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ABSTRACT

To operate downstream processes at high yield and constant fraction, it is 

necessary to be able to monitor them on-line and control to preset conditions. On-line 

measurement eliminates manual sampling followed by retrospective analysis, the 

process conditions adjusted in real-time.

Two examples are presented, firstly on-line particle analysis techniques are 

compared to those off-line which are more reliable. Solid-liquid separation is 

determined by properties such as size, concentration and density difference between 

the suspending fluid. Hence on-line sizing has been attained by light diffraction and 

the concentration predicted by spectrophotometry with a knowledge of the relative 

refractive index of the particles. This was related to data from the electrical sensing 

zone method. Centrifugal sedimentation may not be run on-line, but provided 

additional information of density difference.

In the second part of the study two-cut fractional precipitation of the product 

enzyme alcohol dehydrogenase (ADH) from contaminating proteins according to 

differences in solubility with the precipitant ammonium sulphate is discussed. An on

line rig has been designed incorporating continuous precipitation, sample preparation 

using a microcentrifuge and measurement by stopped-flow analysis.

Errors of the rig have been assessed by repeat measurements. The nature of 

the precipitation profile means the strategy was to reduce those relevant to control of 

the process, then tuning of the analytical times and consumption of materials. The 

microcentrifuge was shown to be the largest source. The fit of the ADH fraction 

remaining soluble by a model has been considered. Simplex and Kalman filter 

algorithms which update the model parameters after every measurement cycle were 

tested by simulation and off-line. The Kalman filter was preferred, on-line 

monitoring and control then being demonstrated for a pH and a concentration step 

change in the feed.
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1. INTRODUCTION

This chapter sets out to describe the role of on-line monitoring and control in 

downstream processing. Protein precipitation and recovery of the precipitates by 

centrifugation are used as examples. They are two essential unit operations in protein 

purification, typically enzymes, obtained from various sources including microbial 

cells and tissue culture. The need for automated measurement and control in 

downstream processing is discussed to operate under optimal conditions. There is a 

detailed description of the precipitation process and also solid-liquid separation by 

centrifugation. The techniques currently available for rapid monitoring of the 

components of interest are reviewed. It is followed by the process control strategies 

that may be applied. Finally, a section describes the initial objectives of the research.

Downstream processing may be defined as a series of recovery steps that lead 

to a purified product (Wheelwright, 1989). The aim is to achieve the specified purity 

and maximum overall yield at the least cost, considering points such as safety. The 

range of characteristics of biological material and the equipment available open many 

routes for separation. The scale of the process and product value are also important 

(Asenjo, 1990). There is thus a considerable choice in process design.

A fermentation broth, for instance, consists of a diverse range of particulates 

and soluble components such as an intricate aqueous mixture of cells, products and 

unconverted substrate. The particular techniques of separation depend on the location 

(whether it is intracellular or extracellular), size, concentration, charge and solubility 

of the product; the viscosity of the broth; the impurities present; and the form of 

product required such as a crude solution, concentrated liquid, as crystals or a dried 

powder.

The challenge is to optimise the bioreactor, substrate, enzyme or organism, 

and separation for a given product. Substantial increases result from the improvement 

of a microbial strain and modification of the fermentation conditions such as the
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culture medium, morphology and growth rate to meet the requirements of the 

microorganism (Fish and Lilly, 1984). The production may be a thousand times 

greater. The benefits are considerably improved by better control of the fermentation 

(Carleysmith, 1994). However adjustments to a downstream process achieve a 

maximum increase in yield of approximately ten fold, perhaps from 8-80%. This 

means that fermentation considerations frequently overshadow the development of the 

remainder of the process. The latter may be required quickly especially during initial 

trials and it is not until later that yields are improved.

There are many differences between downstream processing and the product 

synthesis. Live organisms are seldom involved, the emphasis for the cells being on 

disrupting them or removal from the media. At progressive stages the unit operations 

have smaller throughputs with fewer components and more homogeneous solutions. 

Hence bioreactors are often capital intensive, using large volume vessels which are 

automated, but comparatively low cost materials. Downstream processes tend to be 

labour intensive with a greater number of operations but less automation (Rosen, 

1983).

The recovery represents a significant part and sometimes the majority of the 

total manufacturing cost. For example the isolation and purification of a recombinant 

protein may be up to 90% (Dwyer, 1984). A striking correlation exists between the 

crude concentration in the starting material and final selling price for a broad range 

of biological products. The most dilute such as therapeutic enzymes are the most 

expensive, whilst ethanol which is initially much more concentrated is the cheapest.

The cost structure of various bioseparation processes has been assessed 

(Sadana and Beelaram, 1994). Different case studies were presented, which provided 

a framework for the economics of downstream processing. The production cost has 

been investigated for process simulation of obtaining proteins as inclusion bodies 

against soluble form in the cytoplasm (Hamel et al., 1996).

The design of a downstream process may be divided into three related
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sections. The types of equipment must be selected, the operating parameters 

optimised and the process scaled-up. The choice is based on the difference between 

unit operations, the order of the steps to be performed and the properties of the 

constituents. Generally low-resolution purification for large volumes is followed by 

more expensive high-resolution purification. A typical sequence is the removal of 

insoluble particulates by centrifugation, filtration or sedimentation; primary isolation 

by precipitation, ultrafiltration, solvent extraction or sorption leading to large 

increases in the product concentration; purification involving fractional precipitation, 

chromatography-based techniques or adsorption where impurities may be removed 

selectively besides further product concentration; and, final isolation such as by drum, 

spray or freeze drying, centrifugation or organic solvent removal.

A common sequence for the removal of intracellular products has been 

described for the purification of the enzyme B-galactosidase from Escherichia coli 

(Higgins et al., 1978). The broth from a 1000 1 fermenter, fed by a continuous 

steriliser and operating as a chemostat, is cooled rapidly in-line by a plate heat 

exchanger. The cells are harvested in a disc stack centrifuge and disrupted in a high 

pressure homogeniser, a recycle loop being used to cool the homogenate. The cell 

debris is removed by centrifugation with both frame and chamber cooling. The 

process stream is then heat-treated causing autolytic nuclease attack: the precipitated 

protein and remaining debris are centrifugally removed. Subsequent purification is 

by fractional precipitation using in-line static mixing and chromatography if necessary 

involving ion exchange, affinity chromatography and gel filtration.

The isolation of enzymes and proteins may be investigated systematically. 

Data from one hundred papers on protein purification published during 1984 have 

been analysed by Bonnerjea et al., 1986. There was found to be a preferred order 

of operations. The trend was for homogenisation followed by precipitation, ion 

exchange chromatography, affinity separation and finally gel filtration. Precipitation 

involves high process throughputs and is less susceptible to interfering non-protein 

contaminants. This was used by 57% of the purification schemes with ammonium 

sulphate as the precipitant in over three-quarters of these. Ion exchange is preferred
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to affinity separation in reducing protein loads and removing fouling substances as the 

materials necessary are less expensive. Gel filtration separates self-aggregates but has 

a low capacity for loaded protein. However it has higher resolution where the species 

present are less.

The individual unit operations are interactive and an integrated view in terms 

of process design is essential. The specified final purity has a large impact on the 

recovery strategy. Any increase in the purity through additional separation steps 

leads to a decrease in the overall yield. A moderate value for the latter is attained 

by a step yield of at least 90% or a low number of steps. For instance in the 

production of asparaginase that had thirteen recovery and purification stages the 

overall yield was stated as 30% with an average step yield of 91% (Wang et al., 

1979).

Physical losses occur where some of the product enters a side or waste stream. 

These may be increased on scale-up notably during centrifugation. Biochemical 

losses of yield result from conditions causing dénaturation or inactivation such as 

from pH or thermal effects. It can take place where gas-liquid interfaces are created. 

Shear associated damage especially in mixers, pumps and centrifuges must be 

avoided. Process conditions may change steadily over a period of time or even 

randomly. The solubility of proteins is sensitive to any fluctuation in the final 

fermentation conditions such as the pH or degree of contamination from antifoam 

agents. Greater cell rupture during homogenisation increases the yield but creates 

fine debris which influences subsequent stages. The choice of precipitant may limit 

the chromatographic options available. These effects are quite variable and 

considerable care is required (Dunnill and Lilly, 1972).

One way to reduce the manufacturing cost and improve the product purity and 

yield is by automating the process. The recent growth in biotechnology such as in 

enzyme production or recombinant DNA technology has made this much more 

relevant (Hustedt et al., 1985 and Paliwal et al., 1993). Continuous processing leads 

to low hold-up and a reduction in the time-dependent losses compared to traditional

19



batch purification methods. There is less flexibility so a high equipment reliability 

and excellent instrumentation are required together with rigorous process engineering. 

It is then important to establish a control strategy in order to maintain the optimised 

performance (Foster et al., 1986).

The on-line monitoring and control of soluble components and particles in 

downstream processing avoids the need for manual sampling and retrospective 

analysis (Ransohoff et al., 1990). Process conditions are altered in real-time. Any 

biological degradation or other subsequent deterioration of the material are reduced. 

In addition there is a better fail-safe capability and possible isolation from the 

operators and the environment. Empirical process development is more rapid and less 

tedious than analysing mistakes made in previous runs which may only be corrected 

by further trials. Other principal attractions for a plant are improved uniformity of 

the product and data acquisition on-line. Hence increased productivity results from 

continuous use of equipment and better deployment of manpower makes the process 

less labour intensive, reducing capital and running costs.

1.1 EXAMPLES OF DOWNSTREAM PROCESSES IN TERMS OF THE NEED 

FOR ON-LINE MONITORING AND CONTROL

The prospects of enhancing downstream processing have existed for a long 

time (Dunnill, 1983). Despite the considerable potential many processes still operate 

on a batch basis with off-line analysis. This suggests the complexity of the various 

unit operations and their integration. The priority in industry is validation as good 

manufacturing practice. Products should be consistently manufactured to the 

appropriate quality, according to the correct procedures (Cook and Livingstone, 

1991). The risks associated with continuous processing may outweigh the demand 

for production at minimum cost. Furthermore, it has been stated that measurement
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and control is substantially underdeveloped in biotechnology compared to other 

industries (Locher et al., 1992).

The case for on-line monitoring and control in downstream processing has 

been made by Mattiasson and Hâkanson, 1991. The benefits were highlighted as 

keeping track of the target species especially during unexpected events, increasing the 

automation of the process. Another reason is it would be possible to collect an 

improved level of documentation. Thirdly the system would become more 

reproducible, with preset conditions for collection and rejection of streams. The early 

stages of downstream processing were mentioned as being tedious to analyse. There 

is less need at the end of the recovery train where the product is almost pure but the 

monitoring of impurities for elimination then becomes more prevalent. The difficulty 

to control separation processes despite the existence of advanced theories was 

attributed to the lack of reliable measurement techniques (Shioya and Suga, 1991). 

However, the recent development of computer hardware and software programs has 

accelerated the design of more sophisticated systems.

The relevance of rapid monitoring and control to protein precipitation and 

separation by centrifugation is discussed below. Typically the purpose is to remove 

selectively a component protein in a purified form which involves fractionation. The 

main advantages of precipitation are that it is a low cost, bulk stage of high yield 

appropriate for biological substances having a high proportion of soluble and insoluble 

contaminants. It provides a challenge owing to the potential of low residence time 

continuous operation and the significant effects of the feed composition, reactor 

design and the operating conditions. Hence, a description of the precipitation process 

and mechanisms is presented. The solid-liquid separation step is considered as it 

contributes to the performance achieved for the purification.
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1.1.1 Protein precipitation

1.1.1.1 Physico-chemical aspects of protein precipitation

A typical protein of laboratory and industrial scale interest is globular, having 

a hydration shell of tightly or loosely bound water (Scopes, 1994). The structure of 

proteins is important to understanding the mechanisms of precipitation. The chain of 

water soluble proteins is folded so that the majority of polar hydrophilic groups are 

located on the exterior. Hydrophobic groups are usually buried though patches are 

distributed on the surface. This surface combination is used to manipulate the 

solubility. The division is not absolute and a change to the exterior environment 

affects both types of group. It may alter the energetic balance of related, undesirable 

structures. Many biochemical engineering aspects are vital in protein purification to 

preserve the correct functionality and ensure efficient operation (Stavrinides et al., 

1993).

Dénaturation is promoted at air-liquid interfaces requiring careful consideration 

of design (Hoare et al., 1993). Proteins are susceptible to removal of the water layer 

surrounding the molecule causing irreversible damage. In addition low temperature 

and processing time restricts thermal and protease attack, also determining the reactor 

design. During and after formation, protein precipitates are susceptible to break-up 

from hydrodynamic forces. This may occur during mixing or settling, passage 

through pumps and pipes, and in the recovery equipment. Protein precipitates have 

small particle sizes and a low density difference compared to the suspending fluid, 

often enhancing viscosity, which is detrimental to removal.

The methods of protein precipitation from a thermodynamically stable one- 

phase system may be divided into two categories (Bell et al., 1983 and Glatz, 1990). 

Firstly a high concentration of a reagent such as a neutral salt or organic solvent 

alters the nature of the solvent environment. In the second type a low concentration 

of an acid, base or specific metal ion results in direct interaction with the protein
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molecules. For example, as the overall feed saturation of ammonium sulphate 

increases at high ionic strength the water molecules shielding hydrophobic groups are 

reduced and much of the protein binds together resulting in precipitation, termed 

salting-out (Harris, 1989). At low ionic strength a decrease in the overall feed 

saturation causes an increase of ionic interactions between protein molecules and their 

aggregation. Alternatively the adjustment of pH to the isoelectric point where the 

molecule has zero net charge leads to substantially decreased solubility. The choice 

of reagent depends on the selectivity, desired yield and intended product use, as well 

as dénaturation, corrosion and flammability concerns.

The solubility of proteins is significantly influenced by the surface chemistry. 

The protein molecule is an amphoteric (showing acidic and basic properties) polymer, 

the hydrophobic residues and hydrogen bonds complicating the prediction of 

properties. The presence of the surrounding water layer, up to 10 nm deep, is an 

important barrier that inhibits molecules from approaching sufficiently to cause 

aggregation. Once overcome, the nature of the species adsorbed and relative 

orientations determine the effectiveness of the collision.

Aggregation may be described using the Derjaguin, London, Verwey and 

Overbeek (DLVO) theory assuming the protein suspension to be colloidal. The 

addition of a precipitant changes the surface characteristics of the protein molecules. 

Forces of attraction and repulsion may be summed to give an energy barrier to 

aggregation. The chance molecular collision leads to aggregation if the energy 

balance is sufficiently small, relative to the thermal energy of the impact.

1.1.1.2 Formation of protein precipitates

The formation of a new phase in protein precipitation is termed nucléation. 

It occurs if the reagent concentration is increased relative to the solubility or the 

proteins are made insoluble, for instance by reaction (Nelson and Glatz, 1985). The 

creation rate of nuclei, dN/dt (/s), from a homogeneous parent phase is given by 

Mullin, 1972.
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where  ̂ is the solid-liquid interfacial energy (N/m), w is the molecular weight, R is 

the gas constant (J/mol.K), T absolute temperature (K), p is the solid phase density 

(kg/m^) and S the supersaturation. The exponential nature of the equation indicates 

the number of nuclei produced per unit time is small until a critical supersaturation 

is attained, when progress is much faster.

Induction times for the appearance of the first particles that may be detected 

are not always instantaneous. Although the time is only a few seconds with bovine- 

casein precipitated by calcium (Parker and Dalgleish, 1977), it is several minutes for 

fumerase salted-out by ammonium sulphate (Foster et al., 1976). The theoretical 

nucléation rate is equal to the rate of discharge from a continuous flow reactor. 

Realistically, heterogeneous nucléation occurs in the presence of foreign matter in 

suspension and secondary nuclei can be created from particles already present.

The population balance equation proposed for crystallisation is used to model 

the kinetics of the precipitation process (Randolph and Larson, 1988). It contains a 

particle growth term by collision mechanisms, together with particle death and birth 

terms from turbulent stresses. The particle size distribution is described for a 

continuous flow reactor being well stirred, having no solids in the feed (Grabenbauer 

and Glatz, 1981).

d{Gn)  + .  Q [ 1 . 2 ]
dL  T

G, n, D and B may be functions of L, where G is the growth rate (m/s), n is the 

number frequency (/m"̂ ), L the particle size (m), t is the mean residence time (s), D 

is the death rate (/m'^s) and B birth rate (/m"̂ s).
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The growth, death and birth rates have been established. Growth occurs in 

protein precipitation by aggregation between primary particles and under turbulent 

conditions is taken to be from collisions. Death represents sudden breakage by fluid 

stress. It is a function of instantaneous local stresses, the disruption frequency and 

the reciprocal of the aggregate mechanical strength. A parent particle splits to form 

smaller entities and the birth usually is assumed to be two new aggregates of equal 

particle size.

G{L)  = KqL [ 1 . 3 ]

D{L)  = k L ^ n i L )  [ 1 - 4 ]

[ 1 . 5 ]

where Kq is the growth constant (/s), k the breakage rate constant {/wPs), (3 is the 

breakage power and f is the number of equal-size daughter fragments.

Equations 1.3-5 are substituted into the steady-state population balance, 

equation 1.2.

-   ̂ n i f  ^L) -  n] -  ^ [ 1

[1 . 6 ]
dL Kq L KqX

The relation of number concentration to particle size is determined by integration 

though requires values for the constants.

The population density was investigated for isoelectric soya protein precipitate 

in a mechanically stirred vessel at different impeller speeds (Glatz et al., 1986).

25



Number frequency decreases with the precipitate size, but deviates from linearity. 

The behaviour is caused by many reasons including size-dependent growth and 

classification of solids in the vessel. The precipitation kinetics were considered using 

equation 1.6. (3 and f depend on particle size and concentration though may be fixed 

for modelling. The other two parameters are obtained by a least squares fitting 

procedure.

There are various causes for the deviations between estimated and actual 

growth profiles. The dynamic fluid forces affect aggregates in different ways (Ayazi 

Shamlou and Titchener-Hooker, 1993). Alternative population functions for growth, 

death and birth may be needed according to the particle size distribution. In addition 

mechanical strength is related to particle size (Bell et al., 1982). Small aggregates 

are compact having a high apparent density, compared to large aggregates that are 

loosely packed with a low apparent density and are relatively weak.

It is evident that many variables determine the performance of protein 

precipitation. Some of the most important aspects have been studied under different 

conditions. The kinetics of precipitation of soya protein in a continuous flow tubular 

reactor using ammonium sulphate, ethanol, divalent calcium and sulphuric acid have 

been examined (Chan et al., 1986). The mean shear rate was 340 /s calculated from 

Q/37rd\ where Q is the volumetric flow rate and d the tube diameter, on the basis of 

laminar flow. The results showed a period of rapid nucléation followed by slower 

growth, achieving a final aggregate particle size depending on the type of 

precipitation in less than 16 s. The trends of the growth curves were similar, 

implying that the nucléation and growth mechanisms were the same but the constants 

were unique for each reagent.

Turbulent flow conditions have been considered on the growth of isoelectric 

soya protein precipitate in a tubular reactor (Virkar et al., 1982). The shear rate was 

found to have a strong influence on the stable particle size. Growth rate increased 

with intensity of turbulence, though the mean particle size decreased. The reactor 

shear rate, based on energy dissipation rate divided by kinematic viscosity may be
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used for scale-up. The hydrodynamic effects of the reactor design were outlined by 

Hoare and Dunnill, 1984. Aggregates prepared in a batch-stirred vessel are more 

tightly bound and stronger than those from a tubular reactor. The differences may 

be attributed to the distribution of shear rates. Local velocity gradients in a stirred 

vessel, for example around the impeller, cause continuous compaction as the protein 

precipitates repeatedly pass through the zone of high shear.

The mixing conditions greatly influence protein precipitation. They act on 

protein solubility, particle size, morphology and structure. Several semi-batch 

experiments have been carried out using bovine liver catalase and ammonium sulphate 

(Iyer and Przybycien, 1994). The mixing parameters were determined using a dye 

reaction. Initial protein supersaturation was seen to be an important variable, and to 

a lesser extent the agitation and salt solution feed rates. A model was proposed to 

describe the effect of protein solubility, showing good agreement with the trials.

Enhancement of the mechanical properties of aggregates after precipitation is 

termed ageing. A series of experiments have been performed, again with isoelectric 

soya protein precipitate, in a capillary shear flow (Bell and Dunnill, 1982). The 

break-up was observed to be reduced as the stirring time increased from 300-2400 s, 

but the median and maximum particle sizes were unchanged. The improvement of 

the aggregate strength during ageing is attributed to the vessel conditions. The total 

number of passages through the high shear zone around the impeller is proportional 

to the ageing time. Thus, as mentioned previously, the precipitates become 

progressively stronger and more compact. The maximum achievable particle size has 

been related to the energy dissipation rate in the vessel (Ayazi Shamlou et al., 1996). 

It was suggested the aggregate experiences much restructuring during stirring.

The transport of protein precipitates to recovery equipment leads to further 

breakage. It is essential pumps, valves and piping are carefully designed. Attrition 

has been studied for particle systems of various size and internal structure, which 

needed to be handled without damage in the course of purification (Neil and 

Bridgwater, 1994). The rate of attrition was found to follow an empirical equation.
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using a parameter experimentally determined to describe the normal stress.

The addition of a batch ageing step is incompatible with continuous processing 

and difficult to control (Hoare et al., 1987). A conditioning process involving low 

frequency vibration at 5 Hz has been developed for protein precipitate following 

formation. This promoted the rate of collision and aggregation of fine particles. The 

mixing performance during low frequency conditioning has been investigated 

(Titchener-Hooker et al., 1992). The conditioning process was shown to depend on 

the amplitude of a fluid jet formed by the vibration, being related to the outlet pipe 

of the chamber. Applicability of the mechanisms to ethanol precipitation of human 

albumin protein was proved at the pilot plant scale (Titchener-Hooker and McIntosh, 

1993).

1.1.1.3 Fractional precipitation

The purification of proteins often is achieved using fractional precipitation 

(Rothstein, 1994 and Niederauer and Glatz, 1992). In a typical two-cut process by 

salting-out low solubility protein is separated as precipitate in the first cut, for 

example with a centrifuge, the product remaining soluble. High solubility protein is 

then removed as supernatant at a greater overall feed saturation in the second cut, the 

product being in the precipitate phase. The latter is thus substantially purified and 

concentrated. In order to maximise the performance of this process it is necessary 

to operate around the points where all the product is just in solution and all the 

product is just precipitated for the first and second cuts respectively.

The technique may be used to separate a specific enzyme from total protein 

or one enzyme from another. However, it is difficult to predict the solubility 

characteristics for mixtures of proteins even if the structures and surface 

characteristics are known. The empirical Cohn equation is generally used to describe 

the salting-out (Cohn et al., 1946).
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l o g s  = B - K . I  [1.7]

where S is the protein solubility, B is the apparent protein solubility at zero ionic 

strength, is the salting-out constant and I is the solution ionic strength. The effects 

of varying operating conditions on the slope Kg and constant B exist as trends rather 

than relationships. B is a strong function of the protein involved, pH and temperature 

whilst Kg depends on the protein and salt (Shih et al., 1992). The presence of 

contaminants such as nucleic acids, cell debris and lipids further complicates matters.

Salting-out profiles for the purification of alcohol dehydrogenase (ADH) from 

total protein are shown in Figure 1.1 (p. 37). The solubility axis is logarithmic 

corresponding to the Cohn equation. The overall feed saturations suitable for the 

desired level of purification may be estimated from the plot. The first cut should be 

taken at approximately 40% overall feed saturation followed by the second cut at 60% 

overall feed saturation.

The data is difficult to quantify in terms of optimising the fractionation 

conditions. It is necessary to define the enzyme fraction remaining soluble as the 

ratio of enzyme activity of a recovered stream to that of the redissolved feed at the 

corresponding overall feed saturation (Richardson et al., 1989). This removes the 

peak at maximum solubility, replacing it with a profile which varies from 1-0. The 

same procedure is repeated to evaluate the total protein fraction remaining soluble. 

A fractionation diagram expressing the process equilibrium is obtained by plotting the 

enzyme fraction remaining soluble against the protein fraction remaining soluble for 

the range of overall feed saturations. This is shown in Figure 1.2 (p. 38) for the 

ADH and total protein system. The upper right hand comer represents both ADH 

and total protein in solution (Bird and Titchener-Hooker, 1995).

The purity and yield for the fractional precipitation may be calculated from the 

diagram. B̂ , P ,̂ 'Ê  and ?2 are the enzyme and protein fractions remaining soluble, 

the subscripts referring to the first and second cuts.
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y  = ^ 1 - ^ 2  [ 1 . 8 ]

where Y is the yield of enzyme in the final precipitate. The purification factor, PF, 

is the slope of the tie-line intercepting the two cut points.

PF -  ^ ^  [1.9]
^1 ~ ^2

Hence the purification factor is 3.5 and the yield 80% for the off-line run.

It is important to optimise the position of the two cuts. The tie-line has been 

adjusted to obtain the maximum gradient for a specified yield (Richardson et al.,

1990). Several profiles of the optimum purification factor against yield were 

computed for different parameters measured off-line such as pH, temperature and the 

initial total protein concentration. Besides avoiding the use of an excessively high 

overall feed saturation it is beneficial here not to aim for total recovery. The 

decrease in the purification factor is observed to be small up to a yield of 75 % and 

becomes more significant approaching 100%. The method contrasts with the use of 

plots of solubility curve gradient against overall feed saturation (Dixon and Webb, 

1961). The area bounded between the two precipitant cuts is proportional to the 

quantity precipitated. Although suited to fractionation, finding a gradient and then 

integrating makes the technique somewhat inefficient.

The composition of the process feed stream generally fluctuates which alters 

the fractionation product. Data for purifying salicylate hydroxylase from a 

Pseudomonad fermentation with polyethylene glycol (PEG) as the precipitating agent 

has been compared (Russell, 1981). The presence of cell debris, broth or both led 

to non-uniform shifts in the enzyme fraction remaining soluble profiles from a control 

that was sufficiently washed to remove the contaminants. There are further variations 

attributed to the means and scale of the protein precipitation. For instance the
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difference in solubility between batch and continuous contactors can be equivalent to 

almost 25% overall feed saturation (Foster et al., 1976). It is clearly not possible to 

operate at the same overall feed saturations for a reasonable purity and yield.

The solubility profiles and fractionation diagram for separating ADH from 

total protein using clarified yeast homogenate and ammonium sulphate solution have 

been generated on-line (Niktari et al., 1989). The automated rig incorporated 

sampling by a microcentrifuge (section 1.2.1.1) and flow injection analysis (FIA), 

described in section 1.2.2, controlled by a microcomputer. The shift from the 

corresponding off-line plots (Figure 1.2, p. 38) is caused by differences in the feed 

and operating conditions, though the experimental scatter indicates the level of 

measurement error that must be considered. For instance if the on-line sampling and 

assay is not representative of the originating stream, optimisation may inadvertently 

be based elsewhere on the fractionation diagram.

1.1.2 Centrifugation for recovery of protein precipitate

Centrifuges are a cost-intensive part of protein purification (Wheelwright,

1991). Although not central to the control of precipitation, it is important to 

recognise that there is a strong interrelation between the protein source and the 

precipitation method with product recovery. This is significant in determining the 

type of equipment to be used and the separation efficiency.

Operation of centrifuges should be at maximum throughput, having no loss of 

precipitate to the supernatant. The solids phase ought to contain little supernatant. 

This minimises subsequent processing and reduces the loss of the product. The 

recovery is difficult to perform owing to the small size of the particles and broad 

particle size distributions; the low density difference between hydrated aggregates and 

the surrounding medium; the break-up of the particles; the concentration of the 

suspension and state of initial dispersion; compressibility of the sediment; and, the
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increase in viscosity. The feed stream is often pretreated to increase separation, such 

as by ageing or the mixing of chemicals to cause flocculation for instance 

poly electrolytes (Salt et al., 1995).

The blinding of meshes and cloths restricts the use of conventional filtration. 

The gelatinous nature of protein precipitate leads to the formation of a compressible 

sludge, decreasing the permeability and ultimately blockage. A filter aid may 

interfere by contaminating or denaturing the product. However ultrafiltration (Taylor 

et al., 1994) and microfiltration (Bowen and Hall, 1995) utilising semi-permeable 

membranes or filter media are alternative solid-liquid separation techniques in some 

instances. The major shortcoming is the rapid decline in flux, the mass or volume 

rate of transport per unit cross-sectional area per unit time, at the surface where the 

concentration increases. Another difficulty is the deposition of particles or molecules 

causing fouling which is often irreversible.

Centrifugation is based on applying a centrifugal force to a suspension in 

which particulate solids are separated radially. It may be viewed as an extension of 

gravity sedimentation for finer particles. The centrifugal acceleration is cô r, where 

œ is the angular velocity of a bowl (rad/s) and r the distance of the particle from the 

axis of rotation (m). This is much greater than the acceleration of gravity, g (m/s^), 

which can be neglected. Therefore the ratio œh/g is used to represent the separating 

power of the machine.

The performance of a centrifuge depends on the feed stream properties and 

operating parameters (Ambler, 1952). The equilibrium settling velocity, Vg (m/s), of 

an isolated spherical particle suspended in an infinite medium is obtained by equating 

the centrifugal force and the drag force of the fluid, Sird/xv , from Stokes’ law.

V, - ( 4 ^ )  "'r [1.10] ̂ 18|i
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where d is the particle diameter (m), Ap is the solid-liquid density difference (kg/m^) 

and /X is the dynamic viscosity (Ns/m^). This equation applies only with low settling 

Reynolds numbers (Re = pVgd/p < 0.2) though large particles are assumed to be 

completely separated and not as important for the evaluation.

The sedimentation rate may be made faster by increasing the particle size, the 

density difference, the speed of centrifugation or decreasing the suspension viscosity. 

The decrease of the settling distance by using discs or multichambers or increasing 

the retention time, that is bowl capacity over feed flow rate, also improves the 

recovery. Actual performance is reduced because of hindered settling, there are wall 

interactions, the particles are re-entrained and they may be non-spherical having 

rough surfaces.

The separation may be characterised in terms of the total efficiency. This is 

defined as the ratio of the mass of solids in the underflow to that in the feed 

suspension (Svarovsky, 1990b). The value is dependent on the particle size 

distribution initially present and is thus unsuitable to evaluate the separation. Instead 

the mass efficiency for each size increment should be obtained which is collectively 

referred to as the gravimetric grade efficiency function. It shows the fractional 

probability of recovery of a certain size. There are two important points on the grade 

efficiency curve. The maximum limit of separation is the critical particle size, d̂ , 

and the size equivalent to 0.5 efficiency is the equiprobable or ‘cut’ size. The curve 

is usually plotted against a dimensionless size, d/d,.. Under ideal flow and settling 

conditions it follows Stokes’ law being equal to (d/dj^ where d/d^ is < 1, see Figure 

1.3, p. 39. In practice full recovery is not approached until the particle diameter is 

more than twice the critical particle diameter.

Several types of industrial centrifuge have resulted from the choice of 

geometries and the method of solids discharge (Bell et al., 1983). The basic tubular 

centrifuge consists of a vertical tube which rotates about that axis. The feed is 

introduced at the bottom, the clarified liquid overflowing from the top. Solids are 

collected on the bowl wall but must be removed, generally off-line. Where the height
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is lower it is known as an imperforate basket centrifuge. The feed suspension may 

be intermittently stopped, and the sediment skimmed away or a ploughing knife 

utilised, the cake dropping through the base. The multichamber centrifuge may be 

considered as an extension to the tubular bowl with up to five concentric chamber 

inserts.

In the scroll decanter centrifuge the feed enters through a central inlet pipe and 

the particles sediment on to the bowl wall, which is usually horizontal (Records, 1974 

and Langeloh and Bott, 1996). The solids are continuously removed up a conical 

section or ‘beach’ against the centrifugal force by a helical screw conveyor. It rotates 

in the same direction but at a slightly different speed to that of the bowl. This may 

be achieved by a two-stage planetary gearbox and an eddy current brake where a 

moving conductor in a magnetic field induces eddy currents retarding the motion. 

The clarified liquid is discharged at the opposite end, the weir setting of these ports 

determines the liquid or ‘pond’ depth in the bowl and thus the amount of beach 

flooded. The speed is typically 6000 rpm for a pilot plant scale centrifuge limited by 

the mechanical strength and lack of balance within the bowl, having a negative 

differential between 5-50 rpm. A corresponding g force of 3070 g is relatively low 

compared to other centrifuge types. The versatile design ensures a 50% by volume 

solids content may be processed depending on the application and machine.

The operating parameters of the scroll decanter centrifuge must be carefully 

optimised for a given feed. The selection is influenced by residence times in the 

bowl, together with the degree of turbulence and the escape of partly recovered 

suspension. In addition viscous sludge scraped up a dry or intermediately flooded 

beach may return under the centrifugal force. This leads to a series of heuristics 

(Alt, 1986). The clarification may be better by increasing the bowl speed or the pond 

depth, adjusted manually, but worse from a greater throughput. There is a more 

complicated relationship for the effect of the differential speed which causes blocking 

by the sediment up to a particular value, then turbulence predominates. The 

improvement of dewatering would result from increasing the bowl speed though 

worse from increasing the pond depth or the differential of the conveyor. There is
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worse dewatering from a larger flow rate but may be better for a compressible cake.

A limitation is the torque load on the gearbox which may be measured by a 

microprocessor based programmable unit (Rumpus and Hoare, 1992). It provides an 

indication of the total solids loading and flow properties, thus the suspension 

dewaterability. The separation is also likely to depend on mechanical differences 

including the feed position, the nature of the bowl, the beach angle and length, and 

the pitch of the flight(s).

The disc stack centrifuge consists of a stack of closely spaced conical discs 

(Mannweiler et al., 1989). The feed flows down the centre, underneath the stack and 

to the walls. It then passes radially inwards between the discs and out through an 

annulus at the top of the centrifuge. The solids settle on the underside of each disc 

and slide towards the wall. Hence this decreases the sedimentation distance and 

increases the settling area. The operation may be continuous, with solids discharge 

from the periphery of the centrifuge bowl by a series of nozzles or intermittently. 

The discharge of liquid under pressure eliminates foaming and direct cooling is 

possible. The bowl diameter varies from 150 mm to 1 m having a similar height and 

rotates at up to 12,000 rpm. The solids concentration should be below about 

15% v/v.

The fluid and particle dynamics are complex especially within the more 

sophisticated centrifuges (Willus and Fitch, 1973). Flow through the spaces of the 

disc stack is typically assumed to be evenly distributed in thin layers, directed in a 

radial plane parallel to the disc surface and have a laminar pattern. Spacing ribs may 

block tangential flow but lead to parabolic profiles having vortices (Brunner and 

Molerus, 1979). Besides the deviations from Stokes’ law such as entrainment the 

disturbances may vary with the number of discs, their dimensions, the inclination 

angle and the spacer caulks.

The development of scale-down techniques has enabled the examination of 

particle separation. For instance the flow in a disc stack centrifuge is influenced by
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the active number of discs and their location (Hoare, 1994). The Sigma concept is 

used to investigate the percentage of solids not recovered on the throughput, Q (m^/s), 

to centrifuge equivalent sedimentation area, E (m^), ratio. The data for mechanically 

disrupted Escherichia coli have been compared to that for whole E. coli cells (Higgins 

et al., 1978). The profiles were similar at high values of Q/E showing the presence 

of residual cells, but much different at low Q/E suggesting the difficulties of cell 

debris recovery. At 5% of the solids unsedimented the difference in Q/E was 

approximately ten fold. The temperature rises in the suspension for reduced flow 

rates are limiting and must be avoided.

The grade efficiency curves may be compared to evaluate the effect of varying 

the operating conditions (Mannweiler and Hoare, 1992). A common difficulty in 

downstream processing is the shear related break-up of protein precipitates. In a disc 

stack centrifuge this occurs around the entry point where they are subject to rapid 

acceleration and the feed zone. The solids recovery is worse with respect to robust 

particles including latex. Consequently the grade efficiency curves shown in Figure 

1.3 are dramatically different. There is a rapid decrease for protein precipitate 

(eventually becoming negative) which results from the generation of fine particles. 

It is seen the specific characteristics of the materials are important to the selection and 

operation of centrifuges for acceptable selection.
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1.2 ON-LINE MONITORING IN DOWNSTREAM PROCESSING

The need for on-line monitoring in downstream processing has been 

highlighted in section 1.1. Protein precipitation and subsequent recovery of the 

product pose a challenge because upstream conditions and the operating criteria make 

a marked difference to the performance. The application of on-line methods which 

are fast acting are of decisive importance (Sonnleitner, 1991). The increasing scale, 

complexity and tightness of engineering parameters lead to industrial processes with 

high throughputs but little capacity between steps. The difficulty in monitoring 

biological systems results partly from their fragile nature. Sample preparation and 

analysis must be free of degradation and contamination (Schügerl, 1993).

A sampling system consists of a sequence of equipment to take a 

representative sample under process conditions and present it to the analyser (Carr- 

Brion and Clarke, 1996). Samples should be adequate with respect to the variable 

for measurement. They need to be treated reproducibly, such as cleaning, diluting, 

reagent dosage or temperature adjustment, before transportation to the analyser in a 

way that the representative integrity is preserved. Effluent samples have to be 

transferred for disposal. The system is not expected to suffer excessively from 

fouling or become blocked, and avoid cross-contamination. Furthermore, there is 

often several sampling points and calibration may be required. A large sample 

throughput may be significant to control the process. It is also important valuable 

material lost is minimised.

The analyser is able automatically to detect composition or another physical 

quality, providing a visual, written or electrical output. Measurements may be 

intermittent if necessary and appropriate to the process. It is important the worst 

acceptable error and repeatability are not exceeded, as well as the longest delay time 

from sampling to receiving the data. The process analyser should be reliable and 

easily maintained, keeping the system straightforward. The apparatus is preferably 

miniaturised, robust and sufficiently protected from the environment offering no
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hazards to the operators or the surroundings. Accepted practice is to devote one 

instrument to each sample point and the use of common areas of location.

The trend for downstream processing is towards flow injection analysis (FIA) 

methods and biosensors. They have been successfully applied with identification of 

the potential in process control (Lüdi et al., 1990). A biosensor is based on coupling 

a biological detection element, for example an immobilized enzyme, to a suitable 

electrochemical or optical transducer (Scheper et al., 1996). The measurement of 

species is selective and fast, achieving very low limits. The biosensor simplifies FIA 

by reducing the sample handling and enables miniature devices (Wang, 1994). 

Indeed, antibody-based biosensors are able to determine a range of analytes (Taylor 

et al., 1991). The systems lack sufficient robustness for industrial process 

monitoring, experiencing fouling of the sensor surface (Ogbomo et al., 1990).

Analytical technologies have been described for on-line measurement of 

product concentrations. High-performance liquid chromatography can follow 

components eluting from chromatography columns in real-time with the possibility 

to offer detailed information, though suffers the same disadvantage of fouling as the 

more developed systems (Paliwal et al., 1993). Less complex examples include 

infrared spectroscopy techniques (Yu and Phillips, 1992), nephelometry for measuring 

light intensity rate of change during an antibody-antigen reaction (Sternberg, 1977), 

laser light scattering (Brown, 1987) and dynamic light scattering using ultrasonic 

standing waves to manipulate biological particles (Holwill et al., 1994). The 

interpretation of raw data to obtain the required information is a significant task. 

Extensive calibration runs may be needed and detailed mathematical algorithms (Naes 

eta l., 1993).

A common strategy in downstream processing is to identify a method for the 

rapid and economic assay of a particular product. Then the procedure is developed 

into an on-line monitoring tool, enhancing sensitivity if needed by the control 

protocol. Typical means are discussed for dealing with a sample stream from the 

bulk material given its unpredictable and variable nature. FIA is covered as an
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advanced serial assay technique, besides on-line measurement of the fundamental 

properties for particulates, such as the size, concentration and density difference.

1.2.1 Sample preparation

An essential piece of on-line monitoring is rapid solids removal prior to assay 

(van de Merbel et al., 1996). These include whole cells and particles deliberately 

generated in downstream processing such as cell debris and protein precipitates. The 

latter would redissolve during subsequent dilution causing overestimation of the liquid 

phase solubility. The integrity of the soluble constituents must be preserved 

(Mattiasson and Haakanson, 1993). Although centrifugation is mechanically complex 

it is more effective with saturated protein solutions compared to microfiltration which 

experiences polarisation and fouling (section 1.1.2). Blinding of the filter membrane 

reduces the transmission leading to inaccurate process values. Scaled-down versions 

of both may be applied to the sample stream and are discussed below.

1.2.1.1 Centrifugation

The development of a prototype miniature centrifugal separator or 

'microcentrifuge' has been achieved for the automated clarification of samples 

(Richardson et al., 1996a). The salient features were a specially designed 20 mm i.d. 

cup shaped bowl pneumatically driven at high speed having rapid acceleration and 

deceleration, shown in Figure 1.4, p. 57. The sample batch was introduced and after 

the spin period the supernatant was recovered from the stationary bowl. A high 

pressure water cleaning cycle with accompanying suction was then instituted (section 

2.4.2).

The microcentrifuge was found to obey basic theory in terms of the angular 

velocity and sedimentation distance using clarified yeast homogenate / ammonium 

sulphate solution system. A nominal pelleting time defined as the time required to
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attain a 0.01 fraction unsedimented was measured by optical density at 650 nm. It 

was related to the reciprocal of the square of the bowl speed at 33,000 and

60,000 rpm (equation 1.13) for a fixed volume 0.5 ml sample at 70% overall feed 

saturation. Similarly there was a proportionality which intercepted the origin between 

the pelleting time varying from 15-45 s and the logarithmic settling distance ratio 

ln(Rd/Ri) with sample volumes from 0.3-0.9 ml at 80% overall feed saturation and a 

constant speed of 30,000 rpm.

Solubility profiles were consequently determined for total protein by the dual 

UV wavelength method as adapted to FIA (section 1.2.2). It was observed that the 

microcentrifuge left a small residual turbidity in the supernatant after a 1 min spin 

time compared to a laboratory centrifuge run at 10,000 g for 30 min. This was 

imperceptible with the précipitants 25 % w/v PEG 6000 or elsewhere absolute ethanol, 

the sedimentation being particularly efficient. The offset was thus not believed to be 

an inherent facet of the machine. The spin time also appeared sufficient using 

ammonium sulphate solution. It was concluded that owing to the low aggregate size 

(as well as a density difference <100 kg/m^ between the protein precipitates and the 

suspending fluid) the loosely adhering outer layer would have resuspended on 

braking.

The microcentrifuge unit has been investigated for the on-line analysis of 

excreted metabolite concentration from recombinant Escherichia coli fermentations 

(Turner et al., 1994). The problem of abnormal supernatant turbidity existed, 

comprising more solids than were acceptable to HPLC, which is considered later in 

section 5.2.

1.2.1.2 Filtration

The evolution of sample filters for downstream processing is associated with 

those used in fermentation (Lorenz, 1987). However the latter devices always require 

aseptic operation to be maintained. An early study here of on-line measurement 

involved extracellular hydrolase enzymes (Kroner and Kula, 1984). The culture broth
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was circulated over a steam-sterilisable ultrafiltration or microporous membrane 

obtaining a representative sample stream. The filter type and running conditions, 

such as the pore size, the relative flow rates and the stirrer speed, were chosen for 

a given feed. A continuous system incorporating the on-line monitoring of alkaline 

protease from the fermentation of Bacillus licheniformis was possible.

The dynamic filtration sampling device was optimised, resulting in a unit that 

interfaced a process to an analyser (Kroner and Papamichael, 1988). It consisted of 

two plates between which a variety of standard 90 mm diameter filter membranes 

were able to be inserted. Pore sizes of 0.2 or 0.45 /xm were recommended for 

enzymes. The volume was approximately 175 ml on the retentate side, but only

1.1 ml on the filtrate side to minimise the delay time. This was slightly more than 

2 min with a salt tracer. The recycling feed flow rate was typically 10-60 1/hr whilst 

that of the filtrate was 0.1-1.5 ml/min, at a comparatively low pressure differential 

of 0.1-0.3 bar. An adjustable magnetic stirrer in the upper chamber rotating at up 

to 1000 rpm enabled good mixing and controlled the formation of the membrane 

sublayer. Other modules have seen many applications for instance during bacteria, 

yeast and mycelia fermentations (Gam et al., 1989).

The devices allow continuous sample preparation having no serious retention 

of proteins, even where complex media is present containing a high level of solids. 

The capacity to adjust the operational parameters extends the long-term stability. The 

design of the membrane area to filtrate side dead volume ensures a short delay time 

with a fast response to process concentration fluctuations. The most suitable filter 

may be selected and the units are easily accessed. Despite this the transmission has 

been observed to vary for different proteins (Stamm et al., 1989). In addition the 

retention of contaminants including the antifoam agent polypropylene glycol were 

altered by conditions such as temperature. The feed throughput is large though may 

be reduced or taken periodically for a lower frequency of analysis.
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1.2.2 Flow injection analysis

The application of automatic analysis for a series of samples may be divided 

into three types. In batch methods the sample is held by a vessel where the different 

stages such as dilution, reagent addition, mixing and detection occur. These are 

generally mechanised versions of manual operations. The robotic analysers use 

flexible arms to imitate manual procedures. Both techniques avoid cross

contamination though may suffer from mechanical complexity and be expensive. 

Finally in continuous-flow methods the sample stream is measured without separating 

the material into discrete batches.

The first continuous-flow analysers consisted of air-segmentation to prevent 

intermixing and were subsequently commercialised as the Technicon Auto Analyzer. 

The air bubbles must be removed before they reach the detector. Disadvantages of 

segmentation include stream pulsations (owing to the compressibility of air), the flow 

does not stop instantly, difficult control of the bubble size and possible interaction 

with the air. The continuous-flow methods are currently dominated by unsegmented 

systems.

Flow injection analysis (FIA) is a basic microchemical technique for on-line 

measurement. It emerged not only to automate serial assays but also for solution 

handling and data gathering. Furthermore it may be used in process control. The 

success of the method is attributed to reliability in monitoring chemical and 

biochemical processes, flexibility in adapting to most reaction procedures and the 

compatibility with nearly all types of detection. The applications of FIA have grown 

rapidly following its inception (Rùzicka and Hansen, 1975). There are currently 

several textbooks (Rùzicka and Hansen, 1988, Valcarcel and Luque de Castro, 1987 

and Karlberg and Pacey, 1989) as well as the biannual periodical Journal of Flow 

Injection Analysis published by the Japanese Association for FIA and at least 5000 

papers devoted to the subject (Hansen, 1995).
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The technique is based on the dispersion of an injected liquid sample zone into 

a continuously moving, nonsegmented carrier stream. Any reagents necessary may 

already be present or mixed further along. The sample material passes through a 

detector cell at a fixed time from the injection point. The response is in the form of 

a peak which corresponds to the dispersion and any chemical reaction that has 

developed. The peak height is proportional to the concentration of the species being 

measured, alternatively area or width are occasionally evaluated. It is vital every 

action is reproducible such as the injected volume, the dispersion and the time 

constants of the system. Air segmentation, homogeneous mixing and steady state 

equilibrium are not essential since the samples are processed identically. The 

sampling rate is increased together with minimisation of the sample and reagent 

volumes consumed. Absolute measurements are not possible for which a calibration 

run is required though this may be carried out automatically (Agudo et al., 1995). 

However, the impact of every operational detail does not need to be known.

A FIA manifold consists of peristaltic pumps with separate channels to 

transport the streams through narrow bore tubing at the desired volumetric flow rates 

(Figure 1.5, p. 58). There are injection valves that introduce the sample to the 

carrier stream and perhaps regulate further treatment. These may be rotary valves 

having four- or six-ports, commutation valves having sliding parts or solenoid valves 

(Rios et al., 1987). The sample disperses and any reaction progresses to an 

appropriate extent in a microreactor. A simple straight tube, a coiled tube, a mixing 

chamber, or a 3-D or ‘knitted’ reactor are typical. The plug then traverses the flow

through detector which measures the absorbance, electrode potential or another 

parameter. The optimum tube internal diameter varies between 0.3-0.75 mm, the 

length being 10-100 cm, 0.5-3 ml/min flow rate and a Reynolds number of 20-130. 

A microcomputer controls the sequence of operations. It may record and analyse the 

results.

The mechanisms causing dispersion are convection and diffusion. The laminar 

flow velocity in the tubing is parabolic being zero at the walls and twice the mean at 

the centre (Betteridge, 1978). The sample plug would be anticipated to have an
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infinitely long tail by convective transport alone. However owing to concentration 

gradients there is diffusion parallel and perpendicular to the direction of flow. The 

latter is more significant for the overall dispersion. The molecules in contact with 

the tube surface diffuse radially towards the centre, whilst those at the centre move 

outwards.

The parameters of the system are adjusted to ensure the required sample 

dispersion and reaction occur. Practical guidelines have been presented for designing 

FIA manifolds (Rùzicka and Hansen, 1978). The dispersion increases with the flow 

rate. It may also be manipulated by varying the sample volume. An increase 

improves the measurement sensitivity, whereas a decrease is the best means of 

diluting highly concentrated sample material and increasing the sampling frequency. 

The dispersion increases with the square root of the residence time or the square root 

of the distance from the injection valve to the detector. It is independent of the bore 

for manifolds having a similar residence time though is encouraged by sudden 

changes to the flow direction.

There are advantages from stopping the carrier stream in FIA (Hsieh and 

Crouch, 1995). Any chemical reaction progresses over time and thus the sensitivity 

of measurement increases. It is also possible to record the rate of reaction which is 

a function of the sample concentration (Luque de Castro and Valcarcel, 1986). The 

technique is ideal for assays based on kinetics, such as catalysis. No further 

dispersion of the sample zone occurs, molecular diffusion being negligible. The 

system is required to stop and restart the pump after precise lengths of time from 

switching the injection valve.

The sample and reagent concentrations are selected to meet the needs of the 

reaction and the detector. The preferred level of dispersion is obtained by locating 

the appropriate fluid element in the flow cell, leading to a large dynamic range (Olsen 

et al., 1982). For example low range measurements may be taken nearer the 

maximum peak height than high range measurements. The readings are usually 

determined from the less steep tailing edge with reduced variability compared to the
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rising section. Fine adjustment between the sample and reagent concentrations may 

be performed avoiding initial dilution or changing the injected volume. Sensitivity 

is high, detection of alcohols much lower than 10’̂  M being reported (Forster et al.,

1993).

The measurement of soluble biological materials may be adapted to FIA 

techniques (Mattiasson, 1994 and Locher et al., 1992). However a large number of 

the relevant publications discuss detection by standard chemical procedures. The first 

enzyme application of stopped-FIA involved the assay of glucose in serum with 

glucose dehydrogenase (Rûziôka and Hansen, 1979). Currently there are many cases 

in downstream processing, for example rapid determination of intracellular enzyme 

activities (Sifwerbrand-Lindh et al., 1991 and Steube and Spohn, 1994).

Configurations are considered according to the product and detection type. 

The simplest analysis for enzyme activity is achieved by a single-channel manifold 

where the sample is injected into a substrate solution. The reaction leads to the 

formation or disappearance of the monitored product. The use of a confluence 

manifold with the sample injected into a carrier stream improves the definition of the 

sample zone. Multi-channel configurations are necessary for determining several 

components (Spohn et al., 1994). If the reagents are expensive the optimum volume 

may be injected as well as the sample, rather than circulating unceasingly through the 

system. The plugs mix to some extent and are known as merging zones. A holding 

coil series may be employed if the reaction is slow to attain the incubation required 

(Femandez-Romero and Luque de Castro, 1988).

The on-line monitoring of enzyme activity and protein concentration by FIA 

has been investigated during the early stages of downstream processing such as 

homogenisation. Formate dehydrogenase (FDH) from Candida boidinii and L-leucine 

dehydrogenase (LeuDH) from Bacillus cereus were analysed with a Tecator FIA-5020 

linked to a spectrophotometer (Recktenwald et al., 1985b). The sample stream was 

continuously diluted before injecting a reagent plug of 100 /xl or less. The NADH 

formation at 340 nm was followed by the increase in absorbance, detecting enzyme
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activities up to 20 U/ml. The maximum sampling rate was 90 assays/hr. The 

reproducibility of the data was superior to the manual results.

Similar equipment was used to automate protein determination involving the 

colorimetric laboratory biuret and Bradford assays (Recktenwald et al., 1985a). The 

former requires as long as 35 min though 70% of the ultimate optical density is 

achieved by 1 min. A 100 /xl sample volume was injected into a carrier stream which 

was subsequently added to the reagents with detection at 550 nm. A wide linear 

concentration range was observed between 0.1-40 mg/ml bovine serum albumin 

(ESA) having a possible sampling frequency of 45-60 assays/hr. The Bradford 

protein assay was less prone to interference eliminating the need to prefilter the 

samples. 35 /xl was injected into the carrier stream and mixed with the reagents, the 

optical density being measured at 595 nm. The greater sensitivity of 1 /ng/ml to 

0.8 mg/ml required high sample dilution. The adsorption of the dye created 

difficulties and a wash cycle was implemented. The sample rate was 40 assays/hr. 

In both cases there was a reasonable correlation between the manual Bradford assay.

A stopped-FIA system has been incorporated with a continuous precipitation 

rig and microcentrifuge for the sequential on-line monitoring of enzyme activity and 

total protein concentration from clarified baker’s yeast homogenate (Richardson et al., 

1996b). The equipment was controlled by a microcomputer via a switching box. For 

the assay of ADH a 40 fii sample volume was injected into a carrier stream of 

deionised water propelled at 0.8 ml/min using a multi-channel peristaltic pump, see 

Figure 1.5, p. 58. It was mixed with 2.0 ml/min of substrate solution, before the 

relevant dispersed plug section was stopped in the spectrophotometer flow-through 

cuvette. The assay involved the detection of NADH at 340 nm (section 2.1.2.3). 

The optical density change was read over 20 s.

For the total protein assay that followed, a 40 fi\ sample plug had been 

injected into a separate carrier stream at the same time as for the ADH. This 

consisted of deionised water flowing at 1.2 ml/min. Further dilution occurred with

2.0 ml/min of deionised water. The dispersed sample plug was then halted in the
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variable-wavelength spectrophotometer where the cell position was reset 

automatically. The difference in optical density between 235 and 229 nm was 

determined. The method eliminates the UV contribution of yeast nucleic acid which 

is identical at these points. In contrast the protein absorbance varies greatly (Groves 

et al., 1968 refined by Ehresmann et al., 1973). The streams were restarted and a 

30 s wash cycle commenced, the entire sequence lasting for approximately 120 s.

The FIA assays were calibrated against dilution series. It was possible to set 

the pump stop times and therefore drastically alter the concentrations measured. The 

ADH assays using clarified yeast homogenate gave a linear low range from 0-

17.1 U/ml and high range from 0-340 U/ml. It was 0-4.0 mg/ml and 0-80 mg/ml 

respectively for protein with BSA solutions. FIA results were compared to those 

obtained off-line using the clarified yeast homogenate precipitated by ammonium 

sulphate solution at varying overall feed saturation and centrifuged manually. The 

correlation coefficient was 0.973 for ADH having an initial undiluted value of 

357 U/ml and 0.989 for protein having an undiluted value of 32 mg/ml. This 

suggested the difference in viscosity and density did not affect the controlled 

dispersion presumably owing to the relatively small injected volume.

Enzyme purification by fast protein liquid chromatography (FPLC) has been 

monitored with FIA (Stamm and Kula, 1990). The dehydrogenase dependent 

formation of NADH was again followed though using fluorimetric detection, the 

excitation at 340 nm and the emission recorded at 460 nm. This increased the 

sensitivity to a lower fractional conversion of about 0.01 U/ml. The high ensuing 

sample rate of 60-180 assays/hr and the short response time from 10-30 s fulfilled the 

requirements for measuring the process dynamics. The minimal 2 jul sample volume 

was ideally suited to the limited chromatographic column throughputs. Furthermore 

the selectivity to a range of interfering components investigated was excellent. 

Fluorescence monitoring is readily and inexpensively adapted to measuring analyte 

concentration in real-time (Bambot et al., 1995).

The immobilisation of enzymes on to a suitable support and packed in a
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reactor is widespread (Femandez-Romero et al., 1993). It provides selectivity as well 

as decreasing the cost of the catalysts. A high activity leads to rapid substrate 

conversion at minimum sample dilution, the limited dispersion enhancing the 

detection. Intricate systems are possible for instance one enzyme may be immobilised 

whilst several others are present in the carrier stream. The use of a sequence of 

reactors is an alternative option. Drawbacks are enzyme loss requiring a large 

quantity for preparation, the impossibility of multipoint runs, surface occlusion and 

blockage creating further back pressure with a reduction in the flow rate. The 

detector is usually situated apart to facilitate operational stability and maintenance.

The specificity of most immune reactions can be exploited as flow injection 

immunoanalysis (FIIA). Automatic detection increases the reliability, quality and 

assay rate of the antibody-antigen reaction (Puchades et al., 1992). The on-line 

monitoring of monoclonal antibodies from a hybridoma cell fermentation has been 

performed (Gebbert et al., 1994). The system provided real-time IgG 

(immunoglobulin G) concentration measurements, the ultimate view being the control 

of production and purification. Immobilised antibodies in a FIIA system achieved 

repetitive assays of macromolecules from complex mixtures including analysing 

chromatographic separations (Nilsson et al., 1993).

1.2.3 Rapid measurement of biological particles

The characterisation of particulates is important in identification of the 

optimum process conditions (Polke, 1993). Particle size distribution, concentration 

and density difference between the solids and suspending fluid are crucial to 

predicting the recovery, as well as formation and manipulation, in downstream 

processing. The biological particles may be a product in the form of protein 

precipitate or a major contaminant such as cell debris. The size ranges from 

macroscopic to submicron fractions. Also the particle concentration can vary between 

a trace to relatively high proportions (Groves, 1992). This affects the nature of the
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process stream in terms of the viscosity and dewatering attainable.

The measurement of particle properties, for example particle size, is difficult 

and many techniques are not fast enough for on-line monitoring. The basic problems 

are assigning a size such as an ‘equivalent sphere diameter’ assuming all particulates 

are the same shape and that analysis by different methods is not necessarily 

comparable (Etzler and Sanderson, 1995). Most practical suspensions have a size 

range with the relation between the median and the particle size distribution changing 

during a process (Svarovsky, 1990a). The usual solution is to obtain size data that 

are split between small increments or channels. They may be expressed as a number 

distribution or a volume distribution, proportional to mass for uniform densities, 

which is biased to larger particles (Rumpf, 1990). The measurements limits and 

resolution must thus be adequate and preferably adjustable.

At present the literature shows an enormous breadth of methodologies and 

application areas (Barth and Flippen, 1995). Light scattering instrumentation 

dominates particle size analysis (Gouesbet et al., 1992). Several common techniques 

used in the measurement of fine biological particles are light diffraction, the electrical 

sensing zone, centrifugal sedimentation (an extension of gravitational sedimentation) 

and photon correlation spectroscopy which are further considered. The other methods 

include image analysis and microscopy where automatic or semi-automatic 

characterisation enables numerous data to be taken notably for the shape (Vecht- 

Lifshitz and Ison, 1992 and Suhr et al., 1995). The action of a packed colunm or a 

capillary results in submicron analysis from chromatography. Retention in field flow 

fractionation is by a centrifugal, electrical or thermal gradient.

Far-field or Fraunhofer diffraction is based on the illumination of a suspension 

by a low-power, monochromatic laser beam. The light is diffracted in a sample cell 

at an angle related to the particle size, the smaller ones having the greater deflection 

(Young, 1992). The exact location and motion of individual particles are not 

expected to affect the analysis. The continuous circulating system integral to many 

instruments incorporates agitation where necessary in an ultrasonic tank, a variable

52



speed pump and flow-through cell.

The scattered light is focused by a Fourier transform lens (Farhadpour, 1988). 

Undiffracted light converges along the illumination axis. The diffraction pattern is 

measured as the intensity falling on a series of solid-state, annular detectors positioned 

at the focal point. The radii correspond to certain particle sizes though the lens may 

be interchanged manually to encompass a different range.

x(0) £  f { a ) [  ] da [1 .11]

where I is the scattered light intensity, 6 is the angle from the forward direction, Iq 

is the incident light intensity, a is the particle radius, is a Bessel function, o: is 

given by I ttsl/X and X is the wavelength of incident light. The electrical output 

signals from the detectors are digitised for processing. Specialist algorithms 

characterise the particle size distribution from the energy distribution (Azzopardi,

1992).

The interaction of an incident light beam with a group or field of particles 

results in transmission, scattering and absorption (Weiner, 1984). The scattered part 

includes diffraction, reflection and refraction whereas the absorbed radiation is 

retransmitted at a higher wavelength and generally not detected. The diffraction or 

‘bending’ of the incident light may be described by Fraunhofer theory if the diameter 

of the smallest particles to be measured is significantly greater than the wavelength. 

A helium-neon laser beam that is typically used is approximately 0.6 fim.

The electrical sensing zone method is based on the considerable difference in 

conductivity between a particle and the suspending electrolyte (Lines, 1992). The 

sample stream at low concentration is sucked by vacuum from a holding vessel into 

a glass tube. A sapphire orifice set in the wall is the sensing zone with a platinum 

electrode immersed on either side. The momentary electrical resistance change as
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particles displace the electrolyte in the orifice generates a series of voltage pulses. 

They are measured by a signal amplifier and counted. The amplitude, AU (V), is 

proportional to the volume of the particle, AV (m^), (Kachel, 1986).

A u  = A y  [1.12]
PT

where E is the electric field strength (V/m), f is the shape factor, p is the resistivity 

of the electrolyte (flm) and I electric current (A). The setting of threshold levels for 

the accumulated pulse height data results in the particle size distribution. The 

calibration with monodisperse particles of known diameter assigns the relevant sizes.

Actual suspension volume traversing the orifice may be measured by a 

mercury manometer connected to the upper tube section. Application of the 

controlled vacuum initially unbalances the mercury. The system is then isolated from 

the vacuum source. The flow through the orifice is measured by the return of the 

mercury column up a graduated volumetric piece. Particle size analysis occurs 

between activation of two electrical contacts an exact volume apart enabling the 

determination of the concentration.

The main problems of on-line monitoring using the electrical sensing zone 

involve blockages by oversized particles and the clearance of the orifice. A device 

consisting of three tubes, each with an internal electrode has been developed (Allen, 

1990). The automatic blockage detection in one tube leads to measurement from the 

next tube. The act of closing a solenoid controlling the vacuum to the preceding tube 

is desired to cause a pressure pulse unblocking the orifice. However, the off-line 

technique has many potential advantages. The particles are observed individually 

which is known as stream scanning (Berge et al., 1992). The volume is measured 

directly instead of an attribute such as projected area in light diffraction. Other 

particle properties, for example refractive index or density, are not necessary to 

interpret the data. The sensor structure is straightforward permitting high stability
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and low cost. Some errors may exist for extreme shapes or the presence of more 

than one particle in the sensing zone.

The dilute sample of suspension for centrifugal sedimentation is introduced to 

a fluid annulus in a hollowed cylindrical disc that is rotating at high speed (Bernhardt,

1994). The particles are forced radially outwards as a function of their size and 

density. Motion through the spin fluid is measured by the attenuation of a white light 

beam situated near the edge of the disc (Devon et al., 1991). The time, t (s), 

following injection for a specific particle to pass the detector is determined from 

Stokes’ law, see equation 1.10. Vg is replaced with dr/dt before integrating between 

t = 0 and t (Thomas et al., 1991).

[1.13]

d^Apo)^

where is the radius of the detector (m) and Rj is the radius of the injected 

sample (m).

Development of the technique for on-line analysis and control is complicated. 

The disc centrifuge is usually operated in the line-start mode, that is the sample is 

layered on to the spin fluid with sedimentation starting from the same position (Coll 

and Searles, 1987). The stability of separation depends on forming a narrow surface 

density gradient by previously allowing a miscible liquid of lower density to diffuse. 

This prevents the bulk suspension penetrating or streaming through the surface as 

globules. The problems are the sequence involved in preparing the density gradient, 

injecting the sample and washing the disc. A vacuum probe has been used to remove 

the supernatant in earlier models though it may destabilise the fluid (Allen, 1990). 

The time required for smaller particles to sediment is a considerable disadvantage.

The measurement of particle size becomes harder and more expensive less 

than 1 /xm. Light diffraction does not fulfil Fraunhofer theory. The electrical sensing
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zone suffers from blockage and electrical noise, with the orifice difficult to 

manufacture. Centrifugal sedimentation requires a greater speed and longer spin time 

as well as negating the effects from partial diffusion of the dispersion fluid. In 

addition, electron microscopes replace low resolution optical microscopes. Photon 

correlation spectroscopy stands out for particle size distributions in the range 5 nm 

to 3 /xm according to variation of the scattered light intensity by Brownian motion 

(Carr et al., 1986 and Clarke et al., 1987).

The random diffraction pattern from the illumination of a dilute suspension of 

particles with a laser beam leads to constructive or destructive interference (Brown,

1993). There are high frequency intensity fluctuations caused by faster moving small 

particles but low frequency intensity fluctuations by relatively slower moving large 

ones. The time scale is of the order microseconds to milliseconds. The detected 

signal from the ensemble is analysed by autocorrelating sections with delayed versions 

of themselves. It provides a diffusion coefficient that is related to particle size. The 

method is limited in the upper region by the movement owing to Brownian motion 

being too slow for accurate measurements (De Jaeger et al., 1991). Sedimentation 

also becomes prevalent. Photon correlation spectroscopy is therefore outside the 

scope of these studies which is concerned with > 1 /xm particles. The interrelation 

between protein precipitation and recovery processes is significant, for example on 

the settling and dewatering behaviour in centrifuges. The ability to measure 

particular biological system properties on-line is relevant to the efficiency of the 

separation steps.
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1.3 AUTOMATIC CONTROL STRATEGIES

The control of downstream processes is of considerable interest to ensure 

consistent performance. Application of different strategies allows reduction of 

production costs, an enhanced yield being achievable for the same product quality. 

Each purification stage should not follow a predetermined schedule, but ought to be 

based on variables measured in real-time which reflect the state of the process. The 

analysis of information is important owing to the lack of reliable on-line monitoring 

devices, see section 1.2. The control of bioprocesses is not straightforward since 

systems are non linear having a variable nature, often time dependent (Wilson, 1991). 

In addition accurate mathematical models that characterise the process can be 

required. The control procedure must be robust with the ability to limit disturbances. 

State and parameter estimation techniques may need to be designed from the available 

measurements (Luyben, 1990).

Many control strategies have been proposed to maintain the specified 

conditions of a process, restrain the effect of external disturbances and optimise 

performance (Ramirez, 1994). This is generally accomplished by measuring a 

variable, comparing it or another one with a set point value. A further parameter is 

adjusted until the desired response is obtained. The entire sequence of events is 

automated and can involve more than one group of variables or set point. Regulatory 

control, for example involving flow rates, temperature or pH, is typically handled by 

conventional strategies which are described below. These provide only a base level 

of control and more advanced techniques are discussed taking account of longer term 

trends. Finally, a preliminary investigation of a model-based approach used in 

protein precipitation is presented.
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1.3.1 Fundamental regulatory control systems

A basic feedback control system is shown in Figure 1.6 (p. 6 8 ). It consists 

of a process, a measurement device, a controller and an actuator in a closed-loop 

(Nachtigal, 1990). The correction is determined by an algorithm depending on the 

deviation between the set point and measured value. In the simplest procedure the 

actuator is switched on or off when the error is greater than a certain value. Its 

action is reversed when the error is lower than another level. This is termed on-off 

control and is applicable if the actuator has a fixed output. However the oscillatory 

response limits the use of the system.

Where the actuator has a range of outputs it is preferable to employ 

proportional-integral-derivative (PID) control or some variation of the algorithm. The 

objectives are to minimise the error, with little disturbance to the system, in the least 

time (Koenig, 1991). The control is proportional to terms related to the error, its 

time integral and its derivative (Stepanopoulos, 1984).

p i t )  ~ Pq + Kc [e i t )  + ^  e i t )  d t  + X  ̂ ]

[1.14]

where p(t) is the output signal, pg is the controller output at no error, Kc is the 

proportional gain or sensitivity, e(t) is the difference between the set point and 

measured value at time t, Tj is the integral time and is the derivative time.

The dynamic response of all the elements in the loop defines the control action 

to be selected. For proportional control alone which is the basic case there is 

typically the greatest final offset, with a high maximum deviation and a moderate 

period of oscillation. Proportional-integral control has no offset but the greatest 

maximum deviation and period, the decrease of stability necessitating a reduction in 

the proportional gain. The proportional-derivative mode has a large offset though the
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smallest deviation and period, permitting an increase in the gain owing to the 

additional stability. PID control represents a balance between these advantages and 

disadvantages. The offset is eliminated by the integral action, the derivative mode 

decreasing the maximum deviation and the period of oscillation. The relative 

weighting from the parameters Kc, Ti and Td must be carefully evaluated (section 

2.4.1.5). An unsatisfactorily adjusted controller results in accentuated oscillations or 

may even destabilise the system. It is normal practice to use single-variable control 

loops simultaneously (Sawyer, 1990).

Feedforward or predictive control differs from the feedback technique by 

operating in an anticipatory rather than a compensatory way. The measurement 

device is conventionally placed ahead of the actuator (see Figure 1.6, p. 6 8 ). The 

advantages are the response is immediately made before the output deviates from the 

set point, it is fine for slow processes where there is significant dead time and it does 

not lead to extra closed-loop instability. The difficulty with complex systems is 

predicting the behaviour caused by process fluctuations or parameter adjustments.

1.3.2 Advanced control strategies

Advanced control is significant to the biotechnology industry. Long-range 

predicted algorithms are widely accepted and time varying models are available. The 

behaviour of processes is more understood, with methods developed to make them 

reliable for continuous automatic control (Huber et al., 1991). A sophisticated 

approach is required where the set points are adjusted on-line or even the tuning of 

individual controllers in order to maintain the performance. Furthermore, advanced 

control offers resilience to noisy processes and equipment failure, having improved 

precision. This is beyond the capability of the fundamental techniques covered in 

section 1.3.1.

The automatic change of response over time to a given stimulus is known as
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adaptive control, a broad scheme illustrated in Figure 1.6 (p. 6 8 , Seborg et al., 1986 

and Najim et al., 1995). A basic level is relating the proportional gain term of a 

feedback controller to a suitable measurement variable. The function or ‘gain 

schedule’ of values is stored at the process commissioning stage. The strategy is 

limited to this initial configuration, though self-tuning controllers may be used if it 

is necessary to alter the tuning during operation. Dynamic response parameters of 

the system for conventional PID control are obtained in a test similar to the Ziegler- 

Nichols method (see section 2.4.1.5), allowing the associated parameters to be 

updated. Alternatively readjustment can be achieved by other equations. Techniques 

are available to estimate the controller parameters from the difference between the 

measured and calculated values, minimising the variance of a set point error 

relationship. Model reference adaptive systems utilise the discrepancy between 

process models and measurements with an optimisation procedure for tuning.

The simplex method is a self-contained strategy for multidimensional 

minimisation, that is obtaining the minimum of a function having more than one 

variable (Nelder and Mead, 1965). It requires almost no special assumptions about 

the function, but is not very efficient in terms of the number of calculations needed. 

The computation is straightforward and a brief description now follows.

A simplex is a geometrical figure consisting of N-f-1 points in N dimensions. 

For example, a triangular simplex occupies two dimensions which can represent two 

variables, enclosing a N-dimensional area. The method is started with a predefined 

figure.

P i  = P q + X [1 . 15 ]

where Pj is the coordinates of point i (maximum value for i being N), Pq is the 

coordinates of one arbitrarily chosen point, Xj is a constant guessed from the length 

scale of the problem for i and ej is a unit vector. The algorithm just proceeds slowly, 

employing several sequences (Press et al., 1992). These converge the function to a
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minimum whilst maintaining the integrity of the simplex. Most steps reflect the point 

where the function is highest through the opposite face to a lower point. If it is 

possible, the method expands the simplex away from the high point to take larger 

steps. Other options are a contraction along one or all dimensions towards the lowest 

point.

Termination conditions require consideration as there is more than one 

independent variable. The vector distance moved in a given step of the algorithm 

must be smaller than some tolerance, to indicate the function has converged to a 

minimum. Alternatively, the decrease in the function value itself may be compared 

against another tolerance determining the terminating cycle. It is then valuable to 

restart the minimisation routine in case the criteria was fooled by a false outcome. 

Pq should be reinitialised as a vertex of the claimed minimum and the other points 

from equation 1.15.

A feature of bioprocesses is important variables that express the system 

dynamic behaviour are often difficult to measure (Sonnleitner et al., 1991). State 

estimation involves on-line prediction of these variables by means of an observer. 

The technique incorporates a mathematical model assuming linear ordinary differential 

equations, but non linear equations can be applied. Measured inputs or manipulated 

variables are put into the equations, which are integrated. Available output 

measurements are then compared with the model predictions. The differences lead 

to a change in the model estimates through some form of feedback.

The Kalman filter is a common state estimator for linear systems (van der 

Heijden et al., 1989). It is an observer having a time varying observer gain, that is 

found with another set of equations. The procedure of Kalman filtering is to calculate 

the probability-based weighting factor in order to adjust the state vector, using the 

most recent measurement and the prediction of the process model. Applications 

include modelling responses in analytical chemistry (Wentzell et al., 1988).

The vector Kalman filter for the model is described by two state equations
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(Bozic, 1994 and Cowan, 1985).

x ( i )  = ( j ) x ( i - l )  + w{i-l)  [ 1 . 1 6 ]

y ( i )  = M x { i )  + v { i )  [1 .17]

where x is the state vector, i is the measurement number, <f> is the transfer matrix 

constituting the dynamics of the state vector between measurements, w is the system 

noise vector, y is the measurement, M the measurement matrix relating the 

measurement to the process model and v is the measurement noise vector. New 

estimates for the state vector, x(i), are obtained using the Kalman gain, K,.

x ( i )  -  ( |)x ( i- l )  + Kj^iyi i )  ~M( \ >x{ i - l ) ]  [1 .18]

The gain is found from the covariance matrices for observation and system noise, 

which is discussed further in section 6.3.2.1. This means the maximum likelihood 

values of the state vector are calculated for the most recent measurement alone, the 

algorithm being recursive.

For the Kalman filter to work optimally the system noise and measurement 

noise must be white, that is the disturbances are Gaussian random processes. There 

also should be few outliers in the data (Xie et al., 1992). These error levels need to 

be entered into the covariance matrices at time zero, with prior knowledge. Hence 

the technique is effective from the first measurement providing the information given 

is satisfactory (Roffel and Chin, 1987). An accurate process model should be 

available as well. In practice these conditions may not be met. If the noise is not 

white or model errors occur, the state estimates can develop bias. Where the 

matrices are incorrect the filter is less able to follow certain disturbances to the 

system. However, the advantages of the Kalman filter are it is a recursive algorithm
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requiring relatively few computations and the approach is robust.

The application of rapid methods for obtaining state variables and other 

unknown parameters has become increasing important to bioprocess control since the 

availability of on-line sensors is limited (Shimizu, 1993). There is practical interest 

in the on-line estimation of the specific growth rate (Stephanopoulos and San, 1984). 

For instance a computer simulation of a chemostat has been carried out featuring step 

dilution rate changes. The Kalman filter closely followed the true biomass density 

and specific growth rate from model variables subjected to random noise (San and 

Stephanopoulos, 1984). The strategies may be used in downstream processing. 

Although it is fundamentally different to fermentation, both handle similar biological 

material which has properties that are incompletely characterised.

1.3.3 Case based recovery

In order for selective protein precipitation to be operated at maximum effect 

it is necessary the performance is closely monitored. The ability to measure the 

fraction remaining soluble with automated sample centrifugation and flow injection 

analysis (FIA) means process conditions can be altered in real-time (section 1.2). A 

preliminary state variable feedback control strategy has been described that determines 

the overall feed saturation generating a certain enzyme fraction remaining soluble 

(Niktari et al., 1989).

The precipitation profile of the target enzyme, ADH, using ammonium 

sulphate is non linear though the continuous process considered here is assumed to 

be time invariant. It has been fitted by an input-output model with no process 

dynamics.
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a

where E is the ADH fraction remaining soluble, C is the (fractional) overall feed 

saturation, and a  and rj are parameters. The entire curve is defined, having a plateau 

in the low salt concentration range, as opposed to the Cohn equation 1.7 which is 

limited to the salting-out part. This would be undesirable for control since situations 

may arise where the process is operating outside the validity range of the Cohn 

equation especially near the onset of precipitation.

Rearrangement of the model produces the true overall feed saturation for the 

ADH fraction remaining soluble set point, Ê p.

Csp -  “ -  1) " [1-201
sp

where Ĉ p is the overall feed saturation set point. It forms the initial control action 

and the resulting ADH fraction remaining soluble should be measured. A modified 

overall feed saturation for the next sampling cycle is derived by substituting for a in 

equation 1 .2 0 .

<2i.i - Cj ( - % --------) [1.21]

where i is the cycle number. Hence the sequence of measurement and adjustment 

may be repeated indefinitely from this expression.

The model parameters have historic values on start-up, compatible with
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previous experience. A simple approach to update their values is to minimise the sum 

of squares of the errors by iteration, taking into account recent measurements. The 

objective function is obtained from equation 1.19.

2

where J is the number of cycles considered. Several results are necessary before least 

squares minimisation can be performed to give a stable estimate so a  and rj must be 

held initially, preventing control action based on too few data points. This is 

especially the case for large measurement error.

A trial of the preliminary control algorithm has been demonstrated (Niktari et 

al., 1989 and Richardson et al., 1996b). A set point step change from 0.7 to 0.9 

ADH fraction remaining soluble was attempted, with the overall feed saturation 

adjusted according to the routine detailed above. Minimisation was accomplished by 

the simplex method according to Nelder and Mead, 1965, section 1.3.2. It was found 

the ADH fraction remaining soluble was attained in three measurement cycles. 

Generally the results were scattered exhibiting significant offset. The least squares 

action tended to smooth the data of the samples and thus the subsequent overall feed 

saturation values showed less variation. However, it was likely the significant 

observation error contributed to instability of the algorithm.
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1.4 AIMS OF PROJECT AND CHOICE OF SYSTEM

The objective of the work is to present two complementary examples for on

line analysis and control of downstream processes, the techniques developed being 

widely appropriate to other unit operations and integrated sequences. This chapter 

has shown that the basic theory, sample equipment and relationships are generally 

available. It is apparent there are few references in the literature dealing with on-line 

applications for biological product isolation and most are restricted to monitoring, 

despite the benefits noted. The field is clearly dominated by fermentation in this 

respect.

Various soluble and insoluble species prevalent in the initial stages of 

downstream processing are critical to the performance. Particles are often 

deliberately generated such as by homogenisation or precipitation whilst they are 

deleterious afterwards. It is necessary to know what effect different (particle) size, 

concentration and type of the constituents may have on the product purity and yield. 

A scaled-up procedure can deviate considerably from laboratory experience. In 

addition the efficiency is susceptible to systematic or random process fluctuations. 

Optimum conditions are rapidly identified by monitoring and controlling on-line 

rather than retrospectively. High resolution systems especially chromatography are 

embraced by the principles developed but the emphasis is placed on the earlier 

purification stages.

The first part of this project is to establish means for the on-line measurement 

of biological particle properties to enhance control of formation and recovery. 

Methods used in fine particle characterisation include laser diffraction, electrical 

sensing zone, autocorrelation spectroscopy, turbidity and sedimentation. Hence 

imperfection in solid-liquid recovery, for example by centrifugation, may be predicted 

and optimised on-line. The particulate systems considered are arbitrarily > 1 /xm 

which is near the lower resolution limit of large scale centrifuges under ordinary 

operating conditions and some common analysis equipment. It is important that the
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particle size distribution is broad with an appropriate solids density, allowing the 

separation efficiency to be determined.

Soya protein is chosen as solutions are reproducibly prepared from the crude 

flour, a cheap source. Precipitation by pH adjustment to the isoelectric point has 

been examined in detail (Bell et al., 1983). The particles are sensitive to shear 

associated break-up, smaller ones created are not recovered but are sufficiently large 

for detection. The properties can be manipulated using processes such as low 

frequency conditioning, to yield stronger particles (Titchener-Hooker et al., 1992). 

Characteristics of polydispersed polyvinylacetate latex have been described by 

Daniels, 1983. It has a comparable size and density with soya protein precipitate 

though a high resistance to break-up. Latex should be suitable as a standard material 

for the real-time analysis techniques of particle size distribution, concentration and 

density difference between the solids and suspending fluid.

The second part of the study is involved with fractional protein precipitation. 

It is selected as a fundamental continuous step in downstream processing where a 

compromise is made between the purification factor and yield. The aims are firstly 

to consider the entire design basis for on-line monitoring and control: to ensure an 

optimum assay response and the investigation of an automated precipitation, sample 

centrifugation and FIA rig. To achieve this it will be necessary to obtain 

experimentally a statistical knowledge of the acceptable errors. The causes of 

variation need reducing, before fine tuning the measurement cycle time and materials 

volume required. Finally it is intended to examine the implementation of a rigorously 

tested control strategy suitable for robust process operation.

The system to be investigated is the recovery of the enzyme alcohol 

dehydrogenase (ADH) from clarified baker’s yeast homogenate (Saccharomyces 

cerevisiae) with saturated ammonium sulphate solution as the precipitant. It 

represents precipitation from a typical microbial protein source, where good 

selectivity can be attained for protein fractionation. A high speed microcentrifuge has 

been developed for the removal of solids in a small sample (Richardson et al..
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1996a). This was demonstrated alongside FIA for the on-line generation of ADH 

solubility profiles using salting-out as above. However, the level of measurement 

error made process control difficult via a preliminary state variable feedback 

algorithm (Niktari et al., 1989).

The feed solution is obtained by mechanically disrupting a concentrated cell 

suspension and then centrifugation which recovers the majority of the cell debris. 

The homogenisation of baker’s yeast has been examined for the release of 

intracellular protein (Hetherington et al., 1971) and intracellular enzymes (Follows 

et al., 1971). Protein precipitation by salting-out of the clarified homogenate has 

been extensively studied off-line (Foster et al., 1976). Ammonium sulphate is a 

frequently encountered precipitating agent having a high ionic strength even at 

reduced temperature. It leads to reasonable separation, stabilises enzyme activity, is 

available at adequate purity with a low heavy metal ion concentration and is relatively 

inexpensive.
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2. MATERIALS AND METHODS

2.1 PREPARATION OF MATERIALS

2.1.1 Soya protein precipitate for centrifugal recovery

The source of the protein precipitate was defatted soya flour (Soya fluff 200W, 

Interfood Ltd., Kernel Hempstead, Herts.). 0.25 kg was suspended in 2 1 of distilled 

water using a 125 mm i.d. extraction vessel with a height of 220 mm and four 

baffles. A six-blade 50 mm diameter disc turbine impeller rotated at 1500 rpm. The 

dispersion was increased to pH 9.2 by 2.5 M NaOH. All chemicals were Analar 

grade unless otherwise stated and supplied by BDH Ltd., Poole, Dorset. After 

stirring for 30 min the soluble protein or total water extract was recovered from the 

insoluble material, mainly carbohydrates with a centrifuge (Mistral 4L, MSE 

Scientific Instruments Ltd., Crawley, Sussex) at 2200 rpm and 15°C for 120 min. 

It was refrigerated overnight, 1 mg of sodium azide being added to suppress bacterial 

growth. The soluble protein concentration averaged 60-65 kg/m^ (Mannweiler, 

1989).

The total water extract was diluted in 33 1 of water obtained from reverse 

osmosis and adjusted to pH 9.2 by 2.5 M NaOH to the extent that the protein 

concentration was in the range 3-3.5 kg/m^. The precipitation reactor again 

incorporated four baffles and an impeller, having a base of 370 mm i.d. and height 

of 370 mm, 5.5 M H2SO4 was introduced at a flow rate of 9 ml/min by a positive 

displacement pump. A capillary syringe situated beneath the impeller at 250 rpm 

ensured rapid dissipation of the acid. The pump was stopped when the isoelectric 

point of pH 4.8 was attained and the suspension stirred at 200 rpm for 30 min. The 

mean temperature was approximately 20 °C during protein precipitation.
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The concentrate suspension was added to a 0.07 M sodium acetate buffer. 

This was prepared by dissolving 0.560 kg GPR grade NaOH pellets in 200 1 of soft 

water and adjustment of the pH to 4.8 with about 1.5 1 of glacial acetic acid.

2.1.2 Fractional protein precipitation

2.1.2.1 Clarified yeast homogenate

Two blocks of baker’s yeast {Saccharomyces cerevisiae. The Distillers Co. 

Ltd., Sutton, Surrey) each 1 kg, being approximately 30% dry weight, were crumbled 

into 0.1 M phosphate buffer to give a concentration of 0.750 kg packed weight / litre 

of suspension. The buffer consisted of 0.067 M KH2PO4 and 0.033 M K2HPO4, 

which was adjusted to pH 6.5 by a minimal volume of 2.5 M NaOH.

A Manton Gaulin high pressure homogeniser model LAB60 (APV, Crawley, 

Sussex) disrupted the yeast suspension at 500 barg and a flow rate of 1 1/min for five 

continuous passes. It had two pistons operating at 180° with an adjustable, restricted 

orifice discharge valve. The maximum pressure was 660 barg. The homogeniser had 

been modified with a glycol plate heat exchanger (enabling the temperature to be 

maintained manually at 4°C), permanent tubing and three-way valves.

The homogenate was clarified from the cell debris by a high speed refrigerated 

centrifuge (Europa 24M, Kontron Instruments Ltd., Watford, Herts.) in polycarbonate 

bottles within an aluminium 6x300 ml aluminium fixed angle rotor (Sanyo 

Gallenkamp PLC, Loughborough, Leics.). This was spun at 14,000 rpm equivalent 

to a mean of 20,600 g for 30 min at 4°C. The product was drawn from below the 

less dense lipid layer that resulted from the centrifugation and increased from about 

pH 5.9 to 6.5 by 2.5 M NaOH.

The first cut fractionation step for the clarified yeast homogenate and
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ammonium sulphate solution was performed when required using the continuous 

precipitation rig at an overall feed saturation of 42%. The solids were separated as 

above. The supernatant was then diluted to 40% with 0.1 M phosphate buffer to 

avoid any premature precipitation, for example a temperature reduction would have 

increased saturation. The final pH adjustment by 2.5 M NaOH was from 

approximately 6.2 to 6.5.

The off-line clarification of samples again involved the Europa 24M 

centrifuge. Polycarbonate tubes were positioned in the outer row of a 24x14 ml angle 

rotor made of aluminium (Sanyo Gallenkamp PLC) and run for 30 min at 21,000 rpm 

having a mean of 40,000 g. The laboratory centrifuge (model BM402, Denley 

Instruments Ltd., Billingshurst, Sussex) was utilised at 10,000 rpm equal to an 

average of 7800 g for 15 min, there being no refrigeration.

2.1.2.2 Ammonium sulphate solution

Solid ammonium sulphate was dissolved overnight in 0.1 M phosphate buffer 

(section 2.1.2.1) to make a 3.9 M saturated solution. The pH was readjusted to 6.5 

with a small volume of 2.5 M NaOH. The solution was prepared and stored at room 

temperature to prevent recrystallisation. It corresponded to the full saturation at 0°C 

being 96.01 % at 20°C (Dawson et al., 1987). Analar grade ammonium sulphate was 

low in heavy metals such as lead (^0.0002%) that may have interacted with ADH.

2.1.2.3 Assay mixture

Yeast alcohol dehydrogenase (ADH) catalysed the oxidation of ethanol to 

acetaldehyde using NAD^ as a coenzyme which was reduced to NADH, EC 1.1.1.1 

(Bergmeyer et al, 1983).

74



ADH
E t h a n o l  + NAD"' ^ a c e t a l d e h y d e  + NADH + H* [2.1]

The rate of reaction was measured by the formation of NADH having a characteristic 

absorbance at 340 nm. It was reversible, the addition of semicarbazide HCl 

encouraged the forward direction forming a complex with the acetaldehyde. Stability 

during dilution was maintained by glutathione. Other primary alcohols but not higher 

secondary or tertiary alcohols would have been oxidised by ADH. It would not have 

reacted with NADP^.

Stock solutions of 0.1 M NAD^, 1.0 M semicarbazide HCl and 0.1 M 

glutathione were prepared and frozen until required, Grade II (Sigma Chemical Co. 

Ltd., Poole, Dorset). The reagents were mixed in 0.05 M tris buffer. It had been 

carefully adjusted to pH 8 .8  by 1.0 M HCl, noting the electrode may be inaccurate 

with this solution. Typical batches were 100 ml consisting of 600 mM ethanol 

(3.50 ml), 1.8 mM NAD^ (1.80 ml), 6.2 mM semicarbazide HCl (0.62 ml) and

1.0 mM glutathione (1.00 ml) in the buffer (93.08 ml).

One international unit of enzyme activity, a (U/ml), is the quantity that 

transforms 1 /xmol of substrate per minute at 25°C under optimal conditions.

( - t 4 > [2 . 2 ]
®340-̂  ^  ^

where E340 is the extinction coefficient at 340 nm equal to 6.22 cm^/jumol, 1 is the 

cuvette pathlength (cm) and A A/At the initial linear increase in absorbance per minute 

at 340 nm which was usually in the region of 1.2 /min (0.02 /s) for the clarified yeast 

homogenate. This was diluted 100 /xl in 5.00 ml 0.1 M phosphate buffer, described 

in section 2.1.2.1, followed by the addition of 50 1̂ to 3.00 ml assay mixture, a 

reduction of 3,111 times. Therefore the ADH activity would be expressed as

600.2 U/ml of sample.
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The laboratory spectrophotometer readings were obtained by a Perkin-Elmer 

Lambda 2 (Perkin-Elmer, Beaconsfield, Bucks.). They were the mean of three 

independent measurements unless stated.

Phenol red (Hopkins and Williams Ltd., Chadwell Heath, Essex) was prepared 

in phosphate buffer at pH 8.2. It did not stain at the concentrations required.
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2.2 CENTRIFUGAL SEPARATORS

2.2.1 Disc stack centrifuge

The disc stack centrifuge (type BSB 7, Westfalia Separator AG, Oelde, 

Germany) comprised a full-hermetic feed zone and 72 discs rotating at 9150 rpm 

(section 1.1.2). The start-up procedure involved priming the centrifuge with mains 

water before soya protein precipitate suspension. A throttle valve in the supernatant 

line maintained the pressure. The accumulating solids in the periphery of the bowl 

were intermittently discharged by a hydraulically driven piston which lowered the 

bottom section of the rotor at full speed and sustaining the feed supply.

A fixed flow rate in the range 5-10 1/min was attained by a feed rig similar 

to that used for precipitation of clarified yeast homogenate, see section 2.4.1. It 

consisted of two gear pumps (SSP Pumps Ltd., Eastbourne, Sussex), two magnetic 

flowmeters (Turbo-Werk GmbH, Cologne, Germany) and a 6366 programmable 

advanced controller (Turnbull Control Systems Ltd., Worthing, Sussex), though only 

one loop was utilised. A throughput of at least 15 1 was necessary to assume steady 

state. The supernatant sample was drawn from some stationary suspension held in 

a wide bore pipe; the stream was diverted into a bypass using two three-way valves. 

This was to minimise any particle damage. The centrifuge was rinsed and discharged 

with mains water for three consecutive times prior to switching the feed flow rate.
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2.3 PARTICLE ANALYSIS EQUIPMENT

2.3.1 Light diffraction

The Fraunhofer diffraction Malvern 3600E (Malvern Instruments Ltd., 

Malvern, Worcs.) produced a 2 mW He-Ne laser beam with a wavelength of 

0.6328 jxm which was expanded to 9 mm (section 1.2.3). The particulate suspension 

was contained in a magnetically stirred cell having two quartz glass windows. 

Diffracted light was focused on to a 31 concentric ring detector. A photodiode 

behind a hole in the centre measured the transmitted light intensity and was used 

during alignment. The maximum angle of diffraction detectable was approximately 

11°. The lens with the smallest focal length of 63 mm was installed corresponding 

to a size range of 1.2-118.4 /xm evaluated by the model independent algorithm.

The sample was required to be diluted, limited by there being sufficient light 

diffracted to make the effects of optical noise insignificant and that multiple scattering 

did not occur. This was continually indicated by the instrument.

O b s c u r a t i o n  = 1 - I n t e n s i t y  p a r t i c l e s  p r e s e n t
L i g h t  i n t e n s i t y  a b s e n c e  o f  p a r t i c l e s

[ 2 . 3 ]

Following a background measurement the suspension was added into the cell until the 

obscuration was about 0.3 and definitely did not exceed 0.5.

The buffer was again 0.07 M sodium acetate solution at pH 4.8. However it 

was prepared in 20 1 batches using Analar grade NaOH in deionised water. The 

buffer was stored for a couple of days to allow air introduced whilst mixing to 

escape. It was filtered under gravity when needed by Sartobran capsules (Sartorius 

AG, Gottingen, Germany) having a 0.2 /xm pore diameter and < 50 m  ̂filtration area.
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Alternatively 0.1 ixm membrane filters (Whatman Laboratory Products Ltd., 

Maidstone, Kent) were used for the batch. A variable speed peristaltic pump 

(503S/R, Watson-Marlow Ltd., Falmouth, Cornwall) was operated at a flow rate of 

20 ml/min owing to the high pressure. The sample cell was washed with filtered 

deionised water. Before every run the windows were cleaned by alcohol.

2.3.2 Electrical sensing zone

Particle size and concentration were determined using the Elzone 280 PC 

(Particle Data Ltd., Hereford). Either a 18 or 30 ixm orifice tube was fitted though 

12 and 24 /xm orifices were also tested (section 1.2.3). There was a 20 /xl volumetric 

piece. In addition to sodium acetate electrolyte considered in section 2.3.1, 5% w/v 

sodium chloride was prepared in deionised water and 0 .1  /xm filtered for some latex 

samples (Particle Data Ltd. and Poly sciences Ltd., Northampton).

The 18 /xm tube was calibrated with 1.09 and 2.02 /xm monodisperse latex and 

the 30 /xm tube with 2.02 and 10.09 /xm latex. The standards had been refrigerated 

and briefly ultrasonicated. Three measurements were performed for 20 s in the 

relevant buffer, at a controlled vacuum pressure of 160 mm Hg. Each was preceded 

by gentle agitation with a glass stirring device; the entrainment of bubbles that may 

otherwise have been counted was minimised. The state of the orifice was constantly 

monitored using a microscope attachment. The optimum particle concentration 

resulted in an average count of 22,000 for the 18 /xm tube and 5600 for the 30 /xm 

tube. This ensured the coincidence level was less than 1 %. 128 size channels varied 

logarithmically having an increasing interval. A low trigger level eliminated 

electrical noise. The analysis was corrected for the mean background distribution. 

Concentrations were measured on a volumetric rather than a time basis. Special 

attention was given to the cleanliness of the system which was occasionally flushed 

with dilute detergent or 1.5 M HNO3.
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2.3.3 Disc centrifuge sedimentometer

The density difference between particles and the suspending fluid was obtained 

using a Brookhaven DCP-1000 (Brookhaven Instruments Corporation, New York, 

USA) supplied by Laser Lines Ltd., Banbury, Oxon. The centrifugal disc speed was 

selected from 500 to 15,000 rpm. It was monitored by a digital tachometer. The 

disc had been balanced over the full range to minimise vibration. Light from a 

tungsten-halogen lamp was collimated with two slit assemblies and measured by a 

silicon photodiode. A fan cooled the transmission and detector assembly reducing 

heat transfer to the sedimentation fluid. Parameters such as the baseline were varied 

manually. A modelling facility aided the choice of the operating conditions.

The preferred line start method for stable sedimentation was creating an 

external gradient (Holsworth et al., 1987). 15 ml of the spin fluid, filtered deionised 

water was drawn vertically into a syringe then 1 ml of less dense methanol, the buffer 

fluid. The syringe was maintained upright whilst steadily loading the rotating disc 

through a piece of flexible tubing. This was simpler than pumping from two identical 

wells into a glass holding tube (Mannweiler, 1989). The buffered line start technique 

had also been used by injecting spin and buffer fluids separately, followed with 

momentary acceleration of the disc applying cut and boost controls (Titchener, 1987). 

A thin layer of approximately 0.5 ml nonvolatile dodecane was introduced at higher 

speeds. The sample was rapidly injected on to the surface layer. The possibility of 

streaming was observed through the transparent disc using a built-in stroboscope. 

The spin time lasted for up to 120 min during which the temperature recorded by a 

probe was as much as 28°C. Finally the disc was washed with another syringe.
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2.4 EQUIPMENT FOR ON-LINE MONITORING AND CONTROL OF 

FRACTIONAL PROTEIN PRECIPITATION

The rig consisted of three distinct sections: continuous precipitation, 

centrifugation and stopped-flow analysis, controlled by a supervisory computer. 

Clarified yeast homogenate and ammonium sulphate solution held in vessels were fed 

through a separate gear pump and magnetic flowmeter to a mixing element and then 

a pressure valve (Figure 2.1, p. 91). A sample for analysis was withdrawn from the 

precipitated feed stream via the microcentrifuge or directly, the remainder flowing to 

waste. The individual components are discussed below.

2.4.1 Continuous precipitation rig

2.4.1.1 Gear pumps

The Isametec MV-Z gear pumps each had a ZP-15 head (Labdata Instrument 

Services Ltd., Carlshalton, Surrey). The flow rate was from 1-100 ml/min with a 

maximum pressure of 6  barg. This range would have been adjusted by exchanging 

the pump head. A magnetic coupling provided overpressure protection for the motor 

and made heat exchange easy. The head contained gearwheels and a floating sealing 

plate made of compressed graphite. All other parts in contact with the liquid were 

stainless steel or teflon. The standard signal inputs to the gear pumps were 

0.4-20 mA.

2.4.1.2 Magnetic flowmeters

The Turbo miniature magnetic flowmeter sensors (type MG711/F, Tekflo 

Ltd., Weymouth, Dorset) were based on electromagnetic induction. A conductive 

fluid traversing a magnetic field associated with a coil cut the flux, inducing an
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electromotive force proportional to the flow rate. Platinum electrodes were almost 

flush inside an aluminium oxide ceramic 12 mm bore pipe which was smooth.

The Turbo magnetic flowmeter converters (type ndf/P65, Tekflo Ltd.) 

powered the sensors with a rectangular wave, conditioning the resultant signals. The 

converter had an indicator marked 0-100% and range adjustment. Their outputs were 

4-20 mA.

2.4.1.3 Pressure valve

The forged metering valve (Milli-Mite 1315G2Y, Hoke International Ltd., 

Harrow, Middlesex) had a three-degree stem containing a needle with an orifice size 

of 1.19 mm (0.047 in.). The pressure was set by a 18 turn vernier handwheel, the 

operating maximum being 34.5 MPa gauge at 21 °C. All wetted parts were 

manufactured from stainless steel or teflon.

2.4.1.4 Process tubing

The precipitation rig tubing was either 3.18 mm (1/8 in.) or 6.35 mm (1/4 in.) 

o.d. It was made of stainless steel as well as the fittings. The mixing element was 

a basic Y-piece manufactured in-house. The silicone rubber tubing elsewhere (Altec, 

Alton, Hants.) was 0.5, 0.8, 1.5, 3.2 or 4.8 mm bore with a wall of 1.6 mm. The 

exception was for the solenoid valves having dimensions of 2.5 and 1.0 mm 

respectively. Barbed connections were made between tubes by 1.5 or 3.0 mm tees 

and 1.5-3.0 mm straight adaptors (Altec). Dilute sodium hypochlorite solution was 

rinsed throughout after a run.

2.4.1.5 Process controller

The microcomputer within the 6366 programmable advanced controller 

(Turnbull Control Systems Ltd.) had an extensive library of applications programs 

such as single loop, ratio pair, cascade pair, feedforward control and adaptive gain.
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They each had an associated set of parameters which were modified by a hand held 

terminal, model 306/1. New configurations were also written. Signals from the 

converters were input to the process controller and output to the gear pumps. The 

supervisory computer communicated to a RS422 serial port, the RS232 signal being 

converted by a D240 line isolator converter (Turnbull Control Systems Ltd).

The control action was achieved by a standard PID algorithm (section 1.3.1). 

In determining the optimum settings of the terms Kc, T; and trial and error methods 

would have been time-consuming. Many empirical approaches exist to estimate 

reasonable values without providing information on the process dynamics. These 

required fine tuning. One base was the response of the system had a decay ratio of 

0.25, that is the ratio of the overshoot of the second peak to the first (Murrill, 1967). 

This was a compromise between the initial response and the time necessary to 

accomplish a certain tolerance.

The parameters were attained by the ultimate period method (Ziegler and 

Nicholls, 1942). The precipitation rig was run at typical set points with proportional 

action alone for the loop to be tested. A small gain was steadily increased until there 

was continuous oscillation of fixed amplimde. It was required to introduce a 

disturbance such as pulses in the measured value to overcome the process inertia. 

The gain at which instability began corresponded to Kc(max) and the period was Pu. 

The recommended PID settings were 0.6Kc(max) for Kc, Pu/2 for Tj and Pu/8  for t^. 

The process controller accepted the gain as a proportional band, XP, that is the 

reciprocal of the gain expressed as a percentage. Hence the terms were found to be 

XP 16.7%, Ti 5.05 s and 1.26 s for loop 1, and XP 18.2%, tj 4.65 s and 

1.16 s for loop 2 .

2.4.2 Microcentrifuge unit

The supplier of the microcentrifuge was IBG Systems Ltd., Horsham, Sussex
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having been constructed by John T Bailey (Engineering) Ltd., Smallfield, Surrey. 

It consisted of an enclosed miniature bowl operated by an air tool with a friction 

brake and speed monitor, one solenoid valve and three peristaltic pumps.

The apparatus was housed by a box which was 340x290x190 mm made of 316 

stainless steel. This grade was commonly used throughout the rig. The 

microcentrifuge was externally located on a 165x95 mm Delrin plastic platform itself 

attached by four rubber shock mounts, damping the vibration. Figure 2.2 (p. 92) 

shows how it was surrounded by the valve and pump heads. The a.c. mains 

connector and 15-pin male parallel port for the computer projected from the short side 

that was nearer the bowl, whilst a male air inlet and manual air flow regulator were 

opposite. The encased turbine and pump drives occupied much space. The air hose 

was coiled beneath and the power supply was next to the input. This limited the 

general accessibility.

The bowl was a tulip cup shape with a hollow stem for the drive. The width 

had been specified to be 20.07 mm i.d. and 25.40 mm o.d., the top folded to

15.00 mm. The base sloped at an angle of 15° from the horizontal though it was flat 

around the centre of gravity. Both inside and outside profiles had been machined at 

the same setting with no sharp edges or comers. The depth at the centre was 

10.9 mm and was 39.0 mm for the entire part. It was also made of stainless steel. 

The lid locked shut on to three lugs. It had maximum dimensions of 60 mm diameter 

and 35.0 mm height, being manufactured from Delrin with an internal stainless steel 

layer. These materials were separated underneath by an 0-ring. Three stainless steel 

tubes protruded downwards at different angles held by adjustable screw fittings, one 

having a slightly wider bore. A fourth entered sideways and emerged as a pair of 

tubes.

The turbine grinder (model 7980-A, Aro, Redditch, Worcs.) was rated at a 

free speed of 85,000 rpm when it had an air consumption of 4.3 1/s and a sound level 

as high as 84 dBA. The recommended pressure was 6.21 barg (90 psig). It had been 

designed for the final cleaning and polishing of dies. Air flowed vertically upwards
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from a head acting as a manual valve, driving two impellers with twenty semi-circular 

fins. These were fixed to a central spindle which rotated anticlockwise. A further 

impeller situated between the other two on a set of bearings was stationary, 

channelling the air. It was then funnelled through eight holes past another set of 

bearings that supported the higher part of the spindle and exhausted. A locating pin 

was used whilst the bowl was hand tightened clockwise; it sat on a ball-bearing 

between the spindle. The housing was 34 mm o.d. and the overall height 125 mm. 

All parts appeared to be of a hardened steel except for the head and revolving 

impellers which were an alloy of steel and aluminium. There were two air lines 

within the unit actuated at 240 V a.c. Fine adjustment was incorporated after the 

nearside valve. It may be used at low speeds for example when decelerating the 

microcentrifuge.

The compressor (model 225/1000, Bambi Air Compressors Ltd., Springhill, 

Birmingham) had a design pressure of 9 barg (hydraulic test pressure 13.5 barg) and 

set points of 7.5 and 8.5 barg. The outlet pressure was determined by a regulator 

which had a trap. There was also a cartridge air filter (P/N 39830, Aro) containing 

a sintered bronze element inside the microcentrifuge unit. Condensate was 

periodically drained from the supply and line. A filter (type F1.-004C, Martonair 

Ltd., Newcastle upon Tyne) with a 25 jum nylon mesh was subsequently installed 

between the compressor and regulator.

The brake acted on the stem of the bowl and was adjusted using a screw held 

by a lock nut. This forced the Tufnol friction pad nearer or further when the brake 

was applied by a solenoid operating at 12 V d.c.

The bowl speed was measured utilising a LED source and photodiode sensor. 

The number of interruptions in the signal caused by two line markings were detected. 

Thus the time between each pulse was equivalent to half a revolution.

The vacuum was drawn to waste by tap water. The valve consisted of an 

outer casing with two slits having apertures of 3 mm and a mobile fitting. The tubing
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was crimped in the lower position. It reformed when the fitting was pulled down by 

a solenoid at 12 V d.c. This state was reversed for any tube in the upper slit.

The peristaltic pumps had three roller heads (303D/A, Watson-Marlow Ltd.). 

The one adjacent to the solenoid valve was connected to a 50 rpm drive and the 

others to 100 rpm drives. Nine-blade impellers had been attached to assist in cooling 

the unit. Automatic braking occurred when the power at 240 V a.c. was removed.

There were no functional differences between the microcentrifuge unit and the 

prototype. It had two air flow regulators though one had been observed to be 

satisfactory. Certain aspects of the design had been improved, for instance the 

turbine clamping arrangement and flexible mountings.

2.4.3 Stopped-flow analyser

The stopped-flow analyser was manufactured in-house by John T Bailey 

(Engineering) Ltd., Smallfield, Surrey. It featured a fixed-wavelength optical system 

which incorporated a flow-through cuvette, four fixed-speed peristaltic pumps and 

four solenoid valves. They were controlled by an internal microcomputer.

The unit was again housed within and above a stainless steel case of 

dimensions 610x390x180 mm (length x width x depth). A diagram illustrates the 

62 mm diameter circular cell lid, pumps and valves, see Figure 2.2 (p. 92). The 

maximum height including the external fittings was 260 mm. On the shorter side 

close to the solenoid valves was the a.c. mains socket, a 25-pin female serial RS232 

connector and a 36-pin female parallel printer output. A 20 character by 2 line LCD 

measuring 80x17 mm on the opposite side displayed the state of the pumps, the 

solenoid valves and the shutter, as well as the value of the transmission.

The interior was more spacious than that of the microcentrifuge. The optical
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system was assembled across the width with pairs of pump drives on either side. 

There was provision for another similar device. The microcomputer system and 

power supply were contained at one end next to a fan, the latter being surrounded by 

the solenoids for the valves. The part of the cover above the central region and the 

entire underside was matt black to prevent any stray light reflectance.

The flow-through cuvette (Hellma England Ltd., Westcliff-on-Sea, Essex) was 

firmly held by a machined block made of Delrin which was attached to the lid and 

sat in a square cut from the same material. The lid screwed down, a guiding pin 

ensuring accurate alignment. The cuvette was 12.5 mm square by 35 mm high and 

had a volume of 100 /xl. The light path was 10 mm with a tolerance of ±0.01 mm, 

the aperture being 2x5 mm at a centre height of 15 mm. The quartz glass windows 

had a recommended transmission range of greater than 80% for an empty cell 

between 200-2500 nm. The transmission values were higher when filled by liquid 

owing to the decrease in reflection losses on the two inner window surfaces. The 

flow-through cuvette was supplied with two lengths of PEP 

(perfluoroethylenepropylene) tubing that were 1 mm i.d. and 1 .8  mm o.d., both 

single flanged with a washer and a short screw connector. They were shortened to 

10 mm being replaced by 1.5 mm bore silicone rubber tubing. Two 45 mm long 

PEP tubes emerged from channels under the lid.

The optical system consisted of a white light source, two lenses separated by 

a shutter and a pinhole, an interference filter, the enclosed flow-through cuvette and 

a photodiode detector. The assembly was 295 mm in length, shown in Figure 2.3 

(p. 93). The mountings such as for the lamp, lenses and pinhole were 55 mm wide 

and 60 mm high, the principal axis being 45 mm high.

The light source was a 12 V d.c. 20 W tungsten-halogen bulb (Lampways 

Ltd., Bradford, Yorkshire). The glass biconvex lenses (01 LDX 061, Melles Griot, 

Aldershot, Hants.) had a 25.4 mm diameter and a focal length of 31.7 mm. The 

pinhole was through a vertical plate. A shutter immediately in front was controlled 

by a rotary solenoid at 12 V d.c. The lenses were positioned in accordance with the
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focal length, f, that is the distance from the centre to the point a parallel beam of 

incident light rays converges or appears to diverge.

i  -  A  + A  [ 2 . 4 ]
f  U V

where u is the object length to the lens and v is the image length from the lens. A 

start in aligning the assembly was to place the bulb, first collecting lens and pinhole 

at distances of twice the focal length apart. In order to facilitate construction the 

lengths were 90 and 50 mm respectively giving an apparent focal length of 32.1 mm. 

The second lens collimated the rays. Therefore the image should be infinitely far and 

the object length equal to the focal length, though it was necessary to locate it 60 mm 

from the pinhole. The assembly was later modified to collect more light, the distance 

between the bulb and collecting lens to 95 mm and the collecting lens to the pinhole 

40 mm. The apparent focal length was 28.1 mm. The collimating lens was 

substituted with one that was glass but planoconvex (01 LPX 017, Melles Griot) 

having a focal length of 18.0 mm and diameter of 15.0 mm, situated at 30 mm from 

the pinhole.

The light rays were then attenuated by a shrouded high performance, near 

ultraviolet interference filter (02-3404, Optometries (UK) Ltd., Leeds, Yorkshire) 

with a central wavelength of 340 nm ±2 nm. This was midway between the two 

wavelengths of the spectral curve having half the peak transmittance. Their interval 

was 10 nm ±2 nm. The transmittance of all radiation was specified as >25%. The 

diameter of the filter was 12.7 mm.

Following the cuvette a photodiode detector (IPL10040, Parnell Electronic 

Components Ltd., Leeds, Yorkshire) in a rubber surround had a response of 0.01 fis 

which peaked at 800 nm. The active area was 5.5 mm^, the diameter being 8.25 mm 

and the height 3.9 mm. The transmitted light intensity was measured and was 

proportional to the voltage of the resultant electrical output. It was exchanged
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subsequently for a blue enhanced quartz window photodiode.

The peristaltic pumps and solenoid valves elsewhere were similar to those for 

the microcentrifuge (section 2.4.2). However all the pumps were driven at 50 rpm.

The axial fan (RS Components Ltd., Corby, Northants.) had a 80 mm frame 

size and an air flow of 14.2 1/s (30 CFM) which was directed via one of the longer 

walls over the optical system. It was all metal in construction and was self-starting 

operating at 240 V a.c. In addition a high pressure fan (Famell Electronic 

Components Ltd.) with a rating of 44.4 1/s (94 CFM) was fitted to the bottom inside 

the box, allowing air to be blown out. The dimensions of 120x120x38 mm required 

a circular hole to be punched having a 105 mm diameter and four 10 mm feet.

The main features of the internal microcomputer were a SAB80C535 8-bit 

microcontroller, 64 KB EPROM (eraseable programmable read-only memory), 32 KB 

data RAM and a battery-backed real-time clock. The inputs from the optical system 

were passed by way of a multiplexer to a 16-bit integrating analogue to digital 

converter (ADC). This performed conversions every 0.4 s, generating an interrupt 

when the state of all the devices in the unit were updated together with the ADC 

result being saved. Four programs of 1500 points each that may be run for up to 

600 s were stored. The supervisory computer downloaded the appropriate states.

2.4.4 Supervisory computer

The Dell System 200 (Dell Computer Corporation Ltd., Bracknell, Berks.) 

was an AT IBM compatible personal computer with a 80286 processor and 640 KB 

base memory (42 MB hard disk). The hardware was modified by the addition of 

three interface cards.

The PC Multi Serial-8 card (Chipboards Ltd., Woking, Surrey) had 8 serial
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RS232 links of which one was used for the continuous precipitation rig and another 

for the stopped-flow analyser. The DOP-24 card (Famell Electronic Components 

Ltd.) was a 24 channel opto-isolated darlington output card. The microcentrifuge unit 

required 6  parallel control lines which were interfaced to port A. The PC Super 

ADDA-8  card (Verospeed Ltd., Eastleigh, Hants.) was also an input/output module 

with 8 channels, one of which was a 16 bit ripple counter. It counted the number of 

pulses sent from the speed monitor of the microcentrifuge.

The programs were written in the C computer programming language using 

the Zortech C4--I- V2.1 Developer’s Edition (Zortech Ltd., Woolwich, London). It 

was an ANSI standard version.
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2.5 COMPUTER PROGRAMS

In this section the key features of the supervisory computer programs are 

described for on-line analysis and control of fractional protein precipitation. They 

include programs to characterise and run the equipment, as well as the state variable 

control methods used. A summary table is presented in Figure 2.4 (p. 102), flow 

charts are shown in Figure 2.5 (p. 103) and the computer listings Appendix A.

2.5.1 Program SFA

SFA interfaced the stopped-flow analyser for diagnostic testing. It allowed the 

internal microcomputer of the unit to be initialised, these programs to be run and 

reading of the stored optical data by supervisory computer keyboard entries. Four 

sub-programs were defined to transport background fluid, precipitated feed, 

supernatant or carry out a wash cycle through the sample tubing, consistent with the 

actions needed for an on-line measurement (section 5.3.3).

The set-up case in SFA.C removed all existing internal programs of the 

stopped-flow analyser. It set the new lengths and program lines. The latter contained 

command codes and numerical arguments, including the program number, the start 

location and length of segment expressed in units of 0.4 s, pump/valve control 

number and the shutter value. Further explanation is available in the system 

documentation (John T. Bailey (Engineering) Ltd., 1991). An eight-bit port 

controlled the four peristaltic pumps and four solenoid valves. The bit assignment 

was 0 - P6 , 1 - P7, 2 - P8 , 3 - P9, 4 - V3, 5 - V4, 6  - V5 and 7 - V6 , referring to 

labels in Figure 2.2 (p. 92). Position of the shutter was determined by a single 

parameter, being open for a ‘0 ’ input and closed for a ‘1’ input.

Any stored program could be run. The ADC photodiode output was saved by

94



the stopped-flow analyser microcomputer every time unit (0.4 s) and was able to be 

returned afterwards. SFA.C asked for the program number, the start position and 

segment length. Further functions converted the above information to strings that 

were sent over the serial link.

2.5.2 Program PRIME

The program PRIME initialised the stopped-flow analyser unit for on-line 

sampling. All necessary background and sample measurements actions were 

specified, with the appropriate wash cycles. Further instructions brought about 

flushing of the stopped-flow analyser tubing and the microcentrifuge bowl to be 

washed briefly. The file PRIME.C used functions in RUNSFA.C and lO.C, three 

additional header files (lOFUNCS.H, CENTRIDEFS.H and COMMS.H) being 

required overall.

There were commands in PRIME.C to clear the stopped-flow analyser 

microcomputer memory, set lengths for the programs to be loaded and download the 

actual programs, see section 2.5.1. The values were converted to an array 

recognisable by the stopped-flow analyser and transmitted. The combined rig start-up 

sequence was then initiated. RUNSFA.C sent the command to run a particular sub

program, in this case to prime the unit.

1 0 .C contained functions for carrying out input/output to the precipitation rig 

and microcentrifuge (Turnbull Control Systems Ltd., 1984 and IBG Systems Ltd.). 

However in PRIME the precipitation rig was not run. The bit assignment to switch 

on (or off) discrete devices of the microcentrifuge was sent as a parallel 

communication, the routine arranged such that the state of the other devices was not 

affected. The function ‘void centrifuge_switches(unsigned char)’ was specified as 

external to PRIME.C in lOFUNCS.H. Centrifuge bit values were held in 

CENTRIDEFS.H.
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2.5.3 Program RUN

RUN performed all the actions necessary that led to the measurement of the 

ADH fraction remaining soluble, following the program PRIME which had initialised 

the system. Instructions were passed to the continuous precipitation rig, 

microcentrifiige and the stopped-flow analyser. After the run, the optical values of 

both the redissolved feed and supernatant samples were returned for evaluation. 

RUN.C was similar to PRIME.C using the source files RUNSFA.C and 10.C. 

Besides the header files lOFUNCS.H, CENTRIDEFS.H and COMMS.H it also 

required READ.C.

The overall feed saturation set point was input as a keyboard entry to RUN.C. 

It was assumed the clarified yeast homogenate was already at 40% overall feed 

saturation, a first cut fractionation stage having occurred, section 2.1.2.1. (If no 

precipitant is present in the protein solution, the line ‘y2=0.7990*(sat-40);’ should 

be changed to ‘y2=(sat*MAX)/98;’,) The on/off operations of the mixing rig and 

microcentrifuge were specified as a string of times, set against the internal clock of 

the supervisory computer, noted in sections 5.4 and 6.5.3. Other important 

commands were to call functions to begin the stopped-flow analyser and finally 

processing the optical data.

Again, RUNSFA.C transmitted the sequence to run the relevant program of 

the stopped-flow analyser. Hence precipitated feed and supernatant samples were 

prepared and analysed in tandem with the other equipment. As well as 

communicating to the microcentrifuge unit, 10.C set the precipitation rig here. Each 

loop-number (that is pump number) and the associated local set points from 

calibration of the flow rates, section 5.2, were converted to ASCII characters. A 

checksum was calculated, before the required string could be sent to the process 

controller. COMMS.H contained definition of the appropriate serial transmission 

codes.
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READ.C sent commands to obtain dark and light current from the background 

and ADH assays (section 5.3.1). Since both the precipitated feed and the supernatant 

were measured, eight sets of numbers were recorded. The file held sample times, 

relating to the program lines in PRIME.C. Mean dark current and background light 

current values were found. The optical density of each sample was then determined 

for successive time units with the gradient evaluated by linear regression. The 

enzyme fraction remaining soluble was calculated and the results saved.

2.5.4 Programs CONTROL and NEWCONT

The programs CONTROL and NEWCONT effected model-based feedback 

control of the ADH fraction remaining soluble, using the simplex algorithm. At 

every measurement cycle, the overall feed saturation was calculated for an ADH 

fraction remaining soluble set point from the previous pair of model parameters. 

After the measurement the model parameters were updated as necessary by 

constrained least squares minimisation, with the last few sets of data. CONTROL 

simulated the ADH fraction remaining soluble taking random numbers from the 

supervisory computer. Alternatively, the actual result was required by NEWCONT 

which was generated during RUN. Both programs utilised functions in MINIM.C, 

SIMPLEX.C and NRUTIL.C.

The ADH fraction remaining soluble set point and predefined measurement 

error were used in CONTROL. C. Firstly historic model parameters determined the 

overall feed saturation, from the process model. The measurement was obtained, by 

a protocol described below, the model parameters retaining their values. Then a 

keyboard entry enabled the ADH fraction remaining soluble set point to be adjusted 

if needed. Therefore, the measurement cycle was repeated. After the specified 

number of measurement cycles several variables were passed to MINIM.C for 

evaluation of new model parameters. These were the overall feed saturation, ADH 

fraction remaining soluble and model parameters from the group of cycles that was
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also defined. (When the enzyme fraction remaining soluble set point was changed the 

model parameters were fixed again.) The line ‘if (count = = 6) E[i] = E_true/1.47;’ 

related to an artificial disturbance at the sixth measurement cycle and should be 

deleted if necessary, see section 6.3.1.

Simulation of the ADH fraction remaining soluble was based on the same 

model equation, but having constant model parameters that were independent of the 

estimates. The result was adjusted by a random number representing the 

measurement noise which was normally distributed with zero mean and unit variance. 

Scaling of the error itself was carried out after the first measurement (section 6.2), 

using preset coefficients relating to an inverted parabola.

NEWCONT.C differed as no simulation was necessary for the ADH fraction 

remaining soluble. Separate model parameters and noise evaluation were not 

specified, the latter a prerequisite of simplex method operation.

MINIM.C prepared the least squares function to be minimised. Three pairs 

of boundary values for a  and rj were defined, with four constants to constrain the 

model parameters and the tolerance required by the simplex method that determined 

the termination step for iterating. The boundary values formed the parameters B and 

7  in equations 6.4-5. At each point the least squares function was summed using the 

linearised model, taking the ADH fraction remaining soluble and overall feed 

saturation data. Following minimisation, a  and rj were found from the first set of 

new boundary values being almost coincidental to the others. Reset conditions were 

applied, for example where approaching the plateau of the ADH fraction remaining 

soluble profile.

The actual multidimensional minimisation was carried out by SIMPLEX.C, 

based on the simplex method (Nelder and Mead, 1965). The code was reproduced 

from a general N-dimensional file (Press et al., 1992). Initially, the highest, middle 

and lowest vertices of the simplex were determined by looping over the points. A 

sequence then converged each function to a minimum. The simplex figure was
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reflected from the high point by a factor ALPHA. If this was greater than the highest 

point, an additional expansion was performed by a factor GAMMA. The point was 

compared to the middle value and when greater, a one dimension contraction (BETA) 

preferred from the high point. Contraction along all dimensions around the lowest 

vertex was followed if the other outcomes failed. These rules were repeated until the 

termination criteria was reached. Here, the standard deviation of the function values 

must have achieved the threshold tolerance or not changed significantly in magnitude 

between iterations.

NRUTIL.C contained routines for the programs. It was adapted from a file 

of utility routines, having the addition of a random number transformation algorithm 

(Press et al., 1992). The function ‘void(nrerror(char[]))’ terminated the execution of 

a program when a fatal error occurred, such as by an illegal mathematical operation. 

Other routines assigned memory to vectors and matrices. ‘Float gasdev(int *)’ took 

uniform numbers between -1 to 1. Normally distributed deviates were obtained from 

the Box-Muller transformation.

2.5.5 Programs KALMCONT and NEWKALM

KALMCONT and NEWKALM mirrored CONTROL and NEWCONT 

respectively in the structure for moving to the desired ADH fraction remaining 

soluble. The use of the process model meant the overall feed saturation and ADH 

fraction remaining soluble set point were modified identically. However, the salient 

difference was that the recursive Kalman filter estimated the current model parameters 

and not the simplex method. Thus preparation and adjustments for least squares 

minimisation routines were not needed, such as summing function values of multiple 

measurement cycles or fitting constraints to the model parameters. It is seen from 

Appendix A the entire computer code was more concise occupying fewer lines. The 

simulation of the ADH fraction remaining soluble was carried out by KALMCONT, 

while NEWKALM required real measurements. Other source files necessary were
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KALMAN.C and NRUTIL.C.

KALMCONT.C again took the ADH fraction remaining soluble set point and 

measurement error. The initial overall feed saturation was calculated from the model 

and historic model parameters. Then the measurement was derived using the random 

number generator and scaling the error (section 2.5.4). An important feature was the 

Kalman filter was invoked from the first measurement cycle or subsequent ADH 

fraction remaining soluble set point change. It was sent the latest values of a. and r/, 

overall feed saturation, the ADH fraction remaining soluble and coefficients relating 

to the measurement noise in order that the model parameters could be updated. The 

sequence was repeated as required. The file incorporated the line for an artificial 

disturbance at the sixth measurement cycle, mentioned in section 6.3.2.

Evaluation of the measurement error was implemented by NEWKALM.C 

(ultimately for the Kalman filter) which contrasted to NEWCONT.C. Although since 

the ADH fraction remaining soluble was obtained experimentally, alternative model 

parameters and the random number transformation were not called.

The Kalman filter for estimating new model parameters based on the current 

measurement cycle was in KALMAN.C. It contained the error covariance matrix Q 

and combined covariance matrix P set from previous experience, section 6.3.2.1. 

Here, there were no process dynamics according to the model and the transfer matrix, 

which would have otherwise described model parameter variation between samples, 

was unity. The measurement covariance, known as R, was found from the modified 

noise coefficients. The vector Kalman gains were calculated using the covariance 

matrices according to dimensional equations. Eta, the difference between the 

measurement and the prediction by the linearised model, was then determined 

allowing optimal values for the model parameters from the relative weightings. 

Finally, the P matrix was recalculated by the algorithm.

NRUTIL.C had the utility routines for the programs (Press et al., 1992). 

These included definitions of vectors and matrices, also the standard error handler to
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stop a program following a fatal error.
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Figure 2.4. Review of computer programs outlined in Figure 2.5 for fractional protein precipitation (listed in Appendix A)

Program Description of function

SFA Allows diagnostic testing of the stopped-flow analyser only, such as to reduce sources of error present.

PRIME Prepares the microcentrifuge and the stopped-flow analyser unit ready for a run, including wash cycles.

RUN Used for on-line monitoring with the precipitation rig, microcentrifuge and stopped-flow analyser. It returns 

the ADH fraction remaining soluble for a given overall feed saturation.

CONTROL Achieves model-based control to obtain the overall feed saturation generating a desired ADH fraction 

remaining soluble. The simplex method updates the model parameters, having simulated measurements.

NEWCONT Achieves model-based control to obtain the overall feed saturation generating a desired ADH fraction 

remaining soluble. The simplex method updates the model parameters, having actual measurements.

KALMCONT Achieves model-based control to obtain the overall feed saturation generating a desired ADH fraction 

remaining soluble. The Kalman filter updates the model parameters, having simulated measurements.

NEWKALM Achieves model-based control to obtain the overall feed saturation generating a desired ADH fraction 

remaining soluble. The Kalman filter updates the model parameters, having actual measurements.
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(a). SFA, section 2.5.1

SFA.C
A.1

(b). PRIME, section 2.5.2 (c). RUN, section 2.5.3

READ.C
A.9

lO.C
A.4

COMMS.H
A.7

CENTRIDEFS.H
A.6

COMMS.H
A.7

lO.C
A.4

lOFUNCS.H
A.5

RUNSFA.C
A.3

RUN.C
A.8

RUNSFA.C
A.3

PRIME.C
A.2

CENTRIDEFS.H
A.6

lOFUNCS.H
A.5

(d). CONTROL/NEWCONT, 
section 2.5.4

SIMPLEX.C
A.12

MINIM.C
A .ll

NRUTIL.C
A.13

A.10
or

NEWCONT.C

CONTROL.C

A.16

(e). KALMCONT/NEWKALM, 
section 2.5.5

NRUTIL.C
A.13

KALMAN.C
A.15

KALMCONT.C
A. 14 

or
NEWKALM.C

A.17

Figure 2.5. Block diagram for computer programs, see Appendix A (source file 
containing function 'main' underlined where execution begins)
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3. ON-LINE MEASUREMENT OF PARTICULATE SYSTEMS

3.1 PARTICLE SIZE ANALYSIS

The on-line, non-invasive analysis of particle size distributions greater than 

1 pLm is achieved by light diffraction. The technique is inherently different to the 

many others developed (section 1.2.3). The particles are measured collectively, 

rather than individually (stream scanning) such as by the electrical sensing zone which 

is a potential off-line reference method. No calibration or knowledge of the optical 

properties of the particles to be measured are apparently required. Since the data are 

dependent on the principle and integrity of the instruments the two are compared. It 

is important because the performance of separational equipment is strongly related to 

particle size. For example the grade efficiency curve of a centrifuge (section 1.1.2) 

relates the fraction of solids recovered of a certain diameter against the normalised 

size. Biological material is often highly susceptible to shear associated break-up 

(including protein precipitates) resulting in smaller sizes and reduced recovery.

3.1.1 Calibration of light diffraction

The light diffraction instrument was initially tested by means of monodisperse 

latex. Precaution was taken to ultrasonicate the standards briefly. The median sizes 

measured on a volume basis were 1.0, 2.3 and 10.2 fxm for 1.09, 2.02 and 10.2 

latices respectively. The error is thus greater for the smaller sizes. It overestimates 

by 14% for the 2.02 /xm latex and underestimates for the 1.09 /xm sample, though 

this was outside the measurement region.

Soya protein precipitate suspension was pumped into the continuous disc stack 

centrifuge operating at varying flow rates. Feed and supernatant samples were
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analysed by both light diffraction, again off-line, and the electrical sensing zone 

method. Typical cumulative particle size distribution curves expressed as the fraction 

undersize are shown for a feed sample in a subsequent run. Figure 3.1 (p. 110). It 

is seen the distribution measured by light diffraction is significantly larger varying 

from 84% at the lower end to 133%. The median diameter for light diffraction is

6 .8  /xm and 3.0 /xm for the electrical sensing zone which is an increase of 126% with 

respect to the latter.

In order to derive a calibration function the electrical sensing zone 

measurements were plotted against those for light diffraction at 0 .1  increments of the 

fraction undersize. Hence nine graphs were obtained and the ones at d̂ g, d̂ g and dgg 

are illustrated in Figure 3.2 (p. 111). The relationships deviated from linearity for 

the smallest and largest particle sizes. This was predominant at the upper end of the 

distributions but was almost negligible at the finer end.

Each curve was fitted by the method of orthogonal polynomials (Pearson and 

Hartley, 1966) adapted to a microcomputer, where the light diffraction diameter was 

the independent variable. A third order polynomial attained sufficient smoothing of 

the experimental data. First and second order polynomials did not detect an inflexion 

point whilst higher orders attempted to pass through the limited number of points. 

In all cases the fit appeared to be a reasonable approximation. The run was repeated 

with the light diffraction results having a similar discrepancy. When they were 

corrected using the previously obtained coefficients the error was found to be less 

than ±10%. This is shown in Figure 3.1 (p. 110) for the feed sample.

Therefore the results determined by light diffraction are substantially improved 

by precalibration with the electrical sensing zone. This provides the opportunity for 

on-line particle size measurement in downstream processing and elsewhere. The 

procedure may be extended by making the fit over more increments, for example 

corresponding to the number of channels for the light diffraction instrument.
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3.1.2 Discussion of errors of light diffraction and the electrical sensing zone 

method

The discrepancy between light diffraction and the electrical sensing zone is 

considered by investigating some of the errors in the size analysis. Those of light 

diffraction may be grouped into three categories, the shape of the particles, 

measurement effects and data interpretation which are now discussed.

The particles may have irregular shapes though the size is expressed as an 

equivalent sphere. This may be difficult to justify such as for protein precipitates 

subjected to break-up. However since the scattering pattern depends on the 

orientation in the incident laser beam it is anticipated that sufficient would be 

measured in random positions to represent an inscribing sphere.

The data are analysed assuming that the light is diffracted only once before 

being registered on the detector. The theory for multiple scattering is generally 

complex. As the sample concentration increases the median size becomes lower and 

the distribution broader. The light is diffracted to larger angles because it was not 

parallel when it struck a subsequent particle. Thus the distribution appears to contain 

more smaller sizes. The systematic error is negligible to approximately 50% 

transmittance. At low sample levels random errors prevail. Hence multiple 

scattering does not occur if the concentration is maintained within range monitored 

by the instrument. The phenomenon has been simulated by ray tracing (Gomi, 1986). 

It was consistent with experimental data and charts were presented to adjust the 

particle size. A model has also been applied to estimate the distribution from 

multiple scattering (Hirleman, 1988).

The back calculation or inverse matrix for determining the particle size 

distribution from the light energy distribution has not been revealed by the 

manufacturers. Every proprietary solution varies slightly and software updates mean 

results from the same sample source analysed by different models may not be
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identical. For instance the difference in medians of starch particles was found to be 

40 jLtm (Evers, 1982). This can not be explained without investigation of the 

mathematical treatment by the algorithm. Other inversion techniques have been 

proposed such as one where the data were successfully processed to calculate the 

particle size distribution (Bayvel et al., 1987).

It is possible that the discrepancies by light diffraction are due to the 

theoretical interpretation. The particle size must be significantly larger relative to the 

wavelength of the laser beam. In addition when the relative refractive index (the ratio 

of the refractive index of the particle to the suspending liquid) approaches unity light 

rays may be traced through particles. This interferes with the diffracted light 

producing anomalous diffraction patterns. However the instrument does not require 

a value for the refractive index of the sample. It has been suggested that Fraunhofer 

diffraction should not be applied beneath 2-7 fim depending on if the particles are 

opaque (Bayvel and Jones, 1981).

The supposition that the light diffraction instrument does not require 

calibration is it is highly accurate under varying operating conditions. It is assumed 

the detectors have a uniform response and are similar between different elements and 

assemblies. Calibration was preferred to the use of a correction factor for the sizing 

of nonspherical particles (Brown, 1986).

Further problems include the measurement of polydisperse distributions. The 

maximum intensity caused by diffraction of a certain particle size will overlap 

secondary maxima of other sizes. Concentration or temperature gradients within the 

suspending liquid indicate density gradients and the deflection of the light beam 

(Chigier, 1984). However this is more significant for sprays. Finally the relatively 

limited number of channels means subtle variations are not shown which may be with 

greater resolution.

In contrast the errors of the electrical sensing zone for the analysis are 

considered. The size measured is the displaced volume of the particle, expressed in
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terms of an equivalent spherical diameter. Irregular shapes have an effect depending 

on orientation in the orifice. For example the electrical field may pass around a 

streamlined envelope or outline of the particle making it appear larger. However 

protein precipitates were similar in size to that measured by different techniques (Bell 

et al., 1982). The particles are porous with a high degree of hydration which may 

contribute to the particle size depending on their conductivity.

The resistivity of the particles is unlikely to affect the voltage response unless 

it is close to that of the suspending fluid. Polydisperse polyvinylacetate latex for 

example has a surface resistance of 5x10“ 0/cm and any underestimate of the size in 

this way is expected to be slight.

A defined concentration range known as the coincidence level ensures only a 

small number of particles are measured together; it would otherwise lead to a 

distortion of the distribution towards greater sizes and loss of count. Mathematical 

corrections are subsequently made by the instrument.

The electrical sensing zone technique measures sizes from approximately 

0.4 fjLm. This is limited by electrical noise from the current acting on the liquid in 

the aperture and may be as low as 1,5% of the diameter. The linear response has 

been demonstrated to be up to 80% (Harfield and Knight, 1982). Hence the dynamic 

range may be more than fifty times by diameter. However the smallest orifices such 

as 18 fxm are particularly vulnerable to electrical noise and temporary blockage which 

may result from agglomeration or contamination.

One further point is relevant to the comparison. It is important that the soft 

aggregate samples are representative (section 1.2). The particles were analysed by 

both methods in sodium acetate electrolyte solution identical in concentration and pH 

to that prepared for the feed suspension. It is therefore not expected they should 

change size or shape when diluted. Studies suggested that the particles did not 

redissolve appreciably (Virkar et al., 1982). Furthermore no significant break-up was 

measured for recycled samples which had already traversed the orifice of the
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electrical sensing zone. The use of the on-line sampling cell for light diffraction at 

increased operating pressures may result in additional break-up, especially around the 

inlet and outlet.

Therefore the variety of errors makes it difficult to investigate the performance 

of light diffraction and the electrical sensing zone with regards to sizing monodisperse 

latex and soya protein precipitate. The differences may be caused by the response 

owing to shape and the nature of the surface of the particles, but this appears too 

basic an explanation. In operating at the optimum sample concentrations it is 

assumed the effects of multiple scattering and coincidence counts were avoided. If 

not this would lead to undersizing using light diffraction but oversizing by the 

electrical sensing zone method. The analysis of the diffraction pattern of particles 

approaching as low as 1 /xm without any apparent correction for their optical 

properties, or the response of the instrument, and the problems associated with 

obtaining a particle size distribution from the scattered light energy distribution are 

hence prevalent. It is possible that the polydisperse nature of protein precipitates 

which have been subjected to break-up contributes to this error.

The results from light diffraction have also been compared for different 

materials elsewhere. The sizing of BCR quartz powders which were angular but 

moderately regular indicated more particles < 1 0  /xm than by the reference data from 

gravitational sedimentation (Harfield et al., 1987). A Coulter Counter showed much 

closer accuracy. However the light diffraction particle size distributions were within 

± 1 0 % of those determined by scanning electron microscopy, image analysis and the 

electrical sensing zone method for a suspension of Silicalite which was 1-10 /xm 

(Tüzün and Farhadpour, 1985). The similarity was believed to be owing to a 

combination of light absorption and the polydispersity of the crystals. Light 

diffraction oversized boron powders in the range 10-30 /xm by up to 30% with respect 

to the Coulter Counter (Davies and Collins, 1988).
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3.2 ON-LINE CONCENTRATION ESTIMATION

The concentration of particle size distributions is rapidly estimated on-line 

using turbidity. This may be achieved by precalibrating for known concentrations of 

the material to be analysed or merely assuming a linear proportionality. The 

electrical sensing zone method measures concentration off-line. However, the 

turbidity relationship is complex depending on the size of the particles and optical 

properties such as the relative refractive index. This is considered theoretically and 

practically for latex suspensions with emphasis on applying the technique to that of 

protein precipitate or whole yeast. It may be utilised to measure the solids recovery 

efficiency, for example from the scroll discharge centrifuge.

3.2.1 Theoretical considerations

The turbidity, r (/cm), of a suspension of particles is the reduction in intensity 

or extinction of a beam of light.

T - A  I n ( ^ )  [3.1]

where 1 is the pathlength (cm), I„ the incident light intensity and I the transmitted light 

intensity. For a dilute non absorbing, monodisperse suspension it is equal to the total 

scattering cross section of the particles. This is defined in terms of the geometric 

cross-sectional area for spheres by a dimensionless scattering or extinction coefficient, 

E.

X -  [3 .2 ]
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where N is the number of particles / cm  ̂ and D is the particle diameter (cm). The 

equation is expressed for the volume concentration, V.

T -  - 2 - y E ^  [ 3 . 3 ]
2 D

Thus where the extinction coefficient is constant the turbidity is proportional to the 

reciprocal of the particle size for a given volume concentration.

The theory may be developed for polydisperse suspensions. Equation 3.2 is 

expressed for all size increments in the range.

— N f ' ^ n D ^ f { D ) E { D )  dD  [ 3 . 4 ]
4 Jo

where f(D) dD is the number fraction of particles between D and D+dD, and E(D) 

is the extinction coefficient for the particles of that diameter. This is rewritten for 

the volume distribution.

r  (D)E(D) dD 
T =   [ 3 . 5 ]

 ̂ f°° D ^ f ( D )  dD
Jo

Therefore from the particle size distribution and the turbidity the number or volume 

concentration may be predicted. This assumes the extinction coefficients are accurate 

which is now investigated.

The extinction coefficient is a function of particle size, the relative refractive 

index and the wavelength of the light beam. An empirical expression has been 

derived (Kerker, 1969).
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E = 2 -  ( — ) s i n p  + { — ) (1 -  cos p)  [3 . 6]
P p̂

where

p .  (jn -  1) [ 3 . 7 ]

X is the wavelength in the medium (X = \J n ,  X„ being the wavelength in a vacuum 

and n the medium refractive index) and m is the relative refractive index.

In order to consider the variation of the extinction coefficient with particle size 

from equation 3.6 polystyrene latex particles suspended in water which have a relative 

refractive index of 1.20 are taken as an example, see Figure 3.3 (p. 118). As the 

diameter increases the extinction coefficient rises almost linearly, before passing 

through a series of maxima and minima converging on a value of 2. At lower 

wavelengths the fluctuations are repeated, though for correspondingly smaller sizes. 

The reverse effect occurs at lower values of the relative refractive index.

It appears contradictory that the extinction coefficient has values greater than 

unity. The ratio represents energy scattered by a particle to the total energy 

intercepted from the incident beam of similar cross-sectional area. Conventional 

experience with macroscopic bodies is for the light intensity of the cast shadow to be 

reduced by the intensity geometrically intercepted. This suggests rays are perturbed 

away from a region of disturbance around much smaller particles, besides those 

directly impinging. The explanation is all the incident radiation physically intercepted 

by the particles is blocked (contributing the factor unity) and a further quantity is lost 

owing to diffraction at the edges. Where the extinction coefficient is 2, the quantities 

of energy are the same.

The extinction coefficient is plotted against p, see Figure 3.4 (p. 119). There 

is a similar trend to that for the particle size. In specifying the extinction coefficient
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lies within 2 ±5%, p must be greater or equal to 36.6. The convergence is slow and 

has not attained 2 ±1% by a value of 100 for p. The smallest particles which may 

be measured, assuming the former range for a constant coefficient is obeyed, are 

shown for differing relative refractive indices in Figure 3.5 (p. 120). It is seen that 

at a wavelength of the light beam of 2 2 0  nm the minimum particle diameter decreases 

from 12.8 to 4.3 /xm between a relative refractive index of 1.1 and 1.3. This is much 

greater at a wavelength of 900 nm exceeding 50 /xm initially. Hence, the extinction 

coefficient is likely to vary significantly for the concentration analysis of whole yeast 

or protein precipitate.

3.2.2 Determination for latex from turbidity data

The optical density has been measured off-line for 1.09, 2.02 and 10.2 /xm 

monodisperse latices and polydisperse polyvinylacetate latex at low arbitrary dilutions 

with a spectrophotometer. This is the logarithm to base ten of the ratio of incident 

to transmitted light intensity. The data were modified to natural logarithm based 

turbidity for a 1 cm pathlength when multiplied by the constant 2.303, relating both. 

They are shown in Figure 3.6 (p. 121) for several samples between a 

wavelength of 220-900 nm. Correction was made for the background reading. The 

variation between the pattern of the traces illustrated the effect of particle size besides 

wavelength on the turbidity. For example there was a significant difference in 

comparing the 1.09 and 2.02 /xm latices despite the proximity of the diameters. 

Whereas polystyrene monodisperse latex had a relative refractive index of 1.20 that 

of polydisperse polyvinylacetate was 1.10 which also contributed to the trend. A 

separate 1.09 /xm sample at increased dilution suggests the major differences between 

the patterns do not result from the concentration of particles in this region.

It is possible to determine either the size or relative refractive index for the 

particles from the turbidity scans. Their volume (or number) concentration, size and 

relative refractive index are identical for the same suspended sample. The measured
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turbidity may thus be related to the extinction coefficient, see equation 3.3. Good 

estimates were obtained for the 2.02 and 10.2 /xm latices at wavelengths of 300, 400 

and 700 nm. This was not achieved for the 1.09 /xm and polydisperse latices which 

will be discussed.

The volume concentration was consequently found for all the samples by the 

electrical sensing zone. The theoretical turbidity was calculated at 700 nm from 

equations 3.3 and 3.6-7 (Figure 3.7, p. 122). The diameter of the polydisperse latex 

used was typically about 1.24 /xm, being the median from the electrical sensing zone 

measurement. In addition the turbidity for the latter was evaluated from equation 3.5 

with the knowledge of the volume fraction and mean extinction coefficient for each 

size range. This amounted to 52 channels between 0.862 and 2.554 /xm. It is seen 

although these turbidities are approximately equal to the measured turbidities for the

2.02 /xm latex, they are less for 1.09 /xm and polydisperse latices but greater for the

10.2 /xm samples. The fact they do not fit a single gradient appears to suggest that 

the relationship between particle size and the extinction coefficient given by the above 

equations does not apply. However, the variations are linear for each latex 

reinforcing there is a turbidity dependency on the particle size.

Corroboration of the turbidity for a suspension of particles from a volume 

concentration is subject to experimental errors in the measurements and uncertainties 

in the determination. Many of these are common to the particle size analysis, see 

section 3.1.2. The sample must be sufficiently dilute to prevent multiple scattering. 

It is also assumed the spectrophotometer measures the attenuation of the light beam 

and not any forward scattering. This reduces the measured turbidity with particle 

size, depending on the detector which should subtend a small angle.

The variation of the extinction coefficient against size may not be represented 

accurately for low values of p. This is important for the smaller latices measured 

where there are rapid fluctuations between extremes and tabular computations may 

be preferred. Any relationship between the relative refractive index and wavelength 

leads to error in the calculated turbidity or diameter which are particularly sensitive
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to small changes. In this case the selected wavelengths should have been closer 

together.

The concentration by the electrical sensing zone method would be affected if 

the lower fraction of the particle size distribution is not recorded or the coincidence 

counts are uncorrected. Electrical noise and dilution errors contribute. Substantially 

larger particles or potential agglomerates that had survived ultrasonication were 

omitted. The particle size distributions revealed the monodisperse samples were 

relatively broad, for instance d̂ o was typically 1.05 ixm and d̂ Q 1.57 fxm for the

1.09 />im latex. There is only a small difference for the theoretical turbidity of the 

polydisperse polyvinylacetate latex analysed by taking one value for the extinction 

coefficient and by summation, though the number of increments may be insufficient. 

The accuracy of the electrical sensing zone for counting particles in a certain volume 

of fluid may be checked by manufacturers’ latices where the concentration is stated.

The fit of concentration to measured turbidity for this size range may be used 

for on-line analysis. However it is sensitive to variation in the particle size 

distribution and relative refractive index of the suspension. This will occur when 

measuring the feed and supernatant of a centrifuge, the resultant clarification altering 

the extinction coefficient. The on-line monitoring of particle size for example from 

light diffraction leads to the use of more specific concentration calibrations for each 

different size. The method is suitable for homogeneous spheres such as latex 

particles but should be applied with caution if the relative refractive index is believed 

not to remain constant. This may be true for the shear associated break-up of protein 

precipitates. The value should hence be obtained from the iteration of turbidity data. 

Further errors may arise from on-line dilution. The performance may be compared 

with other stream scanning or field scanning devices which provide the particle 

concentration.
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3.3 DISCUSSION WITH RESPECT TO ENHANCING CENTRIFUGAL 

RECOVERY

In order to accomplish on-line monitoring and control for the recovery of 

biological material the primary properties of the particles must be reliably 

characterised in real-time. These include the particle size distribution and density. 

Together with the properties of the suspending fluid, also the concentration and 

equipment parameters such as the centrifuge speed of rotation and radius of settling, 

the separation performance may be optimised.

Light diffraction size measurements of particles greater than 1 /xm exhibited 

a significant variation when compared with the electrical sensing zone. This was 

satisfactorily described by a series of third order polynomial curves over successive 

intervals of the volume distribution. Protein precipitate samples were used from the 

feed and supernatant at differing degrees of shear break-up. The determination of 

particle concentration required the correction of optical density for size. However 

they were related by the extinction coefficient which was neither constant nor directly 

proportional to size in this lower range. The volume concentrations were predicted 

from mathematical formulae but did not necessarily agree with those measured by the 

electrical sensing zone. Several reasons were proposed, for instance the detection of 

forward scattering, inaccuracy of absolute concentration measurements, error within 

the extinction coefficient relationship or in summing too few increments for 

polydisperse distributions. Since the relative refractive index may have varied 

anyway for particles that were not homogeneous it was suggested a fit for the material 

as a function of size would suffice.

The density difference between the particles and suspending fluid should be 

obtained as well. The density of a protein precipitate aggregate is equivalent to that 

of the solid phase and the voidage. The strength is associated with structure as a 

change in the packing formation affects the distance of short-range bonding forces. 

Therefore an increase in the aggregate density should result in a reduction of adverse
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break-up. The density difference is measured using a disc centrifuge sedimentometer 

operated manually. The concentration of particles of a certain size is attained by light 

extinction. This has the problems described in section 3.2.

A 1.43 fxm monodisperse latex sample was spun at 1500 rpm and a mean 

temperature of 21 °C. The volume median diameter was 1.44 ixm, this size taking 

16.7 min from injection to passing the detector. Thus if it was determined by another 

instrument such as light diffraction or the electrical sensing zone method the 

manufacturer’s density of 1.05 g/ml would be reproduced almost exactly. The 

density difference is dependent on measurable physical parameters and the use of 

calibration for the particulate system is not required. There are no explicit optical 

corrections. The analysis of raw data curves may yield a range of densities as a 

function of the size.

Therefore on-line analysis would be achieved by light diffraction and turbidity 

measurements following off-line calibration by the electrical sensing zone for the 

appropriate suspension. Further information on the density and strength of the 

particles would be provided with a centrifugal sedimentometer. The development of 

an automated sampling rig interfaced to a computer should parallel the rig for 

fractional protein precipitation. It will be necessary to identify the streams for 

analysis; this may be the feed after any continuous low frequency conditioning 

process and the supernatant from a centrifuge, see Figure 3.8. The samples must be 

representative and avoid cross-contamination. A suitable dilution should be achieved 

which does not result in multiple scattering, but allows the measurement for particle 

concentrations in a range of 100:1 (see chapter 4). Background readings and a wash 

cycle should be incorporated. The reproducibility of the system must be determined 

for overall control (chapter 5). The break-up of particles should be considered 

especially for the optical cells. A reasonable throughput of samples will be required.

It will be preferable to examine the experimental procedure with robust 

particles such as polydisperse polyvinylacetate latex or non-flocculated whole yeast 

suspensions, before investigating soft protein precipitate and yeast homogenate
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flocculated with borax or polyethyleneimine (PEI). The performance of the 

continuous scroll decanter and disc stack centrifuges should be compared on-line 

using the microcentrifuge (as well as from Sigma theory, section 4.2.1). The 

replacement of the interference filter for one having a central wavelength of 700 nm 

and possibly the photodiode detector in the stopped-flow analyser will enable turbidity 

to be measured. Another task will be the development of an inexpensive miniaturised 

on-line light diffraction device. This has been performed for submicron particles 

using photon correlation spectroscopy (Holwill, 1992). Hence consideration of 

turbidity measurements for particles of this size will lead to the capability for analysis 

over an extensive range.

The grade efficiency curves for the recovery of various feeds should be 

applied on-line to optimise the centrifuge operation and the nature of the material 

prepared. In protein precipitation this will include good mixing conditions to avoid 

dénaturation but minimal exposure to shear. The disc stack centrifuge has been 

studied with emphasis on the feed zone design for robust and soft particles by 

retrospective analysis (Mannweiler, 1989). A two-parameter equation was fitted to 

model the grade efficiency curve.

T{ d )  = 1 - exp [ - (k -^ )  ] [3.8]

where T(d) is the fraction of solids recovered, and k and n are constants. The 

function should be generated on-line from measurements weighted according to the 

likely errors discussed in chapter 6 . Conditions should then be adjusted to investigate 

performance until a more desired profile is obtained. Alternatively any changes in 

the separation efficiency or feed at steady state will be detected and suitable corrective 

action should be taken.
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4. DESIGN CONSIDERATIONS OF RIG FOR ON-LINE MONITORING AND 

CONTROL OF FRACTIONAL PROTEIN PRECIPITATION

4.1 ADAPTATION OF FRACTIONAL PROTEIN PRECIPITATION

The strategy of an on-line rig incorporating continuous precipitation, 

centrifugation and measurement using stopped-flow analysis is considered for two-cut 

fractional precipitation, described in section 1.1.1.3, operating at high yield. The 

enzyme ADH (alcohol dehydrogenase) is denoted as product, protein as the general 

contaminating proteins and saturated ammonium sulphate solution the precipitant.

Protein solution in stream 1 is mixed with ammonium sulphate solution from 

stream 2 to give a moderately low overall feed saturation in stream 3, see Figure 4.1. 

The precipitate is recovered by centrifugation and subsequently redissolved. Further 

ammonium sulphate solution from stream 6  is added to the supernatant in stream 5 

to produce a higher overall feed saturation in stream 7. The supernatant is separated 

and diluent from stream 9 added to redissolve the final precipitated product which 

forms stream 11 .

To assess the performance of the protein fractionation process it is desired to 

analyse streams 3 and 7 for total ADH and precipitated or soluble ADH. The control 

objectives are assumed here to be the loss of 0 .0 1  product in each of the first and 

second cuts. Stream 3 will comprise 0.01 precipitated ADH and 0.99 ADH in 

solution, whilst stream 7 will comprise 0.99 precipitated ADH and 0.01 in solution. 

It is evidently preferable to assay for the total ADH (unity values) and the 0.01 ADH 

values. These analyses should be used as the basis for control of the inlet streams 1, 

2, 5 and 6 . This necessitates the use of the microcentrifuge for stream 3 and the need 

to redissolve the sediment for analysis in stream 8 ; also redissolution of precipitate 

in the total stream 3. For stream 7 it necessitates the use of the microcentrifuge and 

analysis of the supernatant in stream 1 0 , and again for redissolution of the precipitate

127



in the total stream 1. The difficulty lies in the response of the assay as a function of 

the overall feed saturation ensuring that any comparative assay, for example 0 .0 1  and 

1 , is carried out at the same value.

The input to the microcentrifuge for the first cut is stream 3.1. Redissolution 

of the precipitate from stream 4 will lead to an overall feed saturation of about 0 in 

stream 8 . The precipitated feed stream 3.2 should be diluted by 1:100 from stream

3.3 to produce a corresponding overall feed saturation in stream 3.4. Alternatively 

a sample of the protein solution before precipitation may be mixed with diluent, the 

resultant also at 0 overall feed saturation. In the second cut, stream 7.2 requires a 

dilution of 1:1 from stream 7.3 to ensure redissolution of the precipitate. Stream 10 

must only be diluted by 1:1 from stream 10.1  to give identical overall feed saturations 

in streams 7.4 and 10.2.

The task for the first cut fractionation is to completely resolubilise the 

sediment in the bowl of the microcentrifuge. An exact volume of diluent must be 

added to the precipitate from which all the supernatant has been recovered. There 

should be good mixing with no material adhering to any surface inside the bowl, the 

stream withdrawn thus being representative. The second cut stage is more adaptable 

since streams already consisting of precipitated or soluble ADH may be pumped 

together with the diluent at the desired proportions. The same dilution applied to the 

precipitated feed and the supernatant provides an identical overall feed saturation for 

the analysis streams, though the ratio of the ADH activities to be measured in 

calculating the fraction remaining soluble is high. Therefore the second cut is 

investigated in detail.
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4.2 EXAMINATION OF CONTINUOUS PRECIPITATION RIG AND 

MICROCENTRIFUGE

The continuous precipitation rig is a contacting device for two streams which 

attain constant flow rates for a range of set points. The strategy of the process is of 

feedback loops from sensing to control elements. The microcentrifiige unit was 

conceived as a fast on-line system to withdraw a small sample volume ( < 1 ml) such 

as protein precipitate suspension, spin it at high g force, deliver the clarified fluid for 

analysis and undergo a wash sequence. The design basis for on-line monitoring and 

control of fractional protein precipitation using both sets of equipment is further 

discussed.

The gear pumps are load-independent, for example compared to centrifugal 

pumps. This is important at the pressure required for mixing. They are precise, the 

flow rate being proportional to the motor speed, and are pulsation-free. The 

volumetric flow rate is not dependent on tubing conditions (such as for peristaltic 

pumps). They may be initially primed preventing dénaturation of the protein solution 

caused by rapid renewal of air-liquid interfaces. The parts in contact with the fluid 

enable the pumps to be leak and corrosion-proof, the case throughout the rig.

The magnetic flowmeters are non-intrusive and the induced electromotive force 

is readily amplified. The signal is virtually independent of the density, viscosity and 

temperature of the media. Stability and electrical insulation result from the 

positioning of the electrodes and the pipe material.

The precipitation of clarified yeast homogenate with ammonium sulphate 

solution is required to be rapid. Mixing is achieved by merging the streams through 

the Y-piece followed by the needle valve (see section 2.4.1.3). This induces a 

pressure drop and thereby energy dissipation. The pressure drop was chosen to give 

the same total energy dissipation per unit volume as obtained in fed-batch studies 

(Richardson, 1987). The ADH fraction remaining soluble, measured off-line, had
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been found to be approximately similar to fed-batch and continuous contacting 

methods under identical conditions. It supports the assumption that the equilibrium 

solubility is attained. The flow rate of one stream may be varied whilst maintaining 

the other constant, preferably the protein solution, but this leads to significant 

differences in the overall value. Since the pressure drop and thus the degree of 

mixing depend on flow rate it should remain constant.

The pressure drop is set according to the manufacturer’s formula and flow 

coefficient, Cv, versus capacity charts (Mulcaire, 1991). The Cv factor expresses the 

volumetric flow rate of water at ambient temperature with a unit pressure drop across 

the valve.

c v  ^
A p  [ 4 . 1 ]

S . G.

where GPM is the flow rate (US gal/min), Ap is the difference between the inlet and 

outlet pressure (psi) and S.G. is the specific gravity, water being 1.0 at 15.6°C 

(60°F). Hence for a flow rate of 50 ml/min (0.0132 gal/min), a 0.25 bar (3.631 psi) 

pressure drop and a density for a 50% overall feed saturation determined to be 

1.162 g/ml: Cv was found as 7.48x10'^ which corresponded to 6  turns of the valve 

handle. At the limits where the stream was not or totally saturated there was no 

significant change. The maximum pressure drop for compressible fluids is given as 

half the inlet pressure. The gear pump heads are rated at 6  barg (87.0 psig). Cv is 

thus 2.16x10 ̂  which is equivalent to 3 turns of the handle.

All the tubing of the precipitation rig is permanent. Thereafter it was 

interchanged allowing different configurations. The combined flow rate (length/time) 

was dependent on the internal diameter whilst the volumetric flow rate (lengths/time) 

was constant. Narrow bore after the mixing element led to a rapid flow rate and 

good mixing without affecting the stability of the system. The silicone rubber tubing 

has consistent flow characteristics, is dimensionally precise, has a high resilience and
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tear strength, is translucent, and chemically resistant to both protein and saturated 

ammonium sulphate solutions.

The process controller accelerates the flow rates to given set points and 

responds to any disturbance. By removing the communications to the gear pumps it 

was seen the flow rates were stable at steady state but took longer to attain it. Ratio 

pair control was investigated where one flow rate was maintained at a certain fraction 

of that measured for the other. Figure 4.2 (p. 137). The sum was held constant. The 

advantage was that the dependent stream would have been corrected for disturbances. 

However slight fluctuations in the controlling flow rate were magnified when it was 

low and the ratio was high. Instability was further increased on mixing the oscillating 

streams. A maximum amplitude of ±10% from both set points was observed and the 

effect continued to be noticeable at a 30% set point of the controlling flow rate. 

Additional damping lengthened the response time introducing a lag between the 

detection and the correction, though small variations were successfully smoothed. It 

was not possible to change the controlling flow rate on-line and difficult to switch the 

protein solution and precipitant streams. The pumps must be calibrated owing to 

differences in the sensing elements as with single loop mode, the basic dual feedback 

control. This provided greater stability when there was a phase lag and was selected.

The design of the microcentrifuge unit was centred around that of the bowl. 

This was based on the drive. It was arbitrarily decided by the manufacturer that four 

times the speed of a laboratory bench centrifuge was required equivalent to 

80,000 rpm. Electric drives were slower than this and a powerful air turbine 

preferred. It was capable of fast acceleration and deceleration, also having little 

vibration.

A basic shape was selected for the bowl which was compatible with the drive. 

The bottom was sufficiently shallow for the supernatant to reorientate after spinning, 

the top required to prevent sample loss. A spherical bowl was avoided which would 

have resulted in poor recovery and a short and broad cylindrical design chosen rather 

than one that was tall and narrow. It had to be perfectly balanced. The wall
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thickness was obtained from tables (Barringer, 1966). The ring within the lid 

provided additional safety. The inlet tube was located above the liquid level, the 

outlet and vacuum tubes were close to the base (the latter being broader) and the wash 

tubes were aimed at the wall. The bowl is not contained which is nonessential for 

this research. It is interchangeable assuming all fixing restrictions are observed.

The tubing in the solenoid valve (illustrated in Figure 4.3, p. 138) should be 

slightly larger overall than the aperture with a thin wall. It is essential it does not 

stick together when the vacuum is not applied. Silicone rubber is suitable, 

polyethylene and polypropylene also being recommended (Denley Instruments Ltd., 

1990).

The peristaltic pumps deliver precise volumes of fluid and are able to start or 

stop almost instantaneously. They act as valves, are self-priming and may be run dry 

which thus make them suitable for the sample streams. There is no contamination of 

either the fluid or the pumps. A basic pump head and drive are favoured here. An 

interchangeable range is commercially available at various speeds. The drives power 

up to 6  heads giving the flexibility of multi-channel operation. The tubing was 

inserted and removed without interrupting other streams. The outlet pump was 

slower to increase the time the supernatant merged with the subsequent stream, hence 

lengthening the plug.

The flow rate is related to the speed of the peristaltic pumps, throughput being 

a function of the tubing internal diameter as well. The accuracy is maximised by 

using narrow bore operating at higher speeds, but is balanced against a shortened life. 

Any bore susceptible to blockage is avoided. Other optimal tube conditions include 

a low suction, pressure and temperature. The wall should ideally be 1.6 mm for the 

pump heads although between 1.4-2.0 mm may be suitable. Sample volumetric flow 

rates must be smaller than the source. The wash tubing has a large bore to increase 

the force of the ejected fluid.
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4.2.1 Theoretical centrifugal performance by the Sigma concept

The performance of the microcentrifuge may be compared with larger 

centrifuges by use of the Sigma concept (Ambler, 1952). This relates the 

equiprobable or cut size, X50, section 1.1.2, the flow rate, Q, and the centrifuge size 

index or theoretical capacity factor, E. The analysis that follows is for a tubular bowl 

centrifuge.

The cut size may be related to the equilibrium settling velocity under gravity, 

Vg, in terms of Stokes’ law (equation 1.10). The flow rate below which most solids 

of size X50 are separated is obtained by substitution.

This is expressed by

0  -  2  [ 4 .3 ]

The logarithmic function may be approximated by the first term in a series which 

leads to a 4% maximum error (Ambler, 1959).

E contains values relating to the velocity and geometry of the centrifuge. In 

theory the area is equal to that of a gravitational settling tank capable of the same
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separation performance. For example a centrifuge occupying 2x2 m  ̂with a E factor 

of 10,000 m  ̂ should necessitate a 100x100 m  ̂tank for similar recovery. However 

it is much worse owing to effects such as Brownian diffusion which hinders the 

settling of fine particles and convection currents.

The determination of E for the microcentrifuge is achieved by assuming

0 .5  ml of sample is spun for 60 s and the bowl has a uniform 10 mm internal radius 

with a 6  mm length. The liquid surface radius is calculated to be 8.57 mm if it is a 

cylindrical annulus and hence at maximum speed E is 25.19 m  ̂using equation 4.4. 

The relation for scale-up between centrifuges may be obtained from equation 4.3 as 

the ratio of the throughput and the E factor being 0.331x10 ̂  m/s.

In the isolation of B-galactosidase from Escherichia colt the ammonium 

sulphate precipitated suspension was recovered by a Sharpies 6P tubular bowl 

centrifuge (Higgins et al., 1978). E was quoted as 2247 m  ̂ and Q/E, read 

graphically, 7x10^ m/s with 50% by volume of the original solids unsedimented. 

Corresponding data using disrupted yeast suspensions have shown Q/E ranging from 

6-30x10’̂  m/s where between 10-15% of the solids were unsedimented, increasing 

with Q/E (Mosqueira et al., 1981). E for the disc stack centrifuge (type BSB 7) was 

decreased from 6400 m  ̂ to 625-1875 m  ̂ by replacing some of the separating discs 

with blank inserts, Q/E ranging from 89-178x10 ̂  m/s (Mannweiler, 1989).

The microcentrifuge has the lowest values of E and Q/E of those above. E 

is 89 times less than for the tubular bowl centrifuge though is comparatively large 

considering the relative geometries; the bowl has a 50 mm internal radius and a 

750 mm length. The sample volume and spin time of the microcentrifuge also 

contribute to the difference in Q/E. A lower flow rate or greater E factor are 

predicted on scale-up for the pilot plant centrifuges. This suggests their separation 

is superior providing Q/E for complete solids recovery by the tubular bowl machine 

exceeds that of the microcentrifiige.

The assumptions for the grade efficiency curve such as the application of
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Stokes’ law are again relevant (section 1.1.2). The Sigma theory does not describe 

entirely the equipment separation efficiency but the cut size Actual flow patterns 

and degree of turbulence, end effects, the amount of sedimented solids in the bowl, 

resuspension, and particle shape factors are not taken into account. In addition the 

comparison of the microcentrifiige to a tubular bowl centrifuge is only an 

approximation. The latter has a large length to diameter ratio of between 4-8 and the 

liquid flow is mostly axial. Scale-up is recommended for centrifuges that are 

geometrically and hydrodynamically similar with identical feed material. However 

the use of an efficiency factor, where known, for a different centrifuge may improve 

the estimate.
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4.3 DESIGN BASIS FOR ON-LINE ANALYSIS OF THE ADH FRACTION 

REMAINING SOLUBLE

The proposed on-line analyser is required to take a sample plug from either 

the precipitated feed stream or microcentrifuge, predilute and add a minimal quantity 

of assay mixture. The resultant stream will be stopped in a flow-through cuvette and 

the optical density recorded to determine the reaction rate. A wash cycle should also 

be implemented. The possible range in ADH activity between the two samples is one 

hundredfold (section 4.1).

In flow injection analysis (FIA) the dispersion of the sample in the carrier 

stream means large dilutions are not essential. The ADH fraction remaining soluble 

may be measured at separate points in the dispersed plug if there is calibration. This 

increases the sensitivity since the redissolved feed may be analysed at the tail and the 

supernatant near the peak. The reproducibility of the sample dispersion may be poor 

owing to variation in the injected volume, flow surges when switching the (injection) 

valves, blockages leading to leaks in the tubing and channels which are not supported 

in position. Any deviations in the operating times of pumps, valves and optical 

density measurements also cause errors.

Stopped-flow analysis, in which two or more streams are merged without 

injection, leads to constant concentration within a longer plug and is preferred here 

as an automated assay technique. A rapid sampling rate is not required as the 

redissolved feed and supernatant will be analysed once per cycle. The precipitated 

feed sample stream is unlikely to be excessive and the entire supernatant from the 

microcentrifiige may be used. The assay mixture volume is anticipated to be less than 

for the manual assay and is reduced by limiting the final plug length.
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4.3.1 Application of stopped-flow analysis with respect to dilution

The tubing configuration initially considered for the design of the stopped-flow 

analyser is shown in Figure 4.4 (p. 145). The objective is for the complete mixture 

to traverse the flow-through cuvette rather than further withdrawing a stream for 

analysis. The sample of the precipitated feed or supernatant is controlled by 

independent on-off valves. Diluent followed by assay mixture are pumped into the 

resultant stream, mixing coils positioned after the tees. An additional diluent pump 

is incorporated for runs of higher range activity. The diluent and clean fluid from 

the microcentrifiige are used in the wash cycle. A microcomputer associated with the 

unit will actuate the pumps and valves, and make readings of the optical density at 

0.4 s intervals.

The peristaltic pumps and solenoid valves discussed in section 4.2 are selected 

because their application and installation have been proven for the microcentrifiige 

unit. By altering individual volumetric flow rates including that of the supernatant, 

the particular ratios are obtained. They must be repeatable but absolute accuracy is 

not as important if the proportions of sample and assay mixture to the total volume 

are the same for both precipitated feed suspension and supernatant. A maximum 

constraint of 50 ml/min is imposed for every pump to limit the overall pressure drop 

and conserve the materials consumption. For instance a combined flow rate of 

150 ml/min should pass through a 1 mm i.d. 100 fil cuvette inlet at 3.2 m/s, 

equivalent to 25 volume changes /s. The minimum tube bore available and unlikely 

to block frequently is 0.5 mm with volumetric flow rates of 0.3, 1.5, 3.0 and

5.1 ml/min at 10, 50, 100 and 170 rpm respectively. A compromise is made between 

the largest possible variation of throughput ratios at low pump speed against the 

fastest flow rates, 50 rpm being chosen.

Dilution of the sample is vital to ensure the optical density is sufficiently in 

range for measurement. Phosphate buffer is added prior to the assay mixture and not 

with it as resolubilisation is desired to occur initially. The optical system deviation
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from linearity may be assumed to become significant after an optical density of 1 .0 , 

where the dilution of clarified yeast homogenate in phosphate buffer was determined 

off-line to be 56.7 times. Hence the sample dilution must be greater unless there is 

calibration as the first reading would be in the non linear region on mixing, before 

any reaction and the plug has been pumped to the flow-through cuvette.

The maximum dilution is 67.7 times for the tubing configuration investigated, 

having a minimum sample volumetric flow rate and maximum diluent and assay 

mixture volumetric flow rates. This is extended to 101.0 times by using the extra 

pump. The predicted initial optical densities are thus 0.835 and 0.557. In contrast 

it would be 0.018 for the conventional ADH assay (section 2.1.2.3). It appears that 

if the optical density increase of 0 .0 2  /s is scaled for the decrease in dilution the 

linear measurement region is exceeded before several successive readings are made. 

Evaluation from the minimum time interval is not preferred; subsequent readings 

would be available as well. In practice ADH assays at such high concentrations were 

inconsistent with the rate of reaction fluctuating at lower values than expected. This 

may be the result of product inhibition, the sample presence not being negligible 

compared to the assay reagents or the mixing being determining which will be 

discussed.

Therefore to imitate the conventional assay it is necessary to add a small 

quantity of a prediluted sample stream to the assay mixture stream the remainder 

going to waste, utilising four pumps and two valves as previously. In each case the 

minimum volumetric flow rate is mixed with the maximum. This achieves a 

substantial dilution. The assay may be mimicked more closely by relaxing the upper 

limit on the tube bore, for example the diluent to 4.0 mm (80 ml/min) and the assay 

mixture to 4.5 mm (98 ml/min). It has been shown that for a high throughput in 

narrow internal diameter tubing the flow rate is rapid and mixing coils should not be 

required.

The effect of the reagent concentration for a constant overall sample fraction 

is considered to see whether it may be manipulated to adjust the range of a run. The
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reaction rate initially increases with reagent concentration according to the Michaelis- 

Menten equation.

[5]
^ ^max [ g ]  + [ 4 . 5 ]

where V is the rate of catalysis, the maximum, [S] is the substrate concentration 

and Km is the Michaelis constant. It is based on a model in which a discrete enzyme- 

substrate complex is an intermediate in the catalysis. The substrate binds to a specific 

region of the enzyme termed the active site. Where the substrate concentration is low 

it becomes negligible compared to the Michaelis constant and thus is proportional to 

the reaction rate from equation 4.5. At high concentration it is much greater than the 

Michaelis constant and the reaction rate equals the maximum. However the reaction 

rate then decreases with reagent concentration, the overall profile appearing to be 

bell-shaped. The reduction may be caused by reversion of the product to its original 

form or inhibition of the active sites by the substrate. For instance the rate of 

reaction was observed to be 0  following a five-fold increase, the ethanol concentration 

being 17.5% by volume. Limits may also be set by diffusion such as the frequency 

of encounter between the enzyme and substrate. The reaction rate therefore may not 

be greatly increased by adjusting the reagent concentration.

The optical system of the stopped-flow analyser is required to have minimal 

measurement error and an excellent sensitivity for the on-line monitoring of optical 

density. This involves focusing high intensity light at 340 nm on the cuvette with a 

maximum detection range by the photodiode. The reaction rate measured is a 

function of the pathlength, see equation 2.2. It may be varied such as by substimting 

for a flow-through cuvette of 1 mm pathlength. An optical system fitted with a beam 

splitter (or a second complete optical assembly) is another possibility, though was not 

incorporated. The redissolved sample would be analysed in the cell having the lower 

pathlength, the supernatant sample in the cell having the higher value. Consequently 

the magnitude between the optical densities is reduced.
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4.3.2 Final considerations for stopped-flow analyser

The assay temperature is not controlled initially as the two sets of 

measurements in determining the ADH fraction remaining soluble are made in 

succession. The assay mixture will be held in the tubing before the tee, free of 

contact with the casing of the stopped-flow analyser, for long times prior to addition 

in small volumes. The flow-through cuvette must be adequately cooled to prevent 

any fluctuation. There is insulation against conduction, but not convection as the 

holder is not ventilated and the high light intensity should be responsible for heat after 

prolonged use. A fan that is thermostatic may cause temperature oscillation and 

create electrical noise. Instead a thermostatic cuvette should be fitted if necessary.

The wash cycle is extended from the use of the sample and diluent pumps 

together with fluid from the microcentrifiige as noted for the basic configuration. 

This does not allow the precipitated feed sample tubing to be flushed immediately 

after analysis and leads to contamination around the tee. Provision of an extra pump 

and two more valves means a comprehensive wash cycle may be run. Phosphate 

buffer is again delivered initially through the supernatant valve, sample pump and 

cuvette, shown in Figure 4.5. It is then supplied through one new valve and a wash 

pump. The serial volumetric flow rates are assumed to be identical. Next the fluid 

should go through the precipitated feed valve to waste instead of the sample pump. 

(This enables rigorous flushing, but is not possible where the precipitated feed stream 

can not be contaminated which ought to be further investigated.) The whole sequence 

is repeated with air and the second additional valve to ensure there is no residual 

liquid remaining in the tubing that dilutes subsequent samples.

By incorporating an extension pump head for the sample to be operated in 

parallel with the diluent, four pumps and solenoid valves are necessary for the final 

design configuration. It is important to designate their functions to minimise the 

analytical time and volume of fluids required, especially the assay mixture. The 

sample/diluent pump P9, see Figure 2.2 (p. 92), is near to the valves and the assay
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mixture pump P6 near to the cuvette. The assay mixture tee should be close to the 

pump as it acts as a valve preventing excessive back contamination. Sample and 

wash stream distances are also decreased in nominating the diluted sample pump as 

P8 rather than P7. The assay mixture stream length may be shortened slightly at the 

greater expense of the diluted sample and wash streams by swapping with the wash 

pump P7. The precipitated feed valve V5 and supernatant valve V3 are situated 

adjacent to the sample/diluent pump, the latter being nearer the microcentrifiige outlet 

pump P4.
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5. ERROR INVESTIGATION FOR RIG FOR ON-LINE MONITORING AND 

CONTROL OF FRACTIONAL PROTEIN PRECIPITATION

5.1 INTRODUCTION

The monitoring of the variables in fractional precipitation is critical to its 

performance. A knowledge of the measurement error is needed to quantify the 

operation, see section 1 .2 , either directly as part of an on-line control scheme or 

indirectly for establishing process relationships. The effective use of advanced 

control strategies often requires statistical properties of the measurement noise. There 

is generally insufficient information on these sources of error which is a major 

difficulty in applying control.

In this chapter the characteristics of the fractional protein precipitation rig will 

be investigated with a view to formulating the causes of variation and removing those 

that are assignable. Diagnostic testing ensures the measured values are reliable and 

may be used for on-line control of the ADH fraction remaining soluble. The 

precision or reproducibility is usually more significant than the accuracy in process 

control. The sample mean and sample standard deviation are determined from twenty 

repeat measurements unless otherwise stated. This represents the minimum desirable; 

it was limited by the volume of protein solution processed per batch and the time 

available without sample (or substrate) degradation. The strategy for optimisation is 

to reduce the errors which affect the control, followed by the analytical times and 

materials consumption.
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5.2 EVALUATION OF CONTINUOUS PRECIPITATION RIG AND 

MICROCENTRIFUGE

The performance of the precipitation rig is considered initially. The 

reproducibility of the flow rates and the degree of instantaneous fluctuations are 

determined. The errors need not be attributed to the gear pumps alone, for example 

the magnetic flowmeters may respond differently. Calibration revealed there was a 

difference between the flow rates (Figure 5.1, p. 153). The relation with the set 

point of the process controller, the independent variable, was assumed to be linear 

from 5-95%. Thus the coefficients fitted were a gradient of 0.479 and a constant 

of -0.767 for loop 1, and 0.507 and -0.903 for loop 2. These enabled the clarified 

yeast homogenate and the ammonium sulphate solution to be mixed in the desired 

proportions. The overall flow rate was calculated for a maximum flow rate from loop 

1 (protein solution) and minimum from loop 2  in the linear region, equal to 

46.34 ml/min. This was held constant, see section 4.2, leading to a wide range of 

possible throughput ratios. Where either of the linear set points was exceeded only 

one gear pump was programmed to operate in order for control values to be found.

Repeat measurements of the flow rate were obtained for the pumps 

individually and together by weighing the fluid for periods greater than 300 s at stable 

conditions. The protein solution and precipitant were run on separate occasions and 

eventually recirculated owing to the large volumes otherwise required. The inlet to 

the other gear pump was sealed to prevent backflow. In contrast the product of the 

combined run was discharged to waste. All results are expressed in terms of the 

theoretical or actual overall feed saturation for comparison. It is more advantageous 

to measure the relative spread, so the sample standard deviation is divided by the 

sample mean to give the coefficient of variation.

Figure 5.2 (p. 154) shows the coefficient of variation is highest for the lowest 

flow rates of the pumps operating alone being 4.72% at 3.74 ml/min for loop 1 and 

2.46% at 2.57 ml/min for loop 2. It then decreases with increasing flow rate rapidly
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at first, and is <1% in all cases. It appears to increase slightly for the maximum 

values. One set of measurements was taken with the pressure valve fully open, which 

subsequently has the lowest coefficient of variation. The stream at the constant flow 

rate ranges from 0.805-0.401% with overall feed saturation, showing the greatest 

offset from 0  but no extreme values.

The data suggest that the flow rates are least reproducible at the limits, 

particularly the lower end. Pump 1 seemed to labour at the maximum until the back 

pressure was decreased. This may result in the trend for the constant flow rate. The 

high coefficient of variation at the lowest flow rate of loop 1 is not reflected because 

of the minimal contribution. The combined value is comparatively large owing to the 

stream interactions and protein precipitate present. The level of error at the overall 

feed saturation to be considered for on-line monitoring and control of fractional 

precipitation is acceptable and need not be reduced further.

The standard deviations of the groups of measurements do not describe the 

fluctuation in the flow rates. Consequently the process variable which was the value 

being controlled was continuously monitored from the process controller. The tuning 

of the system was evaluated as well as the time for steady state to be achieved. The 

acceleration from 0 was initially rapid. At 20 s the set point, the required value of 

the process variable, was attained by loop 1 with a small oscillation after 25 s. The 

pattern for loop 2  differed in that the set point was overshot once before stabilising. 

This may have resulted from the dissimilar FID parameters used. The stream ratio 

was vital and an extra 3 s was necessary for the passage along 1.5 mm i.d. 1.5 m 

length tubing to the tee for the stopped-flow analyser.

A typical time for pumping the precipitated feed sample into the 

microcentrifuge was 10 s. Therefore the instantaneous fluctuations were examined 

from 30-40 s after starting the continuous precipitation rig. The minimum and 

maximum of the process variable were recorded and the means of six measurements 

are plotted in Figure 5.3 (p. 155) as the percentage error. This is defmed as the 

difference between the process variable and set point divided by the latter. The bars
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show the extreme measurements.

The percentage error again is much greater for the lowest flow rates, the range 

is between -1.7% to 2.2% and -0.2% to 0.3% for loop 1. It lies between -1.4% to 

2.9% and -0.3% to 0.3% for loop 2. The trends for the minimum and maximum 

mirror eachother. It appears that the lowest flow rates are most susceptible to 

fluctuations from the other stream. The interactions may be responsible for slight 

variations in the proportions of protein solution and ammonium sulphate solution 

added together.

The microcentrifuge unit was characterised by comparing it with another 

centrifuge and varying the operating conditions. The samples were prepared off-line. 

The computer program incorporated 10 s for the precipitated feed suspension to be 

pumped into the bowl and sucked out by the vacuum line eliminating any residual 

material, 1 s for the bowl to fill when the vacuum was not applied, 1 s pause for the 

remaining sample to emerge from the inlet tube, 60 s spin time including acceleration, 

2 0  s brake time for deceleration and allowing the supernatant to reorientate to the 

base of the bowl, 15 s for the supernatant to be pumped out, 25 s for the wash cycle 

and 3 s for the final evacuation. This made the microcentrifuge cycle 135 s. The 

separation was analysed off-line by optical density at 650 nm. It is noted that 

comparisons are only made for the supernatant from the same feed and overall 

saturation. No measurement of ADH was performed in case further error was 

introduced. The sediment formed a pale brown coating around the side of the bowl 

above 40% overall feed saturation.

The separation is worse for the microcentrifuge than the Europa 24M high 

speed centrifuge (section 2.1.2.1), see Figure 5.4 (p. 156). There is a significant 

discrepancy beyond 50% overall feed saturation. The results from the 

microcentrifuge are erratic in this region and are greatest at 90 and 9 5 % overall feed 

saturation. However the optical density is approximately 0 using the Europa 24M 

centrifuge.

150



The incomplete clarification may indicate resuspension of the sediment into 

the supernatant for example caused by the braking rate. It is possible there is turbine 

vibration or imbalance of the bowl at this speed. Any occasional brake contact during 

the spin period was avoided, but the presence of moisture from the compressor in the 

sets of bearings was encountered. The separation at overall feed saturations 

approaching unity may be poor as the small quantity of protein precipitate is not able 

to adhere together so easily. Elsewhere the primary clarification stage may leave 

particles such as cell debris which are recovered by the Europa 24M centrifuge but 

not the microcentrifuge.

The spin time was the longest component of the microcentrifuge cycle and was 

examined at several overall feed saturations by individual runs again at maximum 

bowl speed. The majority of the clarification occurs in the first 20 s, continuing 

thereafter as shown in Figure 5.5 (p. 157). Thus despite the considerable time 60 s 

is essential for the separation achieved.

The determination of the optimum air pressure for the turbine was necessary 

to prevent the compressor from overheating. It became apparent it was not 

continuously rated having a 50% duty cycle, that is intermittent use for half the time 

(Hathlewade, 1991). At maximum speed this was reduced to 33.3% in any one hour 

equivalent to seven mixing rig plus microcentrifuge cycles. During frequent use 

which involved the compressor recharging for approximately 105 s from every spin 

it was suggested there must then be a break of 300 s, equal to nine cycles per hour. 

The laboratory air line was unsuitable because of pressure variations and a water 

content requiring extensive filtering to protect the turbine.

The bowl speed was measured optically, noted in section 2.4.2, as a function 

of the outlet pressure from the compressor. The final speed increases throughout and 

has a maximum of 68,630 rpm at 6.21 barg, see Figure 5.6 (p. 158). It is expected 

to be proportional to the air flow rate that is related to the square root of the 

pressure. This is confirmed in plotting the g force (oj^r/g) which is linear with a 

gradient of 8796, the intercept forced through the origin, by first order regression.
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The inertia at low speed and the subsequent variation may be evidence of turbine 

vibration, frictional effects or even small air leaks. The scatter may arise from the 

coarse compressor pressure regulator control. A value of 4.83 barg (70 psig) was 

preferred as it meant the number of cycles was increased, the compressor cutting in 

for about 90 s. The fitted bowl speed is 61,610 rpm having 42,450 g.

The design of the bowl and sequence of operations could have caused 

additional sources of error. It is believed the absence of the metal tubing inside the 

bowl head is important, see section 6.5.2. Any materials adhering to the outside of 

the tubes are not spun and consequently may have been present in the supernatant 

sample. Studies have been carried out using an identical microcentrifuge unit with 

Escherichia coli and Saccharomyces cerevisiae cells (Turner et al., 1993). It was part 

of a system for on-line analysis of whole broth from a fermenter, also featuring a 

steam sterilisable sampling device and HPLC. The microcentrifuge bowl was spun 

twice and allowed to stop each time. Characterisation was performed at different cell 

concentrations for various spin times and turbine air pressure. The measurements of 

the supernatant were made by optical density at 600 nm. The best separation was 

obtained unexpectedly for the lowest spin times and bowl speeds. However, the 

results did show an improvement than when the bowl was spun once using E. coli 

under similar conditions.

This evidence suggests that a long spin time and perhaps vibrations at certain 

microcentrifuge bowl speeds may lead to resuspension of the cells. Further work is 

necessary to compare the effects of the material properties on recovery with the 

protein precipitate. It should include the particle size and density difference between 

the suspending liquid. The reorientation of the supernatant lets the unspun sample on 

the tubes remix, enhancing the final clarity. An alternative to a dual spin is polishing 

the internal tubing, for example using the surfactant dipalmitoyl phosphatidylcholine 

(Molloy, 1992). Repeated application may be needed and the tubes replaced exactly. 

Instead the sample can be added whilst spinning the microcentrifuge. It is possible 

though, precipitated feed suspension is sucked from the tubes by the negative pressure 

in the centre of the bowl during centrifugation.
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5.3 INVESTIGATION OF STOPPED-FLOW ANALYSER

5.3.1 Preliminary validation

The optical system of the stopped-flow analyser is considered followed by the 

peristaltic pumps and solenoid valves. The design for precise mixing and analysis is 

discussed in section 4.3. The light intensity detected by the photodiode was read 

every 0.4 s as a positive dark current value when the shutter was closed and a 

negative light current value when it was open. The optical density was obtained by 

the supervisory computer as the logarithm to base ten of the reciprocal of the 

transmittance. This is the logarithm of the incident to transmitted light intensity ratio.

OD - l o g {  c u r r e n t  -  B a c k g r o u n d  l i g h t  c u r r e n t ,̂
D a r k  c u r r e n t  -  S a m p l e  l i g h t  c u r r e n t

[5.1]

The dark and light current were seen to vary continually. This leads to error 

if the same background measurements are used repeatedly or are based on insufficient 

data points. The variation of the dark current with time is shown in Figure 5.7 

(p. 165) for the stopped-flow analyser before refitment. It increases steadily from 

1340 (dimensionless), most rapidly after 0.75 h from power-up of the unit and not 

attaining a constant value by 8.25 h when it is 1778. Additional fluctuations were 

observed during many repeat analyses and the removal of the flow-through cuvette 

holder for prolonged periods.

The variation may be caused by optical, electrical or temperature effects. 

Modifications to the light assembly and improvements to the air circulation are 

described in section 2.4.3. The difficulty was to ensure a greater detection of the 

light source at 340 nm, the lower part of the spectral curve. It was not possible to
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exchange the lamp owing to the additional power requirement and the heat generated. 

The realignment of the lenses increased the transmission of light, but no fine control 

was built into the assembly which was susceptible to vibration. The replacement of 

the photodiode detector also increased the sensitivity. The poor electrical supply was 

refitted and the internal microcomputer further earthed.

Hence the dark current was found to be more stable, the mean being 1445, 

shown in Figure 5.7 (p. 165). This contrasts with the previous trace. The fluctuation 

still suggests it is necessary to take a dark current and background light current 

reading for each sample to be analysed.

The instantaneous variation was followed over 600 s. In order to determine 

whether the use of the pumps and valves on the unit affected the output signal a 

program was written which instigated twenty random operations between 0-199.6 s, 

none between 200.0-399.6 s and everything running simultaneously between 400.0-

599.2 s. The dark current and light current are illustrated on the same scale in 

Figure 5.8 (p. 166), but were recorded successively. The dark current is noisy, the 

fluctuations themselves also have periods of oscillation for instance from 173.2 to 

399.6 s. The mean of the measurements is 1462 with a coefficient of variation of 

0.265%. The minimum amplitude is 1451 and the maximum 1475. The deviation 

of the light current where the cuvette was filled by phosphate buffer is greater. It is 

unpredictable with numerous brief spikes, the groups of oscillations often drifting 

downwards or upwards specifically from 9.6 and 400.0 s. The mean value is -7752 

ranging between -7959 to -7474 and having a coefficient of variation of 1.30%.

In regarding the dark current as the baseline the light current is anticipated to 

show a larger variation. This may be caused by fluctuations in the light intensity and 

perhaps small temperature changes. An unstable response from the photodiode 

detector or electrical noise may be responsible as well. The tightest variation for the 

dark current occurs when the pumps and valves are on, though some peaks may have 

been created by the switching operations. The light current appears as noisy 

throughout. However the upward trend commences immediately the peristaltic pumps
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and solenoid valves are activated together.

It is therefore important to take several measurements for the dark current and 

light current. The cumulation will result in rapid smoothing but actually means the 

theoretical minimum measurement interval for a less noisy optical system is 

increased. The dark current readings may be made whilst the background or sample 

fluid is pumped to the flow-through cuvette. The fluid should be stationary in the cell 

for the light current in case the turbulent stream leads to any variation. This 

increases the overall analytical time. It may be combined with the subsequent sample 

or wash fluid being pumped into the initial part of the tubing, a period of 10 s is 

adequate.

The optical system of the stopped-flow analyser was compared off-line to a 

spectrophotometer at 340 nm by a clarified yeast homogenate dilution series prepared 

manually. The optical densities are favourable to eachother especially at the lower 

values (Figure 5.9, p. 167). The sample light current increases exponentially with 

concentration from equation 3.1 and thus is more sensitive firstly. Eventually it 

becomes unstable, the light current approaching total obscuration equal to the dark 

current. No result is possible from the logarithm of zero or a negative number. The 

upper sections of both curves are in the non linear optical density region (section 

4.3.1) and the fit is not expected to be as reasonable.

The performance of the pumps and valves were evaluated so that the desired 

volumetric flow rates were obtained. These must not be affected where pumping to 

or from another stream, or through the cuvette. The volumetric flow rate was 

measured by weight over at least 200  s for different combinations of 0 .5-3 .2  mm i.d. 

tubing inserted in the peristaltic pumps. Tees were used depending on the size of the 

majority of tubes to be connected together, with straight adaptors as necessary. No 

adhesive was required allowing easy interchange.

The volumetric flow rate is shown in Figure 5.10 (p. 168) for the total tube 

cross-sectional area. The relationship is almost linear, deviating below at higher
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values. The combined throughput is similar to the sum of the single streams up to 

70 ml/min. Beyond this point it is slightly less than expected. The manufacturer’s 

data are variable. The flow-through cuvette was then disconnected but there was only 

a small difference. At a constant flow rate (length/time) the volumetric flow rate is 

therefore approximately proportional to the tube cross-sectional area (section 4.2). 

The discrepancy is greatest for the maximum values achieved where the pressure is 

highest.

5.3.2 Tracer studies

The flow pattern as well as the reproducibility of dispersion and the optical 

system were investigated by dye tracer studies. Phenol red had a maximum optical 

density at 557 nm but a subsidiary peak at 360 nm. All feed solutions were 

maintained at pH 8.2. The addition of assay mixture for 2.0 s through a 3.2 mm i.d. 

tube to the continuous diluted sample stream with 0.5 mm i.d. was mimicked by the 

dye tracer and phosphate buffer. The bore and length of the product tubing were 

varied using the diluted sample pump to ensure the same segment of the sample plug 

was stopped in the flow-through cuvette.

The optical density coefficient of variation was determined to be 4.15% for 

a 3.2 mm i.d. 240 mm long product tube. It was 4.26% for the same length of

1.5 mm i.d. tubing and 6.84% for three times the length. The corresponding data 

for 0.8 mm i.d. tubing were as high as 12.4 and 19.2%. Hence the error is smallest 

using the largest internal diameter and shortest possible length tubing to the cuvette. 

The extra length is not necessary for improved damping. However the time for the 

plug to pass to the cuvette and for the wash cycle increases and the minimum length 

of 1.5 mm i.d. tubing was preferred.

The coefficient of variation for the background dark current and sample dark 

current with the selected tubing was 0.320 and 0.285% respectively. For the
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background light current it was 2.10% and the sample light current 2.97%. This was 

achieved by pumping through each tube either the buffer or the dye at the dilution 

ultimately measured above, so that mixing and residual contamination errors could 

be neglected.

Thus the light current coefficient of variation is much more significant than 

for the dark current. The overall optical error is found to be 3.66% according to the 

method for the sum of individual variances, section 5.4.1. It represents the minimum 

optical system reproducibility and compares with < 1 % for the optical density 

measured by the laboratory spectrophotometer. Similarly, the error of mixing is 

obtained on subtracting the square of the optics error from the square of 4.26% and 

taking the root to give 2.18%.

5.3.3 On-line monitoring of ADH fraction remaining soluble

The stopped-flow analyser was programmed to control the operations of the 

peristaltic pumps, solenoid valves and shutter for on-line ADH assays. Programs 

were written for the background, the precipitated feed, the supernatant and the wash 

cycle. The photodiode output was read to calculate optical density from equation 5.1 

and therefore the reaction rate.

In order to deliver the background liquid through the sample/diluent pump P9 

and the diluted sample pump PS to the outlet of the flow-through cuvette, see Figure

4.5 (p. 146), required 28.0 s. The dark current was measured during this period and 

the background light current immediately afterwards. The precipitated feed program 

consisted of 30.8 s to take the sample through valve V5 and pump P9, mix it with 

diluent and remove a small volume through pump P8 to the assay mixture tee. 

Measurement of the sample light current followed 2.0 s assay mixture addition from 

pump P6 , the dark current having again been recorded. For the supernatant the only 

difference was the inlet was via valve V3 instead of V5. The sequence of events for
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the wash cycle as listed in section 4.3.2 needed 92.8 s. The above times included 

appropriate margins experimentally determined, for example 6 .0 -8 .0  s, to ensure a 

constant concentration was achieved or any material was completely washed through.

The variation of optical density against time was charted for protein solution 

at 50% overall feed saturation, prepared manually. This corresponded to the steepest 

section of the ADH fraction remaining soluble profile which was susceptible to the 

greatest deviation for a positive or negative increment to the overall feed saturation 

and thus a good error indicator. The protein precipitate was either redissolved within 

the tubing of the stopped-flow analyser or had already been separated by 

centrifugation. A problem for the precipitated feed sample stream was the occasional 

blockage of the inlet tubing. Any obstruction in the pump head region would lead to 

a critical reduction in the sample volumetric flow rate. It was prevented by 

incorporating the wash for this tube during analysis.

The initial increase of optical density is confirmed to be linear (Figure 5.11, 

p. 169). A precipitated feed sample ranges from 0.112 to 0.625 in 20.0 s whilst the 

associated centrifuged sample is from 0.089 to 0.431. The supervisory computer 

program was extended to obtaining the rate by linear regression. The value up to a 

certain time is shown against that time. It begins at 0.0269 /s for the redissolved feed 

sample and rapidly attains stability varying between 0.0259-0.0267 /s. The trace for 

the supernatant is similar though initially it rises irregularly from 0.0163 /s to a 

maximum of 0.0173/s at 5.2 s. The subsequent minimum is 0.0171/s. Once more 

the effect of several measurements leads to damping of the fluctuations, presumed to 

be caused by the optical system and 0.4 s as used in the design basis is insufficient 

to reliably determine the rate. 1 0 .0  s is a suitable compromise when it is 0.0263 /s 

for the precipitated feed sample and 0.0172 /s for the supernatant sample, the ADH 

fraction remaining soluble being 0.653. Hence the respective percentage errors at 

steady state based on these values are between -1.6 to 1.4% and -0.3 to 0.5%.
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5.4 COMBINED RIG

The optimised on-line precipitation, centrifugation and stopped-flow analysis 

were integrated with the relevant actions controlled by a single program, see section 

2.5. Firstly the mixing rig attained a preselected overall feed saturation and at 

30.0 s precipitated feed was pumped into the microcentrifuge for 11.0 s. Meanwhile 

a background dark and light current measurement were taken. At 42.0 s the sample 

stream was switched to the stopped-flow analyser until 61.2 s when the set points of 

the process controller were zeroed. The increase in the light current was measured 

from 73.2 s and the tubing wash cycle commenced, including further background 

readings towards the end. The other sample was spun at 69.2 s, the supernatant 

being delivered immediately for analysis following braking. Both the variation in 

light intensity was measured and the bowl washed from 182.4 s. Clean fluid was 

then pumped through the outlet tube with the second wash cycle of the stopped-flow 

analyser implemented. Four pairs of dark current and light current measurements 

lasting 1 0 .0  s each had been made by this point from which the computer calculated 

the rate and hence the ADH fraction remaining soluble. The precipitation rig was 

able to be set early for the next run. The overall time was 315.2 s or 285.2 s in the 

latter case.

5.4.1 Statistical analysis from repeat runs

The errors of the entire rig were determined by repeat runs at a constant 

overall feed saturation of 70%. This value was more appropriate for on-line 

monitoring and control of the second cut of fractional protein precipitation. The 

process was run off-line as well. The relationship between the errors for individual 

stages of preparation and measurements and the overall error is discussed below.

The rates for the precipitated feed suspension and supernatant samples are
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shown in Figure 5.12 (p. 176) against measurement cycle. The mean is 0.0154 /s 

with a coefficient of variation of 7.30% for the redissolved samples. The supernatant 

mean is 1.36x10'^ /s and the coefficient of variation 14.4%. The ADH fraction 

remaining soluble is 0.0879.

A detailed statistical analysis is now considered. Every measurement is 

subject to random errors that contribute to the final error. Where they are minor, a 

similar order of magnitude and equally likely to be positive or negative the frequency 

distribution is described as normal or Gaussian having a symmetrical bell-shape. 

Biased observations lead to skewness. If a key parameter is uncontrolled there may 

be incoherent scatter. The standardised normal curve has zero mean and unit 

standard deviation. The total enclosed area is one, the ordinate being relative 

frequency.

- i f .
y  =■ ■ e  ̂ [5.2]

y27T

where z is the multiples of the standard deviation. 6 8 % of the observations occur 

within ±1 standard deviation from the mean and 95% within ±2  standard deviations 

from the mean. The worst possible case may be defined as 3 standard deviations 

above or below the mean, which includes 99.7% of all measurements.

Consequently the distributions are examined using a normal probability axis 

for the dependent variable. The transformation of the scale enables the standard 

normal distribution to be represented as a straight line. The data are arranged in 

order of increasing magnitude and the percentage cumulative distribution plotted. The 

highest point may not be shown since the ordinate does not reach 1 0 0 %. 

(Alternatively the percentage cumulative frequency is found not with the number of 

observations, n, as the denominator but n+1.) However the lower and upper ends 

are of less interest; the measurements are nearest the tails of the distribution. The 

arithmetic mean may be obtained at the estimated intercept of 50% cumulative
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frequency.

The results roughly fit a straight line, see Figure 5.13 (p. 177). There are 

several more precipitated feed measurements between 0  and + 1  standard deviations 

from the mean than are expected. Fewer supernatant measurements lie in this range, 

being numerous between -1 and 0 standard deviations from the mean. Despite limited 

sets of data, Gaussian distributions are followed.

It is important to consistently reject any wild measurements which occur from 

experimental failures but not the ones that represent actual phenomena. There 

otherwise would be a significant effect on the analysis. Various techniques are 

available to remove the outliers completely, replace them with a designated value 

such as the next greatest extreme or assign a weighting factor (Barnett and Lewis, 

1984). Hence Chauvenet’s criterion for normal distributions is used (Holman, 1978). 

A measurement is eliminated if the probability of the deviation from the mean is less 

than l/2n. A new mean and standard deviation are calculated, but the test must only 

be applied throughout each set once. For instance where there are twenty readings 

those beyond 2.24 times the standard deviation from the mean are rejected. This is 

obtained using integral tables of the standardised normal function.

The limits by the criterion for the precipitated feed samples are 0.0129 and 

0.0180 /s. Point 17 (Figure 5.12, p. 176) is rejected and the mean is recalculated 

as 0.0156 /s. The coefficient of variation is reduced to 5.12%. The limits are from 

0.919x10'^ to 1.79x10^ /s for the supernatant samples, which include all 

measurements. Thus the ADH fraction remaining soluble becomes 0.0868. It is seen 

that elimination of the suspicious measurement leads to a decrease in the coefficient 

of variation, whilst the mean rate and ADH fraction remaining soluble are relatively 

unchanged.

Any pattern by the sequence itself is also significant. The Shewhart chart is 

used in process control to maintain stability about a target value. Corrective action 

may be taken if one measurement is outside three standard deviations from the mean.
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two successive measurements fail to be within warning lines located at two standard 

deviations or seven consecutive results are on the same side of the mean. The 

principle is amended here for elimination from the entire data set based on 

retrospective evaluation of the sample mean and standard deviation. A measurement 

that fails the first condition would be rejected by the Chauvenet criterion in the above 

case. One further infringement occurs at point 11 for the redissolved run which is 

the seventh of eight samples in series greater than the mean, though this would be 

satisfactory if point 17 was removed.

These statistical techniques may be performed for the ADH fraction remaining 

soluble, instead of the precipitated feed and supernatant groups of measurements 

separately. The range is from 0.0667 at point 9 to 0.122 at point 17 having a 

coefficient of variation of 19.0% (Figures 5.13-4, pp. 177-8). The distribution is 

again approximately Gaussian. All are acceptable by the Chauvenet criterion and the 

control chart.

The experiment was repeated off-line but with continuous precipitation at 70% 

overall feed saturation. The mean rate for eighteen precipitated feed samples is 

0.0160 /s (Figure 5.15, p. 179) and the coefficient of variation is 3.79%. There was 

no ADH activity in the manually centrifuged samples. Fourteen measurements are 

between -1 and 0 standard deviations from the mean (Figure 5.16, p. 180). The 

remainder are scattered above. None are rejected by the Chauvenet criterion or 

exhibit a trend with time.

Data from preliminary on-line runs at 50% overall feed saturation are briefly 

presented in Figure 5.17 (p. 181). The mean for the redissolved samples is 

0.0261 /s, the coefficient of variation being 7.64%. The mean is 0.0123 /s for the 

supernatant samples. The coefficient of variation is 17.1% and the ADH fraction 

remaining soluble 0.471.

The overall errors are attributed in Figure 5.18 (p. 182) to the individual 

equipment. The total variance for any number of independent random variables is
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equal to the sum of the variances. By subtracting the precipitated feed samples 

coefficient of variation squared from that of the supernatant samples and taking the 

square root the coefficient of variation owing to the microcentrifuge unit alone may 

be predicted. At 70% overall feed saturation this is 12.4% or 13.4% if the outlier 

test is applied, and at 50% overall feed saturation it is 15.3%. Since the propagation 

of the independent errors depends on their squares the largest values predominate. 

The continuous precipitation rig error (section 5.2) is negligible here and the 

coefficients of variation for the precipitated feed samples are assumed to represent the 

stopped-flow analyser.

The difference between the coefficients of variation for the precipitated feed 

samples and the tracer studies indicates the additional error of on-line ADH assays 

of the diluted sample stream. The value is lower where measured off-line suggesting 

the continuous precipitation achieved is reproducible. The microcentrifuge appears 

to be the major source of error in comparing the resolubilised feed and supernatant 

data, for instance by resuspension or re-entrainment from the tubing. Whereas it may 

be difficult to further eliminate these effects it has been shown that those of the 

stopped-flow analyser were decreased such as by the tracer studies. The errors of 

large magnitude are important because of the square relationship. Not much is gained 

by trying to reduce the minor ones. The coefficients of variation at 70% overall feed 

saturation are lower than at 50%, possibly as the ADH fraction remaining soluble 

profile is less steep. The level of error is generally high throughout and this will 

determine the approach for on-line control.

5.4.2 Cycle time and materials consumption

The time per cycle is satisfactory as the combined rig is not intended to be a 

serial assay technique and only several samples are anticipated to maintain control. 

It is long compared to that for the precipitation rig or microcentrifuge unit separately. 

Many operations must be run sequentially and the wash cycles particularly occupy a
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large proportion of the time. Other scenarios were examined including filling the 

bowl after pumping the precipitated feed sample stream through the tubing of the 

stopped-flow analyser. This necessitated using the continuous precipitation rig for an 

extra 12 s and the overall cycle was 4 s slower. The exact times depend on the 

tubing. For example wide bore tubes in the solenoid valves lead to significantly more 

hold-up than elsewhere.

The volume of fluids consumed was measured. The microcentrifuge wash 

required 11.1 ml, the diluent for the stopped-flow analyser 186.9 ml, the stopped- 

flow analyser tubing wash 3.5 ml and the assay mixture 3.6 ml which was equivalent 

to 1.6 ml per assay allowing for small quantities during the wash cycles. The diluent 

was high as the sample/diluent pump was involved in supplying the background, 

analysis and wash fluids. The protein solution gear pump delivered 13.6 ml and the 

ammonium sulphate solution gear pump 37.7 ml, including acceleration and 

deceleration, at 70% overall feed saturation. It was 23.8 and 27.5 ml at 50% overall 

feed saturation.

The process was primed before each experiment. A program initialised the 

microcomputer of the stopped-flow analyser, since the individual programs were not 

stored in permanent memory and primed the rig taking 75 s. Approximately 4.5 ml 

of assay mixture was required. The precipitation rig was primed manually.
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6. CONTROL OF FRACTIONAL PROTEIN PRECIPITATION

6.1 FIT OF ADH FRACTION REMAINING SOLUBLE AGAINST OVERALL 

FEED SATURATION BY A MATHEMATICAL MODEL

The fit of the output variable, the ADH fraction remaining soluble which is 

of primary interest, to the overall feed saturation, the input variable is the basis for 

control. A model has been derived for the precipitation with parameters a  and 7/ that 

are found empirically (section 1.3.3). It is an extension of the Cohn equation 1.7, 

a relationship applicable to salting-out mixtures of proteins at high ionic strength.

Although functionally the models appear different, the analogy is clear from 

linearising equation 1.19.

l n ( — -  1) = q l nC -  q l n a  [6 .1 ]
E

where E is the ADH fraction remaining soluble, C is overall feed saturation, and o l 

and 7] are the model parameters. This relates a term for the output variable to one 

for the input variable as a proportionality (y = mx-f-c). Parameter r] can be 

compared to the salting-out gradient -IQ, whilst the group -rjlna and hence a  is linked 

to B (extrapolated protein solubility at zero ionic strength). There are likely to be 

similar parallels with the effects of changing the protein-salt system conditions such 

as pH which will be considered.

The adopted model must be representative of the process. It may vary over 

the range of the variables and by interactions with those which are not readily 

modelled. Thus, in order to demonstrate how the model fits experimental data, the 

entire profile of ADH fraction remaining soluble for the second cut stage was
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determined manually but using the continuous precipitation rig. The feed was at 40% 

overall saturation, described in section 2 .1 .2 .1 , obtained from the supernatant of the 

first cut. It is expressed in the linearised form being easier to fit a straight line to the 

data and scatter can be detected across the range, see Figure 6.1. This is also the 

style that the control scheme is based. Evidently there is some variation in the results 

owing to observation noise, which highlights the need for on-line monitoring and 

control.

Three pairs of the model parameters have been evaluated. The first pair was 

obtained by applying first order regression to all the linearised data points, o l was 

calculated to be 0.504 and rj 19.01 from the gradient and constant (both 

dimensionless). The second set was from repeating this procedure for the four 

measurements closest to an ADH fraction remaining soluble set point of 0.1. This 

omits the lower section of the curve which is not considered for control of the second 

cut, assuming the initial estimate of the overall feed saturation is satisfactory, there 

are no wild errors and no major shifts in the protein solution or ammonium sulphate 

solution conditions. The values of the model parameters in this case were 0.519 and 

26.23. Finally, a  equals the overall feed saturation from the linearised model where 

the ADH fraction remaining soluble is 0.5, ln((l/B)-l) being 0. ry is found on fitting 

a line by eye through this point. Here a  and rj were 0.515 and 22.71 respectively. 

It can otherwise be shown that for the non linear model a tangent drawn at the 

midpoint leads to rj, via differentiating.

The linearised fit for the entire profile is generally better than that obtained 

at an ADH fraction remaining soluble of 0.5 with the exception of the midpoint 

region. The best fit to the upper section is from the four data points, rather than 

from twelve points over the whole range of values. The comparison must take into
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account the accuracy of the precipitation profile itself. However it seems to be 

preferable here to have more measurements at either end or only the ADH fraction 

remaining soluble set point part of the curve where the gradients are less steep. 

Instead extra weighting may be applied. It is stressed several measurements alone 

about the ADH fraction remaining soluble set point are insufficient for control, 

especially if any are subject to significant error or there are transient variations in the 

precipitated feed stream.
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6.2 INCORPORATION OF ERROR SOURCES WITHIN THE CONTROL 

STRATEGY

Three sources of error arise that should be taken into account for the control 

strategy. The model is shown to be satisfactory in section 6.1. The precipitation of 

protein solution by ammonium sulphate solution leads to input errors in the overall 

feed saturation. Measurement (output) errors such as from the microcentrifuge or 

stopped-flow analyser are present in the ADH fraction remaining soluble. The latter 

noise varies across the precipitation curve. The level of control may depend on the 

ADH fraction remaining soluble set point which is important.

A relation has been made in the form of an inverted parabola (ax^-l-bx-fc) 

with coefficients of a = -0.417, b = 0.465 and c = 2.20x10'^, the shape derived 

from a typical profile. This results in the greatest error around an ADH fraction 

remaining soluble of 0.558 where the original profile is steepest and decreases, slowly 

at first, to 0 at -0.005 and 1.120 (Flanagan, 1990). The value of the error for the 

initial ADH fraction remaining soluble measurement scales the parabola. Hence the 

estimate used by the Kalman filter control algorithm for further samples around a set 

point of 0.1 decreases with higher overall feed saturation. It increases for lower 

saturation (to the inflexion point of the source ADH fraction remaining soluble profile 

whereupon is reduced again).

In essence the observations near the ends of the curve are weighted more 

favourably. There is confidence that the data follow a Gaussian distribution except 

for outliers and are uncorrelated with time, see section 5.4. Therefore, the 

underlying assumption of statistical normality for the corrupting measurement noise 

is accepted.
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6.3 SIMULATION OF CONTROL RUNS

The application of the process model for on-line monitoring and control at 

varying levels of measurement error was tested by the simulation of data with random 

noise. The ADH fraction remaining soluble was calculated directly using model 

parameters with an offset from the initial parameters. This is important as the two 

pairs are unlikely to be identical before any control action has occurred.

The computer generation of random numbers returned uniform deviates using 

a system supplied routine. These lay within the range 0-1, each having the same 

probability. The difficulty of returning a unique sequence was overcome by basing 

the first value on the time from the internal clock of the computer. Hence a different 

starting point in a very long sequence was assumed. The uniform deviates were then 

transformed into a normal distribution having zero mean and a variance depending 

on the measurement error (Press et al., 1992).

6.3.1 Simplex algorithm

A number of simulations were run consisting of twenty measurement cycles 

involving the simplex algorithm (section 1.3.2). This uses the least squares 

minimisation technique of Nelder and Mead, 1965 to estimate the model parameters 

from the difference between the ADH fraction remaining soluble and the model.

[y  ̂ - f { a ,  ri) ] 2 [6.3]
2 - 0

where y is the measurement, i is the present cycle and f(a, tj) the process model. 

Figure 6.2 (p. 198). The simplex method is robust since it does not calculate
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numerical derivatives, but adjusts variables to minimise the sum of square deviations 

from several data sets, requiring function evaluations. In operation the last three 

measurement cycles were taken. During the first three cycles from start-up or 

following an ADH fraction remaining soluble set point change, no minimisation was 

carried out for stability.

Various shortcomings became apparent. The model parameters were 

insensitive to large changes in the ADH fraction remaining soluble. The method 

occasionally proceeded in the wrong direction if owing to measurement error an 

increase in the overall feed saturation led to a higher ADH fraction remaining soluble, 

or vice versa. It was also very slow at either plateau.

Consequently the model was linearised as discussed in section 6.1. The 

chance of unrealistic variations that occurred in computation were averted by setting 

constraints.

a “ tanh^ P [6.4]

4a
K3  + (K4  - K3 ) tanh^ Y [6.5]

The range was defined by kj = 0.3, K2 = 0.7, «3 = 2.5 and «4 = 17.5, restricting 

0.3 < a  <  0.7 and 2.5 < 7]/4a < 17.5 (more specifically 3 < r; < 49). Thus, a 

search for B and y  was made in the identification algorithm. The model parameters 

were able to be reset from the plateau; the overall feed saturation was forced towards 

the centre of the ADH fraction remaining soluble profile. In addition the tolerance 

below which least squares minimisation was achieved was reduced to 10  ̂  and the 

boundary values decreased. The criteria for tuning was a compromise between being 

sufficient to move rapidly to actual measurements and yet allow reasonable parameter 

estimations.
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It is noted a hyperbolic function, described by Y = tanh X, is sigmoidal 

passing through the origin. Y is merely the ordinate and X the abscissa of Cartesian 

coordinates for this explanation. The function lies between Y = -1 as X approaches 

minus infinity and Y = +1 as X tends to plus infinity. Both limits are asymptotes, 

the curves getting nearer and nearer to Y = ±1 without actually crossing. The 

square of the hyperbolic function Y = tanh^ X restricts Y to positive values, that is 

0 < Y <  1.

The results shown in Figure 6.3 (p. 199) were generated for measurement 

error of 1 ,3  and 10% after performing the above modifications. The process was 

assumed to have time invariant model parameters of 0.500 and 25.00. The initial 

values were taken as 0.519 and 26.23. A disturbance equal to 1.47 times less than 

the ADH fraction remaining soluble with zero noise was substituted at measurement 

cycle 6 . This mimicked actual data (Figure 6 .6 , p. 207). The subtraction of a 

constant value would not have accounted for any variation of the ADH fraction 

remaining soluble.

It is seen the hypothetical process stabilises in all cases within one cycle from 

the start-up and two after the disturbance. Where there is a large deviation the 

subsequent value may be considerably higher or lower than expected in the opposite 

direction, though this does not necessarily lead to further fluctuation. Excluding the 

three measurement cycles at 1 ,6  and 7 as the process is approaching the set point, 

control is within an ADH fraction remaining soluble of 0.081 and 0.105 at 1% noise, 

0.042 and 0.140 at 3% noise, and 0.030 and 0.175 at 10% noise. This indicates the 

difficulties in using the simplex algorithm for on-line analysis and control to an ADH 

fraction remaining soluble set point of 0 .1  or less where there is high error.

6.3.2 Kalman filter

The performance of the Kalman filter is considered alongside the simplex
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algorithm. Control is based on the maximum likelihood estimation of the model 

parameters from a given knowledge of observation and system disturbances, 

introduced in section 1.3.2. Adjustments are made to the model parameters from the 

first measurement, in conjunction with the model prediction, and subsequently using 

the most recent information only. Several simulations were again carried out. 

Corresponding real experiments were run either on-line or off-line for which the 

results are presented in depth.

The simulations with the disturbance at cycle 6 , shown previously for the 

simplex method, were repeated with the Kalman filter and are illustrated in Figure 

6.3 (p. 199). Stability is once more achieved within a cycle following the start-up 

point and two from the disturbance. Neglecting these three values, control is between 

0.095 and 0.106 at 1% noise, 0.083 and 0.111 at 3% noise, and 0.073 and 0.143 at 

10% noise. These preliminary observations suggest the Kalman filter responds to the 

disturbance more dramatically than the simplex algorithm which requires the two 

previous measurements for minimisation. Overall the control by the Kalman filter 

has a smooth appearance and is tighter, though erratic at 1 0 % noise.

6.3.2.1 Operation of the Kalman filter

The parameters for calculating the overall feed saturation from the model are 

estimated by the Kalman filter for each successive cycle. In determining the 

difference between the current measured and predicted result, the gain obtained from 

the covariance matrices for the observation and system error achieves the appropriate 

modification. This is expressed by assuming the process is time invariant, that is 

there are no modelled dynamics.

(t| ,  - q l n a )   ̂ = {r \ ,  -r)lna)^_^ + e t a ^  [ 6 .6]
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where K is the gain and eta is the difference of the measurement and predicted value 

(not to be confused with the Greek symbol, rf). a-, is evaluated by knowing rj-,. Etâ  

is obtained from equation 6 .1 .

eta^ = l n ( - ^  - 1) - ("n̂ .̂ lriCj - [6.7]

Similarity between equations 6 .6  and 1.18 is apparent, though the latter has a transfer 

matrix which relates the change in the model parameters from cycle to cycle. The 

predicted value here is constant for a particular set point. This is apparent by 

rearranging the last two terms.

Calculation of the Kalman gain is from the error covariance matrices R and 

Q, as well as the combined covariance matrix P.

P^i i )  = P( i  - 1) + Q { i  -  1) [6 . 8 ]

P i i )  = P^{ i )  - K ^ M P ^ i i )  [6.10]

where M is the measurement matrix (InC 1). Weighting is seen to depend on the 

relative magnitude of the measurement noise and the parameter covariances. The 

balance leads to optimum estimates of the model parameters over the control period, 

given the prior statistical assumptions are correct. In this study = Q22 = =

P22 = 40 and Q12 = Q21 = P12 = P21 = 0 on initialisation. The P matrix is updated 

by the algorithm after every measurement cycle.
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The basic objective of the Kalman filter is to extract the state vector defined 

in equation 1.16 from the noisy measurement vector, equation 1.17 (Bozic, 1994 and 

Cowan, 1985). As the minimisation procedure to obtain the optimum numerical 

solution involves more than one state variable, vector equations are formulated which 

result in matrix operations for simultaneous estimation. The question is how to find 

x(i), the optimum linear estimate or filtered value of x(i). In other words it is 

necessary to minimise the mean square error for both state variables simultaneously.

E [ X j { i )  -  X j i i ) ] ^  [6.11]

where j is ry or -rylna.

The measurement noise covariance matrix is derived from the measurement 

noise variance.

a  “ E [ v ^ ^ { i ) ]  -  R { i )  = E [ v ( i ) v ^ { i ) ]

[6 . 1 2 ]

It is assumed the rules for transformation of a scalar to a matrix are a^b gives ABA^ 

and b may be taken as unity. However there is only one observation at time i here 

and the data vector is expressed as a (1x1) matrix, or a scalar.

i?(i) = o 2 [6.13]

A similar expression follows for transforming to the system noise covariance.
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a = E[ w^^{ i ) ]  -  Q { i )  -  E [ w { i ) w ^ { i ) ]

Hence, the common variance for the two state variables is rewritten.

[ 6 . 1 4 ]

0 ( 2) =
E[w^^ { ! ) ]  E[ w^ { i )  w ^ i i )  ]

Ei w^ i i )  Wj^ii) ] Eiw^^i i ) ]

(J  ^  CT ^^wl,l ^wl,2
ff 2 Q 2^w2,l ^w2,2

[6.15]

Another error covariance matrix is determined for the mean square error of 

estimation.

p ( i )  = P i , i ( i )  “ E[ e ^ ^ { i ) ]  -* P { i )  = E [ e { i )  e ' ^ i i ) ]

[6.16]

It is formulated with regards to the two parameter case.

P i i )  =

E[e^^ i i ) ]  E [ ( 2 ) ( i  ) ]

E[02 (i) ( i)  ] E[e2^( i ) ]

Pi, i i j-)  Pi ,2i^)  
P2, i i i )  P2 .2 H)

[6.17]
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The individual mean square errors from equation 6.11 are the diagonal terms.

The vector Kalman filter is described by several equations. The estimator is 

equation 6 .6  with a substitution for eta from equation 6.7, the filter gain is equation

6 .9  where Pi(i) is defined in equation 6 .8  and the error covariance matrix equation 

6.10. This describes the situation constituted in equations 1.16-17 for no time 

variation of the model parameters or the combined covariance matrix.

It is useful for better understanding to outline the computational sequence, 

which is straightforward. The estimate formed by the model parameters, x(i-l), is 

multiplied by the measurement matrix, M, to give an estimated measurement, y(i). 

This is subtracted from the linearised actual measurement, y(i), to obtain the residual 

error, eta;. The residual is multiplied by the gain, Kj, and the product is added to the 

old model parameters, x(i-l), for the current best values, x(i). The latter is stored 

until information of the next measurement is received and the cycle is repeated.

The calculation of the gain, Kj, may be before estimation is performed since 

it does not require the measurement. The procedure holds one data set at any 

computational cycle, in the recursive algorithm only the most recent values are 

needed. The sequence is as follows. Covariance matrix, P(i-l), is updated by adding 

the system noise covariance matrix, Q(i-l), giving Pi(i). This is substituted into 

equation 6.9 together with the measurement matrix, M, and the measurement noise 

variance, R(i). The gain, K,, results which is used in the estimator as described 

above. Finally, the error covariance matrix, P(i), is found by subtracting a product 

of the old matrix, Pi(i), the gain, K,, and the measurement matrix, M, from Pi(i) so 

the algorithm is ready for the next cycle.

The Kalman filter is noted to operate by means of feedback correction. The 

product of the gain and the residual term are applied to the state vector as a forcing 

function. Estimation is governed by the gain, Kj. It is apparent for a small value the 

estimator accepts the model and for a large value it prefers the measurement. The 

gain can be expressed in a different way.
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= P{ i ) M' ^R{ i ) ~^  [ 6 . 1 8 ]

If there is a good system model but poor measurement, the error covariance matrix, 

P(i), tends to be small and the measurement noise variance, R(i), high leading to a 

small gain. This implies the estimator accepts the model. Conversely, for a bad 

model but good measurement (P(i) high and R(i) low), the estimator believes the 

measurement.

In general only the estimates of the model parameters, x(i-l), and the error 

covariance matrix, P(i-l), need to be stored from time i-1 to i. However, the 

physical model and the statistics of the random processes, Q(i-l) and R(i-l), must 

also be specified. (Where the process is time variant the transfer matrix, </>, 

determines the dynamics, allowing prediction as well as correction.) It has been 

shown that the Kalman filter is able efficiently to obtain the optimal estimate. For 

example, the matrix inverse of equation 6.9 is no problem to compute especially as 

the number of elements in the measurement vector is one.

To investigate the operation of the Kalman filter the variation of eta with the 

measurement cycle is plotted in Figure 6.4 (p. 200), alongside the relevant simulated 

ADH fraction remaining soluble at 10% error. The level is more appropriate for on

line monitoring and control. The actual ADH fraction remaining soluble without 

error is shown as well.

The initial model parameters were predefmed to be higher than the theoretical 

process ones for a set point of 0.1. The resultant overall feed saturation is greater 

and the ADH fraction remaining soluble much lower, even after alteration owing to 

the measurement noise. Consequently eta has a large positive value. For the second 

point the reverse is true. The simulated ADH fraction remaining soluble is slightly 

higher than the set point and eta has a small negative value. This leads to a higher 

overall feed saturation and so on. Besides the errors considered, such as those 

apparent at cycles 8 , 16 and 17, instability is caused by an inappropriate overall feed
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saturation from the preceding estimate of the model parameters or elsewhere any shift 

in the process parameters. Despite this eta is driven to minimal values, for example 

between ±0.025 at measurement cycles 2 and 10. The fluctuation around zero 

throughout demonstrates the random nature of the error.

These simulations have compared control by the simplex algorithm and the 

Kalman filter as applied to model-based enzyme precipitation. The simplex method 

relies basically on averaging out the noise from several measurements, requiring no 

prior information of their level. However, it is slow and needs to be constrained. 

The Kalman filter shows superior performance under steady-state conditions. It 

makes an estimate following the first measurement cycle (as opposed to the fourth for 

the simplex algorithm). It is recursive, thereafter taking into account the effect of all 

preceding values. In addition the degree of computation is much less. Since the 

errors are reasonably quantified, adjustments to the model parameters are weighted 

accordingly. Indeed at a high noise level the measurements are downweighted which 

stabilises the algorithm permitting only small changes to the process.
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6.4 OFF-LINE MONITORING AND CONTROL

6.4.1 Simplex algorithm

At first control runs were performed with continuous precipitation followed 

by off-line centrifugation and analysis. Figure 6.5 (p. 206) is shown for the simplex 

algorithm incorporating the modifications made during the simulations. The ADH 

fraction remaining soluble set point was 0.1 and the initial model parameters 0.519 

and 26.23. The measured ADH fraction remaining soluble and the overall feed 

saturation that achieved it are plotted for twenty cycles. In applying linear regression 

to every point the values of ol and r/ for the entire curve are found to be 0.533 and 

26.22. Thus the best fit ADH fraction remaining soluble is shown. It may be 

likened to that without noise. The overall feed saturation at the set point is 

determined from the model to be 58.00%.

The variation of the ADH fraction remaining soluble is erratic initially, that 

of the overall feed saturation not being strongly related. There is a leap at cycle 6 

from 58.14 to 65.25% with a respective reduction in the measured value from 0.133 

to 8.98x10'^. The overall feed saturation crawls downwards, whilst the ADH fraction 

remaining soluble is insufficiently increased towards the set point until it is eventually 

exceeded once more. The sequence which consists of six or seven cycles is repeated, 

appearing to converge extremely slowly.

The behaviour may be partly explained with reference to the model parameters 

which determine the following overall feed saturation. They are held constant for the 

first three measurement cycles before having much lower values. These are increased 

above the original ones for the next cycle but subsequently decrease inadequately. 

When an ADH fraction remaining soluble of 0.1 is again exceeded the pattern is 

repeated. The reasons for this were unclear though minimisation based on three 

cycles alone may result in the estimation of an inaccurate model. The slowness of
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the procedure does not lead to rapid correction on the shallower section of the profile. 

The overestimation from the steeper part demonstrates a lack of sensitivity. The 

error apparent at a higher ADH fraction remaining soluble may originate from a fit 

obtained mostly from smaller values.

The choice of constraints is therefore critical. It is possible they may be 

varied according to the initial measurements. Improved reset conditions should be 

added, such as if the ADH fraction remaining soluble is less than 0.01. There is 

control about an ADH fraction remaining soluble set point of 0.1 for which the 

overall feed saturation has been estimated over twenty cycles. However the response 

of the method is unlikely to be satisfactory for set point or process adjustments.

6.4.2 Kalman filter

The previous experiment was run with the Kalman filter algorithm. The initial 

ADH fraction remaining soluble is 0.102 at an overall feed saturation of 56.48%, see 

Figure 6 .6  (p. 207). The control is relatively stable up to the sixth measurement 

cycle. After this there is a phase of greater variation as well as increased error; the 

ADH fraction remaining soluble has a minimum of 0.0517 and maximum of 0.204. 

Greater damping is shown from cycle 12 onwards with the exception of a peak at 

cycle 14, though the process does not completely stabilise. The mean of the 

measurements over twenty cycles is 0.104 with a standard deviation of 0.0362. The 

overall feed saturation range is 2.22% (55.55-57.77%). It is even tighter excluding 

the five values from the middle of the run, being 0.95% from 55.79 to 56.74%.

In order to explain the effect of noise the precipitation profile has been plotted. 

The points that lie furthest away from the model fit. Figure 6.7 (p. 208), are 6 , 7, 

9, 10 and 13 at 56.06, 55.55, 55.78, 57.11 and 55.98% overall feed saturation 

respectively. Scatter is apparent by the variation in the column of eight 

measurements from 0.0813 to 0.107 between 56.47-56.57%. c l  and r} are determined
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to be 0.523 and 29.17 from the profile resulting in an overall feed saturation set point 

of 56.43%. The correlation coefficient is 0.737.

Values of the model parameters are shown in Figure 6 .8  (p. 209) against 

measurement cycle. There is least variation between zero to the fifth and eleventh 

to the twentieth cycles, from 0.513 to 0.522 for a  and 25.98 to 26.34 for rj. The 

range increases from 0.510 to 0.532 and 25.88 to 26.73 for the intermediate group. 

The relative fluctuations of a  and rj are similar and may be seen to be approximately 

proportional.

The initial model parameters found previously off-line are accurate, 

satisfactorily enabling the set point to be achieved immediately. The best fit curve 

also compares favourably to that evaluated from the simplex method. This illustrates 

the reproducibility of the source and processing of the baker’s yeast in these runs with 

regards to the precipitation profile, as well as the ammonium sulphate solution and 

assay mixture.

The trend of the overall feed saturation and the previous model parameters 

resembles eachother and mirrors that of the ADH fraction remaining soluble. The 

relation has been considered in section 6.3.2.1 where a  and rj from the preceding 

cycle determine the overall feed saturation for the measurement, resulting in the 

readjustment of the pair of parameters. The range between the lowest and highest 

ADH fraction remaining soluble is actually greater for the Kalman filter than the 

simplex algorithm. However the Kalman filter has less variation in the overall feed 

saturation.

The ADH fraction remaining soluble is comparatively free of error until cycle 

6  which leads to an overestimation of the expected value (with hindsight) at cycle 7 . 

This too is noisy and the following measurement, though reasonably representative 

of the model fit, is much lower than the set point. The estimation for cycle 9 is 

higher. The error associated with that and the next cycle means stability is not 

obtained till cycle 12. This is interrupted at cycle 14 since despite the previous
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measurement closely matching the set point, there is significant error. The first 

fluctuation which was equivalent to 1.47 times less than the expected value has been 

used as a preset disturbance during the simulated runs.

The system is able to control to an ADH fraction remaining soluble of 0.1 

from the initial measurement cycle where the model parameters from historic data are 

reasonable. The response is characterised by periods of oscillation to which there is 

a rapid reaction. Complete stability is never achieved despite the growing volume of 

data. Furthermore the final overall feed saturation values are equivalent to the first 

ones suggesting there is no variation of the ADH fraction remaining soluble profile 

with time.

In conclusion it has been shown that the Kalman filter maintains better control 

than the simplex method which is also confirmed by the simulations. It responds 

immediately being both fast and sensitive either side of the ADH fraction remaining 

soluble set point. Overall constraints and reset conditions are not required. A feature 

apparent with the application of the Kalman filter is that it overcompensates after a 

measurement subject to moderately high error though this is only temporary. 

Continued effort with the simplex method would no doubt yield a more able 

minimisation procedure, but in view of the results obtained using the Kalman filter 

it was not pursued further. Instability of the former is likely to have been caused by 

some poor initial measurements. Although this belittles the simplex algorithm it 

emphasises that control systems for industrial processes must be robust.

6.4.2.1 Effects of varying the initial model parameters and the ADH fraction 

remaining soluble set point for control

Two further off-line experiments were performed with the Kalman filter. The 

effects of the initial model parameters were investigated for example whether values 

from a previous, possibly not typical batch may be used. These model parameters 

were deliberately selected at 0.400 and 23.00, so that the original assumed profile 

was significantly different from those previously observed. There was then a set

204



point change in the ADH fraction remaining soluble becoming greater or smaller after 

the tenth measurement cycle.

The run shown in Figure 6.9 (p. 210) involved a set point step increase to 

0.15. The first ADH fraction remaining soluble reflects the choice of model 

parameters. It varies between 0.0609 to 0.140 from the second to the tenth cycle, 

and thereafter between 0.0950 to 0.236. The overall feed saturation ranges are 

56.76-58.38% and 55.38-56.76%. Random error is again present, for instance at 

cycle 11 which delays the measurement from following the set point change. The fit 

defines a  and rj as 0.531 and 30.12.

There was a step decrease in the set point to 0.05 for the next run, see Figure

6.10 (p. 211). Two measurements are required before the ADH fraction remaining 

soluble settles, the subsequent minimum and maximum to the tenth cycle being 

0.0513 and 0.182. The overall feed saturation varies from 56.31 to 57.79%. In the 

second part of the experiment the range is from 0.0326 to 0.110 between 56.56- 

58.49%. Best fit values of a and rj are 0.512 and 22.71.

Control to 0.1 ADH fraction remaining soluble from low initial model 

parameters is demonstrated within three cycles in both cases. There is no current 

knowledge preceding the first ADH fraction remaining soluble and the control 

response is strongly dependent on the error. This includes the fit of the model to the 

whole curve. Hence providing some measurement cycles may be sacrificed the initial 

parameters are not that critical.

After an ADH fraction remaining soluble set point change to 0.15 there is a 

series of oscillations. In contrast the decrease to 0.05 results in immediate control 

being more stable. This may be explained by the gradient of the model. Indeed 

whereas the range of the ADH fraction remaining soluble is smaller at a set point of 

0.05 that of the overall feed saturation is larger.
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6.5 ON-LINE MONITORING AND CONTROL USING THE RIG

6.5.1 Studies involving off-line sample analysis

The first, partially on-line experiment incorporated the continuous precipitation 

rig and the microcentrifuge unit. Analysis was off-line as before withdrawing 

samples manually from the bowl. This would enable comparison of the 

microcentrifuge performance. The data points were extremely scattered and it was 

suggested that material from within or coated to the outside of the exposed tubes was 

causing this problem. The run was repeated swapping the lid of the microcentrifuge 

with a tubeless spare between the filling and spinning operations. The original was 

replaced after taking the supernatant sample. The model parameters of 0.519 for a  

and 26.23 for rj which approximated to previous batches determined off-line were 

again selected.

The initial ADH fraction remaining soluble is 0.290, Figure 6.11 (p. 219), and 

a crude stability is attained by the third cycle. The mean from this point inclusive is 

0.127 (ranging from 0.0724 to 0.170) with a standard deviation of 0.0268. The 

overall feed saturation increases steadily from 56.48 to 70.95%. This results in a 

best fit line surrounded by large variation with model parameters of 0.408 and 3.92. 

Consequently the measured ADH fraction remaining soluble shows a substantial 

difference from that estimated. The overall feed saturation at the 0.1 set point is 

evaluated to be as high as 71.40%.

The increase of the overall feed saturation with no great reduction in the ADH 

fraction remaining soluble may imply that control is around the plateau of the model 

which begins above the set point. This would explain the low gradient observed. 

However it does not account for the noise level and why there was no such trend for 

the corresponding off-line run (Figure 6 .6 , p. 207). For instance the precipitation 

profile previously appeared to be time invariant over twenty measurement cycles.
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The likely sources of error here are the microcentrifuge unit and withdrawing the 

sample for analysis. Besides the effects of the tubing incomplete separation and 

variability may result from the initial volume, the inlet air pressure, the spin time, 

vibration of the bowl, the braking and the wash cycle (section 5.2).

6.5.2 Further investigation of separation by the microcentrifuge

In order to investigate whether the microcentrifiige achieved total clarification 

the ADH fraction remaining soluble was measured for extended spin times involving 

separate runs at 70% overall feed saturation. It was expected from section 5.4.1 that 

the ADH activity in the supernatant would have been 0 at this value. Sets of data 

were determined for the bowl head with and without tubes.

After a centrifugation of 60 s the ADH fraction remaining soluble is 0.143 

using the standard head (see Figure 6.12, p. 220). It decreases further by the next 

measurement. There appears to be an offset from this point onwards having a mean 

of 0.0425. In contrast the results for the tubeless spare are consistently lower. The 

ADH fraction remaining soluble is 0.0394 after 60 s and with one exception steadily 

approaches 0 .

The presence of the tubing does therefore lead to incomplete clarification. In 

addition despite most of the recovery occurring within the first 60 s, the time is 

inadequate for control to a set point of 0.1 or below. This may be caused by finer 

solids from the second cut of fractional precipitation. A theoretical comparison is 

considered in section 4.2.1 with pilot plant scale centrifuges.

The experiment indicates the difficulties of on-line monitoring and control by 

the microcentrifiige. A solution may be to define an ADH fraction remaining soluble 

set point gradient of the model instead, for example slightly above the plateau. In 

this case the measured ADH fraction remaining soluble is likely to be much different
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to the one actually present in the feed stream from the continuous precipitation rig. 

The operation of the microcentrifiige for a longer spin time or at a higher inlet air 

pressure further limits the number of samples analysed per hour determined by the 

rating of the compressor.

6.5.3 Full on-line analysis and control

These runs consisted of on-line precipitation, centrifugation and stopped-flow 

analysis controlled with the Kalman filter, the set point and initial model parameters 

being unchanged. The spin time was increased to 180 s which is a compromise 

between the improved clarification and restriction by the compressor. It was only 

possible to further combine 27.2 s whilst the feed stream was pumped from the 

mixing rig and the sample through the stopped-flow analyser, measured and the 

tubing washed. Hence the time of the total cycle was 408.0 s or 378.0 s when the 

overall feed saturation was set previously.

One other modification was to stack the assay mixture peristaltic pump above 

the diluted sample pump to make certain they were in phase. This would have 

resulted in assay mixture flowing for 184.4 s at 53.3 ml/min per cycle, equivalent to 

a 38 times increase in the quantity required. It would not have been desirable to 

remove the inlet tube from the storage vessel in case air bubbles became entrapped 

within the cuvette. Instead the assay mixture was recycled by means of a three-way 

valve situated after the pump and minimising the dead space between the tee. In the 

absence of a free solenoid valve it was rapidly operated by hand; this amounted to 

four times during a typical cycle when approximately 9 ml was consumed.

The outcome of a step pH change from 6.5 to 7.0 was followed by manual 

adjustment of the feed for the second cut, ammonium sulphate solution and phosphate 

buffer after the tenth measurement cycle. This may be envisaged in a process under 

control as a probe failure. The first ADH fraction remaining soluble is 0.395, see
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Figure 6.13 (p. 221), thereafter ranging from a minimum of 0.0522 to a maximum 

of 0.142 with a mean of 0.104 and standard deviation of 0.0305 during the initial part 

of the experiment. The variation in the corresponding overall feed saturation is from 

60.17 to 62.02%. The ADH fraction remaining soluble hnmediately following the 

pH change is 0.204 and subsequently fluctuates between 0.0623 and 0.151. The 

mean is 0.108 and the standard deviation 0.0313. Overall feed saturation is limited 

from 61.43 to 63.07%. The control does not exhibit periods of greater variation 

unlike the off-line runs but once again never approaches complete stability. The 

values of a  and r/ are calculated by linear regression from Figure 6.14 (p. 222) for 

the respective pH levels. They are 0.555 and 23.28, with a high positive correlation 

of 0.916, intercepting the set point at an overall feed saturation of 60.95%, and 0.571 

and 24.18 (correlation coefficient 0.838) having an intercept of 62.49%.

There appears to be reasonable control throughout. The means and standard 

deviations from both groups of ADH fraction remaining soluble data are 

approximately the same to those found off-line, as well as the ranges. The latter are 

larger than that for the simulation at 1 0 % noise confmning the greater errors 

determined in section 5.4.1 for the combined rig. The differences between the 

highest and lowest overall feed saturations are compatible. However they represent 

a shift in the precipitation profile of several percent along the abscissa such as for the 

first ten measurement cycles. This is supported by the large initial ADH fraction 

remaining soluble, the high value of the parameter a  which is the midpoint overall 

feed saturation and the estimation at the set point. In addition the low value of r} 

leading to a reduced gradient -r}/4a at the midpoint may imply that the curve is not 

shifted evenly. The results demonstrate much improvement from those with off-line 

analysis but emphasise the importance of total clarification with the tubing despite an 

extended spin time.

The overall feed saturation values are increased by a greater degree after the 

pH step change, together with the first ADH fraction remaining soluble to be 

measured and the model parameter a. Indeed the overall feed saturation at the set 

point is 2.54% higher. The size has been obtained off-line elsewhere (Lewis, 1990).
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The plot of ADH fraction remaining soluble against the overall feed saturation shows 

two distinct profiles with respect to the abscissa having similar gradients. This is 

regardless of the difference between the measured and predicted values.

It is recalled from section 6 .1 that a  is expected to be a function of the pH and 

temperature. The parameter rj should vary with the type of protein and salt though 

be independent of pH and temperature. Whilst this appears the case, the control 

scheme sees the required process change as a basic increase to a. In reality 

adjustment of the pH takes protein molecules away from the isoelectric point. 

Therefore, the net charge on the proteins is no longer zero, hindering interaction and 

increasing the solubility.

A concentration step change was then considered. The situation may be 

possible if a batch is switched for one where the preceding recovery conditions (for 

example the homogenisation or centrifugation) or fermentation are different. 

Consequently one part of the first cut feed was diluted two-fold. This may be 

excessive but there was anticipated to be a clear trend. In order to maintain the same 

ADH fraction remaining soluble recovered in the first cut product, as would have 

been a condition of the control it was necessary to increase the overall saturation for 

the diluted feed from 42 to 45 % at this stage of the fractionation, see section 2.1.2.1. 

The supernatant was decreased here to 43 % using phosphate buffer which was taken 

into account where evaluating the flow rates to the precipitation rig for the second 

cut.

After an initial ADH fraction remaining soluble of 0.410, shown in Figure 

6.15 (p. 223), control is maintained about the set point for the standard feed with a 

mean of 0.105, standard deviation of 0.0402 and range from 0.0380 to 0.175. The 

overall feed saturations lie between 59.07 and 61.33%. Hence the best fit model 

parameters are 0.560 for a  and 30.08 for rj. The correlation coefficient is 0.930. 

The overall feed saturation at the set point is determined to be 60.27%. The first 

cycle for the diluted feed results in an ADH fraction remaining soluble of 0.514. 

Thenceforth the overall feed saturation range is from 63.20 to 65.43% with ADH
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fraction remaining soluble values from 0.0566 to 0.171. The mean is 0.101 and the 

standard deviation 0.0397 over that period, ct and ry are 0.600 and 33.18 which leads 

to an overall feed saturation of 64.09% at a set point of 0.1, the correlation 

coefficient being 0.940.

The first ten measurement cycles have similar characteristics to those for the 

pH run, the feed preparation and operating conditions identical. Control is also of 

the same order for the diluted feed, though the initial ADH fraction remaining soluble 

is higher and there is a shift in the fit equal to 3.82% at the set point from larger 

values of the model parameters as illustrated in Figure 6.16 (p. 224).

In explaining why the ADH fraction remaining soluble of 0.1 is at a lower 

overall saturation than for the feed diluted two-fold, the salting-out relationship of 

enzymes and other proteins suggested by Cohn should be considered (section 

1.1.1.3). The decrease in solubility against increasing salt concentration has been 

represented by a linear equation defined by constants for the particular system. It has 

been shown that the salting-out of fumarase commences at lower overall ammonium 

sulphate concentrations with increasing enzyme concentration (Foster et al., 1971). 

A common gradient is then followed providing conditions such as the pH and 

temperature are constant. In this region the enzyme fraction is higher for a greater 

dilution since the enzyme activity in the redissolved feed is less. Both must converge 

when the activity in the supernatant is 0. The control about the set point for the feed 

diluted two-fold is an indication of the sensitivity of the stopped-flow analyser. 

Where the ADH activity is reduced by half, the ADH activity of the supernatant at 

the set point will be a twentieth of the original.

The conditions following the step concentration change lead to a more complex 

situation. Precipitation characteristics, such as the charge and hydrophobicity of 

individual protein molecules, are influenced by relative proximity in solution. The 

variation in physico-chemical behaviour of the separate species causes different 

precipitation profiles. The gradient of the profile thus is expected to shift with 

dilution, as well as the abscissa. Another factor is the removal of protein and
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possibly cell debris in the first cut at constant ADH fraction remaining soluble. For 

instance it was found that the total protein fraction remaining soluble increased with 

the clarified yeast homogenate dilution (Richardson, 1987). This underlines the 

dependency of the model parameters on the nature of the feed stream.

The continuous precipitation rig, microcentrifuge and stopped-flow analyser 

have therefore been run on-line for twenty cycles and responded to a step increase in 

the pH and decrease of the feed concentration. The system should be further tested. 

The effects of cell debris contamination may be investigated using unclarified yeast 

homogenate and the purity by spiking the feed with ADH. Other précipitants 

including polyethylene glycol may require a shorter spin time, achieving better 

clarification under similar conditions. There should be less variation in the fraction 

remaining soluble where the profile has a flatter gradient such as for 1-lactate 

dehydrogenase (LDH) or total protein. Thus it may be possible to control to a much 

lower set point. This assumes the fractionation will be successfully modelled. The 

process variation should be attempted as a gradient throughout the twenty cycles. 

This should demonstrate the response of the Kalman filter, that is whether there is 

any significant lag. For example incrementing the pH after every cycle is likened to 

a probe drifting. The development of the rig to make parallel assays of total protein 

will enable on-line monitoring and control of a two-cut fractionation process.
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7. CONCLUSION

The final chapter presents a summary of the achievements made by the project 

for on-line monitoring and control of protein precipitation and separation processes, 

for example using centrifugation. The way forward that has been opened is then 

detailed.

The case for rapid monitoring leading to the control of downstream processing 

has been made in chapter 1. High recovery cost in attaining the purification sequence 

at reasonable overall yield is an important concern. It is vital to know when specified 

limits are met and for quality control to be aware of the level of undesired 

contaminating proteins. The adaptation of a mathematical model with a control 

scheme, allows the use of on-line measurements to avoid substandard material 

disposal and equipment downtime.

Biological process streams are variable, for example owing to the nature of 

fractional protein precipitation or the shear associated break-up of particles, 

reinforcing that an on-line analysis and control strategy is critical. A literature 

shortfall on practical applications in downstream processing was noted despite the 

availability of basic theory. This is partly a result of the fragile behaviour of the 

materials, being susceptible to degradation and contamination during sampling and 

analysis. Furthermore the information about the key parameters for optimising 

performance is not straightforward to determine reliably at speed.

Protein precipitation has provided a challenge for this study since it can 

operate continuously at low residence time, where variation of the feed substantially 

affects production. A microcentrifuge had been developed for rapidly removing 

solids from the sample stream, for instance protein precipitates and cell debris 

(Richardson et al., 1996a). There was no loss of soluble components through 

blinding or fouling of filter membranes. The on-line measurement technique of flow 

injection analysis (FIA) had been applied successfully to the precipitated feed and
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supernatant streams. However the measurement error made attaining adequate 

process control troublesome (Niktari et al., 1989 and Richardson et al., 1996b). A 

model relating the product enzyme, alcohol dehydrogenase (ADR) fraction remaining 

soluble to the overall feed saturation using ammonium sulphate solution had been 

developed. The preliminary control had been demonstrated obtaining the model 

parameters by the Simplex algorithm for least squares minimisation.

In this research a similar, relatively low technology sample preparation and 

analysis system has been chosen. Measurements were taken of the absorbance 

increase at a fixed wavelength resulting from the soluble ADR after addition of assay 

mixture. However, the emphasis was for a robust procedure suitable for application 

in a pilot plant environment (section 2.4). This included the feedback control 

algorithm required to maintain the ADR fraction remaining soluble set point by 

adjusting the overall feed saturation. The Kalman filter, finding the model parameters 

from maximum likelihood estimation assuming no process dynamics, was preferred 

for control which is discussed. Besides, stopped-flow analysis in a compact unit was 

selected for the product assay rather than flow injection analysis, see section 4.3, as 

a very high sample throughput was not necessary. It created a constant concentration 

in a larger sample plug (taking small volumes of the biological material) meaning the 

observation error was much easier to diagnose and reduce.

Prior to the implementation of a comparable strategy for particulate systems, 

it is important to identify and verify techniques for rapid automatic monitoring. The 

starting point had been determining the properties of biological particles off-line, for 

example particle size distribution, concentration and density difference between the 

solids and suspending liquid (Mannweiler et al., 1989). This had enabled 

investigating the recovery of a disc stack centrifuge in downstream processing. 

Elsewhere the retrospective measurements had led to an increased understanding of 

the formation and manipulation of protein precipitates (Bell et al., 1983).

The on-line analysis of particle size distributions greater than 1 ^m such as 

protein precipitate suspension has been achieved by laser light diffraction, covered in
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section 3.1.1. There was found to be a significant difference with the electrical 

sensing zone instrument, which was considered an off-line reference technique. Thus 

a series of third order polynomial curves were used to successfully describe the 

discrepancy. The determination of particle concentration from turbidity necessitated 

a correction for size. They were related by the extinction coefficient, but it was 

shown to fluctuate widely over the particle size, wavelength of the light beam and 

relative refractive index of interest (section 3.2.1). Also measured volume 

concentrations by the electrical sensing zone did not fully agree with that calculated 

from the formulae (see section 3.2.2). Hence it was proposed a series of calibrations 

for the material as a function of size would be sufficient. Additional data for the 

density and strength of the particles were obtained in section 3.3 by a centrifugal 

sedimentometer. This made use of the size from light diffraction (or the electrical 

sensing zone method), but could not be run on-line.

The strategy for adapting fractional precipitation with on-line monitoring and 

control has been outlined, to maintain a high yield at preset limits, section 4.1. The 

second cut stage was preferred since it consisted of analysing precipitated feed and 

supernatant streams at the same overall feed saturation requiring identical dilution. 

In obtaining the ADH fraction remaining soluble, the ratio of ADR activities to be 

measured was high. Therefore, the fixed tubing configuration was determined to 

achieve the optimum on-line assays, see section 4.3.1. Other considerations included 

the actions for the wash cycle. The nature of the sample preparation was fully 

reviewed in section 4.2, for example the pressure drop necessary over a needle valve 

for rapid, continuous precipitation. A theoretical investigation of the microcentrifiige 

by the Sigma concept allowed comparison with larger centrifuges.

The use of the microcentrifiige and stopped-flow analyser were substantially 

enhanced to have adequate rigidity, suitable for pilot plant operation. The 

consequence was the formulation and reduction of the causes of variation where 

possible (see chapter 5). The initial sample volume, bowl speed, the spin time, 

vibration of the bowl, braking action and the wash cycle of the microcentrifiige were 

optimised, section 5.2. Tubing protruding into the bowl was found to contribute
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unspun materials to the supernatant which did not occur when a different bowl head 

was substituted. The stopped-flow analyser needed to be modified in terms of the 

optics and electrics, section 5.3, ensuring a more stable response. It still was 

important to aggregate the output over a longer period than take just one reading. 

The application of a dye tracer allowed further characterisation of the errors presented 

in section 5.3.2. Other improvements were gained by stacking the pumps together, 

guaranteeing the streams were exactly in phase.

On-line operation of the overall rig then showed there was sufficient 

reproducibility for control. A detailed statistical analysis of the measurement error 

was carried out in section 5.4.1. The microcentrifuge was highlighted to be the key 

source, as well as the stopped-flow analyser to a lesser extent. However, the results 

were demonstrated to be Gaussian which is a prerequisite for the control 

methodology. The instrumentation provided data fast enough, with minimal materials 

consumption, for effective operation, section 5.4.2.

The integrity of the model for control of fractional protein precipitation has 

been proven. Several mathematical fits were satisfactory across the range of variables 

for an experimentally determined profile of the ADH fraction remaining soluble 

(section 6.1). This was useful to a changing feed stream in a process, either during 

or between runs. The control strategy was first considered and tuned by simulation, 

the measurements provided from computer generated random numbers. Model-based 

control using the Simplex method was improved, for instance in setting overall 

constraints and adding reset conditions, see section 6.3.1. Notably the performance 

was shown in section 6.3.2 to be better by the Kalman filter. It differed being 

recursive, giving a result after the first cycle. Measurements were weighted 

according to the measurement (as well as system noise) and it was fast, the degree 

of computation less. The outcome was confirmed by off-line runs, section 6.4. 

Control to an ADH fraction remaining soluble set point of 0.1 was adequately attained 

with the Kalman filter.

Such regulation by the Kalman filter has been demonstrated, section 6.5.3,
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comprising on-line precipitation, centrifugation and stopped-flow analysis. The 

effects of a step pH increase from 6.5 to 7.0 were followed with distinct profiles 

formed of ADH fraction remaining soluble against overall feed saturation. Similarly 

the ADH fraction remaining soluble set point was maintained after a concentration 

step decrease by a two-fold factor, irrespective of the difference between the 

measured and estimated values. It was suggested that further process changes, for 

example the presence of variable amounts of cell debris which would have caused a 

similar response may be controlled under the same system. The consequence of small 

step changes to the ADH fraction remaining soluble set point were described in 

section 6.4.2.1. This would have allowed modifications to the purity of the product 

with respect to other contaminating proteins present.

The adjustment of the pH was noted to change only the model parameter a 

and not rj. Whereas the variation in the feed concentration affected both a and rj. 

The Kalman filter has greater difficulty estimating the parameter r;, since it represents 

a gradient from the linearised equation 6.1. Data is collected from one tight region 

of the precipitation profile. In comparison the offset value following an alteration in 

a  is straightforward for the control algorithm to obtain. Therefore a route forward 

is to find a different protocol for improved estimation of rj. Perhaps the assay 

procedure can be revised using various dilutions of the same sample to produce 

measurements at contrasting overall feed saturations. This would predict the gradient 

more closely. (The control about the desired set point otherwise is still acceptable, 

despite the poor parameter estimation.)

A difficulty is the Kalman filter responds only to random changes of the 

parameters, for instance there are no additional models in the program to interpret 

process drifts. More advanced control is relatively routine to accept supplementary 

measurements that help determine the model parameters, such as information on pH 

or concentration. Better accuracy of the model parameter estimates is possible by 

putting a low deadband into the feedback loop for the manipulated variable. It is 

intended this would avoid small fluctuations of the overall feed saturation and hence 

reduce scatter around the ADH fraction remaining soluble set point.
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Another pathway that has been opened is the use of the microcentrifiige unit 

and stopped-flow analyser in the pilot plant environment. Indeed several runs of the 

yeast fermentation, homogenisation and precipitation stages for ADH production 

illustrated how the system may be used for on-line control and as a development aid 

(Holwill et al., 1996). Verified models allowed the processes to operate within 

specified limits and after unexpected events for the causes to be established. A 

complementary control strategy has been applied to selective flocculation where the 

ADH feed and flocculant streams were subject to variation (Habib et al., 1996). The 

ratio of the latter to the feed level was the manipulated variable with the ADH 

product, cell debris and floe index (floe size / concentration) measured. A Kalman 

filter controlled the enzyme recovery and cell debris removed.

Other tests for the components of this study are different précipitants such as 

polyethylene glycol which may have improved clarification with the microcentrifiige, 

needing a shorter spin time. The on-line monitoring of an enzyme having a flatter 

profile than the ADH fraction remaining soluble would have better control, if the 

fractional precipitation can be successfully modelled. It is also necessary to extend 

the techniques for total protein detection. A rig able to make parallel on-line assays 

of total protein would be able to generate product purity as well as yield information.

The strategy developed for fractional precipitation can be extended to on-line 

analysis and control of particle systems in the pilot plant. This would require 

designing a compact rig for particle size distribution and turbidity measurements. 

Construction of a miniaturised on-line light diffraction instrument is possible, also 

concentration may be found by using the microcentrifiige and adapting the stopped- 

flow analyser for detection at a higher wavelength. Suitable dilutions need to be 

provided together with the implementation of background readings and wash cycles. 

The procedure must be reproducible for control, a prerequisite being characterisation 

of the measurement error. Fast cycle times of the order of several minutes are 

essential. Appropriate mathematical models already exist, for example the grade 

efficiency curve of disc stack centrifuges, see section 3.3. The control behaviour 

could be investigated by simulation and the use of hard particles such as whole yeast
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suspensions. It would then be feasible to optimise the operation of the centrifuge on

line. Any change to the separation efficiency would be detected and corrective action 

achieved rapidly.

It has been shown that on-line monitoring and control in downstream 

processing is until now uncommon. The real-time knowledge of the product and 

contamination levels is vital for process development and operation, which in 

conjunction with a suitable model is presented here to lead to effective control.
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NOMENCLATURE

a coefficient for

international unit of enzyme activity (U/ml)

particle radius (nm)

scalar

A absorbance

matrix

b coefficient for x

scalar

B birth rate (/m"̂ s)

matrix

c constant coefficient

C overall feed saturation

Csp overall feed saturation set point

Cv flow coefficient through valve

d particle diameter (m)

tube diameter (m)

de critical particle size (m)

dio particle diameter (0 .1  undersize) (^m)

d̂ o particle diameter (0.5 undersize) (/xm)

dgo particle diameter (0.9 undersize) (/xm)

D death rate (/m"̂ s)

particle diameter (cm)

e combined error vector

e, unit vector

e(t) difference between set point and measured value at t

eta difference of measured and predicted value

E ADH fraction remaining soluble

electric field strength (V/m)

extinction coefficient
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ŝp

E:

E,

E34O
f

g
G

GPM

i

J

k

K

Kc

Kc(max)

Km

Ks

Ko
1

m

ADH fraction remaining soluble set point 

enzyme fraction remaining soluble at first cut 

enzyme fraction remaining soluble at second cut 

extinction coefficient at 340 nm 

focal length

number of equal-size daughter fragments

shape factor

acceleration of gravity

growth rate

flow rate

measurement cycle number

point number

electric current

ionic strength

transmitted light intensity

incident light intensity

model parameter group

number of measurement cycles

Bessel function

breakage rate constant

constant for grade efficiency model

Kalman filter gain

proportional gain

proportional gain where instability begins

Michaelis constant

salting-out constant

growth constant

cuvette pathlength

length of bowl

particle size

gradient of straight line

relative refractive index

(cm /̂jLtmol)

(mm)

(m/s^) 

(m/s) 

(US gal/min)

(A)

(mol/1)

(/m^s)

(mol/1)

(1/mol)

(/s)

(cm)

(m)

(m)
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M measurement matrix

n constant for grade efficiency model

medium refractive index

number frequency (/m"̂ )

number of observations 

N geometric dimensions of figure

number concentration of particles (/cm^)

number of nuclei produced 

OD optical density

p combined error variance

p(t) output signal

Po controller output (at no error)

P combined error covariance matrix

pressure (psig)

PF purification factor

Pj coordinates of point i

Pu period (s)

Pq coordinates of arbitrarily chosen point

Pi protein fraction remaining soluble at first cut

P2 protein fraction remaining soluble at second cut

Q system error covariance matrix

volumetric flow rate (mVs)

r distance of particle from axis of rotation (m)

rj radius of liquid surface (m)

r̂  inner radius of bowl (m)

R gas constant (J/mol.K)

measurement error covariance matrix 

Rj final radius (m)

Re Reynolds number

Rj initial radius (m)

S protein solubility (mol/1)

supersaturation
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[S] substrate concentration (mol/1)

S.G. specific gravity

t time (s)

T absolute temperature (K)

transpose of matrix 

T(d) fraction of solids recovered

u object length to lens (mm)

U amplitude (V)

V image length from lens (mm)

measurement noise vector

Vg equilibrium settling velocity (m/s)

V particle volume (m )̂

rate of catalysis (mol/1, min)

volume concentration of particles

Vmax maximum rate of catalysis (mol/1, min)

w molecular weight

system noise vector 

X state vector

X estimate of state vector

X50 equiprobable or cut size (/>tm)

X abscissa

XP proportional band (%)

y measurement

normal error function value 

y estimate of measurement

V ordinate 

yield

z number of standard deviations
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GREEK SYMBOLS

a model parameter

particle parameter for light diffraction 

j8 breakage power

B apparent protein solubility at zero ionic strength

constraining substitution for a 

7  constraining substitution for r]IAa

Ap pressure drop (psi)

AU amplitude (V)

AV volume of particle (m )̂

Ap solid-liquid density difference (kg/m^)

rj model parameter

6 angle from forward direction (rad)

upper constraint on a  

K2 lower constraint on a

/C3 upper constraint on r]/4a

AC4 lower constraint on r]/4a

X wavelength in medium (nm)

\  constant for i

\  wavelength in vacuum (nm)

p viscosity (Ns/m^)

 ̂ solid-liquid interfacial energy (N/m)

p density (kg/m^)

particle parameter for extinction coefficient

resistivity of electrolyte (Qm)

u /  measurement error variance

system error variance 

E centrifuge equivalent sedimentation area (m )̂

T mean residence time (s)

turbidity (/cm)
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Td derivative time (s)

Ti integral time (s)

<f> transfer matrix

Ù) angular velocity of bowl (rad/s)
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APPENDIX A. COMPUTER LISTINGS FOR ON-LINE MONITORING AND 

CONTROL OF FRACTIONAL PRECIPITATION

A .l FILE SFA.C, WITH FUNCTION ‘MAIN’

Interfaces the stopped-flow analyser for testing of optical system and pumping.

^include <stdio.h>
^include <string.h>
^include <conio.h>

#define PORT Ox3F8 
#define STATUS PORT+5  
#define CONTROL PORT+4  
#define START ’\003’
^define MAXPROGS 4 
#define MAXLINES 100

static int proglines[4] = {1, 3, 2, 7};
static char clear_programs[] = {’O’, ’9’, ’ ’, ’\r’, ’\0 ’};
static char programJengthG = {’1’, ’! ’,’ ’, ’z’, ’z’,’z’, ’z’, ’ ’,\
’z ’, ’z’, ’z’, ’z’, ’ ’, ’\r’, ’\0 ’};
static char set_program[] = {’i ’,’2’,’ ’, ’z’,’z’, ’z’,’z’, ’ ’,\ 
’z’, ’z’, ’z’,’z’, ’ ’, ’z’,’z’,’z’, ’z’, ’ ’,’z’,’z’, ’z’, ’z’, ’ ’, ’z’,’z’, ’z’, ’z’,\
’ ’, ’z’, ’z’, ’z’, ’z ’, ’ ’, ’\r’, ’\0 ’};
static char run_program[] = {’1’, ’3’,’ ’, ’z’, ’z’, ’z’,’z’, ’ ’, ’\r’,’\0 ’}; 
static char read_run_flag[] = {’1’,’4 ’, ’ ’, ’\r’,’\0 ’}; 
static char read_ADC_block[] = {’1’,’6’, ’ ’, ’z’, ’z’,’z’, ’z’,’ ’,\ 
’z’, ’z’, ’z’,’z’,’ ’, ’z’, ’z’, ’z’,’z’,’ ’,’\r’,’\0 ’};

void wait(long int); 
void def(void); 
int getconvert(void); 
void setsfa(void); 
void runsfa(int); 
void readsfa(int *); 
int sfasend(char *, int); 
void convert(char *, int *);

int main()
{
int flag = l, run data, read_data[3] ; 
while (flag)

{
systemC'cls");
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putsC'SFA INTERFACING PROGRAM vl.0\n\n\nMENU\n\n\n(0). Set-up\n\ 
\r(l). Run program\n(2). Read stored ADC value(s)\n(3). Exit\n\n"); 
switch (getcheO)

{
case ’O’: puts(" SET-UP"); 

wait(lOOOOOL); 
setsfaO; 
break;

case puts(" RUN PROGRAM");
puts("\nWhich program number (0-3)?"); 
nm data= getche()-48 ; 
if (run data < 0 | | run data >  3) 

def();
else

{
wait(lOOOOOL);
runsfa(rtmdata);
}

break;
case ’2’: puts(" READ STORED ADC VALUE(S)"); 

puts("\nWhich program number (0-3)?"); 
read_data[0] =getche()-48; 
if (read_data[0] <  0 | | read_data[0] > 3 )

{
def();
break;
}

else
{
puts("\n\nWhich start position (0000-1498)?"); 
read_data[l] =getconvert();
}

if (read_data[l] >  1498)
{
def();
break;
}

else
{
puts("\n\nWhat block length (0000-1498)?"); 
read_data[2] =getconvert();
}

if ((read_data[2]-fread_data[l]) > 1498)
{
def();
break;
}

else
{
wait(lOOOOOL); 
readsfa(&read_data[0] ) ; 
}

break;
case ’3’: puts(" EXIT"); 

flag=0;
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break; 
default : def(); 
}

}

void wait(long int val)
{
long int i;
for (i=0; i<  =val; i +  + )

}

void def(void)
{
puts(" INCORRECT ENTRY - RETURNING TO MENU"); 
wait(lOOOOOL);
}

int getconvert(void)
{
int i, get, ret=0, divisor =1000; 
for (i=0; i<  =3; i+ + )

{
get=getche();
if (get <  ’0 ’ I I get > ’9’)

{
ret = 1500; 
break;
}

ret+ =divisor*(get-48); 
divisor/= 10;
}

retum(ret);
}

void setsfa(void)
{
int control= CONTROL, prog, line, num=0; 
long int i;
int length[MAXPR0GS][2] = {0,121, 1,133, 2,133, 3,233); 
int times [MAXLINES] [6] = \
/♦PROGRAM 0*/ (0,0,70,12,1,0,\
/♦PROGRAM !♦/ 1,0,77,76,1,0, 1,77,5,77,1,0, 1,82,50,72,0,0,\ 
/♦PROGRAM 2^/ 2,0,77,28,1,0, 2,77,5,29,1,0,\
/♦PROGRAM 3^/ 3,0,77,28,0,0, 3,77,42,62,0,0, 3,119,1,63,0,0,\
3,120,22,62,0,0, 3,142,15,114,0,0, 3,157,50,210,0,0, 3,207,25,154,0,0,};

systemC'cls");
printfC'Initialise SFA\n\n\n"); /♦INITIALISE SFA*/ 
outp(control, START); 
wait(lOOOOOOL); /♦WAIT FOR SFA^/

printf("Clear programs\n"); /♦CLEAR PROGRAMS^/ 
sfasend(&clear_programs[0], strlen(clear_programs));
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for (prog=0; prog < MAXPROGS; prog++) /*PROGRAM LENGTHS*/
{
printf("Program %d length\n", prog); 
for (i=0; i<  =1; i +  +)

convert(&program_length[6+ (5*i)], &length[prog] [i]) ; 
sfasend(&program_length[0], strlen(program_length));
}

for (prog=0; prog < MAXPROGS; prog++) /*SET PROGRAMS*/
{
printfC'Set program %d\n\n", prog);
for (line=0; line<proglines[prog]; lin e+ + )

{
printfC'Set line %d\n", line); 
for (i=0; i<  =5; i+  +)

convert(&set_program[6+(5 *i)], &times [num] [i] ) ; 
sfasend(&set_program[0], strlen(set_program)); 
num 4-4-;
}

}
wait (lOOOOOL);
}

void runsfa(int prognum)
{
systemC'cls");
printf("Run program %d\n", prognum); /*RUN PROGRAM*/ 
run_program[6] = (char)(prognum 4- 48) ; 
sfasend(&run_program[0], strlen(run_program)); 
printf("Read run flag\n"); 
do /*READ RUN FLAG*/ 

wait (lOOOOOOL);
while

(sfasend(&read_run_flag[0], strlen(read_run_flag)) = =  1); 
wait (lOOOOOL);
}

void readsfa(int *read)
{
int i;
systemC'cls");
printfC'Read stored ADC value(s)\n"); /*READ STORED ADC VALUE(S)*/ 
for (i=0; i<  =2; i-t-4-)

convert (&read_ADC_block[64-(5*i)], &read[i]); 
sfasend (&read_ADC_block[0], strlen (read ADC block)); 
wait (lOOOOOOL);
}

int sfasend(char *send, int num)
{
int buff=0, i, j= 0 , port= PORT, status= STATUS; 
char ch[20];

while ((inp(port) !=  ’\n’) | | (buff4-4- < 64))
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for (i=0; i<num; i +  +)
{
if (send[i] ! = ’z’)

{
while (!(inp(status) & 0x20))
; /*WAIT FOR PORT TO BE READY FOR NEXT CHARACTER*/ 
GUtp(port, send[i]); /*SEND THE ARRAY TO THE SERIAL PORT*/ 
printf("%c", send[i]);
if (i > = 2 && send[i] != ’ ’ && send[i] !=  ’\r’) send[i] = ’z’;
}

}
printf("\n");
do

{
while (!(inp(status) & 0x01))

ch[j] = inp(port); 
printf("%c", ch[j]);
}

while (ch[j + +] ! = ’\r’); 
printf("\n\n"); 
if(ch[0] = =  ’O’) 

retum(O);
else

retum(l);
}

void convert(char *add, int *number)
{
int next, i=0; 
do

{
next = *number % 10 ; 
add[i-]= (char)(next+48) ;
*number/ = 10;
}

while (*number > = 1);
}
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A.2 FILE PRIME.C, WITH FUNCTION ‘MAIN’

Initialises microcomputer of the stopped-flow analyser ready for on-line monitoring 

of the ADH fraction remaining soluble, priming the unit and microcentrifuge.

#mclude <stdio.h>
^include < string.h>
^include <conio.h>
^include "centridefs.h"
^include "iofiincs.h"

^define PORT Ox3F8 
^define STATUS PORT+5  
#define CONTROL PORT+4  
#define START 1003'
#define MAXPROGS 4 
#defme MAXLINES 100

static int proglines[4] = {2, 20, 1, 1};
static char clear_programs[] = {’O’, ’9 ’, ’ ’, ’\r’, ’\0 ’};
static char programjengthn = {’I’,’! ’,’ ’, ’z’, ’z’,’z’, ’z’, ’ ’,\
’z’,’z’,’z’,’z’,’ ’, ’\r’, ’\0 ’};
static char setjprogram[] = {’1’,’2’, ’ ’, ’z’,’z’, ’z’, ’z’, ’ ’,\
’z’,’z’,’z’,’z’, ’ ’, ’z’, ’z’, ’z’,’z’, ’ ’, ’z’, ’z’, ’z’, ’z’, ’ ’, ’z’, ’z’, ’z’,’z’,\
’ ’, ’z’, ’z’,’z’, ’z’, ’ ’, ’\r’, ’\0 ’};

extern void runsfa(int); 
void wait(long int); 
void sfasend(char *, int); 
void numconvert(char *, int *);

int main()
{
int control= CONTROL, prog, line, num=0; 
long int i;
int length[MAXPR0GS][2] =  (0,34, 1,1021, 2,0, 3,0}; 
int times[MAXLINES][6] = \
/♦PROGRAM 0*/ (0,0,12,63,0,0, 0,12,21,62,0,0,\
/♦PROGRAM U / 1,0,80,62,1,0, 1,80,25,0,0,0, 1,105,73,76,1,0,\
1.178.5.77.1.0, 1,183,25,58,0,0, 1,208,17,62,1,0, 1,225,1,63,1,0,\
1.226.52.62.1.0, 1,278,50,210,1,0, 1,328,25,114,0,0, 1,353,20,58,1,0,\
1.605.78.28.1.0, 1,683,5,29,1,0, 1,750,35,28,1,0, 1,785,62,62,1,0,\
1.847.1.63.1.0, 1,848,52,62,1,0, 1,900,55,210,1,0, 1,955,25,114,1,0,\
1.980.40.58.1.0,\
/♦PROGRAM 2*! 2,0,0,0,0,0,\
/♦PROGRAM 3^/ 3,0,0,0,0,0};

systemC'cls");
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printfCInitialise SFA\n\n\n"); /*INITIALISE SFA*/ 
outp(control, START); 
wait(lOOOOOOL); /*WAIT FOR SFA*/

printf("Clear programs\n"); /*CLEAR PROGRAMS*/
sfasend(&clear_programs[0], strlen(clear_programs));
for (prog=0; prog < MAXPROGS; prog++) /*PROGRAM LENGTHS*/

{
printf("Program %d length\n", prog); 
for (i=0; i<  =1; i+  +)

numconvert(&program_length[6+(5*i)], &length[prog][i]); 
sfasend(&program_length[0], strlen(program length));
}

for (prog=0; prog < MAXPROGS; prog4-4-) /*SET PROGRAMS*/
{
printfC'Set program %d\n\n", prog);
for (line=0; line<proglines[prog]; line4-4-)

{
printfC'Set line %d\n", line); 
for (i=0; i<  =5; i4-4-)

numconvert(&setjprogram[6 4- (5 *i)], &times [num] [i] ) ; 
sfasend(&set_program[0], strlen(set_program)); 
num 4-4-;
}

}
runsfa(O);
vacuumON;
washON;
wait(400000L);
wash OFF;
vacuumOFF;
}

void wait(long int val)
{
long int i;
for (i=0; i<  =val; i4-4-)

}

void sfasend(char *send, int num)
{
int buff=0, i, j= 0 , port= PORT, status= STATUS; 
char ch[20];

while ((inp(port) !=  ’\n’) | | (buff4-4- < 64))

for (i=0; i<num; 14-4-)
{
if (send[i] ! = ’z’)

{
while (!(inp(status) & 0x20))
; /*WAIT FOR PORT TO BE READY FOR NEXT CHARACTER*/ 
outpCport, send[i]); /*SEND THE ARRAY TO THE SERIAL PORT*/
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printf("%c", send[i]);
if (i > = 2 && send[i] !=  ’ ’ && send[i] !=  ’\r’) send[i] = ’z’; 
}

}
printf("\n");
do

{
while (!(inp(status) & 0x01))

ch[j] = inp(port); 
printf("%c", ch[j]);
}

while (ch[j +  +] !=  ’\r’); 
priiitf("\n\n");
}

void numconveit(char *add, int *number)
{
int next, i=0; 
do

{
next= *number % 10 ; 
add[i--] =(char)(next+48);
♦number/ = 10;
}

while (*number >  = 1);
}

268



A.3 FILERUNSFA.C

Sends command to run a sub-program of stopped-flow analyser (version otherwise 

held by SFA.C).

^include <stdio.h>
^include < string,h>
#include <conio.h>

#define PORT Ox3F8 
^define STATUS PORT+5

static charmnjprogram[] = ’, ’\r’,’\0 ’};

void mnsfa(int);
void runsend(char *, int);

void runsfa(int program)
{
run_program[3] = (char)(program+48); 
runsend (&run_program[0], strlen(run_program));
}

void runsend(char *send, int num)
{
int buff=0, i, j= 0 , port= PORT, status= STATUS; 
char ch[20];

while ((inp(port) != ’\n’) | | (buff++ < 64))

for (i=0; i<num; i+ + )
{
while (!(inp(status) & 0x20))
; /*WAIT FOR PORT TO BE READY FOR NEXT CHARACTER*/ 
outp(port, send[i]); /*SEND THE ARRAY TO THE SERIAL PORT*/ 
}

do
{
while (!(inp(status) & 0x01))

ch[j] =  inp(port); 
}

while (ch[j + +] !=  ’\r’);
}

269



A.4 FILEIO.C

Contains functions for communicating to the precipitation rig and microcentrifuge.

/* This file contains all the functions for performing input and output to */
/* the mixing rig, centrifuge (and FIA unit). The functions are as follows */
/*  */
/* void setpoint(char loopnumber,float value) */
/* Takes the loopnumber (ie. pump number) for the mixing */
/* rig and the value for the setpoint desired. It then performs */
/* the necessary conversion from the number to a series of ASCII */
/* digits that need to be transmitted down the serial link to the */
/* mixing rig. The checksum that is required to be sent after the */
/* digits is then calculated and finally the required series of */
/* ASCII characters is transmitted out of MIXPORT. */
/*  * /
/* void convert(float number,char digitQ) */
/* Performs the conversion from the number given as the */
/* first parameter to an array of digits and stores the result in */
/* the array given as the second parameter. It expects a number in */
/* the range 0 to 99.99. The array should have space for five */
/* characters. (Four figures plus a decimal point). */
/*  */
/* char checksum(char digit[],int count) */
/* Take an array of length count and performs a checksum */
/* on the contents of the array. The result is returned as an */
/* ASCII code. */
/*  * /
/* void centrifuge_switch(unsigned char switches) */
/* Output to CENTPORT the appropriate number to switch on */
/* the devices required. The routine is arranged so that existing */
/* devices running are not affected by the number sent. */
/*  * /
/* void ratio(float value), void decplaces(char num,char blockQ, */
/* char loopnum,char relblock) & void genconvert(float num,char */
/* digit[],char block[],char loopnum,char relblock) NOT IMPLEMENTED. */
/*  * /

^include "comms.h" /* contains definitions for special code characters */ 
^include <stdio.h>
^include <conio.h> /* interfacing functions */
^include <stdlib.h>

^define CENTPORT 0x300 /* Address of parallel port for centrifuge */ 
#define MIXPORT 0x2F8 /* Address of serial port for the mixing rig */ 
#define STATUS MIXPORT + 5 /* status register for serial io */
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void setpoint(char,float); /* Functions explained above */
void ratio(float);
void convert(float,charQ);
char checksum(char*,int);
void centrifuge_switches(unsigned char);
void decplaces(char,char *,char,char);
void genconvert(float,char*,char*,char,char) ;

unsigned char output state; /* Global variable for output state of centrifuge */
/* port address */

void setpoint(char loopnumber,float value)
{

int i,j;
static char sendn = {EOT,GID,GID,UID,UID,STX,’S’,’L’, ’0 ’, ’0’, ’.’, ’0 ’,’0 ’,ETX,\ 
’5’};
/* String of characters to send to the mixing rig */
static char sp[] = {’S’,’P’};
char digit[5];
int status = STATUS;
int port = MIXPORT ;
float number;

send[3] =send[4] = loopnumber; 
convert(value, &send[8] ) ;
/* The setpoint to send to the mixing rig is loaded */
/* into the appropriate positions in the array send[] */

send[14]=checksum(&send[6],8); /* The checksum is calculated and tacked */
/* the end of the sendf] array */

for (i=0; i<  =  14; i+ + )  {
while(!(inp(status) & 0x20))
;/*wait for port to be ready for next character */
/*printf(" %c\n",send[i]);*/ 
outp(port,send[i]);

/* Send the array to the serial port */
}

while(!(inp(status) & 0x01))

/* printf("%d",inp(port));*/
/* Wait for and read the acknowledgement sent back */

}

void convert(float number,char digitf])
{

int divisor = 1000, intnumber, i, start=0 ;

/* First find the position of the decimal point and convert the number into */
/* four figures without the decimal point */ 
if (number ! = 0) {
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if (number < 10) {divisor = 100; start=l; digit[0] = ’0 ’;} 
if (number < 1) {divisor = 10; start=2; digit[l] = ’0’;} 
if (number <0.1) {divisor = 1; start=4; digit[2] = ’. ’; digit[3] = ’0 ’;} 
while((number / divisor) < 1) 

number *=  10;

intnumber = (int)number; /* truncate the number and store the result */

/* divide reducing powers of ten into the number ignoring the remainder */ 
/* each time to give the thousands,hundreds,tens and units. These are */ 
/* converted into ascii codes and loaded into the array digit (which in */
/* this case is defined to be the appropriate section of the sendQ array */ 

for (i=start; i<  =4; i+ + )  { 
if (i==2)d igit[i] =  
else {
digit[i] = (char)(intnumber/divisor +  48 ); 
intnumber %= divisor; 
divisor /=  10;
}

}
/* The special case for number = 0 is dealt with by directly writing in */ 
/* ascii zeroes into the array */
} else { for (i=0; i< = 4 ;  i +  + ) digit[i] = ’0 ’; digit[2] = ’. ’; }

/*for (i=0; i<  =4; i+ + )  putchar(digit[i]);*/
}

char checksum(char character[],int count)
{
int i,sum; 
char check;
/* The checksum is calculated by successively exclusively or-ing the */
/* character codes presented to the function in the form of an array */ 
sum = (int)character[0];

for (i =  l; i<  = count-1; i+ + )  sum (int)character[i];
check = toascii(sum); /* this converts the sum into a character type */
retum(check);
}

void centrifuge_switches(unsigned char switches)
{
int port = CENTPORT;

/* If bit seven is set (0x80) then this indicates a device is to be turned */
/* on. If it is zero, a device is to be turned off. The device to be turned */
/* on or off is indicated by the bit set in switches. Bit 0 for the sample */
/* in pump, bit 1 for the sample out pump etc. The following line ensures */ 
/* that only the required bit is affected by the switching and then the */
/* appropriate number is sent to the parallel port */

output state = (switches & 0x80) ? output state | switches : output state & \ 
— switches;
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outp(port, outputstate) ;
}

void ratio(float value)
{

int i,j;
static char sendD = {EOT,GID,GID,UID,UID,STX,’R’,’S’,’0 ’,’0 ’, ’. ’, ’0 ’,’0 ’,ETX,\ 
’5’};
/* String of characters to send to the mixing rig */ 
static char rbQ = {’R’,’B’};

char digit[5] .loopnumber= ’ 1 ’ ; 
int status = STATUS; 
int port = MIXPORT; 
float number;

/*if (value <  1.0) decplaces(’4 ’,rb,’l ’, ’2’);*/
/* else*/
/* {*/
/* if (value < 10.0) decplaces (’3’,rb,’l ’,’2’);*/
/* else decplaces(’2’,rb,’l ’, ’2 ’);*/
/* }*/

send[3]=send[4] =  loopnumber; 
genconvert( value, &send[8], rb, ’ 1’, ’ 2 ’ ) ;
/* The setpoint to send to the mixing rig is loaded */
/* into the appropriate positions in the array send[] */

send[14]=checksum(&send[6],8); /* The checksum is calculated and tacked */
/* the end of the sendQ array */

for (i=0; i<  = 14; i +  + ) {
while(!(inp(status) & 0x20))
;/*wait for port to be ready for next character */
/*printf(" %c\n",send[i]);*/ 
outp(port,send[i]);

/* Send the array to the serial port */
}

while(!(inp(status) & 0x01))

/* printf( " %d",inp(port)); */
/* Wait for and read the acknowledgement sent back */

}

void decplaces(char num,char block[],char loopnum.char relblock)
{

int i,j;
static char send[] = {E0T,GID,GID,UID,UID,STX,’R’, ’B’, ’2 ’, ’S’,’T’, ’ > ’, ’0 ’,’1’,\ 
’0 ’, ’0 ’,ETX,’5’};
/* String of characters to send to the mixing rig */ 

int status = STATUS;
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int port = MIXPORT;

send[3]=send[4] =loopnum; 
send[6]=block[0]; 
send[7]=block[l]; 
send[8] =relblock; 
send[12]=num;
send[17]=checksum(&send[6],ll); /* The checksum is calculated and tacked */

/* the end of the send[] array */

for (1=0; i<  = 17; i+ + )  {
while(!(inp(status) & 0x20))
;/*wait for port to be ready for next character */
/*printf(" %c\n",send[i]);*/ 
outp(port,send[i]);

/* Send the array to the serial port */
}

while(!(inp(status) & 0x01))

/* printf(" %d",inp(port)) ; */
/* Wait for and read the acknowledgement sent back */

}

void genconvert(float num,char digit[],char block[],char loopnum,char \ 
relblock)
{
int i=0,j,divisor =1000; 
div t d;

while (num < 1000) { i+  +  ; num* = 10; } 
printfC'i = %d\n",i);

if (i> 4) {divisor*=((i-4)* 10); i=4;}  
printf(" divisor = %d", divisor);

decplaces((char)(i+48),block,loopnum,relblock); 
for (j=0; j<  =4; j +  + ) {

if (i = = (4-j)) digitD] =  
else {
d = div(num,divisor);
digit[j] = (char)(d.quot + 48);
printfC'd = %d, to char %c %c\n",d.quot,d.quot+48,\
digit[j]);
num -=  divisor*d.quot; 
divisor/= 10;
}

}
for (i=0; j <  =4; j +  + ) printf("%c",digit[j]);
}
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A.5 HEADER FILE lOFUNCS.H

Externally declares two functions in 10. C.

extern void setpoint(char,float);
extern void centrifuge_switches(unsigned char);

A.6 HEADER FILE CENTRIDEFS.H

Sets up constant identifiers necessary to switch on/off devices of the microcentrifuge.

#defme sample_in_ON centrifuge_switches(2+128) 
#define sample_in_OFF centrifuge_switches(2) 
#deflne sample_out_ON centrifuge_switches(H-128) 
^define sample out OFF centrifuge switches( 1 ) 
^define wash ON centrifuge_switches(4 +  128) 
#define wash OFF centrifuge_switches(4)
#define vacuum ON centrifuge_switches(64 +  128) 
#define vacuum OFF centrifuge_switches(64) 
#define centrifuge ON centrifuge_switches(24 +  128) 
#define centrifuge OFF centrifuge_switches(24) 
#define brake ON centrifuge_switches(32+128) 
#define brake OFF centrifiige_switches(32)

#define ALL OFF centrifuge_switches(255-128)

^define YEAST PUMP ’0’
#define AS PUMP ’1’
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A.7 HEADER FILE COMMS.H

Defines special character codes for serial transmission to the precipitation rig.

#defmeACK ’\006’ 
#defmeETX ’\003’ 
#defineSTX ’\002’ 
#defmeENQ ’\005’ 
^define EOT ’\004’

#defme GID ’0 ’ 
#defme UID ’0 ’
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A.8 FILE RUN.C, WITH FUNCTION ‘MAIN’

Instructs continuous precipitation rig and microcentrifuge unit during a run, together 

with starting the relevant preloaded stopped-flow analyser program.

#include <conio.h>
^include <stdlib.h>
^include <tim e.h>
#include "centridefs.h"
^include "iofuncs.h"

#define MAXTIMES 12
#define TIME (float)clock()/(float)CLOCKS_PER_SEC 
#defme MAX 46.3428

extern void mnsfa(int); 
extern void readsfa(void); 
void wait(float); 
void init(void);

main()
{
int i;
float sat,xl,x2,yl,y2,t[MAXTIMES +  l] = \ 
{0,0,30,40,41,42,61.2,222,242,275.2,300,314,408};
static char *device[MAXTIMES +  l] = ("SPA, yeast homogenate & ammonium \ 
sulphate pumps ON","Vacuum & sample in pump ON","Vacuum OFF","Sample in OFF",\ 
"Brake OFF & air (primary & secondary) ON","Yeast homogenate & ammonium \ 
sulphate pumps Off","Air (primary & secondary) OFF & brake ON","Sample out \ 
pump ON "."Sample out pump OFF, vacuum, wash pump & air burst ON", "Vacuum & \ 
wash pump OFF & sample out pump ON","Sample out pump OFF","SFA OFF"};

systemC'cls");
puts("Enter percentage overall ammonium sulphate saturation (0-98%)."); 
scanf("%f",&sat);

y2=0.7990*(sat-40); 
x2=(y24-0.9030)/0.5072; 
yl=M AX-y2; 
x l = ( y l +0.7667)70.4787; 
if (sat<3.4533)
{
xl =95.0000; 
x2=0;
puts("Outside pump setpoint linear range - yeast homogenate flow only"); 
}
if (sat >94.5598)
{
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x l= 0 ;
x2=93.1502;
puts("Outside pump setpoint linear range - ammonium sulphate flow only");
}

puts("\nCYCLE RUNNING ...\n\n\nSEQUENCE:\n\nTIME(s)\t\tDEVICE STATUS\n");

ALL OFF; /* EVERYTHING goes to 0 - brake is ON! */
t[0] = TIME;

for (i =  l; i<=MAXTIMES; i+ + )  { 
while((TIME - 1[0]) < t[i])

(if (kbhitO)
(initO;
exit(EXIT_SUCCESS);
}

}

printf("%.2f (%.2f)\t%s%c\n",TIME-t[0],t[i],device[i-l],’\7 ’);

switch(i)
{
int j;

case 1: runsfa(l);
setpoint( YE AST_PUMP, xl);
setpoint(AS_PUMP,x2);
break;

case 2: vacuum ON;
sam pleinO N;
break;

case 3: vacuum OFF; 
break;

case 4: sample in OFF; 
break;

case 5: brake OFF;
centrifugeON;
break;

case 6: setpoint(YEAST_PUMP,0); 
setpoint(AS_PUMP,0); 
break;

case 7: centrifuge OFF; 
brakeON; 
break;

case 8: sample out ON; 
break;

case 9: sample out OFF;
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vacuumON; 
washON ;
for (j = l; j <  =10; j +  +) 
{

centrifugeON;
wait(O.Ol);
centrifugeOFF;
wait(l);

}
break;

case 10: vacuum OFF; 
washOFF; 
sampleoutON; 
break;

case 11: sample out OFF; 
break;

case 12: break;

}

readsfaO;
}

void wait(float seconds)
{
float t; 
t =  TIME;
while (TIME < t +  seconds)

}

void init(void)
{
ALL OFF; /* Brake ON */ 
setpoint( YE AST_PUMP, 0) ; 
setpoint( ASPUM P, 0) ;
}

279



A.9 FILE READ.C

Reads stored optical values (background liquid or sample) from the stopped-flow 

analyser internal microcomputer, obtaining the ADH fraction remaining soluble.

^include <stdio,h>
^include < string.h>
^include <conio.h>
^include <stdlib.h>
^include <math.h>

^define PORT Ox3F8 
#define STATUS PORT+5  
^define MAXREAD 6 
^define FEED START 184 
#define SUP START 689 
#define SAM LENGTH 25

static char read stored ADCG = ’,\
’z’, ’z’, ’z’, ’z’, ’
static char read_ADC_blockn = ’, ’z’, ’z’, ’z ’,’r , ’ ’,\
’z’, ’z’, ’z’, ’z’, ’ ’, ’z’,’z’, ’z’, ’z’,’

FILE *fp;

void readsfaQ;
char *sfasend(char *, int);
void numconvert(char *, int *);

void readsfaO 
{
int read, i, j, sam start, num, var=0; 
char *ch_p, **p;
double ret, ret_mean[MAXREAD], x= 0 , y, sum xy=0, sum_x=0, sum_y=0, sum_xx=0,\ 
*grad, E;
int read lines[MAXREAD] [3] = \
/*DARK BACKGROUND*/{1, 56, 25,\
/♦LIGHT BACKGROUND*/1, 81, 25,\
/♦DARK SAMPLE*/ 1, 159, 25,\
/♦DARK BACKGROUND*/ 1, 304, 25,\
/♦LIGHT BACKGROUND*/ 1, 329, 25,\
/♦DARK SAMPLE*/ 1, 664, 25}; 
systemC'cls");
fp =  fopen( " READ ", " w " ) ;
for (read=0; read < MAXREAD ; read++) /*READ ADC BLOCK*/

{
fprintf(fp,"\n");
for (i=0; i<  =2; i+ + )
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numconvert (&read_ADC_block[6+(5*i)], &read_lines[read][i]); 
ch_j> = sfasend (&read_ADC_block[0], strlen (read ADC block)) ; 
ret = strtod(ch_p,p);
ret_mean[read] = ret/read_lines[read][i-l]; 
printf(" %f\n" ,ret_mean[read]); 
fprintf(fp, " %f " ,ret_mean[read]);
}

sam start = FEED START; 
for (j=0; j< 2 ; j +  + )

{
for (num=sam_start; num< = sam start+ SAM LENGTH-1 ; num ++)

{
fprintf(fp,"\n");
numconvert (&read_stored_ADC[ll], &num); 
ch_p = sfasend (&read_stored_ADC[0], strlen \ 
(read_stored_ADC)) ; 
ret = strtod(ch_p,p); 
x+  +  ;
y = logl0((ret_mean[0+var]-ret_mean[l+var])/(ret_mean[2+var]\ 
-ret));
printf("\n%d %.0f %f\n",num,ret,y);
fprintf(fip, " % .Of" ,ret);
sum xy 4- = x*y;
sum x 4-= x;
sum_y 4-= y;
sum xx 4-= x*x;
}

gradlj] =  (sum xy - (sum_x*sum_y/x))/(sum_xx - (sum_x*sum_x/x)); 
printfC %f\n",grad[j]); 
sam start = SUP START; 
var = 3;
}

E = grad[l]/grad[0];
printf("\nADH remaining soluble %.5f\n\n",E); 
fclose(fp);
}

char *sfasend(char *send, int num)
{
int buff=0, i, j= 0 , port= PORT, status= STATUS; 
static char ch[20];

while ((inp(port) !=  ’\n’) | j (buff4-4- < 64))

for (i=0; i<num; i+4-)
{
if (send[i] !=  ’z’)

{
while (!(inp(status) & 0x20))
; /*WAIT FOR PORT TO BE READY FOR NEXT CHARACTER*/ 
outp(port, send[i]); /*SEND THE ARRAY TO THE SERIAL PORT*/ 
if (i > = 7 && send[i] !=  ’ ’ && send[i] !=  ’\r’) send[i] =  ’z’;
}

}
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do
{
while (!(inp(status) & 0x01))

ch[j] =  inp(port);
}

while (ch[j +  +] ! = ’ ’); 
ch[j-l] = ’\0 ’; 
return ch;
}

void numconvert(char *add, int *number) 
{
int temp, next, i=0; 
temp = *number; 
do

{
next= temp % 10; 
add[i-]=(char)(next+48); 
temp/= 10;
}

while (temp > =  1);
}
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A. 10 FILE CONTROL.C, WITH FUNCTION ‘MAIN’

Calculates overall feed saturation for ADH fraction remaining soluble set point from 

process model, taking measurement by simulation and calling simplex method files.

^include <stdio.h>
#include <math.h>

^define historic_values 3 
^define INIT a 0.5194 
#define INIT_n 26.23 
#define true a 0.5 
#define true n 25

#define TRUE 1 
#define FALSE 0

extern void minimise(float*, float*, float*, int);

void control(float,float);
void measurement(float, float*, float*,float);
int checken(float *,float *);
float noise(float *,float);
void stats(float *);

int main()
{
float level;

puts("Enter noise"); 
scanf("%f",&level); 
control(0.1, level);

retum(O);
}

static float coeffa=0.4172, coeffb=0.04802, coeffc=0.002195 ;

void control(float setpoint,float noiselevel)
{
float *x, *C, *E, E_set, E true, E noise, *vector() ; 
int i,count=1 ,same=1 ; 
char ch;

x=vector(l,2);
C=vector(0,historic values+1); E=vector(0,historic values+ 1);
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x[l]=INIT_a; 
x[2] =INIT_n;
E_set=setpoint;

systemC'cls");
putsC’HIT RETURN OR ENTER ’Y ’ FOLLOWED BY NEW SETPOINT AFTER EACH\ 
CALCULATIONAn");

puts("Sample\tAS\tADH Remaining Soluble\t\tModel Parameters\nNumber\tSatn.\ 
\n\t\tSetp. \tT rue\tNoise\tMeas. \ta\tn\n " ) ;

C[0] = pow((l/E_set - l),l/x[2])*x[l]; 
measurement(C[0], &E_tme, &E_noise,noiselevel);
E[0] =  E true+E noise;
printfC %d\t% .3f\t% .3f\t% .3f\t%.3f\t% .3f\t% .3f\t% .3f\n",count,C[0],E_set,\
Etrue, Enoise, E[0], x[ 1 ], x[2] ) ;
C[l] =  pow((l/E_set - 1)/(1/E[0] - 1), l/x[2])*C[0];

do
{
for (i = l; i<  =historic_values; i + + )

{
measurement(C[i], &E_true, &E_noise,noiselevel);
E[i] = E true+E noise; 
count+ + ; 
same+ + ;
if (count = = 6 )  E[i] = E true/1.475; 
if (same >3) minimise(E, C, x ,historic values) ; 
printfC %d\t% .3f\t% .3f\t% .3f\t% .3f\t% ,3f\t% .3f\t% .3f\n" ,\ 
count, C [i], E_set, E true, E noise, E[i], x[ 1], x[2] ) ;

ch=getch();
if (ch = =  y  I I ch = = ’ Y’)

{
putsC'New setpoint:"); 
scanf( " % f ", &E_set) ; 
same = l;
}

C[i +  1] = pow((l/E_set - 1)/(1/E[i] - 1), l/x[2])*C[i];
}

C[l] = C[historic_values+l];
}

while(l);
}

void measurement(float cone, float *E_true, float *E_noise,float noiselevel)
{
static int j =0; 
static float samples [10]; 
float gasdev(int *); 
int *idum;
*idum=0;
*E_true = 1/(1 +  pow(((conc)/true_a), truen)) ;
*E_noise= (*E_true)*noise(E_true,noiselevel)*gasdev(idum) ; 
samples[j] = *E_noise;
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/ *printf( " samples [ % d] = %f\n",j,samples[j]);*/
j++;
if (j = =  10) { stats(samples); j=0;}
}

float noise(float *E_true,float noiselevel)
{
static float first= 1 ,scale; 
float n;

if (first)
{
scale= noiselevel/(coeffa*(*E_true) *( 1-(*E_true))+ coeffb *(*E_true)\

+coeffc);
coeffa*= scale,coeffb*= scale,coeffc*= scale; 
first=0;
printfC coeffa = %f coeffb = %f coeffc = % An",coeffa,coeffb,coeffc); 
/*printf("noise scale = %f, level = %f",scale,noiselevel);*/
}

n=coeffa*(*E_true)*(l-(*E_tme))+coeffb*(*E_true)+coeffc;

retum(n);
}

int checkerr(float * alpha, float *n)
{
float testl,test2; 
int err;

err = FALSE;

if ((*alpha < = 0) | (*n < = 0)) err= TRUE;
testl =(*alpha)*(l-2/(*n)),test2=(*alpha)*(l +2/(*n));
if ((testl > test2) | (testl < 0) | (testl > 1 ) )  err =  TRUE;

retum(err);
}

void stats(float *data)
{
int i;
float dev, mean, sd, sum=0, sumsqdev=0 ;

for (i =  0; i<  =9; i +  + ) {sum + =  fabs(data[i]); 
printfC data[%d] = %An",i,data[i]);}

mean = sum/10,0;

for (i =  0; i<  =9; i+4-) { dev = (mean - data[i]);
printfC dev = % An", dev); 
sumsqdev+ =  dev*dev;

}

sd= sumsqde v/9,0 ;
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printf("\nnoise analysis: mean = %f  %%,  sd =  %f  %%\n",mean,sd); 
}
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A. 11 FILE MINIM.C

Sets boundary values, constraints and reset conditions to obtain the current model 

parameters, as well as the tolerance to terminate iteration.

#include <stdio.h>
#mclude <math.h>

#defme NPARS 2 
#defme NPTS NPARS +  1 
#define Cl 0.3 
#define C2 0,7 
#defme C3 2.5 
#defme C4 17.5

extern void amoeba(float**, float*, int, float, float(*)(), int*, float*,\ 
float*, int);

void minimise(float*, float*, float*, int); 
float funk(float*, float*, float*, int);

void minimise(float E[],float C[],float x[],int num)
{
float *y, * *p, * *matrix(), *vector() ; 
char ch; 
int *nfunk,i;

y=vector(l,NPTS);
p = matrix( 1, NPTS, 1, NPARS) ;
p [l][l]=0.5;p[l][2]=0.1;
p[2][l]=0.6;p[2][2]=0.5;
p[3][l]=0.7;p[3][2]=0.8;

for(i =  l; i<  = NPTS; i + + )  y[i]=funk(&p[i][0],E,C,num); 

amoeba(p,y,NPARS,le-5,&funk,nfunk,E,C,num);

printf("\t(p[l][l] = %.3f\tp[l][2] = %.3f\n\t p[2][l] = %.3f\tp[2][2] = %.3f\ 
\n\tp[3][l] = %.3f\tp[3][2] = %.3f)\n",p[l][l],p[l][2],p[2][l],p[2][2],\ 
p[3][l],p[3][2]);
/*printf("nfunk = %d\n",*nfunk);*/
x[l] =  Cl +  (C2 - Cl) * (tanh(p[l][l]) * tanh(p[l][l]));
x[2] =  4*x[l]*(C3 +  (C4-C3)*(tanh(p[l][2])*tanh(p[l][2])));

if (((x[2]/(4*x[l])) <  C3) I I ((x[2]/(4*x[l])) > C4)) x[2] = sqrt(C3*C4)*4*\ 
x[l];
}
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float fiink(float par[],float E[],float CD,int num)
{
float deviate,res= 0 .0 ,dev 1,dev2,x 1,x2; 
double p; 
int i;
x l = Cl + (C2 - C l) * (tanh(par[l]) * tanh(par[l])); 
x2 = 4*xl*(C3 +  (C4-C3)*(taQh(par[2])*tanh(par[2])));

for (i = l; i<  =num; i + + )  {
devl = log((l-E[i])/E[i]); 
dev2 = x2*log(C[i])-x2*log(xl); 
deviate = devl - dev2; 
res + =  (deviate*deviate);

/* printfC \ndevl = %f dev2 = % f\n ", dev 1, dev2) ; */
/* printf("E[%d] =  %fC[%d] = %f\n",i,E[i],i,C[i]);*/
/* printf( "deviate = %f res = %f\n\n", deviate, res);*/
/* printf("parameters xl = %f, x2 = %f\n",xl,x2);*/
}

return (res);
}
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A. 12 FILE SIMPLEX.C

Evaluates the least squares estimate of the model parameters, containing code for the 

simplex algorithm to find a solution by multidimensional minimisation.

^include <math.h>

^define NMAX 5000 
#define ALPHA 1.0 
^define BETA 0.5 
^define GAMMA 2.0

^define GET PSUM for (j = l;j<  =ndim;j +  + ) (for (i = l ,  sum =0.0;i< =m pts;i++)\ 
sum + =  p[i][j]; psum[j]=sum;}

^define GET MEAN for (s=0,j = l; j <  =mpts; j +  + ) s+=y[j]; s=s/mpts;
#define GET DEV for (dev=0,j = l; j<  =mpts; j +  + ) dev+=(y[j]-s)*(y[j]-s);

float amotry(float**, float*, float*, int, float(*)(), int, int*, float,\ 
float*, float*, int);
void amoeba(float**, float*, int, float, float(*)(), int*, float*,\ 
float*, int);

void amoeba(float **p,float *y,int ndim,float ftol,float(*funk)(),\ 
int *nfunk,float *E,float *C,int num)

{
int i,j,ilo,ihi,inhi,mpts=ndim+l;
float y try ,y save, s,dev, sum, rtol ,ptol=0, amotry (), *psum, * vector() ; 
void nrerrorO, free_vector() ;

psum= vector( 1, ndim) ;
*nfunk=0;
GET PSUM 
for(;;){

ilo = l;
ihi=y[l] > y[2] ? (inhi=2,l) : (inhi = l,2); 
for (i = l ; i<  =mpts;i +  + ) {

if (y[i] < y[ilo]) ilo =  i; 
if (y[i] >  y[ihi]) { 

inhi=ihi; 
ihi=i;

} else if (y[i] >  y[inhi])
if (i !=  ihi) inhi=i;

}
GET MEAN 
GET DEV 
rtol = sqrt(dev/2);
/*printf("\nrtol = %f\n",rtol);*/
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if (rtol <  ftol) break; 
if (rtol = = ptol) break; 
ptol = rtol;
if (*nfunk > = NMAX) nrerror("Too many iterations in AMOEBA"); 
ytry=amotry(p,y ,psum,ndim,funk,ihi,nfnnk,-ALPHA,E,C,num); 
if (ytry < = y[ilo])

ytry=amotry(p,y,psum,ndim,fimk,ihi,nfunk,GAMMA,E,C,num); 
else if (ytry > = y[inhi]) { 

y save= y [ihi];
ytry=amotry(p,y,psum,ndim,funk,ihi,nfunk,BETA,E,C,num); 
if (ytry >  = ysave) {

for (i = l; i<  =mpts; i + + )  { 
if (i != ilo) {

for (j = l; j <  =ndim; j +  4-) {
psum[j] =0.5*(p[i][j] +p[ilo][j]); 
p[i][j]=psum[j];

}
y[i] =(*funk)(psum,E,C,num);

}
}
♦nfunk + =  ndim;
GET PSUM

}
}

}
/*printf("\nrtol = %f\n",rtol);*/ 
free_vector(psum, 1 ,ndim);
}

float amotry(float **p,float *y,float *psum,int ndim,float (*funk)(),\ 
int ihi,int *nfunk,float fac,float *E,float *C,int num)

{
int j;
float fad,fac2,ytry,*ptry,*vector(); 
void nrerrorO,free_vector();

ptry= vector( 1, ndim) ; 
fad  = ( 1.0-fac)/ndim; 
fac2=fad-fac;
for (j = l; j <  =ndim; j +  + ) ptry[j]=psum[j]*fad-p[ihi][j]*fac2; 
ytry= (*funk)(ptry ,E,C,num);
+ -f (*nfunk); 
if (ytry <  y[ihi]) { 

y[ihi] =ytry;
for (j = l; j <  =ndim; j +  + ) {

psum[j] -f = ptry[j] - p[ihi][j]; 
p[ihi][j]=ptry[j];

}
}
free_vector(ptry, 1 ,ndim) ; 
return ytry;
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A. 13 FILENRUTIL.C

Holds standard utility functions fo r the process control programs.

^include <stdio,h>
^include <stdlib.h>
^include <math.h>
^include <tim e.h>

void nrerror(char[]);
float *vector(int,int);
int *ivector(int,int);
double *dvector(int,int);
float **matrix(int,int,int,int);
double **dmatrix(int,int,int,int);
int * * imatrix(int, int, int, int) ;
float * *submatrix(float * *, int, int, int, int, int, int) ;
void free_vector(float *,int,int);
void free_ivector(int *,int,int);
void free_dvector(double *,int,int);
void free_matrix(float **,int,int,int,int);
void free_imatrix(int **,int,int,int,int);
void free_dmatrix(double **,int,int,int,int);
void free_submatrix(float **,int,int,int,int);
float **convert_matrix(float *,int,int,int,int);
void free_convert_matrix(float **,int,int,int,int);
void multiread(int,float *);
float gasdev(int *);

void nrerror(error text) 
char error_text[];

/* Numerical Recipies standard error handler */

{
void exit(int);

fprintf(stderr, "Numerical Recipies run-time error.. An"); 
fprintf(stderr, " %s\n",error_text);
^rintf(stderr,"..,now exiting to system...\n"); 
exit(l);

}

float *vector(nl,nh) 
int nl,nh;
/* allocates a float vector with range [nl..nh].*/ 
{
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float *v;

v=(float *)malloc((unsigned) (nh-nl +  1)* sizeof (float)); 
if (!v) nrerror("allocation failure in vector()"); 
return v-nl;

int *ivector(nl,nh) 
int nl,nh;
/* allocates an int vector with range [nl..nh].*/
{

int *v;

v=(int *)malloc((unsigned) (nh-nl+l)* sizeof (int)); 
if (!v) nrerror("allocation failure in vector()"); 
return v-nl;

}

double *dvector(nl,nh) 
int nl,nh;
/* allocates a double vector with range [nl..nh],*/
{

double *v;

v=(double *)malloc((unsigned) (nh-nH-1)* sizeof (double)); 
if (!v) nrerror("allocation failure in vector()"); 
return v-nl;

}

float **matrix(nrl,nrh,ncl,nch) 
int nrl,nrh,ncl,nch;
/* Allocates a float matrix with range [nrL.nrh] [ncL.nch] */
{

int i;
float **m;

/* allocates pointers to rows */
m=(float **) malloc((unsigned) (nrh-nrl4- l)*sizeof(float *)); 
if (!m) nrerror("allocation failure 1 in matrix()"); 
m -=  nrl;

/* allocate rows and set pointers to them */ 
for(i=nrl; i <  = nrh; i+4-)  {

m[i] = (float *) malloc((unsigned) (nch-ncl +  l)*sizeof(float)); 
if (!m[i]) nrerror("allocation failure 2 in matrix()"); 
m[i] -=  ncl;

}
/* return pointer to array of pointers to rows */ 
return m;
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double **dmatrix(nrl,nrh,ncl,nch) 
int nrl,nrh,ncl,nch;
/* Allocates a double matrix with range [nrl..nrh] [ncl..nch] */
{

int i;
double **m;

/* allocates pointers to rows */
m=(double **) malloc((imsigned) (nrh-nrl+ l)*sizeof(double *)); 
if (!m) nrerror("allocation failure 1 in matrix()"); 
m -=  nrl;

/* allocate rows and set pointers to them */ 
for(i=nrl; i <  = nrh; i + + )  {

m[i] = (double *) malloc((unsigned) (nch-ncl+ 1)*\ 
sizeof(double)); 

if (!m[i]) nrerror("allocation failure 2 in matrix()"); 
m[i] -=  ncl;

}
/* return pointer to array of pointers to rows */ 
return m;

}

int * *imatrix(nrl, nrh, ncl, nch) 
int nrl,nrh,ncl,nch;
/* Allocates a int matrix with range [nrl..nrh] [ncl..nch] */
{

int i; 
int **m;

/* allocates pointers to rows */
m=(int **) malloc((unsigned) (mh-nrl4- l)*sizeof(int *)); 
if (!m) nrerror("allocation failure 1 in matrix()"); 
m - = nrl;

/* allocate rows and set pointers to them */ 
for(i=nrl; i <  = nrh; i +  + ) {

m[i] = (int *) malloc((unsigned) (nch-ncl 4- l)*sizeof(int)); 
if (!m[i]) nrerror("allocation failure 2 in matrix()"); 
m[i] -=  ncl;

}
/* return pointer to array of pointers to rows */ 
return m;

}

float * *submatrix(a, oldrl, oldrh, oldcl,oldch,newrl,newel) 
float **a;
int oldrl ,oldrh,oldcl ,oldch,newrl, newel ;
/* returns a submatrix with range [newrl. .newrl 4- (oldrh-oldrl)] */
/* [newel. .newel 4-(oldch-oldcl)] */
/* pointing to the existing matrix range a[oldrl..oldrh] [oldcl..oldch] */
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int i,j; 
float **m;

/* allocate pointers to rows */
m=(float **) malloc((unsigned) (oldrh-oldrl+l)*sizeof(float *)); 
if (!m) nrerror("allocation failure in submatrix()"); 
m -=  newrl;

/* set pointers to rows */
for(i= oldrl ,j = newrl ; i<  = oldrh; i-H -J -H -) m[j] = a[i] +  oldcl-newcl;

/* return pointer to array of pointers to rows */ 
return m;

void free_vector(v,nl,nh) 
float *v; 
int nl,nh;
/* frees a float vector allocated by vector() */  
{

free((char*) (v4-nl));
}

void free ivector(V, nl, nh) 
int *v; 
int nl,nh;
/* frees a float vector allocated by vector() */
{

free((char*) (v+nl));
}

void free_dvector(V, nl, nh) 
double *v; 
int nl,nh;
/* frees a float vector allocated by vector() */
{

free((char*) (v+nl));
}

void free_matrix(m, nrl, nrh, ncl, nch)
float **m;
int nrl,nrh,ncl,nch;
/* frees a matrix allocated with matrix */
{

int i;

for(i=nrh; i>  =nrl; i - )  free((char*) (m[i] +  ncl)); 
free((char*) (m+nrl));

}
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void free_dmatrix(m,nrl,nrh,ncl,nch)
double **m;
int nrl,nrh,ncl,nch;
/* frees a matrix allocated with matrix */
{

int i;

for(i=nrh; i>  =nrl; i - )  free((char*) (m[i] +  ncl)); 
free((char*) (m+nrl));

}

void free_imatrix(m,nrl,nrh,ncl,nch) 
int **m;
int nrl,nrh,ncl,nch;
/* frees a matrix allocated with matrix */
{

int i;

for(i=nrh; i>  =nrl; i - )  free((char*) (m[i] +  ncl)); 
free((char*) (m+nrl));

}

void free_submatrix(b, nrl, nrh, ncl, nch) 
float **b;
int nrl,nrh,ncl,nch;
/* frees a submatrix allocated by submatrix() */
{

free((char *) (b+nrl));
}

float * *convert_matrix(a,nrl, nrh,ncl, nch) 
float *a;
int nrl,nrh,ncl,nch;
/* allocate a float matrix m[nrl..nrh] [ncl..nch] that points to the matrix */
/* a declared in the standard C manner as a[nrow][ncol], where nrow = */
/* nrh-nrl +1 and ncol = nch-ncl +1. The routine should be called with the */ 
/* address &a[0][0] as the first argument. */
{

int i,j,nrow,ncol; 
float **m;

nrow = nrh-nrl + 1; 
ncol = nch-ncl + 1;

/* allocate pointers to rows */
m = (float **) malloc((unsigned) (nrow)*sizeof(float *)); 
if (!m) nrerror( " allocation failure in convert_matrix() " ) ; 
m -=  nrl;

/* set pointers to rows */
for(i=0, j=nrl; i < =nrow-l; i +  +  , j +  + ) m[j] = a +  ncol*i - ncl;

/* return pointer to array of pointers to rows */ 
return m;
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}

void free_convert_matrix(b, nrl, nrh, ncl, nch)
float **b;
int ml,nrh,ncl,nch;
/* free a matrix allocated by convert_matrix() */
{

free ((char *) (b+ml));
}

^include <ctype.h>

#deflne MAX 50

void multiread(num,vals) 
int num; 
float valsQ;
/* This routine takes the address of an array and an integer indicating */
/* the number of values to be read and reads from stdin that number of */
/* values, treating non-digits as separators. The values (of type float) */
/* are stored in order in the array vals[l..num]. */
{
int valnum,flag;
char buffer[MAX+ 2],*rdchar,*p_buff, **ptr; 

vais-;
valnum = 1;

while (valnum < = num) { 

pb uff  = buffer;
rdchar = fgets(buffer,MAX,stdin); /* Read in raw string */ 
vals[valnum+ 4-] =(float)strtod(p_buff,ptr); /* Convert 1st number */

/*ptr is left pointing to the next character after the 1st number*/

if (!isspace(**ptr)) { /* is there a separator or whitespace? */
/* If whitespace go and ask for more input*/

while(valnum < = num ) { /*enter here if a separator*/

p_buff=*ptr;
while (!isdigit(*p_buff)) { /*find the next digit*/ 

p_buff-l--t-;
if (isspace(*p_buff)) {flag = l;break;}

/*flag = 1 indicates a digit not found after a separator*/

}
if (!flag) vals[valnum-t- 4-] =(float)strtod(p_buff,ptr);
/*convert number if foimd*/

flag=0;
if (isspace(**ptr) j isspace(*p_buff)) break;
/*if whitespace after a number, or no number, exit loop*/ 
/*and ask for more input (if num hasn’t been reached) */
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}

float gasdev(int *idum)
{
static int iset=0; 
static float gset; 
float fac, r, v l, v2; 
float ranO(int *); 
if (iset = =  0) { 

do {
v l =2.0*ran0(idum)-l ; 
v2=2,0*ran0(idum)-I ; 
r=v l*v l  +v2*v2;

} while (r >  = 1);
fac = sqrt(-2.0*log(r)/r);
gset=vl*fac;
iset = l;
return v2*fac;

} else {
iset = 0; 
return gset;
}

float ranO(int *idum)
/^Returns a uniform random deviate between 0 and 1.0 using a system */ 
/♦supplied routine rand(). Set idnum to any negative value to initialise or*/ 
/♦reinitialise the sequence.*/
{
typedef long time t;
static float y,maxran=RAND_MAX + 1.0,v[98];
time t *seed;
float dum;
static int iff=0;
int j,rand(void);
void srand(unsigned);

if(*idum < 0  | j iff =  = 0) { 
i ff=l ;  
time(seed);

/♦ printfC seed = %d\n",seed);*/ 
srand((unsigned)*seed) ;
♦idum=l;
for (j =  l;j <  =97;j +  + ) dum=rand(); 
for (j =  1 ;j <  =97;j +  + ) v[j]=(float)rand(); 
y=(float)rand();

}
j = 1 +97.0*y/maxran;
if (j <  1 i I j >  97) puts("out of range error");
y=vDl;
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v[j]=rand(); 
return y/maxran; 
}

298



A. 14 FILE KALMCONT.C, WITH FUNCTION ‘MAIN’

Calculates overall feed saturation for ADH fraction remaining soluble set point from 

process model, invoking Kalman filter file after measurement by simulation.

^include <stdio,h>
^include <math.h>

#define INIT a 0.5194 
^define INIT_n 26.23 
^define true a 0.5 
^define true n 25

#define TRUE 1 
#define FALSE 0

extern void filter(float*, float*, int,float,float,float,float,float);

void controI(float,float);
void measurement(float, float*, float*,float);
int checkerr(float *,float *);
float noise(float *,float);
void stats(float *);

int main()
{
float level;

puts("Enter noise"); 
scanf("%f',&level); 
control(0.1, level);

retum(O);
}

static float coeffa=0.4172,coeffb=0.04802,coeffc=0.002195;

void control(float setpoint,float noiselevel)
{
float *x, C, E, E set, E true, E noise, atemp, ntemp, *vector() ; 
int count=0; 
char ch;

x=vector(l,2);

x[l]=INIT_a; 
x[2]=INIT n;
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E_set=setpoint; 

système els");
putsC'HIT RETURN OR ENTER ’Y’ FOLLOWED BY NEW SETPOINT AFTER EACH\ 
CALCULATIONAn");

puts("SampIe\tAS\tADH Remaining Soluble\t\tModel Farameters\nNumber\tSatn,\ 
\n\t\tSetp. \tT rue\tNoise\tMeas. \ta\tn\n " ) ;

C =  pow((l/E_set - l),l/x[2])*x[l];

do
{
count +  +  ;
measurement(C, &E_true, &E_noise,noiselevel);
E = E true+E noise; 
if (E >  =  1) E = 0.9999999; 
if (E < 0) E = 1-0.9999999; 
if (count = =  6) E = E true/1.475; 
atemp= x[ 1],ntemp= x[2] ;
filter(&x[ 1 ], &x [2], count ,C,E, coeffa, coeffb, coeffc) ;
if (checkerr(&x[l],&x[2])) x [ 1 ] = atemp, x[2] = ntemp ;
printfC %d\t% .3f\t% .3f\t% .3f\t% .3f\t% .3f\t% .3f\t% .3f\n",count,C,\
E se t , E true, E noise , E, x [ 1 ], x[2] ) ;

ch=getch();
if (ch = = ’y ’ I I ch = = ’Y’)

{
puts("New setpoint:"); 
scanf( " % f ", &E_set) ;
}

C = x[l]*pow((l/E_set - 1), l/x[2]);
}

while(l);
}

void measurement(float cone, float *E_true, float *E_noise,float noiselevel)
{
static int j= 0;  
static float samples[10]; 
float gasdev(int *); 
int *idum;
*idum=0;
*E_true=1/(1 -l-pow(((conc)/true_a),true_n));
*E_noise= (*E_true)*noise(E_true,noiselevel)*gasdev(idum); 
samples [j] = *E_noise;
/*printf("samples[%d] = %f\n",j,samples[j]);*/
j + + ;
if (j = =  10) { stats(samples); j=0;}
}

float noise(float *E_true,float noiselevel)
{
static float first=l,scale; 
float n;
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if (first)
{
scale= noiselevel/(coeffa*(*E_true)*( 1-(*E_true))+ coeffb*(*E_tme)\

+ coeffc);
coeffa*= scale,coeffb*= scale,coeffc*= scale; 
first=0;
printf( "coeffa = %f coeffb = %f coeffc =  %f\n",coeffa,coeffb,coeffc); 
/*printf("noise scale = %f, level = %f",scale,noiselevel);*/
}

n=coeffa*(*E_true)*(l-(*E_true))+coeffb*(*E_true)+ coeffc;

retum(n);
}

int checkerr(float *alpha, float *n)
{
float testl,test2; 
int err;

err =  FALSE;

if ((*alpha < =  0) | (*n <  =  0)) err=TRUE;
testl =(*alpha)*(l-2/(*n)),test2=(*alpha)*(l +2/(*n));
if ((testl > test2) | (testl <  0) | (testl > 1)) err = TRUE;

retum(err);
}

void stats(float *data)
{
int i;
float dev, mean, sd, sum=0, sumsqdev=0 ;

for (i = 0; i < = 9 ;  i + + )  {sum + =  fabs(data[i]); 
printf("data[%d] = %f\n",i,data[i]);}

mean = sum/10.0;

for (i = 0; i<  =9; i + + )  { dev = (mean - data[i]);
printf("dev = %f\n",dev); 
sumsqdev +  = dev*dev;

}

sd=sumsqdev/9.0;

printf("\nnoise analysis: mean = %f %%, sd = %f %%\n",mean,sd);
}

301



A. 15 FILEKALMAN.C

Determines maximum likelihood estimate of the model parameters using the estimator, 

filter gain and error covariance matrices of the Kalman filter.

^include <math.h>

#define TRUE 1 
#define FALSE 0

^define fff 40 
^define eee 0

void filter(float *,float *,int,float,float,float,float,float); 
float fnlny(float);

void filter(float *alpha, float *n, int assaynum, float AS, float frac,\ 
float coeffa,float coeffb,float coeffc)

{
static float **q,**pn,**po;
float *kn, *theta, * *matrix(int, int, int, int), *vector(int, int) ; 
float yt,phil,yut,moise,denm,eta; 
int i,j,init=FALSE;

if (init =  = FALSE) {

q=matrix(l,2,l,2);
pn=matrix(l,2,l,2);
po=matrix(l,2,l,2);

kn=vector(l,2);
theta=vector(l,2);

q[l][l]=q[2][2]=fff;
q[l][2]=q[2][l]=eee;
pn[l][l]=q[l][l];
pn[2][2]=q[2][2];
pn[l][2]=eee;
pn[2][l]=eee;

init = TRUE;
}

theta[l] = *n;
theta[2]=-*n*log(*alpha); 
yt=fnlny (frac); 
phil=Iog(AS);
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for(i = l; i<  =2; i + + )  {
for(j = l; j <  =2; j +  +)

po[i][j]=pn[i][j]+q[i][j];

}

yut=frac;
moise= coeffa*yut*( 1 -yut)+ coeffb*yut+ coeffc ; 
moise*=moise;
denm= moise+ phi 1 *phi 1 *po [ 1 ] [ 1 ] +  po [2] [2 ]+ (po [ 1 ] [2] +  po [2] [ 1 ] ) *phi 1 ; 
kn[ 1 ] = (phi 1 *po [ 1 ] [ 1 ] +  po [ 1 ] [2] )/denm; 
kn[2]=(phil*po[2][l] +po[2][2])/denm; 
eta= yt-phi 1 *theta[ 1 ] -theta[2] ;

for(i = l; i<  =2; i++)theta[i] + =  kn[i]*eta;

pn[l][l]=po[l][l]-kn[l]*phil*po[l][l]-kn[l]*po[2][l] 
pn[l][2]=po[l][2]-kn[l]*phil*po[l][2]-kn[l]*po[2][2] 
pn[2] [ 1] =  po[2] [ 1 ] -kn[2] *phi 1 *po[ 1 ] [ 1 ] -kn[2] *po[2] [ 1 ] 
pn[2][2]=po[2][2]-kn[2]*phil*po[l][2]-kn[2]*po[2][2]

printf("pn[l][l] = %f pn[2][2] =  %f\n",pn[l][l],pn[2][2]);
*n=theta[l];
♦alpha= exp(-theta[2]/(*n)) ;
}

float fnlny(fIoat y)
{
float b,c;

if (y > =  1) b = le-35; 
else {

if (y < =0) b =  le35; 
else {

b=(l-y)/y;
}

}
return (log(b));
}
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A. 16 FILE NEWCONT.C, WITH FUNCTION ‘MAIN’

Calculates overall feed saturation for ADH fraction remaining soluble set point from 

process model, taking measurement by experiment and calling simplex method files.

^include <stdio.h>
^include <math.h>

#define historic_values 3 
#defme INIT a 0.5194 
#defme INIT n 26.23

extern void minimise(float*, float*, float*, int);

void control(float);

main()
{

controI(O.l);

}

void control(float setpoint)
{
float *x,*C,*E,E_set,*vector(); 
int i,count=l,sam e=l; 
char ch;

x=vector(l,2);
C=vector(0,historic_values + 1); E=vector(0,historic_values + 1);

x[l]=INIT_a;
x[2]=INIT_n;
E_set=setpoint;

system("cls");
putsC'HIT RETURN OR ENTER ’Y’ FOLLOWED BY NEW SETPOINT AFTER EACH\ 
CALCULATION.\n");

puts("Sample\tAS\tADH Rem. SoI.UModel Parameters\nNumber\tSatn.\
\n\t\tSetp. \tMeas. \ta\tn\n " ) ;

C[0] = pow((l/E_set - l),l/x[2])*x[l];
printf("Required saturation %.5f - Measured value? ",C[0]);
scanf("%f",&E[0]);
printf(" %d\t% .5f\t% .5At% .5f\t% .5f\t% .5f\n",count,C[0],E_set,\
E[0],x[l],x[2]);
C[l] = pow((l/E_set - 1)/(1/E[0] - 1), l/x[2])*C[0];
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do
{
for (i = l; i<  =historic_values; i + + )

{
printf("Required saturation %.5f - Measured value? ",C[i]);
scanf("%f',&E[i]);
count+ + ;
same+ + ;
if (same >3) minimise(E,C,x,historic_values); 
printfC %d\t% .5f\t% .5f\t% .5f\t% .5At% .5f\n" ,\ 
count,C[i],E_set,E[i],x[l],x[2]);

ch=getch();
if (ch = =  y  j I ch = =  ’Y’)

{
putsC'New setpoint:"); 
scanf( " % f ", &E_set) ; 
same=l;
}

C[i+1] = pow((l/E_set - 1)/(1/E[i] - 1), l/x[2])*C[i];
}

C[l] = C[historic_values+l];
}

while(l);
}
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A. 17 FILE NEWKALM.C, WITH FUNCTION ‘MAIN’

Calculates overall feed saturation for ADH fraction remaining soluble set point from 

process model, invoking Kalman filter file after measurement by experiment.

^include <stdio.h>
^include <math.h>

#define INIT a 0.5194 
#define INIT n 26.23

^define TRUE 1 
#defme FALSE 0

extern void filter(float*, float*, int,float,float,float,float,float);

void control (float, float) ; 
int checkerr(float *,float *); 
void noise(float *,float);

int main()
{
float level;

puts("Enter noise"); 
scanf(" % f" ,&level); 
control(0.1,level);

retum(O);
}

static float coeffa=0.4172, coeffb=0.04802, coeffc=0.002195 ;

void control(float setpoint,float noiselevel)
{
float *x, C, E, E set, atemp,ntemp, *vector() ; 
int count=0; 
char ch;

x=vector(l,2);

x[l]=INIT_a;
x[2]=INIT_n;
E_set=setpoint;

systemC'cls");
putsC'HIT RETURN OR ENTER ’Y’ FOLLOWED BY NEW SETPOINT AFTER EACH\
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CALCULATIONAn");
puts("Sample\tAS\tADH Rem. SoI.\tModel Parameters\nNumber\tSatn.\ 
\n\t\tSetp. \tMeas. \ta\tn\n " ) ;

C = pow((l/E_set - l),l/x[2])*x[l];

do
{
count+ +  ;
printfC Required saturation %.5f - Measured value? ",C);
scanf("%f",&E);
noise(&E,noiselevel) ;
if (E >  =  1) E = 0.9999999;
if (E < 0) E = 1-0.9999999;
atemp= x[ 1],ntemp= x[2] ;
filter(&x[ 1 ], &x[2], count, C, E, coeffa, coeffb, coeffc) ; 
if (checkerr(&x[l],&x[2])) x[l]=atemp,x[2]=ntemp; 
printfC %d\t%.5f\t%.5f\t%.5f\t%.5f\t%.5f\n",count,C,E_set,E,x[l],\ 
x[2]);

ch=getch();
if (ch = =  ’y ’ I I ch = =  ’Y’)

{
putsC'New setpoint:"); 
scanf( " % f", &E_set) ;
}

C = x[l]*pow((l/E_set - 1), l/x[2]);
}

while(l);
}

void noise(float *E,float noiselevel)
{
static float first=l,scale;

if (first)
{
scale=noiselevel/(coeffa*(*E)*( 1 -(*E)) 4-coeffb*(*E) -f coeffc); 
coeffa*= scale, coeffb*= scale, coeffc*= scale; 
first=0;
printfC coeffa = %f coeffb = %f coeffc = %f\n",coeffa,coeffb,coeffc); 
/*printf("noise scale = %f, level = %f",scale,noiselevel);*/
}

}

int checkerr(float * alpha, float *n)
{
float testl,test2; 
int err;

err= FALSE;

if ((*alpha < = 0) | (*n < = 0)) err= TRUE;
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testl =(*alpha)*(l-2/(*n)),test2=(*alpha)*(l +2/(*n)); 
if ((testl > test2) | (testl < 0) | (testl > 1)) err =  TRUE;

retum(err);
}

308



APPENDIX B. EQUIPMENT CYCLOGRAMS FOR FRACTIONAL PROTEIN PRECIPITATION

B.l SEQUENCE OF STOPPED-FLOW ANALYSER FOR READING BACKGROUND FLUID

Time

(s)

General actions Measurement

Stopped-flow analyser Stopped-flow analyser

0.0 Background liquid to cuvette -

8.4 - Dark current start

28.0 All actions off Dark current stop

28.4 - Background light current start

48.0 - Background light current stop



B.2 OPERATIONS NECESSARY TO MEASURE PRECIPITATED FEED SAMPLE BY THE STOPPED-FLOW ANALYSER

w
O

Time

(s)

General actions Measurement

Stopped-flow analyser Stopped-flow analyser

0.0 Precipitated feed sample to cuvette -

13.2 - Dark current start

30.8 Precipitated feed sample to cuvette, with 

assay mixture

-

32.8 Precipitated feed sample to intermediate 

waste

Dark current stop

33.2 - Sample light current start

52.8 All actions off Sample light current stop



B.3 OPERATIONS NECESSARY TO MEASURE SUPERNATANT SAMPLE BY THE STOPPED-FLOW ANALYSER

Time

(s)

General actions Measurement

Stopped-flow analyser Stopped-flow analyser

0.0 Supernatant sample to cuvette -

13.2 - Dark current start

30.8 Supernatant sample to cuvette, with assay 

mixture

-

32.8 All actions off Dark current stop

33.2 - Sample light current start

52.8 - Sample light current stop



B.4 STOPPED-FLOW ANALYSER STAND ALONE WASH CYCLE ACTIONS

wI—*
to

Time

(s)

General actions Measurement

Stopped-flow analyser Stopped-flow analyser

0.0 Wash liquid (from supernatant stream) to 

cuvette

-

30.8 Wash liquid to cuvette -

47.6 Wash liquid to cuvette, with assay mixture -

48.0 Wash liquid to cuvette -

56.8 Wash liquid to precipitated feed stream -

62.8 Air to precipitated feed stream -

82.8 Air to intermediate waste -

92.8 All actions off -



B.5 PRIMING SEQUENCE OF PRECIPITATION RIG, MICROCENTRIFUGE AND STOPPED-FLOW ANALYSER BEFORE USE

Time

(s)

General actions Measurement

Precipitation rig Microcentrifuge Stopped-flow analyser Stopped-flow analyser

0.0 - Vacuum and wash pump on Wash liquid to cuvette, with 

assay mixture

-

4.8 - - Wash liquid to cuvette -

13.2 - Wash pump and vacuum off All actions off -
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B.6 OPERATIONS OF THE COMBINED RIG FOR ON-LINE MONITORING AND CONTROL, HAVING 60 S 

MICROCENTRIFUGE SPIN TIME

Time

(s)

General actions Measurement

Precipitation rig Microcentrifuge Stopped-flow analyser Stopped-flow analyser

0.0 Clarified yeast homogenate 

and ammonium sulphate 

solution pumps on

Wash liquid to cuvette

22.4 - - - Dark current start

30.0 - Vacuum and sample in 

pump on

- -

32.0 - - All actions off Dark current stop

32.4 - - - Background light current 

start

40.0 - Vacuum off - -

w
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41.0 - Sample in pump off - -

42.0 - - Precipitated feed sample to 

cuvette

Background light current 

stop

61.2 Clarified yeast homogenate 

and ammonium sulphate 

solution pumps off

63.6 - - - Dark current start

69.2 - Brake off and air (primary 

and secondary) on

- -

71.2 - - Precipitated feed sample to 

cuvette, with assay mixture

-

73.2 - - Wash liquid to intermediate 

waste; all other actions off

Dark current stop

73.6 - - - Sample light current start

82.2 - - Wash liquid to cuvette Sample light current stop
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90.0 - - Wash liquid to cuvette, with 

assay mixture

-

90.4 - - Wash liquid to cuvette -

111.2 - - Air to precipitated feed 

stream

-

121.6 - - - Dark current start

129.2 - Air (primary and 

secondary) off and brake on

- -

131.2 - - Wash liquid to precipitated 

feed stream

Dark current stop

131.6 - - - Background light current 

start

141.2 - - Wash liquid to intermediate 

waste

Background light current 

stop

149.2 - Sample out pump on Supernatant sample to 

cuvette

-
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172.8 - - - Dark current start

180.4 - - Supernatant sample to 

cuvette, with assay mixture

-

182.4 Sample out pump off; 

vacuum, wash pump and 

air burst on

All actions off Dark current stop

182.8 - - - Sample light current start

192.4 - - - Sample light current stop

207.2 - Vacuum and wash pump 

off; sample out pump on

Wash liquid (from 

microcentrifuge) to cuvette

-

221.2 - Sample out pump off Wash liquid to cuvette -

246.0 - - Wash liquid to cuvette, with 

assay mixture

-

246.4 - - Wash liquid to cuvette -



267.2 - - Air to precipitated feed 

stream

-

289.2 - - Wash liquid to precipitated 

feed stream

-

299.2 - - Wash liquid to intermediate 

waste

-

315.2 - - All actions off -
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B.7 OPERATIONS OF THE COMBINED RIG FOR ON-LINE MONITORING AND CONTROL, HAVING 180 S 

MICROCENTRIFUGE SPIN TIME

Time

(s)

General actions Measurement

Precipitation rig Microcentrifuge Stopped-flow analyser Stopped-flow analyser

0.0 Clarified yeast homogenate 

and ammonium sulphate 

solution pumps on

Wash liquid to cuvette

22.4 - - - Dark current start

30.0 - Vacuum and sample in 

pump on

- -

32.0 - - All actions off Dark current stop

32.4 - - - Background light current 

start

40.0 - Vacuum off - -
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41.0 - Sample in pump off - -

42,0 - Brake off and air (primary 

and secondary) on

Precipitated feed sample to 

cuvette

Background light current 

stop

61.2 Clarified yeast homogenate 

and ammonium sulphate 

solution pumps off

63.6 - - - Dark current start

71.2 - - Precipitated feed sample to 

cuvette, with assay mixture

-

73.2 - - Wash liquid to intermediate 

waste; all other actions off

Dark current stop

73.6 - - - Sample light current start

83.2 - - Wash liquid to cuvette Sample light current stop

90.0 - - Wash liquid to cuvette, with 

assay mixture

-



u>W

90.4 - - Wash liquid to cuvette -

111.2 - - Air to precipitated feed 

stream

-

121.6 - - - Dark current start

131.2 - - Wash liquid to precipitated 

feed stream

Dark current stop

131.6 - - - Background light current 

start

141.2 - - Wash liquid to intermediate 

waste

Background light current 

stop

149.2 - - All actions off -

222.0 - Air (primary and 

secondary) off and brake on

- -

242.0 - Sample out pump on Supernatant sample to 

cuvette

-



u>

265.6 - - - Dark current start

273.2 - - Supernatant sample to 

cuvette, with assay mixture

-

275.2 Sample out pump off; 

vacuum, wash pump and air 

burst on

All actions off Dark current stop

275.6 - - - Sample light current start

285.2 - - - Sample light current stop

300.0 - Vacuum and wash pump 

off; sample out pump on

Wash liquid (from 

microcentrifuge) to cuvette

-

314.0 - Sample out pump off Wash liquid to cuvette -

338.8 - - Wash liquid to cuvette, with 

assay mixture

-

339.2 - - Wash liquid to cuvette -



360.0 - - Air to precipitated feed 

stream

-

382.0 - - Wash liquid to precipitated 

feed stream

-

392.0 - - Wash liquid to intermediate 

waste

-

408.0 - - All actions off -

u>toU)


