 
chamber contents is achieved. There are two proposed mechanisms of 
improvement in the separation efficiency of the suspended particles by the 
application of low frequency acoustic vibrations. Firstly, the acoustic force 
on the particles will lead to an enhancement in the particle-particle 
interactions and hence particle growth by aggregation. This effect is 
described, using an extension of the theory developed for the aggregation 
of aerosols with enhanced particle-particle interactions resulting from the 
different phase shifts that occur depending on particle size. Secondly, the 
acoustic force will deform the aggregated particles resulting in an increase 
in the particle-particle contacts and hence a reduction in the fluid voidage. 
This effect will be assisted by the presence of a beat frequency 
corresponding to the natural frequency of the aggregate.

The theory for predicting velocity and pressure profiles in pulsatile fully 
developed laminar flow has been described elsewhere and has been proved 
experimentally (Jewett, 1972; Hoare et a i ,  1987). The relationship 
between the velocity and pressure profiles displays two distinct types of 
behaviour corresponding to operation at low and high frequencies for a 
fixed chamber geometry and a given fluid system (Figure 5.19). Jet
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Figure 5.19 Relationship between the velocity and pressure profiles in a pulsating pipe flow 
for two limiting cases: ^ 1 and > 10 (corresponding to low and high frequency). Solid
line is for velocity of flow, dashed line is for pressure of flow.

formation is proportional to the expression f^do ,  where / i s  the frequency 
of oscillation, d is the amplitude of displacement and o is the amplitude of 
the pulse ratio, that is to say a measure of the tendency to jet formation. At 
low frequencies the fluid chamber and the outlet pipe will tend to move 
together and so there is no relative jet formation. However, for high
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frequencies this phenomenon is not apparent as the period of oscillation is 
small and, consequently, leads to jet formation. To assess the effect of 
low-frequency conditioning on shear resistance the eventual size distribu
tion of the aggregates is examined. This takes into account the 
‘conditioning ratio’ before and after shear, at the di ŝ size, that is, CR95 
and CRS95 respectively. The conditioning ratio before shear, CR95, is 
defined as the value of the diameter of an unconditioned precipitate. 
The ratio after shear, CRS95, is expressed in a similar fashion but using the 
i/ys diameter values measured after shearing.

During high-speed centrifugation the is particularly important as it 
represents the fraction at the feed that is of a Tine size’. Small aggregates 
are difficult to recover and one function of an ageing or conditioning 
process is to increase the value of this size by reducing the proportion of 
small aggregates. An overlap of CR95 and CRS95 against the acceleration 
group is given in Figure 5.20. By plotting the data as a function of 
acceleration, which is proportional to the force acting on the aggregate, the 
mechanism of low-frequency conditioning can be exploited further. The 
plot reveals how the benefits of conditioning in increasing the fine size arc 
maintained after shear, with a maximum value of 1.2 compared to a CR95
value of 1.44. For f^do  >  6 x 10 ms no benefit is gained from-2
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Figure 5.20 Change in fine size of isoelectric soya protein precipitate occurring during 
low-frequency conditioning as a function of the group; O change before shear; #; change 
after shear; unconditioned before shear 2.16 03 m; unconditioned dy; after shear 1.97 
0.3Km.
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conditioning and this is explained on the basis of the low-frequency 
mechanisms of aggregation and breakage that affect the final size 
distribution. At equilibrium between these two opposing mechanisms no 
change in aggregate size is apparent and CR = \ . A decrease in CR95 with 
f^da > 6 X 10“'̂ ms"' would be expected if the low-frequency 
conditioning breakage mechanisms affected aggregates of all sizes. 
Shearing data docs appear to indicate that the breakage mechanisms are 
only efleetive down to a critical aggregate size. Below this critical diameter 
no further breakage occurs and a stable size distribution is generated. This 
factor might explain why the CR and CRS values do not fall below unity in 
the range/'i/o = 0 to 16 x 10** ms"'.

In addition, the degree in the settling rate function, KAq, should be a 
function of /' /̂o if the mechanism of change is one of structural 
rearrangements and improved packing due to increased mixing and 
breakage. I'his correlation is explored in Figure 5.21 by plotting the change 
in settling rate function against aggregates of 6 pm diameter prepared 
under a variety of conditions including both fixed frequency and fixed 
displacement. Aggregates of this diameter were chosen since it is this size 
which undergoes a significant increase in density during conditioning.

The improvements in packing density of approximately mean-sized 
aggregates then can be explained in terms of the force available for 
reorientation; the greater the force the larger the change that may be
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120 8 164

f^ào (ms  ̂ X 10
Figure 5.21 Change in settling rate function K A q of isoelectric soya protein precipitate as a 
function of the groupP d o  (data obtained for 6 pm sized aggregates) (Titchener-Hooker et al. , 
1992).
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expected. The data provides no evidence of resonance effects being 
important since such a phenomena would be accompanied by a 
pronounced maximum in the region of the aggregate natural frequency.

5.5 Precipitate recovery

The final stage in the processing of protein precipitates is that of precipitate 
recovery or removal. Filtration is successfully used in some instances, 
although the ease of deformation of the material leads to filter cakes of 
high resistance and to blinding of the filter cloth. The use of filter aids may 
result in product contamination and in many processes the adsorption 
effect of the filter aid prevents acceptable recoveries. Other disadvantages 
associated with some filtration equipment are the difficulties of 
containment due to equipment size, the relatively long preparation and 
start-up times and the occurrence of foaming in vacuum systems. 
Centrifugation is another commonly employed recovery technique and the 
specification of a centrifuge for the recovery of protein precipitates needs 
careful consideration of two aspects. Firstly, centrifuges are often the most 
cost-intensive part of the process and must be used with maximum 
throughput with no loss of precipitate into the supernatant. Secondly, the 
sediment phase should contain as little as possible of the supernatant. This 
will minimize the subsequent processing costs, especially drying, as well as 
reducing soluble product loss.

The use of continuous machines is common practice in the industrial- 
scale recovery of protein precipitates. These may include nozzle- and 
intermittent-discharge, disc-stack centrifuges and scroll-discharge and 
solid-bowl centrifuges.

A major disadvantage of the scroll-discharge centrifuge exists from the 
turbulence created by the scroll. In fact, recent studies on the 
scroll-discharge centrifuge have shown that the influence of the turbulent 
shear in the feed zone of this particular centrifuge can produce significant 
particle disruption.

The volume of aggregates with a negative degree of separation, that is to 
say, the aggregates which have been produced by shear breakup and not 
recovered, is given as a function of flowrate in Figure 5.22. It should be 
noted that the clarified fraction consists of two groups of aggregates. One 
group contains those aggregates that were present in the feed but not 
recovered, and the other contains the particles that were produced by 
shear breakup of the feed but not recovered; it is this latter group which is 
represented by Figure 5.22. The percentage volume of unrecovered 
aggregates increases with increasing throughput and the precipitate 
prepared in the continuous tubular reactor has a greater volume of such 
particles at a given flowrate. The data does not define exactly where in the 
machine the breakup is occurring. However, the relative volume of 
unrecovered aggregates broken by shear increases as the clarification 
efficiency is reduced by increasing the throughput. This suggests that most 
of the breakup occurs in the feed zone. The increased throughput 
corresponds to a reduced residence time in the bowl which would have 
resulted in fewer shear disrupted, unrecovered particles if breakup was 
primarily due to turbulence in the bowl.
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Figure 5.22 The extent of shear induced breakup of protein precipitate with throughput for 
precipitates prepared using a continuous tubular reactor (O) and a batch stirred reactor (■).

Figure 5.23 shows how the grade efficiency curve can be used to evaluate 
the extent of particle breakup during the feed of shear sensitive particles to 
a centrifuge. As fluid leaves the pipe and passes into the rotor it is rapidly 
accelerated and in the process is subjected to high shear forces. The effect 
of such forces on protein precipitate particles can be anticipated from the 
earlier studies on mechanical forces acting on protein precipitates. Figure 
5.23 demonstrates the transformation of a typical floe particle-size 
distribution as the suspension passes through the centrifuge. The size 
distributions of the feed, and the clarified liquid discharge, can be 
measured and the size distribution of material entering the clarification 
region of the centrifuge may be predicted from the grade efficiency curve 
for particles not susceptible to shear breakup.
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Figure 5.23 Schematic representation of particle breakup in feed zones to disc centrifuges.

Alternatively, the grade efficiency curves of shear sensitive particles, for 
example latex, can be compared directly by referring to Figure 5.24. For 
large values of the dimensionlcss particle diameter the efficiency of 
recovery of precipitate particles is apparently higher than the efficiency for 
latex particles. This is actually due to the breakup of these large precipitate 
particles rather than to their improved recovery. Al smaller values ol’d/dc

0.8

IÜ Latex particles

v
o

0.4
Protein precipitate■D

0.2

2.0

Dimensionless diameter d /dc

Figure 5.24 The effect of particle breakup in feed zone to centrifuge on solids recovery 
efficiency. The grade efficiency curve obtained using latex particles is compared with the 
curve obtained using shear-sensitive isoelectric protein precipitate.
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the grade efficiency curve for protein precipitate falls off rapidly and 
extends into the negative region since, as a result of breakup, fragments 
are produced which were not present in the feed suspension in the tubular 
reactor material. Transferring this precipitate to a batch-stirred tank for 
future ageing results in an improvement in the aggregate strength. The 
vertical axis in Figure 5.25 was chosen to indicate the fine particles which 
may create recovery difficulties. The time range investigated is considered
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Figure 5.25 The effect of preparation conditions on the resistance of isoelectric soya protein 
precipitate to short duration shear breakup; average rate of shear = 9 x  !()■* s” ' ; protein 
concentration = 25 kg preparation conditions (O) tubular reactor, G  = 340 s~ *, G/ = 8.5 
X 10̂ , (□) tubular reactor, G — 340 s“\  Gt = 8.5 x 10̂ , plus 2400s batch ageing at G = 
200s"', (A ) batch-stirred tank, G = 200 s " ' ,  Gt = 3.6 x 10'.

to represent the time that particles are exposed to entry zone shear effects 
in centrifuges. From these findings it can be justified that the 
tubular-prepared precipitate has a more open structure which is more 
easily disrupted by shear, and which is determined by the condition of 
preparation, as indicated by Figure 5.13 while describing the physical 
properties of protein precipitates.

It has been established that the centrifugal separation of protein 
precipitates is influenced by the particle size and density difference whose
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values are both small due to the nature of the protein aggregate, and the 
batch ageing steps have been used to improve these separation 
characteristics of such aggregates, including their resistance to shear 
breakup.

5.5.1 Dewatering

The design of protein precipitation and precipitate recovery processes 
involves the specification of high-speed industrial centrifuges or membrane 
separation equipment for the recovery of the protein precipitate. The 
useful throughput of a continuous centrifuge is governed principally by the 
size density and strength of the protein precipitate aggregates, and also by 
the rheological and dewatering characteristics of the sediment.

Figure 5.26 shows representative creep flow curves for protein 
precipitate suspensions from batch-stirred tanks and continuous tubular 
reactors. In both cases non-linear, viscoelastic rheological behaviour is 
observed. The creep flow of a precipitate suspension when exposed to an 
applied shear stress yields information on the interactive forces between, 
and within, the aggregate particles. A single shear modulus, may be 
used to characterize the precipitate:
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Figure 5.26 Shear deformation-time characteristics of protein precipitate.
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where x is the applied shear stress and ÿ, is the resulting deformation or 
strain within a certain time (in this case 300s). The shear modulus 
incorporates three effects. Taking the 8 .3N m ” “ curve as an example, 
region (i) indicates an elastic stretching of the sample with a rapid increase 
in strain. This is followed in region (ii) by breakage and reformation of the 
elastic bonds between the structural units and, for a constant applied shear 
stress, is characterized by a decrease in the rate of shear strain with time. In 
region (iii) there is viscous flow where iji is constant and where the 
structural network has been disrupted. Removal of the applied shear 
stress, region (iv), allows flow reversal due to the elastic behaviour of the 
structure.

The creep flow curves for the batch-prepared precipitates arc consistent 
with the observed compact and regular-shaped structure of the aggregates 
discussed previously. The considerable rate of deformation for the 
application of small shear stresses indicates little interaggrcgate structure, 
although the elastic behaviour, on removal of applied shear stress, does 
suggest some degree of bonding between the aggregates. For precipitate 
prepared in the tubular reactor, the increased interaggregate contact 
resulting from their irregular shape is reflected in the larger applied shear 
stress needed to achieve equivalent deformation compared to batch- 
prepared material. At point A in the deformation curve there is a sudden 
change from viscoelastic to viscous dominated flow. This depends on 
several factors, including shear history, level of shear stress, time of stress 
and sediment concentration. It supports the network description of 
suspensions with this point corresponding to a complete breakdown of the 
network structure.

The effect of precipitated protein concentration on the shear modulus is 
shown in I igure 5.27. Sharp increases in shear modulus are observed in a 
particular range depending on the level of applied shear stress. The lower 
values of shear modulus observed at higher applied shear stresses are the 
result of a gieatei degiee of breakdown of precipitate structure over the 
test period. The tendency at high protein precipitate concentrations 
towards similar high values of shear modulus, independent of the applied 
shear stress, is indicative of a solid structure with considerable elastic 
properties, as would be expected from a high level of aggregate.

Although creep rheology measurements indicate the structural char
acteristics of protein precipitate sediments, it is also necessary to 
characterize the properties of flowing suspensions using viscous rheology 
m easurements, for design purposes. The variation of apparent viscosity 
with shear rate for various concentrations of precipitate suspensions and 
sediments is shown in Figure 5.28. Thixotropy is observed for the higher 
concentrations with structural breakdown resulting in lower apparent 
viscosities on the decreasing shear rate cycle. The highest concentration 
shows a structural reformation on the decreasing cycle below 8 s. The fact 
that the two more concentrated sediments show a rapid increase in 
viscosities at low shear rates has an important significance with respect to 
the recovery of these suspensions in continuous scroll-discharge centri
fuges. The high viscosity at low rates of shear and the possibility of 
rheopcctic behaviour will create difficulties in the flow and dewatering of 
the sedimented precipitate. The structural behaviour observed for this
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Figure 5.27 The relationship between shear modulus and isoelectric soya protein precipitate 
concentration. Precipitate prepared in a batch-turbine stirred reactor. Applied shear stress: 
N m ^ A , 0.02; # ,  0.2; 0 , 1 0; □, 10.0.

precipitate is typical of many suspensions and can be attributed to the 
influence of interparticle forces, including the effect of aggregate 
interlocking. At low rates of shear the aggregates form a floc-type network 
which readily redisperses on increasing the shear rate. This can be 
physically observed in gravity sedimentation and low shear tube flow 
where floes of the order of 1 mm diameter are temporarily formed.

In the industrial-scale recovery of protein precipitates there is wide use 
of continuous machines. There are, however, a few rheological problems 
in the presentation of the feed stream to the centrifugal field, other than 
those associated with shear breakup of the aggregates, occurring in pumps 
and valves and in the centrifugal feed zone. The main rheological problem 
is concerned with the movement of the precipitate sediment within the
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Figure 5.28 Precipitate sludge viscosity as a function of shear rate and concentration. 
Preparation involved a batch-stirred tank with initial particle-size distribution of = 8.5 pm, 

= 6.2 pm, with a standard deviation of 3.3 pm; precipitated protein concentration was (O) 
2.5% (w/v), (A) 7.4% (w /v),(D ,#) 11.8% (w/v), (O, • ) ,  20.2% (w/v). Solid symbols denote 
measurements made during a decreasing shear rate sequence where these differ in value from 
those made during increasing shear rate and denoted by open symbols.

centrifugal bowl and during discharge. High apparent viscosities and 
substantial yield stresses or shear moduli will impair sedimentation, 
depending on the centrifuge type.

The action of a scroll within a scroll-discharge centrifuge exposes the 
sediment to high shear stresses. These disrupt the sediment intra-aggregate 
structure causing viscous flow through the bowl and allowing drainage. 
Sediment deformation will occur for both tubular and batch-prepared 
material, the more irregular shape and greater susceptibility to shear 
disruption of the former allowing better drainage and a drier solid as 
compared with the regular and compact structure of the latter (Figure 
5.29). The small increase in solids dry weight with increased centrifuge 
throughput is consistent with a limited amount of drainage caused by 
greater compressive forces arising from a deeper sediment layer. Figure 
5.29 verifies that a greater resistance to shear breakup in the feed zone is 
shown by the batch-prepared precipitate which has 30% greater 
throughput compared with the more fragile precipitate prepared in the 
tubular reactor.
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Figure 5.29 Comparison of the clarification and sludge solids content of precipitate prepared 
in continuous tubular and batch-stirred reactors. The centrifuge was a scroll discharge 
Sharpies P 600. Total protein concentration was 35 kg m“ .̂ The symbols (□, ■) indicate the 
batch-stirred tank, while (0 , # )  represent the continuous tubular reactor. The open symbols 
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The pseudoplastic nature of the sediment will lead to lower apparent 
viscosities at higher scroll speeds, with the accompanying structural 
changes which allow release of interstitial supernatant. This results in 
increased sediment dewatering at high scroll differential speeds, as shown 
in Figure 5.30. Also, the lower sediment heights at increased scroll speed 
allow easier drainage. The reverse result would be expected if the 
compressive forces were mainly responsible for dewatering the sludge. The 
extent of dewatering achieved in the disc-stack or scroll-discharge 
centrifuge is related to the sediment rheological behaviour at high solids 
content. The variation of solids dry weights obtained in the scroll-discharge 
centrifuge is in a region of concentration where the sediment exhibits a 
high shear modulus and a significant plastic behaviour. The rheopectic 
behaviour at these protein precipitate concentrations indicates the 
formation of a sediment structure which would prove to be difficult to 
dewater.

Despite the fact that centrifugation shows greater reliability and an 
ability to deal with liquors containing fouling substances, its high
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Figure 5.30 I he intliicncc of the dirtcrcntial conveyor speed on the sludge solids content of 
precipitate recovered in a scroll discharge centrifuge. The centrifuge was a Sharpies P 600. 
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concentration means that simpler alternative recovery techniques are 
desirable, where practical. Attractive alternatives to centrifugation, which 
are increasingly used in industry for the recovery of protein precipitates, 
are that of ultrafiltration and microfiltration.

The choice between centrifugation and ultrafiltration depends to a large 
extent on the performance of the ultrafiltration membranes at high 
precipitate concentration. The disadvantage here lies in the fact that at 
high protein concentrations there is a tendency for the flux to decline very 
rapidly, a phenom enon caused by the accumulation of protein at the 
retenate side of the membrane. In fact, this is made worse by the formation 
of a concentrated protein gel and adsorption of protein on or within the 
m embrane. A method for increasing the retenate velocity in the fibres may 
be obtained by increasing the pressure driving force along the fibre bundle. 
The effect of making a change of this sort is illustrated by Figure 5.31, 
which shows that, during operation of the rig at standard tem perature, a 
decline in perm eate flux was arrested by the change in inlet and outlet 
pressures. In this instance the flux was restored to the value observed 
before the rapid decrease occurred until the pressure driving force was 
once more inadequate. Again a flux decline associated with a fall in 
recirculation rate occurred which resulted in blockage of the fibres.

Figures 5.32 and 5.33 show data for the batch concentration of 
precipitate suspensions and total water extract in long and short cartridges
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Figure 5.31 Permeate flux during concentration of a 0.17 m’ batch of 43 kg m ’ precipitated 
protein, pH 4.6, total initial protein concentration 47 kg m" average permeate concentration 
2.5 kg m“ ;̂ average soluble protein rejection 0.6.

respectively. For soluble protein TWE, high-flow velocities over the 
membrane surface are maintained, that is, a high pressure drop across the 
cartridge and not, necessarily, a high transmembrane pressure. For the 
precipitate suspension, emphasis is placed on maintaining a high 
transmembrane pressure rating of the fibres. For both the long and short 
cartridges examined there is a region at high retained protein concentra
tion where the precipitation of protein will result in a greater flux.

It is clear that there is a greater improvement in the rate flux for the 
short cartridge as compared with the long cartridge results when processing 
precipitates as compared with soluble protein. The relative difference in 
the performance of short and long cartridges arises from the rheological 
properties of the retenate. The yield stress and apparent viscosity of 
precipitated suspensions increase during concentration until the pumping 
pressure is no longer sufficient to cause flow over the membrane surface 
and there is a sharp decline in flux. The effect is reversible and flow can be 
reinitiated with a higher pumping pressure drop to a limit set by economic 
consideration and by membrane strength. Using the same centrifugal
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pump and pipework layout, the onset of conditions where flow ceases may 
be delayed by the use of shorter cartridges (Figure 5.33), resulting in a final 
higher retained protein concentration.

Evidence, portrayed in Figure 5.33, suggests that while a high 
transmission of soluble protein may be maintained for some time, the 
decline in flux rate is eventually accompanied by a fall in soluble protein
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Figure 5.34 Cross-flow microfiltration of soya protein solution: pH 8.8; membrane 
configuration was 'tight-side' up; temperature was 293 K; (■) flux rate; (□) per cent 
transmission of soluble protein; (a) Membrane nominal pore size was 1.2 pm; concentration 
of 9.4 kg m“ ;̂ inlet pressure was 0.41 x 10̂  N m“  ̂gauge; zero outlet gauge pressure, (b) 
Membrane nominal pore size was 0.2 pm; concentration of 9.6kgm , (I) inlet pressure was 
0.41 X  10̂  Nm"^ gauge; zero outlet gauge pressure; (II) inlet pressure was 0.97 X  10^Nm“  ̂
gauge; outlet pressure was 0.69 x 10 N m"̂  gauge.
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transmission. Results reported recently for microfiltration of all homogeli
âtes suggest that there may be some membrane selectivity for protein 
transmission during the early stages of microfiltration, but such selectivity 
is quickly diminished with increase in exposure of protein to the 
membrane.

Since partially permeable ultrafiltration membranes are more markedly 
affected by protein adsorption than retentive membranes, it is expected 
that protein adsorption plays a significant role in the behaviour of 
microporous membranes. More recently, the decline in performance of 
microporous membranes has been attributed to protein adsorption at the 
surface of the pore walls. Hence, during the cross-flow microfiltration of 
TW E, protein adsorption within the pores would cause reduction in pore 
size and the observed rapid decline in tlux (Figure 5.34). Transmission is 
reduced when the pore size is small enough to reject protein 
macromolecules while allowing the passage of water.
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Symbols

A constant in Equation (5.4)
A 1 constant in Equation (5.8)
B birth rate (no. m s *)
Jni mean particle diameter (m)
£/a mean aggregate diameter (m)

diameter at which 95% of the material is oversize (m) 
d  amplitude of displacement (m)
D death rate (no. m’ ^^s^')
/  frequency of disruption or frequency of vibration (s ' ) 

instantaneous stress (Nm‘ )̂
G growth rate (ms“ ’)
G shear rate ( s ' ’)
G mean velocity gradient (s '  ‘ )
K centrifuge performance constant
K constant in Equation (5.11)
Ki) growth constant in Equations (5.13) and (5.16) (s ')
Ki breakage rate constant in Equations (5.14) and (5.16) ( s ' ' m"^]
K2 no. of equal-size daughter fragments
K,t composite constant in Equation (5.1)
K death function in Equation (5.6)
K' constant in Equation (5.9)
K" constant in Equation (5.11)
L  particle length (size) (m)
M molecular weight
n particle number concentration (m~^)
N  no. of nuclei produced per unit time
p instantaneous pressure stress fluctuation (N m^)
Qi flow rate (m^s"‘)
R gas constant (8.314 J m o l" 'K ~ ‘)
5 supersaturation ratio
t time (s)
T absolute temperature (K)
Am root mean square fluctuation velocity difference (m s"')
V reactor volume (m^)
Vp particle volume (m^)
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(«reek symbols

P breakage power constant in Equation (5.16)
E energy dissipation rate (m ' s“ '̂ )
fi fluid viscosity (N s m“ ‘)
V kinematic viscosity (m~ s ')
5 solid-liquid interfacial energy (N m“ ') 
p fluid density (kg m“ ‘̂)
Pa aggregate density (kg m"' )̂
p5i solid phase density (kg m“ '̂ )
o aggregate mechanical strength (n m'^)
o amplitude of pulse ratio
Os standard deviation
Tr mean residence time distribution (s)
T instantaneous local stress (N m ” )̂
Tj local surface shear siress (N m ")
iji shear modulus (Nm‘"“)
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Abstract— A m odel is provided to  describe the influence o f  hydrodynam ic conditions on  the breakage o f  
protein precipitates in turbulent suspension. T o exam ine the applicability o f the m odel, experim ents are 
performed to  m easure the breakage o f  soya protein precipitates in  a  0.29 m  diam eter vessel at impeller 
Reynolds numbers ranging from 3.6 x  10* to  5.6 x  10^ and with initial protein concentrations o f  0.35, 3.5 
and 35 kg/m^. An analysis o f  the experim ental results based on the proposed m odel show s that the initial 
frequency o f  breakage o f protein precipitates is  a unique function o f the energy dissipation  rate in the vessel, 
encom passing both  effects o f im peller diam eter and im peller speed. T he m odel accurately describes the 
influence o f  both energy dissipation rate and protein concentration on  the initial breakage frequency o f  the 
aggregates.

INTRODUCTION 

Precipitation is a key process operation in the indus
trial production o f a wide range o f proteins from  
human, animal and vegetable sources and more re
cently from genetically engineered sources (Bell e t  a i ,  

1983; Hoare and Dunnill, 1986a, b, 1989). M ost pro
tein precipitates have relatively open structures in 
which typically sub-m icron sized primary particles are 
loosely bound together to  form aggregates with  
a maximum diameter o f less than 50 ^m (Virkar e t  al., 

1982; Hoare, 1982a, b; Chan e t  a l ,  1986; Fisher and 
Glatz, 1988a, b). The distribution o f  constituent par
ticles within individual aggregates is non-uniform  
(Bell and Dunnill, 1982a; Devereux e t  a l ,  1984; 
Titchener-Hooker e t  a l ,  1990), and m oreover with an 
aggregate density typically less than 10% higher than 
that o f the m other liquor protein precipitates can be 
difficult to recover by conventional means such as 
high speed centrifugation (Bell e t  a l ,  1983). O ne im
portant aim o f the precipitation operation therefore is 
to create a physical and chem ical environm ent in 
which the primary particles can com bine to form 
relatively large and dense aggregates without loss o f  
structural integrity or risk of protein dénaturation. 
Aggregation and densification greatly improve pre
cipitate properties for subsequent downstream  pro
cessing operations including their separation from the 
m other liquor (Devereux e t  a l ,  1984; Titchener- 
H ooker e t  a l ,  1990). M echanically agitated vessels are 
often used to achieve these technical objectives 
(Hoare, 1982b; G latz e t  a l ,  1986; Fisher and Glatz, 
1988a, b). However, it has been shown that protein  
precipitates can break up during exposure to  fluid 
induced stresses in mechanically stirred vessels (Bell

^Author to  w hom  correspondence should  be addressed.

and Dunnill, 1982a; Pentenate and Glatz, 1983; G latz  
e t  a l ,  1986; Fisher and Glatz, 1988b), in pumps (Hoare 
e t  a l ,  1982, 1984), in centrifuges (Bell and Dunnill, 
1982b) and in pipeline transportation (H oare e t  a l ,  

1982). Excessive breakage o f the protein precipitates 
can severely limit the size and density o f the precip
itates and can thus hinder downstream  processing of 
the protein products.

The response o f protein aggregates to  fluid dynam ic 
induced forces has been studied extensively in the past 
in a variety o f situations including capillary and con
centric cylinder viscom eters (Hoare e t  a l ,  1982). These 
studies generally agree that fluid induced stresses are 
responsible for protein aggregate breakage. H owever, 
the effect o f  these stresses on protein precipitates dur
ing processing, e.g. in a m echanically stirred vessel, is 
less well understood. Several m odels o f breakage have 
been developed in the past based on different m echan
isms such as fluid shear, collisions between aggregates 
and im pact between aggregates and inserts in the 
reactor, e.g. walls o f the vessel, baffles and the rotating  
impeller (Parker e t  a l ,  1972; G lasgow  and Luecke, 
1980; Twineham  e t  a l ,  1984; G latz e t  a l ,  1986; 
Sonntag and Russel, 1986; Brown and Glatz, 1987; 
Akers e t  a l ,  1987; Ayazi Sham lou e t  a l ,  1990,1994). 
However, no unequivocal experimental evidence 
exists as yet in the published literature to  support the 
application o f any o f these m odels to  protein precip
itates and there is much scope for further elucidation  
o f the m echanism s by which breakage o f  protein ag
gregates occurs.

The aim o f this work is to  study the influence of 
agitation on the breakage o f soya protein precipitates 
in a m echanically stirred vessel. The initial frequency 
o f breakage was measured under different conditions 
o f operation in the vessel and the data analysed in the
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light o f a m odel based on a turbulent shear m echan
ism of breakage.

THEORY

In a mechanically stirred vessel, the turbulent flow  
field is generally non-hom ogeneous and non-isotropic  
(Tomi and Bagster, 1978; Levins and G lastonbury, 
1972a), but for the purposes o f m odel developm ent it 
is assumed that turbulence is locally isotropic, pro
vided the impeller Reynolds number is sufficiently 
high (Levins and G lastonbury, 1972b; Thom as, 1964). 
This approach is simple but nevertheless gives a good  
description o f protein breakage, and has been used in 
the past to  describe fluid-particle interactions in 
m any similar situations. For exam ple, breakage o f low  
density filam entous m icroorganism s (Ayazi Sham lou  
et a i ,  1994), m am m alian cells on  microcarrier culture 
(Cherry and Papoutsakis, 1989), crystals o f potassium  
sulphate (Ayazi Sham lou et a/., 1990) and oil drops 
suspended in an im m iscible aqueous phase (Davies, 
1987) have all been successfully described using 
K olm ogoroff’s theory o f local isotropic turbulence. 
These studies suggest that the ratio o f the size o f the 
particles to the size o f the turbulent m icroscale deter
mines the ways by which particle breakage can occur 
in a turbulent flow field. For particle diameters less 
than the turbulent microscale, breakage is likely to be 
caused by shear stresses originating from the turbu
lent dynam ic velocity differences acting on the opp o
site sides o f  the particle. W hen the size o f the particles 
is greater than the size o f the sm allest eddies, breakage 
is more likely to occur by instantaneous normal 
stresses due to pressure fluctuations acting on the 
surface o f  the particle. For particle sizes com parable  
with the turbulent m icroscale both shear and normal 
stresses can be expected to  be responsible for break
age.

The size o f the sm allest eddies in a typical m echan
ically stirred tank is in the range 1 0 -5 0  /rm (Davies, 
1972) while the size o f the protein aggregates in this 
study falls in the range 1 -15  /zm with a primary par
ticle size o f less than 0.5 n m  (Stavrinides, 1993). It is 
therefore reasonable to  assume that any breakage is 
likely to occur by turbulent induced shear stresses 
acting across the aggregates. For a fluid o f dynam ic  
viscosity n  and kinem atic viscosity v, the m ean shear 
stress, T, is defined by the local energy dissipation rate, 
e, in the vessel. Thus,

T = n
1/2

(1)

where My is the number concentration o f the aggreg
ates,/(< f y ) is the eddy-aggregate collision frequency 
and ^ is the probability o f a collision leading to 
breakage. An expression can be obtained i o r f { d f )  by 
assum ing that the frequency o f eddy-aggregate inter
actions is equal to  the frequency o f occurrence o f the 
smallest eddies, given by (Levich, 1962)

(3)

The probability o f breakage follow ing a collision  
between an eddy and an aggregate depends on both  
the m echanical strength of the aggregate and on the 
m agnitude o f the turbulent stresses acting on its sur
face. For a fixed intensity o f agitation, this probability  
is expected to approach unity for weak aggregates and 
zero for strong ones. A general expression for this 
kind o f variation is the exponential distribution la,w o f  
probability, ^ =  Q x p { -a /x ) .  Substituting this prob
ability function in eq .(2) and r ep la c in g /(d y ) using 
eq. (3) gives the follow ing expression for the rate o f 
aggregate breakage:

1
e x p i ^  i My . (4)

In eq. (4), a  is the m echanical strength o f a single 
aggregate. An equation that provides an estim ate of 
this strength is given by (Rumpf, 1962)

Tluw (5)

In eq. (5), it is assum ed that the only inter-particle 
forces between tw o primary particles within the ag
gregate are the van der W aals forces o f  attraction, F. 
For a pair o f  equal sized primary particles o f diameter 
dp, and with a separation distance o f  H q, the van der 
W aals forces o f attraction can be expressed by

F =
12//o

(6)

Assuming the protein aggregates to have a mean 
mechanical (shear) strength, a, the rate o f breakage 
following collisions between the aggregates and the 
turbulent eddies is determined by the fraction of  
the eddies having an energy in excess o f that holding  
the primary particles together. The rate o f breakage o f  
aggregates having an initial diameter, dy, can be ex
pressed by

where A  is the Ham aker constant for the liquid-par- 
ticle system. Additionally, in eq. (5), is the co-ordi
nation number which, based on experimental obser
vations (Kusters, 1991), appears to  have a power-law  
dependency upon the volum e fraction o f solids within  
the aggregate, (j), given by kg =  with B «  15 and 
C =  1.2. Substituting these values together w ith eq. (6) 
in eq. (5) gives

a = 0.44(̂ 2.2jl_L 
Hlàp (7)

B{ds)=f{df)^nj (2)

Protein precipitates are characteristically open  
structures w ith high voidages. The properties o f  the 
aggregates result from the growth processes occurring 
in the reactor. Com puter sim ulation o f  particle 
growth processes (Fam ily and Landau, 1984) and
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theoretical work (Void, 1963) suggest that protein 
precipitation results in the formation o f scale-invari
ant fractal aggregates. The structure of such an ag
gregate can be characterised by the m agnitude o f the 
fractal dimension, j3, having a value between 1 for 
a linear aggregate and 3 for an aggregate with uniform  
density. These computer sim ulation studies suggest 
that values o f jS are in the range 1 .6-2 .0  for aggrega
tion by cluster-cluster collisions, while aggregation  
via particle-particle collisions results in aggregates 
having values o f p  o f about 2.5 (Ring, 1991; Ayazi 
Shamlou and Titchener-Hooker, 1993). A fractal di
m ensionality o f less than 3 indicates that the concen
tration o f particles falls off with distance from the 
centre o f the aggregate. Additionally, the number, N,, 
of primary particles o f radius a within a fractal ag
gregate is related to its radius R  by the following  
equation (Sonntag and Russel, 1987):

Ni = k
P + 2 J  I f l

(8)

Little experimental data exist on the fractal dim en
sionality o f protein precipitates. H owever, for equiva
lent aggregates o f  polystyrene spheres o f 0.14 /im dia
meter, the value of the constant k  in eq. (8) was found  
to be 0.455 and the value o f the fractal dim ensionality, 
P, was equal to 2.48. This is consistent with experi
mental observations (Bell et a l,  1982) where the ag
gregate density has been shown to decrease with an 
increase in aggregate diameter. The variation o f the 
volum e fraction o f solids with radial position, r, w ith
in a fractal aggregate has been shown to take the 
following form (Sonntag and Russel, 1986):

(p{r) =  k P
P + 2

m p-3
(9)

uration, Lee and Brodkey (1987) suggest that fluid 
stress levels below about 0.75 N /m ^ can be considered  
to be mild while stress levels above about 5 N/m ^ are 
classed as high. Setting t  =  0.75 N/m ^ and using the 
estim ated value o f the aggregate surface strength  
{a =  0.26 N /m ^) gives a value o f about 0.7 for the 
probability o f breakage (exp -  ct/t), which suggests 
that even under relatively mild agitation, aggregate 
breakage is to be expected.

Assum ing that the energy distribution in the vessel 
is uniform, the local energy dissipation rate, e, in 
eq. (4) can be replaced by its mean value, which in 
the case o f turbulent flow is given b y  e„ = K N ^ D ^ .  
This together with eqs (1), (4), (7) and (9) give

(10)

Assum ing that the aggregate size at the end o f the 
ageing process, d j ,  is significantly larger than the 
primary particle size, dp, and provided that breakage 
occurs via erosion o f a single or small groups o f 
primary particles from the surface o f the aggregates, 
the breakage rate, B {df), can be represented by the 
rate o f change in the volum e, Vf, o f the aggregate. 
Thus

dl dt
(11)

Replacing B {d j)  in eq. (10) using eq. (11) and noting  
that for spherical aggregates with mean diameter d j,  
the number concentration is related to the volumetric 
concentration and the aggregate diameter, i.e. 
M/oc and rearrangement gives

Equation (9) then provides a description o f the 
distribution o f the particles as a function o f radial 
position within an aggregate and can be used together 
with eq. (7) to obtain an estim ate o f the distribution of 
the mechanical strength within the aggregate. H ow 
ever, since m ost experimental and theoretical evidence 
indicates that the breakage o f protein aggregates oc
curs by erosion o f small fragments from the surface o f 
the aggregates (Bell and D unnill, 1982a; Hoare, 
1982a, b; G latz et a l,  1986), it is therefore reasonable 
to suggest that it is the solids volum e fraction close to 
the surface o f the aggregate that determines whether, 
and if so to  what extent, aggregate breakage occurs. In 
the absence o f data for protein precipitates, setting 
P =  2.48 and k =  0.455 in eq. (9), assum ing protein  
primary particles to have a diameter o f 0.5 p m  and  
taking a typical 10 p m  protein aggregate gives a value 
o f 0.038 for the surface volum e fraction, 0 (R ). Substi
tuting this value into eq. (7), assum ing a typical mean  
separation distance between primary particles, Hq, o f  
3 nm (H ogg, 1989) and a value o f 10~^^ J for the 
Hamaker constant gives a value o f 0.26 N/m ^ for the 
surface mechanical strength, <t(R), o f  the aggregate. 
For a m echanically stirred vessel o f a standard config-

1 ddf 
d r d t

exp -  KAl<P{R)V-̂  ]C. 

( 12)

The term on the left-hand side of the equation, which 
has units o f reciprocal o f time, gives a measure o f the 
frequency o f breakage and can be obtained experi
m entally from the slope of a plot o f aggregate dia
meter vs time. The right-hand side o f eq. (12) shows 
the influence on the breakage frequency o f som e o f the 
im portant material and operating parameters. It is the 
latter which will be exam ined in this study.

EXPERIM ENTAL 

All precipitation experiments were carried out by 
adjustment o f the pH o f a total water extract (TW E) 
o f soya flour to the isoelectric point, o f pH  4.8, by 
addition o f sulphuric acid. T o prepare the TW E, 
0.5 kg o f defatted soya flour (soya fluff 200W , Inter
food Ltd, U .K .) was dispersed in 41 o f distilled water 
operating at 20°C (Elgastat B810, The Elga Group, 
Lane Ends, Bucks, U .K .) in a 51 vessel agitated by 
a standard Rushton turbine impeller (70 mm) and at 
an impeller speed o f 200 rpm. In order to extract the 
soluble protein, approxim ately 40 ml o f 10% (w/v)
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sodium  hydroxide solution (N aO H ) was added to  the 
content o f the vessel until a pH  o f  9.2 was reached. 
The suspension was aged for 30 min at 200 rpm and  
the resulting dispersion clarified in a laboratory refrig
erated centrifuge (Europa 24M , M SE Scientific 
Instruments, Crawley, Sussex, U .K .) operated at an 
RCF =  8000 and a temperature o f 4°C for 20 min. 
The desired supernatant containing the soluble carbo
hydrates and proteins was assayed by the standard 
Biuret m ethod (Gornall et al., 1949) using bovine  
serum albumin (Sigma Chem. Co., no. A4503, fraction 
V, lot 37c-0354, 96 -99%  albumin, 15.9% nitrogen). 
A small am ount o f sodium  azide (N a N s) was added to  
the TW E to  restrict bacterial growth during storage. 
The TW E prepared in this w ay resulted in a total 
protein concentration o f approxim ately 60 kg/m  ̂  
which was diluted with deionized water to the re
quired concentration.

Protein precipitation and subsequent breakage ex
periments were performed in a m echanically agitated 
vessel, 290 mm in diameter and 280 mm in height, 
fitted with four equally spaced baffles 29 mm in width  
and 272 mm in height, and positioned firmly against 
the walls o f  the vessel. The liquid height was kept 
equal to the tank diameter in every experiment, giving 
a working volum e o f liquid in the vessel o f 0.0145 m \  
Agitation was provided by three stainless-steel, 45° 
angled, open turbine impellers with six blades driven 
by a 1.1 kW  infinitely variable speed power m otor  
(Halesfield 19, Telford, Salop, U.K.). Specifications o f  
the impellers are given in Table 1. Impeller speed and 
torque were measured and displayed sim ultaneously  
and m onitored continuously using a shaft m ounted  
torque/speed pick up unit (EEL Ltd, W estland Aero
space, East Cowes, Isle o f W ight, U.K.). The stirred 
vessel was also equipped with a temperature sensor  
and a pH  probe.

Protein precipitation was initiated by diluting the 
TW E to  the desired level and adding 30%  (v/v) sul
phuric acid dropwise to it at an impeller speed which 
was preselected for each impeller so as to  maintain  
a constant energy dissipation rate in the tank. Sulphu
ric acid was supplied from a hand-operated syringe 
and added via a length o f stainless-steel capillary 
inserted just above the eye o f the impeller. Acid addi
tion was stopped when the pH  o f the solution reached 
4.8, and the suspension was aged for 30 min at the 
same impeller speed as that used during precipitation. 
The suspension temperature was m aintained at 20°C  
during the w hole operation using a constant temper
ature water bath to  circulate water through a stain

less-steel coil inserted in the vessel. Typically, 80% of 
the soluble protein in the total water extract was 
precipitated in this way.

At the end o f the ageing process, the suspension was 
subjected to a step change in the level o f agitation by 
a step increase in the speed o f the impeller to one of 
four predetermined values. These values were cal
culated using the experimental power curves for each 
impeller in such a way that for each level o f agitation  
a constant energy dissipation rate was m aintained for 
the four impellers. Table 2 gives details o f the full 
range o f experimental conditions. Samples o f approx
im ately 1 ml were withdrawn periodically from the 
vessel by using a graduated pipette with a wide 10 mm  
bore tip so as to minimise any breakage o f the delicate 
precipitates during sampling. Each sample was im 
m ediately diluted into a preweighed beaker contain
ing 50 ml aliquots o f 0.2 /im filtered degassed sodium  
acetate buffer (ionic strength 0.7 M, pH  4.8) to stop  
any agglom eration of the precipitated particles 
(Virkar et al., 1982). Each sample was then analysed  
for particle size distribution using an Elzone 80XY  
(Particle D ata Ltd, Hereford, U.K.) particle sizing 
instrument fitted with an 18 //m  orifice tube and at
tached to  an IBM  personal m icrocom puter for the 
rapid acquisition and analysis o f data.

For each size analysis the sample was further di
luted in a 50 ml o f electrolyte. A  high level o f dilution  
was required in order to  reduce the coincidence level 
on m easurem ents to below 1.0%. The Elzone device 
operates using the electrical sensing zone m ethod  
(Karuhn and Berg, 1982). The device measures the 
effective diameter o f a particle as it traverses an elec
trical field set up across a small orifice (8 -2000  /im  in 
diameter). Passage o f a particle through the field in
creases the electrical field resistance. The m agnitude 
o f these changes m ay be related to the particle dia
meter, and counted to yield a com plete particle size 
distribution. In the case o f aggregates, the recorded 
diameter is equal to the equivalent sphere which  
would envelop the aggregate. In this respect the device 
does not account for aggregate non-sphericity, but 
since batch prepared material has been shown to have 
a regular com pact structure (Bell and Dunnill, 1982b) 
this is not a serious limitation. Furthermore, passage 
o f small, delicate aggregates through the orifice o f an 
Elzone may be expected to  cause breakage o f the 
aggregates leading to the m easurem ents o f artefacts. 
Previous work (Virkar et al., 1982) has shown, how 
ever, that the aggregate measurement takes place in 
the electrical field upstream of the orifice, and hence

Table 1. Im peller details (vessel diam eter T  =  0.29 m)

Impeller 
diam eter, D  

(m) D /T

Impeller 
width, w 

(m)

Blade 
thickness, h 

(m)

H ub
diam eter

(m)

0.12 0.41 1 5 x 1 0 " ^ 3 x 1 0 " ^ 2 7 x 1 0 " ^
0.166 0.57 1 7 x 1 0 " ^ 3 x 1 0 " ^ 4 6 x 1 0 “ ^
0.205 0.71 2 0 x 1 0 "  3 3 x 1 0 " ^ 5 1 x 1 0 " ^
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Table 2. Experim ental param eters data refer to  ageing conditions)
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Impeller  
diam eter, D 

(m) e (W /m ^) G ( s - ‘ ) N  (rpm) Re

0.12 37.5 194 150^ 36,000
90 300 200 48,000

710 845 400 96,000
2397 1550 600 144,000
5683 2385 800 192,000

0.166 37.5 194 89^ 68,890
90 300 116 91,853

710 845 233 183,707
2397 1550 350 275,560
5683 2385 466 367,413

0.205 37.5 194 6H 105,063
90 300 82 140,083

710 845 164 280,167
2397 1550 245 420,250
5683 2385 328 560,333

\

before the delicate material is subjected to  shear 
stresses which m ay lead to breakage. An 18 /tm orifice 
tube was used for all the m easurem ents carried out in 
this investigation, giving a detectable size span o f 
0.651-13.2 p m  at the settings used. By ensuring a high 
dilution o f sample, blockage o f the orifice by the small 
number o f large aggregates was avoided. Calibration  
using two latex standards (2.02 and 10.2 ^m) was 
carried out using the twin-peak m ethod (Karuhn and 
Berg, 1982) and this was then checked using a latex 
standard o f size 5.1 pm . Autocalibration was used 
between samples to  account for changes in temper
ature and associated changes in electrolyte conductiv
ity.

Size distributions o f 100,000 counts were stored in 
differential counts form and an aliquot count (aliquot 
volum e =  10 p\) was also recorded based on the aver
age o f ten separate readings, five im m ediately prior to 
size analysis and five immediately after, and hence the 
average number of particles in the 10 p\ o f suspension  
passing through the orifice was calculated.

RESULTS AND DISCUSSION 

It is generally recognised that during precipitation, 
the time-dependent size distribution o f protein ag
gregates is determined by the balance between particle 
aggregation and breakage. These com peting processes 
occur sim ultaneously in the reactor and together they 
establish both the equilibrium size distribution o f the 
aggregates and the rate at which this distribution is 
reached. The aim  o f the present experimental work 
was to obtain data on aggregate breakage, by avoid
ing aggregation which tends to com plicate the ana
lysis. The experimental technique adopted was based 
on the m ethod recom m ended by H owarth (1967), who  
used it successfully to investigate breakage o f oil 
drops dispersed in an aqueous phase. In this study, 
a steady-state mean protein aggregate size is first 
established in the vessel. At this point, the speed o f the

impeller is increased suddenly and rapidly to  a new  
and higher value. The intensity o f turbulent fluctu
ations in the vessel will rise to  a new  value determined 
by the prevailing conditions o f agitation. If the change 
in the turbulence level is sufficiently rapid, then it can 
j)e assum ed that at the m om ent o f increase in impeller 
speed only aggregate breakage occurs. The effects of 
aggregation will not becom e apparent until som e time 
after the introduction o f the step increase in agitation. 
Thus, if experim ental data from such an experiment 
are plotted as m ean aggregate size against time (after 
the step change in agitation intensity), the initial rate 
o f decrease in the mean aggregate size is controlled by 
aggregate breakage alone. This is the line o f reasoning  
that will be follow ed later to  analyse experimental 
data obtained in this study.

The influence o f time o f exposure on the com plete  
size distribution for a protein precipitate prepared at 
a concentration o f 3.5 kg/m^ is summarised in Fig. 1. 
The data are obtained for an impeller speed o f  
200 rpm corresponding to a R eynolds number o f  
48,000 and a m ean energy dissipation rate, e, 
o f 90 W/m^ equivalent to  a m ean velocity gradient of 
300 s " ‘ (Table 2). The initial size distribution o f the 
aggregates {t =  0) at the end o f the ageing process is 
found to be practically identical in all the experiments, 
and is typical for the type o f reactor used in the 
experiments (H oare et a l ,  1982a, b). The size distribu
tion progressively shifts to the left o f the plot with an 
increasing tim e o f exposure, and the m ode of the 
distribution decreases from a value o f approxim ately  
10 ^m to  about 1.0 pm . The distributions in Fig. 2 are 
“snapshots” o f the breakage of the aggregates after 
40 min. The data are for four separate runs, each for 
a different impeller speed. O nce again, there is a defi
nite shift in the distributions towards smaller sizes as 
the impeller speed is increased. Similar plots are o b 
tained for the ram aining tw o impellers. These results 
are analysed to  exam ine the influence o f fluid turbu
lence on the breakage o f the protein aggregates.
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o

1

A ggregate  diam eter (p,m)

Fig. 1. T he change in the size distribution o f  protein precipitates as a function o f  time. D ata  refer to  
experim ents w ith the 0.12 m diam eter im peller and a protein concentration o f  3.5 kg/m  ̂  and im peller speed  

o f 200 rpm. Key: (1) 0 min; (2) 40  min; (3) 210 min; (4) 300 min.
/

O

Is
A ggregate  diam eter (p,m)

Fig. 2. T he effect o f  im peller speed o n  the size distribution o f  the protein precipitate aggregates after 40  m in  
o f exposure to shear. D ata  are for four separate experim ents w ith the 0.12 m diam eter im peller and a protein  
concentration  o f 3.5 kg/m * and exposure tim e o f  40  m in. Key: (1) 150 rpm (ageing speed); (2) 200 rpm; (3)

400 rpm; (4) 600 rpm; (5) 800 rpm.

The experim ental size distributions are analysed in 
terms o f a single statistic, which in the present invest
igation is selected to be the d^o size o f the distribution. 
The ^ 9 0  is used com m only in studies on protein recov
ery using, for exam ple, centrifugation (Titchener- 
H ooker e t a l ,  1992; Stavrinides et a l ,  1993). It is 
defined as the equivalent diam eter at which 90%  by 
volum e o f all protein particles are o f a greater size.

Figure 3 show s the change in the value as 
a function o f time with impeller speed as a parameter. 
Each curve represents a 5 h experim ental run in 
which, at the end o f the ageing process (t =  0), a step 
increase in speed is introduced and m aintained until 
the end o f the run. As a control, an experiment is also  
carried out in which, at the end o f ageing, agitation is 
continued at the sam e speed used for the ageing step

(in the case o f data show n in Fig. 3, this is 150 rpm). 
Results from the control run confirm that once ageing  
is com plete, the size distribution o f the precipitates 
remains fairly stable over the 5 h period o f exposure to 
shear. F ollow ing a step increase in impeller speed, the 
dgo size decreases rapidly during the first half an hour 
o f exposure. This is follow ed by a m ore gradual drop 
in the dgo which continues until the end o f the experi
ment. The plots in Fig. 3 for the tim e-dependent 
dgo size show that both the rate o f decrease in the 
dgo size and its final value at the end o f  the experiment 
are strongly dependent on  the speed o f agitation. The 
m odelling and analysis o f the final aggregate size are 
beyond the scope o f the present investigation, the aim  
of which is to focus on the initial period o f exposure to 
shear. Because o f the im portance o f the final aggregate
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4 0 0  rpm 
60 0  rpm A

0  800  rpm

100 200 

E xposure tim e (m ins)
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Fig. 3. The plot o f  d^o vs tim e o f  exposure w ith im peller speed as a parameter. D a ta  are for 300 m in o f  
exposure, the 0.12 m  diam eter im peller and a protein concentration o f  Î 5  k g /m \  D ata  are for five separate  
experim ents, all involving the sam e ageing con d ition s (in each case protein size distribution at t =  0 is the

same).

2 0 0  rpm

gQ
S 0.7 4 0 0  rpmI
I 6 0 0  rpm

(5
0.5

800  rpm

0.3
0 52 31 4 6 7 8 9 10

Exposure tim e (m ins)

Fig. 4. The p lot o f  d im ensionless dgo vs tim e o f  exposure with impeller speed as a parameter. T he p lot 
show s data for the first 10 m in  o f  exposure (experim ental cond itions are the sam e as th ose given  in Fig. 3).

size to downstream operations a full discussion on  
this aspect o f the protein precipitation will be pres
ented separately.

It is evident from the plots in Fig. 3 that m ost o f the 
breakage occurs during the first 1 0 -2 0  min o f agita
tion. In order to  show  m ore clearly the initial rate o f  
decrease in the m ean aggregate size, Fig. 4  sum 
marises the experimental data for the first 10 min o f  
breakage where the data are plotted as a dim ension- 
less dgo statistic, defined as the ratio o f the time- 
dependent (dynamic) and the initial dgo sizes.

In Fig. 5, the slope o f each curve at t =  0 is cal
culated graphically in order to  obtain a m easure o f the

initial frequency o f breakage, and the breakage fre
quency data are plotted as a function o f impeller 
speed for the three impellers. The results indicate that 
for a given protein concentration, the initial breakage 
frequency is uniquely dependent on the impeller speed 
and impeller diameter. This is confirmed by the plot in 
Fig. 6, which shows the initial breakage frequency 
data as a function o f the rate o f energy dissipation in 
the vessel.

An interesting aspect o f the experimental results o f  
the present work is that the slope o f the three lines 
plotted in Fig. 6 has a m ean value o f 1.3. Com paring  
this value with the exponent o f N  in eq. (12), which is

CES 49:16-H
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0.1 0.01
0.1 100100 1000

Impeller speed (rpm)

Fig. 5. The p lot o f initial frequency o f breakage vs im peller 
speed with im peller diam eter as a parameter. Protein  con 
centration in the experim ents is 3.5 kg/m ^ and the ageing  
speed is 150 rpm. Im peller diameter: ( + )  0.12 m; (A )

0.166 m; ( ■ )  0.205 m.

Initia l protein  con centration  (k g /m 3 )

Fig. 7. The p lot o f  initial frequency o f breakage vs protein  
concentration w ith im peller speed as a parameter. D ata  are 
for the 0.12 m diam eter impeller. Im peller speed: ( • )  

200 rpm; ( A )  400 rpm; ( O )  600 rpm; ( O )  800 rpm.

C' 1

O '

OO

0.1
0.01 10

M ean energy dissipation  rate (W /kg)

Fig. 6. The p lot o f initial frequency o f  breakage vs energy  
dissipation rate. D ata  refer to experim ents with a protein  
concentration o f 3.5 kg/m ^. Im peller diameter: ( +  ) 0.12 ra; 

(A )  0.166 m; ( ■ )  0.205 m.

3/2, suggests that for the range o f experiments covered  
in the present study the initial breakage frequency is 
relatively insensitive to changes in the probability  
factor [the exponential term in eq. (12)]. This is fur
ther verified by the plot in Fig. 7, where the slope of 
the best line has a value o f  0.5, which agrees well with  
the exponent o f  e in eq. (4), which is 1/2, and once  
again suggests that the probability o f breakage does 
not change significantly over the range o f experi
m ental conditions.

The results o f the experim ents using different initial 
protein concentrations also support the general ap
plicability o f the turbulent breakage m echanism  
which lies behind the derivation o f  eq. (12). The results 
from these experiments are show n in Fig. 8, where the 
initial breakage frequency data are plotted as a func
tion o f the protein concentration. The results, al
though limited, suggest a first-order dependency o f 
the initial breakage frequency on the protein concen
tration, in accordance with eq. (12).

The com parison between the theoretical work and 
the experimental data reported in this study, Fig. 8,

Fig. 8. The plot o f initial frequency o f breakage as a function  
o f protein concentration and energy d issipation  rate in the 
vessel. D ata  are for the three im pellers. Protein  concentra

tion: ( ■ )  0.35 kg/m ^; ( # )  3.5 kg/m ^; ( A )  35 kg/m ^

shows that the initial breakage frequency o f protein  
precipitates is a unique function o f the protein con
centration and the m ean energy dissipation rate in the 
vessel. F or a given protein concentration, the concept 
o f a constant energy dissipation rate provides a simple 
scale-up rule for the design o f industrial m echanically 
agitated precipitation reactors. It also provides 
a com m on basis upon which it ought to be possible to 
assess and com pare the breakage o f protein precip
itates in seemingly different types o f processing equip
ment, e.g. pumps, hom ogenisers and centrifuges. A dif
ficulty that still remains to be resolved, however, is the 
developm ent o f reliable experimental m ethods and 
theoretical expressions for the evaluation o f the en
ergy dissipation rate in these devices.
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NOTATION 

a radius o f primary particle, m
A  H am aker constant, J
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B(df)

d f
D
f i d f )
F
G
h
Ho

k
K
K
ïif
N>
N

R
t

Vf
w

breakage rate, no/s
volum etric concentration o f aggregates, 
m̂ /m̂
primary particle diameter, m  
aggregate diameter, m 
impeller diameter, m 
eddy-aggregate collision frequency, s~^ 
van der W aals forces o f attraction, N  
shear rate, s “ ^
thickness o f impeller blade, m 
separation distance between two primary 
particles, m
constant in eqs (8) and (9) 
co-ordination number, dim ensionless 
constant in eq. (10)
number concentration o f aggregates, m '^
number o f primary particles in an aggregate
impeller speed, rpm or rps
radial position in an aggregate, measured
from the centre, m
aggregate radius, m
time o f exposure to shear, min
volum e o f aggregate, m^
width o f impeller blade, m

Greek letters
jS aggregate dim ensionality constant
£ energy dissipation rate, W /kg
fi dynam ic viscosity o f particle-free liquid,

kg/m s
V kinematic viscosity of particle-free liquid,

m̂ /s
^  collision probability, dim ensionless
p liquid density, kg/m^
a  aggregate m echanical (shear) strength, N/m ^
T shear stress, N/m ^
0  particle concentration in an aggregate,

m̂ /m̂
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TURBULENT BREAKAGE OF PROTEIN PRECIPITATES IN 

MECHANICALLY STIRRED BIOREACTORS
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AND M. HOARE
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Abstract - Experimental data relating to the breakage of isoelectric Soya protein 

precipitates in a mechanically agitated bioreactor are provided and examined in the 

light of a proposed mechanistic model which relates the size of the maximum attainable 

aggregate diameter to the energy dissipation rate in the vessel. The analysis suggests 

that protein precipitation results in the formation of scale-invariant fractal aggregates 

with a fractal dimensionality close to 2.2, indicating that aggregate growth during 

precipitation occurs by a combination of particle-particle and cluster-cluster collisions.
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INTRODUCTION

An important step in the production of many industrial proteins is fractional 

precipitation followed by separation, for example, by centrifiigation (Bell and Dunnill, 

1982a, 1982b; Hoare, 1982a, 1982b; Bell et al, 1983; Devereux et al, 1984; Glatz 

et al, 1986;; Hoare et al, 1984; Hoare and Dunnill, 1986a, 1986b, 1989; Titchener- 

Hooker et al, 1990; Stavrinides, 1994). The formation of relatively large protein 

aggregates greatly enhances the separation of the precipitate from the mother liquor. 

However, protein aggregates experience a wide range of stresses during precipitation 

and recovery which, if sufficiently high, can cause the aggregates to break up. The 

origins of these stresses are many and varied and include fluid induced mechanical 

stresses occurring in stirred vessel, centrifuges, pumps and pipelines (Bell and Dunnill, 

1982b; Virkar et al, 1982; Hoare et al, 1982; Petenate and Glatz, 1983; Twineham et 

al, 1984; Brown and Glatz, 1987). In addition to their susceptibility to breakage, 

significant protein dénaturation can occur when the precipitate is exposed to 

excessive mechanical stresses. For precipitation in a mechanically stirred bioreactor, a 

sufficiently high energy dissipation rate is normally beneficial in ensuring the formation 

of compact and physically stable aggregates (Hoare 1982a, 1982b; Fisher and Glatz, 

1988a, 1988b). However the upper limit to the energy dissipation rate that can be 

tolerated by the aggregates has important consequences for the design and scale up of 

this type of bioreactor. Understandably therefore, there is considerable interest in 

assessing the physical mechanisms by which protein aggregate breakage can occur.



In a recent publication (Ayazi Shamlou et al, 1994a) the authors presented new 

experimental information on the breakage of isoelectric Soya protein precipitate 

prepared in a mechanically agitated vessel. The data were obtained under controlled 

experimental conditions and were presented in the form of protein aggregate size 

distributions as a function of time for up to five hours of agitation and were analyzed 

in terms of the dgo size of the distributions. The results showed that following a step 

change in the level of agitation, the dgo size decreased rapidly during the first 20 

minutes of exposure, followed by a more gradual drop in the dgo to a pseudo 

equilibrium size. A mechanistic turbulent based model was presented which 

successfully described the rate of breakage of the aggregates during the initial rapid 

breakage period. The aim of the present investigation is to consider the data relating 

to the final equilibrium size of the aggregates which is a key parameter influencing 

downstream separation of the precipitate fi"om the continuous phase. The breakage 

model proposed previously (Ayazi Shamlou et al, 1994a) is developed further to 

obtain a relationship between the final aggregate size and the energy dissipation rate in 

the tank, and is tested using experimental data.

THEORY

The mean size of protein aggregates is comparatively small, this being in the order of 

10pm and, additionally, the density difference between the individual aggregates and 

the surrounding liquid is very low In these cases, the drag and body forces acting on 

the aggregates are small and therefore any breakage due to inertial forces, such as 

collisions of aggregates with each other and with, for example, the rotating blades of 

the impeller, are negligible (Ayazi Shamlou and Titchener-Hooker, 1993; Ayazi



Shamlou et al, 1994b). The breakage of protein aggregates (Ayazi Shamlou et al, 

1994a) and other biological and non-biological particulates (Parker et al, 1972, Tambo 

and Hozumi, 1979; Glasgow and Luecke, 1980; Cherry and Papoutsakis, 1989; Ayazi 

Shamlou et al, 1990) have been described adequately by the turbulent induced shear 

stresses originating from the viscous dissipation subrange of the turbulent energy 

spectrum. Under precipitation conditions in a mechanically stirred bioreactor, fluid 

dynamic induced collisions between particles are likely to cause the floes to grow by 

aggregation. Protein aggregate breakage and growth therefore can be assumed to 

occur concurrently during precipitation. Following a sufficiently long period of 

exposure to agitation however an equilibrium is reached between the rate of 

aggregate growth and breakage resulting in a constant mean aggregate size which 

can be determined from the following force balance on an individual aggregate (Parker 

et al, 1972, Ayazi Shamlou and Titchener-Hooker, 1993)

Tid̂  ,
a(r)A fO cpp— ^  (1)

where a(r) is the size dependent mechanical strength of the aggregate. For an 

aggregate of diameter df and porosity \\f, the volume is given by Vf a  d / [1- \|/ (r)] 

(Tambo and Hozumi, 1979) from which the cross sectional area at the plane of 

rupture, Af, can be expressed as

2 2 2
Af oc vj! X d^[l -  'P(r)]5 X d?[<D(r)]3 (2)



where (|)(r) is the solid concentration within the aggregate and is a function of radial 

position, r, measured from its centre.

In Eq (1), u and du/dt are the local fluid velocity and acceleration respectively 

interacting with the aggregate. In a fully turbulent flow field, Levich (1962) suggests 

that these parameters can be replaced by the appropriate eddy velocity, Ue, and 

acceleration due/dt. According to an analysis presented by Parker et al (1972) a 

suitable expression for the eddy acceleration is

where Te is the period and L is the size of the eddy. Assuming that protein aggregate 

breakage occurs in the viscous dissipation subrange, U=df and Ue=15‘̂ ^(8/v)^^df (Ayazi 

Shamlou and Titchener-Hooker, 1993). Thus, substituting for these parameters in Eq 

(3) gives

Protein aggregates produced in a mechanically stirred vessel have relatively open 

structures. Fig 1, and are thought to have scale-invariant fractal characteristics (Ayazi 

Shamlou et al, 1994a). As far as the authors are aware, however, no information 

exists presently on the fractal dimensionality, P, of these aggregates. General studies 

using computer simulation of growth processes suggest that the value of the fractal



dimensionality depends on the mode of aggregation and is in the range of 1.6 to 2.0 

for aggregation via cluster-cluster collisions and about 2.5 for aggregates formed by 

particle-particle collisions (Family and Landau, 1984). Additionally, the variation of 

the volume fraction of solids with radial position, r, within a fractal aggregate has been 

shown to take the following form (Sonntag and Russel, 1986, 1987)

0 (r) = k
B+2

2l
dp

P - 3

(5)

where 2r=df and dp are the diameter of the aggregates and the primary particles 

respectively. The mechanical strength, a, of such an aggregate is affected by the solid 

concentration profile, (j)(r), within it, and hence by the fractal dimensionality, P, 

through Eq 5. A simple expression which nevertheless gives a good description of the 

effect of <|> and P on o is (Ayazi Shamlou et al, 1994a)

a(r) = K [ 4 > ( r ) f ^ ^ ^  (6)
H q

A is the Hamakar constant for the suspension under consideration and Ho is the 

separation distance between the particles.

Experimental data obtained under a practical range of operating conditions 

(Stavrinides, 1994) suggest that the breakage of protein aggregates occurs by surface 

erosion rather than complete fragmentation and/or shattering of the aggregates.



Therefore, in Eq (1), the magnitude of the relevant mechanical strength, a(r) is that 

relating to the surface of the aggregate, a(R). Taking the conditions on the surface of 

the aggregate, using Eqs (1), (2), (4) and (6), substituting for <|)(r) using Eq (5) and 

rearranging gives, to a good approximation

(7)

The constant of proportionality in Eq (7) is a function of the mechanical integrity and 

the fractal dimensionality of the aggregate through Eqs (5) and (6). Equation 7 

provides the relationship between the maximum protein aggregate size and the power 

dissipation rate in the vessel, e/v, and suggests that for a given energy dissipation rate 

in the tank, the maximum aggregate size which can withstand further breakage is 

critically dependent on the mode of aggregate growth through the fractal 

dimensionality parameter, p. In the following sections experimental data are presented 

specifically to examine the relationship between df and (e/v) as suggested by Eq (7).

EXPERIMENTAL

The method used for the measurements of the equilibrium size of the protein 

aggregates was identical to that described in an earlier paper (Ayazi Shamlou et al, 

1994a). Soya protein was precipitated from an aqueous solution of defatted Soya flour 

(Soya fluff 200W, Interfood Ltd, Hipak, Hemel Hempstead, Herts., UK). 0.5 kg of 

Soya flour was dispersed in 4L of distilled water and the pH was adjusted to pH 9.2 by 

the addition of 10 (w/v) of NaOH solution. The suspension was agitated for 30



minutes in a 5L vessel equipped with a 70mm standard Rushton turbine operating at 

200 rpm. Insoluble carbohydrate was removed from the dispersion using a laboratory 

refrigerated centrifuge (Europa 24M, MSE Scientific Instruments, Crawley, Sussex, 

UK) and the clarified total water extract (TWE) was precipitated. Precipitation of the 

TWE was carried out at pH 4.8 using 30% (v/v) H2SO4 ; ageing time 30 minutes; 

temperature 20°C. Agitation of the suspension during ageing was carried out at a 

constant energy dissipation rate of 37.5 W/m .̂

The suspension containing the protein precipitate was subjected to agitation in a 

mechanically stirred vessel by using a range of impeller diameters and speeds. Three 

six bladed, 45“ open turbines were used in the experiments. Fig 2, and with each of 

these impellers four speeds were tested. The speeds were different for the three 

impellers and were calculated so that for each impeller the same range of energy 

dissipation rate was used, see Table 1. Impeller power input and speed were measured 

continuously by a combined shaft mounted torque-speed transducer (EEL Ltd, 

Westland Aerospace, east Cowes, Isle of Wight, UK).

All experiments including the preparation, precipitation, conditioning (ageing) and 

breakage were carried out in the same vessel of diameter 0.29m. The experiments 

described in this study were aimed at establishing the effect of power dissipation on the 

final size of the precipitate aggregates. To achieve this, the same conditions of 

precipitation and ageing were used in all the experiments to ensure that the properties 

of the aggregates prior to the initiation of breakage were maintained constant. This 

approach worked successfully in the majority of the experiments. However, slight



variations in the initial size distribution of the aggregates were unavoidable between 

the runs because of the sensitivity of the precipitation process to operating conditions 

such as the pH and the zeta potential of the suspension. Moreover, the experiments 

reported in this investigation were carried out at a solid concentration of 3.5kg/m^. 

Additional data (not reported here) were obtained at concentrations of 0.35kg/m^ and 

35kg/m^ (Stavrinides, 1994). Once again, while some variations in aggregate size 

distributions could be detected between the runs, no observable trends were noted.

Following the precipitation and ageing operations, the aggregates were subjected to a 

step change in agitation by rapidly increasing the speed of the impeller to one of the 

four predetermined values. Samples of suspension were removed periodically from the 

vessel using a purpose built graduated pipette, and were analyzed for particle size 

distribution using an electrical sensing zone technique (Karuhn and Berg, 1982), 

Elzone BOXY (Particle Data Ltd, Hereford, UK) fitted with an 18pm orifice tube 

which gave a detectable size span of 0.651 - 13.2pm. The aggregate size distributions 

obtained afrer 300 minutes of agitation following the step change in impeller speed 

provided the raw data for the examination of Eq 7.

RESULTS AND DISCUSSION

The distribution of power input in a turbulently agitated vessel is non-uniform and the 

maximum energy dissipation rate occurs in the area close to the impeller which 

occupies no more than about 5% of the vessel contents (Davies, 1972, 1987, Levins 

and Glastonbury, 1972a, 1972b; Tomi and Bagster, 1978; Tomi and Hozumi, 1979; 

Ayazi Shamlou et al, 1994b). The definition of the energy dissipation rate is normally
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based on either the total volume of the liquid in the vessel or the volume circumscribed 

by the impeller diameter, the choice being arbitrary since a constant ratio between the 

two is often assumed. In the analysis that follows, calculations are based on the total 

liquid volume in the vessel. Additionally, for the purposes of this study it is assumed 

that the maximum final aggregate diameter, df , in Eq (7) can be replaced by its 

counterpart, dgo, as suggested in the previous publication on the breakage of protein 

precipitate (Ayazi Shamlou et aî, 1994a). This approach has also been used 

successfully in a previous study on fungal pellet breakup in suspension in mechanically 

stirred bioreactor by Suijdam and Metz (1981).

Figures 3, 4 and 5 show the decrease in the dgo size of the aggregate distributions as a 

function of the time agitation for the three impellers used in this investigation. In each 

of the figures four curves are shown, each representing a single impeller speed. In 

plotting the data presented in Figs 3 to 5, the dimensionless diameter defined as the dgo 

divided by its initial value has been used in order to account for the slight differences 

observed in the initial size distribution of the aggregates prior to the step change in 

impeller speed. The data depicted in these plots show that the mean size of the 

aggregates approaches an asymptotic minimum value which is a function of both 

impeller diameter and speed of rotation.

In Fig 6  the final dimensionless dgo size is plotted on log-log paper against impeller 

speed for the three turbines. For these plots, the final aggregate size is taken to be 

that obtained after 300 hours of aggregate exposure to turbulent shear. Figure 7 shows 

the final dimensionless dgo plotted versus the mean energy dissipation rate in the vessel.
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The line of best fit through the data points for the three impellers shown in Fig 7 

has a slope of -0.24. The theoretical slope of the line given by the relationship of Eq 7 

is determined by the value of the firactal dimensionality, p, of the aggregates. The 

predicted slope is in the range of -0.16 to -0.2 for aggregation by cluster-cluster 

collisions (P= 1.6 to 2.0 respectively) and -0.3 for aggregation via particle-particle 

collisions (p=2.5). The solid line drawn through the data points in Fig 7 has a 

theoretical slope of -0.24 which is obtained by using P=2.2.

The basic premise behind Eq 7 is that the breakage of protein aggregates occurs by 

turbulent shear stresses originating fi-om the viscous dissipation subrange. It is 

generally thought that for aggregate breakage to occur in this regime, the size of the 

maximum aggregates should be significantly smaller than the size of the smallest eddies 

given by, X = In the present investigation, the size of the smallest eddies are in

the range of 0.2pm to 0.7pm. These are of the order of the aggregate diameter and 

therefore the condition of df«A, is not fully satisfied. However, it has been suggested 

that the viscous dissipation subrange can be extended to eddies in the size range of up 

to about lOA, ( Ayazi Shamlou and Titchener-Hooker, 1993) and, moreover, Tambo 

and Hozumi (1979) suggest that the condition of viscous dissipation subrange is in 

practice likely to be, d f  ̂ X,. These researchers described successfully the breakage of 

clay-aluminium floes in a mechanically stirred batch fiocculator using the condition of 

viscous dissipation subrange even though the criterion of df«A,. was not strictly 

fulfilled. The data of Tambo and Hozumi (19 79) are reproduced in Fig 8. Plots of 

maximum floe diameter as a function of the energy dissipation rate which had been 

obtained with pH as a parameter are shown in Fig 8 using the same units as used in
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the original paper. The lines have a constant slope of approximately 0.3 which, when 

compared with predictions based on Eq 7, suggests a value for the fractal 

dimensionality of, p=2.5 for clay-aluminium floes. The effect of changes in the 

physico-chemical properties of the protein aggregate suspension on the maximum 

precipitate size was not studied in the present investigation. The plots in Fig 8 

however illustrate the strong effect of pH on the size of the maximum aggregate. The 

data shown in Fig 8 can be explained, at least qualitatively in terms of the relationships 

between the, pH, the zeta potential of the suspension and the mechanical strength, a, 

of the aggregates. It is interesting to note that the slope of the lines in Fig 8 is 

unaffected by pH, which suggests that the mechanisms of aggregation and breakage of 

the protein precipitate are not influenced by the pH of the suspension.

CONCLUSIONS

Protein precipitate breakage is caused by turbulent fluid induced shear stresses 

occuring in the viscous dissipation subrange. The final size of the protein aggregates is 

determined by the balance between the rates of aggregate growth and breakage and 

can be expressed as a function of the energy dissipation rate in the vessel, the exact 

relationship between the two being a unique function of the fractal dimensionality of 

the aggregates. The data obtained for the precipitation of Soya protein suggest that 

aggregate growth occurs via a combination of cluster-cluster and particle-particle 

collisions.
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NOTATION

A Hamaker constant (J)

D impeller diameter (m)

dp primary particle diameter (m)

df maximum aggregate diameter (m)

G shear rate (s"^)

Hq separation distance between two primary particles (m)
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k constant in Eq 5

K constant in Eq 6

N impeller speed (rpm or rps)

r radial position in an aggregate, measured from the centre (m)

t time of exposure to shear (mins.)

Te eddy period (s*̂ )

Vf aggregate volume (m )̂

Greek symbols

p aggregate dimensionality constant 

8 energy dissipation rate (W/kg)

p dynamic viscosity of particle-free liquid (kg/ms)

V kinematic viscosity o f particle-free liquid (m^/s)

^ collision probability (-)

Pp aggregate density (kg/m^)

pp continuous phase density (kg/m^)

a  aggregate mechanical strength (N/m^)

I shear stress (N/m^)

(|) particle concentration in an aggregate (m^/m^)

\|/(r) porosity at radial position, r.



Impeller diameter, D (m) e  (W/m^) G (s"^) N (rpm) Re

0.12 37.5

90

710

2397

5683

194

300

845

1550

2385

150*

200

400

600

800

36000

48000

96000

144000

192000

0.166 37.5

90

710

2397

5683

194

300

845

1550

2385

89*

116

233

350

466

68890

91853

183707

275560

367413

0.205 37.5

90

710

2397

5683

194

300

845

1550

2385

61*

82

164

245

328

105063

140083

280167

420250

560333

TABLE 1 - Experimental parameters ( * data refer to ageing conditions)



CAPTIONS

FIGURE 1 Optical microscope photographs of isoelectric Soya protein precipitates 

prepared in a batch stirred bioreactor.

FIGURE 2 Experimental set up.

FIGURE 3 The change in the size distribution of protein precipitates as a function of 

time. Data refer to experiments using the 0.12m diameter impeller.

FIGURE 4 The change in the size distribution of protein precipitates as a fimction of 

time. Data refer to experiments using the 0.166m diameter impeller.

FIGURE 5 The change in the size distribution of protein precipitates as a function of 

time. Data refer to experiments using the 0.205m diameter impeller.

FIGURE 6 The plot of the dimensionless d^ versus impeller speed with impeller

diameter as a parameter. Data are for 300 minutes of exposure, and are for separate 

experiments, all involving the same ageing conditions.

FIGURE 7 The plot of dimensionless dgo versus the energy dissipation rate, e, in the 

vessel for the three impellers. Data are for the first 300 minutes of exposure.

FIGURE 8 The plot of maximum floe diameter versus the energy dissipation rate in 

the vessel with pH as a parameter. Data are reproduced in their original units (Tambo 

and Hozumi, 1979).
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Vessel diameter. Impeller diameter, Impeller diameter. Impeller diameter,

T = 0.29 m D = 0.12 m D = 0.166 m D = 0.205 m

D/T 0.41

Impeller width, w (m) 15 x 10"̂

Blade thickness, h (m) 3x10’^

Hub diameter (m) 27 x 10'^

0.57

17x10-3 

3 X 10-3 

46 X 10-3
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Breakage O f Protein Precipitates In M echanically Agitated Vessels

Stavrinides, S., Ayazi Shamlou, P. and Hoare, M.
The Advanced Centre For Biochemical Engineering 
Dept of Chemical and Biochemical Engineering 
University College London 
Torrington Place 
London WCIE 7 JE

Synopsis

Protein breakage in stirred reactors plays a key role in the formation, processing and 
subsequent recovery of protein precipitates. This is largely due to their 
characteristically delicate nature and high sensitivity to shear forces.

The experimental observations are presented for the breakage of isoelectric soya 
protein precipitate in suspension in mechanically agitated vessels under turbulent 
flow conditions. The experiments were performed in a 0.29 m diameter vessel 
equipped with four standard baffles and a six bladed, 45° angle turbine impeller 
positioned centrally and driven from the top of the vessel by a 1.1 kW motor with 
infinitely variable speed control. Impeller speed and power input were monitored 
using a shaft mounted torque transducer.

The parameters investigated were size of impeller (ranging between 73 and 205 
mm), speed of impeller (ranging between 200 and 800 rpm) and total protein 
concentration (ranging between 0.35 and 35 kg/m^). Experiments were carried out 
in order to measure the effect of these parameters on the rate of protein precipitate 
breakup and to determine their final equilibrium size distributions. A standard 
procedure was used for the preparation and conditioning of the protein precipitates 
for every run. At the end of the conditioning period a step change in impeller speed 
was carried out and from then on samples were removed periodically for up to five 
hours for particle size analysis using a modified Coulter Counter technique. The 
basis used for the analysis of the results was to maintain a constant energy input per 
unit volume of suspension within the various geometrical impeller configurations. 
This has been identified as an important factor in determining the extent of breakage 
of protein precipitates.

Analysis of the results suggests that the breakage of these particles is sensitive to 
even the minor changes in operating conditions. Additionally, the concept of a 
mean energy dissipation rate per unit volume of suspension appears to form a sound 
basis for the interpretation of breakage data of isoelectric soya protein precipitates. 
This provides a foundation which is considered useful in the engineering assessment 
of the extent of damage to protein aggregates during protein processing.
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EFFECTS OF AGITATION-INDUCED SHEAR STRESS ON BREAKUP OF SOYA

PROTEIN PRECIPITATE.

Stavrinides, S., Hoare, M. and Ayazi Shamlou, P.

Abstract - The mechanisms by which breakage of isoelectrically 
precipitated protein aggregates occurs and models to describe 
the size and shear dependence of breakage rates are the 
subjects of this work. The data obtained to date are based on 
experiments performed in a turbine-agitated vessel in which 
various concentrations of protein aggregates prepared under 
standard precipitation conditions were subjected to a range of 
shear stresses. Preliminary experimental data are presented 
showing the effects of purely hydrodynamic variables on the 
rate of change with time of the mean size and size distribution 
of aggregates. The results indicate that the size distribution 
continuously switches between two distinct shapes said suggest 
that breakup is due to fragmentation.

Introduction

A key purification step in the recovery of many industrial proteins and 
enz>7nes is fractional precipitation followed by continuous centrifugation. A major 
limitation in process performance arises from the properties of the protein 
precipitate, namely small size, low particle-liquid density difference and 
susceptibility to break up by shear or mechanical forces, especially in the feed 
zone of a continuous centrifuge. The aim of this investigation is to examine the 
general relationships between particle breakage and sheaœ stresses involved in 
precipitate preparation and during recovery.

Previous Work

Breakage has been shown to be a dominant factor in the growth (Qrabenbauer 
and Glatz, 1981) and ageing (Bell and Dunnill, 1982) of protein precipitates, 
where particle size plan's a critical role in the recovery of the solid product. 
For this reason it has been the subject of many previous experimental and a few 
theoretical studies.

Figures 1, 2 and 3 show typically the change with time of particle size with
shear rate as a parameter for a mechanically stirred vessel, for a Couette flow
device and for four different pumps respectively. In each case, the size of the 
particles reduces nearly exponentially and the stable aggregate size appears to be 
a function of the level of shear stress experienced by the aggregates.

Several models have been proposed (Glasgow and Luecke, 1980) for the
estimation of the equilibrium aggregate size and size distribution based on a 
number of possible mechanisms of breakage. These include (1) bulgy deformation 
due to pressure differences on opposite sides of the aggregate, (2) primary 
particle erosion due to hydrodynamic shear, (3) fragmentation due to
particle-particle or particle-vessel wall collisions or due to hydrodynamic 
shear .The published experimental data appear to indicate that breakage is 
predominantly by coUisional fragmentation (Brown and Glatz, 1987).

The Advanced Centre for Biochemical Engineering, (SERC Interdisciplinary Research 
Centre) Department of Chemical and Biochemical Engineering, University College 
London, Torrington Place, London WGIE 7JE.

2 1 7



THE 1992 ICHEME RESEARCH EVENT

Results and Discussion

Figure 5 shows the particle size distribution as a function of time. The data 
refer to an experiment carried out at an impeller speed of 2ÛÛrpm. All other 
experimental conditions are shown on the plots. Evidently» as time progresses the 
shape of the size distribution alternates between two different types. In type I 
the size distribution appears to have two distinct peaks» one in the region of 5.5 
microns and one in the vicinity of 1.5 microns» while type II curve is dominated 
by a single peak in the region of 3.6 microns.

TYPE I CURVE TYPE II CURVE

s.o

4 . 0

2.0. (%)(V.I

i .  441
O U H ETER (|

1 . 9 2 3394 334 13.441.523 1 3 .4 43.441
DIAMETER (I

9.4309.430

Figure 5; Particle size distributions (using a protein precipitate concentration 
of 3.5kg%m̂  and an impeller diameter of 0.12m).

Particles characterized by a type I curve are the source of particles 
resulting in a type II curve. The position of the high-diameter peaks in the two 
curves provides important clues ais to the mode of breakage. The position of the 
high-diameter peak in curve I (5.5pm) is significantly greater than the 
corresponding value for curve II (3.6pm). This suggests that the mode of breakage 
is by fragmentation rather than erosion. This is an oversimplification since the 
size distribution of the aggregates will be influenced by many other factors. In 
addition both the aggregation and breakup processes will be influenced by the 
presence of low-diameter particles in the type I curve.
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Figure 1: Effect in 
mixing vessel.
(Brown auid Glatẑ  1987)
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Figure 2: Effect in 
Couette flow. 
(Hoare et al, 1982)
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Figure 3: Effect in 
various pumps.
(Hoare et al, 1982)

Experimental Work

Soya protein is precipitated from an aqueous protein solution by pH 
adjustment, with sulphuric acid, to the isoelectric point (pH 4.8). The resulting 
dispersion is subjected to a range of shear stresses in a mechanicadly ^itated  
vessel. Agitation is provided by a number of single, six-bladed, 45 open 
turbine impellers. Impeller power input and speed are meausured continuously by a 
combined shaft-mounted torque/speed transducer. Experiments, including the 
preparation, precipitation and ageing of the protein precipitate, are conducted in 
a 0.29m diameter perspex vessel equipped with four baffles equally spaced and 
firmly positioned against the wadis of the vessel (Figure 4). The size and size 
distribution of the protein aggregates are meats ured using atn electrical sensing 
zone technique, Elzone Model 112PC (Stavrinides, in prepairation).

KEY:

(1) stirred vessel unit
(2) Elzone patrticle sizer
(3) speed/torque pick-up unit
(4) data recording and display units

Figure 4: Equipment set up.
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THE BREAKAGE OF PROTEIN PRECIPITATES IN STIRRED REACTORS
6

S. STAVRINIDES. P.A. SHAMLOU, M. HOARE
The Advanced Centre For Biochemical Engineering, (SERC Interdisciplinary Research Centre), Department o f 
Chemical and Biochemical Engineering, University College London, Torrington Place, London WCIE 7JE, U.K.

SYNOPSIS

Many biological particles such as protein precipitates are characteristically delicate and sensitive to shear forces 
encountered in process equipment such as stirred vessels. Experimental data are provided for the breakage of 
isoelectric soya protein precipitate in a 0.29 m diameter vessel m echanically agitated by a 0 .12  m diameter six- 
bladed turbine impeller, using a speed range o f 200 to 800 rpm. Particle size  distributions were obtained 
periodically up to five hours o f agitation and the data were analysed using a dgQ diameter. The results suggest

that breakage occurs rapidly at first at a rate determined by the speed o f the impeller. For impeller speeds up to 
4 0 0  rpm, the final stable size  o f the aggregates appears to be critically dependent on impeller speed, but 
independent o f  it thereafter.

INTRODUCTION

Proteins are produced from a variety of sources, including vegetable and animal, and form the basis to many 
important products in the biochemical, food and pharmaceutical industries. Most proteins are usually formed by 
batch-wise or continuous precipitation. Aggregation of particles and their stability in suspension during 
subsequent handling and separation from the medium are important design considerations, partly because of the 
relatively low solid-liquid density difference and partly because of the comparatively small size of the aggregates, 
these being in the order of 10 pm. Additionally, protein aggregates are generally weak and susceptible to 
considerable mechanical damage during processing.

Over the past decade a substantial amount of experimental work has been carried out and several theories have 
been proposed to describe the various ways in which the engineering environment influences the break up of 
particles, including protein in suspension. Bell et al (1). Unfortunately, many of these theories have remained 
essentially unverified due to a lack of quantitative, systematic and unambiguous data. Additionally very few 
investigations have been carried out to establish a common basis for the interpretation of data on particle break up 
in seemingly different processing environments, e.g. mixing vessels, pipes, pumps and centrifuges. This provided 
the motivation for the present study.

In this work, the break up of isoelecüic soya protein precipitate is investigated in a mechanically stirred vessel. 
The average rate of energy dissipation to which the protein aggregates were exposed was between 90 W/m̂  and 
5700 W/m̂  and this was achieved by varying the impeller speed in the range from 200 rpm to 800 rpm. The initial 
mean particle diameter of the protein aggregates was approximately 10 pm.

Results obtained so far suggest that the rate at which the size distribution of the aggregates changes is 
dependent on the rate of energy dissipation in the tank, but the equilibrium aggregate size and size distribution
appear to be unaffected by the intensity of agitation above a critical threshold mean shear rate of 600s'^ 

M A T E R IA L S A N D  M ETH O DS

The total water extract was prepared using defatted soya flour dispersed in distilled water. To extract the soluble 
protein, sodium hydroxide solution was added until pH 9.2 was reached. The dispersion was clarified in a 
laboratory refrigerated centrifuge. Protein precipitation was initiated by adding sulphuric acid until pH 4.8 was 
reached and the suspension aged for 30 minutes at an impeller speed of 150 rpm. The intensity of agitaton was 
nq)idly increased to a predetermined value and samples of protein precipitate suspension were withdrawn for size 
analysis, using an Elzone particle sizing instrument.

RESULTS AND DISCUSSION

Figure 1 shows typical size distributions for a protein precipitate concentration of 3.5 kgAn̂  as a function of 
breakage time. The data were obtained for an impeller speed of 200 rpm corresponding to a Reynolds number of
48000 and a mean energy dissipation rate, e, of 90 W/m̂  equivalent to a mean velocity gradient, 0 , of 300 s"\ 
The relationship between the mean energy dissipation rate and the mean velocity gradient is given by
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G =
' e

1/2 r p 1/2 4 P ^ p  N ^ D ^ 1/2

. V , [vpj . 7upHT2 J (1)

where P ( = P̂ pN̂ D̂  ) is the impeller power input, Po is the impeller power number, N is the impeller speed (rps), D
is the impeller diameter (m), p is the suspension density (kg/m̂ ), p is the suspension viscosity (kg/ms) and V is the
working volume of the suspension (m̂ ). The data shown in Figure 2 is for a six-bladed 45® angle, open turbine 
impeller of 0.12 m diameter for which the Power number was obtained experimentally using standard methods. In the 
turbulent flow region the Power number for the impeller was found experimentally to be 1.4.

The data in Figure 1 demonstrates that the size distribution of the protein aggregates shifts to the left of the plot 
confirming that breakage occurs continuously in the reactor vessel during the five hour period illustrated in the plot.

The results shown in Figure 1 can be analysed using a population balance technique, Stavrinides et al (2). In the 
present investigation the data are interpreted in terms of the dgg size of the distribution. This represents the diameter 
at which 90% of all protein particles are of a cumulative volume oversize. The reason for the choice of this diameter 
is mainly because the dĝ  is considered to be the most appropriate size for protein recovery using centrifugation 
which is a technique currently of considerable interest to the IRC at UCL. Similarly, for alternative recovery 
techniques such as those based on membrane separation, the djg value would be considered more appropriate since it 
is the undersize which would be of interest. Other single-value measures of the size distribution include the mode, the 
median and various types of mean. Several of these values were calculated as part of this investigation and the results 
(not shown here) indicated that while the magnitude of the various values were different, the trends were similar.

Figure 2 shows the change of the dgg value as a function of time with the impeller speed as a parameter. All the 
experimental conditions are shown on the plot. The plot shows that the extent of protein breakage is strongly 
influenced by the speed of the impeller. The final stable aggregate size (measured after 3(X) minutes of agitation) 
appears to be practically independent of the impeller speed, for speeds greater than approximately 400 rpm.

Figure 3 shows a plot of the stable aggregate size as a function of the impeller speed. The final stable size of the 
aggregates measured in terms of the dgg appears to converge to a value of approximately 1pm.

At any instant in time during an experimental run the size of the protein aggregates is determined by a balance 
between protein breakage and aggregation. Aggregation occurs whenever two or more particles collide provided 
certain conditions are fulfilled. Ayazi Shamlou and Titchener-Hooker (3). The only time during a run when aggregate 
breakage alone occurs is at the beginning, i.e. when t = 0. This provides a means by which it is possible to measure 
the rate of breakage without the added influence of aggregation which tends to complicate the analysis. This can be 
achieved by measuring the slope of the curves shown in Figure 2 at t = 0. The data depicted in Rgure 2 suggests that 
the rate of breakage as measured by the slope of the curve at t = 0 increases from 2(X) to 8(X) rpm. The data in Figure 
2 shows that the slope of the curve changes rapidly at first and this region has been highlighted for clarity. Currently, 
more data are produced and analysed to further improve the measurement of the slope of these curves at t = 0. The 
limited data in Figure 4 shows the change in the frequency of breakage as a function of the mean energy dissipation 
and appear to indicate that the initial rate of attrition is only a weak function of the mean energy dissipation rate in 
the vessel. This type of dependency has been modelled and experimentally observed previously in other areas, e.g. 
breakup of microorganisms in fennentation processes, and suggest that aggregate breakup is likely to be affected by 
the turbulent flow characteristics and the rate of circulation of the aggregates in the high shear zone around the 
impeller, and the mechanical strength of the aggregates.

CONCLUSIONS

Breakage of protein aggregates occurs during processing in mechanically stirred vessels. The initial rate of breakage 
appears to be dependent on the impeller speed, but the eventual aggregate size is unaffected by the speed of agitation 
provided this is above a critical value, which, in the experiments reported here, is 400rpm. The results obtained in 
this investigation suggest that breakage is likely to be influenced by the turbulent properties of the suspension and if 
so, it can be explained using the Kolmogoroff s theory of isotropic turbulence to describe the possible mechanism.
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The breakage of soya protein particles in stirred tank reactors.

Synopsis

A key purification step in the recovery o f many industrial proteins and 
enzymes is fractional precipitation followed by continuous centrifugation. A major 
limitation in process performance arises from the properties o f the protein 
precipitate particles, namely small size, low particle-liquid density difference and 
susceptibility to breakup by shear or mechanical forces, especially in the feed zone 
of the centrifuge.

The aim of this investigation is to examine the general relationships between 
particle breakage and shear stresses occurring in process equipment such as stirred 
vessels, pumps and centrifuges, and to establish a common basis for the 
interpretation of data on the breakup of soya protein particles in liquid suspension. 
Such information provides a sound basis for creating the optimum process 
environment and for improving design of process equipment for handling and 
processing of soft particles.

The presentation will be centred around the breakup of protein particles in 
suspension in mechanically stirred vessels under turbulent flow conditions. The 
influence o f impeller size, intensity o f agitation and total solid concentration will be 
reviewed.

A discussion will be presented of the data obtained so far and 
recommendations will be made for future research in this area. The preliminary 
analysis o f the results suggests that breakage of these particles is sensitive to even 
minor changes in the operating conditions. Additionally, the mean energy 
dissipation rate per unit volume of the mixture was used to compare the breakage 
data obtained from the different geometrical reactor configurations. This provides a 
useful basis for the engineering assessment o f the extent o f damage to protein 
particles during precipitation and subsequent recovery.

Yours faithfully.

STEVEN STAVRINIDES (SUPERVISOR : PARVIZ SHAMLOU) 
Department of Chemical and Biochemical Engineering 
University College London.


