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ABSTRACT 

Jaouad Fichtali 

Ph.D. Food SCIence .tIlt! 
Agricultural Chcmistry 

Production of Caseins Using Extrusion Technology 

Preliminary experiments indicated that an acid casem co-preclpltate could be 

produced by extrusion from skim milk powder (SMP). In asses:,lllg the plObkll1) 

encountered, experiments were designed to model and optllnize the caagulatl()n/\Va~h 11lt', 

process usmg response surface methodalogy (RSM), to mmllTIlZe re)ldual wlley 

components and lasses of fines. This study Ylelded useful II1formatloll relative 10 

improving our understanding of the coagulation mechanlsm and the mo"t Importanl 

variables affecting the process. In addition, RSM aUowed multiresponsc optlIl1lzatIOIl 01 

acid casein production using unique and newly developed optlmlzatlOn techl11ques. III 

order to simplify the process, an extruder die was deslgned to asslst wlth the dcwhcYl!1g 

process, however, plugging problems occurred due ta screw deSIgn lImitations. Studlc'l 

were implemented to determine the rhealaglcal behavlOur of SOdllllTI caselnalc and 10 

evaluate the extruder performance In terms of energy cansumptlOn, and 111 tcrl11~ 01 

mixmg and conveying through mathematical descnptlon of resldence tlIne dlstnbutlon" 

in the extruder. The knowledge gained from these studies was mtegrated to produce aCld 

casein and sodium caseinate at pIlot plant level and to concelve a plant layout of the 

process for the dairy industry. The process develaped has many advantagcs, mcludlng 

the ability to produce a high quahty product. 
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Application de la Technologie d'Extrusion à la Production des Caséines 

Des expérience~ préliminaires ont montré qu'une caséine acide co-précipité peut 

être prodUite par extruSIOn à partir du lait écrémé en poudre (LEP). Pour résoudre les 

problèmes rencontrés dans le processus, des expénences ont été effectuées selon la 

méthodologie des surfaces de réponse (MSR). La MSR a permIS de caractériser et 

d'optimiser le processus de coagulationllavage afin de minimiser les composés résiduels 

de lactosérum et les pertes en fines particules. Cette étude a généré de nombreuse~ 

informations dont l'identificatIon des vanables affectant de façon Importante la 

coagulatIOn, élargissant ainSI notre connaIssance de ce processus. En plus, la tvlSR a 

permis une optImIsation à réponses multIples pour la production de la caséine aCide, en 

utIlIsant des techniques nouw' es d'optimisation. Dans le but de simplifier et d'accélérer 

le processus de séparatIOn du lactosérum, une filière pour l'extrudeur a été construite. 

Cependant, un problème d'obstructIon de la filière s'est manifesté lors de la production 

de la caséine. Des études ont été entreprises pour déterminer le comportement rhéologique 

du caséinatt. de sodium et évaluer la performance de l'extrudeur en termes d'énergie 

consommée et de capacité de mélange et de convoyage à l'aide d'une description 

mathématIque des temps de séjour dans l'extrudeur. Les résultats obtenus ont été Intégrés 

pour produire la caséme et le casé mate de sodium à l'échelle pilote et pour établir un 

schéma du processus pour une industrie laitière. Le processus développé s'avère très 

avantageux par rapport au processus conventionnel y compris la possibilité d'obtenir un 

produit de qualité supérieure. 
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CONTRIBUTIONS TO KNOWLEDGE 

The objective of this study \\-as to conceive and design a completely new process 

to convert surplus slam milk powder (SMP) into added value acid casein and sodium 

caseinate. The concept of usmg an extruder for this process emerged from ItS versatility 

and tlexlbJllty as a contmuous reactor and carrymg out multiple Unit operatIons. As we 

were dea/mg wlth developmg a new process and a complex machine, extensive work was 

requlred whlch contributed to knowledge from a variety of aspects. These included basic 

mllk chemistry, process engineering, product optimization and characterizatlOn, each of 

whlch are presented below: 

1) A comprehensive revlew of flow behavlour, mixing, and resldence time distribution 

m twin screw extruders. The revlew served to transfer concepts from polymer engineering 

to food sCIence/food englOeenng In a manner conductlve to the future development, 

modelhng, and process applications of extrusion in the food sector. 

2) The tirst applicatIOn of an extruder for the continuous coagulation of sldm mllk 

powder. 

3) An extensive study of the coagulation/washing process using response surface 

methodology (RSM) to produce acid casein from SMP. CrÎtIcal parameters were 

dcterm1l1ed wll\ch may help 111 control and improvement uf aCld casem manufacture. 

4) The physico-chemlcal mechanisms affecting the coagulation efficiency of concentrated 

milk were mvestIgated as little was known about the coagulation mechanism of 

concentrated milk. 
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5) New multiresponse Jptimization techniques were applied to acid casein production and 

their performance characteristics compared. This mcluded a newly dcvised optlllliz.1tion 

technique developed by the author, namely, Extended Surf:lce Response Procedure 

(ESRP) for muItiresponse optimization. These techniques provlde a tool for simulatIon 

and modelling of multivanate processes from statistical vicwpomt. Thclr u~e in process 

engineering can assist in new product development efforts and optlll11Zatlon. 

6) A die was designed and tested for assisting III whey separatIon from caSC\1l using the 

extruder. This was the first attempt of using the extruder for a ~cparatlon process in the 

food sector. Although not succe~:sful III this applicatIon, 111dlcatlOns wcre that future 

applications of the extruder in separation technology may be possIble. 

7) A rheological model for sodium caseinate was developed Wll1Ch \Vould be useful for 

sodium caseinate manufacturing and applications, whether conventional or extrusion 

processes. 

8) The performance of the extruder for acid casein n.?utralizatlon was evaluated in terms 

of energy consumption, and in terms of mixing and conveying U!llllg mathematical 

descriptions of residence time distributions. This study sllpportcd the application of the 

extruder as a cherP:~al reactor III the food sector. 

9) Production of acid casein and sodium caseinate were combincd at pilot plant scale 

using ail the information gained in this study and the proccss prodllced a very satisfactory 

product. A plant layout was develo;>ed which could be used by the dairy indu<;try. 

In Summary, through a cornbination of basic re~earch and cngmecnng concept~ 

a new process of converting SMP to acid casem and !lodium casemate was dcvclopcd. 

Taken as a whole the process is a major contributIon to dalry tcchnology and cxtrW~lon 

processing. 
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1 GENERAL INTRODUCTION 

Canada, the United States, and the European Economie Community (EEC) have 

a ehronie oversupp]y of milk of whieh substantial amounts are eonverted into skim milk 

powder. In 1985-86, 69.9 thousand tonnes of Canada's Skim Mitk Powder (SMP) was 

mostly exported as is, white 11.8 thousands tonnes were exported in the form of whole 

milk produets to reduce surplus butter stocks (Canadian Dairy Commission, 1986). As 

earlyas 1978, one option consldered in Canada has been the diversIOn of this oversupply 

of SMP into casein production (ACP Marketing, 1978). The production of 9.1 million 

Kg of casein could divert 31.8 million Kg of SMP into a functionally useful food 

ingredient and save the Canadian Dairy Commission one to three million dollars per year 

(Canadian Dairy Commission, 1983). 

World production of casein is about 150 thousand tonnes from which 70 to 80% 

is used for food ingredients (Muller, 1982). The largest amounts of casein and caseinates 

are used in eheese imitation manufacturing (33 %) and eoffee whitener (10%). The United 

States imports about 70 thousands tonnes of casein and caseinate annually and uses about 

75-80% of this amount in formulated food applications (Gwozdz, 1983). 

Casein production is a weIl developed industry, speclfically in the leading 

producing countries such as New Zealand and Australia, but also in France, Ireland and 

Argentina. Neutralization of imported casein to form caseinates is carried out in the 

United States. Competition and increasing sophistication of end-user requirements for 

industrial casein, including edible grades, has pressured manufacturers to produce 

improved milk protein products with specifie functional properties and closely controlled 

quality parameters (Muller, 1982). To meet market requirements for cost reduetion and 
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improved product, research was undertaken to introduce more efficient mcthods of 

manufacture in plants designed. 

In 1986, where this research program was conceived, the Canadian SMP surplus 

and the lack of caseinate technology in Canada led to the consideration of convcrting SMP 

directly to acid casein and sodium caseinate using extrusion processing. Extrusion had 

the potential of being simpler than the conventional processes in use, could be more 

economica1, flexible, controllable and have the ability of producing new and different 

products. The aim of this thesis was to conceive and to develop such technology for dairy 

industry through basic research with the mtent of developing a usabJe applIcation. The 

steps taken, results obtained, interpretation, discussion of the results, and the conclusions 

drawn are presented in the form of nine papers, most of which are in press for 

publication. In addition, two review papers form the backbone of the literature review 

section, and a general conclusion was developed from the interre!ated aspects at the end 

of this thesis. 
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2 LITERATURE 1ŒVIEW 

2.1. INTRODUCTION 

The relevant literature related to casein/caseinate production and to twin screw 

extrusion is reviewed in following three chapters. The first chapter introduces basic casein 

chemistry and highJights the present status of casein and caseinate production. The second 

chapter focuses on the understanding of the practical and fundamental aspects of twin 

screw extrusion required for this work and is based on an invited paper (Fichtali & van 

de Voort, 1989) pubhshed in Cereal Foods World. The last chapter IS a detailed review 

article submitted to the Journal of Food Engineering, dealing specifically with engineering 

aspects of twin screwextrusion, such as, tlow, mixing, and residence time distribution. 

This paper updates the theoretical aspects and research findings of extrusion from the 

polymer engineering side, for which extrusion processing is the most developed, and 

translates the findings into practical terms for the food scientist and engineer, providing 

a set of useful tools for evaluating food extrusion processes and their optimization. 
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2.2 CASEIN/CASEINATE CHEMISTRY AND PRODUCTION 

ABSTRACT 

Milk proteins are among the most widely conswned hwnan food proleins and 

consequent/y, are the best characterized of al/food proteins. Acid induced coagulation is 

an imponanr process in separaling and puri.fying caseins. This chap/er introduces ca.'iein 

chemisrry and updates casein/caseinare produclloll knowledge in tl'fm.\' of coagulation, 

washing, dewatering, neurralization and drying. 

2.2.1 Introduction 

Many of the unique properties of proteins have been explOlted In food production 

since pre-historic limes, e.g. the rennet or acid coagulatIOn of the cascin of :.lllk In the 

manufacture of cheese or fermented dairy products. The expansion and increasing 

sophistication of food processing has led to the development of many fabricated foods and 

has created the need for punfied proteins to perform specific physlco-chemlcal functions 

in these products. BoVIne mllk contains -12% sohds, whlch include fat. lactoc;e, protein, 

and organic and inorganic salts. The first step in the isolation of the casein fraction from 

milk is the removal of fat to yield a skim milk from which the casein IS isolated after 

coagulation. The mechanism of coagulation of casein involves partial dissociation of the 

micelle followed by reassociation of caseins into aggregates and rapid precipitation (Kim 

& Kinsella, 1989). 

2.2.2 Casein Chemistry 

The basic casein chemistry has been reviewed extenslvely by numcrous authors 

(Fox, 1982; Swaisgood, 1982; Kinsella et al., 1989; Fox, 1989; Schmidt, 1982). Caseins 
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arc usually dcfined as those mi!k proteins insoluble at 20°C and pH 4.6, the isoelectric 

pH. About 80% of the milk proteins are caseins which exist as coarse colloidal particles, 

tcrmcd micelles, with molecular weights of - 108 and mean diameter of -100 nm (Fox, 

1989). Cascin micelles are composed of a number of small subunits, commonly referred 

to as cascin ~ubmicclles. The micelles consist of about 90% protein and 6% colloidal 

calcium phosphate (CCP). In spite of its low proportion, CCP plays a key role in 

maintainmg the integrity of the casem micelles. 

Isoclcctric casein consists of four pnnclpal primary proteins (gene products): 

0'1-' O'.~-, fJ-, and /Ç-, in an approximate ratio of 40: 10:35: 12, in addition to several minor 

protcins which inc1ude ...,- and À-casein (Fox, 1989). Ali the caseins are relatlvely small 

1ll0Jccules, - 20,000-24,000 daltons and are insoluble around their isoelectnc points. The 

caseins are strongly hydrophobic in the order fJ > /Ç > 0',1 > O',~. The four primary caseins 

cxhtbit "microhetcrogeneity" due to variations in the degree of phosphorylation or 

glycosylatton, dlsulphlde-linkcd polymenzation and genetically-controlled amino acid 

sub\titutlOn (gcnctic polymorphism). The caseins are amphipathie, unstructured, open 

llloJcculcs. This structure in addition to their hydrophobicity are of considerable 

kchnologica1 significance. HydrophobIe bond;ng is probably slgnifieant in such funetional 

propcrtics as viscosity, gelation, water sorption, foaming and emulsification. The open 

~tructure of the caseins renders them more susceptible to proteolysis than the globular 

whey protcins and ailows them to spread readily at interfaces. Their amphipathie 

~tructurcs facilitate orientation of the hydrophobie residues into the air or oil phases with 

the hydrophillie residucs in the aqueous phase, optimizing their surfactant properties. 

Several 1I1tcractions may occur betwecn casein molecules, such as hydrophobie 

bonding, hydrogen bonding, electrostatic interactions, disulphide bonding, and calcium 

honding. The remarkable colloidal stability of the caseinate system is due to two 

constitucnts: /Ç-casem and CCP. Allied to these and partially arising from them, is a 

high degree of hydration (- 2.0 g H:O/g protein) and a high negative zeta-potential 

(- 18mV). Thus, the mechanism of milk coagulation is primary concemed with 
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alterations in the structure of the micelles and their surface propcrties. Cascin mIcelles can 

be destabilized by acid, ethanol and other orgamc solvents, heat, hmited proteolysls, Ca~' , 

or combinations of these. The destabIlmltlün rcsults in coagulatIon or gclatlOn and IS 

exploited in the production of a range of dairy products. 

Casein and caseinates can withstand considerable heat treatment before heat 

flocculation occurs. which probably reflects their open, random-coil quaternary structure 

and the lack of secondary anù tertiary structures. This property is extensively cxploited 

in the dairy industry in evaporation, drying and ultrafiltration processes. Sodium caseinate 

can withstand heat treatlllents up to 140"C for > 60 mm at pH 6.7 Flvc pnnClpal 

contenders for the primary reaction leadlng to the heat coagulatIon of ca"iCIn arc, 

acidIficatIon, dephosphorylallon, hydrolysls of K-CaSCIn, general proteolysl<' and MaIllard 

browning. In the presence of oxygen, lactose IS the source of most of the heat-mduccd 

acidity which reduces heat stabIlity of caseins and IS also mvolvcd In MaIllard brownmg, 

its role in concentrated mllk products being partlcularly slgmftcant (Fox, 1982). 

Preheating of milk pc Ir to concentration may mduce denaturatIon of whey 

proteins and precipitation of calcium phosphate. The stabIlity of the calclum-ca"iemate

phosphate complex to various coagulatmg agents dechnes rapldly on concentration. In 

ma st respeçts the stability of concentrated mllks IS more important commerclally than that 

of milk of standard concentration, but due to its greater complexity it has not becn studled 

extensively. Concentration induces major changes in the ml1k system such as, close 

packing of casein micelles, a hlgher concentratIon of denaturable proteIns and 

precipitation of calcium phosphate which also causes a sigmticant decrease in the pH. The 

coagulation mechanism for concentrated milks is much more complex than (hat of 

standard milks and the influence of the various compositional and processing factors 

thereon is not weil understood (Fox, 1982). 

2.2.3 Acid Casein Production 
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Casein can he separated from whey components by at ]east four techniques (Fox, 

]989): Isoe]ectriC precipitation, rennet induced coagulation, ultracentnfugation, and 

saIting out using (NH.)~S04' The latter two techniques are not of industria] importance, 

while isoclcctric precipItation is the most common]y used method for the industria] 

preparation of casem. 

The basic manufacturing processes and uses of edib]e caseins have been reviewed 

extensive]y by numerous authors (Muller, 1971; Richert, 1975; Muller, 1982; Southward, 

1985; Sou th ward , 1986; Mu]vihill, 1989; Fichtali et a1., 1990a). The process generally 

Involvcs Isoclcctric precipItation of casein, the removal of whey usmg inclIned screens, 

horizontal bowl centnfuges ()f rol1er presses, washmg to remove the resldual whey 

components, followed by dcwak.nng, drying and gnndmg. The coagulum IS produced by 

mixing sklm mIlk and aCld (HCI or H,S04) at 30-35T to obtain final pH of 4.3-4.6, 

followOO by ralsl!1g the temperature to 45"C using steam inJectIOn. A multi-stage 

countercurrent washing operatIon (4-6 stages), wlth a contact tlme of 20-30 minutes is 

usual1y used to remove the whey components. In general, D-shaped vats are used for 

washIng the curd, although tube based systems (Gwozdz, 1983) and vertical vats (Jordan, 

1983) have been reported to provlde better washing efficiencies. Washing temperatures 

range from 30-75"C but are not the same for ail washes. /. :,tgh temperature wash (70-

75"C) is generally carned out prior to the last wash to reduce microbial contamination 

with the final wash at temperatures of 40-4YC to minimize matting of the curd during the 

dewatering operation. Dewatering is usually done using a continuous press or horizontal 

centrifuge to attain a residual moi sture IeveI between 55-60%. The resulting casein is 

then driOO using vibratory or fluidised bed dryers, although attrition drying is being used 

in Europe because of apparent improvements in product dispersability and wettability 

(Muller, 1982; Roeper, 1982; Gwozdz, 1983). 

The production of high quality casein depends on the efficiency of the separation 

of caseins from the whey components and International standards generally require that 

residuallactose and ash be less than 0.1 % and 2 % respectively. A high lactose content 
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can be responsible for Maillard browning during the drying proccs'i and subsequcnt off

flavour development during storage (Cayen & Baker, 1963). In order to produce a 

caseinate which has low viscosity characteristics, a low calcium (ash) content is rcqUlrcd 

(South ward , 1985). Separation depends to a large extent on the conditions assoclatcd with 

the coagulation process and subsequent washing of the curd. The mode and efficlcncy of 

the washing operation has a direct influence on production costs in relation to cquipment 

requirements, water usage, energy inputs and the loss of fines. 

The effeet of coagulation tcmperature and pH on casein curd characteristics, 

inc1uding partic1e size distributIOn, curd strength and calcium content have bccn studlcd 

from laboratory scaJe up to commercial production levels by Jablonka & Munro (1985, 

1986a, 1986b, 1987). Some theoretlcal aspects of lactose removal have becn studlcd by 

Zadow (1971 a, 1971 b) who consldercd the efficlency of sereen separatIOn for 

countercurrent and concurrent washing. Hobman (1978) develapcd a model far prcdlcting 

the water reqUired to wash casetn curd in a continuaus multl-stage, countercurrcnt systcm. 

The model requires an accurate estImation of the Murphree Stage Efficlency (MSE) 

coefficient, an indicator of the approach to equilibrium in each washing stage. Bressan 

& Hobman (1985) extended this work to study the effects of partlcle size, curd residence 

time per washing stage and wash water temperature on MSE. Computer simulatIOn of a 

continuous four-stage countercurrent washmg process (Pearce et al., 1987) has provided 

additional insight into the relationship of curd lactose concentration to MSE and wash 

water ratio (WWR). The effects of MSE and WWR were assumed to be mdependent, 

however, their interaction may also affect the residuallactose in the curd. 

The rnodels noted abave have improved lactose removal predictions, but still have 

sorne limitations, i.e., particle size, presence of other components and assumcd diffusion 

coefficients. Particle size is assumed to be homogeneous, but can change dramatically 

with precipitation conditions (Jablonka & Munro, 1985). Most models only consider 

lactose as the whey component, ignoring whey proteins and mmerals, and their diffusion 

characteristics. Furthermore, the temperature/diffusIOn coefficient relation dcvelopcd by 
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Bressan et a1. (1981) for total solids over the range of 25-58°C, used in other studies, 

may be Iimiting since the curd shrinks and flrms at higher temperatures (O'Meara & 

Munro, 1982). This behaviour can lead to a decrease in curd porosity and offset any 

positive temperature effect on the lactose diffusion coefficient. 

2.2.4 Caseinates Production 

Casein is an insoluble product with limited applications to food formulations and 

should be neutralized by an al kali and converted into soluble sodium caseinate. Caseinates 

are widely used in various formulated foods as useful sources of protein because of their 

physico-chemlcal, nutritional and functional properties. Their manufacture and food uses 

have been revlcwed by several authors (Muller, 1971; Richert, 1975; Muller, 1982; 

Segalen, 1982; Southward, 1985; Southward, 1986; Barraquio & van de Voort, 1988; 

MulvihiH, 1989). They are used in meat products for their emulsion stabilizing and water

binding properties and in baked products to control the water absorption characteristics 

to have the desired texturaI and organoleptic properties. They are of excellent 

supplementdry value for cereals because of their high lysine and tryptophan contents, 

espccially for wheat products such as flour which contain a low percentage lysine (Lohrey 

& Humphries, 1976). They are used as emuIsifying, thickening and/or foam-stabilizing 

agents in coffee whiteners, whipped toppings, desserts, sauces, weaning foods, dietetic 

foods and others. They are also the common protein ingredients of various simulated 

cheese products. Besides their food uses, their industrial and pharmaceutical applications 

are also numerous (Muller, 1982; South ward , 1986). Different caseinates can be produced 

namely, sodium caseinate, calcium caseinate, magnesium caseinate, potassium caseinate 

and ammonïum caseinate. Sodium caseinate is by far the most commonly used water 

soluble form of casein. Commercial sodium caseinates are not homogeneous in their 

physico-chemical properties and may differ substantially From fresh laboratory prepared 

caseinate (Dagleish & Law, 1988) leading to differences in their functional properties. 
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Caseinates may be produced from freshly precipitated acid casein curd or from 

dried casein. The manufacture of caseinate from fresh casein curd gives a blander flavour 

to the product and furthermore will reduce the production cost associated with drying and 

storage prior to its conversion to sodium caseinate (Cayen & Baker, 1963; Muller. 1971: 

Southward, 1985). Casein should have a low calcium content « 0.15 %, dry basis) to 

produce a ca:;çinate solution with low viscosity properties, and a low lactose content 

( < 0.2 %, dry basis) to produce sodium caseinate with the best col our , flavour and 

nutritional characteristics (Southward, 1985). 

In general, caseinate is produced by a batch process, wherein the cascin IS 

dissolved in heated vats fitted with powerful stirrers by adding an alkali to obtain a pH 

6.7-7.0. The mostcommonlyused alkali is sodium hydroxide used in a quantity of -1.7-

2.2% by weight of the casein solids, however, sodium carbonate has also been used but 

generally costs more (Southward, 1985). The dissolving time can take up to 3 or 4 hours 

(Johnson, 1970) and in order to decrease thlS time, colloid ml11s are often used to reduce 

the partic1e size of casein curd before the addition of alkali to the slurry of about 25 % 

soHù~. Recirculating the vat contents using high speed centrifugai pumps has also been 

used as a means to speed up the dissolution of casein (Johnson, 1970; Towler, 1976, 

Muller, 1982) bl.' requires an increased equipment investment and furthermore the system 

does not guarantee a good homogeneity of all the solution in the vat (Johnson, 1970). The 

dissolving time for sodium caseinate is usually 30-60 minutes at a temperature of 60-

75°C (Southward, 1985). The conversion rate depends on the particle size, agitation, 

temperature and concentration (Towler, 1976) all of which affect the viscosity of the 

slurry. Other factors can also affect the viscosity of the caseinate such as, pH, Ca content 

of the curd, type of alkali used and seasonal and genetic factors (Southward, 1985), 

however, pH was found to have a non significant effect within the range 6.7-7.1 (Towler, 

1976). 

Caseinate can be dried using roller-driers or spray driers equipped with either 

dise or pressure nozzle atomization. In the spray drying, the solution is generally hcated 



11 

to 90-95·C to reduce its viscosity before the spray drying and at this temperature the 

maximum total solid content is usually - 20% (Muller, 1971). Thus the cost of spray 

drying of sodi um caseinate is high and the processing rate is low when compared with the 

rate of production of SMP in which concentrates containing up to 50% total solids may 

be dried (Towler, 1978). Higher caseinate concentrations may he tolerated by the 

atomization system of the spray dryer if the temperature is raised. However, in order to 

preserve good flavour and functional attributes in the product, one should avoid high 

temperatures for long periods (Muller, 1971, Southward, 1985). Because of the low solid 

content of the feed solution, spray dried sodium caseinate has a low bulk density (O.25~ 

0.40 g/ml) resulting in relatively high costs for storage and transport. Generally, pressure 

driers produce caseinate with a higher bulk density than that from disc atomizer driers 

(Segalen, 1982). Since the powder is light, the losses from the product cyclones may be 

rather high and it is therefore considered prudent to install bag filters for improved 

recovery. 

Roller drying of sodium caseinate can be achieved with a relatively higher solids 

content than spray drying, resulting in a higher bulk density product. The roller drying 

of sodium caseinat~ requires a lower capital investment than spray drying, however, a 

higher level of supervision is needed, the throughput per unit time is usually lower, and 

its application is generally limited to casein for the meat industry (Segalen, 1982; 

Southward, 1985). Roller dried caseinates diffcr from spray dried caseinates in their 

proportion of casein fractions and they are much more insensitive to the presence of 

calcium ions (Dagleish & Law, 1988). 

The high cost and the problems associated with spray drying have prompted 

investigators to produce granular sodium caseinate. Towler (1978) produced a granular 

sodium caseinate by reacting reduced moi sture casein curd (> 40%) with sodium 

carbonate at ambient temperature followed by drying using a pneumatic-conveying drier. 

The resulting product had a higher bulk density (O.65g/ml) and improved dispersability 

but ]ower so)ubility in water at 20·C than the spray dried product. Another alternative 
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means of producing granular caseinate, specifically used in France, is attrition drying. 

where milling is incorpnrated while drying the pulverized partic1es. The resulting product 

is very similar to a spray dried product but has a higher bulk density (0.5-0.6 g/cm 1) 

and a lower energy costs (Roeper, 1982; Gwozdz, 1983). The conversion uses cascin with 

minimum 45% total solids and sodium carbonate, mixed at a temperature not exceeding 

15°C. The free-flowing mass is easily conveyed to the dryer, however, care is rcquircd 

with granular caseinate when adding the alkali to avoid localized high pH's which may 

cause the development of off-tlavours. Complete conversion is not achieved with granular 

caseinates and the product is not completely soluble when reconstituted In water at low 

temperatures, often having poorer flavour stability than to spray dried caseinate. 

The major problem associated with sodium caseinate production lies in its hlgh 

viscous, glue like, characteristics increasing thedissolving time and limiting the maximum 

concentration for spray drying. The quality of caseinate depends on the temperature

time history associated with conversion of casein and the holding time before and during 

the drying. 

Extrusion technology is a High Temperature Short Time (HTST) process and could 

be looked at as a means to handle more concentrated solutions, reduce the conversion 

time, increase the throughput and reduce the drying cost. Furthermore, it is a continuous 

process which can be readily adjusted, controlled and automated (Flchtali & van de 

Voort, 1989). Most work related to casein neutralization by extrusion is patentcd and little 

information is available in the open literature. Generally dried casein is used as a feed 

material and an alkali is pumped into the extruder to form a mixture of - 10-30% 

moisture (Southward, 1985). Drying is generaIty required after extrusion and can be 

achieved through the use of attrition drying (Boullé, 1987). Tossavainen et al. (1986) 

have studied the effccts of extrusion process variables such as moisture, temperature, 

sodium bicarbonate concentration on the product charactcristics using a twin screw 

extruder. The moi sture levels used were between 20 and 30% and the tempcrature ranged 

from 65-112°C with the highest solubilities obtained at high moisture values and highest 
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expansion ratio obtained at low temperatures. Calcium paracaseinate can be extruded to 

obtain a porous and fibrous structure through an adequate choice of humidity, temperature 

and pressure (Szpendowski et al., 1983). The quest for new dairy products via 

texturization of casein arose from the fact that this material was in a state of over-supply 

(English, 1981). 

2.2.5 Conclusion 

Even though the effects of sorne variables, such as pH and temperature, on the 

acidic coagulation of casein micelles have been studied extensively, more information is 

needed to understand the mechanism of coagulation and how the properties of the product 

are affected. The higher complexity of concentrated milks renders their coagulation 

mechanism much less known as compared to normal Iiquid milk. The production of 

casein from SMP might dlffer from casein production from Iiquid milk in many aspects, 

slIch as, physico-chemical characteristics of the curd, yield, washing efficiency and 

functional properties of the end product. Although casein and caseinate production is a 

weIl established technology, the processes proposed and used up to now are rather 

complex and expensive. Problems related to washing efficiency predictions, flavour 

deterioration and other quality problems due to low efficiency of the neutralization system 

and/or Maillard browning, are still unsolved in casein industry. By combining the 

knowledge of casein chemistry, caseinate production technology and extrusion processing, 

the possibility of converting stable SMP, rather th an normal milk to caseinates by 

extrusion can be explored systematically. 
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2.3 TWIN SCREW EXTRUSION: A BASIC UNDERSTANDING 

ABSTRACT 

Extrusion processing has been approachedfrom both afundamental and practical 

point ofview to provide a basic understandingfor non expens. The most important aspects 

of extrusion, such as, extruder types and their operational characteristics, process 

variables, process control, rhe%gy, modelling and oprimizatiOlI are discu.\sl'd. 

2.3.1 Introduction 

Extrusion technology is increasingly important in the food industry for 

transforming ingredients into intermediate uf fini shed products. Though generally 

associated with a screw as a conveying rnechanism, higher temperatures and pressures, 

extrusion is basically a specialized form of a continuous HTST reactor. The extruder is 

unique in working with relatively dry rnaterials, plasticlsing the food mass, reducing 

microbialload, denaturing enzyrnes, gelatmizing starch, polymerizmg protCIIlS and rnosl 

importantly, texturizing the end product into a desirable forrn. These combined operations 

are possible because theœ are a wide range of operator controllable van ables inc1uding 

screw speed, screw profile, temperature, moisture, feed rate and die size/shape. The 

tremendous flexibility of extruders is both a boon and a bane, and new users must 

recognize the inherent complexity associated with such a processing system. The purpose 

of this chapter is to provide a basic understanding of both fundamental and practical 

aspects of extrusion processing, specifically in relation to the twlO screwextruder. 

2.3.2 Extruder Types and Their Operational Characteristics 

2.3.2.1 Single-Screw Extruders 
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The main difference between a single and twin screw extruder is the conveying 

mechanism. The only force in the single screw extruder (SSE) that keeps the material 

from rotating with the screw and therefore makes it advance, is its friction against the 

barrel surface. Hence transport IS based on the frictional and viscous forces associated 

with the mass. Thus the surface geometry of the barrel wall and the ratio of the barrel 

length to the screw diameter (UO) are important factors in the design of aSSE. Under 

the same extrusion conditions, friction increases with the surface to volume ratio of the 

channel and contributes to the propulsive action as does having a grooved barrel surface. 

The flow in SSE is weil understood and is considered as a combination of drag and 

pressure flow (Levine, 1988). Drag flow results from viscous drag and is proportion al to 

screw speed while pressure flow Îs caused by increased pressure at the die and opposes 

drag flow. This tlow mechanism explains the strong dependence of SSE operation on 

barrel design and pressure exerted by the die, which tend to limit its flexibility and 

operating range. The mixing of ingredients within the screw channel is also limited 

because laminar tlow conditions generally exist, however. thlS can be minimized through 

the use of cut-flights screws and/or a grooved barrel. Increased back pressure behind the 

die can also help in improving mixing performance. One of the main limitations 

associated with the SSE is surging (variation in mass flow from the die), which is 

associated with variations in the frictional coefficient of the mass as weil as changes in 

its viscosity. 

2.3.2.2 Twin-Screw Extruders 

Twin-screw extruders (TSE's) can be divided into co-rotating and counter-rotating 

types depending on the direction of screw rotation (Figure la). These in tum can be 

subdivided into fully intermeshing, partially intermeshing and non intermeshing screws, 

with the latter avoiding any protrusion of one screw within the channel of the other. Each 

of these categories of TSE's has distinct operating principles, functions and applications. 

The non-intermeshing type of TSE operate basically on the same principle as SSE, with 
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CoUNTER-RoTATING CO-ROTA TING 

(0,) 

(c) 

Figure 1. Schematic diagram of fully intermeshing counler- and co-rotating extruder 
screws (a); pressure distribution in counter- and co-rotating extruder (b); and cross 
sections of the flights in the intermeshing zone of counter- and co-rotating extruder (c). 
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the frictional charactcristics of the material being the main factor controlling the transport 

mechanism. These extruders are rarely, if ever, used in food processing and therefore 

are not discussed further. TSE's with fully intermeshing screws have a geometrical 

configuration in which the material is enclosed in C-shaped chambers (compartments) 

formcd by the two screws and the barrel. In the counter-rotating system, the closed C

shaped chambers have a small volume preventing materialleakage from one screw to the 

other. Co-rotating screws form axially open channels and allow material exchange 

lengthwise in the machine. A cross section of the intermeshing zone (Figure lc) shows 

the difference in the open area between the screws for the two systems. The differences 

in tlight shape and screw geometry lead to the differences in the operation al characteristlcs 

of these two groups of machines. These differences are related to conveying, working 

conditions, output, shear stresses, pressure build up, leakage flow, mixing, flow 

behaviour, and residence time distribution (RTD). These differences are discussed in 

general below, wlth flow, mixing and RTD being treated extensively in the next chapter. 

COlinler-RoraTing 1\vin-Screw ExTruders 

Intermeshing counter-rotating TSE's with small gaps essentially form closed 

channels, which minimize leakage tlow between channels, reduce mixing and residence 

time distribution. Under these circumstances, conditions close to plug flow occur, 

however, localized pressure builds up al the top of the chambers where the screws 

converge (Figure lb), leading to high shear rates and stresses. These stresses can cause 

a wearing of the system by pressing the screws against the barrel. Since wear increases 

proportionally with screw speed, counter-rotating extruders are generally operated al 

lower speeds, resulting in lower throughputs for a given void volume. As a consequence 

of the general transport mechanism, a large percentage of material inside the channels is 

not exposed to sufficient uniform shear for good dispersion. The benefits of this design 

are good pumping action, high output efficiency, and narrow residence time 

distributions. Conversely, its limitations are poor mixing, lower throughputs, low 

product homogeneity and highly localized stresses which may lead to a shorter barrellife. 

To improve mixing and minimize the effects of high local pressures, larger clearances 
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between the screws is an option often considered but at the expense of pumping action duc 

to increased backflow, making the machine more sensitive to vanations in head pressure. 

Extruder performance can be Improved by either reducing flight-tip width and/or 

increasing screw clearance, however such changes should be Iimited to the Illlxing zone 

and maintaining narrow gaps in the pumping zone. Counter-rotating extruders are used 

when high positive conveying action, low overall shear rates and narrow residence time 

distributions are required as in the case of thermally sensitive materials. These extruders 

are especially useful for running low viscosity materials, slurries or rapidly solubilizing 

sugars and gums. 

Co-Rotating Twin-Screw Extruders 

In co-rotating TSE's, closed chambers are not formed and the combincd flights 

produce passages that allow material to move From the channel of one scrcw to the 

channel of the other. Hence there is no tangential pressure buildup and when the pressure 

is high for one screw, it is low for the other (Figure 1 b). The material itsc1 f kecps the 

screws centred in the barrel, allowing small clearances to be u~ed betwecn the screws 

and the barrel, and between the screws, which gives them a self-c1eaning action. There 

are no zones of localized high shear as in the case of counter-rotating scrcws, thcrcby 

reducing overall machine wear. The self-cleaning action of the screws IS of practical 

importance as it prevents material from sticking to the screw whlch could lead to the 

scorching of heat sensitive material. ln addition, the self-cIeaning action leads to a more 

homogeneous velocity profile, which in tum results in a narrowing of the residence time 

distribution. Increasing throughput and decreasing screw speed can narrow the velocity 

distribution considerably, allowing more uniform shear stresses to be obtained with a 

consequent improvement in material homogeneity. In contrast, the velocity and shear 

stress distributions for a counter-rotating system are strictly a function of screw geometry. 

Co-rotating extruders with self-wiping screws allow signiticant amounts of back lcakage 

along the screws, thus these extruders have a lower degree of poSitive convcying action 

but better mixing capabilities. This leakage flow minimizes the auger/barrel wear and 

allows these extruders to be run at speeds of up to 500 rpm. ln terms of throughput, the 
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supcrior conveyance characteristics of counter-rotating extruders are offset by the high 

speeds and throughputs offered by co-rotating extruders. Overall, co-rotating extruders 

are considered to be one of the more useful general extrusion system available because 

of their flexibility, good mixing characteristics, decreased wear, high shear rates and 

throughput. 

Beyond the direction of rotation or degree of intermeshing, screws can have 

various flight geometries and channel depths which can further affect the operating 

characteristic of a twin screw extruder. In general, screws come in sections which may 

have specific functions, such as feeding, meIting, mlxing, pumping or shearing. 

Traditionally, extruders have been considered to have three basic zones, feeding, meIting 

and metering, however, by changing the screw profile new combined functions can be 

obtained. The screw configuration selected can have a drastic effect on the process, 

process stability, energy consumption and the residence time distribution. Unfortunately 

there are no basic rules which can assure that one has chosen the optimal screw profile 

in terms of section length, locatIon of each function or their sequence. The choice of a 

screw configuration which assures the best conditions for a given process is not always 

easy to achieve and the arrangement is still a function of experience or trial and error. 

2.3.3 Process Variables and Process Control 

The quality of extrudates is readily affected by extrusion process variables and 

therefore ail process conditions require proper monitoring, adjustment and control. Once 

the optimum conditions for a product are established, these conditions must be maintained 

to assure a consistent product quality. 

Batch processes, as opposed to continuous processes, rely more on stepwise 

evaluation to control product variables such as flavour, colour and texture, and therefore 

do not lend themselves to rapid responses to changes in product or process variables 

(Stults, 1978). As a continuous process, extrusion cooking has the potential for 
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automation and feedback control which has becn successfully uscd ln pla~tics extrusion, 

and could irnprove both product quality and yield (Olkku et al., 1980a). More 

sophisticated instrumentation and process control systems are bcing I11tegrated \I1to TSE's 

as applications became more complex. 

The process variables WhlCh one can control during the extrusion run are also 

commonly termed independent or control variables and include; screw specd, feed rate, 

water and/or steam addition, barrel temperature and cutter speed. A modern twin screw 

extruder should be equipped with monitoring devices to measure and control these 

variables. Beyond these varIables, the extruder d(Jsign variables can also be brought into 

play such as; screw configuratIon, die size and shape, barrel length and dlametcr (LlD). 

Both the process varIables and the extruder deSIgn variables can con~ldcrably affect the 

~ys{em variables whlch in turn are called dependent variables or re~ponse variables rclatcd 

to the system, which may inc1ude the product temperature profile, pressure at the die, 

torque and degree of screw tilI. A last set of vanables, termed flJrgl'f varwhll'.\, a1so 

require consideration, which in tum can be sub-categorized as product charactenlitlc or 

economic response VarIables. Dependmg on the process to be achieved, the dcsired target 

variables must be detined and optimlzed. Extruder performance IS generally analyzed III 

terms of throughput, energy consumptlOn, flow behavlOur and RTD and thl~ \I1formatlon 

should be obtained to have a sound understanding of the process. Figure 2 surnmanzes 

the all input, output and system variables associated with the extrusIon process. 

Only the process and system variables (except the degree of fill) of the extrusion 

system can be m0nitored with any degree of ease. Monitoring of these variables is 

important not only to detect any fl uctuatior.s in the system during operation but m addition 

these variables can be used to develop the process, evaluate extruder performance and 

predict subsequent product quality. Furthermore, the behavlOur of sorne of these 

variabJes can be used as useful tools for developing a picture of what is occurring in the 

extruder and their assessment and function are described below. 
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Figure 2. Schematic representation of the process, design and system variables in 
relation to extruder performance and target variables. 
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The pressure drop at the die can be used to determine the shcar stress at the die 

using the following relations (Harper, 1981): 

for a die with circular orifice: 

"", = r~P/2L ( 1 ) 

for a die with slit orifice: 

"", = h~P/2L (2) 

where 1'", is the wall shear stress, r is the die orifice radius, t.P is the pressure drop a 

cross the die, Lis the die length, and h is the height of the slit. Torque provides a direct 

indication of the energy absorbed by the material due to the shcar exerted by the extruder 

s:rew and die orifice, and the specifie mechanical energy (SME) input ean be dctcrmincd 

by the relation: 

SME = Tr N/Q (3) 

where Tr is the torque, N is the screw speed, and Q is the throughput. Fluctuations ln 

energy input indicate erratic feeding, surging or plugging and is a very sensitive indicator 

during extruder operation. 

Throughput is generally determined by weighing the exit1l1g matenal over some 

discrete time interval during steady state operation. Continuous monitoring is also possIble 

using a nuclear sensor, a weight belt or a tachometer device (Harper, 1978; Antila et a1., 

1984), however, either the expense of instrumentation (nuc1ear sensor) or the sticky 

nature of freshly extruded product can make such measurements difficult. Throughput 

data can be used to determine the shear rate at the die wall using the following relations 

(Harper, 1981): 

for a die with circular orifice: 

1 ... = (3n+ 1/ 4n) (4Q/1fr) (4) 

for a die with sHt orifice: 

1", = (2n+ 1 /3n) (6Q/wh2
) (5) 



1 

1 

23 

where i .. is the shear rate at the die wall, n is the flow behaviour index, and w is the 

width of the slit. Using the calculated shear stress and shear rate (eqns (1) and (4) or (2) 

and (5» the vlscosity of the mass at the die (I1J can be determined via: 

IJd = 1" .. /i .... = K(8P / Q) (6) 

where K is the die geometry constant. On the other hand the vi scosi t Y may be predicted 

and controlled from response variables data using an empirical formula. Meuser & 

associates (1987) found by experience that product temperature and specifie mechanical 

energy have the most influence on viscosity. Therefore by monitoring these variables and 

controlling them by adjusting the process parameters, the viscosity was automatically 

controlled and he Id constant. The mean residence time in the extruder can be determined 

by calculating the ratIo of filled volume of screws to throughput (Q). The degree of fill 

can be determined by shutting down the extruder while it is running in a steady state and 

measuring the portion of the screw which is totally full. 

Steam generation in the barrel is a common problem in high temperature extrusion 

processes and can lead to chaotlc fluctuations in process characteristics, output, and 

product quahty. For example, the use of paddles commonly leads to such problems, 

which can be overcome through the use of either a higher degree of screw fill or inserting 

pumping screws before the paddle zone to act as steam lock (Roberts & Guy, 1987). 

Undcr sorne proc.eS'l conditions, a steady state condition, as indicated by stability 

in pressure a"d torque, is difficult to obtain. The operating stability of an extruder can 

be increased (Roberts & Guy, 1986) by (a) reducing the work input (i.e., by increasing 

the moisture content of the feed mix or reducing the screw speed); (b) reducing the ratio 

of the length of die cavity to the length of shear zone or (c) reducing the die resistance 

by increasing the area of the die orifice(s) or decreasing its land length. Such changes 

may work but may in turn affect the end product and compromises may be required. 
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Sorne useful directions as to how operating problems such as surging, plugging, flow 

variation, mixing, etc., can be overcome, have been given by Rossen & Miller (1973). 

Periodic instabilities are known to occur in extrusion processes such as the disturhance 

of a steady state by moi sture fluctuations which can cause viscosity and pressure changes 

in the system. Models has been developed by Roberts & Guy (1986) and by Lcvine & 

co-workers (1987) to predict such effects and may have future applications in the 

dynamic correction of such occurrences. 

The most common means of obtaining information about process variables is by 

obtaining data from the extruder control panel and recording them on an operation chart. 

This is economical in terms of investment, but is tedious and generally inaccurate given 

the number of variables to report and also difficult to detect short term fluctuations which 

can occur as the process proceeds. A better method IS the use of a data 

acquisition/computer system connected to the extruder whlch allows one to have a 

continuous record of the process. Such a system has been used by the author (sec Chapter 

3.1) to monitor variables such as screw speed, barrel tempcrature profile, moisturc 

addition rate, feed rate, amperage and pressure at the die, and subsequently plotting the 

data to allow a detailed analysis of the run. The detalls of these and other devices for 

measuring process variables are available in the literature (Harper, 1981; Rauwendaal, 

1986; Millauer, 1986). 

In food industry the use of automatic feedback control systems based on pre-set 

values is quite common. The automation of such processes follows hierarchical thinking 

(Olkku et al., 1980a) and is based primarily on an optimized steady state process. Once 

obtained, the process is maintained by dynamic control, to keep the values of the sclected 

variables within specifie bounds to attain a consistent product. The application of a 

direct digital control system to extrusion has been reported by Olkku et al. (l980a), 

where the change in the control variable was calculated from actual rcading in relation to 

the set point using a control algorithm (Figure 3). The success of such a control 

operation depends to a large extent on the reliability of the scnsors and on the accuracy 
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algorithm. 
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of the process model in describing reality. Quite often, such models are not sufficicntly 

accu rate and the model may change over time as the machine wears out or the raw 

material varies. These problems may be solved by applying adaptive control by 

continuously optimizing the control algorithm constants (Olkku et al., 1980a). C'lcarly 

there are many variables and exceptional circumstances which make such control difficult, 

however such problems require solution to make extrusion a more viable process. Process 

automation in relation to the extrusion has numerous advantages and the reader is referred 

to Antila et al. (1984) for further details. 

2.3.4 Rheology 

When a food material is subjected to heat, shear and pressure, physico-chcmical 

modifications occur which may lead to denaturation and cross hnking of protcins, 

gelatinization of starches, degradation of minor constituents and the formation of new 

compounds. These changes usually affect the mass viscosity and flow behaviour in the 

extruder requiring adjustment in operating conditions to obtain the best compromise 

between control limitations, product quality and economics. Viscosity is an important 

parameter in characterizing product properties and its value at the die can be determincd 

using the pres~,ure drop and tlow rate information as noted earher. Extensive studles have 

been carried Out on the rheological characteristics of food doughs in relatIon to extrusion 

(Rem sen & clark, 1978; Mackeyetal., 1989; Morgan etaI., 1979; Jasbergetal., 1981; 

Bhattacharya & Hanna, 1986; Jao & Chen, 1978; Chen et al., 1978; Harper et a1., 1971; 

Clark, 1978). Under normal operating conditions, starchy and proteinaceous materials 

often exhibit shear thinning which can be characterized by the power law model: 

" = m-t
l (7) 

where '1 is the apparent viscosity, m is the consistency index, and i is the shear rate. In 

extrusion processing it is important to predict the changes in viscosity as a function of 



1 

1 

27 

moi sture and/or temperature. In such cases the following relation has been suggested for 

predicting these effects for viscoelastic biopolymers (Harper, 1981): 

" = 1/ • ..,nl exp(E.lRT) exp(KM) (8) 

where 1/. is the reference apparent viscosity, E. is the energy of activation for flow, R is 

the gas constant, T is the absolute temperature, K is a constant, and M is the product 

moisture. The rheological behaviour of food stuffs is generally complex because of 

physico-chemical changes which occur as extrusion proceeds. Models has been 

developed to account for these changes considering the effect of time-temperature history 

(Remsen & Clark, 1978; Morgan et al., 1979; Mackey et a1., 1989). Such models may 

be use fuI in the mathematical simulation of the extrusion cooking. The model developed 

by Remsen & clark (1978) is given by: 

" = ", • ..,00

1 exp(E./RT) expf~ ka,exp(EJRT)dt 
o 

(9) 

where ka, is the apparent Kinetic factor at infinite t, and Ek is the activation energy for 

the cooking reaction. 

2.3.5 l\1odelling and Optimization 

Despite the rapidly increasing use of extrusion technology in the food a:ld feed 

industry, man y of the improvements attained to date have been based more on empirical 

observations th an on theoretical predictions. In the extrusion of synthetic polymcrs, a long 

standing tradition of modelling and optimization exists which has been used extensively 

to fine tune and optimize processes. In contrast, biopolymer extrusion is still far from 

being clearly understood and mathematical modelling is still in its infancy. 
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The theoretical concepts which have been successfully applied to polymcr 

extrusion can form a useful basis for the study of the more complex field of food 

extrusion. However this cannot be achieved readily for a host of reasons, wlllch incllldc 

(a) the more complicated physical variables associated with food extruders (screw and die 

design, complex screw configurations, grooved barrel etc.), (b) the difficulty in 

controlling the process because of the more severe operating condItions and non 

homogeneity of raw materials, (c) the lack of adequate information about the rheological 

and thermodynamic characteristics of food systems, and (d) the difficulty of predicting 

physico-chemical changes which occur during the process. These problems explain why 

many of the processes have initially been approached on an emplrical (tnal and crror) 

basis rather than scientifically, and the successes to date have ingra1l1ed this hlt and miss 

philosophy in the food extrusion sector. However, most of the simple proccsscs havc 

now been exploited and in order to look to the future, more complcx applicatIons ~uch 

as centre filled co-extrusIon, reaction flavour and controlled texture developlllcnt wJ!\ 

require a much more detailed understanding of the extrusion process, includl11g further 

improvements in extruder design. 

Modelling and simulation of the extrusion process are means of obtaining a deeper 

understanding of the processes which may be taking place in the extruder. Although 

modelling is based on a simplified version of a complex real system, often the predictions 

obtained from a good model are useful guides in either changing the process or design 

variables. In a broad sense mathematical modelling includes both the empirical and 

theoretica1 aspects of solving problems, which can be viewed as an investigation of how 

specifie variables are related to each other (Singh, 1983). Optimization is used to design 

or improve efficient processes that will yield a product with defined specifications in 

minimum time at minimum cost. Stochastic modelling is more used in food processing 

because ofuncertainties and to allow multi-objective optlmlzation. A mathematlcal model 

to simulate an extrusion cooking process has to conslder physlcal and chemical data, 

process variables and extruder design, and relate them to extruder performance and 

product quality attributes (Figure 2). However, no model describing the interrelation 
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bctween process variables, the system and the product characteristics has been developed 

to date. 

Extrusion modelling and optimization can proceed either from a process or a 

product viewpoint. The first concerns the modelling of extruder performance to predict 

the total power requirement, temperature/pressure profiles and to describe the flow 

patterns. This work has mostly been carried out by polymer engine.ering researchers and 

has led to the development of mechanistic models capable of predicting flow, mixing and 

energy consumption for single screw extruders (Griffith, 1962; Pinto & Tadmor, 1970). 

Similar work has been attempted to relate these concepts to the twin screw extruder, 

however the predir,tions were less precise. Chapter 2.4 provides a detaIled description 

of TSE models related to flow, mixing and residence time distribution. 

When optimization is approached from a product viewpoint, one seeks to modify 

the conditions of an existing process 10 an evolutionary manner so that product quality is 

optimized. This area IS generally the sc ope of the food scientist, who usually uses 

statistical tools such as response surface methodology (RSM) to predlct and optimize the 

product quality attributes. This approach is used in systems engineering and is called the 

"black box" system, where the output variables are generated from the input variables 

without specific knowledge of the process itself. The model derived by this approach has 

sorne important limitations, I.e., it cannot be extrapolated to other extruder types or raw 

material, cannot be used for scale-up and is limited to processing conditions within the 

range investigated. Even so, RSM can play a major role in understanding the 

relationships which exist between product characteristics and the process variables 

(Barraquio et aL, 1988; van de Voort et aL, 1984; Owusu-Ansah, et aL, 1982, 1983, 

1984) and thereby reducing the trial and error aspects of extrusion. As a systematic 

approach to a complex problem, RSM is a usefuI tool in product development and 

process optimization when other alternatives are not available, and the reader is referred 

to Box & DI.:'per (1987) for more information in using this technique. 

• 
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The systematic study of food extrusion is just a begmning and if fundamcntal 

principles can be elucidated in the same way as in the plastics industry, major progrcss 

could be made. A link is required between the basic engineering aspects of extrusion 

processing and the physico-chemical changes occurring m food systems, requinng that 

process engineers and food scientists collaborate to better definc and solve the prc~cnt 

problems associated with the twin screw extrusion process. The economic benefits to be 

gained by processors are sufficient to warrant continued and increased support of basic 

and applied research to continue laying the foundation for improvements in product 

quality and process efficiencies. 

2.3.6 Conclusion 

Most of the important aspects of tWIl1 screw extrusion have been dcscnbed and 

summarized in this chapter to provide a basic understandmg for non experts. 

Intermeshing, co-rotating twin screw extruders have the features whlch best suit general 

food processing needs. There are many variables to consider when dealing wlth twin 

screwextruders, sorne of which can be controlled, measured, or automatically adjusted, 

while others are physical variables, but must be selected (i.e., screw profile); ail with the 

aim of optlmizing desired target vanables. The extruder can provlde a wcalth of data 

(shear stress, throughput, viscosity etc.,) which can be used to aId ln defimng the 

processes taking place. Modelling and optimlzation are the new frontlers whlch require 

development for a deeper understanding of extrusion cookmg to be realized. 

Since basic information on 50 many fundamental aspects of extrusion are still 

lacking and many aspects of extrusion processing still poorly understood, experience still 

counts heavily in any developmental work and will continue to be important. Models and 

experience can work together to help solve many of thesc problems and this Iterative 

process will converge over time to solve the indeterminate state food extrusion presently 

finds itself . 
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2.4 FLOW BEHA VIOUR, MIXING AND RESIDENCE TIME DISTRmUTION 

IN RELATION 1'0 TWIN SCREW EXTRUSION 

ABSTRACl' 

Despite the progress in the process applications of twin screw food extrusion 

technology, the engineering aspects are generally not Jully understood and theoretical 

de~lelopl1lellls are still lacking. 17zis chapter reviews the present status oftheflow patterns 1 

mixing characteristics, and concelllrates on the residence time distribution (RTD) in 

relation to process varwbles (i.e. 1 feed rate, screw speed) and extruder design. Each of 

these phenomena will be discussed separately and the mechanism behind each will be 

described in detOll. The emphasis will be on developing a thorough understanding and 

obtailling a quantitative description of the extrusion process from a functional point of 

view. Food scientists and engineers will find such infonnation an invaluable tao/ ln 

decision making in renns of the type of extruder to use, evaluating extruder capabilities, 

modelling and assessing extrusion processes under development. 

2.4.1 Introduction 

Extrusion has become a very sophisticated science, especially in the plastics 

industry and is finding ever-increasing applications in the food sector. Today, extrusion 

is an important process in the food industry and numerous products (Le., bacon bits, 

cheese curIs, breakfast cereals, pet foods etc.) are produced by extrusion processing. In 

contrast to plastics extrusion, the theoretical understanding and development of food 

extrusion is still in its infancy (Fichtali & van de Voort, 1989) and although similar on 

a superficial level, biopolymer extrusion is fundamentally more complex. Plastics are 

relatively stable, uniform (chemically/physically) raw materials which are predictable in 

their behaviour during extrusion. A typical food formulation for extrusion may contain 
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proteins, carbohydrates and lipid, plus many other minor constituents. Multi-component 

systems of this nature may react in a manner which is difficult to predict, undergoing 

many reactions which change the product's physical and chemical characteristics as the 

extrusion process proceeds (Bruin et aL, 1978; Luxenburg et al., 1985). Seyond the 

complexity of the food system itself, there are additional complications, including 

extruder design (Le., single/twin, co-/counter-rotating) and the effect of the wide varicty 

of process variables which can affect the process (Fichtali & van de Voort, 1989). 

Empirical modelling has been extensively used in food extrusion such as the use 

of Surface Response Methodology (RSM) to generally predict the cffeet of opcratmg 

conditions on product quality attributes (Owusu-Ansah et al., 1983; Barraquio ct al., 

1988; Meuser et al., 1987; Meuser & Wiedmann, 1989). As a systematlc approach to a 

complex problem, RSM is a useful tool in product development and process optimization 

and has been enhanced by the availability of new routines to solve complex multiresponse 

optimization problems (Fichtali et al., 199Oc). However, models derived by RSM have 

sorne important limitations (see section 2.3.5). As the system is not considered, any screw 

configuration or raw material can be assessed using RSM, however is has the drawback 

of providing one little about the basic phenomena occurring insi((e the extruder. Thus. 

there is a need to integrate a ratIonal knowledge within this empincal development of food 

extrusion. 

In order to be able to evaluate twin screw extruders (TSE's) from an engineering 

viewpoint, mathematical expres~ions are required to define and caIculate a variety of 

parameters such as flow rate, power requirements, pressure, temperature and velocity 

distributions. Ideally, these relations should include pertinent physical charactcristics 

(e.g., flow and thermal properties), design variables of the screws, the barrel and the die, 

and overall operating conditions. Considering the complexity of the screw and barrel on 

one hand and the variable nature of the food material on the other, it is obvious that 

deriving workable mathematical relationships for a food system is a very formidable task, 

but one which has to be tackled to advance the applications of TSE's to food systems. 



1. 
'" 

33 

Although food extrusion is complex, sorne of the basic models developed in the 

plastics sector can be used as a foundation on which to build more specific models related 

to food systems. With this concept in mind, this chapter reviews and analyses the models 

available for describing flow behaviour, mixing and residence time distribution in TSE's 

with more emphasis on co-rotating TSE's which dominate food extrusion. The basic 

differences between single screw extruders (SSE's) and TSE's, and between co-rotating 

and counter-rotating TSE's have been already discussed in chapter 2.3 and also by 

numerous authors (i.e., Janssen & Smith, 1980; Martelli, 1983; Rauwendaal, 1986; 

Fichtali & van de Voort, 1989). 

2.4.2 General Concepts Related to Flow 

Modelling tlow in SSE's is simpler than in TSE's because flow can be considered 

fully developed in a continuous channel (Bruin et al., 1978). This approach provides a 

basis for analytical and numerical solutions for flow equations, an approach prec1uded in 

twin screw extrusion because of the intermeshing nature of the screws. Flow in SSE has 

bcen investigated by Griffith (1962), McKelvey (1962), Schenkel (1966), Pinto & Tadmor 

(1970), Bigg & Middelman (1974) and Stevens (1985). Flow modelling is generally less 

advanced in TSE's with more complications arising in co-rotating than counter-rotating 

TSE's. In counter-rotating screws, screw geometry permits one to consider product being 

transported in c10sed C-shaped chambers, an approach which has advanced theoretical 

developments for this type of screws (Janssen, 1978). 

To characterize the tlow In a SSE or TSE, sorne basic assurnptions are required 

and the geometry of screw channel requires simplification. To date, most models have 

bcen developcd to describe product flow behaviour considering the following assumptions; 

(a) the tluid is Newtonian, isothermal and has a constant density, (b) flow is fully 

dcveloped and uniform, (c) gravitational and inertial effects can be neglected, (d) fluid 

tlow is laminar (i.e., Re < < 1), steady and, (e) zero leakage flow occurs. Deviations 
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from these assumptions for SSE can be accounted for in certain circumstances, which 

have been discussed by Stevens (1985). 

A basic knowledge of flow in SSE is required to understand flow in TSE. For a 

SSE, in most models, determinations of the velocity profile of the material being extrudcd 

are based on a parallel plate model formed by the barrel surface and the unwound channel 

of the screw. In this approach, the barrel becomes an infinite plate moving at a constant 

velocity, Yb' at an angle 1/1 (the helix angle) relative to the down channel direction z. 

Figure 4 illustrates the basic channel geometry, and the velocity profile in the down 

channel direction is given by (Pinto & Tadmor, 1970): 

(10) 

where y is the channel depth coordinate, H is the channel depth, and tP is the ratio of 

pressure to drag flow and is equal to: 

(11 ) 

in which IJ is the viscosity. The velocity profile in the cross channel direction x is: 

(12) 

The down channel and cross channel velocity components of the barrel, V. and VI' can 

be determined as follows: 

Vz = ".NDcoslÔ 

Vx = 1I"NDsin lÔ 

(13) 

(14) 

where N is the screw speed, D is the screw diameter, and ljJ is the helix angle. The 

velocity profile in the axial direction can be determined from eqns (10) and (12) to give: 
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Figure 4. Basic channel geometry. Yb is the barrel velocity; Yx and Yz are the down 
channel and cross channel barrel velocity components, respectively; 1/J is the helix 
angle; 6 is the flight clearance; and H is the channel depth. 
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Vi = 3Vb ~(1 -~) (1 + ~) sin~ cos~ (15) 

Here VI is parallel to the screw axis, while v. is parallel io the screw channel walls, which 

wrap helically around the axis of the SCiCW. Once v. is found, it can be used to estimate 

the volumetrie flow rate (Q): 

(16) 

where p is the number of channels in parallel and W IS the channel wldth. Solving eqn 

(16) gives: 

(17) 

Under these circurnstances, the flow rate in eqn (17) for aSSE is a summation 

of two terms, the tirst terrned drag flow (QJ which is proponlOnal to scrcw spccd (N), 

and the second, terrned pressure flow (Qp), proportional to the pressure gradient (aP/az) 

down the screw channel. Eqn (17) can therefore be rewritten as: 

Q = Qd + Qp (18) 

In the case of the TSE, the geometry is substantially more complicated and sorne 

additional simplifying assumptions are required to develop a flow model. To visualize the 

system (Figure 5a), one screw is considered stationary while the barrel and the. other 

screw rotates around it (Wyman, 1975). Due to the intermeshing nature of the two 

screws, the second screw must turn on its axis with the same rotational speed as the barrel 

so that it will not be forced to move axially. By unwinding the statlOnary screw and the 

barrel, one is left with two parallel flat plates and the flight walls of the rotating screw 

(Figure 5b). By neglecting the curvature of the mobile second screw lands, thcy can be 

regarded as flat plates which ex tend at regular intervals through the barrel wall and 
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(b) 

Figure 5. Cross-sectional view of a co-rotating twin screw extruder perpendicular to 
the screw axis with the barrel and the second screw rotating around the stationary 
screw and with the second screw rotating on its axis (a); and cross-sectional view of 
the unwound channel of a co-rotating twin screw extruder (b). 
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contact the stationary screw root and flight. A detailed description of thcse and other 

geometric considerations are given by Booy (1978). 

Several attempts have been made to develop workable models for dcscribing tlow 

behaviour in TSE's. However, there is sorne disagreements JO the publishcd htcraturc 

related to flow rneehanisrn assumptions and boundary conditions. The coordinate system 

can be placed on the stationary screw (Wyman, 1975) as in the case of SSE to maintain 

a steady state of boundary conditions. However, Burkhardt et al. (1978) reported that 

doing so, the periodic gliding velocity of the second screw, which rotates wilh the barrel 

as weil as the wedge area, would resuIt in changing the boundary conditions. To 

overcome the problem, the coordmate system were placed in the inner barrel surface and 

th en moved parallel to the screw axis. The model given by Wyman (1975) was for an 

ideal leak-proof TSE having a rectangular channel and considers axial pressure gradient, 

channel depth, but not the channel width. Wyman 's analysis illustrated that the drag flow 

terms were identical to those for aSSE, whlle the pressure tlow terms were a]so idcntical 

in magnitude but opposite in slgn. Although Burkhardt et al. (1978) and Herrmann & 

Burkhardt (1978), took a totally different approach than that of Wyman, the model had 

similar limitations, however, more realistic expressions were denved for co-rotating and 

counter-rotating screws. 

Werner & Eise (1979) considered the aetual channel geometry for a self wiping 

co-rotating TSE and obtained expressions for the velocity as a function of both the 

channel depth and width based on three-flighted (three-tip) screw e1ement geometry. 

They restricted their analysis to the case where the axial pressure gradient was zero (i.e., 

open discharge), concerning themselves with the effeet of degree of fill (ratio of the 

product volume to the free channel volume) on flow behaviour and the flow in kneading 

dises. 

A more sophisticated approach extending the work of Werner & Eise has bccn 

presented by Denson & Hwang (1980), where the motion equation was solved through 
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the use of finite element analysis. The actual channel geometry was considered using 

Booy's results (1978) and a three-tip screw element was used as a base to develop a flow 

modeI in fully filled channels. Only down channel flow was considered and an expression 

of the dimensionless flow rate as a function of the axial pressure gradient was obtained, 

which might be useful in scale-up and predicting extruder performance. Furthermore, 

shape factors (dimensionless functions of the channel geometry) were ca1culated to allow 

the application of the general form of SSE flow equation to self-wiping co-rotating 

TSE's. This work was further extended by Szydlowski & White (1987) to include the 

contribution of the intermeshing reg\on of the screws. The effeet of the intermeshing 

region on tlow rate/axial pressure distribution relationship depended on the ratio of the 

tlight width to the channel width (e/W). When this ratio is small (e < < W) the effeet of 

intermeshing region can be neglected, however, this effeet becomes important when e is 

comparable to W, beeause of increased pressure losses. The computed tlow rate values 

at open discharge were in good agreement with the data obtained by the Werner & Eise 

(1979) and Denson & Hwang (1980) models. 

Booy (1980) used a different approach to derive a flow model for a co-rotating 

screws with ful1y filled channels and the total tlow rate was given as a function of drag 

tlow (Q,J, pressure tlow (Qp) and nip flow (QJ, with the later occurring in the nip 

(intermeshing) zone, by: 

Q = Qd + Qa - Qp (19) 

where Q, Qp, and Q. are given respectively by: 

(20) 

(21) 
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(22) 

where Fd is the drag flow shape factor, F p is the pressure flow shape factor, A, is the 

cross section al area in the nip zone, and v. is the axial velocily in the nip zone. For 

partially filled channels, flow transition from one channel to another was not stnooth, 

and the pattern indicated that product produced a bulge ahead of the flight as it was 

pushed through the flight tips. The axial velocity in thiscase was found to be proportional 

to screw speed, but independent on the degree of fill. 

The flow modelling in TSE using biopolymers is very scarce in the litcrature. 

Yacu (1985) predicted pressure distribution based on Wyman (1975) mode1 for wheat 

starch extrusion and the resulls were satisfactory for certain operating conditions. Tayeb 

and co-workers (l988a), using corn starch as the feed matenal, presented a means of 

modelling flow through reverse screw elements having aXIal sI ols applying a cylmdrical 

coordinate system. The model was based on a rectangular channel consldering both down 

and cross channel velocities, and a variety of flow rates were computed assuming flow 

rate conservation at each node of the cut-flight reverse screw element. Thcir model for 

the metering zone (Tayeb et al., 1988b) considered only down channel velocity and has 

the classical form of SSE flow model with shape factors. 

AIl of the models discussed have largely been developed for an ideal matcrial, 

considering a simplified screw channel and neglecting the effect of mechanical clearances 

and leakage flow. Thus, their use for a quantitative analysis is limited especlally when the 

rheological and the physico-chemical changes of the food material are not known 

accurately. Even so, they are still useful for gaining an understanding of the particulate 

flow path in an extruder, its mixing capabilities, working condItions, design limitations, 

scale-up, and general performance of an extruder as a rcactoT. 
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2.4.3 General Concepts Related to Mixing 

In food extrusion as in plastics extrusion, mixing is one of the most important 

functions the extruder has to perform. It is especially important in situations where the 

uniform dispersion of minor components (Le., colours, pigments, additives) and 

homogeneity of the end product are required. Two kinds of mixing can occur in a TSE, 

dispersive and distributive mixing (Ess & Homsby, 1986). Dispersive mixing is defined 

as operations which are aimed at reducing the agglomerate size of a minor component 

during mixing to its minimal size, a process which is mainly a function of shear forces, 

but includes an exposure time effeet (Rauwendaal, 1986). Distributive mixing can be 

defined as operations employed to randomize the spatial distribution of the minor 

constituent within a bulk, without a change in particle size and can be characterised by 

how far two tluid particles, initially adjacent, are separated by the mixing process. 

Dispersive mixing and distributive mixing often cannot be separated, and the two occur 

in combination during extrusion processing. In dispersive mixing, there will always be 

distnbutive mixing, however, the reverse is not always true. In distributive mixing, there 

can be dispersive mixing only if there is a solid comp<>nent with a yield stress and if the 

acting stress exceeds thls comp<>nent yield stress (Rauwendaal, 1986). 

A complete characterization of a mixture requires a specification of the size, 

shape, orientation and spatial location of every element of the minor component. This 

is impossible in an extruder due to the complex flow patterns which can occur. Even so, 

models and methods have been developed to assess the extent, uniformity and/or quality 

of mixing that an extruder can perform. Approaches include (a) determination ofvelocity 

and stress distributions, (b) determination of weighted average total strain induced in the 

material, (c) direct analytical procedures (Le., microscopie/image analysis techniques) or 

(d) residence time distribution, each of which are discussed separately. 
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2.4.3.1 Velocity and Stress Distributions 

The relative linear velocities of tluid elements vary according to their position in 

the screw channel, being higher for layers near the tip of the tlights and lower near the 

root of the screws (Martelli, 1983). The various paths that the material takes and the 

turbulence within the intermeshing area create conditions for good mixing, however, thcse 

flow patterns across the screw channel are very complex. Velocity and stress distribution 

expressions can he generated from flow models discussed earlier. For conditions of no 

net flow (Q = 0), the Wyman (1975) model predicted velocity and stress distributions 

which are the inverse of what would be obtained for a SSE, I.e., that the grcatcst shear 

occurs near the screw root for a TSE, while it is close to the barrel wall for a SSE. Even 

though this model indicates a basic difference in mixing behaviour between a SSE's and 

TSE's, the model is limited by its basic assumptions, Le., restricted to shallow channels 

(W> 10H) to permit an analytical solution to the flow equation. Such an assumption is 

generally invalid for TSE's, and as a result, shape factors must be IOcludcd or the flow 

should be treate<! in a three-dimenslOnal manner. 

The models developed by Burkhardt et al. (1978), to predict velocity and stress 

distributions for fully intermeshing counter- and co-rotating extruders, lead to sorne very 

interesting equations and conclusions. For a counter-rotating TSE, the velocity and stress 

distributions are expressed respectively by: 

Vz 1 
{3[<*>2 - *] (sin2~ + 1) + l cos21/J + Sin2~} = 1P Vo cos H 

(23) 

Tyz = C~S1P[3(2* - 1) (sin2 ~ + 1) + cos2~] 
J1.E.r1... 

H 
(24) 
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and for a co-rotating one they are expressed as follows: 

VI'. _ H
2 

{}p [(y) 2 _ 'i.] + Ycos.J. + s i n~F 
Vo - 2~~DN oz H H H ~ cos 

(25) 

(26) 

where 1 yr. is the acting stress perpendicular to y-axis in z direction, and Vo is the 

circumferential velocity. These relationships predict a basic difference between the two 

extruder types in terms of intensity, uniformity and location of maximum and minimum 

shear. The shear stress is greater in counter-rotating screws at the barrel surface and screw 

root than co-rotating screws, with the later having maximum shear stress at the barrel 

while the former is at the screw root. More uniform stress distribution occurs with co

rotating screws, resulting in more homogeneous mixing while poor mixing quality can 

result in counter-rotating TSE's because of localized high shear regions. These localized 

high shear regions, however, might still be efficient for dispersive mixing situations 

(Chung, 1983), which justify their use in sorne polymer and food applications. 

Furthermore, the shear stress distribution is only dependent on the screw pitch (H) in a 

counter-rotating system, while in co-rotating systems, it is additionally dependent on 

throughput and screw speed. This means that with co-rotating screws, the shear stress 

distribution not only changes with geometry but also with the operating conditions, and 

this additional flexibility favours homogeneous mixing. 

The degree of fill cao affect shear velocity, shear deformation (strain) and 

conveying characteristics in a co-rotating TSE (Werner & Eise, 1979) and can be adjusted 

to optimize mixing. The degree of fill also affects the conveying characteristics of 

kneading elements, conveying being based on a positive displacement flow generated by 

the staggered pressure profiles. Pressure losses in the intermeshing region can be 
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maximized or minimized depending on screw gec ~~Idry (Szydlowski & White, 1987) 

and one can increase pressure losses by choosing a greater e/W ratio, which will result 

in improved dissipative mixing. Thus, e and W can be chosen to provide a dominant 

pumping action or a dominant mixing action (Martelli, 1983). In certain situations, left

handed screws (reverse screw elements) are used to improve distributive mixing through 

flow re-orientation and randomization and such screws can also act as an effective 

decompression element (Szydlowski & White, 1987), especially useful prior to the die to 

avoid chaotic fluctuations at the output. 

2.4.3.2 Strain Analysis 

The analysis of mixing using residence time distribution (RTD), cannot in itsclf, 

predict whether elements of a fluid with similar residence tlmes can be considered weil 

mixed. An essential requirement for effective dispersive mixing IS to generate sufficient 

shear stresses to reduce partic1e size and to ensure ail the tlUid elements traverse and 

spend sufficient time in the high shear zone. For solids which deform elastically and 

having a finite yield stress, it is necessary to exceed this stress to cause permanent 

deformation or fracture, before distributive mixing can occur. Therefore, it is cVldcnt thal 

the total shear strain is an appropriate measure of mixing, as it takes mto account both the 

relative movement and the imtial separation state of the partlcles (Stevens, 1985). In a 

SSE, strain has been used as a means for estimating local ITIlxmg wlth sorne success 

(Mckelvey, 1962; Pinto & Tadmor, 1970; Bigg & Middelman, 1974). The total shear 

strain is given by the product of shear rate and the. time for which it acts, and the average 

strain can be calculated by weighting the various levels of strain experienced by fluid 

particles according to the fraction of the flow they comprise, i.e., the RTD. The weighted 

average total stTain (W A TS) is given by (Pinto & Tadmor, 1970) as: 

WATS = Joo 1 E(t)dt 
to 

(27) 
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where E(t) is the residence time function, l is the shear strain, and fo is the minimum 

residence time. W A TS in itself, does not produce an experimentally measurable quantity 

to describe mixing and also does not consider the initial orientation of the minor 

components nor the changes in orientation (Rauwendaal, 1986). 

In TSE's the screw chambers are geometrica11y complex, with additional strain 

imposed on the material by the intermeshing region of the second screw land. In addition 

leakage flow is generally neglected, as weIl as the normal velocity components close to 

the flight tlanks. This constitutes a severe 1imitation on the validity and applicability of 

results obtained using strain for mixmg analysis. Maheshri & Wyman (1979, 1980) 

calculated the strain for a leak-proofTSE, finding the total absolute strain by calculating 

and summing the strains for ail successive complementary depths of the channel, with 

the strain per unit dimensionless residence time period Tc, 'Y" being given by: 

ft = ~ 
Tc 

(28) 

where le is the amount of strain experienced by the particle in one cycle over a 

dimensionless time period, Tr • 'Y, may be multiplied by the dimensionless residence time 

to give the total strain for an idealized extruder, since a11 the material in the leak-proof 

chamber is assumed to have the same residence time. Calculation of product streamlines 

at various helix angles for both co- and counter-rotating screws produced two circulating 

zones (Maheshri & Wyman, 1979,1980). The main zone contains two circulating modes, 

one cIockwise in the lower portion of the chamber, and a second, counter cIockwise in 

the upper area of the chamber, with the later becoming more important as the helix angle 

increases. The second circulating zone is close to the second screw land and results in a 

region where the material remains in a small closed toop, with the strain in this region 

being higher than that of the main zone. Homsby (1987) was able to physically 

demonstrate the existence of these two zones by carbon black visualization techniques. 

Janssen (1978) also reported that a counter-current flow existed withm the chambers and 

a weil defined zero velocity contour (unmixed zone) was elucidated based on both theory 
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and visualization experiments. In co-rotating TSE's, through proper screw design and 

appropriate processing conditions, it is possible to shift the zero shear strain point of the 

axial flow component to a point outside of the screw channel (Burkhardt et al., 1978~ Eisc 

et al, 1981), eliminating any dead mixing region. It is however difficult to do the samc 

thing in counter-rotating screws, and as a result, more uniform strain distribution is 

possible with co-rotating devices. This is in contrast with the analysls of Mahshcri & 

Wyman (1979, 1980) which indicated that the absolute strain distribution across the 

intermeshing TSE chambers is generally uniform regardless the mode of the screw 

rotation, and that only the increase in the helix angle was found to increase the strain. 

They did mention, however, that the calculated strain could only be considcred an 

approximation of mixing, as leakage flow had not been included, the geomctry of the 

second screw land simplified, and the interaction of the two basic flow patterns (cross and 

down channel flows) was not considered. For a counter-rotating TSE, the leak-proof 

assumption may be an acceptable first approximation, however, for co-rotating screws 

significant deviations could be expected using such a simplified analysis. 

Kim et al. (1973) predicted the three velocity components of material flow using 

Stokes equations, assuming the product being far from the intermcshing second scrcw 

lands. He calculated the strain by averaging the shear rate components over the channel 

depth from which the striation thickness in the extruder can be estlmated to analyze the 

extent of mixing in the chambers. The striation thickness is define.d as the total volume 

divided by half the total interfacial surface area (Rauwendaal, 1986). The increase in 

interfacial area is directly proportional to the total shear strain and can be achieved by 

inclusion of mixing sections within the screw. 

2.4.3.3 Use of Analytical Procedures 

The use of velocity and stress distributions, and strain analysis, although 

theoretically capable of yielding quantitative data related to mixing bchaviour, are 
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generally diffieult to verify experimentally. Visualisation experiments are a useful 

alternative when theoretical concepts are diffieult to implement. 

Various methods have been eonsidered for assessing dispersive and distributive 

mixing using combined microscopie/image analysis techniques (Ess et al., 1984; Ess & 

Hornsby, 1986, 1987). Sorne of these methods have been applied to the analysis of 

mixing hehaviour for compounding mineral filled thermoplasties using co-rotating TSE's 

(Ess & Hornsby, 1986, 1987). Werner & Eise (1979) used a microscope photometer, 

where an output voltage is measured as a function of time (or distance), to study the 

dispersion capacity of kneading dises through the use of mixtures of carbon black and 

polyethylene. The degree of voltage fluctuation is indicative of mixing and can be used 

to calculate the dispersIon quality. Striation thickness can be measured and used to obtain 

a quantitative measure of mixing quality, using an optical microdensitometer (Ess & 

Hornsby, 1986). The method, howevercan become limiting if the striation width becomes 

too small to measure as mixing progress. Hornsby (1987) visuaIized the f10w behaviour 

in co-rotating system using a carbon black tracer and th en examined the material across 

the C-shaped chambers by microscopy after a shut-down of the extruder. His micrographs 

physically demonstrated the presence of the two principal circulatmg f10w zones predicted 

to be present theoretically (Maheshri & Wyman; 1979, 1980). Microwave attenuation 

sensors have a1so becn used to study mixing in a co-rotating extruder by monitoring 

changes in the moisture content of food material in the barrel (Chouikhi et al., 1989). The 

response of sueh a sensor may be affeeted by physico-chemical changes occurring during 

the process and it cannot he used to measure solid-solid mixing, unless one of the 

components is microwave sensitive (Kudra et al, 1989). 

Segmented mixing elements have been shown to enhance distributive mixing 

through re-orientation and randomisation of fluid elements, however, their effeet on 

dispersive mixing was shown to be very Iimited (Ess & Hornsby, 1986, 1987). Operating 

conditions (tcmperature, screw speed, throughput) were also found by the same authors 

to have an effect on distributive mixing, but no significative effect on dispersive mixing. 
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However, Werner & Eise (1979) found that the dispersion quality is proportional to the 

average shear stress, decreasing with increasing throughput rate and also dropping at 

higher meIt temperatures. The effect of ternperature can readily be understood, since 

decreasing the temperature will increase viscosity and thus increase the frictional forces. 

Ess & Homsby (1986, 1987) have indicated that ther~ are no temperature effects, 

however, it is likely that this result was due to limitations associated with the method 

used. Dispersion quality is also influenced by the minimum residence lime during which 

the agg]omerates are exposed to shear, thus, the longer the residence time, the better the 

dispersion quality. Using a colour tracer, Burkhardt et al. (1978) showed that with 

increasing screw speed, homogeneity decreases in the case of counter-rotating screws and 

increases in the case of co-rotating screws. 

A fourth way of evaluating the conveying and mixing performance characteristics 

ofTSE's, is through the determination of the residence time dIstribution (RTD). As RTD 

is the most commonly uscd technique for evaluating mixing behaviour 10 the extruder and 

because of its importance, it is treated more extensively in the next sectIOn. 

2.4.4 Residence Time Distribution 

One of the most important properties in the performance of an extruder is the 

RTD of the material in the barrel. The RTD in an extruder IS a useful too] for 

determining the optimal processing conditions for mixing, cooking and shearing which 

are factors relatcd lo the rate of the chemical reactions taking place during the process. 

From the RTD functions one can estimate the degree of mixing, the life expectancy of 

particles, the average total strain exerted on the mass during its transition and provide 

a clear picture of how an extruder behaves as a chemical reactor. 

To understand how the mass moves through the extruder one has to be able to 

follow aIl of the mass as it passes through the barrel and this IS usually done by obtaining 

a velocity distribution profile of the material in the extruder. Pinto & Tadmore () 970) 
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have deve]oped a RTD model for fully fiUed SSE's with Newtonian systems, which has 

been extended to power law fluids by Bigg & Middelman (1974) and verified 

experimentally (Bigg & Middleman, 1974; Wolf & White, 1976). Because of the 

sub~tantially more complex geometry of the TSE, an adequate mathematical model of the 

RTD for the TSE has not been developed to date. Although no RTD model is available 

at present, RTD information cao still he obtained experimenta1ly and methods are 

available by which inferences cao he made about the processes taking place in the 

extruder. 

2.4.4.1 RTD Basics 

A marker or tracer element instantaneously injected into the feed port of an 

extruder will exit over a finite and defined period of time because of dispersion, mixing 

and varying velocities within different parts of the screw channel. The resulting 

distribution, commonly known as the residence time distribution (RTD), can be described 

quantitatively using the E- and/or F-function (Figure 6). Danckwerts (1953) defined the 

residence time distribution E(t) mathematically such that E(t)dt is the fraction of the 

mass at the exit which has spent a time between t and (t + dt) in the system. 

E(t) = oc C(t) 

f C(t) dt 
o 

(29) 

where C (t) is the tracer concentration at the ouUet at time, 1. By integrating the E(t) 

function, the cumulative residence time distribution function F(t) cao be obtained. 

F(t) = ft E(t) dt 
to 

(30) 

The minimum residence time (io) is an important variable which is defined as the 

time elapsed between instantaneous addition of the tracer to its initial exit at the die. The 
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Input Tracer 

time 

Figure 6. Tracer input into extruder and the resulting E(t) and F(t) functlOlls whlch 
describe the residence time distributions. 
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mcaïl residence time t can be obtained from the following relation: 

(31 ) 

Alternatively, the mean residence time can he obtaine' by measuring extruder parameters 

sueh as filled volume of screw (V,) and volumetrie flow rate (Q): 

t == ~ 
Q 

The variance of the residence time can be ca1culated as: 

(72 = [ f'c t 2 E (t) dt] - 'p 
o 

(32) 

(33) 

It is often useful for comparative purposes to define a dimensionltss time variable which 

measures time dlrectly in units of mean residence time. Le., 

o = t 
t 

(34) 

An alternate means of presenting the cumulative distribution is JO the form of (I

F) which represents the distribution mside the extruder barrel commonly known as the 

internaI age distribution: 

e 00 

1 - F(O) = 1 - J ECO) d{} = l E({}) dO 
o e 

(35) 

Any amount of tracer left in the system after the sampling period contributes to 

truncation error when attempting to normalize the experimental RTD curve. Todd 

(l975b) suggested a method for estimating this truncation error using a semi-Iogarithmic 

plot of concentration against residence lime. The straight line portion of this plot, the tail 

portion, can be expressed as: 
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C = Ae-at (36) 

where A is a constant, and a is the slopc of the straight line portion. If the last measured 

concentration, Ce' was made at tlme, tt' the truncation error (R') can bc calculated from 

since 

then 

R' = IX Ae-at dt = ~ e-ate 
te a 

Ce = Ae -ate 

R' = Ce 
a 

(37) 

(38) 

(39) 

thus the truncation error can be estimated by divldmg the value uf the la.,t pomt on thc 

curve by the sI ope of the linear section of the tall. 

2.4.4.2 Calclliation of E ... prrimel1tal RTD FlIl1ctions and Tracer Trchniqll{';; 

The experimental RTD can be determmed by taking <;amples at the extruder dlc. 

usually every 5 seconds and proœs~lOg the resultant concentratIon data u<;lng the 

following equations (Wolf & White, 1976): 

E(t) = C(t) 
r: cet) .6t 

(40) 

0 

t 
E C(t) .6t 

F(t) = 0 

r; C(t} .6t 
(41 ) 

0 

t 
E t.C(t) .6t 

t = 0 

E C(t) .6t 
(42) 

0 
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The experimental method generally used to define the RTD may be classed as a 

stimulus-resJX>nsc technique. The stimulus is usually a concentrated tracer introduced 

"instantancously" to the extruder with the resJX>nse being the quantity of tracer leaving 

the system over time. Analyzing the concentration in terms of E(t) and F(t) provides 

useful informatIOn about the resldence time distribution in the system. Harper (1981) 

provided a typical sample caJculation for a laboratory Brabender extruder using flour 

dough. 

Numerous techniques for obtaining RTD functions have becn cited in the 

literature, of which the two more common methods are radioactive tracers and dyes. A 

radIoactive techl1lque usmg MnO: was developed by Wolf & WhIte (1976) to study the 

RTD in a SSE, and has smce bcen used by others for both SSE's (Davld~on et al, 1983) 

and TSE's (Janssen et al., 1979; Wolf et al., 1986). ThIS technIque can be used in two 

ways, usmg labelled matenal dlrectly or by actlvatmg the tracer ln the extrudate after 

the process. Both methods have the advantage of bemg capable of measunng low 

concentratIOns and hence provide a better estimate of the tralling portion of the 

distnbutlOn. The later method avoids the use of radioactIve matenals m the extruder 

whlle the former allows measurements at various locatIOns along the barrel, so that the 

effect of selected screw sectIons can be Investigated (Olkku et al., 1980b; Wolf et al., 

198(,). Drawbacks to these methods are the requirement for elther a SCIntillatIOn counter 

and/or a nuclear source (I.e., SLOWPOKE reactor) to actlvate the sample. Zuilichem 

et al. (1973) used CuM to study the effeet of process variables on the RTD in a single 

screw extruder. This method has recently been improved with the introduction of a 

coincidence detection system which significantly increases the accuracy of the 

measurements through improved resolution and the advantage of an absence of 

background radIatIOn mterference (ZuJlichem et al., 1988a). The method has since been 

apphed to SSE (ZUlhchem et al., 1988b) and to a conical counter-rotatmg TSE (Zuihchem 

et aL, 1988c; Jager et al., 1988, 1989). K4~ has also bcen used by Mangé et al. (1987) 

111 co-rotating extruders having dlf~ _rent throughput capacities. 
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Dyes have also been used widely to study the effect of process variables on the 

RTD and as means to fit extrusion results with thcoretically pro~xlsed l110dcls (Blral, 

1979; Mosso et al, 1982; Lim et al., 1985; Colonna et al, 1983; Kao & Allison, 1984; 

Guzman-Tello & Cheftel, 1987; Ferry-Wilczek et al., 1988). The use of dyc~ has the 

advantage of visually a110wing one to mOnitor the output as the extrusIon run IS in 

progress and provides one with simplicity in terms of analysls. Olher approaches, su ch 

as the use a soluble salts (KNO] or NaNO]) or a metal oxide (ZnOJ have also bccn used, 

which in turn were subsequently analyzed by conducttvity (Todd, 1975a,b) or atomic 

absorption (Bounie & Cheftel, 1986), respectlvely. 

2.4.4.3 Process Variables in Relation to RTD 

Process variables may have an effect on the extruder RTD in tcrms of the 

minimum residence hme, mean resldence tlme and/or the shape of the dlstnbutlon. 

Increasing the feed rate WIll slgnitieantly decrease the mean RTD, narrow the dl\tnbutlon 

curve, but have a relatlvely mmor effect on the mInimum RTD In a co-rotatlng ~y~tcm 

(Biral, 1979; Mossoet al, 1982; Altomare & GhOSSI, 1986; Kao & Ailtson. 1984; Agur, 

1986; Boissonat et al., 1986; ZUl\tchem et al., 1988c; Jager et al., 1988, 1989) Scrcw 

speed has a signIticant effeet on both the mInImum RTD and the mcan RTD (Mm~o et 

al, 1982; Altomare & GhOSSl, 1986; Kao & Alhson, 1984; ZUlltchcm et al., 1988c; 

Jager et al., 1988, 1989), but does \tttie to alter the shape of the RTD, even though sercw 

speed influences both temperature and viscoslty (Altomare & GhOSSl, 1986; Bounie & 

Cheftet, 1986). Combining a11 of these factors, it becomes ObVIOUS that for a glvcn screw 

configuration, it is impossible to achieve a long residence time In the extruder (implymg 

a low screw speed) with a very narrow distribution (implying a high fccd rate), becausc 

these conditions are not compatIble with extruder throughput. The be~t posItIve convcylng 

charactenstics for either co- or counter-rotatmg TSE's are obtamed at hlgh throughput 

rates and low screw speeds (Rauwendaal, 1981). 
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A fluid mechanical model of flow in partially filled rectangular channcIs has becn 

uscd to explain the depcndence of the m~n rcsidencc tlme on fccd rate and scrcw spccd 

(Kao & Allison, 1984). Thclr relation to mean residence time is glven by: 

Vf Vf 
t = Q = 2 1rDN'-::-C-O-S!"'-~-::-:W7:H:---=F:-d (43) 

Screw configuration also affects the mean residence time (Altomare & Ghossi, 

1986; Kao & Alli son , 1984; Boissonat et al., 1987; Zuilichem et al., 1988c; Jager et 

al., 1988, 1989) with an uninterrupted screw configurahon being a more efficient means 

of convcymg th an one whlch Includcs mixing or reverse serew elelllcnts. The inclusion 

of thesc clements bnngs about a substantial broade111ng of the RTD through its 

Illterruption of smooth flow and IlllXlng action. Based on the work by Olkku et al. 

(1980b), usmg radIOactive tracers to dynamlcally measure RTD along the extruder barrel 

and at the die exit, the final portion of the extruder serew profile for a co-rotating system 

appears to have the greatest overall effect on the RTD. However,Wolf et al. (1986) 

didn't observe any differences in RTD for dlfferent sectIOns for a counter-rotatmg TSE. 

Axial mixing was found to occur also III the feed zone and the compression zone for a 

counter-rotatmg TSE (Zuihchem et al., 1988e; Jager et al., 1988,1989). Axial mixing, 

on the other hand, has been shown to be affected more by serew design (helix angle, 

serew configuration) than by overall operating conditions (Todd & Irving, 1969; Todd, 

1975a,b). 

Temperature has an effeet on viseosity, and would intUltlvely be expeeted to 

affect the minimum residenee time, however, Kao & Allison (1984) & Altomare and 

Ghossi (1986) have shown that temperature in general has little or no effeet on the RTD. 

Lower levcls of mOlsture do not appear to have a sigmficant effeet on the RTD 

(Altomare & Ghossi, 1986), however, higher levels or large variations appear to have an 

effect according tn Bounie & Chef tel (1986). Die size and shape appear to have littJe 

effect on RTD for a eo-rotatlllg system (AItomare & Ghossi, 1986; Boissonat et al., 1987) 

and slllce pressure is related to the die size, il may be inferred that the effeet of pressure 
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on RTD is not significant. In counter-rotating system, the effeet of die opening was not 

a1ways observed and depended on moi sture content and screw configuratIon (Jagcr et al., 

1989). Generally, similar effects were observed with a single screw extruder (ZUllichcl11 

et al., 1973; Davidson et al., 1983; Zuilichem et al., 1988b), howevcr, a signlficant dic 

effeet has been observed by Zuilichem et al. (l988b). In general, scrcw spced has a 

greater effect on the mimmum residence time, while feed rate tends to affect the 

dispersion of the residence time curve (axial mixing). This has also been predicted based 

on a theoretical model for co-rotating system (Tayeb et al., 1988a,b). Table l, 

summanzes the general trends associated with the effeet of process variables on Illlllimum 

RT, mean RT and degree of dispersion (Flchtalt & van de Voort, 1989). 

Tablel. General trends associated with the effect of proccss parameters on 
minimum residence tlme (~), mean residence time ( 1 ), and degrce of 
dispersion. 

Variables DispersIOn 

Feed rate m M(-) M(-) 
Serew speed M(-) M(-) m 
Temperature m m m 
Moisture m m m 
Serew severi ty" M(+) M(+) M(+) 

m = mmor cITee!. M = major elTe~t. +:. PosItive eITeet. - = Inverse e fTect 
• The sevcnly of acreW8 cln bc m.:reased by mcludmg nuxmg clements su.:h as paddles, kn.:admg dls.:S, or cut-nlghl !oÇrcwI 

2.4.4.4 Models for RTD 

The theoretical analysis of RTD's are normally based on the ideal assumption of 

either plug flow or perfeet mixing condItions expressed by, for plug flow: 
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F(t) = 0; t<t 
(44) 

F(t) = li t~t 

and for perfect mixing: 

F (t) = 1 - e -t/t (45) 

The required condition for plug flow is for the residence time in the reactor to 

be idcntical for ail the elements of f1uid, leading to a constant velocity profile. In a 

mixed flow model the fluid inside the reactor is 50 weil mixed and uniform throughout, 

that the exit stream from the vessel has the same composition as the mass wlthin the 

reactor. However, the condItions in an extruder are neither that of plug f10w nor perfeet 

mixing. Many models have been suggested to characterize the non Ideal flow patterns 

within reactors, wlth two useful ones havmg been descnbed by Levenspiel (1972); the 

"dispersion model" and the "tanks in series model", both of whlch may be applicable to 

the extruder, and are discu:;sed below along with other models. 

Dispersion model and tanks in series model 

In the dispersion model, one considers plug flow upon which is superimposed 

axial mixing dlffusitivity without the presence of dead space, bypassing or short

circuiting. By consldering the plug flow model plus Fick's law of diffusion, the 

concentration distribution function for a tracer impulse cao be derived (Levenspiel, 1972): 

c (0) = 1 exp [_ (1 - 0) 2] 
2~ 7r (De /uL) 4 (De /uL) 

(46) 

where D. is the axial dispersion coefficient, u is the average axial velocity, and L is the 

vessel (i.e. extruder) length. D.luL is called the reactor dispersion number, varying from 
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zero for plug flow, to infinity for back mix flow and is the inverse of the axial Pcc\ct 

number (Pe) for mass transfer. Since the integration of C(9) between zero and intinity 

is unit y, C(9) also represents the residence time distribution E(9), and F(9) can thercforc 

be obtained by the integration of the E(e) function. By associating the D/uL value with 

the corresponding theoretical curve which most closely matches the expenmental Eor F

curve, the behaviour of the extruder as a reactor can then be predicted (Todd & Irving, 

1969; Levenspiel, 1972). This model is satisfactory when the flow docs not deviate too 

greatly from plug flow behaviour, a condition which counter-rotatmg system approaches 

more than the co-rotating one. 

The tanks in senes model IS an alternatIve approach to the dIsperSIOn model for 

dealing wÎth small deviations from plug flow (Lcvcnspiel, 1972). In tllls model one 

considers the system to be represented by a series of n Contllluously Stirred Tank 

Reactors (CSTR). The E function in this case is: 

n ll on - 1 -nO 
E(O) = (n -1)! e (47) 

A perfectly mixed vessel is represented when n IS equal to unit y and If n 

approaches infinity plug flow condItIons are bemg met. ThIs model is gcncrally known 

as CASCAD model and was not found to be satisfactory in descnblllg the RTD ln a co

rotating system (Bounie, 1988). 

An alternative approach in developing the dIspersion model IS proposcd by Todd 

& Irving (1969) to fit the experimental data of the RTD using a co-rotating TSE. Here 

the concentration distribution function, C(9), was given by: 

C (0) - ~ [_ Pe (1 - 0) 2 ] _ Pe ePe [erfC j Pe 1 - 0] (48) 
- ~ 7rlJ exp 4 0 2 4 {O 
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where Pe is the Peclet number which can be related to the variance of the residence time, 

in the case of c10sed vessel, by (Levenspiel, 1972): 

[~]2 = 2 _P~e __ -_p_~_2_+ __ e __ -_P_e (49) 

The model given by eqn (48) was used to study axial mixing in a TSE having 

various arrangements of staggered paddles and/or screws (Todd & Irving, 1969; Todd, 

1975a,b). The extent of aXIal mixIng was assessed in terms of the Pec1et number, which 

IS a measure of the spread of distnbutlOn curves. The cumulatIve RTD plotted as a log

probablltty graph produces a stralght line, its slope giving a first estimation of Pe (Todd 

& In'mg, 1969; Todd, 1975a.b). A deviatlOn from linearity may suggest that other 

phcnomena. th an Just sllnple aXIal mlxIng such as stagnant zones or backflow, are 

occurnng. Such RTO studles mdlcate that high Pe (narrow RTD's) can be achieved with 

very 10w hcltx angle screws or wlth relatively stralght paddles. the later having the 

advantage of mcreasmg new surface generatlOn. 

The disperSIon model was also used to slmulate aXIal mixmg in a conical counter

rotatll1g TSE (ZUllichem et al., 1988c: Jager et al., 1988, 1989). Each C-shaped chamber 

of the extruder screw was comldered to be a CSTR and the leakage flow between the 

chambers \Vas accounted for. A plug flow tIIne was introduced Into the RTD model to 

account for aXIal mlXlng effect due to kneadmg elements. 

'\/ücd l11odl'ls 

In many situations when dealing with real flow systems, the dispersion model or 

the CSTR model cannot satisfactonly charactenze the flow in a reactor because of large 

dC\'lations from plug tlow. The concept of using mlxcd models is a means of overcoming 

these limItatIons by dlvldmg the reactor mto dIstInct reglons. Commonly designated 

rcgiom uscd m the con~truction of mlxed models include, plug flow reglons, backmix 
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flow regions, dispersed plug flow regions and deadwater reglons (Levcnspiel, 1972). 

Various mixed models have been assessed as means of fitting extrusion RTD data 

(Bounie, 1988). The model used by Davidson et al. (1983) consi~ts of n stagc~ of actIVc 

and dead space regions with a low cross flow of material bctwccn them (Figure 7a). This 

model was derived by Levich et al. (1967) and demonstrates that the RTD can be 

approximated by combining a Gausssian and exponential decay curve for large values of 

n. The general form of this RTD model is (Davidson et al, 1983): 

For t< t. 

E(t) 1 [ < t - ta) 2] f d [ [t' I 
- tJ 1 (l-fd) exp - 2 + 4~ 1 - erf ---:::--- ---

~27r0"~ 20"g ..j? t. , 
(50) 

and for t> t. 

E (t) (l-fd) 1 exp[<t - t a )2] + f.'J (>)<p[~-J 
~ 2 2 toi toi 

2 2 O"g 
11"0" g 

(51 ) 

where t. is the mean residence time in the active region, td is the mean residence tlme ln 

the dead space region, fd is the fraction of the material delayed 10 the dead space, and 0a
z 

is the variance of the Gaussian dIstribution. 

Such distributions can be interpreted as an indication of two distinct mechanisms 

being associated with the passage of the material through the extruder. The first set of 

terms, which the two equations have in common, are responslble for the Gaussian aspect 

of the distribution rharacteristically observed for the majority of the matenal undcrgoing 

extrusion. The remaining terms describe the exponentially decaymg portIon of dlstnbution 

with the term in eqn (51) bemg the most important, whlle it may be ncglcctcd 10 cqn 

(50). Regardless of the fact that the second term represcnts only a small fractIon of the 
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'" ...... --------------------.......... r-------------V 
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Figure 7. Sorne of the flow models used to describe residence time distributions in an 
extruder which are: Levich et al. (1967) model (a); GAMMA model with recirclilation 
(b); and CASPAR model (c). PFR=PIlig Flow Reactor, CSTR=Continuously Stirred 
Tank Rcactor. 
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material comprising the overal1 distribution, it is crucial because the decay component 

of the distribution may be slow, and thereby contribute extensively to the tail portion of 

the distribution. 

Wolf & Resnick (1963) considered the perfect mixing model and included \Vitlun 

it, additional parameters to account for non ideal phenomena: i.e., plug tlow, dead 

space, bypassing and short circuiting, error in average rcsidence time and lags in 

response. The general equation developed by them IS expressed as follows: 

(52) 

F(O) = Oi o<O<t:/E 

where b is the coefficient of the exponent and € is the system phase shlft. The term b 

can be considered as a measure of the efficlcncy of ITIlXlIlg, being equal to 1 for perfeet 

mixing and tends toward III finit y for plug tlow. Thus devlations of b from ullIty are an 

indication of extent of imperfect mlxing. For a comblllation of plug flow and perfeet 

mixing, eqn (52) becomes (Wolf & Rt!snick, 1963): 

(53) 

F(O) = Oi o<O<p 

where P is the fraction of material in plug flow and is equal to the normali7cd delay lIme 

(in p)ug flow). Thus, the value of P can be viewed as an indication of the convcymg 

performance, wh Ile the (l-P) value can be related to the I11lxlIlg performance of the 

extruder (Agur, 1986). This model was succcssfully uscd by Wolf & WhIte (1976) to 

describe the RTD in a single screw extruder. Il was also shown by Walk (1982) lhal wa~ 

the most adequate model from these tested to fit the dala for a coullter-rotating, nOIl-
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intermeshing twin screw extruder and has since been used to study the RTD of co

rotating twin screw extruders (AItomare & Ghossi, 1986; Balke, 1985; Agur, 1986). The 

Wolf & Resnick model for multistage systems could be useful when the model given by 

eqn (52) is not satisfactory. With the assumption that the values of band f are equal for 

cach stage, The multistage wolf & Resnick (1963) model for n identical stages in series, 

is given by: 

This model has been used by Davidson et al. (1983) to interpret single screw extrusion 

data and has been shown to be very adequate in describing RTD in a co-rotating system 

(Fichtali et al., "unpublished data"). 

A model considering plug flow in series with 2 perfectly mixed tanks was used 

by Zuilichem et al (1973) in their interpretation of experimental results for a single screw 

extruder. This model was valid only for lower moi sture contents « 16.5%) and he 

suggested that for higher values a model using more tanks would be needed to fit the 

experimental residence time curve. This model is commonly known as the GAMMA 

model (I.e., plug flow plus n CSTR in series), where the number of CSTR can be 

calculated to best fit a given distribution curve. Other phenomena such as recirculation 

(Figure 7b) or dead volume can be included to improve the fit. The GAMMA model has 

been shown to he very adequate for a co-rotating extruder (Biral, 1979; Bounie, 1988), 

and as a consequence flow in a co-rotating extruder can be considered as a combination 

of plug flow related to conveyance performance and perfeet mixing related to the mixing 

performance. To quantify the positive displacement and the axial mixing using the 

GAMMA mode!, Boume (1988) used the following formulae: 
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* 
Q = to (55) 

-* t 

-* * t - to 1 - Q = (56) -* t 

(57) 

where a is the positive displacement index, l-a represents the relatIve mcan tlme of 

mixing, and im represents the intensity of axIal mixing, assessed as the square root of the 

variance of the fitted RTO curve (a""). 

Another mixed model, represented by two parallel CASCAO's of perfectly mlxed 

tanks, termed the CASPAR model (Figure 7c), has been shown to be useful m describing 

the RTO in a co-rotating system (Boissonnat et al., 1987). This mode) pcrmits the 

division of the flow into two separate circulating modes with one flow fractIon rcm.1ming 

in the C-shaped chamber and having a shorter resldence time than the second flow passing 

from one screw channel to the other in a figure 8-shaped path. 

Oeveloping equations for mixed flow models can be achieved through the use of 

the transfer function concept in the Laplace form or in Fourrier form (Wolf & Resnick, 

1963; Biral, 1979; Bounie, 1988). The transfer function permits the calculation of the 

intrinsic flow function of a system and has the advantage of obtaming the model seriaI 

moments, which can express the characteristic shape of any RTO curve. As a 

consequence, more complex mixed models C?.Jl be studied. 
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Deseribing RTD by fitting the experimental data to any of the models discussed 

above is still the only available way when dealing with TSE's. Predictions of RTD from 

thcoretical flow modcls for 1 SE's are very rare in literature and are only as accurate as 

the veloclty profiles that form the basis of the calculation. Werner & Else (1979) used a 

thcorctical model based on a cascade of ideal mixers (chambers) to quantify aXIal mixmg 

in a kneading dise section of an extruder. Using a series of equations and solvmg them 

numerically, gives a residence time spectrum which depends on the axial mixing 

coefficient (ratio of backflow In kneading dise combination to volumetnc throughput rate) 

based on the total numbcr of Ideal mixers. Increasing the number of Ideal mixers narrows 

the re~ldcnce tl1lle spcctrum, whde mcreasmg the aXIal mlxmg coefficIent, broadens the 

spcctrum and mcrea~es Its tail portIon. The axIal mlxIng coefficlcnt decreascs with an 

mcreased conveymg factor (ratio of average conveymg veloclty m axial dIrection to 

average conveymg veloclty In clfcumferentia1 dIrectIOn), whlch corresponds wlth 

increasing the degree of fill. ThIs coefficient can be determmed experimentally by 

match mg the expenmental results to the theorctical curves of RTO. The flow model 

through reverse screw clements de\eloped by Tayeb et al. (l988a), allows the 

computatIon of the RTD by summmg the particles amvlng at the die over a specified 

time for a range of flow paths. To determme the RTD ln the whole extruder, plug flow 

W?S assumed ln the convcymg and in pumping zones (Tayeb et al., 1988b). 

2.4.5 Conclusion 

Flow, mlXlng and RTD an are basic phenomena very important in extruder and 

process evaluation. Developmg models for flow behaviour is very fundamental from the 

perspectives of complltmg extruder throughput, deriving expressions for velocity and 

shear dlstributlOns, obtaimng flow pattern maps, analyzmg mixing and modelling RTD's. 

Devcloping models to predlC't the extent and umformity of mixmg IS also useful m 

dctcrmming screw deSIgn and overall screw configuratIOn. In co-rotatmg TSE's one can 

more rcadlly tallor the dIspersive and the distributive mixing effccts by the virtue of a 

wldc chOlce of screw deSIgns and opcratmg conditIons. Counter-rotating extrllders 
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generally have narrower RTO's and better dispersive mixtng capablhtlcs, but Icss product 

homogeneity. The RTD provides a general picture of the mixtng and subsequcnt thermal 

history of a product. Usmg the RTD as a basts, any changes 111 extrUSion p.lr.unctl·r~ (l.l' 

screw profile, temperature, scrcw spccd, fecd rate, etc.) can be evaluatcd 111 h.'rms of 

optimizing the process. The veloclty profile and the RTD arc also U~Cflll mcan~ for 

comparing extruder types, design, scale-up in relation to a glvcn proccss, and 

troubleshooting (i.e. surgmg, plugging, non uniformlly problcms). In relation to the~c 

factors, screw design is a key parameter, whlch tnc\udc helix angle, clearances., channel 

depth, plus the additional cOl1lphcations introd'!ced by the use of 1l1lXII1g c1elllcnt<;, ail 

ofwhich have to be balanced agamst throughput, mixmg, powt:r, new surface gcner.ltlon, 

obtaining umforl1l residence tllnes and mamtam1l1g tCl11pcrature control Uscr,> of 

extruders for food apphcations gcnerally have a very poor undcr~t,mdlng of thc\c a,>pcct,> 

and the rationale for the ch01ce of any partlcular ~rew configuration. 

It IS qUlte cl car that the thcoretlcal understandlng of food cxtru~lOn lag~ far behtnd 

the knowledge accrucd for plastiCS applIcatlons, although SOI11C tntere~tlng lllodelling 

work has been pubhshed in relatIOn to food extrusion (I.e., Ya~u, 1985; Taycb ct al., 

1988a,b; Boume, 1988). Tllcre IS an ongolllg need for a more "ly~tcl11atlc and '>l'lcntllÏl' 

investigatIOn of twin screw extrusion III the food sector. ThiS chapter ha~ attclllptcd to 

summarize much of the basIc II1formatlOn related to flow behavlOur, mlXlng and re"lldencc 

tIme distribution, whlch mlght be useful to the process cnglllccr and food '>Clcntl st 

carrying out research and developl1lent, or apphcatlom wor~ ln food extrusion. The 

models described and G!scussed, although largely related to pla)tlc~ extru~lon, provldc a 

set of useful tools for evaluating food extruSIOn processcs and may a~m.t 111 thclr 

optimization. Judlcious selectIOn and applicatIOn of sorne of these ha<;,lc concepts would 

assist in reducing the more ernplrical aspects of food extrusion, lcadll1g to a bettcr 

understanding of the cause and effect relations in any process undcrtakcn. 
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2.S CONCLUSION 

The literature providcs a substantive information base from which ta draw on in 

terms of casein/caseinate chemlstry and production, basic information about twin screw 

extrusion in general, plus specifie detail related to the flow behaviour, mixing and 

residcnce time dIstribution of the twin screw extrusion process. The research rcsults 

dcscribed in the thesls draw heavily on the knowledge and concepts descnbed in this 

Itterature reVlew . 
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3 RESlJLTS AND DISCl;SSION 

3.1 ACID COAGULATION OF SKIi\1 i\IILK POWI>ER HY EXTIU'~I()~ 

I)ROCESSING: A PRELlt\1INARY EXPERIME:\T 

A HSTR:I CT 

UI/l1'.~ /hl' ('.tf/udf,. cil li (/ltl/IIl' 011,1 /l'CI( fOI, 1"/11/ 11111" 1'(J\\'dl'l (,\,\//'11\'//1 "1/\I'tI 

\\'llh lind (0 plOdllct' li coagulum nIt' l'lli'('( of pmcl'\\ \'(/Ili/hll'\ 011 ,e/('('/I't1 1"ln,dtl/1' 

proper/le'\ W(/.I I/ulili!d Il,11n,!.!, re,lpUfl.le' IUr/(/«' melliodoIOf,!.\" ,Vu ('//l'( r Il'1/1 (ll l l('II'I'du\/lI..:, 

11lgh hem SM?, \\'/lIle {(}r(/! pro(l'III (/Ild lu('(o,\(' 1('\'('/1 1\'1"(' \!'-:I/l/it (/f//h cI//l'l rl'cI 11\ 

Tempera/lire when medium hear SMP WU\ tI.Ieil. WIJlhll/g rlll' 1'1111'-:111/11/1 rl/lI/1'd (//I{ fil hl' 

filon' di//ieU!l rl/(in lJlIlI(ï!JlI(ed III (l'fmI 0/ f('11I0\'IIl~ Ic/( /01(' IlIld rn/llll'd 11/ II/-.:h lOI \(" tll 

lillt'I, ürrU.\/(Ifl pro( l'1I/l1~ Wu\ cll'fl'tllI/lll'd f() IN' Cl [l1I(i'IIf1It! 1I/1't111\ oll)llï)("/l/~ (/fI 1I11t! 

(oll,!.!,ulcl/I'd pme/u( { /rol/I SM P (JI Il l"l'II 1111 Il li fï' ,Ilt'{) {() rI/(' {}foelUCI/OI/ 01 IOell/lII1 ((/1('/1//1/(', 

110 weVl'r. more /tn'(',llI~(Jfl{)11 1.\ rl'tflureli {() IIl1den{(/m/ am! ('(Jflfrol flll' I)fO( ('II 

3.1.1 Introduction 

Extru)lon I~ .l 'Iulwhle procc)~ whcn the raw 1ll,1Il:nal 1\ ,\ powda wllllil \11\lllld 

be proce~sed LInder 'Ipccllied cOIH.i1t1on) 01 1ll01'lture, 'Ihcar, prl:'I\lIrc, ,111<1 IllllL' 

temperature hl~tory. L:xtnl)\on ha'l many advantagc) (Harpcr, lL)X 1) \llch ,1\ vcr\atll\ty, 

produet homogcnclty, hlgh proouctlVlty and other t'calure) dl.,eu..,~ed ln (kt~lIlln Chaptcr\ 

2.3 and 2.4. Thcse advantagcs could be put to L1'1C ln produclng a ljuallly (;1\CII1 11()lll 

surplus SMP and al~o ncutralizlng aCld C(l)CII1 to )OOlllll1 c;t)clIlate 

1 
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Thil> prcliminary study was undertaken to determine the feasibility 0" using the 

extruder for the acid coagulation of SMP and the effectiveness of the process unit 

operations, incluchng coagulation, washing and neutralization, and as a prelude to future 

l>tudlcs dC~lgncd to undcrstand, control and optimize the process. 

3.1.2 Matrrialli and 1\ fcthods 

Commercmlly avallable high and medium heat SMP were obtained from Fedeco 

(Cooperative Fédéfée du Québec, Montreal) which had the following proximate analysis 

('l'able 2): 

Table 2. Proximate analysis of high and medium heat SMP (as is basis). 

Protein(%) Lactose (%) Fat (%) 

Hlgh hcat SMP 
Medium hcat SMP 

Ex fI'lule r 

31.0 
30.6 

52.1 
54.0 

0.8 
4.2 

Moisture (%) Ash (%) 

5.8 
4.2 

8.2 
8.0 

A Creusot-LoIre model BC 45 fitted with intermeshing, co-rotating twin screws 

and a barrel hcated by an electrical induction system was used in this study. The extruder 

was raled at 25HP and the maximum allowable torque set at 50 m.kg for the 15 Kw 

nlotor drive. A screw profile was assembled, consisting of approximately three equal 

fœd II1g , mixing, and mctenng sections, respectively. Cut-fhght reverse screw elements 

wcrc mcd just bcforc the die to increase the filled length of the screws and avoid 

fluctuatIons at the output. A special, multl-orifice die (Barraquio et al., 1988) was 

asscmblcd to rcduce the pressure and increase the surface area of the resultant product. 
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Process L'mu roi 

The extruder was eqUipped wlth 3 thcrmo~ollpk~ (onc ln l\ICh '>l'cllnn) .• 1 pll· ...... llll· 

transducer, plus sensors to follow scrcw ~pccd. amperagl' (load). .1l1d plllllp Ilnw raIl' 

Ail the scnsors were caltbratcd and tc~ted and \\ en: connl'ctl'd to .1 l"llllphl'li < 'In d.ll.! 

logger for contlnllOUS mOl1ltonng of the data Wll1Ch were rl'cordl'd on 1Il.lgndlc t.lpe. l'hl' 

data were transferred ta an IBM PC vIa a program wnttcn III B.I\\( (Appelldlx 1:\) .• llld 

analyzed usmg an APL program (Appcndlx 1 B). A \chema!Jc dl,lgr,lll1 01 the '>l'lllll!.' ll'>l:d 

for process control IS glven 111 Flf,ure 8. 

Coug IIlarlOn 

Two extrusIon run~ wcre conducted. The tir\t, wllh hlgh he.!1 ~i\IP ll'>lng .Il.elltl.ll 

composIte 2' + 2k + 1 dC~lgn (Cochran & Cox. 1457) (on'>I\lèd 01 25 tre,ltllll'lll 

combmations whlch lllcluded thrce leveb of temperatllre (50. 70. l)() C). \crew '>pl'ed (')(). 

70, 90 rpm), feed rate (8.58, 12.2'+, 15,9 Kg/lu) , and 1ll00\tllre ({).2 t\1 H< ï '>Olutlllll) 

levels (25, 30, 35%). Based on the results of the tirst extrU\IOIl run .• 12' f Il t.lCtOfl.t1 

deSIgn of seven treatment comblllatJon~ was followcd for the cxtrLI\\01l 01 111 cd 1 li III hL"ll 

SMP. In thls ca~e. only tcmperature (74, 8'+, q4T) and 1ll01\ture (26. 32. "XI;;,) \\l'IC 

tested whde ~crcw \peed and tccd rate werc malntalncd at 70 rpl11 .lIld 12 2.+ KI}/hr. 

respectlvely. 

RepresentatIve extrudate ~amples were collected from each cxtrU'>IOll rUIl ,llld 

analyzed for fat, lactose, total protem, solublc protCIll, and 11011 prolell1 IlltrogCIl 

(BarraqulO et al., 1988). Othcr analy'ils Illcillded clectrophorc\l\ 10 delerlllllle whdhl" 

heat and/or \hcar altercd the protCIll\ 111 any \lgl1ltïc<lllt l11l\nncr ,llll! \I.ttl\ucal :ln.t1y\,,> 

were used to gcncratc the rcgrc~~lOn estl/natc~ for cach rC\pOll\e 

Wasllln~ 

A portion of the curd l'rom hlgh hcat SMP (- 30% J11o,\ture) wa'! grollJld to co.tf<,e 

particles us10g a COllOid m1l1 and thcn wa~hcd 10 an agltatcd tank for 20 Illin at 45-46'(' 

and a wash watcr ratIo (watcr wClght to orIg1Oal SMP wCIght) 01 4.1. The W,I\hllll:! 



1 

71 

--~ !._----~-_~=-1 f~~_ . ___________ _ 
,'- - -.--~ -

----------

Figure 8. Schemallc dJagram of a data acq111~11lon ~ystel1l l1~ed to collect extnl)lon 
data dl1nng procc~<;lI1g. 
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operation was repeated 3 times and the curd was separated From the wash watcr aftcr cach 

washing step using a Kason vibrating 100 mesh screen separator. The cfficlency of 

washing was determmed by analyzing lactose after each washing step by the Multispec 

MKI infrared milk analyzer (van de Voort, 1980). 

NeUiralizallOf/ 

The washed casein ( -75 % moisture) was neutralized in the same extruder uscd 

for the coagulatIOn step usmg the same screw configuration, but wlth a slI1gle orifice slit 

die. The operating conditions were 50 rpm for screw speed, feed ratc of 22 kg/hr, tlow 

rate of 3 I/Iu and temperature ranges from 55 to 150"C. SOdlll1ll hydroxide wa'.> uscd for 

neutralizatlon to obtain a pH close to neutral and the mOlsture content of the end product 

averaged 78%. 

3.1.3 Resliits and discussion 

Proce.\S ('omm! 

The operating conditions as a functlon of time are pl oued in Figure 9; wlth Figure 

9a showing temperature al each zone, whlch are the feed zone (curve Tl). lhe mixmg 

zone (curve T2), and the metering zone (curve T3). Each curve rcprcscnts thrcc )tagcs 

which corresponds to the sett1l1g temperature of 50, 70, and 90"C. The mca'iurcd 

temperature at the mix1I1g zone, where the extruder was hcatcd, IS IdentIcal to the ~ctt1l1g 

temperature at 70 and 90"C and no major fluctuations occurred whell changlng the other 

operating conditions. However, at 50ne major temperature tluctuatlons wcrc encountcrcd, 

specifically when incrcasing the screw speed, which cone~pond,> to the two peaks 

observed at T2 curve of Figure 9a. Thus, the temperature scttlng IS 11I0,..! :>~I1\JtIVC to 

operating conditions changes, speclfically scrcw spccd, at lowcr tcmperaturcs. 

Temperatures at the fcecl and IIlctering zones are also affectcd by the change'i 111 opcrat1l1g 

conditions. At a selting of50"C, the temperature at the metcring fone (curve T3) is higher 

than the temperatllre at the mlxing zone (curve T2), but IS lowcr at a tcmpcratllrc sctting 

of 90°C. Regression analysis showed that the product tcmperature at the dIe exit was 
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Figure 9, Contlllllolls plot~ of operatlIlg condItIOns ll~JI1g the data acqlll~ltlOIl .,ystem 
11111~trated 111 FIgure ~. (a) temperatures at feed zone (T 1), mlXlng zone ('1'2), and 
metenng zone (T3); (b) tlow rate and 'icrew specd; and (c) amperage and prelj~lIre 

at the dIe. 
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sigmficantly affected by settlng tempcrature (p<O.OI) .md by the Illtcr,\cIIOn hClwCL'1l 

mOlsture and feed rate (p<O.05), wlth the former havlIlg a pO~lll\'C dfccl ,lIld Ihc lall'I 

having a negatlve effect. 

No major tluctuatlons were a~soclatcd wIth tlow raIe or \crc\.v \pcct! .11 thllercllt 

setttngs (Figure 9b). The motor load (amperage) was ampiltied ~O 11I1lC'i (FIgurc l)c) III 

detect tluctuatlons and wa~ matnly atfected by the \crcw \pecd wllh ail ,\vL'rage ot about 

5.5 amperes. Major vanatlOns were ob~erved In the die pre~\urc and regre ...... loll .tnaIY\I\ 

tndlcated that IS slgmtïcantly affccted by mOl~ture (p < 0.0 1). whlch h.\~.\ nL'g,ltlvL' etket 

on pressure by reducll1g VI~CO~Ity. However, fluctuatIOn ... 111 (lte pre~\urL' were llb\L'IVcd 

even under constant operatlng condItIOns due to surglng and pluggll1g 01 \Ollle 01 the dlc 

holes. These tluctuatlons were les~ pronollnced at hlghcr !ced ratc hecau\c 01 Ihe IIlCfe,I\L' 

ln the tïlled volume of the screw .... 

Coaf,ulatiofl 

The extrudate exttlng from the dIe undcr the extrusIon COlH.lItIOP., Il11po ... ed, varlet! 

from a dry brittle product to one whlch was wet. crul1lbly and ... howcd Illar~cd "'yncrc,>\" 

The results of the phYSlco-chellllcal and ~tatl5tlcal anaIY"'I'" WIll he only \U1I1fJ1an/l'd herc 

as they have been presentcd ehewhere (Barraqulo et al • 1988). 

The pH of the extrudates was l1luch hlghl'r than the Isoelcetnc pOInt ( - .t.h) and 

ranged from 5.75 to 5.95. Thus. coagulatIon can ta~c place at hlgh pH· ... under Il Igh ... 011(1\ 

concentratIons. None of the extru~lOn parametcr., (temperature. mOI"iture .... crew '1pced. 

and feed rate) slgl1ltïcantly affected the total protetn • .,oluhle protcll1. NPN or lactO\e 

concentration 111 the coagulum from hlgh heat SMP. Howcver. 111 the ca'le or extrlldatl!'" 

l'rom medium hem SMP, total protelll wa., ~trongly affectcd (p<O.OI) by telllpcrature.l'" 

was lactme (p < 0.05). The IIlcrea\e of total protelll wlth ternperature re'lllited from whl!y 

protein denaturatlon WhlCh was nlso contïrmed by e!cctrophore<.,I.,. The negatlvc etlect of 

heat on lactose 1 mpltes that lacto<;c may be bound to the whcy protctn'i. l'lther pllY<"lcall y. 

vIa the Maillard reactlOn or degradcd to organlc ac\(]<; ... uch a"i rorrmc aCld a<, a re<.,ult of 
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heating (mais ct al., 1984). Electrophoretic analysis indicated that extrusion conditions 

did not cause any alteration in the casein fractions relative to the original SMP. 

Wa.\hil1~ and NtJutraliza!wn 

Washmg mdicated that the coagulation was not complete and the coagulum was 

rather rubbery and gelatmous. The lactose content was 15%, 4%, and 2% after the first, 

second, and thtrd wash, respectively. The high lactose content after the third wash reflects 

a low washing eftïciency which might due to several factors, inc1uding the washing 

system, washing conditions. coagulation conditions and the structure of the coagulum. 

Fines were exccpttonally high and reached - 15% of the original SMP, reflecting the 

lI1adequacy of coagulation conditIOns. Neutralization by extrusion was possible, however, 

the high mO\sture of the curd caused major fluctuations in feeding and caused vanations 

in the pH of the end product. COlOUT formation due to Maillard browning started to 

appear when the product temperature reached 82°C and was very pronounced at 150°C. 

3.1.4 Conclusion 

Preliminary experiments assessing the coagulation of SMP and the neutralization 

of the acid casein produced by extrusion indicated sorne potential, however, the process 

ch~arly rcquircd a more basic approach inc1uding: (1) an intensive study on the 

coagulation of concentrated milks to determine the parameters which affect the structure 

of the coagulum and the subsequent washing efficiency to remove whey components and 

mÎI111l1tze losses of tines; (2) A bettcr equtpment for coagulation, washing, dewatcring, 

and neutralization, \I1c1uding an extruder having better temperature control and better 

fccdlllg system; (3) an Investigation of extruder performance to characterize the process 

and undcrstand the basic phenomcna occurring in the extruder, specifically related to 

ncutralizatton of actd casclI1. 

This preliminary study provided a general idea of the process, the difficuIties 

associated with the conversion and the research required to develop the process. The 
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ensuing chapters descnbe the work undcrtaken to solvc thc problell1\ cncountcrcu III thl\ 

prehminary study. WhlCh led to improvcments ln our undcrstandll1g of coagulation and 

washing and finally the development of a process to produœ ca~Cln and caSC\l1.ltc. 

, 
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3.2 COAGULATION AND WASHING CONDITIONS FOR 

ACID CASEIN PRODUCTION 

A BSTRACT 

77 

Re.\pol/se surjàce merhml%gy \Vas used (() srud) the production (i aCld C(I.\l'I/I 

j'rom skI/li l1u/k powder und (() invl'sllgate Ihe effects (?lpH, concentratIOn alld Wa.\/lIl1g 

cOllduUJ!1s (agtfllllon, lili/l', lemperalUre and wa.\h water ratio) 011 the end prodllct. The 

wlI.\hed (/1/'{1 lVa.\ wwly::ecl jilf I('.\tdual ush, IlIllIeral.\, laclO.\f! ulld IVh(v protelll I/ItrogeJ/ 

(WPN). The cnl/cal wlI'/uhlf!.\ \Vere jinlfld (() be concentratIOn ancl pH 111 relariof/ (() 

nUl/eral COI/lent, concentration ul/d washmg ume for !acrose, and pH f'or WPN. SUl1aCl' 

re.\ponse mer/wdo!ogy proVlded a unique msig/lI lflfO rhe relal/OI/.\/up.\ herween Ihe 

variahllJs re/aled ro Ihe process {lnd the n'sulls were lIsed 10 exp!amlhe o!J.\erm{IOI1S 11/ 

fl'rms (?J'mi!k clll'ml.wry. The ~V(JS/lIl1g process was.fi/rrhl'r eva/ua/l'd ill {erm of' Mu rph rel' 

Stage Elficiencv {() ellicu/me {he etfecl (!l {he lIumher of'wwhmg .\{(Jge.\ on re\ldua!whl'\' 

(·O/ll/wlll'1Il.\ III Ihe ('{J.\('tll curt!. Tlll.\ \flIdy a!.\() helped III IIl1der.\wlldmg Ihe e:aru.\WI/ 

proCl'.\.\ ofskllll l1ulk powt!er whicll U.\l',\' 11Igh f1lllk so/ids level.\. 

3.2.1 Introduction 

PrehlTIlnary work (Chapter 3.1) mdicated that an acid co-prec!pitate could be 

produccd l'rom SMP. Howcver, the washmg of the extrllded gelatlnOllS coagulum ta 

prodllCC a prodllct meetlllg mternatlonal standards proved to be more di ffïcult than 

antlclpated. In assesslng the problems encollntered, I.e., dlftiClilty 111 removlI1g lactose 

and the I1lgh los5 of tines, It was rccognIzed that the condItIons of SMP coagulatIon and 

the subsequent washIllg of the curd would have to be re-evaluated. 
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The coagulation of SMP and subsequent washmg to prodllce aCld ca'iClI1 ll1volvc\ 

the same variables as conventional aCld cascm production frolll Itqllid "''''11ll 11111", 

inc1uding pH, temperature (T), tllne (t), agItation (rpm) anù wa~h watl.!r ratio (\V\VR). 

One addltlOnal vanable assoclated wlth extrusIOn proœsslng 1'> concentration (C) '1'0 d.llc 

no work has been publIsheù examlJ1mg the Interrelatlonshlp bctwœn the procc,>,> v.lflabk" 

and the prodllct charactenstlcs related to casell1 production, largely duc lo 1(0; comp!c"lly 

Such a muluvanate system cannot be handled effcctlvely U~tng a onl.! vanabk .11 .1 Illllt-' 

approach, but may be studied by response surface methodology (RSM). lhlng Ihl" 

method, emplrical models can be generated l'rom the tndependcnt variable,> 111 n:lalll)ll lu 

assessed responses, whlch in turn provldes a means of opl1l1ll'>tng Ihe proCC\" 

This chapter descnbes a general mllltivanate SMP aClu clMgulalion/wa,>hlllg 

system to aId m determming the operatmg conditIons for SMP cxtnl'llOn and convenlloll.1I 

aCld casem productIOn, and explams the results 111 physlco-chemlcal tenm. 

3.2.2 Material and Methods 

Commercial low heat SMP was obtamcd locally l'rom Cnno Ut!. (Agropllr. 

Québec) whlch had the followmg proximate composItIon; 30.6% protcll1, 54 1Y,) lactml'. 

0.8% fat, 4.5% mOisture, 7.8% ash and a whey protClIl Index of 7.5 mg/g powder. 

Coa!?ulation/Washlng 

Sklm mIlk powder was recomtItutcd 011 a wt/wt ba'>l'> u'>lIlg, pre·lIe.llcd (..j~ (') 

deiolllsed water as reqUlred to produce pre-selected concentratloll'> nIé )()llIIIOIl W.t\ 

placed mail mlxll1g vessel whlch was part of the expenmental 'lCl-uP (J·I);url.! 10) ll,>cd 

for ail coagulatlOn/wa~hll1g operatIOns. The pH of the sy,>tem wa ... 11l11ll1lorcd U'llllg a 

Cornmg Model 140 dIgital pH meter and the holdll1g templ'raturc cOlltrollcu U'llllg ,l 

Haake W13 water bath and 08 controller A controlled ,>peed, Catramo RZR50 ',IIrrcr, 

tïtted wlth a custom-made agitator conmtll1g of four paraI \cl equldl'ltant bl.tdt.:'l wa'> lI'lcd 

to cut and disperse the curd as It formed (Figure 10). 
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Figure 10. Expenmental sct-up for coagulatlOn/washlng procc~~ includlllg (i\) pH
meter, (8) water bath, (C) holdmg ves~el, (D) controlled 'ipecd ~tirrer. and (\:) IIllXJllg 

blade. The vessel dlameter 15 10.4 cm and the mlxmg bladc dIIl1CIl\lon ... are: Il =6.X 
cm; w=3.7 cm; and t=0.5 cm. 
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A prcdetermined amount of standardized 1.24 M HCI was addcd to the SMP 

solution to produce coagula 01'1.' specified pH. The aciditied solutIon was stirred at high 

speed (400 rpm) for 1 mm, followed for 5 min at the speed dlctated by the experimental 

design, and then allowed to rest for 9 min (acidulatlon tllne), after wlllch the tinal pH and 

tcmperaturc were measured. The reproducibility of the pH and temperature measurements 

were + 0.02 and + 0.5 "C rcspectively. 

The coagulum was separated from the whey using a 100 mesh (150 J1m) stalnless 

steel screen, the whey set aside and coagulum returned to tLe holding vessel for the 

washlng procedure. TllIS process was repeated a total of 4 times. The coagulum ln the 

holding vessel was ddutcd wlth delOJ1Ised water aCldltied to the pH 'lelected for 

coagulation at a tcmperalure and volume dictated by the expenmental design, as were 

agnatton and washlng tllTIC. Only the temperature of the second and tlmd wash wa~ 

vaned, whde the temperature of the tirst and last wash were kept at the ongmal 

coagulation temperature (45"C). The resulting curd, which had been washed 4 tlmes, was 

frozen and subsequently freeze dned for further analysls. Filles, whlch are Important III 

aCld casein production, were also studled, but will be consldered 111 the next chapter. 

A1/a/vllcul Ml'lhoa.\ 

The a~h content of the eurd was assessed by the standard AOAC (1984) procedure 

(16.216), its weight recorded and retamed for subsequent Inductive Coupled Plasma 

spectroscopie analysis (lCP). Calcium and sodium were simultaneously determined U5111g 

ICP wlth an Apphed Researeh Laboratones Model 3510 spectrophotometer (Date & 

Gray, 1989). Standards were prepa;-ed usmg mixtures of NaC1/CaCI~ and the calibration 

mcorporated mto the mstrument computer. The ash retamcd from the AOAC ashing 

process was then dlssolved wlth heat in 15 ml of 3M HCl and tiltered Into a 100 ml 

volumetric tlask. The crucible was washed three times with 5 ml aliquots of aCld and the 

solution brought to volume wlth 3M HCI. About 3 ml of the sample was asplrated into 

the tlame. 
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Lactose was determined using the International Standard phcnlll-'il1lphurtc aCld 

method specifically developed for aCld casein (International SI.lIldard, \9XO) and 1\ 

expressed as anhydrous lactose as a pel cent by mass. A calibratIon curve \Va\ prcparl'd 

using analytical grade lactose on a Vanan Model DMS 100 UV -vl\lble double beal11 

spectrophotometer and the samples prcparcd for analyc;;es accon.bng 10 the ... Iand.\ld 

method. Whey protem IlItrogen (WPN) was analyzcd UStng the Harlano- \\Il\vorth I11Cthlld 

(Kurmato et al., 1959). 

Etperimental De.\i/!,!l 

A central composIte design wlth 3 blocks (Box & Draper, \ 9X7) lor 6 laclnr,> and 

with 6 centre pomts was used for this study. The tnput vanable ... con'>H.1crcd 111 the 

expenment. their ongmal values and coded leveh arc prcc;;ented 111 l'able 3. l'he de'>I~1l 

conslsted of 50 treatment comblnatlOns. Includ1l1g 5 levds lor C.lch I.tctnr whlch wele 

tixed to allow the mvestlgatIOn ofa wIde range of expertmenlal condltlon\ wlthll1 praclleal 

hmits. Ustng the SAS RSREG procedure (SAS: In~tltute IIll:., Cary, North l';lrollll,l, 

1985), the 50 coded levels were rcgressed agai mt each of the rc~pon\e,> 10 obl.1I11 the 

coefficIents for second order regres'Ilon equatlons whlch descnbe the conlnhullon of cach 

variable to the selectcd re~pon~e. By sclcctmg Iwo of the more Il11port.1Il1 colltnbtltlll~ 

van ables and tixmg or elImmatlng the others. a Iwo dlmenwmal conlour l'loi or tllll'l: 

dlmensional surface response plol could be generaled. The general Imm 01 a \ccond

arder regression model IS: 

kil 

y = f30 + L {3, X, + Z (3" X,~ + l: Z {3" X,X, + t (5X) 
, 1 , 1 1 l , : 

Where X" X:, ... , XI are the input variables wllIch' intlucnce thc rc'>pon\I! Y; {JII' 

f3,(i = 1,2, ... ,k), (3,,(i = 1 ,2, ... ,k; J = l ,2 .... ,k) are unknown parametcr<;, and f 1<; randol1l 

error. 
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Table 3. The orIgmal and coded levels of the input vanables for the 
coagulatlOn/wash i ng process. 

Coded levels 

Variables -2 - 1 o 

pH X, 4.1 4.3 4.5 4.7 4.9 
Temperature X~ (ne) 40 45 50 55 60 
ConcentratIon X, (%) 10 20 30 40 50 
Time X~ (min) 5 10 15 20 25 
Mixer specd X, (rpm) 150 200 250 300 350 
Wash water ratio Xh (g/g) 3 4 5 6 7 

3.2.3 RcslIlts and Discus~ion 

The analytlcal data are glven 111 Appendix 2 along wlth the expcrimcntal desIgn. 

Table 4 presents the regresslOn coefficIents obtamcd for each rcsponse, mc1uding the 

coefficients of dcterrTIlnatIon for the equatlons denvcd. Ali the coefficients of 

determmatlOn (R:) for the n.:gresslOn cquatlOns of the re~pon~es, wlth the exception of 

WPN, were signitïcant at p<O.OI. The responses are discu~~cd ln relatIOn to the 

parameters which were shown to be slgmtïcant (p<O.OI). 
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Table 4. 

Paramt!lt!rs 

mlcrccpt 

XI 
X, 
X) 
X. 
X~ 
X 6 

XIXI 
X:X: 
X,X1 

X.X. 
XsX\ 
X 6X6 

XIX: 
XIX) 
XIX. 
XIX\ 
XIX~ 
X:X) 
X:X. 
X:X s 
X:X6 

X)X. 
XJX\ 
X,X6 

X4X~ 
X.X6 

XSX6 

R: 
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Least squares lit and regresslon estllnatcs for thc rC'ipon ,>c,>: Y, = A~hc'r, ); 
y: =Ca(mg/g); Y1= Na(mg/g); Y.= LactoS\!( %); and Y, =\vPN (mg./g) 

Rcgrc~~lon Codtil:lt!nl~ 

YI y, Y, Y • Y \ 

3 3439~ 7.1511- o 0594~ 0.2235" 2 271)1 ,. 

0.4898~ 21128- -0 0176~ ·0026() ·0 271l3"" 
-0.0483 0.1738 00085' -0 0135 () 1 IOH 
0.6878~ 32218- -0 04()6 ~ o lOlO 

.. 
-u 20H ," 

-00963' -OA678 -OooIS ·00%2" -u \ Il')' 
-0.0793 -0.3183 -0.0026 -00477' -() Ix·n 
-0.0343 -0.3483 -0007S" -00535' -0 114' 
-0.32IS~ -15963- 003\0" o 0lX5 -0 0 l "H 
-0.0868 -0.2738 00024 o UOO 1 -(J 0171 
-0.0593 -02063 o 0191:\"" -00222 o (J·IN 
-O. lOIS' -0.3113 00051 o 02()!:! o 15Cl 7 
-0.1106" -0 7738" 00058 -00154 -0 ll'21 
-0.0506 -0.1076 00078 00257 () 2()54 
0.0122 0.1972 0.0164~ 00906 

.. 
o 1041 

O. 1847~ 23434- 00153'· -00315 -00772 
-0.0603 -0 1209 -00028 00040 ou772 
-0.0072 -01491 -0 0089' 000.13 -0 1 ()')'} 
-0.0047 -0.1959 00003 () OOIN -() (J7 '4 
00372 o 1947 -0003-1 -002')1) -0 \·15' 
0.0497 o 17:!8 -0.0066 00155 -() 0217 
o 0266 00672 o 0024 00114 -0 OXO' 

-0.0134 00428 0.0006 00057 -0 lJ07K 
-0.0253 -0.1484 00006 -006 Pl' () OX\) 1 
-0.0822 -03141 00011 -002()q o 1447 
-0.0522 -0 1559 o oolS -00041 00572 
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Mrneral.\ 

The most important parameters for ash and calcIum were pH, concentration, 

(pH)~ and the mteractlOn pH x C. Mmllnum ash and calcium occurs at low pH values 

and low concentrations, wlth a good correlatIon (R= = 0.95) belllg obtamed between 

calcIUm and ash. Figure Il presents a surface re~ponse plot of ash as a functlon of pH 

and concentration. The maxImum a~h at any specltied concentratIon lIes near the 

Isoelectnc pH (4 6), but 511lfts toward hlgher pH va1ue~ as the concentration Increa~e'). 

The calcIUm content of ca~clll ha~ been ~hown to II1crease wlth pH (Jablonh.a & Munro, 

1985; Brulé & Fauquant, 1981) and IS consldered to be due to an II1crea~e of Calclll1l1 

blndll1g to ca~em. Thus, the quadratlc effect of pH on a~h and Calcllll11 cannot be related 

to solublltty, but may be due to low dIffUSIon. Poor dIffUSIOn near the I~oelcctnc pOlllt 

may be due to 1arger partlcle Slze, a low level of hydratlon, low pOroSlty, and/or gelatlon 

of the curd. FIgure Il al~o Iilue;trates that the ash content (lIlcludlllg calclL • .n) Increa~e~ 

IInearly wlth concentratIOn. ThIS effect may be expected SIIlCC colloldal calclllln IS le~~ 

soluble as SMP concentration IIlcreases (Brulé ct al., 1974; Brulé & Fauqllant, 1981). 

At low concentratIons « 20%), a low a~h content (~ 2 %) can be obtalllcd over the pH 

range of 4.1-4.9. If the concentratIon of SMP IS Increased beyond 20%, the pH ~hould 

be reduced below the Isoelcctnc poml 10 obtaln a cascm wlth a low a~h content. 

The same factore; Intluenclllg a~h and calCIum content tntluellcc sodIum content, 

but also tncllldes (C)=, pH x T and rpm x WWR. Figure 12 shows Ihat mmlmum sodium 

content occurs close to I)oelcctnc pomt and a concentration of 42 %, while maxImum 

'\odlum occure; at low concentrations and pH'e;. Sodium hac; an tnver~e relatlOnshlp relative 

to calCIum (R= = 0.88) and IIldlcates that the solubllrty of sodIum salts may be affccted 

by the solubllIty of calcium salts. Sorne absorptIon of sodIum Ions by caseln and/or 

calCIUm phosphate may takc place (Gucurts et al., 1974), wlth the degrce of thls 

absorption depcndlllg on c;everal factors IIlcludlllg pH and calcium Ion concentration. 
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Figure 11. A surface response plot of prcdlctcd rC\ldu.l1 a~h (%) ,1\ ,1 tUl1ctlllll ni 
coagulation pH and SMP concentration. 
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Figure 12. Contour plot of the predlcted resldual sodium (mg/g) ,b a funcllon 01 

coagulation pH and SM P concentration. The statlonary pOlllt (X,J IS located al a pH 
of 4.51 and a concentration of 42 %. 
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Lactose 

The must 1 mportant parameters affectll1g lacto~e rClllov.1I ,Ire L'OllC~lll r,ilillil. Illlll' 

and pH x T, The linear pOSltlVC effect of concentration Illay be expl,unl.'d by 11ll' l'lll'lI \lI 

concentratlon on ~ub.;;eqllcnt clIrd propcrtle~. lI1c1udlng gel.ltlon, p.ullck \I/l' ,ll1d 

reductlon 111 the poroSlty of thc curd. Furthermorc. tlle e1fÏCll:ney of \~p.lr.ltl(lll ,It tlll' 

coagulation step dccreac;cs when the concentration IS l11Crea ... ed, due to k ...... \\.I1l'1 hl'III\~ 

present. The negatlve clfeet of tllne IS rdatcd to dlffll~IOI1, \\1111 11l1' .lPPI\l.lliJ III 

eqUlhbnum between lacto~e entrapped wlthll1 the ca\CIll and 111 \OllltlOIl, dqk'Il\IIIIi! \ III 

contact tlme. Figure 13 shows that mllllmUlT: lacto ... e content oeellr... .II Im\ l'I 

concentratlons, whtle maximum lacto<.,e IS pre\cnt when 111111111111111 tlllll'" ,llld 1I1.1\lllllllll 

concentratlon~ are u~ed. The Interaction pH 1( T 1<; ,1I1Indlfl:ctl.'lll'l't, \'vlll're pli ,llIl'll, 

the curd charactenstlcs and therc/ore thc dl t fU~lOn/tcmperature rel.llion ,,111 p ,1 " ... Ol 1.t!L'd \\ 1111 

lact05e removal. Figure 14 prcsent~ a contour plot of lacto ... e a ... a tllllCtlllll ni l'II ,llld 

temperature, and Illustrates a <;addle pomt (X..). Takmg X, a\ a rcterellcc pOII1I. 1,11Ill\l' 

can be mmlmlzed by elther \I1creasl1lg the pH and dccrca~lJlg tlle tCI1lpl'I.llllll', III 

decreasmg the pH and lI1crc:lsing the ternperature. 

Whey Pm(('/Il Nirmgen 

WPN J'S a varIable ln the IT!dltlrespun~e modd wa\ Ilot \Ignltïcanl 1 R '- Il 71l) 

although the coagulatlOn/washlllg IJloce~s clcarly (hd have ... ul11e ct !l'ct 011 1 li l' \\ Iln 

protems. pH IS the only vanable whlch slgnltïc;lntly alfreteo the H!\ldll,t1 WPN Ip' Il () 1) 

and Figure 15 presents a ~urface plot of WPN a ... a funclJon 01 pH ,1Ild (Olill'IlII.l1IUIl 

MinImum resldual WPN oceur<; at the lllnllllUI11 SMP (Ollcentr.ltloll ()(J''{ ) ,11lt! pli 1 ~ 1)) 

ThiS may be explarncd by the faet that j3-laetoglobultn. OVl'r the pli r.lIlge 01 4 III ". il,l) 

reduced solublltty at low salt concentratlom (de Wlt. 19XI), Slncc Ihe .... tlt (Ollle!llldIIIHl 

1I1creases wlth pH and SMP concentration, ,I3-lactoglohultn content III the clIrt! liL'Lrl':!"l'\ 

Denaturation does not play a part 111 thls proce~<; hecau ... e the wa"h water tt:lnper.lIUrl'\ 

were limlted to ~60"C. 
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Figure 13. A 'iurface respon~e plot of prcdlcted re~ldllal lactmc (%) ~l', a tuncllon 01 
SMP concentration and wa~hll1g tllne. 
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Figure 15. A ~urface rc~pome plot of prcdlcted resldual WPN (%) a~ a tunctloll nt 
coagulation pH and srv:p concentratIon, 



r 
1 

q l 

Slmulral1l'ous OPl/lllI,\(/fI()/1 ul' (hl' Re\/)()I1.\('\ 

By supenmposing the contour plots of the respon~e van.lbk\ 01 Intell'\l. ulle l,III 

determllle a region wherc conùltlons Will be "ncar" optllnal for ail r \pon\c\. 1 Igurc 1 h 

I1lustrates composite contour plots for predlcted lacto\c ,1Ild a\h ((:;,) a\ .1 IUIICtlllll \lt 

coagulatIOn pH and conccntrallon, WIth the other parameter'\ li "cd «.,cc 1 IgurL' kgclHl) 

The shaded rcglons \I1dicate thc condillons Wll1Ch woult! I11cet Intel natlon.lI .IL III \..I\L'11l 

standards, wlth the lowc~t pH and concentrallon~ beln~ tilC II1ln11l1l1111 110lnt tOI bullI .1\1' 

and lactose. Increaslllg the wa~hlllg temper~ture of the ~ccond and t11lft! \.".I\h Illllll )'1 ( 

(Figure l6a) to 60"C (Figure Ibb), all other parameter~ bClng ~cpt con\tanl, 1e.IL\<' III .1 

slgmticant extensIOn of the concentrallon under the shadcd arc,!. 1l111\, hlgh tClllpl'l.ltlll\.' 

washlllg may be practlcal whcn deallng wlIh hlgh Si\lP concentratlOIl\ ( ;. ~()( ( 1 \lIll1 .1\ 

the case of extrusion. ThiS apfJroach IS simple and permlt~ the optlllll/.lllOIl 01 IllUll' 111.11l 

one respome at a Ume, but for obvlous rea~on~ IS Itl11l1cd to cOIl\ILknl1g ulll." I\\\l 

IIldependent vanables \lmllltancoll~ly The mathematlcal (kterll1lnatlon 01.1 IllUIII[L'\IHlll\l' 

optimum consldenng more than two van~bles I~ pO\~lble by lllorC \oplll''Itlc.ltl'l1 Inl'll1ol!\ 

and will be dlsclls<;ed III Charter 3"+. 

Elfl'el of WlJ.\11I ng ,\I(J.~l',\ 

The expenmental de~lgn provldes a rnean~ to opllll1l\C the p,lrall1L'll'[" lIllLkl 

consideration wlthll1 tne framcwork of the expenmental dC\lgl1 III the l11,lIl1 Lbigll, 1 Ill' 

number of washes was hmltcd to four fcr pracllcal purpo<;e<;. '1'0 11Irther Inve\llg,lle Ille 

behaviour of the II1dlvldllal wa~h1l1g stages on a~h, laeto~e, and WPN (Figure 17), ,1 

separate coagulation study wa~ earned out wllh a hlgh SMP concentr,ltlon (JWi ), wllllll 

can be related to SMP extrusIOn. Ali the components ln que\tlon decrea\e .1\ a IU\1CtIOIl 

of the number of washmg stages, wtth most of ash and WPN helng remowd by the li r\1 

three washes, while lactme III the curd and III wa\h water contlllued decrea\l\1i2 

slgntticantly unttl the 5th wa'll1. Some type of blllding l11echarmm or re\tncll:d dllfll\lllll 

IS eVldent by the faet that the lacto\c lontcnt III the eurd 1\ \tlll ,lbout 10 1I111C.., gn:.ltL'r 

than that 111 the wash water after the 5th and 6th wa<;h. A fter the 4th wa\h bolh a',h .111<1 
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Figure 16, Supenmposed contour plots ofpredlcted percent ash (\7) and percent lacto~e 
(y) as a functlon of coagulation pH and SMP concentratIOn. (a) ternperature =55 'C .:tnd 
(b) tcmperature=60"C. AgitatIOn, tlme and WWR were tixed at ,250 rpm, 15 11lln 
and 4: 1 respectlvely. 
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lactose levels meet international standards, even though the startmg concentration was 

much higher (30 vs 10%) than the conventional tluid sklm milk process. 

The washing eftïcll~ncy for lactose can be measured by the Murphree Stage 

Efticiency coefficient (MSE) which indicates the approach to equllIbnum at each stage. 

The MSE can be computed using the following relation (Hobman, 1978; Jordan, 1983): 

(59) 

where: X" = umfonn lactm.e concentratIon 111 the soiid at zero tlllle (I.e. 1\1 the Incomll1g 

curd), X = average lactme concentratIon m the soiid (curd) at tlllle t (I.e. m the outgoing 

curd), XI = Constant concentratIOn of lactose In the solid at equIllbrium and ln the buik 

of the solutIon at ail tllnes. Ali lactose concentrations are expressed as "casem-frec" l1las~ 

fractions, where: 

Lactose concentratIOn = (mass lactose)/(ma~s lactose + mass water) 

Table 5 glves the MSE for up to 6 washes for the data Illustrated ln FIgure 17. 

The MSE decreases fmrly corlsbtently from the second to the fil' th stage, after whlch It 

drops tenfold. A typical mdustnal MSE IS - 0.75 (Hobman, 1978) whlch was malntamed 

until the fourth wash. Il may be concluded that the 6th stage IS not necessary and the MSE 

of washes 4 and 5 could be 1I1creased slgmficantly by elther 1I1crea<i1ng washll1g tune 

and/or dcwatcnng before entenng the ncxt washmg stage (Pearce et al., 1987). The latter 

technique can have a major effcct on the MSE and may also lead to a reductlOn 111 the 

numbcr of wash1l1g stages and m the WWR (Hobman, 1978; Bressan & Hobman, 1985; 

Pearce et al., 1987). 
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Table 5. Murphree stage efficiency (MSE) for successive WJ!lhll1g "tag.es. 

Washing stage XO X Xl I\1SI:(%) 

2 0.115720 0.013530 0.008060 l)..t. 1) 

3 0.013530 0.003505 0.001030 802 
4 0.003505 0.000906 0.000075 75.8 
5 0.000906 0.000372 0.000028 bO 8 
6 0.000372 0.000351 0.000021 6.0 

3.2.4 Conclusion 

Coagulation and washmg conditions clearly affect the re<;idual whey L'olllponent" 

ln the casein curd. The response surface approach provlded a unlquc I1lcan,> 01 .,tudYlng 

the coagulatlon/washing process and provlded Inslght !nto the factors arrectl!1g aCld L'a"elll 

productIon. The multivanate relatlon'ihlps generated allow one to prcdlct thc cxpccted 

response (resldual lacto~c, a~h, mlI1erals, and WPN) 111 relation to conccntratlon, pH, 

agitation, temperature, lime and WWR. Furthermore, the ,>upenl11po~ltlon contour J1 oh 

of responses helped ln determll1lng a reglOn of Interest for more than one rc'>pon~c .Ind 

might be useful as a multuesponse optimlzatlon technique. Prevlou~ wor'" on wa..,hlllg 

efficlency has only consldered lactose (Hobman, 1978; Bressan & Hobman, 1985; PcarCl.: 

et al., 1987 ), aS5umll1g that ItS removal retlected the concolllitant 10">'., of Illillerah and 

whey protems. ThiS stlldy shows that conditions mlmml/lI1g lacto~e do not ncn.~,>..,.trIly 

minimize the remalnll1g whey componcnt,>, however ~l1ch condition,> were round u'>lng 

RSM. Conditions for weil washed caseln produccd l'rom concentratcd mllk ..,olutlon .... 

(> 20%) could be found for application to extrll~lOn proccss. Although the .... y..,tel11 lI,>cd 

in this study does not sImulate the coagulatIOn III the extruder rcactor, the rC"llllh L'an he 

used to assist ln determJl1ing the opcratJl1g conditIons for SMP cxtru~lon con"lldered ln a 

succeeding chapter. 



f 
3.3 EFFECT OF COAGULATION AND WASHING CONDITIONS ON 

FINES, WATER HOLDING CAPACITY AND MICROSTRUCTURE OF 

ACID CASEIN eURD 

A BSTRACT 

96 

AC/d ca.\l'In prepaJed Jlndn \'{Jriolls conailions (if pH. cOl/centration ami wa.\h 

reg/men.\· was llnalyzec/ jilr warer holding capaclly alla loss a/fil/es, and Ille .Ifrtlcfllre (JI 

Ihe cl/rd W(J.\ a.\.\e.\.\ed bv .\can11/llg eleuron Il/[(:roscopy. COI/CenrratlOJ/, pli ancl 

œmperalllfl' W('fl' !hl' major jàclOr.\ III ternl.\ (if /f1jlue/lclI/g jilll's, WlIl(!f holc/lIlg capacl(v 

a/la flle II/lCm\!rtlClIIre or the curd. FIl/es could !Je 1111f11l1ll::ed by .\e/l'cfilIg appl'O[Jr{(l{(' 

pH, COIICl'lIfrallO/I alld ugll{/fl()1/ CO/ldIlWIIS. 711e jilla/mOl.Hure C011lellf of (hl' cl/Id was 

//lUlli/Y cOf1(ml/ed by pli, (Ollce!7lra!/017 and remperalUrl' and the.\e \'arwbles J]]uy be 

leleCfl'd {() ohrain good deWlIIef1ng und drying efJiClenCles. M1CmS!ructllra/ lIlIa/y.If.\ 

V1slIolized the ('ffi'cts of pli, C()!1CeflfrallOn, temperafllre and (helr /f1(eraC(IOIIS 01/ (he 

ClJ.\eIn .wrtlcrural nerwork (il/d rhe (~ff'ecr.\ 0/ rhe proce.\.\ pllrallll'fl'rs are dl.\clI.\.\l'd 111 

relu/wl/ 10 "1Ose dwnges. Re.\fJolI.\e .\lllj'oce l11elhoc/ology WU,\ .\hoWIl fO be lIl/ e{{l'CfI re 

{()ol jiJrexal11l11l11g w/lIch or/Ile wmuhle.\ u.\ed ln (he proce.\.\ were .\/,!!,Il?/icant uml fJro\'lded 

gUidaI/ce as 10 (hl' phy.\ico-chel1llcallllt'chal/lsl1ls wh/l'Ir aflècred tlze .\].\'(el71. 

3.3. J Introduction 

The effect of precIpitation and washlOg conditIons on re<;idual whey components 

"illch as lactose, mIneraIs and whey protelns have been asse<;sed by RSM (Flchtall et al., 

IQ90a) and arc rcportcd III Chapter 3.2. The modcls obtamed usmg RSM allowed the 

optJ1l1l7atlon of sclectcd rc':.ponsc~ for the <;lgl11tïcant vanables affeclmg them. Parameters 

'iuch as the loss of tines and curd mOlsture affect the efficiency of the process and require 

opt1111lZatlon, whde curd mlcro~tructure is also of interest ln relatIon to the funcl10nal 
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propertIes of the end producl. This chaptcr dlSCliSSCS the rC~l1lt'i obt~lIned from ,1 RSl\1 

study of aCld casein production based on concentrated SM P ~olutlon'i 111 rd,lI10n to ti Ill'''. 

water holding eapaeity (WHC) and eurd ITIlcrostrueture. 

3.3.2 Material and Methods 

DetaIls of the matenal and methods are prescnted 111 Chaptcr J.2. An ,IPIMratll., 

was designed to allow the control of the shear rate, coagulatIon pH and temperature 01 

SMP solutions and the washll1g of the curd undcr control1ed condItIon.., (fIgure 1 ()l. The 

coagulum was separated from the whey uSll1g a 100 me~h (150 ILI11) ..,t,lInk~.., .,ted '>L'rCl'll. 

the whey set aSlde and the coagulum returned to the holdll1g vessd for wa\hlllg. 'l'lm 

process was repeated a total of four limes wtth the whey/wa~h water colb.:ted l'ad tlllle. 

collated, and then centn fuged at 10,000 x t: to I~olate the tinc'i. The tine., werc m'l'Il dncd 

(80nC for 12 h) and welghed to determ1l1e thelr proportion orthe ~tarllng matenal. Altcr 

washing, the curd was drall1cd for one hour on a 60 l1le~h ..,crcen ,tlld repn,:..,ent,lIlve 

samples taken for moisture analysis (AOAC, 1984) and freeze drylllg. The frœ/c dncd 

samples were exammed by scannmg electron mlcroscopy uSll1g a Nanolab LE21 ()O 

scanning electron mIcroscope (Vlckers Instruments 1 nc.). Separate Il trat 1011 ,\lld 

temperature studies of SMP solutions were carned out to It1vestlgatc the el !cet.., 01 

concentratIon on the buffering capactty of the system, and tempcrature on the amollllt 01 

fines produced. The expenmental design and regression model have been Ol\cll..,..,cd III 

Chapter 3.2 and the data llsed for tlle analy~ls arc glven 111 Appendlx 2. 

3.3.3 Results 

Table 6 presents the regresslon cqllatlon~ parameter'i and coctliclenh. wlth 1110..,' 

significant coefficients dcnoted wlth asten x. ThIS data provldc~ ba..,lc relatlol1">h 1 p'" 01 

hoY-' SMP behaves under the given expenmental condltlOIl'i and both coclliclenh 01 

determinatton (Rz
) are sigl11ficant at p<O.OI. Although many varlahle.., and thelr 
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mteractions are included in the model, only those which were sigmticant at p < 0.01 were 

considered ln our analysls. 

Table 6. 

Pararndt:r!. 

Intt:rct:pt 

XI 
X, 
Xl 
X~ 
x, 
X, 
XIX I 
X:X: 
X,X1 

X~X~ 
X,X, 
X,X, 
XIX~ 
XIX, 
XIX~ 
XIX, 
XIX~ 
X~Xl 
X:X4 

X:X, 
X:X, 
X\X~ 
'<lX, 
XlX, 
X~X, 

X~X, 
X,X, 

R2 

Least squares nt and regression estlmates for WHC (YI) and percent fines 
(Y~). 

Rt:grt:"~lon Codficlt:nh 

YI y, 

67 7847- 1 3010' 
-2 3888" 1.6475" 
-1 3483" -04205 
-05338 2.1970" 
o 8913' 04435' 
05938 05435' 
03833 o 1385 
29096" 2 9788" 
03721 0.0213 
2.2096- 1 5875" 
0.6596 00563 
05596 a 1913 
a 1846 00688 

-0 8203 0.1675 
03416 -08713" 
05228 00538 
04884 -05413' 
05503 -02088 
00859 -06325' 
02222 -0.3338 
02353 0.1925 

-0.1541 0.0263 
a 1991 02950 
a 8359 1 0813" 
00503 a 1175 

-0.5790 -0.0775 
0.2578 00950 

-0.2766 -0 2675 

088" 095" 
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Ti/ration of SM P 

A basIc understanding of the pH behavior of SMP as a functlon of concentration 

is important ta this work, since extrusiOn reqlJ1res the use of 111gher concentratIon,> (I.e 

>20%). TitratiOn ofreconslltuted SMP (5-25%) at45"C with HCllllustrateu three III.IJOI 

trends (FIgure 18) as a functlon of IOcreaStng concentratIon; (a) the lI11tlal pH 01 tlll: 

solutiOn decreases, (b) the pH at whlch observable coagulallon take~ place InCIl:'I'>C'> 

(indicated by arrows) anu (c) the slope of the tltratlon curve uecrea~e,> producl\lg ail 

lncrease in buffering capaclty. Simllar changes ln buffenng capaclty have bccn reported 

for milks concentrated by ultratiltratlOn (Brulé et al. 1974; Snlaorkul, 1989) and the ... e 

concentration effects are Important bec~use they tntluence the coagulatIOn proce....,. 

subsequent aggregatiOn of casein micelles, tines anu microstructure. 

Factors Affectlflg FllIl'.\ 

Fines are a key factor ln the economlCs of aCld caselll manutacturc. Concentr.lllon 

(C) and pH, includmg thelr squares (pH:, C) and interactIon!> (pH x C) pill'> the 

interaction between concentratiOn and agitation (C x rpm) arc the mO\t 11llport.\111 

parameters affecttng the loss of tines. Figure 19 presents a contour plot of line,> a,> .1 

function of pH and concentratIon, wlth mmimum tines occurnng <lt 22 % SM P .lml pli 

4.42, weil away from the Isoclectnc pH. At the hlgher concentrallon,> (> 40%) Il wa,> 

observed that as pH and concentratIOn were 1I1creased ~I multaneou,>ly, coaguldlloll w.t'> 

incomplete resultmg m a hlgh level of tines. ThIS problcm was altnbutcd lo poor 1lllxIIlg 

efficiency and poor hydratlon of the SMP The mtcracllon between concentration and 

agitation IS an Important factor and IIldlcates that the ~hear rate ,,>hould be controlled 

Figure 20 presents a contour plot of the resultlllg fines as a function of concentratIon 

and rpm at the optimum pH of 4.42 for reduced tines. The ~l1rface re!'lpon,,>e plot ,,>llOW"> 

a stationary ndge mdlcatIng that therc IS an optimum agItatIon '>peed a,>,>oclall:d wllh ~ach 

concentratIOn Thl~ can be Intcrpretcd to IIldlcate thal al hlgh concentral1OIl\, Illl:rea\C\ 

III agitation lead to partlele dlsruptlon and mcreased tine,,>, but al lowcr conccnlratlon,> 

and higher agItatIOn, the 1I1crease 111 colliSIon frcquency of ,,>maller partlele\ re\ult,,> ln 

aggregation and a reduction In fine~. 
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Figure 18. TttratlOn curves of sktITI mtlk powder at 45°C and dtfferent concentrattons. 
The arrows indicate the pH at whtch visual coagulation was observed. 
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Another Important vanable whlch can l!1tlucnœ thc production 01 lillL'\ 1\ tllL' 

coagulation temperature whlch was stuùied at 45 and 60"(' uSll1g 10'.'0 \ollds. hgurc ~ 1 

iIIustrates that 1I1creas1l1g the coagulation temperatllre and mallltallllllg the cUld \\'.1',11I1I~ 

temperature at 45"C, led to a reductlon 111 1ll1l1lmUm tine\ and ,1I~0 L'au"L'd.\ "hllt 111 thL' 

pH correspond1l1g to mil11mulll tines from the onglnal I~oelectnc p01\lt 01 4 h tll ·l S 

~lfeCI 011 Wl1rer f/o!tJ/Ilg Cllpacuy 

Curd mOlsture and water h1l1d1l1g arc Important paralllcter\ a\\oclatcd \\ Ith tllL' 

production of aCld case 111 and have a major effect on dewatenllg, drylllg ct liL IL'IlL! ,llIti 

the physlco-chemical charactenstlcs of the end product (I.e .• den"lty. dl"per"lhll il y. \\ ,ltL'1 

actIvlty and wettabllIty). The most Important vanables affectlng the 1l101\turC (1llltL'llt nt 

the curd after the last wash arc; pH. (pH):. (C): and tcmperature rn. ligure 22 jllL'\L'llh 

a contour plot of curd WHC as a functlon of pH and tcmpcraturc 1\111l1111UIll \VI f(' ()\.llll \ 

at a pH close to the Isoelectnc p01l1t (4.62) and at the maXll1lUlll tel1lperaturc \ltIdlcd 

(60"C). The effect of (C): IS shown 111 Figure 23 as a contour plot of WHC a\ a luncllOIl 

of pH and concentratIOn and the m1l11mUm WHC once agaln occur\ clmL' to IhL' 

Isoelectnc p01l1t but at 31 % ~oltd~. 

Micro,\lrUClure 

By studY1l1g the microstructure of the curd 111 tenm of ~l/e. \hape ,1l1d ,m.l1lgL'IllL'llt 

of the aggregates, 1I1clud1l1g size and frequcncy of pore~. onc can galll \Ollle 11l'>lglll Illt() 

thr coagulation and wash1l1g process as It rclate~ to the vanahlc\ cl)(1\ldelL'd III thL' 

cxpenmental deSign. Of the parameters studled; only pH. concentration alld telllperalllrc 

were shown to affect the microstructure 111 any vlsually dl\cerl11hk fa"hlon. In order to 

compare the effcct of a selected Input variable (pH, concentration or tCl1lperatlln:) cadI 

one was evaluated at It') extreme value wh de the re~t of the varIable'! were 1II<tllltalllcd 

constant. The effect 01 pH IS IlIu~trated 111 Figure 24 and \how\ that at pH 4 1 (/ Igure 

24a) the product IS fnable, porous and more II ke an aggrcgate of \mall parllclc\ even 

though the concentration IS relatlvely hl gh (30%), whlle at pH 4 l) (hgure 2411) the 
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casein is porous with sorne gelatmous character. At 30% and pH of <l.5 (Figure 2 .. k), the 

product appear to be very tïnn with a minimum of poroslty. 

Curds obmined at JO and 50% solids differ substantlally III thclr ~tru(tural 

characteristics (Figure 25). At 10% (FIgure 25a), a fnable, porou') aggrcgate 1 ... ohtaIIlL'd, 

while at 50% (Figure 25b), a porous gelatmous mass wlth apparent e1astlc char.lctcnstlc ... 

is observed. The hlgh porosity obtamed at 10% mdlcatc~ that I11cchalllcal fl.'l11ov,t1 01 

water may be feaslble, while the 50% solids sample would hJ...cly trap water, lllaJ...lIlg It 

difficult to remove. The effect of temperature on curd structure can he ... œn 111 Figure ~b. 

As the temperature is increased from 40"C (FIgure 2ba) to 60"C (FIgure ~bh), \VIth the 

other variables held constant, the curd loses most of Ils poroslty and the ~llrla\.:e 

characteristics make a transitIon from an 1 rregular to a ~moother \trllctllre. 

The interactIon effects of pH, concentratIon and tcmpcrature aho ,lltect the 

microstructure or the curd. Because of the experimental deSign, only ~pecllk trcatment 

combinations were available for companson and subsequent compansons were made U\lI1g 

the most closely relatcd samples. Companng the mIcrostructure of cu rd ... obtalllcd at pH 

4.3 and pH 4.7 (Figure 27), an effect sllTI\lar to that at extrcme pH',> 1'> ob\crvcd, wllh 

low pH samples (FIgure 27a,b,c) bemg more aggregate-IIJ...e, wlllle the 11Igh pH )ample,> 

(Figure 27d,e,t) are more gelatmom. Supenmposmg the concentratIon effect Illu'Mate,> 

that the gelation aspect IS enhanced and pormlty reduced If the concentratIon 15 Incrca\ed 

from 20% (FIgure 27a,d) to 40% soilds (FIgure 27b,e). Although temperature I~ al\o a 

factor here, Figure 27 shows It IS not slgl11ticant m thl<; case, a", the temperature ha') only 

been increased lOoC from 45"C (FIgure 27a,d) to 55"C (FIgure 27c.O, wlth only a Il1lnor 

change being observed 111 pOro~1 ty. 

3.3.4 Discussion 

Concentration, pH and temperature are the most Important variable ... \lI the 

multivanate process used to produce aCld casc1I1 and whlch affect tine ... , WHC and 
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Fi~lIre 2 ... Scannmg clcclron mlcrographs of acid casein obtaincd at pH of (A) 4.1, (8) 
~ l), and (C) 4.5. Temperature, concentration, washing time, agitation, and WWR were 
fixl'd al 50'(', .\0%, 15min, 250rpm, 5: l, respectively. 
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Figure 25. Scanning elcctron micrographs of acid çasein obtamed at concentration of (A) 
10% SMP and (B) 50% SMP. Temperature, pH, washing lime, agitation, and WWR 
werc fixed al 50T, 4.5, 15min, 250rpm, 5: l, respectively. 

Figure 26. Sc,mnmg clcctron Illlcrographs of aCld cascm obtamcd al h:rnpcr,llurc of (A) 
.lO C. and (B) 60"C ConcentratIOn, pH, washmg tlme, agitation, a.ld WW\{ wcrc tixcd 
at Jal]{, 4.5, 15111111, 250rpm, 5: l, respcctlve1y . 
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Fi~ure 27. Scanning electron micrographs of acid casein obtained at various conditions 
of pH, concentration and temperature: (A) pH=4.3. C=20%. T=4S"C; (B) pH=4.3. 
('=40%, T=45"C; (C) pH=4.3. C=20%, T=5SoC; (0) pH=4.7, C=20%, T=45°C; 
(E) pH =4.7, ('=40%, T=4SoC; and (F) pH=4.7, C=20%, T=55°C. 
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microstructure. Concentration induces major changes in the mîlk system (Fox. 1982). 

including a c10ser packing of the casem micelles, a hlgher concentration of denatured 

proteins, precipitation of calcium phosphate which decreases the pH. and a rcuuctioll 

in the amount of avrulable free water. At hlgher concentrations lI1termolecular lI1tcr.lctton~ 

and aggregation have a higher probablhty of occurnng and should \eau to lowcr tinc,>. 

Our results however, indicate that fines increase above concentrations of 22 % (FIgure 

19) and therefore other factors must be involved In the coagulation dlïclcncy of 

eoncentrated SMP solutions. ReductIOn of fines at high concentrations requIn:~ a eardul 

choice of pH and agitation (Figures 19,20). In additIOn. increasmg coagulation 

temperature (Figure 21) in combinatIOn wtth adequate shear may IIlcrease the klllctIC 

energy of particles alding in the agglomeration process, thereby reduclng lincs. Thl'> 

coneurs with observations made by Jablonca and Munro (1985, • ,86a) who have notcd 

that particle size and curd strength mcreased wlth coagulation temperature. Conccntratlon 

aIso has a slgmficant effect on the protetnic network compnstng the casclIl eurd a,> ~hOWIl 

by the micrographs in Figures 25 and 27. Intermolecular protetn attractions and geiatioll 

are accelerated at hlgher protem concentrations because of the IIlcrea~ed probablltty of 

intermolecularcontacts and the hlgher calcium content. The disperslblltty and coagulation 

problems associated with hlgh SMP concentratIOns may be overcome by Incn:a~JI1g the 

rate of shear, adjusting the temperature for optimal disperSIOn (60"C) or lowenng the 

interfacial tension through the use of surfactants such as lectthtn (K tn'iclla. 1984). 

Extrusion processing to produce acid casem reqUires high concentrations (I.e. > 20%) and 

provides both shear and temperature control. Surfactants could also be Illcorporated 1I1to 

the process if needed to ald in producing a more dlspersible product. 

Other reactions whieh may occur during the manufacture of SMP (I.e., 

denaturation of whey proteins, increases in colloldal/soluble calclllm ratio, decrea~es III 

solubility) may also affect, to sorne extent, the coagulation of hlghly conccntrated 

solutions of reconstituted SMP. Heat preclpltated calcium phosphate can a~~OCJatc wlth 

easein micelles and form a surface layer on the mIcelle (Fox. 1982) and the !ormatlon 

of a complex between denatured {3-lactoglobulin and IC-casein can affect the zeta potentlal 



1 

1 

112 

and subsequent hydration of micelles, thereby reducing their coagulability. If such factors 

do have an effect, they will be tend to be more pronounced at higher concentrations. Fox 

(1982) has emphasized that the coagulatIOn behavior of concentrated milk is quite 

complex and that the factors affecting such coagulatIon processes have not been weil 

established. 

pH strongly affects the attractive and repulslve forces between proteins and thelr 

ability to associate with water (Chou and Morr, 1979; Cheftel et al., 1985). At the 

isoelectric poInt protein-protein Interactions are maximized and this assocIatIon leads to 

minimum hydratlOn (Figures 22,23). These conditions should also lead to mimmum fines 

which occurs at a pH of 4.42, somewhat away from the isoelectric pomt. ThIS result runs 

counter to the fact that parucle slze tS known 10 Increase wlth the pH even above the 

isoelectnc POtnt (thereby reducmg fines) because of increased calcium bindIOg wlth pH 

(Jablonca and Munro, 1985). It may be possible that at higher SMP concentratIons (22 %) 

hydrophobIe and dlsulphide bonds may eompensate for the reduetion In electrostatIC 

repulsive forces at pH's away from the isoelectric point (Chef tel et al., 1985) and hence 

lead to minimum fines at a pH other than the isoelectric pomt. The concentratIOn zone 

over whlch VISIble geiation occurs In the mlcrographs mcreases with increaslllg the pH. 

At pH 4.7 gelation occurs at both 20 and 40% SMP (Figure 27d,e) while at pH 4.3 It IS 

Iimlted to the 40% SMP and IS less pronounced (Figure 27a,b). At a concentration of 

30%, gelatlOn occurs at a pH 4.9 and 4.5 but not at a pH 4.\ (Figure 24). Based on the 

physical characteristics discernable from by the micrographs, it becomes apparent that the 

extent of gelatlOn of SMP is a combined effect of pH and concentratIOn. 

Temperature IS one of the many factors affectmg the water holding capacity of 

proteins, aside from cOmpOSition, protetn conformatIOn, pH, solutes and surface area 

(Chou and MOIT, 1979; KIOsella and Fox, 1986). High temperatures favour proteIn

protein interactions to the detnment of protein-water interaction and Figure 22 shows that 

minimum hydration occurs at the maximum temperature (60°C) studied. Increasing 

temperature leads to a reduction In hydrogen bonding and usually to the aggregation of 
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particles (Cheftel et al., 1985), reducing the overall availabihty of polar groups to bll1<.1 

water. Curd shrinkage observed with higher washmg temperatures may be due to such an 

aggregation mechanism which results in decreased curd porosity and the expulsion of 

more capilIary water (Figure 26b). Similar shrinkage and firming of curd has al'io been 

observed with incre.asing coagulation temperature (O'Meara and Munro, 1982; Jablonca 

and Munro 1986a). 

One final observation is that the effect of concentratIOn on the WHC reslIlled 111 

a minimum occurring at 31 % SMP (Figure 23) which corresponded wlth the tnl\1lJ11UIl1 

porosity being observed at 30% SMP m the microstructural survey (FIgure 2-k). 

Hydration is affected by the aggregatlon of the micelies whlch may reduce th\! total 

surface area of the protein and thelr subsequent abllity (0 bmd water. On thc oth\!r hand, 

hydratlOn may be enhanced by gelatIon by tra~i1mg water 111 the 'itructural l1\!tworl-. 

formed. Both aggregauon and gelatlon are dependent lIpon concentration and the 

interaction of these two opposmg phenomena on hydration, at a pH close to the Isoelectnc 

point, may be the reason that an mtermrdiate solids concentratIon rcsults m mlntmum 

hydration properties. 

3.3.5 Conclusion 

Coagulation and washmg condItIons have been shown to mtlllence the 

microstructure of the acic casein curd, the loss of fines therefrom and the water holdlllg 

capacity of the curd. RSM was an effective tool for exammmg whlch of the vanable'l 

used in the process were slgnificant and provlded gUIdance as to whlch mcchalllsm'l l11ay 

affect the system. Fmes cOlild be mimmlzed by selectmg appropnate pH, concentratIOn 

and agitation conditions whlle the mOlsture content of the final clIrd was maml y controlled 

by pH, concentratIon and temperature, and these parameter'i WIll Ilkcly affect the 

dewatering properties and drymg efficlencles of the curd. Mlcrostrllctural analysl'i 

demonstrated the effects of pH, concentration, temperature and thelr 1I1tcractlOI1'i on the 

casein structural network. Thus, the coagulation pH and concentratIOn affect Ilot only thc 



f ... 
114 

efficiency of the acid casein production process but also the functional propertIes of the 

end product. This study indicates that the careful assessment of the coagulation/washing 

process can yield information which may be useful in obtaining a better understanding of 

casetn coagulation and applicable to both conventional casein manufacture and the 

development of an extrusion based process. 
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A multivariate dependent process, designed to produce an aCld C(/'\l'/fl (mlll .\A/III 

milk powcer was stlldied in renns of minimizing residual lacrme, mit (ll/d lil/e.\. 

Compromise opllmum condifions were derived uSlng rhe Generali;:ed D/.\(I1/('l' Approaclt 

(GDA) and an Exrended Response Surface Procedure (ERSP) wluch Il/ade Il.\(' or,//(' SAS 

RSREG procedure wüh and wlthout COf/J'tramts. The GDA procedure prodllced good 

results in rerms of providing an optimum for a general acid C([.\(:'lfI proCl',\.\, w/Ille ,!te 

ERSP al/owed more extensive analysis of the data ln tenns of aSSl'sslIIg ,\pec/lie pro('(I,\,\/l/g 

conditlOns. Although more compUlif/g lf/teIlSIVe, [he ERSP conj'erred at/dllumal Ill''(fb/III\' 

in determining opmnal conduions for special situations such as l'xtrusUJ!/ proce,\,\ll/g. BO(It 

approaches are usefulfor process englIleerzng, wuh rhe GDA helf7g a II/ore gmera! 'oo! 

while the ERS? IS advantageous when the GDA procedure hecot1/e.\ !if1lll/llg 

3.4.1 Introduction 

The manufacture of acid casein from sklm milk IS a primary mdllstnal procc,>,> 

which serves to provlde the base matenal for the fllrther processmg of mllk prolClIls Il1tO 

soluble caseinates, mamly llsed by the food industry (Muller, 1971; Rlchcrt, 1975; 

Muller, 1982;Southward, 1985, Fichtalietal., 1990a). Theovcrall qualItyofacldca<;cll1 

depends on the conditions associated with the coagulation and washmg of the curd, wlth 

residuallactose and ash bemg important quality attributes, and the mmllTIlZatlOI1 of linc,> 

being a major economic conSIderatIOn . 
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It was clear from our Initial work (Chapter 3.1) that a more detalled Investigation 

was required of the coagulation and washing procedures in relation to the extrusion 

proce~!i. These procedures involve a number of vanables, including pH and concentration 

for the coagulatIOn step; and, temperature, tlme, agitation and wash water ratio (WWR) 

for the washlOg step. An experimental model system was utlhzed to slmulate the 

extrusIOn processmg conditions and evaluated usmg response surface methodology (RSM) 

to assess the relationshlps between the responses (fines; microstructure; and residual 

lactose, WPN, and mlOerals) and the process vanables (Fichtali et al., 1990a, b) as 

discussed m Chapters 3.2 & 3.3. 

RSM provlded a useful means for studymg such a complex multlvariate 

coagulatlOn/washmg system. This approach has been enhanced by the availabllity of 

multiresponse opumization routines (Khuri and Conlon, 1981), speclfically the 

Generalized Distance Approach (GOA). This procedure was assessed in relatIOn to 

obtaining a multlvariate compromIse optimum for the coagulation/washmg process for 

aCld casem in general and compared to an Extended Response Surface Procedure (ERSP) 

through the use of the SAS RSREG procedure with and without constramts as devised by 

the author. 

3.4.2 Material and Methods 

The details of the experimental protocol and analyses, and the expenmental design 

have been descnbed In Chapters 3.2 & 3.3. In essence SMP was coagulated under vanous 

conditions of pH and concentratIon (C), and subsequently washed under vanable 

conditions of temperature (T), agitatIOn (rpm), time (t) and WWR accordmg to a central 

composIte deSIgn. The casem fines were separated frùm the wash water by centrifugation 

and the product was freeze dned and analyzed for lactose anè. ash. 
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Generalized Distance Approach 

Contour plots of indlvidual responses can be used to opumlzc Olle re~pon~e al ,\ 

time against two selected independent vanables. When two or more re~ponse vanahlc'i an: 

considered slmultaneously, the optimizatlOn problem becomes substJntwlly more ~omplcx 

and conditions which are optimal for one response may not be opt\lnal for another, or 

may be physically impractical. In addition, the optimum mdy be a fUl1ctlon of more Ihan 

two mdependent vanables. OptlmizatlOn of the multlresponse funetlon ean be achlevcd 

using the Generalized Distance Approach (Khun and Conlon, 1981; Khun and Cornell. 

1987). This method permits one to find compromise conditions for the Input vanable'i 

that are somewhat favourable to ail responses. ThiS Impltes that the 1l111ltlrC'ipoll"'l' 

function devIates as little as possible from the mdlvidual optima and the devlatlOll 1 ... 

formulated as a distance fllnctlon whlch IS mlntmlzed over the expenmental rcgloll 

Mathematically, If the responses are consldered to be correlated, thls distance fllnctloll 

cao be expl'essed as: 

- , - 1 If'" 
_ [(y(X)-c/J) z; (y(x)-,p) ] . 

p[y(x),c/J] = 
z'(x)(Z'Z) 1 z(x) 

(60) 

where: x is defined as a 1 x k vector of the coded input vanables, 

z(x) is a vector of order p x 1 of the same form as a row of Z, but 15 evaluated 

at the point x, 

y(x) is the vector of predicted r responses at the point x, 

,p being the vector of indivldual optima, and 

i: is an estimate of the variance-covariance matnx of the rcsponse~ glvcn by: 

z; = 
Y' [1 n - Z(Z'Z) IZ' ]Y 

(n-p) 
(61 ) 
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where Y is the n x r multiresponse data matrix. It is to be noted that the matrix Z IS such 

that all the responses are represented by the models: 

Y, = Zf3 , + e, i = 1,2, ... , r 

and Z is assumed to be of order n x p and rank p. 

The minimlzation of the p function with respect to x over the experimental region 

will produce a compromise optimum for the multivariate system under consideratIOn. The 

IOput data for the MultIple Response (MR) program developed by Conlon and Khun 

(1988) are the design and response matrix, which are used to calculate the regression 

equatlons and the optIma for each response. Once the mdivldual optIma have been 

obtamed, the GDA IS used to calculate the compromIse optimum. A variable whlch can 

be adjusted In thls search IS the deSIgn radIUs (the extreme hmits of the coded vanables), 

which can be reduced to narrow the search. Smce our design is not rotatable, the radius 

is a reqUlred parameter in the program. The details of the search method and 

convergence cntena used 10 the program have been dlscussed by Khun and Con Ion 

(1981). 

Ettended Response SUlface Procedure (ERSP) for Multiresponse Optimization 

An alternative approach to finding a multiresponse optimum is to use an ERSP 

with constraints. Because of practical expenmental considerations, the original 

experimental RSM design IS restncted to 50 variable combinatlOns. A search for an 

optImum under these condItIons IS limlted because the gnd compnsIng the variable 

combinatlOns is quite erude and the optimum may be missed. By writing a sm aIl 

subroutine, one can generate a much finer gnd usmg second order regresslOn equatlons 

by reducI!1g the interval between the coded variables (I.e., 0.25 Instead of 1.00). The 

expanded data set considers all the variable combinatlOns and an extensIve new set of 

responses values is calcuJated. If the eomputing power is available, ev en more 

combmations can be generated by reducing the code~ level interval to even smaller values 
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to increase the precision of the search. The r("sponse of mterest is then sorted in 

ascending order using a sort routine which is part of the RSREG procedure. The 

maximum or minimum of th" sorted response can be determ1l1cd with or wlthout 

constraints on the remaining responses. In additIOn to thlS, the search 111 the design ~pace 

can aIso be hmited by constrammg the input vanables to selected ranges. Assuming the 

relations onginally denved from the experimental data are sufticlently precise, tlm 

approach allows one to optlmlze a selected vanable wlth constra1l1ts 01. clthcr lIlput 

variables or the remail11ng responses. The end result is an optimum with constramts, 

which may also be considered a type of multivariate response optimum. The SAS program 

used for computation is given m Appendix 3. 

3.4.3 Results and Discussion 

The complete expenmental design 111 terms of coded values and thelr re"'pecllvl' 

responses lS presented 111 Appendlx 2. The regresslOn equatlons and thelr estllnated 

regression coefficients are presented in. Table 4 for lactose and ash, and 111 Table 6 for 

fines. FIgure 28 illustrates in graphlcal form the type of problem to be solved. Hcre pH 

and concentration are the variables under consideratIOn, wlth the rem a 111 mg vanables lixed 

and the responses are presented as overlapp1l1g contour plots. ln thls clrcum~tance, one 

can vIsually estimate a multuesponse optImum in relatIon to fines, lactose content and 

ash. The shaded reglOn ln Figure 28 can be consldered the best conditions mcctlllg the 

criteria of minimal fines, lactose and ash. Khun 's procedure uses a mathcmatlcal approach 

to find a more general solutIon, which is not restricted ln terms of the numbcr of 

variables under conSIderation, as 111 the case of the surface responsc plot. 

For the calculatIOns, the desIgn matrix and the data matnx for lacto5e, a~h and 

fines (Appendix 2) were entered into the MR program and a ~earch Implemented for the 

compromise minimum uSlng desIgn radil of 2.00 and 1.75. The output of the program 

provides optIma for the factors investIgated and computes the correspondmg rc~pon.,e~ 

from them (Table 7). 
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Figure 28. Supenmposed multIple response contour plots of predlcted percent ash (\7), 
lactose (.), and fines (0) as a functIOn of pH and concentratIon. Temperature == Sye; 
time == 15 mm; rpm == 250; and WWR == 4: 1. 
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Table 7. Multiresponse factor optima calculated using the Generahzed Distance 
Approach and their subsequent predicted responses for two radii (r). 

Variables Optimal Values 
r=2.00 r= 1. 75 

pH 4.33 4.34 
Temperature rC) 45 46 
Concentration (%) 12.3 14.9 
Wash Time (min) 14.4 15.8 
rpm 263 259 
Wash water ratio 4.8 4.9 

Responses Optimal Values 

Fines 1.70 1. 1 1 
Ash 1.55 1.76 
Lactose -0.029 0.011 

The compromise optima obtained for searches for both radJ1 were slITIllar and II 

is likely that the narrower search is slightly more accurate as more error can accull1ulate 

when extreme deSign values are used. The compromise optimum response conditions 

provide a very useful solution, defimng SIX vanables leadmg to a product whlch meets 

international specificatlOns for aCld casein m terms of lactose « 0.1 %), ash « 2.0%), 

while mimmizing fines, the latter bemg Important from an economlc vlewpomt. ThIs I~ 

clearly a valuable solution m relation to defimng and developmg a process for the 

production of acid casem. 

One can foresee circumstances where the compromIse optImum may not provlde 

a solution which meets specifications or where one may be forced to work ollt)lde the)c 

optimal values. Extrusion processing, WhlCh requires solids content uf 20% or more 

cannot be carried out using the calculated compromise optImum condItIons. In thls 

situation, the additional capability of adding constraints wOlild be use fui to allow a ~carch 
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for a solution which defines or limits specifie criteria. Such an approach was devised 

by making use of an ERSP based on the SAS RSREG procedure and a routine ta generate 

a more detailed surface for the search (Appendix 3). To do thlS, the program was first 

instructed to minimize fines but to simultaneously restrict lactose and ash to < 0.05% and 

< 1.5%, respectively. A variety of addttional constraints were th en imposed in relation 

to the extrusion process. Specifically, optimization was studied within the data set using 

the following cntelia: Run l, the use of a selected pH rauge; Runs 2-5, specifie pH 

values; Runs 6-11, selected concentrations; and Run 12, a specialty high ash product. 

Table 8 presents the constraints placed on the variables for runs 1-12 and the 

resulting optimal solutions. Thus, the solution for Run 1, which mimics extrusion 

conditions, is sllghtly better than the compromise solution (Table 7) obtained usmg the 

Multiple Response program in terms of minimizing each response, but still allowing the 

use of higher SMP concentrations. For Runs 2-5, the effect of increasmg pH forces a 

reduction of the concentration but also results in an increase in minimum fines. In the 

case of increasing concentration from 25 to 50% (Runs 6-11), the pH required decreases, 

however, minimum fines reach unacceptable levels. For the manufacture of a specmlty 

high ash casein with low lactose content (Run 12), the key factor appears to be the use 

of hlgh concentrations. The ERSP is a broader tool in that it allows one to explore an 

experimental data set more fully and assess basic trends as a function of selected 

constramts. 
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Table 8. Minimization of fines using the Extended Response Surface Procedure 
(ERSP) using defined constraints on responses and input vanables. 
F=Fines, A=Ash, and L=Lactose. 

Constraints 

Run# pH T (OC)* C (%) t (min) rpm WWR 

1 4.3-4.5 40-60 10-25 10-20 200-250 4-5 
2 4.3-4.3 40-60 10-25 10-20 200-250 4-5 
3 4.4-4.4 40-60 10-25 10-20 200-250 4-5 
4 4.5-4.5 40-60 10-25 10-20 200-250 4-5 
5 4.6-4.6 40-60 10-25 10-20 200-250 4-5 
6 4.1-4.6 40-60 25-25 10-20 200-250 4-5 
7 4.1-4.6 40-60 30-30 10-20 200-250 4-5 
8 4.1-4.6 40-60 35-35 10-20 200-250 4-5 
9 4.1-4.6 40-60 40-40 10-20 200-250 4-5 
10 4.1-4.6 40-60 45-45 10-20 200-250 4-5 
11 4.1-4.6 40-60 50-50 10-20 200-250 4-5 
12 4.3-4.7 40-60 10-50 10-20 200-250 4-5 

Solutions 

Run# pH T C rpm WWR F (%) A (%) L (%) 

1 4.32 59 22 20.0 200 4.0 -0.44 1.48 0.016 
2 4.30 60 23 20.0 200 4.0 -0.43 1.42 0.003 
3 4.40 60 18 20.0 205 4.0 0.31 1.46 0.050 
4 4.50 59 15 16.5 200 4.6 3.26 1.48 0.050 
5 4.60 40 11 16.5 250 4.0 4.07 1.49 -0.120 
6 4.28 60 25 20.0 200 4.0 -0.32 1.47 0.005 
7 4.22 60 30 20.0 200 4.0 1.17 1.44 0.005 
8 4.18 60 35 20.0 200 4.0 3.51 1.43 0.013 
9 4.16 60 40 20.0 200 4.0 6.20 1.50 0.024 
10 4.14 60 45 20.0 200 4.4 10.23 1.50 0.001 
11 4.12 60 50 19.5 200 4.0 14.37 1.50 0.037 
12 4.35 60 45 20.0 200 4.7 4.01 3 II 0.047 

• Full range 
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An attempt was made to compare the two methods more directly by using a totally 

unconstrained input variables ERSP search with lactose and ash restricted to <0.05% and 

< 1.5 %, respectively. The results of the unconstrained input variables search are 

presented in Table 9 and can be compared to the compromise optima presented in Table 

7. 

Table 9. Computation of minimum fines with unconstrained input variables and 
lactose and ash under constraints using the Extended Response Surface 
Procedure for two design radii. 

(a) Radii = 2.00 

N 

1 15625 
0.5 531441 
0.25 24137569 

(b) Radii = 1. 75 

1 4096 
0.5 262144 
0.25 11390625 

pH T 

4.5 40 
4.5 40 
4.45 40 

4.35 58.8 
4.45 58.8 
4.45 58.8 

C t 

10.0 5 
15.0 5 
12.5 5 

12.5 6.3 
12.5 6.3 
12.5 6.3 

rpm 

350 
350 
350 

313 
338 
338 

WWR 

7 
7 
7 

6.3 
6.8 
6.8 

F (%) A (%) L (%) 

-3.6 
-3.7 
-3.9 

-1.6 
-2.9 
-2.9 

l.1O -0.39 
1.40 -0.25 
1.18 -0.28 

1.34 -0.06 
1.41 -0.24 
1.41 -0.24 

1 = Inlerval belwccn codcd levels. N = Number of prcdlcled data pomls generaled by SAS. F = Fmes. A = A~h. L = LaCIO~e 

The solutions are qUlte different, wlth the ERSP results being at the limits of the 

design values for the maJority of mput variables. Most of the <,ptima are impractical to 

implement, but do result in Improved minimization of fines, lactose and ash. The ESRP 

solutions also indicate that the effect of the de~ign interval between the coded levels 

appears to be negliglble, but that the design radius does affect the results. These 

differences can readlly be explained in terms of the search approach. In the Generalized 

Distance Approach, the compromise optimum depends on individual optima of the 
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responses and how far they are from each other in the design space, and as a re~;ult, th~ 

compromise optimum may be far from the 'ideal' optimum (Khun and Cornell, 1987). 

Using ERSP, the search for minimum fines under the defined constraints wIll be c10ser 

to the optimum, which in turn can be further localized by increasing tht number of data 

points in the design space. 

The ERSP approach requires a large number of data pomts and consIderable 

computing time, Le., Run # 1 consumed 40 minutes of CPU tlme (- $375/hollr). The 

GDA on the other hand can be run on an IBM PC at negltglble cost on readlly avallable 

hardware. The computmg costs for the ERSP are hlgh because the number of vanablc'i 

considered in this study were exceptionally large. In general, most problcms of thls 

nature would normally consider only between 2 to 4 variables, whleh Wou Id rcduœ 

computing time exponentially and make such calculatlOns much more vIable. 

Both calculation procedures have merit, the GOA bemg useful for obtaln1l1g a 

generalized compromise optImum, while the ERSP is useful In specIfie sltual1()l1~ wherc 

constraints are a necessity, as m the case of extrusion. The GOA optImum has hecn 

shown to be a very workable solution for the com/entlOnai aCld casem process whlch IS 

run on a relatively low solids basis. Extrusion proce~l)ing requires hlgh sohds and hence 

optimal conditions can only be found usmg constrô.ints. This ablItty to ~et con ... tra1l1ts I~ 

certainly an advantage in such circumstances, provldmg the tlexlbillty to explore the 

experimental data in relation to producmg a tailor made end product. 

3.4.4 Conclusion 

An attempt has been made to extend the basic mformation avatlable From ~tandard 

multivariate response surface data in terms of optimlzing a sklm mtlk coagulatlOn/washlng 

process. It was shown that the GOA program developed by Con Ion and Khlln (1988) 

could be apphed ta obtain a useful compromIse optImum for a standard aCld ca~ell1 

process. The GOA result may m fact not provIde a viable comproml~e optImum and in 
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such circumstances an useful altemate solution can be obtained by an ERSP search as 

long as the models under consideration are second order. ERSP presents a useful way 

of deriving additional information from the experimental data set, especially where 

constraints are likely to be a prerequisite. Both procedures are useful tools to the process 

engineer and should be considered as adjuncts to standard RSM techniques. 

, 
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3.5 AN EXTRUDER DIE DESIGN FOR WHEY SEPARATION 

A BSTRACT 

A special die was designed as an affachmellt to an extruder in order to assist in 

whey separationfrom casein curd as the extrusion process proceeded. The dilJ was !l'sted 

under various operating conditions and design paramelers and the end product analyzed 

for moisture, ash and lactose. Although the die did not pro vide .\'ati.~làctOly result.\' diœ /(} 

plugging problems, the resu!ts indicate tllat there is pOle11fia! for extruder ,\'o/id-Iiquid 

separation in proeesses wllere syneresls occurs. 

3.5.1 Introduction 

Dewatering, inc1uding dewheying technology in the food industry relies on sol id

liquid separation equipment such as vacuum filters, centrifuge or belt presses which are 

capable of removing bulk water. Other than these mechanical separation techniques, new 

methods have been developed su ch as electro-acoustic dewatering processes (Murahdhara 

et al., 1988). In the food industry, many processes lOvolve reactions under heat and shear 

resulting in phase separation, i.e., the rendering of meat. Thc extruder may be useful for 

such applications by combining several uml operations in a smgle process, resulting in 

equipment and energy savings. 

After the conversion of SMP to an acid precipitate, dewheying is required which 

has a direct effect on the washing efficiency (Hobman, 1978; Pearce et al., 1987). Screcn 

separation is the most commonly used procedure in casein industry, howcver, its 

efficiency is lower compared to other mechamcal separation techniqucs ~uch as centri fuges 

and roller presses. The objective of this study was to design a special die for continuous 

dewheying and test it to determine whether it could assist in: (1) contmuous dewheying 
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leading to a reduction of the cost associated with conventional dewheying process, and 

(2) reducing the subsequent washing steps of the casein curd. 

3.5.2 Material and Methods 

Low heat SMP (section 3.2.2) was continuously coagulated in a Baker Perkins co

rotatmg twin screw extruder whlch IS described in Appendix 4. The barrel was configured 

In a 15: 1 llO ratIo (barrel length to screw diameter ratio) and the screw protile was 

designed to generate efficIent pumping actIOn and includes 225 mm feed screws, 50 mm 

short pltch screws and 475 mm single lead screws. The die efficiency was tested under 

various conditIOns of moisture, feed rate, screw speed and temperature and the dewheyed 

samples were assessed for mOlsture, ash and lactose (sectIOn 3.2.2), wlth pH of the 

coagulum measured before separation (section 3.2.2). 

Die design 

Figure 29 is a schematic dlagram of the extruder die used for continuous 

dewheying. It was made of stamless steel and consists of the following parts: (1) a die 

plate to be fixed to the extruder barrel; (2) a cylindrical screemng sectIon made of three 

layers of stainless steel screens (40, 100 and 40 mesh respectively); (3) a perforated pIpe 

to hold the cylindncal screen and prevent the tearing of screens under pressure; (4) a dIe 

orifice holder WhlCh can be connected to the screen sectIon; (5) rubber nngs to seal the 

screen section between the die plate and the dIe orifice holder; and (6) a die onfice whieh 

eould be ehanged as reqUired to restriet or to en large the opemng. Additional drawing 

details for eaeh part of the die are glven in Appendix 5. 

3.5.3 Results and Discussion 

The die was tested under vanous extrusion operating conditIOns (Table 10), USIng two 

sereen heights, 65 and 150 mm and for three die exit openings, 5; 10 and 15 mm. The 

small orifice (5 mm) did not work as It plugged easily. Usmg the larger orifices (10 and 
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Figure 29. Schematic dlagram of the die used for extrusion dewheying proce')s. A = 

die plate, B = cylindrical screen, C = perforated pipe, D = die oritice holder, E = 
rubber ring, and F = die orifice. 
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15 mm), dewheyed samples were collected under some operating conditions. However, 

in general the pressure generated by the screws was not sufficient to ensure continuous 

separation over a long period of time due to relatively high moi sture content of the curd. 

The low viscosity of the product plus the screws, which were designed for more viscous 

matcrials, Icd to product backing up in the extruder. The operating conditions and design 

parameters under which dewheying was possible, and for which analytical results were 

obtained are given in Table 10. 

Table 10. 

H D 

65 10 
65 10 
65 10 
65 15 
65 15 
ISO 15 

Extrusion conditions and analytical results obtained for dewheyed products. 
H =cylindrical screen height (mm) , D =die orifice diameter (mm), T= 
barrel temperature setting CC), FdR=feed rate (kg/hr), FwR=flow rate 
(I/hr), M, = mitial moi sture of the curd before separation, Mr=final moi sture 
of the curd after separation. 

ConditIOns ResuIts 

T FdR FwR rpm M, (%) pH Mr (%) Ash ( %) Lactose ( % ) 

55 13.5 34.4 100 71.8 3.80 68.0 5.0 31.3 
55 14.9 28.0 100 65.3 4.36 58.6 7.1 37.9 
60 18.9 28.0 150 59.7 4.60 51.5 7.3 34.5 
60 18.9 28.0 150 59.7 4.50 55.6 7.3 34.1 
60 22.9 30.0 150 56.7 4.66 55.2 7.7 42.8 
60 18.9 28.0 150 59.7 4.60 52.5 7.3 29.3 

Table 10 shows that adequate separation equal to the one which can be obtained 

by centnfugation (50-60% moisture) may be achieved using the die. The success of using 

the die depcnded on opcrating conditions and design parameters of the die. It has been 

shown (see Chapters 3.2 & 3.3) that particle size and firmness of the coagulum are 

largcJy dcpendcnt on pH, concentration and temperature of coagulation. Larger particles 

having rubbcry structure immediately plug the die, while a soft coagulum with small 
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particles may exit from the die orifice without any significant degree of separatIon. The 

longer screen (150 mm) was more difficult to use as more material accurnulated at the dlc 

requiring more pressure to push the product through the onfice. Most of the 'Iample'l 

analyzed may be not representatlve of the process, as steady state operat111g conditlOlls 

were not achieved. The results preclude drawing any accurate conclusIOns abOlit the 

performance of the die or the operating conditions required for partial on hne separatIon 

during the extrusion process. 

Further evaluatlon of using the die for dewheymg reqUlres screws wlllch gcnerate 

enough pressure when low vlscosity products are bemg run, however, sllch 'Icrew'i are not 

available. A smgle screw extruder acting as a screw pump wlth sorne I1lIXlIlg de1l1cllt~ 

sealed from each side by pumpmg screws, may also serve the purposes. 

3.5.4 Conclusion 

A special die for partial dewheymg of SMP coagulum was deslgned, howev<:r, 

continuous separation without plugging of the dIe was not possIble aIthollgh, 'leveral 

operating conditions and design parameters were tested. The data obtallled for the more 

workable conditions showed that separation as efficient as centri fugatlOn may be obtal\1cd 

using the dewheymg dIe. Despite the poor results obtained due to screw 111111tatlons, the 

concept of using an extruder die for dewatenng may have apphcatlon~ ln a llumber 01 

processes such as, hydrolysed vegetable protem, meat rendenng, corn gluten 'Ilurry, 'lugar 

beets, orange pulp, apple pomace, corn fibber and others. SIIlCC the ~crew.., were not 

available to further evaluate the die separatIon efficlency, the dewheYlllg concept ll'illlg 

the die was not considered in 'iubsequent experimentatlon. 
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3.6 RIIEOLOGICAL BEHAVIOUR OF SODIUM CASEINATE 

ABSTRACT 

The rheological behaviour of commercial sodium caseinate was determined at 

variolls temperatures (25-6S-C) and concentrations (10-16%) and was shown to be most 

adeqllafely described by the Bingham model. The effect of temperature on the viscosity 

followed an Arrhenius-type re!ationship white the effect of concentration followed an 

exponential-typl' relariol/ship. A model to predict the viscosity as afunction of tempe rature 

and COnCl'l1Irafion is prl'sl'Ilfed, which a/so considers the effecl of concentration on the 

aCfivafiolll'llergy. The mode! developed will be usefulfor sodium caseinate manufacturing 

and applicariol/s. 

3.6.1 Introduction 

Intensive studies have been carried out to produce acid casein from SMP (Fichtali 

et al., 1990a,b,c) which are described in Chapters 3.2, 3.3, & 3.4. Acid casein is 

insoluble and should be neutralized to sodium caseinate which is widely used in various 

forl11111atcd foods because of its desirable physico-chemical, nutritional and functional 

propCItiCS. The major problem associated with sodium caseinate manufacturing lies in 

ils high, viscous gllle-like texture, increasing its dissolving time and limiting its 

concentration for spray drying to - 20% total solids even at higher temperatures of 90-

95"C (Soulhward. 1985). 

Towlcr (1974) studied the effect of shear rate, temperature and concentration on 

the viscosity of sodium caseinate, however, no rheological model was deveJoped. Such 

a modc1 wou Id be useflll to predict the range of shear, concentration and temperature 

which may be used to prepare sodium caseinate dispersions with predictable viscosities 
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which can be handled in agitated tanks, by colloid mills, pumps and spray driers. 

Furthermore, such a model would aid in understanding the flow behaviour in an extruder 

and assist in the modelling and hence control of extrusion processes. Viscosity models can 

also be useful in studying and predicting effects of process conditions on end prodllct 

quality attributes, as caseinates are widely used for their rheological fllnctional properties. 

The objective of this study was to develop a model wllich adequately describes the 

effect of shear, temperature and concentration on the viscosity of commercial sodium 

caseinates, which will be useful for interpreting observations provided by casein 

neutralization process and characterizing sodium caseinate produced by extrusion. 

3.6.2 l\1aterial and Methods 

Preparation of Samples 

Commercial sodium caseinate was obtained fre,n Champlain Industries (Cornwall, 

Ontario) and served to develop the viscosity model. Selected concentrations (10-16 %) 

were dissolved by agitation in water bath at 60°C, for 20-30 min after which the samples 

were cooled to ambient temperature and any foam removed From the surface of the 

solutions prior to making viscosity measurements. Each set of conditions was coded, i.e., 

CnTm, where C is the concentratIOn; n is the concentration value in percent solIds; T is 

the temperature and m is the temperature value in oc. 

Rhe%gy 

Rheological measurements were carried out using a Haake Rotovisco R-V 20 

viscometer, equipped with a MS-Ose measuring system used in the rotational mode and 

programmable via a computer controlled Rheocontrol1er RC20 module. An MV2 sensor 

was used and the temperature controlled to within + 0.1 oC using a clrculatmg water bath. 

The shear rate was programmed to increase contml.lously From 0 to 200 Si over 2 mlOutes 

giving 50 readings over the time period. Five temperatures (2S-6S"C) and thrcc 

concentrations (10-16%) were studied, although in sorne cases it was not possible to 
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reach shear rates of 200 Si because of high viscosities (i.e., at C13T2s, C16T25 and 

C16T3S). Three rheological models were assessed and titted using regression analysis by 

the least-squares method. 

3.6.3 Results and Discussion 

Rheological behaviour 

To determine the rheological behaviour, the data obtained under each set of 

conditions were titted to each of Bingham, Power Law and Casson models, descnbed by 

the followmg equations (Rao, 1986): 

(a) Bmgham: 

T = Ta + ,11' (62) 

where T IS the shear stress, i IS the shear rate, "1 IS the coefficient of vlscosity and T 0 is 

the yleld stress. 

(b) Power law: 

T = m'Y"" 1 

where m is the consistency index and n is the flow behavlOur index. 

(c) Casson: 

Ir. _ Ir. + ( .)Ir. 
T - T O J.'o"Y 

where 1-'0 is the casson plastic viscosity. 

(63) 

(64) 

The model which best fit the caseinate data was the Bingham model, producing 

coefficients of determlOation (R~) greater th an 0.999 and Table Il gives Tu, "l, and R~ 

values for each set of conditions. A shghtly better fit was obtained wlth the power law 

model at hlgher concentratIOns and lower temperatures (i.e., C13T25, C16T25 and C16T35), 

but did not fit weB for the remaimng conditIons. Simllar trends were observed usmg the 

Casson mode!. Figures 30 and 31 graphically illustrate typlcal data and show the general 
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tendency to Bingham behaviour (Newtonian with yield stress) at selected tempcraturcs and 

concentrations, respectlvely. Towler (1974) described sodium caseinatc solutions as 

showing pseudoplastic behaviour, with the degree of pseudoplastIclty dccrcaslIlg as the 

concentration was dropped from 15 to 7.5% total solids, whlle Newtoman behaVlOur was 

observed by Baumy and Brulé (1986) for 8 % solids concentration at 2S"C. III our study 

the Bingham model, a yield stress vanant of the Newtoman model, produccd ~atl~factory 

fit (R2 > 0.999) for aU the conditIOns studied. 

Table 11. 

C(%) 

10 
10 
10 
10 
10 
13 
13 
13 
13 
13 
16 
16 
16 
16 
16 

Yield stress, coeffiCIent of viscoslty and correlation coefficient obtamcd at 
different conditions of temperature and concentration usmg eqn (62). 

T CC) 10 (Pa) '7 (Pa s) R: 

25 1.00 0.071 0.9999 
35 0.92 0.044 0.9999 
45 0.89 0.028 0.9996 
55 0.96 0.018 0.9994 
65 0.84 0.015 0.9994 
25 13.61 3.674 0.9991 
35 4.45 1.266 0.999~ 

45 1.34 0.516 1.0000 
55 1.15 0.242 0.9999 
65 1.05 0.126 0,9999 
25 13.88 18.164 0.9995 
35 11.79 4.180 0,9993 
45 4.57 1.421 0,9999 
55 2.19 0.566 1,0000 
65 1.26 0.271 0.9998 

Effec! of temperature 

The effect of temperature on the viscosity of casemate solutIons may be dc,>cnbcd 

by an Arrhenius-type equatlOn (Towler, 1974): 
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Figure 30. Flow curves for sodIUm caseinate at 13 % solid concentration as a function 
of temperature and shear rate. 
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Figure 31. Flow curves for sodIum casemate at 45°C as a functIon of concentratIon 
and shear rate. 
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'1 = 110 exp (E.lRT) (65) 

where '10 is a constant, E. is the activation energy for flow, T is the absolute temperature 

and R is tht~ gas constant (1.987 cal g mor' K '). 

Figure 32 shows the effect of temperature on the viscosity of sodium caseinate 

according to eqn (65). Lmear plots are obtained when the log the vlscosity at a partlcular 

concentratIon is plotted agamst liT. The activation energy (slope of the curves) tends to 

increase with the solid content of the solutions with values of 3.49, 7.32 and 9.09 

Kcal/g.mol for 10, 13 and 16% solids concentration, respectively. ThIs Implies more 

energy is required to shear higher concentrations of sodium caseinate. 

Effecr of concentration 

Generally the effec! of concentration can be descnbed by either an exponentlal or 

a power type of relatlOnshlp (Rao, 1986) which are given by eqns (66) and (67) 

respectively: 

(66) 

'1 = ,.,~ exp(C)AI (67) 

where C is the concentration in percent solids and '1" 'b A" and A: are constants. These 

relations have been used to describe the effect of concentration on viscosity for various 

food materials (Clark, 1978; Rao, 1986; Morgan et al., 1989; Khalil et al., 1989). 

Neither of these relations fit our data, as a con~equence an exponentlal-type equatIon was 

tried. 

(68) 
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Figure 32. Effect of temperature on vlscoslty of sodIum ca~ctnalc al vanou'l 
concentratlons . 
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where '1J1 BI and 8 2 are constants. This equatlon has been successfully applied to clarified 

pear juice concentrates (Ibarz et al., 1989) and Figure 33 presents the logarithmic 

viscosity vs concentration plots with the data fitted to a second order regression model 

according to eqn (68), for different temperatures. 

The combmed effeCl of tempe rature and concentratIOn 

For practical purposes, it would be very useful to describe the effect of 

temperature and concentratIon by a single equation. Combining eqns (65) and (68) and 

considenng the effect of concentration on the activation energy (E.), the following 

equation is obtained: 

(69) 

where ,,' is a constant. The viscoslty coefficients from Table Il were related to 

temperature and concentratIon by multiple linear regresslOn using eqn (69). The resulting 

constants are given \0 Table 12 and a good fit as indlcated by the coeffiCIent of 

determinatlOn (R==O.996) was obtalOed. Eqn (69) can be rewntten in terms of E. as: 

(70) 

where, 

In this form, eqn (70) conslders the fact that the actIvation energy IOcreases with 

increasmg the solids concentratIOn. Figure 34 illustrates the comblOed effect of 

temperature and concentratIOn on the logarithmic of vlscosity as predicted by eqn (69). 
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Figure 33. Effect of concentration on viscosity of sodium ca~l!ll1ate at V,lflOU" 

tem peratures . 
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Figure 34. Combined effect of temperature and concentration on the 10ganthiTIlC of 

VISCOSlty of sodium casemate. 
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Table 12. 

Parameter 

Tl- (Pa s) 
KI (K) 
K 2 (K) 

Model constants and regression estimates according to eqn (69) for 
sodium caseinate (Champlain Industnes). 

RegressIon estl mate 

K3 (dimensionless) 
K4 (dimensionless) 

7.960 X 10 4 

-6384.725 
1082.029 
0.02426 

-0.10595 

R~ 0.996 

143 

It should be emphasized that the constants of eqn (69) are hmtted to the range~ 01 

temperature and concentration studled and cannot be extrapolated to olher condltlon~ or 

other commerCIal sodium casemates. In additIon to temperature and concentratIOn, otller 

factors can affect the vISCOSIty of sodium caseinates such as pH, calcIum content, typc of 

alkali used for casem neutrallzatlon plus seasonal and genetlc factors (Southward, 1985) 

3.6.4 Conclusion 

The rheological behaviour of sodium casemate was adeqllately descnbed lIslng 

Bingham mode!. Thus shear rate has little or no effect under the condItIons stlldlCd, 

however, sodium casemate exhlbtts yleld stress and hence sorne energy WIll he requJn:d 

for casemate mass deformatlOn. Temperature and concentratIon have a dramallc erfect on 

the ViSCOSIty coefficient of sodium casemate and the vlscoslty can be dccrca~ed by etlhcr 

decreasing concentratiOn or lIlcreasmg the temperature, however, both of thcm l1lay al fcct 

the end product charactenstlcs. The model developed will be usellli for the manufacture 

and applicatIOns of sodium casemate. 
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3.7 EV ALVA TION OF THE TWlN SCREW EXTRUDER PERFORMANCE 

FOR ACID CASEIN NEUTRALIZATION 

A BSTRACT 

Enruder perfonnance for acid casein neutralization to produce sodium caseinate 

was evaluated in ferms of miring, conveying, specifie energy consumpflon, pressure 

generaled, prodllct temperarure and end producr charactensru:~. 711e etJ'ect or wlecred 

operating parameter.\ SUdl as, .\crew speed. Temperature and ./'eed rare was /I1ve.\!Ïgared 

and .\/lOwed (hat operatlllg conduLOns have mlfllmal effet 't on end producf charaCfelï.\flc.1 

alt/1Ough Illey ('an affect (he extruder dependenr variables, ./low behavlOur and rhe 

re.\idence flme dlsmbu!lons (RTDJ lflrhe extruder. The resuits obramedjbr RTD al/aly.I/.\ 

were compared ra theoreflcal mode/s to asSISt in descnbing the ('xrruder as a cl7eIn/(:a/ 

rl'ac(or. 

3.7.1 Introduction 

The use of the extruder as a chemical and blOchemlcal reactor may olTer 

InterestIng possibllities ln developing novel food applicatIOns. Although only few 

applicatIOns have been exploited up to now In the food sector (Lmko, 1989), mterest 15 

growing III thls area due to a better understanding of practlcal and fundamental aspects 

of twin screw extruSion (Flchtali & van de Voort, 1989). The convel sion of aCld casell1 

Into sodium casemate by extruSIOn IS one of these new apphcatlOns (Boullé, 1986: 

Tossavamen. 1986), however, no pubhshed work evaluates twm-screw extruder 

performance m carrymg out the aCld casein conversIOn to sodium caselnate. A thorough 

understanding involves establishmg relationships between extruder operatlllg conditions, 

internai proces5 variables and product propertles (Flchtah & van de Voort, 1989) WhlCh 

as schcmatically presented in Figure 2 (Chapter 2.2). 
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ConventIonal processes for sodIUm caseinate manufacture are rather ~omplex and 

energy consuming, mamly due to hlgh vIscoslty of the slurry. Flirthermore, locallled 

high pH's due to low mlxing efficiency when base is addcd and MaIllard rcactIon due to 

long time held at high temperatures, may occur. These phenomena are re~pon\lhlc lOI 

reductions in the nutntlOnal qllahty of sodIUm casemate and oft-tlavour develop1l1ellt 

during caseinate storage (Southward, 1985). As an HTST UnIt, an extruder can h.lndlc 

highly viscous materials, lmprove mlxmg and mmlmlze rcactlOll tl1ne as a contllluOU\ 

unit operatIon, resulttng in hlgh productivity and product homogcnclty. 

Preliminary work (Chapter 3.1) indlcated that aCld caSCI11 prodl1ccd from Sr-.l\' 

could be neutrahzed in the extruder, however, It was c1ear that ~tlbstantIal work would 

be required to understand and control the neutrahzatlOn proce~s. The al111 01 thl':> '1ll1dy 

was to analyze the performance of the Baker Perktns twm screw extruder for aCIl! (<1'1ell1 

neutralizatlOn 10 terms of mlXlng and conveytng through mathel11atlcal de\CnptIoll 01 

resldence Ume dIstributIOn (RTD), and to assess the effect of operatmg CO!1tl!tlon\ (1 l.' 

screw speed, temperature, feed rate) on: (1) extruder dcpendent vanable~ (1 e torqUL', 

pressure, product temperature), (2) RTO parameters (1 e mean rC'>ldenœ l1nll:, V<ln<lIlL'L', 

Pec1et number), and (3) product propertles (I.e. bulk denslty, expalblon rallo, protelll 

nttrogen, colour). 

Theory 

The theory of RTD has been dlscussed 10 detall ln Charter 2.3 Inc\l1dlllg the 

models avallable to describe flow, mlxing ane the mcthods for dctcr1111l11flg the RTl) 111 

an extruder (Fichtah & van de Voort, 1990a). 

3.7.2 Material and Methods 
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Dried acid casein was obtained from Champlain Industries (New Zealand Import) 

whlch had the following proximate analysis: Il % moisture, 93 % protein, 2.1 % ash, 

0.1% lactose and 1.1 % fat, on dry basis. 

The Baker Perkms twin screw extruder, described in Appendix 4, was used for 

add casein neutralizatlOn. The barrel was configured in 20: 1 LlO and a die with two 

clrcular onfices of 9 mm diameter each was used. The temperature IS controllable 0\ er 

9 zones along the barrel, however for thls experiment the first two zones were 110t ùsed, 

thus, the thermocouples for temperature control shown m Figure 35 were l1umbered from 

3 to 9. The screw contiguratIol1 (FIgure 35) was deslgn~d to obtaITl good dIspersive and 

dlstnbutlve mlxmg and conveylng capabllitles. Good mlx1I1g IS very Important to obtalll 

homogeneous conversIon and IS mamly achleved through the use of paddles located at 

different sections of the screw profile, but also through leakage tlow, back pressure and 

simple diffusion. The paddles also generate heat by viscous dissIpation of mechanical 

energy, increase the residence ttme m the extruder in high shear zones and tncrease new 

surface generatlon. SlIlgle lead screws were used betweel. paddle sections to mallltalll 

good conveylllg performance and to act as steam lock In the hlgh temperature zones to 

avoid chaotlc tluctuatlons ln process charactenstlcs and product qualtty (Flchtalt & van 

de Voort, 1989). Expenments were camed out to 1I1vesttgate the effect of operatlng 

conditIons on: (1) extruder dependent variables, (2) RTO, and (3) end product properties. 

Sample preparallon and, {racer IrradiatIOn and dereCllOn for RTD analysl!<' 

As a tracer, manganese dloxlde was used tn the form of a umform mIxture of 

casell1 (3g) and MnO~ (2g). The reasons for choosll1g thls partlcular tracer were its 

reasonable radiatIon energy level for detectlon purposes and ItS relattvely low half-Itfe 

(2.576 hr) which aVOIds prolonged radiatIon pollutIon problems (Wolf and White, 1976). 

When the extruder attall1ed steady state operatIOn, mdicated by a constant torque, pressure 

and product temperature, the tracer was introduced instantaneously downstream 111 the 

mlddle of the feed port (see Figure 6). The extrudat~ was collected as one continuous 

strand over a period of 5 min followmg the mtroductlOn of the tracer. The extruded 
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Figure 35. Pressure and temperature control zones, and screw configuratIon lI\cd lor 
casein neutralization. The screw contiguratlOn comprises (from left to nght): 300111111, 
feed screw; 50 mm, 30° forwardmg paddles; 50 mm, short pltch screw; 50 mm, '>tngle 
lead screw; 37.5 mm, 60" forwardmg paddles; 25 mm, 30" reversIng paddle,>: IUO 
mm, smgle lead; 50 mm, 60" forwardmg paddles; 37.5 mm, 30" revcrsmg padd\e\; 
100 mm, smgle lead; 37.5 mm, 45" forwardmg paddles; 25 mm, 90" paddlc~; 75 111111, 

smgle lead; 25 mm, 60° forwarding paddles and 75 mm, SIngle lead. 
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product was then cut into - 30 cm, labelled segments and the original weight recorded 

for each segment. The corresponding time for each segment was determined based on the 

weight of the segment plus the weight of prior segments relative to the total weight of the 

extruded material over 5 min. The segments were dried at l()(tc in an oyen and then 

ground to 40 mesh using a Brinkmann centrifugaI grinding mill (type ZM 1). Samples 

(4.5 g) from cach ground segment, placed in polyethylene vials, were irradiated in the 

SLOWPOKE rcactor at the university of Toronto. The irradiation time was 30 sec at a 

neutron n ux of 2x 10" neutrons cm 2 sec,l. The irradiation time is a function of the neutron 

nux availablc, the activity required and the amount of MnO~ in the samples. The -y-rays 

emmittcd by the ';IiMn isotope was measured using a Canberra Ge detector and a 8180 

Multichannel Analyzer after a delay time (time between end of irradiation and starting of 

computing) of 1 min. Two energy levels, 847 and 1811 KeY, were measured and 

corrections were made for background levels. These conditions were determined based 

on a prelll1l1nary e.<periment whlch was used also to verify the reproducibility of the 

rcsults. The data obtamed al 847 KeY were used and the concentrations were converted 

from counts/g to mg of MnO/g through the use of a standard curve obtained by 

irradiatlllg standards of MnO/casein mixtures. 

Phy.\ïCO-clwmical analysis 

Samples rcqllired for expansion ratio measurements were extruded in chilly water 

to kccp the extruded strand umform and smooth in shape. AIl the samples were dried in 

tray drycr tNatIonal Drymg Machmery CO. Philadelphia, Type TY -2) at a temperature 

of 5YC for 2 days. The expansIOn ratio was determined by ca\culating the ratio of the 

dIamctcr of the dried extrudate to the dIe orifice diameter. SampI es were ground to 40 

1l1csh for dcnslty, protCIl1 IlItrogen and colour analysis. BlIlk density was measured using 

a 10 ml cyhnder and taplllg the wall (18 times) with a spatllla. Taping is the method used 

by Niro Atomizer for dalry dned products (Niro Atomizer, 1976). Protein nitrogen was 

dctcn1l1ncd by kjcldalh (AOAC, 1984) using a Tacator, Kjeltec Auto 1030 Analyzer. The 

colour of mIllcd cxtrudate m 3.5 cm diameter petri plates, was measured using L,a,b 

Opponcnt colom scalcs under illuminant D65 ,~aylight) with a Hunter Labscan II spectro 
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colorimeter. Only L values (lightness, 100 for perfect white) and b values (ycllowness 

when positive) were considered. The pH was measurcd based on 5% solids according 10 

a method outlined by Towler (1978) and the moisture determined after drying ovcr night 

at 100°C. Measurements were made as follows; 6 replicates for the expansion ratio, 4 

replicates for density, 2 replicates for protein nitrogen, and 5 replicates for colour and the 

average for each analysis was reported. A sample of the commercial acid case1l1 used as 

a feed material was ground to 40 mesh (originally 30 mesh) and analyzed for bulk 

density, protein nitrogen and colour for comparison. 

Ca/cl/Tarions 

The specifie energy consumption (SEC) was calculated as follows: 

Net HP = (% Torque)x(operating speed/maximum speed)x(Machine HP) (71) 

SEC (HP.hr/kg) = Net HP/Feed rate (72) 

SEC (KJ/kg) = SEC (HP.hr/kg) x 0.7457 x 3600 (73) 

where the maximum speed is equal to 500 rpm, and the machIne HP is equal to 25. 

The exit age distnbution, E(t), the cumulative RTD, F(t), the l11ean re~ldent t\lne, 

( t ) and the dimensionless time (0) were computed accordmg to eqns (40-42) and (34), 

respectlvely. To normahze the RTD, the amount of tracer left m the extruder aftcr the 

sampling penod has to be detenmned. A plot of tracer concentratIon as a functlon of tlme 

(Figure 36) sh0ws an exponentlal decay at the tad portIon. ThIs portIon tends to tad off 

as a straight ll11e on a serm-loganthl111c plot. The slopc of cach lme wa\ detcrl11lncd for 

each experiment and the truncatlOn error (area undcr the tail after ~amphng pcriod) 

caIculated using eqn (39). The vanance of C-distnbution wa~ calculated ba~ed on equatlon 

(33) which can be approxlmated as: 
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(74) 

and Peclet number (Pe) determined by solving nllmerically eqn (49) using the MathC AD 

computing package (MathSoft, Inc. Cambrige, Massachusetts). 

A nonhnear regression procedure was used to fit the expcrimental F(e) 

distributions to an appropriate model. The parameters of the model were estllnated by the 

modified Gauss-Newton method (Hartley, 1961) using SAS (SAS Institute, Inc. Cary, 

North Calorina). 

3.7.3 ResuIts and Discussion 

Effect on extruder dependenr variables 

The standard extrusion conditions used were: 150 rpm screw speed, 30% moisture, 

20 kg/hr feed rate and a temperature profile from the feed zone to the die of: 40, 50, 55, 

60, 70, 80, and 80 CC). For this expenment the cooling system of the eXlruder was not 

used so that the heat generated by the dissipation of mechanical energy could be 

investigated. The effect of the barrel temperature settlllg profile on product tcmpcraturc 

profile is glven III Figure 37 and shows that the product temperature IS hlghcr than thc 

barrel set temperature except in the feed zone. ThiS dlffcrencc IS due to the IIlput 

mechanical encrgy by VISCOliS dissipation and a greatcr dlffcrcnce IS obtall1cd when a 

lower tcmpcrature sett1l1g IS lIsed because of reduced vIscmlty and a concomItant IIlcrca~c 

in break down force. This is elucidated by an increasc 111 SEC and prcs\ure when the 

setting temperature IS reduced (FIgure 38) due to an IIlcrca\e ln VI~coslty. Il \hould be 

noted that the x-axis of Figure 38 only represents the temperaturc III the la')t two zones 

of the barrel. The complete temperature profile is given III Figure 37. 

Viscosity at the die (I-Ld) 1S related to the pressure drop (t.P) at the die and to flow 

rate (Q) by the following equation (Harper, 1981): 
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Figure 37. Effeet of barrel settmg temperature profile (contmuous Imes) on product 
temperature profile (dashed Imes). (0) =expenment l, (t.) =expenment 2, 
(0) =expenment 3, (17) =expenment 4. Screw speed, mOisture and feed rate were tixed 
to 150, 30% and 20 Kg/hr, respectlvely. 
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I1d = K(l:IP/Q) (75) 

where K is the die geometnc constant. Thus, an increase in viscosity (i.e., decreasmg 

temperature and/or moi sture) at constant screw speed, will increase the pressure at the 

dIe. This wIll also lead to an Increase 10 SEC as the percent torque IS proportlOnal to the 

VISCOSlty. 

Increasmg screw speed from 100 ta 250 rpm (Figure 39) leads ta an mcrea~e 111 

product temperature whlch WIll reduce the VISCOSlty, and as a consequence the pres~ure 

generated at the dIe dropped when the screw speed was Increased. Although the VISCOSlty 

decreases when increasmg the screw speed, resultmg In less percent torque, the SEC 

1I1creases slgm tïcantly. WIth :ncreasmg feed rate (FIgure 40) an IIlverse et fect of what was 

observed for scrcw speed IS obtJ.lned for pressure and SEC, whlle the product t~mperature 

at the eXit remall1cd constant. The Il1crease of temperature wlth screw speed ll1dlCales Ihat 

the heat energy suppiied by l'fictIon IS greater than the heat lost by convection from the 

barrel wall due ta a decrease 111 resldence tlme of the product 111 the barrel. The degree 

of till and tlow rate (Q) mcrease when 1I1creasmg feed rate. ThIs ln turn, accordmg ta eqn 

(75), WIll 1ead ta a decrease III pressure as the vlscoslty rema1l1S constant. 

The SEC IS an Important extrusIon parame ter m that It can be vlewed as a measure 

of the energy reqUlred to deform the matenal m the extruder screw channels, e.g., the 

total deformatlon tt mes the average shear stress (Agur. 1986): 

SEC - T .. x "Yav 

(76) 

SEC - T.v X ~ av X t 

where T.v IS the average shear stress, 'Y ,V is the average shear stram, and 1 .. IS the average 

shcar rate. Shear stress and shear rate increases with screw speed and are practically 
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independent of feed rate, whIie the mean resldence ume ( T) decrcascs wlth s~rcw speed 

and feed rate. Thus, one would expect that SEC should II1crease wlth an IIlcrca~e ln ~CIC\\' 

speed, but drop with an increase 111 throughput rate, whlch IS retlcctcd III our rC~llll,> 

(Figures 39 and 40). 

Simllar trends have generally been observed 10 other studlcs deallllg wllh CXlnJ'>lllll 

of food matenals from plant ongtn (Bhattacharya & Hanna, 1987; Della Valle ct al , 

1987; Fletcher et al., 1985), although, no mcrease III SEC was obscrved by Bhattach.lrya 

& Hanna (1987) when mcreasmg screw speed. ThIS dlfference may be due to Ihe facl Ihal 

the matenal used was strongly pseudoplastlc and a slgmticant reductlon III vl,>co'>lly may 

occur when mcreasmg shear rate (I.e. screw speed). Thus, thc lIlcrca~c ln ,>crew '>pced 

may be balanced by a decrease III percent torque 10 eqn (71), and a~ a con,>cljucncc, SLC 

may not change appreclably. SodIum casemate was shawn to behavc a~ a NCwtOIlI.lIl !lUIt! 

wlth yleld stress up ta a concentratIOn of 16% total ,>oltds (Chaoter 3 b) If one C.\Il 

assume thls tlow behavlOur does not change drastlcally at hlgher solld~ conccntr.lIlon, thcn 

the shear rate wIll have only a small effect on the VISCOSlty and the SEC would IIH.:rca,>c 

wlth screw speed. 

EffeCl on RTD 

The C-dlstributlons are plotted in Figure 36 and Table 1 J glves thc compulcd d.lla 

for each expenment. The mean residence tl me decreases WIth lIlcreasmg )crew "peed, 

temperature, or feed rate. Feeà rate and temperature also affect the 'ihape 01 tlle 

distributIOn as indlcated by the vanance, whtle the erfect of ~crcw 'ipeed ,'> neglIglble. 

Increasing feed rate or temperature wlllltkely narrow the RTD. Slmtlar ob"crvatloll) havc 

been obtamed for feed rate and screw speed (BI rai, 1979: M Œ~O ct al , 1982: Â 1 lom,ne 

& GhOSSI, 1986; Kao & Ailtson, 1984), whde the effect nt tcmperalure Illay be due 10 

changes m VlscOStty, whlch WIll Itkely affect the veloclty profile and IllIXlllg ptlttern<, III 

the extruder. 
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Operatmg conditions and computed data for mean residence time (t ), 
variance, Pe, truncatlOn error (R '), and percent tracer left III the extruder 
after the samphng period (t.Mn02). The moi sture content was kept constant 
at 29%. 

RPM Tce) FeR(kg/hr) t(s) a~(S2) Pe R' t.Mn02(%) 

150 85 20 153 2053 21.9 115.3 5.2 
200 87 20 148 2102 19.8 93.5 4.5 
150 100 20 135 1640 21.1 108.5 5.2 
150 83 25 128 1775 17.4 62.2 4.2 

No major dlfferences were obtamed for Pe values 10 terms of an aXial mlxing 

analysis. Pe IS an indlcatlOn of the extent of axIal mlxlOg wlth httle aXial mlxlIlg belllg 

obtained when Pe > 25 and excessive aXial mlxlOg being obtamed when Pe - 2.5 (Todd 

& Irving, 1969). AXial mlXlng 15 more affected by screw configuration than by operatlllg 

conditIOns (Todd. 1975) and the average Pe obtamed (- 20) could be consldered as a 

charactenstlc of the 'icrew contïguratlon used. ThiS value IOdlcates that no excessive aXial 

mlxzng has been resulted uSlllg the screw configuratIon given III Figure 35, produclllg 

good product homogeneIty. The slIght decrease of Pe number when IncreaslOg the feed 

rate may be due to an mcrease III the degree of fill of the barrel (Todd & IrvlOg, 1969). 

Table 13 al~o gives the values of truncation error estlmates (R') whlch were used 

to normaltze the RTD's, and the percent tracer left In the extruder after sampllOg penod. 

Less tracer IS left ln the extruder when IIlcreaslOg screw speed or the feed rate. To assess 

the effect of operatlllg conditions on the taII portIon (Janssen et al., 1979), the IOternal 

age dlstnbutlon glven by eqn (35), was plotted agalllst the dlmenslonle~s tune 10 Figure 

41. For clanty, only laIl portions were plotted for expenments 2-4 (Table 13) as no major 

dlfference was observed III the remalntng part of the dIstribution. It can be seen, from 
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Figure 41. Tntegral age dlstnbutlOn ot casemate under vanou~ condltloll'> 
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Figure 41, that there IS a tendency of the tall to become longer at high temperature 

(lOO°C), while the effect of screw speed and feed rate IS negligible. This is 10 accordance 

wlth the results obtained by Janssen et al., (1979) which indicate that IOcreasing die 

pressure will shorter the tail of the RTD 10 a counter-rotating TSE. Die pressures can be 

increased by reducing temperature as shown in Figure 38. One has to keep 10 mind that 

4 to 5 % of the tracer IS still 10 the extruder after sampling penod WhlCh may exits under 

dlfferent reglmens and It IS precisely this tail WhlCh may be the factor whlch eventudIly 

IllTIlts the performance charactenstlcs of the extruder. Protracted resldence Ume may lead 

to product dcgradatIOn and non homogeneity and this IS why any analysis of RTD should 

conslder the tat! portIOn. The devlatlon of Figure 41 from stralght vertical Itne IOdlcates 

deVIatIOn from positive dlsplacement behavlour, as a truly posItive dlsplacement device 

has ail Internai age dlstnbutIOn of stralght vertical hne through 8 = 1 (Rauwendaal. 1981). 

CO!11pamOIl wllh lhcorcllcal !11odel.\ 

It IS useful to compare the data obtamed wlth theoretlcal models to assess the 

behavIOur and the performance of the extruder as a chemlcal reactor. Two Interestlllg 

models have been presented by Levensplel (1972) which are the dispersion model and the 

tanks In senes model glven by eqns (46) and (47), respectlvely. An attempt to fit both 

models to the expenmental POtnts by theoretlcal curve matchIng IS presented In Figure 

42 for the disperSIOn model, and In Figure 43 for the tanks In senes mode!. No 

satlsfactory fit was obtaIned and as a consequence the tlow behavlOur In the extruder 

cannot be de~cnbed consldenng a simple dItruslon law (disperSIOn model) or n perfectly 

mlxed tanks In senes. These models are actually adequate when the tlow In the extruder 

does not devlate too much from plug tlow behaviour, a conditIOn WhlCh counter-rotatlllg 

extmders approach more closely than the co-rotatmg ones. 

The veloctty protile In a twm screw extruder havlOg the screw configuration given 

In Figure 35 IS very complex. Mixed models WhlCh conslder different sections In the 

extruder havmg dlfferent tlow reglmens could be more realistlc 10 descnbtng RTD. A 

'iimple model could be denvcd by consldenng the tlow 10 the extruder as a combination 
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Figure 42. Typical expenmental E(B) dlstnbutlOn functlon for ca~cIl1 nculrail/allllll 
process compared to the dispersIOn mode!. 
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Figure -'3. TYPlcal e,xpenmental E( 11) dIstrIbutIon functlOn for casetn neutrallzatlon 
process comparcd to the tanks In senes mode\. 
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of plug flow and perfect mixing, whlch was given by eqn (53) Thl~ mode) h.l~ bl'cn 

shown to be adequate in descnbing the RTD In a TSE (Altomare & GhO'>~I. 198b: Rd!"e. 

1985; Agur, 1986) and Figure 44 shows that a good fit IS obtaml'd ~peC1tïcally .It P v.!lue 

(fraction of plug tlow) equal to 0.6. The P value can be con'ildl'rl'u a~ Illl'.l,>url' 01 the 

conveying performance, whde the I-P value can be conslucred a~ .11ll1'.I~lIre of the Il1lxlIlg 

performance of the extruder This IS equlvalent ta saymg that - 60% of the m.1~'> l1Iove,> 

under a plug tlow reglmen and - 40% of the mass m0ve~ under a pl'rte~t lIlI\lIlg 

reglmen. 

The devlatlon of the data from theoretlcal curvl's uSlng the plllg tlow/pl'rkct 

mlxmg model (Figure 44) mdlcates that other phenomena such a~. reclrculatlon .1I1U dl'ad 

space may be present In the atruder. To a~ses~ the presence ot <,llch phenollll'na, a lIlore 

powerful model, the multl~tage Wolf and Resnlck (1963) mode). w<!<, comltlered, 

descnbed by eqn (54). This equation was so!ved usmg nonl1!1ear regre'i~\On all~ily'>l~ and 

the parameters of the mode! are glven III Table 14 alang WI th :I\ymptotlc ~tanuard crrur,> 

and 95 % Interval confidence limas The parameter n IS the nllmber ot "tagee;, 111 ,>cne,>. 

and b can be consldl'red ta be a mea<;lIre of the eftïclency of mlxmg, bemg l'quai to 1Il1lty 

for perfect mlxll1g and tends to tntïl11ty for plug tlow The Ul'Vlatlon of the b p.ualllcter 

from umty tndlcates that perrcct mlxll1g IS not obta1!1ed 1!l tlte l'ntlre extruder due to the 

presence of plug tlow and/or dead space. The parameter t IS a ml'a\lIre 01 the pha..,e "hIlt 

III the system, and the faet that € /t > 0 Il1dlcates that the sy'item rl''ipome lage;, behlnd that 

expected for perfect l111xmg due ta p!lIg tlow and/or a lag ln re~pon..,e CJlI'>l'd by any delay 

In the system that would affect tts measured rcspon~e charactcmtIC" 
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Figure 44 Expenmental F(8) dlstnbutlon functions for the casem neutrallzatlOn 
proccss compared to the Wolf and ResnJck mode!. 
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Wolf and Resnick model parameters estlmates to lit the RTl) d.tt.l 
CondltlOns of experiments 1-4 are given 10 Table 13 

Standard Error lJ5 % con lidL'nL'~ 

Expenment n b f. It b b , / t 

3 4.20 0.161 0.09 0.004 4 02-4 3R o 153-0. Ih~ 

" 3 4.34 0.158 0.11 0.004 4 12-4 56 o 1 ~()-o. 1 tlh ... 
3 3 4.41 0.177 o 15 0.005 4.11-4 71 () 1117-0 1 Xl) 
4 3 4.27 0.161 o II 0.004- 4 05-4 )0 0 I~~-() 170 

----

Screw speed and feed rate )eem to have neghglble eftect on the mode! paralllet~r.,. 

whlle only a mmor effect is observed wllh the temperature (Table 14) l'hl' c,lkulatL't! 

F(8) lS plotted ln Figure 45 along wlth expenmental data for expert llll'nt 1 Tite 

agreement is evident wlth slmtlar tittmg ljuahty bClng obtatned wtlh the other opcratlllg 

conditions. 

Effect on producr charaCremllc.\ 

The physlco-chermcal analysls of sodium casemate produccd lJl1der dit krellt 

operating conditions, are glven tn Table 15, tncludtng mOI,>tllre content and pH tor l'ad 

sample. The pH was found to tncrcasc Itnearly wlth the arnount 01 NaOH ,Hlded to the 

casein. For pH 6.25-7 40, the regre~slon eqllatlon wa~: pH = ~.157 x (' + 3 51 ~ (R -= 

0.999), where C IS the NaOH concentratIOn (g/l). Il wa~ dlftïcult to j..eep the pH L'Xdctly 

at the same value whlle changlllg operatlllg condltlOn~ and the ft.!,>ulh arc ba<,etl on U<,lllg 

dlfferent NaOH concentratlon~ tn an attempt to balance the ettect of !ced rat~ 011 plI 'Ilie 

temperatllres rcported ln Table 15 are the product temperature at th~ die ~x Il. 
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Figure 45. TYPlcal tit of expenmental F(B) dlstnbutlOn function to the multlstagc Woi f 
and ResJ1lck mude!. 
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Table 15. 

Samplt: rpm 

100 
2 150 
3 200 
4 250 
5 150 
6 150 
7 150 
8 150 

AC' 

167 

Properties of sodium caseinate obtamcd by ncutraltlatlon of aCld caSClll 
under various extrusion conditions. FeR = Fecd Ratc (kg/hr). M = MOisturC 
(%), ER=Expansion Raho, BD=Bulk Dcnsity (g/cm'), N=protein 
nitrogen (% dry basls), Land b are the colour parameters which ~tand for 
lightness and yellowness, respcctively. 

T(C) FeR M pH ER BD N L h 

91 20 2.9 7.5 2.0 061 91.1 8S 3 15.6 
93 20 3.6 7 3 2.0 059 924 8S 5 15.0 
96 20 2.3 7.4 2.0 067 92 1 870 140 
96 20 3.2 7 3 1.9 0.63 922 867 143 
83 20 3.0 7.3 2.0 0.67 93 8 85.6 157 
lOI 20 3.6 7.3 2.0 0.69 945 86.0 158 
93 17 30 6.8 1.9 069 946 854 158 
93 25 3.0 7 1 2 1 065 937 848 167 

2.5 069 930 87 5 111 

• Ai.ld ca~.:\O m~d for n,:ulralllalHln ",hlch W8' drtl!d 10 2 ~% m.H,tur~ C\\flh:nl 

Table 15 shows that no major changes are affected on prodllct propertlc~ whell 

varying the extruder operat1l1g conditions. with the exception of a small dlffercnce III 

whiteness. Average valllc,,> of2, 0.65 g/cm\ and 93% wcre obtall1cd for expan<'loll ratio. 

density, and protC1I1 Illtrogcn, rcspectively. for aIl the condltlOn<,. Tm<,avalllcn et al. 

(1986) however, lIldicated that the cxpan~lon ratio dccrca<,c~ wlth Incrca<,\I1g tempcraturc 

(65 to t12T) which may be due to their use of ~odlllm hlcarbonate a<, a Ilelltrall/lng 

agent, as opposed to the sodium hydroxldc used in our experJll1cnh The ~ltght decrea<,e 

in whitcnes'l and increa~c III ycllownc'l~ is 111<,lgnlfïcant wlllch Indlcate<, that no MaIllard 

browning has occurred. A sharp ycllowness can re~u1t from poor I11IXlllg duc to localt/cd 

regions of high pH and onc can concludc l'rom our re<,lIlh that gooc! I1llxlng ha<, bCCll 

obtaincd in the extruder as also elucidated l'rom thc RTf) anaIY\I'I. 
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3.7.4 General Discussion and Conclusion 

The basic mcchanism of mixing is the induction of physical motion of mass 

partlcles. The types of motion that can occur are molecular diffusion, turbulent motion, 

and convective motion (Rauwendaal, ] 986), the latter being the predominant motion in 

high viscosity hqUlds. Mlxing in our case could be considered as convective which is 

genclally the type of mixmg occurring in polymer melt extrusion. The sodium caseinate 

cxhiblls a yicld stress and thus screw configuratIOn and barrel temperature profile shoulcl 

be dcsigned to allow effective dispersive mixing before distributive mixing becornes 

domll1ant. Thus, thc temperature ShOllld be mllch lower In the early zones to increase the 

Vi~C05ity and then thc break down force, wlth sorne llllxing elements lncorporated m the 

low temperature zonc to atd 111 dispersive mlxing. The rnix111g zones substantially lncrease 

thc 111tcrfacml area generation which randomises the mmOf components. 

Laminar ITIlXlflg action can only he analyzed if the exact tlow patterns are known. 

This can be donc rca~onably well for 'jllnple rectangular flow channels ln a single screw 

extruder (Chapter 2.3). Howcver, 111 TSE's wlth 1111xing sections 111corporated, flow 

patterns become very complex. ln one re~pect, thls IS dcslrable becallse cornplex velocity 

profile,> tend to IInprove thc mlxlllg cffectlveness. On the othcr hand, the mathematlcal 

de~criptlon of the veloclty profilcs becomes very 111volved. Even ~o, thc study of RTD's 

provldcd a u~cful mean for evaluatlng 1111xing and conveymg for acid casein 

ncutraltlatlon. The !low 111 the barrel can be consldered as a combinatlOn of plug flow and 

pcrfcct mixlI1g accordlI1g to Figure 44, resultll1g m good mixll1g and conveying 

performancc. Othcr phenomcna ~lIch as reclrclllation and dead ~pace could be con~idered 

as minor, however, thelr Iflclll~lon in any RTD model Will llnprove the fit as shown in 

FIgure 45. In additIon, no excc~~lve aXial IlllX111g was obta111cd as 111dlcated by the Pec1et 

nUlllbcr, whlch contnbute:, to good prodllct homogcnclty. The 111crease 111 product 

yclI0\\'nes5 was negllglblc comparcd to the onginal fced material, which is also reenforces 

the conclusion that good mixing behavlOur is obtained in the extruder. No major 
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fluctuations In pre~sure or torque were observed dunng the procc~~ aftcr Ihe ~teaoy ~I.lle 

operation was attamed. No surgmg or pluggmg occurrcd llnùer the opcr.lIl1lg condltlOll'l 

used, however, decreasmg the temperature below OOT woulo drastlcally InCfea'le Ihe 

viscosity and a shut down or selZlng of the extruder may occur. 

Operating conditIOns have an effect on SEC, pressure, prodllct lempcratllre .1Ild 

RTD's. The mechamcal cnergy IS transformed 111 the extruder 11110 heal hy fnctlon and 

VISCOUS heat generatlon. ThllS, the hlgher the SEC the hlgh wIll bc the Icmpcratllre me 

of the matenal. The mcrea~e ln SEC at low lhroughpllt IS pnmanly caU'led by Ihe 'Ih.lrp 

mcrease in resldence tlme al low feed rates. MlI1l1ll1zallOn of SEC cou Id he .ldlll!wd 

through the use of a lower screw speed and/or hlgher feed raIe, or by rcdllclllg IhL' 

VISCOSIty of the mass by IncreaslI1g temperatllre and/or mOI~ture However, Ilh.:re.I'llllg 

temperature seems 10 Increase the tall portion of the RTD (Figure 41) and I11lght k.ld I() 

MaIllard browmr.g for Ihe proportion of the mass whlch spend'l a longer lime III IhL' 

barrel. Thus, It mtght be preferable to decrease vlscosJty through IIlCfl\l'lll1g 1ll01,>tllre 

ratller than lI1creasmg temperatllre, whtch mtght also lead to an lI11provell1enl ln prodllcI 

solubtlIty (To~savamen, 1986) ThiS IS practlcal for ncu:rahzatlon of Ire,>l1ly prep.lrl'd 

casell1 whlch contams ( - 50%) mOISlllre. 

ThiS study demonstrates the effects of proccs~lIlg parame\er,> 01 ,1 B.lker Perklll'l 

TSE for aCld case III neutrahzatlOn to produce sodtum casemate. It 1'> CIe.1f that then: .Ire 

defined relatlOnshlps between the operatmg condition') (barrel temperatllre ,>elllllg, ,>crew 

speed, feed rate); dependcnt extruder vanables (SEC'. prc~~lIre, prodllct lel11per.llllre), ,1Ild 

RTD's. However, m thls proœ~~, no major effE'ct wa~ obscrved on Ihe proJlIcl propcrtle'l 

within the range of operatll1g condItIOns ,>tudled. In one rc"pect, Ilm 1'> de"lr,tI,lc hecall'le 

no ngorous control ln opcratmg condition,> wIll bc rcqllired ano the opl1l11l/.11l011 Illay hl' 

concentrated on eCOnOI1lICS rather than prodliCt qllallty. On thc other haml 1\ will hc Illure 

difficult to produce a product wllh specltic charactefl'itlc~ as u~ually donc III exlnl'>IOIl 01 

protems From plant ongIn . 
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It is clear that RTD analysis of an extruder can yleld very mterestmg Information 

about ItS conveyIng and mixing behaviour, that would be very dlfficult to obtain by any 

other method. In conclusion, the tWIn screw extruder, with jUdiCious ChOlce of screw 

configuration and operatmg CondItIons can produce a high quahty sodium caseinate, 

mamly due to ItS good mlxmg and conveying charactenstics and control over the process 

parameters. 
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Coagulation of skim f111lk powder was carried out ln li twln .\cn'IV e\llllda (II/cl t/ 

four stage wa.\lllng proces.\, prev/Ou.\ly opllmiz.ed on a /a/wr(J(orv \ ('a/e , 1I't/.\ ('tlII/l'd /llIf 

Various ba[('he~ were produced {() lnVe~llgare the l'Jtl'Cf 0/ ('(}tI~lI/(/flOII pli tI//d SM" 

concentratIOn, and the dewatenng .\'y~tel1l on wc1.\hm,l!, elliCleflcv. L(I(/O.\l', ([.IIt, /illn (lflcl 

the water ho/dIng capaclly of the curd were compared to pmltcfloll.\ 1/'(/11/ 1 ('\/}(J//I(' 

~urface model~ detennzned jrom prevlO/ls .\wdlt!.\ on mode! .Iy.ltl'ml. Two II/('fl/lil/\ 0/ 

dewatenng were /!lvesllgated. screemng and Cenrr{jLJgat/Ofl. the larrer produ( /II~ /0\\'('1 

resldua/lacto.le and Cl.IIl. hw a grellter 105.\ of lille.\. The re\ll/III1p, lVl/.\hl'd (1I/(1 \\'(/\ /l1('d 

liS a feed for the conversIOn o( aCid ca.lem to \Od/Um ClJ.\eU1all' /J" e.t/llI.\/lJ/I, d/ I( //\ I('d /II 

the succeedil/g clwprer. 

3.8.1 Introduction 

Prehminary research tndlcated that an aCld co-preclpltate l'oulu be prodllced lrol11 

SMP by extrusion (Chapter 3.l). The resulting prouuct was ulfticult to wac.,h III urtler 10 

reduce the resldual lactose and ash ta an acceptable level (1. e., 0 1 % lactme alld 2 (,; .tc.,h) 

As a consequence, studles were Implemented ta determlllc appropnate coagulation .llltl 

washmg conditions ta be applicd ta an extruded product. Expenment\ were dec.,lglH:d 10 

model and optlmlze the coagulatlOn/wa~hll1g proce~\ to rcmove lacto\e .Inti .t..,h, and 

mlllimlze fines (Chapters 3.2 & 3.3) u~lIlg Respon~e Surface Mcthodology (RS M). ') hl: 

models obtalllcd uSlllg RSM allowed Jl1ultlre~ponsc optlllllZatJon of aCld Ca\l'In productloll 

using optlllllzation techmqucs (Chapter 3.4), "' he ~tudy 01 ITlICrO\tructllre and w.lter 
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holding capacity provlded addJtlonal gUIdance as to which physlco-chemical mechamsms 

may affect the system (Chapter 3.3). These studies are already pub!Ished or ln press 

(BarraqUlo et al., 1988; Flchtah et al., 1990a,b,c). Aspectai dte was deslgned and tested 

for dewheYlllg procc~s lI~lllg a twtr ~crew extruder, however, a complete re-de~lgn of the 

barrel and ~crews IS requm~d to render Il practIcal. ThIS study showed that erticlCIlt 

coagulatIon occurs In the extruder and that a coagulum WIth a moi sture of up to 80% 

may be obtallled. 

The objectIve of thls study i<; to Illtegrate the knowledge and expenence gained 

from the prevlOus work and apply 1t to productIon of aCld caselO on a pIlot plant scale 

uSlllg extrusIon technology and a~sess the end product. 

3.8.2 Matcrial and I11cthods 

CommerCIal low heat SMP (see section 3.2.2) was used for this expenment. 

CoagulatIOn l?l SM P 

A Baker Perkln'l M PF-SOD co-rotatlllg tntermeshtng tWIn screw extruder (~ee 

Appendlx 4) was used to carry out the extrusIon process. No restnctIve dIe Insert was 

lIsed and the barrel was con tigured 111 a 15: 1 llO ratIo The screw proti le was dcslgned 

ta have a good balance of conveytng and mlXlng actIOn and I~ shown m FIgure 46 along 

wlth the barrel temperature protile. The temperature settlllg was lower 111 the ftrst zones 

to allow some ITII x mg of the powder WI th aCld ~olutlon before coagulatIon occurs 111 the 

subsequent htghcr tcmpcratllre LOnes, whlch otherwlse mlght result In reduccd fines 

(Muller, 1971). Reagcnt gradc Hel wa~ llsed a~ the aCIdulent wlth the pH of the 

coagulum mea<,ured l'very 3-4 mInutes lISlng a Cornmg Madel 140 dIgItal pH Ineter and 

the pH ma1l1ta1l1cd wlthln + 0.02 dunng the process. The product tcmperature at the eXit 

was mOl11tore<.! uS1I1g a dIgItal thermocouple, screw speed was 100 rpm and the other 

extrusIon condItIons lIsed are tabulated in Table 16 for each batch prodllced, along wlth 

coagulatIOn pH and concentl atlOn. Batclles 1 and 2 dtffer Gnly 111 the separation technIque 
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paddles; 100 mm, single lead screw~; 50 mm, 60" l'orwardmg paddle ... , .1,7 5 111111, l)(J 

paddles and 200 mm, single !eau ~crews, 
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used for dewatering the curd and will be compared, while batches 2, 4, and 5 differ in 

the coagulation conditions (pH and concentration) and will be the subject of another 

companson. Batch 3 was obtained by centrifugation of batch 1 after the last wash. The 

coagulation pH of batches 1-3 was very close to the optimal predieted coagulation pH 

(4.28) at 25% concentration required to obtain reduced lactose, ash and fines (see run #6 

in Table 8, Chapter 3.4). 

Table 16. Coagulation conditions of SMP and separation technique used for each 
batch. FdR==Feed Rate (kg/hr), FwR=Flow Rate (lIhr), 

C = Concentration, the screw speed was fixed at 100 rpm and the barrel 
tempcrature ..>rofile is presented In Figure 46. 

Batch # FdR FwR pH C(%) Separation technique 

BI 15 45 4.31 25 Sereen 
B2 15 45 4.31 25 Centrifuge 
il3 15 45 4.31 25 Sereen/ Centri fuge 

. 
134 15 45 4.56 25 Centrifuge 
BS 20 30 4.35 40 Centrifuge 

-
t\!lItlltllgl! \\~, Il'el! onl} aller the la~t wa~h 

Wwhillg ([1/(/ Dew{{/cring 

Washlllg of the coagulum was carried out 111 a 1001 tempe rature controlled tank 

litted wlth a variable spced propellcr calibrated using a tachometer. Four washing stages 

wcre llscd, the water adJllsted to the samc pH llscd for coagulation wlth a wash water 

ratio of 4: 1, an agitation ~pccd of 200 rpm and an average residcnce tllne of 20 min. To 

di~pcrsc the coagulum atkr each dcwatenng, the agitation spced was hlgher for the first 

min (- 400 rpm). The wash water temperature was 45"C for the first and last wash and 

60"(' for the second and the thlrd wash. The wa'ihlllg com!Jtlons were dctermined [rom 

prevlOlis wash1l1g optimilatlon stlldies (Chapter 3.4), exccpt for batch 4 for which the 

optimiled washlllg temperature for the second and the thlrd wash is normally lower than 
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60°C. A basket centrifuge (Model STM-lOOO, Western States Machll1c Company, OhiO) 

was used for the dewheying and dewatering steps and was connected ta the wa'\hlllg lank 

through a positive vanable speed pump (ALBIN, mode! 107SLP). The ccntnfuge W;I', 

operated at 911 x g for the 3 tirst washing st.lges and 1615 Y. g for the la~1 wa'illlllg 

stage. ConventIOnal screemng (100 mesh) was also used for dewatcnng (batch 1) al1d Il., 

efficiency compared to centnfugatlon. A tlow dmgram of the whole proces~, up to 

caseinate production, IS given 10 the next chapter (Figure 53). 

Analysis 

Samples of dewatered curd were taken after the whey off 'itage and aftcr each 

washmg stage, freeze dned and analyzed for lactose, ash. 1ll01~tule (FH.:htali el .11 • 

1990a,b) and total prote1l1 I1ltlOgen (see sectIOn 3.7.2). Representative 'iampk~ l'rom t11l' 

wash water were used for fines analysls and water holdmg capaclty of the clIrd detcnlll11l'd 

before the last centrifugatIOn (Flchtali et al., 1990b). Lacto~e 10 the wash waler W.I., 

analyzed by HPLC accord mg to a method recommended by LKB BlOchrom where the 5-

sulphosalicyhc aCld was used (SOmg/ml sample) to prcclpltate thc protell1'i and the 

samples werc mlxed and kept at 4"C for ùne hour 111 a pyrex tube. (:cntnfugcd for 15 111111 

at 5000 rpm and tiltered through Nalgen 4-mm synnge tïltcrs. The sal1lple., were thclI 

1I1Jected lOto the HPLC (Waters, WISP model 71OB) equlppcd wlth a Mandel SCICl1utïc 

column (model ION-300). The lactose 111 the wash water wa~ abo analY/cd by the 

standard phenol-sulphunc method (Internal1oral Standard, 1980). HPLC analy~l'i rcsllited 

in more reproduclble results when the lactose concentratIOn was hlgher or l'quai to 0 1 W), 

whlle the phenol sulphunc method was more accurate at Icwer concentration.,. 

3.8.3 Results and Discussion 

ProductIOn of Aczd Ca . .\elfl 

The converSIOn of SMP to an insoluble coagulum ln the prc"'l'nce 01 HCI 1.., a 

straight forward process as the extruder IS operated cit low tcmperaturc\ (55T) and no 

pressure gradient was developed due to tht' hlgh mOlsture condll1on~ and large du.: onlïœ 
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used. Under these conditions mixing is mainly due to molecular diffusion and the 

turbulence induced by the paddles and screws rather to convective motion as is generally 

the case in extrusion. Preliminary experiments showed that a good mixing was achieved 

at both concentrations studied (25 and 40%), using the screw configuration given in 

Figure 46 and a barrel LlD ratio of 15: 1. Only 3% net tmque was re~istered leading to 

very low specifie energy consumption of 27 kj/kg determined from eqns (71-73). The 

product temperature at the die exit was 46.5 + 1°C and the minimum residenœ lime was 

- 40 seconds as measured by dye injection. AIl extruded products were white, although 

texturally each set of conditions produced products which differed in their ove rail 

characteristics. A fine, friable coagulum was obtained by precipitating at a low pH 

(batches 1, 2, and 5 in Table 16), while a firm produd with larger partic1e size was 

produced at the higher pH (batch 4). 

Washing and Dewafering 

Because the coagulum con tains substantial amounts of lactose, ash and whey 

protein, the curd needs to be washed to bring the product to within international 

standards. A number of washing steps are required to remove the whey components and 

the conditions selected had been predetermined based on earlier optimization studies of 

model systems (Fichtali et al., 1990c). Batch 4 (Table 16) presented the most problems 

during the washing as the curd firms and shrinks, specifically after the high temperature 

washes (second and third wash) and the cake has to be broken up before the ncxt washing 

stage, otherwise washing efficiency will be reduced. After each washing step, the product 

has to be dewatered, which can be carried out by screening or centrifugation. Dewatering 

by centrifugation was shown to be more efficient than conventional screen separation. The 

moisture content of the final curd from ba~ch 1 (screen) was 75.7% while it was 52.6% 

for batch 2 (centrifuge), however, with concomitant increased 1055 of fines ( - 5x higher). 

Centrifugation was also substantially more effective in terms of lactose removal (Figure 

47), however, the difference in terms of a~h was not very slgnificant (Figure 48). To 

elucidate the effect of coagulation pH and concentration on curd characteristics, batches 

2, 4, and 5 (Table 16) were compared. Batch 2 gave the lowest lactose and ash contents 
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Figure 47. Effect of separation technique on lactose removal for the whey off stage 
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Figure 48. Effect of separation technique on ash removal for the whey off \tage and 
each washing stage. 
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of the three batches, however, only lactose could be considered to be significantly 

differellt (Figures 49 and 50). This result concurs with our previous laboratory scale work 

(Chapter 3.2), where the effect of pH and concentration on whey components removal 

was elucidated. 

VaIues of lactose, ash, fines and water holding capacity for each batch were 

compared to the values predlcted From the response surface models in previous laboratory 

scale studies (Chapters 3.2 & 3.3) whlch were based on screen separation. The pilot scale 

experimental results for batch 1 produced by screen separation (Table 17) are in excellent 

agreement with our earlier RSM predictIons, with the exception of fines. 

Table 17. 

Batch # 

BI 
B2 
B3 
B4 
B5 

Experimental values for lactose (L), ash (A), fines (F) and water holding 
capaclty (WHC) agamst predicted values. 

Experimental values Predicted values 1 

L(%) A(%) F(%) WHC(%) L(%) A(%) F(%) WHC(%) 

0.045 1.21 1.22 75.7 0.050 1.42 0.00 76.5 
0.012 0.92 6.50 75.5 0.050 1.42 0.00 76.5 
0.038 0.83 -
0.043 l.38 0.95 66.9 0.242 2.07 0.65 68.1 
0.055 1.16 2.01 73.5 0.088 2.86 1.09 74.2 

ipredicled based on response surface models (Chaplers 3 2 & 3 3) usmg sereen separallon 

The main difference between the laboratory scale and the pilot plant experiments 

lies in the type of mixer used at the coagulation step. The continuous mlxing in an 

extruder is substantially different than the batch mixing with a vessel and blade stirring 

used on the laboratory scale. In addition the residence time in an extruder was much 

shorter than the mlxing time used on the laboratory sCé11e. Even so, the laboratory models 
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Figure 49. Effect of coagulatIon pH and SMP concentratIon (C) on the lacto~e n.!III oval 
for the whey off stage and each washmg stage. 
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Figure 50. Effect of coagulation pH and SMP concentration (C) on the ash removal 
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provided sufficient direction to determine the extrusIOn parameters. Ash and lacto~e \Vere 

not affected much by the shear rate at the coagulatIon step and thls may be the rea~on that 

good agreement was obtained between expenmental and prcdlcted value!:l. F1I1e!:l howe"er, 

may be affected by the shear forces and contact tIme dunng coagul.ltIOn and the 

magnitude of th\s effect IS a functIon of the coagulatlon condltlon~ (pH and 

concentration). 

CentrifugaI separation (batches 2, 4 and 5) resulted 111 lowcr laetme and a ... h 

contents, but a general Increase in fines, especlally In batch 2, as compared to the 

predicted values based on screen separatIon (Table 17). ThIs was expected ba ... ed on ,\ 

higher separation efficlency of the centnfuge whlch WIll IIkely draIn more tine ... \VIth 

wash wateT. The water holdIng capacltles were In good agreement \Vith the predlctcd 

values, The dlfferences obtamed In end product charar.tenstlcs. I1lustrate the )ub.,tantlve 

effect coagulation condItIons can have on the washIng process cfticlency. 

The washmg efficlency for lactose removal can be measured by the Murphree 

Stage Efficiency (MSE) coefficient (eqn 59), whlch indlcates the approach to equtllhnlllll 

of lactose at each stage In the washIng process. Table 18 glve~ the mOI)(lIre content) 01 

the curd after the whey off stage and after each washtng/dewatenng <;tep for the dJt'fcrent 

batches produced and their MSE's. MSE values obtamcd undcr the ~all1e coag.ulatlon 

conditlOns but wlth dlfferent dewatenng systems (batch 1 and 2) show that hlg,her MSL: 

are obtained by centnfuge dewatenng except for the last wa<;h bccau,>c of reduced lact(N: 

concentration at this stage. Hlgher MSE's were generally obtamcd for batch 2 than batch 

4 or 5 which was expected based on the optlmlzed coagulatIon and wa~hlng, conditIon" 

used for batch 2. Batch 4 IS the most efficlently dewatered product and thl'> l!:l Itkely due 

to the high coagulation pH whlch IS close to the Isoelecinc pomt, rc~ultmg III a tirlller 

curd with a lower water holding capaclty (Flchtah et al., 1990c). 
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Wash # 

Wheyoff 
1 
2 
3 
4 

183 

Moisture content of the curd after the whey off stage and after each wash 
and the Murphree Stage Efficiency (MSE) of lactose removal for different 
batches. 

Moisture (%) MSE (%) 

BI B2 B4 B5 BI B2 B4 B5 

66.9 66.8 65.1 55.1 83.1 85.0 70.6 72.7 
74.6 61.3 57.9 63.2 86.3 95.5 83.6 72.2 
71.5 58.9 53.3 59.2 83.0 94.1 86.9 85.2 
70.3 57.5 53.4 58.4 88.4 89.3 88.6 89.0 
75.7 52.6 48.8 57.0 82.4 51.3 55.4 85.1 

Samples of wash water were taken every 5 minutes during the washing to elucldate 

the effect of contact time on lactose diffusion. The results for bateh 1 (sereen separation) 

and batch 2 (centrifuge separation) are plotted in Figure 51. The lactose concentrations 

in the wash water from screen separation are, as expected, hlgher than what was obtamed 

usmg centnfuge dewatenng. The lactose concentration dunng washmg however, does not 

Increase much over 5 to 20 mmutes and thus, the maJonty of lactose has dlffused out 

dunng the tirst 5 mmutes. Similar trends were obtamed wIth batches 4 and 5, and Table 

19 gives the percent lactose dlffused m the first 5 minutes of washing tlme based on the 

total lactose dlffused over 20 minutes. The iate of dIffUSIOn depends on the washmg stage 

and on the coagulation conditions (i.e., curd charactenstics) and In certam cases washmg 

tune can be decreased wlthout affecting lactose removal. However, data are needed dunng 

the tirst 5 mmutes of washmg to denve a kmetlc model for lactose diffusion from WhlCh 

washmg time could be determmed. More work IS needed to accurately elucidate the effect 

of coagulation and washmg conditIons on lactose diffUSion. 
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Washing stage 

1 
2 
3 
4 
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Percent lactose diffused for the first 5 minutes washing time based on the 
total lactose dlffused over 20 minutes for each washing stage and for 
batches 1-5. 

BI B2 B4 85 

94.0 53.3 93.4 96.5 
89.4 73.9 93.6 66.8 
87.2 84.6 88.7 78.7 
91.3 86.1 92.0 85.0 

The aCld casem produced was analyzed and compared (Table 20) to a 

commercIally avallable product (Champlain Industnes, a New Zealand Import). The pIlot 

plant produced casem has lower lactose and ash than the commercIal casem and thls IS due 

to the hlgh efficlency of the coagulatlOn/washmg system used at the pilot plant. 

Acceptable amounts of lactose and ash may weil be obtamed usmg only 3-stage washmg 

whlch would reduce the production costs. 

Table 20. Proximate analysls of caseins produced using extrusIOn and thelr 
companson to commercIal caseIn (Champlam, a New Zealand Import). 

Analysis BI B2 B4 B5 CommerCIal 
(dry basis) 

ProteIn (Nx6.38) 92.1 95.7 96.5 93.6 93.0 
Ash 1.21 0.92 1.38 1.16 2.09 
Lactose 0.045 0.012 0.043 0.055 0.12 
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3.8.4 Conclusion 

Our InItial work on the productIOn of an aCld curd from SMP by c\trU'ilon 

processmg mdicated that slgmticantly more effort had to go lOto dcvelopll1g thc proœ~~ 

to produce a quality product. By modlfymg the extrusIon proccss conultlon'i. ~tudylng 

high solids coagulatIon and optlmlZlng the coagulatIon and washmg stcps. aCld ca",clIl of 

an é..ccept:ible quahty can be produced by extrU<ilOn. Major unprovcmcnb 111 thc proCC\\ 

were accomphshed relatIve to the prehmtnary stud y (Chapter 3.1) IJrgd y ba~cd on 

laboratory research results. ThIS process IS contmuolls, controllable. lIse'i hlgh ... oltd'i Sf\l P 

and may reduce labour and tloor space reql11rements relatIve to conventlonal proCC'l'>C\. 

The acid caselO produced tn thls manner can serve as a feed for further conversIon by 

extrusIon to sodIUm casemate. uIscussed 111 the next chapter. 
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3.9 PILOT PLANT PRODUCTION OF CASEINS 

USING EXTRUSION PROCESSING 

fi: SODIUM CASEINATE PRODUCTION 

A BSTRACT 
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Enrusion proce.umg was used lO neutrali:.e an acùl casem producedfrom SM P by 

('Xlr/l.\lOn. Nl'lIfraft~all()n was ccllleved al a Illgh mO/sture C011leJ/l (70%) and rhe prodllcr~ 

were adJ/I.\ted lO 87% mOl.\lure before spray drymg. A commerczal aCld ca:o.elll was also 

I1lJutra!I:ed by e:Cirll.\lOl/ bill al Imver tnOl.\!Ure lerel (29%) and spray dned IIIlder Sl/m/ar 

COndUlOW,. 77le phYSlco-chemlcal c!zaracrensllcs of the end prùducls were determined and 

compared fO commercwlly avalfable ~OdlUI1l casemate.\. The re~l"'~ lIId/cated ,hm a 

product .\lIlIllar to commercial casemate can be obrained from SM P by ext rU.Hon 

proce.\.\lIlg. A jlow dragram of the who/e process from coagulallOn up lO spray drying lS 

pre.\ellled. and a plant layma l.li proposed wluch could be used to produce .\Odlllll/ 

C(J.\el1lale from SM P. 

J.9.1 Introduction 

Acid casem IS an insoluble product wIth limIted applications in food formulatIons 

and should be neutralized by alkah to yield a soluble and functlOnal casemate. 

Manufactunng methods and uses of casemates have been reviewed 10 Chapté'r 2.i. 

Casemates may be producl'd l'rom freshly precipitated aCld case in curd ur from dned 

cascm. The manufacture of casell1ate from fresh casem curd IS preferred as It glves a 

blander product and reduces the productIon cost assoclated wlth drymg and storage prior 

to Its conversIOn to sodium casemate (Cayen and Baker, 1963, Southward, 1985). 
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Neutralization of high moisture casein (-75~) by extrusion was shawn ta be 

possible in our preliminary work on SMP conversi0l1 (Chapter 3.1) and may result il! 

high mixing efficiency and good product hamogeneIty when appropnate opcrat\l1g 

conditions and screw configuration are used (Chapter 3.7). The rheological beh~vlour of 

sodium caseinate was descnbed by a Bmgham model for concentrations up to 16% and 

the effect of shear rate was consldered negliglble, however, temperature and concentratIon 

dramatically affected the viscosity of sodium caseinate (Chapter 3.6). 

The objective of this study was: (l) to produce sodIUm caseinates by ncutrallllng 

commercial and SMP based acid caseins, and then drymg; (2) to asses~ the end produCh 

and compare them to commercially available sodIUm ( ~seInates; and (3) to concelve a 

plant layout of a process which could be apphed to dalry industry. 

3.9.2 Material and Methods 

Acid casein produced using extrusion processing (Flchtali & van de Voort, 1990b), 

and described in Chapter 3.8, was used as a feed matenal for the second extrmlon 

neutralization step. Commercial dried casein (see section 3.7.2) was also served as a teed 

material for the neutralizatlOl1 process. Various commercial sodium ca~C\llatcs wen: 

obtained for companson purposes and are hsted in Table 21 and coded P4-P7. 

Table 21. 

Caseinate 

Origin 

Drying 

Origin and drying technique for different commercial sodium cascmate). 

P4 

Champlain 
(Canada) 
spray 

P5 

Farbest 
(USA) 
roller 

P6 

Farbest 
(USA) 
spray 

P7 

Farbest 
(France) 
spray 
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Neutralization of acid casein 

The dewatered fresh casein curd obtained from the first part of this study (Chapter 

3.8) was ground using a Cornil-mill rnodel196 S (Quadro Eng. Inc., Waterloo, Canada) 

fittcd with a 0.31 cm sieving screen. A free flowing rnass was obtained which did not 

present any problems for the feeder or its calibration, thus a wet curd (50-55 % moi sture) 

could be fed into the extruder without significant fluctuations during the process. 

The same co-rotating intermeshing twin screw extruder (see Appendix 4) used to 

produce acid casein, was used to carry out the second extrusion neutralization step. 

Reagent grade NaOH was used for the acid casein conversion in a quantity of 2.5-2.8% 

by weight of casein solids to obtain a pH between 6.7 and 6.9. The quantity of NaOH 

required was higher than the value reported in the literature, which is 1.7-2.2% 

(Southward, 1985) and this could result in a sodium caseinate with a higher sodium 

content th an commercial caseinates. The barrel configuration, die and screw profile were 

identical to the previous study (Chapter 3.7). The screw profile is given in Figure 52 

along with the barrel temperature profile which was very similar to the set temperature 

profile. The screw speed was 100 rpm, the feed rate was 15 kg/hr, the NaOH flow rate 

was adjusted to give 70% rnoisture and the product ternperature at the exit was 95°C. 

The dry commercial acid casein was also neutralized using the same screw 

configuration and die, but at 20 kg/hr feed rate, 150 rpm screw speed producing a final 

moisture content of 29%. Lower barrel setting temperatures were used, however, a barrel 

temperature profile similar to Figure 52 was obtained. These operating conditions were 

determined based on the work described in Chapter 3.7. The product temperature at the 

exit was 95.5"C, sirnilar to the temperature obtained for neutralizing SMP caseins (95°C). 

Spray drying 

Industrial spray drying generally uses solutions with 20% solids and a temperature 

of 90-95"C, however, using this concentration and a temperature of 80°C presented some 

problems with the atomizer dise of the Niro Atomizer (model P6.3) spray dryer used, due 
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Figure 52. Screw configuration and barrel temperature profile used for caselll 
neutralization. Details of the screw configuration were given in Figure 35. 
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to high viscosities. To reduce the viscosity, the extruded caseinate solutions were adjusted 

to 13% solids in a 501 agitated tank maintained at 80°C and then pumped into the spray 

dryer at a feed rate of 32 l/hr, having an inlet temperature of 195°C and outlet 

temperature of 87"C. Two solutions obtained from acid casein batches 2 and 4 (see 

Chapter 3.8) and the solution obtained from commercial casein were spray dried. A flow 

diagram representing the whole process used to produce acid casein and sodium caseinate, 

is given in Figure 53. 

Analysis 

The three end products and commercial sodium caseinates (Table 19) were 

analyzed for moisture, protein nitrogen, ash (AOAC, 1984) and lactose (International 

Standard, 1980). The pH was measured based on 5% solids and the solubiIity assessed 

at 40°C according to the methods outlined by Towler (1978). The water absorption 

capacity was measured by a Brabender farinograph (type FA-R/2) using a method 

specifically developed for caseins and caseinates (Knightbridge & Goldman, 1975) which 

was adapted to the 80g bowl. Bulk density (see section 3.7.2), viscosity (see section 

3.6.2), and calcium and sodium (Fichtali et al., 1990a) were also determined and the 

microstructure of the caseinates assessed by scanning electron microscopy (Fichtali et al. , 

1990b). 

3.9.3 Results and Discussion 

NeutralizatÎon and drying 

For aeid easeins produced from SMP using extrusion, torque and pressure during 

neutralization by extrusion were negligible due to their high moi sture contents (70%). The 

specifie energy eonsumption eaIculated using eqns (71-73) was only about 54 kj/kg. 

Commercial add easein, extruded at a lower moi sture level (29%) required about ten 

ti mes energy (526 kj/kg) and generated measurable pressures ( - 400 psi). A lower barrel 

temperature setting was used to have a produet temperature at the die exit of 95.5°C 
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because of heat generated by mechanical energy dissipation. These findings were expected 

based on the resuIts of Chapter 3.7. 

Spray drying required adjustment of the moisture to 87% to decrease the caseinate 

solution viscosity. Adjustment of the 70% moisture SMP caseinates at 80°C did not 

present a problem, however, adjusting the 29% moisture caseinate required substantial 

mixing time ( - 4 hrs) at 80°C to obtain an homogeneous solution. Hence spray drying IS 

not the best method for drying when extruding at Iow moisture levels because the extruder 

specifie energy consumptlOn is much higher and the dilution process for spray drying 

takes an ove;ly long tlme, both steps increasing the cost of the process and may affect the 

quality of the end product. Spray drying may be the method of choice when extruding 

fresh casein, but wh en extruding dried acid casein, roller or attrition drying (see section 

2.2.3) would likely be better. The yields obtained after spray drymg were 96.2% and 

98.6% for caseinates originated from batches 2 and 4 (see Chapter 3.8) respectively wnh 

similar yield obtained for caseinate from commercial casein ( - 98 %), the balance lost due 

to handhng and as loss of fines in the process. 

Physico-chen21cal propemes 

Table 22 provides typical analytical results for the pilot scale spray dried products 

in relation to commerCial sodium caseinates. Lower lactose contents were obtained for the 

SMP caseinates (P2 and P3), likely due to the selected optimized conditions and high 

washing efficiency used in the pilot plant (Figure 53). Lactose is responsible for Maillard 

browning and off-flavour development during storage and should be minimized. No major 

dlfferences were obtained In protem nitrogen or water absorptIOn characteristics, and the 

mOlstures contents are generally less th an the 5 % required for satisfactory storage 

(Southward, 1985) with the exception of the roller dned casemate (P5). The roller dried 

caseinate (P5) also had hlgher ash, calcium and sodium contents, and a higher pH, and 

bulk dellsity. The denSIty is similar to what was obtained in Chapter 3.7 for tray dried 

caseinates (see Table 15) and this high density is economical in terms of packaging and 

transport, however, the high pH of 7.55 may be a cause of off-flavours. The very low 
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calcium content obtained for SMP caseinate P2 is likely because of the low coagulation 

pH and washing conditions used to produce the base casein material wlllch in turn r~sllltcd 

in a slightly higher sodium content due to increased amollnts of sodium hydroxidc 

required for neutralization. AlI the prodl cts tested are - 100% soluble at 40"C wllh the 

exception of the commercial extruded casein (P 1). 

Table 22. Typical analysis of sodium caseinates produced by extrusion of commcrclal 
acid casein (Pl), batch 2 (P2) and batch 4 (P3) and thelr companson with 
commercial sodium caseinates (P4-P7) listed in Table 21. Protein, ash, Ca 
and Na data are on dry basis; and water absorption data ar~ on <1S IS b<l\I~. 

Analysis Pl P2 P3 P4 P5 P6 1>7 

Protem (%) (Nx6.38) 93.9 90.4 90.5 89.4 89.9 91 ..f 93 1 
MOlsture (%) 4.5 2.1 1 9 2.7 98 4 1 5 2 
Ash (%) 3.7 4.0 3.9 36 6.6 3.6 3 7 

Lactose (%) 0.10 0.012 0.04 0.11 0.12 0.12 0.15 
CalcIUm (%) 0.064 0.004 0.060 0.0..f9 0.081 0065 0053 
SodIUm (%) 1.33 1. 73 1..f0 1 37 2.50 107 1 27 
pH 6.45 6.72 685 685 755 636 662 

Solublhty at 40°C (%) 99.8 -100 100 100 -100 -100 -100 
Water absorptIOn (%) 2744 273.8 275.4 27..f.7 274.4 273 5 2742 

Bulk denslty (g/cm3
) 0.14 0.14 0.16 028 0.68 0.36 D,-ll 

One major difference between the pilot plant produced casemates (P 1-P 3) 

compared to commercial spray dried caseinates, lies in their low bulk dcnslty. Th~ bul k 

density is directly related to the solids content of the casemate solution prior to spray 

drying (Johnson, 1970), and due to atomlzer IAvblems at 20% sohd contenb wc were 

obliged to reduce the solids concentration. Economic consideratIon~, howevcr, rcquire 

that the total solids content of the caseinate solution be as hlgh as possIble, e.g., a 

decrease in total solids from 20 to 15 % could increase drying costs by approxllnatcl y 

40% because of reduced spray drier throughput (Johnson, 1970). Higher conccntrat1on~ 

1 
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may however be tolerated by using an more appropriate atomizer disc having larger holes 

and increasing the temperature beyond 80°C to further reduce the viscosity. 

The viscosities of the seven caseinates were measured at 25°C and 10 % solids 

using a shear rate varying from zero to 200 S·I. The viscosity data were fitted to Bingham 

mode! as described in Chapter 3.6. Table 23 gives viscosity coefficients, yield stresses 

and coefficients of determmation for each of the different caseinates. 

Table 23. 

Caseinate 

Pl 
P2 
P3 
P4 
P5 
P6 
P7 

Viscoslty coefficIents (1]) and yield stresses (r 0) usmg Bingham model, at 
T = 25°C and C = 10 % solids, for sodium caseinates prod uced from 
commercIal aCld casein (Pl), batch 2 (P2), and batch 4 (P3) and their 
comparison to commercial caseinates (P4-P7) listed in T dble 21. 

T = T o + '-/1 

R~ 

2.147 0.1400 0.9991 
l.159 0.0459 0.9999 
1.135 0.0445 0.9999 
1.002 0.0708 0.9999 
1.108 0.0541 0.9997 
1.048 0.0334 0.9998 
1.097 0.0804 1.0000 

Although Bingham model proved to be adequate in describing the flow behaviour 

of a wide range of sodium caseinates (R~ > 0.999), the viscosity coefficients vary from one 

product to an other (Table 23). In addition to temperature and concentration, other factors 

may affect the VISCOSlty of sodIUm caseinate such as pH, calcium content, type of al kali 

used and seasonal and genetic factors (South ward, 1985). No clear relatlOnship can be 

drawn between the vlscosity coefficients given in Table 23, and the pH and/or calcium 
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contents tabulated in Table 22. Thus the variations m ViSCOSlty may be also related 10 the 

process itself and/or to genetic factors. The viscosity of Pl is clearly much l11ghcr Ihan 

the other products. This may be due to the lower pH obtained for thlS product (Towkr. 

1976) and to more severe thermal and shear treatment reqUIred for mOlsturc adJustment 

for spray drying. Figure 54 presents sorne typical flo\\' curves and shows that Ihe vlscoslly 

is much higher at low shear rates due to yield stress and becomes con~tal1l al shear rale~ 

of >50 s'. 

The microstructure oftypical pilot plant produced SMP casemate and commercIal 

caseinates is illustrated in Figure 55. The roller dned caseinate (FIgure 55C) IS ckarly 

different from the spray dried products (Figure 55A.B,D,E) m partlele '>\lI:, shape and 

surface properties. Roller dried caseinate, as noted in section 2.2.3, IS of 11Inited u~e and 

is of poorer quality than the spray dried products. Spray dned ca~e1l1ate~ generally appcar 

as spherical partlcles ofheterogeneous size whlch may follow a normal dl~tnblltlon Some 

filamentous particles are however present in the casemate illustrated m FIgure 55D. The 

particles of the SMP caseinate produced (Figure 55A) have the smoothe~t ~urface. whde 

rougher particles observed in the commercial samples may due to packaging and/or more 

severe drying conditions. 

The functional properties of SMP casemates are not consldered herc, however, 

they have been studied by V. Barraquio and are discussed e!sewhere. Sen~ory analy~l~ 

of the caseinates was conducted m the Food Research and Developmcnt Centre of St

Hyacinthe and will be published elsewhere, however, the main difference wa,> ln a ta~te 

which can be described as soapy, where the SMP casemate lacked thl~ attnbule, belllg 

significantly blander than the commercial products (1. Fortm, private communIcation). 

3.9.4 Plant Layont Concept 

Based on our results and experience, a simphfied plant layout is proposed and 

presented in Figure 56 which could be adapted to dairy industry. A lower co~t single 
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Figure 55. Scanning electron micrographs of sodium caseinatc obtaincd from SMP 
using extrusion (A) and its comparison to a commercial roller dned sodIum caseinate 
(C) and commercial spray dried caseinates (B, D, and E). 



1 

199 

screw extruder could be designed to carry out the coagulation step using a screw which 

acts as a pump, but should also have sorne rnixing elements. The inner barrel and screws 

surfaces should be covered with an acid resistant polyrner (i.e., teflon) to avoid corrosion 

caused by the acid overtlme. This is possible since the coagulation ternperature is 

generally low (4YC). A holding tank after the extruder allows for an increase in contact 

time of the curd wlth the whey to increase its firmness. After dewheying by pumping the 

coagulum through an inclmed screen, three or four washing stages are envisaged using 

heated tanks tïtted wlth agitators and screens for separation. A con-current or counter

current washmg system could be used with the latter being more economical. The 

dewatercJ curd whlch should have about 70% moi sture can be pumped to a twin screw 

extruder equlpped wlth a feeder capable of delivering a slurry. Alkali can be injected to 

the extruder to neutralize the casem and simultaneously bring the mOisture up to about 

80%. A tank fitted wlth an agItator can be used for VISCOSIty adjustment 

(mOisture/ternperaturc) and then the caseinate can be pumped to a holding tank prior to 

spray drymg. On line pH and ViSCOSIty rncasurement and control can be used and a panel 

conlrollIng the whole process can be adapted ta make the process autornated. 

3.9.5 Conclusion 

Neutrahzation of fresh casein (50-55 % moi sture) was shown to be possible by 

extru~\On processmg, requmng mimmal speclfic energy, providing good mixing and 

homogencIty of the product. and allows ready adJustment of mOIsture, ViSCOSIty, or pH 

of the cxtrudcd solutions. Spray drymg rnay be the rnethod of ChOIce when extruding high 

moisture casemate. however. solids content should be kept as hlgh as possible to obtain 

a product \VIth a hIgher bulk densIty. 

SodIum caseinate wnh physico-chemical properties equal to or better than 

commerci.1l caScInates may be produced by a two step extrusion process. These caseinates 

may diffcr In thcIr physico-chemical characteristics as a function of the process conditions 

and as a consequence, in thelr functional and sensory properties. SMP caseinate obtained 
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by this new process has a very low lactose content, adequate pH and ash content. The 

product lS homogeneous, produced from fresh casein has undergone a mild time

temperature history during the process which may be the reasons it has a very blander 

tlavour. 
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4 GENERAL CONCLUSION 

A new process was developed capable of converting surplus skim milk powder into 

added value acid casein and sodium caseinate. The process inc1udes several unit operations 

which are: coagulation, dewheying, washing, dewatering, neutralizatlOn and cJrying. AIl 

of these steps were studied, evaluated and/or optimized to determine operating conditions 

and suitable equipment. The study of the coagulation/washing process using response 

surface methodology (RSM) provided insight into the factors affecting coagulation of 

concentrated milks and the subsequent whey removal through the washing process. The 

results indicated that the careful assessment of the coagulatlOn/washing process can yield 

useful information relative to improving our understandi(}g of the coagulation mechanism 

and the factors affecting the process. The use of new optimization techniques sllch as the 

Generalized Distance Approach (GDA) and the Extended Surface Responsc Procedure 

(ESRP) permitted an extended analysis of the response surface models in tcrms of 

multiresponse optimization of acid casein production. Both approaches were shown to be 

useful for process engineering applications, with GOA being a more general tool while 

the ERSP is advantageous when specific constraints on either process variables or 

responses are required. 

In order to simplify the process and reduce its cost, a stlldy was implementt:d to 

design and test an extruder die for dewheying purposes. Despite the inconclusive resllits 

obtained due to screw design limitations, the concept of using an extruder die for 

dewatering may have application in a number of food processes. Neutraltzation of casein 

by a second extrusion step required rheological and extruder performance detcrminations. 

The flow behaviour of caseinate was assessed by developing a rheologlcal model as a 

function of temperature and concentration which could be uscd for caseinate production 

and applications purposes. The engineering aspects of the tWIn screw extruder for casein 
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neutralization were analyzed in terms of residence time distributions, mixing, conveying, 

energy consumption, temperature profiles and pressures generated at the die. This study 

provided a clear understanding of the extruder system and the neutralization process. 

The unclerstanding gained in each step of casein/caseinate production and about the 

extruder as a çhemical reactor, was integrated ta design a process and to select the 

operatll1g conditIOns capable of producing quality caseins and caseinates. The physico

chemlcal characteristics of acid caseins and caseinates produced were assessed and 

comparcd to commerclally available products and the results indicated that similar or 

bettcr quality products could be obtained from skim milk powder using this new extrusion 

based process. 

This new process potentially provides a number of advantages, including: (1) it 

is a continuolls process which can be controlled and maintained ta produce a consistently 

high quality product, (2) it is not based on a perishable product (i.e., raw milk) 

mmllnizing storage and contammation problems, (3) has inherent tlexibility, control and 

can be automatcd. (4) uses hlgh solids for coagulation and casein neutralizatlOn, resultmg 

in higher throughput and energy efficiency, (5) reduced heat treatment as the mean 

rcsidence tlme In the extruder IS about 2-2.5 mm as opposed to 30-60 min using tanks, 

colloid mills and stJrrcrs, (6) reduced cost in terms of labour and tloor space reqUlrements 

per production Ul11t, (7) /las lower capital investment relative to conventional processes, 

and (8) provldes for the abIlIty to manufacture on demand as opposed to when milk is 

produccd. 

AddllIonal work wllIch could be considered, would be the fine toning of our 

understand1l1g of the process to Improve it. Lactose removal is very important in the 

process and dcvcloping a kmetlc model for lactose diffusion in wash water may be very 

uscful in dctinmg washing lIme and to improve the washing efficiency. The extruder die 

designed for whey separation was shown ta have a potential (Chapter 3.5) and studies 

should be concentrated on designing a special screw having sufficient pumping action and 
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further improving the die design. This work may open a new area in food extrusion 

applications which is to add a separation unit operation to extrusion proccsses wherc l11gh 

moi sture products are processed. An other area which de serves more work is relatcd to 

rheological modelling of sodium caseinate. The rheological model developcd in Chapter 

3.6 was restricted to 13% solids because of the high viscosity of SOdll!m caseinatcs 

solutions. Higher concentrations could be studied using a capillary rhcomctcr with an 

Instron or using the extruder itself titted with a capillary die and pressure transducers. The 

design of a capillary die for the extruder is not a very difficult task and rclatlvely chcap 

(- 2000$), however, the experimental work is very tedious. With a moclel dcscnbing the 

rheological behaviour of high solids concentrations (20-50%), it could be u')cd for 

modelling acid casein conversion by extrusion. The rheologlcal mode! could abo lIlcluc!c 

the effect of pH and calcium content to make it applicable ta a wide range of <;odium 

caseinates. 

Clearly all the advantages of SMP extrusion have not been e!ucidated in cvery 

detail, however, the basic concept has been developed to the point where olhers can 

evaluate the eCOllOiTIlCal feaslbtlity of the process and dctcrminc whcthcr the procc')~ 

warrants scale-up to the industrial level. 
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Appendi" [1] 

A: BIl',ic Program for data transfer from tape recording to IBM PC and conversion to APL rf'.adable 
format 

10 PRINT "PROGRAM NAME:DATALOG.BAS" 
20 PRINT "THIS PROGRAM TRANSFERS FROM TAPE THROUGH THE C20 AT 2400 BAUD" 
30 PRINT" " 
40 PRINT "SET C20 SWITCHES TO 1 0000 1 1 FROM LEFT TO RIGHT" 
50 PRINT" " 
60 PRINT "CR7 DATA LOGGER DATA TRANSFER PROGRAM" 
70 PRINT" " 
80 INPUT "HOW MANY MEASUREMENTS IS THE DATA LOGGER RECORDING";N 
90 N=N*lO 
100 REM - A VALUE OF 10 IS USED BECAUSE EACH DATA POINT USES 10 BYTES 
110 DIM A$ (N) 
120 PRINT "TEST PROGRAM FOR COMMUNICATION BETWEEN DATA LOGGER AND 
COMPUTER" 
130 A=O 
140 OPEN "COMI:2400,E,7,2" AS #2 
150 REM COMMUNICATION WITH C20 DATA TRANSFER UNIT ESTABLISHED 
160 INPUT "ENTER FILENAME IN WHICH DATA IS TO BE PLACED";F$ 
170 PRINT " " 
180 PRINT "RESET C20 -TURN ON TAPE RECORDER -CAN ABORT DATA TRANSFER" 
190 PRINT "WITH A CTRL BREAK AND TYPING RUN 710" 
200 OPEN F$ FOR OUTPUT AS #1 
210 REM OPEN A FILE FOR DATA TO BE PLACED 
220 PRINT #2,A$ 
230 REM READS DATA FROM C20 UNIT 
2-l0 A=A+ 1 
250 UNE INPUT #2, A$ 
260 REM WRITES DATA TO FILE #2 
270 PRINT A$ 
280 PRINT #1, A$ 
290 GOTO 2:0 
300 PRINT #2, CHR$(27) 
310 REM SHUTS OFF CASSETTE PLAY ER AUTOMATICALLY 
320 CLOSE #1 
330 CLOSE #2 
3-l0 PRINT "DATA LOADING TERMINATED" 
350 INPUT "ENTER NAME OF FILE TO BE CONVERTED TO APL ";F$ 
360 INPUT "HOW MANY MEASUREMENTS WAS THE DATA LOGGER RECORDING?";N 
370 N=N*lO 
380 REM BEGIN PROCESS OF REMOVING REDUNDANT DATA (I.E., CHANNEU) 
390 OPEN F$ FOR INPUT AS #1 
400 OPEN F$+".DAT" FOR OUTPUT AS #2 
410 REM ADD EXTENSION ".DAT" TO THE FILE FOR APL PROGRAM RECOGNITION 
4~0 UNE INPUT #1, A$ 



1 
430 IF EOF( 1) GOTO 500 
440 FOR 1= 1 TO N STEP 10 
450 B$=MID$(A$,I + 3,6) 
460 REM CUT OFF EXTRANEOUS DATA 
470 PRINT #2,B$ 
480 NEXT 1 
490 GOTO 420 
500 CLOSE #1 
510 CLOSE #2 
520 PRINT "DATA CONVERTED TO APL READABLE FORMAT" 
530 INPUT "DO YOU WANT TO INSPECT THE DATE (Y/N)";ANSW$ 
540 IF ANSW$ = "n" GOTO 640 
550 IF ANSW$= "N" GOTO 640 
560 INPUT "NAME OF THE FILE TO BE INSPECTED";F$ 
570 OPEN F$+".DAT" FOR INPUT AS #1 
580 A=1 
590 UNE INPUT # l, C$ 
600 A=A+l 
610 PRINT C$ 
620 IF A=20 GOTO 640 
630 GOTO 590 
640 CLOSE #1 
650 PRINT" " 
660 INPUT "DO YOU WISH TO CONVERT ANY MORE FILES";ANSW$ 
670 IF ANSW$="y" GOTO 60 
680 IF ANSW$="Y" GOTO 60 
690 PRINT "END OF PROGRAM - GOING INTO STATGRAPHICS PROGRAM" 
700 GOTO 790 
710 REM -SHUTTING DOWN ROUTINE AFTER CTRL BREAK 
720 OPEN "COMl:2400,E,7,2" AS #2 
730 PRINT #2,CHR$(27) 'TELLS C20 TO STOP TAPE' 
740 CLOSE #2 
750 CLOSE #1 
760 PRINT "DATA TRANSFER HALTED BY CTL BRK" 
770 GOTO 350 
780 PRINT "TO APL FORMAT" 
790 SYSTEM 

218 
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B: APL Program to convert the data to matrix fonn for plotting and analysis 

(0] CONVERT 
[1] 'PROCiRAM CONVERT - USED TO CONVERT VECTOR DATA FROM AN UNFORMATTED' 
[2] 'READ OF DATA OBTAINED FROM C20 CONVERTER USING A BASIC PROGRAM' 
(3] " 
[4] 'ENTER THE VARIABLE NAME OF DATA GIVEN IN THE UNFORMATTED READ' 
(5] OPP+-6 
[6] V+-D 

[7] " 
[8] 20pV 
[9] 
(10] 'THESE ARE THE FIRST 20 DATA POINTS IN THE VECTOR' 
{II] " 
[12] 'ENTER THE NUMBER OF ELEMENTS TO BE DROPPED FROM THE FRONT END OF 
VECTOR' 
(13) D+-D 
(14) V+-D~ V 
(15) ., 
(16) 'THE REVISED FRONT OF THE VECTOR IS' 
(17) 20pV 

(18) " 
[ 19) 
[20] 'THESE ARE THE LA ST 20 DATA POINTS IN THE VECTOR' 
[21] " 
[22] REVERSE~V 

(23) REVERSE+-20pREVERSE 
[24) REVERSE~REVERSE 

(25) REVERSE 
(26) 
127) 'ENTER THE NUMBER OF ELEMENTS TO BE DROPPED (NEGATIVE NUMBER)' 
(28) D+-D 
(29) V+-D~ V 
(30) 
(31) REVERSE~V 

(32) REVERSE+-20pREVERSE 
(33) REVERSE~REVERSE 

[34) 'THE REVISED BACK END OF THE VECTOR IS:' 
(35) " 
(36) REVERSE 
(37) 
(38) 'THE NUMBER OF ELEMENTS IN THE CONVERTED VECTOR IS:' 
(39) pV 
[40] " 
(41) 'ENTER THE NUMBER OF MEASUREMENTS MADE WITH DATA LOGGER' 
(42) 
(43) COL+-O 
(44) ROW+-(pV)+COL 
(45) FIX..-RO\V,COL 
[46) M+-FIXpV 
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[47] " 
[48] " 
[49] " 

[50] 
[51] 
[52] 
[53] 
[54] 
[55] 
[56] 
[57] 
[58] 

'CONVERTING TIME (CHANNEL 3 & 4) TO DECIMAL FORMAT' 
,----------------------------------------------------_ .. --------------------------_ ..... _---

M3+-M[;3] M4+-[;4] 
M2+-IOO 100 TM3 
M21+-M2[1;] M22+-M2[2;] 
M21+-M2lx60 
M4+-M4+60 
'DECIMAL TIME IN MIN' 
MI+-M22+M21 +M4 

[59] " 
[60] Ml 
[61] 
[62] 
[63] 

R+-pMI MI+-L/MI 
MF+-RpMI 
M34+-MI-MF 

[64] " 
[65] 'CHANGE OF SCALE, ORIGIN AT 0 MIN' 
[66] M34 
[67] " 
[68] 'THE DATA IS STORED AS A MATRIX CALLED \M\' 
[69] 'ONE CAN ACCESS A SPECIFIC VECTOR X FROM \M\ BY ASKING FOR \M[;X)' 
[70] M[;3]+-M34 
[71] 'THIS WILL TAKE A MOMENT - - BE PATIENT' 
[72] " 
[73] 'FU' FMT M 
[74] " 
[75] " 
[76] 
[77] 

[78] " 
[79] " 

'THE DATA IS STORED IN A VARIABLE "M" , 
'RENAME THE VARIABLE TO AVOlD FUTURE CONFLICTS' 

[80] 'ANY MORE CONVERSION REQUIRED? (YIN)' 
[81] ANS+-o 
[82] -+(ANS= 'Y')p 1 
[83] 
[84] 'END OF PROGRAM' 

[85] " 

220 
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Appendix [2] 

Experimental dl\4iign and the multiresponse experimental data obtained for skim milk 
foagulation/washing process. 

XI =pH, X2=Temperature (C), X3 =Concentration(%), X4=Washing tlme (min), Xs=Mixerspeed (rpm), 
X6 =Wash water ratio (g/g), YI=Fines (%), Y2=Ash (%), Y3=Lactose (%), Y4=Calcium (mg/g), 
Ys=SodlUm (mg/g), Y6 =Whey protem nitrogen (mg/g), Y7=Water holding capacity (%). 

XI X2 X3 X4 Xs X6 YI Y2 Y3 Y4 Ys Y6 Y7 

-1 -1 -1 -1 -1 -1 1.48 1.53 0.300 11.50 0.086 1.920 66.9 
1 -1 -1 -1 1 -1 3.97 2.)8 0.114 9.26 0.054 1.745 76.0 

-1 -1 -1 -1 1.36 1.27 0.182 8.61 0.057 1.920 73.3 
1 -1 -1 -1 -1 7.47 2.40 0.334 8.96 0.050 1.809 73.1 

-1 -1 1 -1 -1 1 6.27 2.91 1.050 0.40 0.210 4.267 74.9 
-1 -1 1 8.41 3.87 0.123 0.72 0.158 2.293 74.1 

-1 -1 1 7.84 2.62 0.159 0.61 0.147 1.880 74.2 
1 -1 -1 5.54 4.23 0.680 0.45 0.210 2.150 73.9 

-1 -1 -1 1 -1 1.73 1.85 0.103 0.26 0.232 3.244 79.5 
1 -1 -1 4.64 2.29 0.086 0.44 0.197 2.657 78.8 

-1 -1 1 1 1.59 1.40 0.103 0.31 0.217 1.975 79.6 
-1 1 -1 8.41 2.09 0.101 0.34 0.223 2.895 79.8 

-1 -1 1 -1 -1 6.94 2.81 0.532 1.44 0.071 2.570 75.6 
1 -1 1 -1 12.20 3.80 0.134 2.10 0.062 2.586 76.3 

-1 1 1 -1 8.67 2.66 0.248 2.06 0.085 2.372 78.0 
1 1 1 1 -1 -1 4.90 4.10 0.288 2.26 0.083 2.705 73.9 
0 0 0 0 0 0 1.63 3.45 0.197 2.74 0.107 3.300 77.1 
0 0 0 0 0 0 1.24 3.25 0.270 3.28 0.074 3.109 75.8 

-1 -1 -1 -1 1 3.00 1.72 0.087 2.51 0.087 3.633 77.9 
1 -1 -1 -1 -1 6.86 2.49 0.108 0.99 0.106 2.697 77.1 

-1 -1 -1 -1 1.89 1.33 0.120 0.34 0.233 3.617 77.7 
-1 -i 5.97 2.17 0.132 0.43 0.178 3.443 77.5 

-1 -1 1 -1 9.37 2.57 0.888 0.47 0.226 3.260 78.9 
1 -1 -1 -1 -1 7.72 4.52 0.433 0.19 0.197 2.705 78.8 

-1 1 -1 -1 -1 3.30 2.50 0.352 0.53 0.187 3.221 77.3 
-1 -1 !0.50 3.89 0.559 0.89 0.104 2.150 74.2 

-1 -1 -1 1 -1 2.80 1.57 0.172 1.83 0.084 1.904 74.3 
1 -1 -1 -1 -1 1.75 1.51 0.097 0.55 0.106 1.825 74.6 

-1 1 -1 -1 -1 1.75 1.51 0.157 12.15 0.126 2.943 67.2 
1 1 -1 1 -1 6.30 2. Il 0.126 11.37 0.118 2.332 64.3 

-1 -1 1 1 1 12.40 1.94 0.134 11.18 0.104 1.738 72.5 
1 -1 -1 11.60 4.06 0.136 9.06 0.071 1.975 74.4 

-1 1 -1 6.39 2.43 0.207 0.30 0.226 2.602 80.5 
1 1 1 9.16 3.66 0.122 1.86 0.128 2.427 76.1 
0 0 0 0 0 0 1.22 3.10 0.236 5.42 0.055 2.031 70.4 
0 0 0 0 0 0 1.26 3.25 0.234 7.32 0.070 2.832 65.9 

-2 0 0 0 0 0 8.05 1.64 0.257 0.47 0.206 3.823 73.9 
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t 
2 0 0 0 0 0 18.20 2.70 0.312 12.81 0.058 1.722 17.1 
0 -2 0 0 0 0 1.24 3.10 0.179 9.02 0.084 4.014 67.0 
0 2 0 0 0 0 1.38 3.12 0.242 3.42 0.063 2.396 71.6 
0 0 -2 0 0 0 1.44 1.95 0.055 5.41 0.066 2.309 69.6 
0 0 2 0 0 0 13.7 4.49 0.188 3.33 0.086 2.586 68.2 
0 0 0 -2 0 0 1.34 3.39 0.548 8.90 0.095 4.220 65.1 
0 0 0 2 0 0 1.56 2.71 0.087 5.17 0.073 3.062 69.7 
0 0 0 0 -2 0 0.88 3.19 0.205 7.58 0.044 2.039 69.7 
0 0 0 0 2 0 3.10 2.84 0.092 7.28 0.097 2.158 69.9 
0 0 0 0 0 -2 l.l8 3.45 0.473 7.51 0.050 1.872 69.6 
0 0 0 0 0 2 1.82 3.06 0.153 6.02 0.061 2.078 66.6 
0 0 0 0 0 0 1.41 3.29 0.227 6.32 0.066 1.967 67.3 
0 0 0 0 0 0 1.3S 3.27 0.230 6.94 0.064 2.356 68.1 
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Appendix (3) 

General SAS program used for the Extended Surface Response Procedure (ESRP) for multiresponse 
optimi:1.ation. 

OPTIONS L1NESIZE=72 
PAGESIZE=66; 

DATA CAS; 
INFILE [:\TA; 
INPUT XI X2 X3 X4 X5 X6 YI Y2 Y3 @@; 

DATA B; SET CAS END=EOF; OUTPUT; 
IF EOF THEN DO; YI=.; Y2=.; Y3=.; *YI=FINES Y2=ASH Y3=LACTOSE*; 

DO XI=-2 TO 2 BY Vt; 
DO X2=-2 TO 2 BY Vz; 

DO X3=-2 TO 2 BY V3; 

DO X4=-2 Ta 2 BY V 4; 

DO X5=-2 Ta 2 BY V5; 

DO X6=-2 TO 2 BY V6; 

OUTPUT; 
END; 

END; 
END; 

END; 
END; 

END; 
END; 

PROC RSREG DATA=B OUT=C; 
MaDEL YI Y2 Y3==XI X2 X3 X4 X5 X6/PREDICT; 

DATA D: SET C; 
IF Y2<K t ; IF Y3<K2; 

PROC SORT DATA=D; BY DESCENDING YI; 
PROC PRINT DATA=D; 
RUN; 
ENDSAS; 

Remarqu\!s: 

- O<Vn (n= 1.2 ..... 6)< 1 
- K, and K2 are mmima tolerated for ash and lactose. respechvely. 
- X I-Xé "ould he restncted to smaller mterval. i.e. [-1.0.5] instead of [-2.2]. XI-X6 definitions are given 

ln Appendlx [2). 



Example: Program used for run #1 in Table 8 (section 3.4.3). 

OPTIONS LINESIZE=72 
PAGESIZE=66; 

DATA CAS; 
INFILE DATA; 
INPUT XI X2 X3 X4 X5 X6 YI Y2 Y3 @@; 

DATA B; SET CAS END=EOF; OUTPUT; 
IF EOF TH EN DO; YI =.; Y2=.; Y3=.; *YI=FINES Y2=ASH Y3=LACTOSE"'; 

DO XI=-I TO 0 BY 0.1; 
DO X2=-2 TO 2 BY 0.2; 

DO X3=-2 TO -0.5 BY 0.1; 
DO X4=-1 TO 1 BY 0.1; 

DO X5=-1 TO 0 BY 0.1; 
DO X6=-1 TO 0 BY 0.2; 
OUTPUT; 
END; 

END; 
END; 

END; 
END; 

END; 
END; 

PROC RSREG DATA=B OUT=C; 
MODEL YI Y2 Y3=XI X2 X3 X4 X5 X6/PREDICT; 

DATA 0; SET C; 
IF Y2< 1.5; IF Y3<0.05; 

PROC SORT DATA=D; BY DESCENDING YI; 
PROC PRINT DATA=D; 
RUN; 
ENDSAS; 
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Appendix [4] 

De<'icription of the twin screw edruder 

The extruder used for coagulation and neutrahzahon IS a Baker Perkins MPF-50D with co-rotating and 

mterme!.hing screws. The dnve system IS 25 HP, 1750 rpm, constant torque, and with electrical and 

mechanical over-torque protectIOn. The gearbox IS designed to reduce the rpm from 1750 to 500 through 

a !.pœd reducer/sphtter and to have easy access to bearings, gears and shafts. The power rat mg is 25 HP 

at 500 rpm maximum output spœcl and the maximum operatmg pressure IS 2000 pSI. The extruder IS 

eqUipped wlth a vanable spœd volumetric feeder, a vanable speed and adjustable die-face cutter, three

headed mJectlOn pump to dehver hqUlds or slume!> mto the barrel, and a heat exchanger umt pre

assembled wlth aIJ control!> for the mne zones of barrel coohng. The independent heahng/coohng zones 

offer precise control over the process temperature gradient. A panel control provldes control of the barrel 

temperature profile, hqUlds flow rate, matenal feed rate, screw speed and glves readmgs about barrel and 

product temperature!> at dltferent zones, pressure at the die and percent torque. 

The !.crt:w!> and the barrel are made from carbon steel No 4140. The MPF-50D can he dead-stopped 

at any stage and the honzontalJy !.pht barrel permlts rapld access exammatlOn of mternal product conditions 

and change!> m !>Crt!w configuration. Flve alternative mam feed port locatIOn!> provlde effeclIve barrel 

process lengths of 25: l, 20: l, 15: l, 10: l, and 5: 1 LlD, enablIng the u!>er to ddermme optimum chamher 

length for hls partlcular applIcatIOn. Side feeder ports, aIJow separate downstream lOcorporatlOn of heat or 

!>hear sensItive mgredlents whlch could he damaged by exposure to the full heat history of the mam 

!>ubstance. Injection ports are located m a numher of pomts along the barrel for direct mcorporatlon of 

hqUlds or !>Iurnes and lhe barrel temperature May he controlJed m mne zones along the barrel. 

The screws can he configured in vanous ways dependmg of lhe parhculate process, us mg feed screws, 

bi-lobai paddles, short pltch screws, and smgle lead screws. The functlOn of feed screws are to convey the 

matenal down!>tream to Ihe mlxing zone. These screws have a double lead wllh a pllch of one diameter. 

Paddles are Ihe primary workmg component of an agllator assembly. These provlde very good rnixmg and 

generale the interparhculate tnctlon withm lhe product whlch converts lhe mechanical energy mto heat. 

Several relallve onen tallons are poSSible 10 have forwardmg or reverse actIOns wllh dlfferent degrees of 

conveylng abIllly. The conveylng abIlily IS from best to least: 

30°F>45°F>60°F>90°F>60oR>45°R>30oR (F=forward, R=reverse). The short pllch screws are 

generally u!>ed al the begmmng of mlxmg zone after the feed screws whlch help to cut the material and 

Improve lhe !.ubsequent mlxmg. The smgle lead screws (dl!>Charge !>crews) are designed to have good 
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positive conveying action and high pressures at the die exit, but a\!'u contnbute to the nuxmg achon. 

Because of their importance in modelling. the dimensions of single lead screws are given bclow along with 

sorne barrel characteristlcs: 

Variable Symbol value 

Major diameter (D,) 50.2 mm 

Root diamcter (Dr) 28.6 mm 

Channel depth (H) 11.1 mm 

Tip width (e) 2.6 mm 

Channel bottom width (E) 5.3 mm 

Distance between screw !.hafts (CJ 40.0 mm 

Helix angle (1jJ) 4.60 

Tlp area (At) 16. 7 cm~ 

Root area (Ar) 18.0 cm2 

Volume (VI) 51.5 cml 

Barrel diameter (D) 50.8 mm 

Barrel volume" (VJ 322 cm) 

Barrel surface area " (Abt) 
213 cm~ 

" For a barrel havmg 25 1 LID 

Wlthm the screw profile, onfice plugs may he used to hold product m the cookmg 'K!CtlOn. The orIlice 

plug dlameter determmes the relative tilled length wlthm the ~l1on Immedmtdy up!'!tream 01 the orIlice 

plug. The filled lenght mfluences the amount of work done on the feed matenal (I.e the larger the orIlice 

plugs, the greater the filled lenght resultmg 10 IDcreased resldence tlme tn the paddle!'! !>CÇtlOn and, 

therefore, greater energy input). In conjunclton wlth onfice plug!>, the barrd val V!! a!>!'!emhly mu!'!t he u!>w 

which allows the external adjustment of the filled lenght. Opentng the barrel valve vane allow., matenal 

to flow over and hetween onfice plugs. ThiS adjustment I!. contmuoui>ly vanable for tine tuntng, whérca ... 

the onfice plug size IS a stepwIse, more coarse adjustment. A die plate i>hould hl! attached to the barrd 

whlch has a combmed product temperature and pressure ~enStng port and allows coohng of the product at 

the exit, If necessanly, by an mdependent water clrculalton. Ole onfice!> wlth dltf!!rent geomctne!> may hl! 

inserted in the die plate. 
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Appendix [5] 

Sehematic drawing of eaeh part of the extruder dewheying die given in Figure 29 and discussed in 
Chapter 3.5 (dimensions are in mm) 

A: Schematic drawing of the die plate 

'J • 

:---

'1'" ! 

•• 
j 

Jj lliT ! 
2' ,; , 

-1 57 2 

-il 
a ! 

{~III' i 



B: Sehematie drawing of the eylindrical sereen 
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C: Schema lie d' . rawmg of th e perforated pipe 
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1 D: Schema tic drawing of the die orifice holder 
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l E: Schcmatic drawing of the die orifice 
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