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SYNOPSIS 



Extrusion cooking is one of the most promising techniques in the field of food 

technology developed in the recent times. Its advantages are many, which have been 

well documented in the literature. However, practice of this technology, has remained 

more an art than the science. Knowledge and database on extrusion cooking is however 

growing fast. Extrusion cooking is associated with partial or complete gelatinisation of 

the starch, complex formation, transformation and interactions involving bio-polymers. 

Of the two types of extruders (single screw and twin-screw), twin-screw extruder 

permits a greater flexibility of operation to achieve the desired time, temperature, and 
shear range for the processed material because of an additional independent variable, 

viz., screw configuration. 

Understanding the extruder behaviour and material flow during extrusion cooking 

is essential to the design of automation and control systems. Some models have 

adapted from plastic extrusion with modifications that account for the differences of 

foods from plastics. 

Cereal grains lend themselves as good raw material for preparation of ready to 

eat snack foods and other products on account of high starch content in them. 

Extensive work has been reported on extrusion of corn (maize), in comparison to that for 

wheat and rice. The latter is of significance to India and other Asian countries. 

Rice is a popular, nonallergic, glutenfree source of carbohydrate, vitamins, and 

minerals with little fat. With an annual production of over 120 million tonnes of paddy, 

rice is the largest crop produced and consumed in India. It is the major supplier of 

energy, protein and other nutrients in the diet of more than half of the Indian population. 

Apart from being consumed as whole grain for table purposes in the form of raw milled 

rice or parboiled milled rice, a considerable quantity of paddy is also converted into 

many traditional products. Extrusion cooking could give products similar to the 

traditionally prepared expanded or puffed rice products with advantage of being more 

hygienic and economic process. However, literature on twin-screw extrusion cooking of 

rice is rather scanty. 

The present study was, therefore, undertaken to screen a larger number of 

extruder and extrusion variables, and to study their effect on the system parameters 
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during extrusion processing of rice flour, and the quality of resultant extruded products 

in terms of physical, physicochemical, molecular and functional properties. The results 

obtained form the basis of this thesis. The thesis has been divided into seven chapters. 

A brief outline of the same is given below: 

CHAPTER I. Extrusion cooking of cereals: a review 

A detailed review of the literature on extrusion process, extruders, models in 

explaining application of extrusion cooking, in general and also with reference to the 

process of extrusion cooking is presented. 

CHAPTER II. Materials and methods - general 

This chapter deals with the general methodologies applicable for the entire work 

with details on the rice cultivars used, their proximate composition, the extruder used, 

feed preparation for extrusion, extrudate sample preparation for study of different 

characteristics and the methodology followed for the extrusion and extrudates attributes 

study. However, the methodologies specific to the work presented in each separate 

chapter, have been described in the concerned chapter. 

CHAPTER III. Screening of variables for extrusion cooking of rice flour employing 
Plackett-Burman design 

Technology of extrusion cooking of foods has been successfully applied to 

produce a variety of foods during the last two decades. But till now, it is still considered 

an art. To select a particular variable, or to delete one, is still based on experience, or 

sometimes, just a guess. This is because of the large number of variables encountered 

in extrusion cooking. The situation becomes complex if the researcher is interested to 

know the quantitative effect of these variables on extrusion target parameters. 

In this chapter, results of the screening experiments for ten variables, employing 

Plackett-Burman experimental design, have been reported. Effect of variables on the 

system parameters and target product parameters without using any die during 

extrusion processing of rice flour has been studied. The variables included extruder 

hardware variables (presence or absence of mixing disk and reverse pitch screw 

element), feed variables (moisture, amylose content, particle size and sugar/salt) and 

extrusion operating variables (barrel temperature, feed rate and screw speed). The 
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response functions were the extrusion characteristics (torque, net specific mechanical 

energy and average residence time), product attributes (water solubility index, water 

absorption index and bulk density), and the viscographic properties of flour slurry (peak 

viscosity, hot paste viscosity and cold paste viscosity). The results were analysed using 

coded level (-1 and +1) of variables and fitting to first order regression equations. 

The results showed that torque developed during extrusion of rice flour under the 

experimental conditions ranged between 11 .4  and 74.5%, of which low values (~ 25%) 

were obtained when both reverse pitch screw element (RPSE) and mixing disk (MD) 

were absent. Among the individual variables, the effect of MD was maximum followed 

by screw speed, feed rate and RPSE. 

The high values (>300 kJ kg-1) for net specific mechanical energy (SME) during 

extrusion of rice flour was observed when the screw profile included RPSE and / or MD. 

Among the other variables, amylose content and screw speed imparted marked 

negative effect. Further, the effect of moisture content was positive followed by the 

effect of feed rate (negative) and temperature (negative). 

The average residence time (RT) of material in the barrel varied between 15.4 

and 32.9 s. The presence of RPSE and MD showed the maximum effect on RT. Screw 

speed, amylose content and feed rate also exerted a marked (negative) effect on RT in 

that order. 

The extrusion of non-waxy (high amylose content, 28.6%) rice flour resulted in 

low water solubility index (WSI, 3.4 to 20.8%) whereas, that from waxy (very low 

amylose content, 5.0%) rice variety showed a higher range (12.2 to 65.0%). The co-

efficient of regression equations showed the temperature of extrusion had the highest 

(positive) effect on WSI. RPSE had the next higher (positive) effect on WSI of the 

extruded product. 

Amylose content exerted maximum (positive) effect on water absorption index 
(WAI. The effect of temperature, MD and RPSE also showed positive effect on WAI, 

whereas sugar content showed a negative effect. 

The bulk density of the extruded products varied widely (170-730 kgm-3). The 

negative effect of RPSE/MD indicated that their presence markedly decreased bulk 

density. The feed rate also had a negative effect, whereas sugar exerted a positive 
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effect. The variables that ranked next in exerting effect on BO were salt (-ve effect), 

amylose (+ve effect) and screw speed (+ve effect). 

The variables that showed highest effect on viscosity indices (viz., peak 

viscosity, PV; hot paste viscosity, HPV; and cold paste viscosity, CPV) were RPSE, MO 

(both have negative effect) and screw speed (positive effect). Further, PV and HPV 

were affected negatively by feed rate and moisture content of feed respectively, while 

CPV was affected (positively) by amylose content. 

It could be concluded from the above results that the screw configuration, 

particularly, the presence of reverse pitch screw element and mixing disk, imparts 

maximum effect on the extrusion and extrudate characteristics. 

Considerable effect was also observed for amylose and moisture content, feed 

rate, screw speed and barrel temperature. The variables that showed least effect on the 

response functions were particle size, salt and sugar. The experimental results relating 

the variables and response function could be fitted well (0.721≤ r ≤ 0.999, P ≤ 0.01) by 

first order polynomials which indicates the suitability of Plackett-Burman experimental 

design to evaluate the effect of the individual variables. Thus, the Plackett-Burman 

experimental design can serve as a useful tool to screen large number of variables and 

to reduce the number of experiments. 

CHAPTER  IV.   Effect of barrel  temperature  and  screw  speed  on  extrusion 
parameters and certain physicochemical properties of rice extrudate 

Rice flour with 14% moisture content was extruded at different barrel 

temperatures (80 - 120°C) and screw speed (200-400 rpm) through the twin-screw 

extruder at a constant feed rate (17 kgh-1) without using a die. The extrusion trial was 

performed with a screw configuration consisting of forward pitch screw elements, a 

reverse pitch screw element (near the outlet), and also two kneading blocks. 

Effect of these process variables on the extrusion system parameters and the 

extrudate attributes was determined by using response surface analysis technique. The 

response functions studied were: a). Torque developed during extrusion, b). Total 

specific mechanical energy (SME) required during extrusion process, c). Sediment 

volume, d). In-vitro starch digestibility, e). Water absorption index, f). Water solubility 

index and f). bulk density. These seven response functions were related to the extrusion 

process variables by a second-degree polynomial, which consisted of linear, quadratic 

 
4 



 

and interaction effect. The method of least squares was used to develop these 

polynomials and accordingly the response surfaces were developed. 

The torque developed during extrusion of rice flour in the present experiments 

ranged between 38 and 85%. High torque was associated at low screw speed (200rpm). 

This indicates that rice extrusion is a torque limiting process, particularly if the extruder 

is operated at low screw speed. 

The effect of temperature on torque was rather complex and depended on the 

level of screw speed. At a high screw speed (400 rpm), increase in the barrel 

temperature from 80 to 100°C markedly decreased the torque but it remained fairly 

constant when the temperature was raised beyond 100°C. At a low screw speed (200 

rpm), slight decrease in torque was noted with an increase in barrel temperature. 

The total specific mechanical energy (SME), defined as the total mechanical 

energy input to obtain 1kg of extrudate, varied between 317 and 1013 kJkg-1. The low 

values «350 kJkg-1) of SME were obtained at high temperature (10O-120°C) and screw 

speed (300 rpm). 

Sediment volume of flour in excess dilute HCI, which serves as an index of the 

gelatinisation, showed an increase from 7.5 ml for raw to 24.5 to 26.5 ml for all the 

extruded products, indicating that the degree of gelatinisation in all the extruded 

samples was markedly high as compared to that reported for parboiled or flaked rice in 

the literature, which ranged between 8.1 to 19.5 ml. 

The in-vitro digestibility of starch in the extruded rice sample was estimated 

using amyloglucosidase. The results showed that all the extruded rice samples had very 

high (73.6-87.4%) susceptibility to enzyme degradation as compared to raw rice 
(12.8%). The extent of susceptibility depended on the conditions of extrusion 

temperature and screw speed. The digestibility increased with increase in barrel 

temperature from 80 to 100°C, but showed a decrease for samples extruded at 120°C. 
The digestibility decreased by 2 to 6 per cent points with increasing screw speed from 

200 to 400 rpm. 

Water absorption index (WAI) of extruded rice samples ranged between 5.5 to 

7.1 gig as compared to unextruded rice (2.6 gig). High WAI (6.1 to 7.1gig) was shown 

by products extruded at barrel temperature of 80 and 100°C as compared to that at 

120°C (5.5 to 5.9 gig). Water solubility index (WSI) was the least (1.7%) for raw rice and 
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increased markedly from 28.0 to 45.5% upon extrusion cooking. It could be inferred that 

the combined effect of high temperature and high screw speed enhanced the amount of 

soluble materials in the extrudate. 

Bulk density of the extrudates ranged between 172 and 231 kgm.-3 Lowest 

density was obtained at barrel temperature of 100°C and screw speed of 300 rpm. 

The analysis of variance (ANOVA) tables were generated for all the seven 

response functions. The significance of the individual terms in the polynomial was 

determined statistically by calculating the F - values, and judging them at probability 

levels (p) of 0.01, 0.05 or 0.10. The correlation coefficients (r), determined to know the 

relationships between the extrusion characteristics and product attributes, were judged 

at p = 0.01 when the number of data points (n) was 27. 

The detailed statistical analysis using response surface methodology (RSM) 

generated the coefficients of the second order polynomials for the above seven 

response functions. The polynomials, developed using the coded level of variables, 

fitted the experimental results as well as indicated by the high multiple correlation 

coefficients (r ≥ 0.931, P ≤ 0.01). 

It is obvious that extrusion characteristics and products attributes are inter-

related, and hence, in this chapter linear inter-relationships have been obtained 

between the extrusion characteristics (torque and SME) and the product attributes 

(sediment volume, in-vitro digestibility, WAI, WSI and bulk density). Significant (p ≤ 0.01) 

positive relationships were obtained for torque with WAI and bulk density, whereas, a 

negative relation was seen with WSI. This means that increasing the torque during 

processing usually increases the desirable characteristics like WAI but reduces the bulk 

density and WSI of the extrudates. The torque during extrusion depends on the 

rheological status of the plasticised mass inside the extruder, and in turn, it is positively 

related (r > 0.72, P ~ 0.01) to SME. It was concluded therefore that extrusion at 100°C, 

300 rpm needed the least energy (SME 317kJ kg-1) and produced lesser torque (39%) 

during extrusion of rice flour and yielded product with a desirable quality profile. 
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CHAPTER V. Effect of barrel temperature and screw speed on pasting behaviour 
of rice extrudate 

The effect of extrusion barrel temperature (80-120°C) and screw speed (200-400 

rpm) on the pasting and gelatinisation properties of extruded rice products was studied. 

The pasting characteristics of the flour slurry were studied using a Rapid Viscoanalyser 

(RVA), and the viscosity indices observed were the initial viscosity (IV, at 50°C), peak 

viscosity (PV, highest viscosity during heating phase to 95°C), hot paste viscosity (HPV, 

viscosity after cooking for 5 min at 95°C), cold paste viscosity (CPV, viscosity after 

cooling the paste to 50°C) and extent of gelatinisation (GE difference, in percent, of the 

peak area of processed sample and the raw flour). 

Regression equations were generated for the response functions (PV, HPV, 

CPV and GE) to relate them with the extrusion process variables (barrel temperature 

and screw speed). The suitability of the regression equations to predict the response 

functions was judged by determining the multiple correlation coefficient (r). The 

experimental results were fitted either to a second order or to a third order polynomial 

such that an r-value of 0.990 was obtained. 

The initial viscosity (IV) of extrudates (30-43 RVU) was about ten times higher 

than that for raw rice (3-4 RVU). The viscosity of the extrudate pastes decreased during 

the heating phase, in contrast to that of raw rice, which increased. 

The peak viscosity (PV) of the extruded rice pastes was between 21 and 33 

RVU, very low in comparison to raw rice paste (218 RVU). PV generally decreased with 

increasing barrel temperature and screw speed. The contour plots showed, however, 

that at high screw speed (350-400 rpm) for barrel temperature greater than 100°C 

reverse effect could be observed. 

The hot paste viscosity (HPV) of the uncooked rice flour paste was about 80 

RVU, whereas, for the extruded rice flour it ranged from 7 to 12 RVU. A fairly linear 

decrease in HPV was obtained when temperature or screw speed was increased. 

The cold paste viscosity (CPV) of extruded products (at the end of cooling to 
50OC) was quite low and ranged between 8 and 15 RVU, as against the high value of 
177 RVU for raw rice paste. The cold paste viscosity decreased with increasing barrel 
temperature and screw speed. 
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The extent of gelatinisation (GE) in the extruded rice samples was high, and 

ranged between 93.8 and 99.0%. The GE increased with barrel temperature, and 

reached a maximum (99.0%) at 100°C with a screw speed of 400 rpm. Thereafter, a 

slight decrease was observed with increasing screw speed and barrel temperature. 

It could be concluded from the above results that desirable pasting 

characteristics (viz., low values of PV, HPV and CPV) for a pre-gelatinized rice flour for 

use in specialty diet food formulation, could be obtained by extrusion of rice flour at 

medium to high barrel temperature (100-11O°C) and a high screw speed (400 rpm). 

CHAPTER VI. Molecular degradation of starch during extrusion cooking of rice 

Molecular changes in starch during extrusion cooking of rice flour (from different 

varieties of rice) were studied by gel permeation chromatography (GPC), and the results 

are presented in this chapter. 

Rice flour from three different paddy varieties, viz. IR 64, a high amylose 

(28.6%); Pojobora, an intermediate (22.3%) and Agonibora, a very-low amylose (5.0%, 

waxy) variety was extruded at different barrel temperature (80-120°C) through a twin-

screw extruder at constant screw speed (400 rpm), feed rate (15 kgh-1) and moisture 

content (20%) using a cylindrical, 5mm diameter die. The extruder screw assembly 

consisted of forward pitch screw element, a reverse pitch screw element (near the 

outlet), and also five kneading blocks. 

Upon fractionation of rice flour on Sepharose CL-2B gel column, starch in all the 

rice samples got separated into two main fractions. One was eluted at the void volume 

(Fraction-I), which contained high molecular weight, branched component of starch i.e. 

amylopectin, and other that entered the gel and was eluted over a longer elution volume 

(Fraction II), which contained lower molecular weight, linear component of starch i.e. 

amylose. 

Fraction-I of raw rice formed 61.6%, 66.4% and 85.4% of the total carbohydrate 

fractionated from IR 64, Pojobora and Agonibora respectively. Upon extrusion, the 

proportion of Fraction-I decreased considerably with consequent increase in Fraction-I I, 

indicating that amylopectin was degraded to lower molecular weight components as a 

result of extrusion cooking due to high thermal and mechanical energy inputs during 

extrusion. Consequently, the proportion of carbohydrate in Fraction-II increased. 

Further, a shift of peak of this fraction towards a higher-molecular-weight profile was 
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observed, indicating that relatively larger molecular weight breakdown products from 

Fraction-I were released into this fraction. The tendency of this shift of Fraction-II peak 

towards the higher-molecular-weight side increased with increasing barrel temperature 

of extrusion, and also with lower amylose content. 

Among the rice varieties, waxy rice was degraded to a greater extent (decrease 

by 45% points) as compared to the high amylose variety (decrease by 1 1 %  points) 

under similar extrusion conditions. Over all, it appears that the high molecular weight 

branched molecules (Fraction-I) was more prone to degradation than the linear ones, 

perhaps due to the large molecular size of amylopectin which renders it vulnerable to 

breakdown under severe condition of shear and thermal forces within the extruder. 

Further, waxy variety was degraded to the maximum extent at lower temperature (80°C) 

as compared to that for high amylose variety. The degradation increased with increasing 

barrel temperature for all three varieties. At higher temperature (120OC), however, a 
reverse trend was observed, which may be due to the formation of resistant starch or 

starch-lipid I starch-protein complexes at higher temperatures. 

The iodine absorption (which is an index of the linearity of the molecule) of the 

two starch fractions separated on Seahorse CL-2B gel column was also studied. There 

was a progressive decrease in the iodine absorption of Fraction-II which was 

accompanied by a continuous decrease in the Amax of Fraction-II peak. The Amax of 

Fraction-II decreased from 656 nm to 612 nm, and from 621 nm to 608 nm after 

extrusion, in case of high and intermediate amylose variety respectively. However, Amax of 

Fraction-II for waxy rice remained more or less constant at 522-520 nm before and 

after extrusion. The iodine absorption of Fraction-I increased upon extrusion and it was 

accompanied by an increase in its Amax. 

CHAPTER VII. Effect of varietal variation of rice and barrel temperature during 
extrusion cooking on functional properties of the extrudate 

The effect of amylose content of rice and barrel temperature of the extruder on 
functional and textural properties of extrudate upon extrusion cooking of rice flour were 
studied in detail. 

Extruded product obtained after extrusion cooking of the rice flour at different 

barrel temperature (80-120°C) from three varieties of rice (having a high, 28.6%; an 

intermediate, 22.3%; and a very low, 5.0%; amylose content) were studied for the 
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functional and textural properties such as, bulk density (Pe), water solubility index (WSI). 

Water absorption index (WAI), expansion ratio (ER) and Wernere-Bratzler shear stress 

(W-B-SS). 

Regression equations were generated for the response functions (torque, net 

specific mechanical energy, Pe, WSI, WAI, ER and W-B-SS) to relate them with the 

extrusion variables (amylose content of the feed and barrel temperature). The 

experimental results were fitted to a second order polynomial such that a multiple 

correlation coefficient r-value of 0.903 was obtained. 

The torque during extrusion of rice flour ranged between 28 and 51%. High 

torque was associated with low amylose content feed. The SME varied between 296 

and 781 kJkg-1 and decreased with increasing barrel temperature in case of all rice 

varieties. However, extrusion of very-low amylose (waxy) rice required higher SME than 

other rice at all the barrel temperatures studied. 

The bulk density of the extruded rod from three varieties ranged between 371 

and 174 kgm-3. In general, bulk density decreased with increasing barrel temperature 

but waxy variety product showed the least Pe. The WSI of extruded products ranged 

between 20.7 and 85.3%, increasing with increasing barrel temperature in all rice 

varieties. Waxy variety, however, yielded maximum WSI (85.3%) value. The expansion 

ratio of extruded rice products from three varieties ranged between 4.6 and 14.7, 

increasing with increasing barrel temperature. Here again the highest value (14.7) was 

obtained in case of waxy variety. The W-B-SS value was also lowest (176 kPa) for the 

waxy variety confirming the suitability of waxy variety to obtain expanded rice product. 

Conclusions 

Following conclusions could be drawn from the results presented above: 

Plackett-Burman experimental design could be applied to screen the large 

number of variables in extrusion cooking. Out of ten variables studied, presence of the 

reverse pitch screw element and the mixing disk in the screw configuration exerted 

highest influence on the product profile of extruded product. Considerable effect was 

also observed for amylose and moisture content, barrel temperature, feed rate, and 

screw speed, whereas particle size and other additives showed lesser effect. 
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In the case of high amylose variety, barrel temperature showed maximum 

influenced on system parameters as well as quality attributes of extruded products. 

Among the three varieties studied, having different amylose content, waxy rice 

(amylose content ≤ 5.0) appeared to be highly suitable for producing expanded rice 

product as it showed the highest expansion ratio, highest water solubility index and 

other desirable product profile. However, the specific mechanical energy required for 

extrusion was also high. 

Extrusion of rice flour without using a die appears to be an alternative approach 

to produce processed rice flour. A restriction of die is usually used during extrusion of 

foods for shaping the final product. However, if the targeted product is to serve as a 

base material for producing other products (e.g., baby foods or weaning foods), the use 

of die becomes optional. Further, energy expenditure can be reduced if die is omitted. 
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around the outside of the barrel with vents permits heating or cooling of the barrel 

surface. 
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Fig. 1.1. Schematic diagram of a single-screw extruder. 
(Harper, 1989). 

The screw system is the central portion of the extruder that accepts the feed 

ingredients at the feed port, conveys, works and forces them through the die restriction 

at the discharge point. The helical metal ribs wrapped around the screw shaft called 

"flights" convey the material mechanically towards the discharge end. The flights are of 

different height and shape. At the feed section, the flights are deeper or with greater 

pitch to ensure easy filling for conveying along the barrel. In the central part of the 

screw, called the "compression or transition section", the feed material is compacted 

and converted from a flowing granular or sticky mass to a relatively uniform plasticised 

dough. This section of the screw is followed by the metering section that has relatively 

shallow flights of reduced pitch to thoroughly mix, and/or increase the temperature of 

the material and the shear rate in the channel. 

The continuous central shaft, known as the root of the screw, may sometimes 

be hollow to pass heating or cooling medium. The ratio of the distance between root 

surface of the screw and internal surface of the barrel, at the beginning of the barrel 

and at the end, is called "compression ratio", which is an important factor that 

characterizes the extruder. 
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The extrusion drive system, which drives the screw, consists of a drive motor 

and a stand. Continuous variability of the speed is possible through magnetic, electrical 

or mechanical controls. The motor speed is normally less than 500 rpm. A transmission 

is used to reduce the speed with a proportional increase in the torque of the motor. The 

whole extruder assembly is mounted on a frame or a stand that is bolted to the floor. 

Many times it is equipped with special disassembly devices for ease of functioning and 

maintenance. The food material leaving the extrusion screw enters the discharge 

section that normally holds the extruder die, cutters and takes away devices. 

The dies have small openings that shape the food material as it flows out of the 

extruder. The shape of the die varies. The simple one being a hole. Expansion of the 

extrusion material occurs as the product under high temperature and pressure leaves 

the die with a rapid release of pressure to ambient conditions. Cutters are used to cut 

the extruded material coming out from the die. They are employed in combination with 

the take away devices, and/or the drying or the cooling systems. Drying and cooling 

section ensures careful decrease in the moisture or temperature of the product while 

maintaining the textural quality. 

1.2.1. Classification of extruders 

Rossen and Miller (1973) presented a systematic classification of extruders on 

the basis of thermodynamic and functional characteristics. Tribelhorn and Harper 

(1980) later gave a composite overall view of the various main categories as illustrated 

in Fig.1.2. 

A typical pasta extruder has a deep flighted screw and a smooth barrel surface. 

Due to low shear rate and low screw speed, there is little, if any, cooking of moist 

semolina. High pressure forming extruder uses products with little larger range of 

moisture than the pasta extruder and constant temperature is maintained by heating 

jacket around the barrel and is used for producing pastry dough, cookies and certain 

candies (Harper and Harmann, 1973). A collet extruder, used for snack production, 

suitable for relatively dry materials, has a shallow flighted screw in a short grooved 

barrel, and heat is generated by mechanical energy input. Low-shear cooking extruders 

are suitable for relatively moist materials such as precooked dough and many pet foods 

(Linko et al, 1981). 
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Fig. 1.2. Extruder classification.  
(Tribelhorn and Harper, 1980). 

High-shear extruders, classified as high-temperature short-time (HTST) cooking 

extruders, are suitable for producing a wide variety of precooked, pre-gelatinized, ready 

to eat cereal-based foods, textured plant protein, snacks, pet foods and animal feed 

(Linko et ai, 1981). Typical operating data for different types of food extruders are given 

in Table 1.1.  

Initially, most food extruders were of the single-screw type, often modifications 

of equipment originally designed for the plastic industry (Harper, 1979). However, 

because bio-polymer materials have completely different rheological behaviour and 

mechanical transport properties, special barrel surface structure, and short residence 

time at high temperatures have been introduced including the twin-screw system ( Kim 

and Rottier, 1980; van Zuilichem et ai, 1980 ; Tribelhorn and Harper, 1980 ). 
 
 
 

16 
Table 1.1 Typical operating data for five types of food 

extruders 
 



 

The main working principle of the twin-screw extruder is same as that of single-

screw extruder. However, there are two screws instead of one, which are 

accommodated in a single barrel unit. The relative direction of the rotation of screw, 

counter or co-rotating, and the degree of screw intermeshing, are key points of 

differentiation. Various screw configurations used in twin screw extruders are shown in 

Fig. 1.3.  
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Fig. 1.3. Various screw configurations used in twin-screw extruders.  

(Ziminiski and Eise, 1980). 

1.2.2. Comparison of single- and twin-screw extruder 

A general comparison of single- and twin- screw extruder is shown in 
Table 1.2. 
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1.4. ADVANTAGES OF EXTRUSION COOKING 

The extrusion cooking process has been used increasingly because of its higher 

efficiency in comparison with conventional methods involving batch processing and 

multistage operation (Guy, 1989). The main advantages of extrusion cooking over 

conventional processes such as baking, autoclaving, etc are briefly listed below: 

• Rapid high energy transfer into mass with H.T.S.T advantages 

• High capacity with smaller investment and less space taken 

• High energy efficiency because less drying required (low moisture cooking ) 

• Continuous and automated operation, less manpower requirement 

• Precise control of residence time and temperature, uniformity of cooking 

• No effluents 

• Wide range of ingredients (size and consistencies) can be handled 

• Diversity of product's shapes 

However, the large number of variables which one has to take into consideration 

with regard to processing parameters, system parameters and raw material parameters, 

make it a difficult proposition for optimization of extrusion cooking for developing a 

desired profile for the product. This thus is a limitation of extrusion cooking technology 

and it is still a matter of skill and art which is in practice by and large in the field. 

1.5. APPLICATIONS 

Extrusion cooking technology has almost limitless applications in the processing 

of cereal-based foods and other materials, and is associated with partial or complete 

gelatinization of the starch, complex formation, transformations and interactions 

involving biopolymers. The technique may be used to precook, instantize and 

agglomerate food components. Its various applications in food have been reviewed by 

Smith (1976), Harper (1979), Hauck (1980) and Linko et al (1981). Various food 

applications of extrusion cooking as summerised by Cheftel (1990) are tabulated in 

Table 1.3. 
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Table 1.3 
 
Food applications of extrusion cooking  

Industrial R&D 
CEREALS 

Snacks 

including non expanded “3rd   

generation" snacks 

 

Co-extruded snacks and 

Biscuits 

With fruit, cheese, meat filling 

Instant noodles 

e.g. rice or fish noodles 

Flat crisp bread  

Breakfast cereals 

• Non expanded nibs: 

Further flattened into flakes 

      or puffed products:  

      further agglomerated post  

      extrusion 

• Fibre-rich products 

Cereal bars 

Bread crumbs 

Intermediate products 

 

(=ingredients for the industry) 

• Precooked flours, starches 

for dry baby foods  

for instant soups  

and puddings 

• Chemically modified starches 

• flavour encapsulation on 

maltodextrins 

• modified gIutens 

• starch hydrolysis  

for maltodextrins  

for fermentation  

substrates (beer) 

VEGETABLES, LEGUMINOUS AND OTHER SEEDS 

Potato based snacks  

+ limitation fries 

Vegetable purees 

Texturized vegetable  

Proteins  

   (meat analogues) 

Moist baby foods 

(aseptic) 

Hydrolyzed vegetable 

Proteins 

Instant porridges and weaning foods Roasting of coffee 

And hops (for beer) 

full fat soy flour Nut spreads 

Spices with low microbial load 
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Industrial R&D 

ANIMAL FEEDS 

Pet foods 
Dry rather than moist pet foods 

Fish foods 
For fish faming (salmon ...) 
right consistency and density 
Shrimp foods 
Processing of soy meals for 
ruminants, pigs, poultry 

Continuous gelation/emulsification of high moisture, 
protein - rich mixtures 

• fish mince 
• debonedmeat 
• soy proteins 
• milk proteins 

Inactivation   of  antinutrients;   destruction   of  toxins, 
microorganisms ; increased digestibility of cellulose 

Processing of leafy fodder Incorporation of 
urea into ruminant feeds 

SUGAR AND CONFECTIONARIES 

Decrystalization of sucrose 

Preparation of liquorice 

Conching of chocolate 

Preparation of boiled sweets, Preparation of marzipan 
Gelled confectioneries 
(fruit gums, marshmallow, caramel) 
Non caloric, non cariogenic confectioneries 

Microencapsulation of flavours Instant 
drinks (cocoa) 
Flavour generation 
By Maillard - type reactions 

FRUITS 

Fruit cubes 
For muesli or snacks 
Instant food drinks + tea granules 

Fruit purees 

FATS & OILS 

Stabilization of rice bran 
Inactivation of lipase prior to oil extraction 
Extraction of fats from meat by-products 
In slaughter-houses 

Pretreatment of oilseeds prior 
to oil extraction 
Processing of mustard seeds 
First steps in the preparation offish oils 
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Industrial R&D 

DAIRY 

Milk proteins in snacks and TVP Processed cheeses 
Cheese analogues 
String cheese 
Dairy confectioneries 
(caramel) 

 

Caseinates 
from acid casein 
=Ingredients with improved functionality 

Spreads, fat analogues 
Modifications    of    functional    properties    of    dairy 
ingredients 

• low microbial load 
• partial proteolysis 

MEAT AND FISH 

Extraction of fats from meat by-products 

Preparation offish quenelles 

Preparation of fish -cereal snacks 

First steps in the preparation offish oils 
Preparation of surimi and surimi-salt 
mixes (at low temperature) 

Decontamination of blood-cereal mixes 

Solubilisation of collagen or keratin Development of 
meat sauce flavours Texturization of mechanically - 

deboned meat or fish 

(Cheftel, 1990). 

1.6. EXTRUSION COOKING OF CEREALS 

Considering the experience that humankind has had with cereal grains for 

centuries, it is not surprising that cereals have become popular and nutritious breakfast 

entree for people of all ages. Although the protein content of breakfast cereals relative 

to carbohydrate content is small, cereals still make worthwhile contributions to the 

protein portion of the diet. This is especially true if the protein is protected from damage 

during processing or if the quantity and quality of the protein are amplified by 

formulation. The fats provided by breakfast cereals are primarily unsaturated unless the 

fat moiety is modified by the addition of saturated fats. The carbohydrates of breakfast 

cereals are mostly starch, plus sugar, if sugar is added to the formulation. A small but 
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physiologically significant portion of the carbohydrates is dietary fibre. Cereal grains are 

naturally good sources of vitamins and minerals. However, these are frequently added 

to breakfast cereals to make the cereals even better sources of nutrients. It is also 

common to fortify breakfast cereals with nutrients that are not found naturally in cereal 

grains to enhance the nutritional contribution of the cereal and assure the nutritional 

status of consumers (Robert and Haines, 1990). 

All cereals contain a large proportion of starch. The content and the type of 

starch, apart from process and system variables, therefore affect the properties of 

extruded products made from them. In its natural form, starch is present in granular 

state that is insoluble in water, tasteless, and unsuited for human consumption directly. 

To make it digestible and acceptable it must be cooked. In case of ready-to-eat cereals 

the cooking is carried out during manufacturing process. 

If the cereal is cooked with excess of water and only moderate heat, as in 

boiling, the starch gelatinizes and becomes susceptible to starch-dissolving enzymes of 

the digestive system. If cooked with a minimum quantity of water, or without water, but 

at high temperature, as in toasting and extrusion cooking, non-enzymatic browning 

reaction between protein and reducing carbohydrate may occur, and there may be 

some dextinization of starch. 

From the time the extrusion cooking process was introduced for food 

application, preparation of cereal based and starch based products has been the major 

use. Initially, the extrusion cooking was used for the production of breakfast cereals as 

cereal flakes to replace the traditional process of making cereal flakes from maize grits. 

However, later the extrusion cooking process was used for preparation of various cereal 

based products, such as expanded, fortified and enriched, shaped cereal, precooked 

instant cereal, infant, weaning and baby foods (Linko et al, 1981). Extrusion cooked 

corn-soya-milk blends as protein fortified cereal grain products have also been 

prepared for nutrition intervention programmes (Peplinski and Pfeiffer, 1970). 

Simultaneous extrusion cooking of cereals and fish meal, and corn / soyabean based 

infant cereal has also been reported (Harper, 1980). Production of instant and quick 

cooking noodles and pasta (Tsao et al, 1976), instant dried soup or gravy bases from 

modified starches with co-extrusion of cereals with meat protein, herbs, spices and 

vegetables (Hauck, 1980) has also been reported. Various types of snack products, 
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causing some breakdown of large particles and rapid heat input to the powder by 

frictional and mechanical effects. 

3. A rapid temperature rise within a short distance (2 to 20mm) which raises the mass 

temperature sufficiently to melt all the crystalline structures within the starch granules. 

4. Release of the softened starch granule from the wedge protein and their deformation 

by the kneading action of the screws under forces of the compression, elongation and 

shear. This causes changes in the microscopic appearance of the raw materials as air 

is excluded from the system and the flour is transformed into a plastic or viscoelastic 

fluid mass. 

5. Under further intensive kneading by the screw elements the starch polymers are 

dispersed from their native aggregates to form a continuous phase. The loss of starch 

aggregates causes a sharp reduction in fluid viscosity as indicated by lower die 

pressures. Within the continuous starch phase the proteins are macerated to small 

globules or rods (<100 micron) and appear as discontinuities, together with the 

residual granules and the bran platelets in starch phase. 

6. In the final pumping section at the die, the viscoelastic fluids tend to lose all their 

entrapped air and may be extruded as fluid or expanded foams depending on the exit 

temperatures. At temperature >100°C, bubbles of steam are nucleated in the fluid and 

are retained by the continuous starch phase. Little further change occurs to the 

biopolymer structures during this expansion process. 

1.6.1. Effect of raw material and its characteristics 

Extrusion is a relatively low moisture process operating in the range of 10 - 40 

% moisture, w.b. It employs large mechanical energy and heat inputs in highly 

compressed powders systems which cause the powders to be transformed into fluids 

(Guy and Horne, 1988; Colonna et ai, 1989). Therefore, characteristics such as surface 

friction, hardness and cohesiveness of particles become important and in the high 

solids concentration of melt fluids which are formed within the screw systems, the 

presence of other ingredients like plasticizers and lubricants cause significant changes 

to the system variables of the process (Guy, 1994). 

The basic structures of the extruded products are formed by transforming and 

manipulating natural biopolymers, such as starch and certain types of proteins. Cereals 

 
28 











(1989 ), while studying the effect of wheat quality using 12 different wheat varieties, 

have reported that the amount of water soluble proteins in the wheat flour influenced 

the density and hydration behaviour of final extrudates, whereas, the starch content of 

the wheat flour directly influenced the cold paste viscosity of the Brabender viscogram. 

Expansion ratio is one of the crucial parameters in determining the cereal 

product quality in case of extruded products. Expansion of cereal product has been 

reported to decrease with increasing amount of protein (Faubion et al, 1982) or lipid 

(Mercier et al, 1980) and increase with increasing amount of starch and proportion of 

amylopectin to amylose in starch. Rusnak et al (1980) and Gomez et al (1988) reported 

that after extrusion and micronizing waxy sorghum flakes not only expanded more but 

were also extensively gelatinized, lighter in density with uniform distribution of cells and 

needed less force to break. The presence of amylose in nonwaxy endosperm restricted 

starch swelling and in turn its expansion (Akingbala and Rooney, 1987; Gomez et al, 

1988; Tester and Morrison, 1990). 

1.6.2. Effect of process variables 

The studies on extrusion cooking have mostly been performed to determine the 

effect of processing variables on functional properties. Anderson et al (1969a, b; 1970) 

and Conway (1971a, b) were among the first to describe process conditions in relation 

to product behaviour. Changing one variable while keeping the others constant gives 

not much insight into the interactions among the process variables unless many 

combinations are examined. A solution to this problem is to use a statistically designed 

multiple factor experiment for economy of experimental points, together with response 

surface methodology, which has subsequently been used by many workers for 

optimization of process variables. The main process variables include feed rate, screw 

configurations, screw designs, screw speed, die design and barrel temperature. These 

can be directly controlled by the extruder operator. 

Feeding 

In case of co-rotating extruders the conveying capacity of the extruder generally 
exceeds the rate at which the material is fed into it. A stable and consistent introduction 

of feed stocks into the machine is therefore of prime importance. Raw materials can 
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Fig. 1.6. The centre line distance (CL) governs the maximum power transmittable 
from motor to the shafts and the screw conveying volume. (Frame, 1994). 

Screw speed and configuration 

Screw speed directly affects the degree of barrel fill, and hence the residence 

times distribution and the shear stress on the material being extruded. The screw speed 

is a factor in determining the maximum volumetric output of the extruder and for this 

reason most extruder manufacturers design machines to run at the maximum speeds 

mechanically tolerable, usually 400-500 rpm. 

The measured torque and die pressure change with screw speed. As most 

ingredients used in food extrusion are thixotropic or pseudoplastic in nature, there is a 

linear relationship between speed and torque/pressure. The barrel-fill length decreases 

with increasing screw speed and die area but increases with feed rate. The normal 

minimum screw speed range is 70-100 rpm. Below this, the volumetric capacity would 

be severely limited and would make the majority of food extrusion products costly to 
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manufacture. 

The screw configuration in extrusion is a key factor that affects product 

transformation (Gogoi 1994; Barres et al, 1990; Kirby et al, 1988), residence time 

distribution (Meuseret al, 1991; Altomare and Ghossi, 1986), product expansion (Sokhey 

et al, 1994), degree of fill and energy inputs to the materials (Yam et al, 1994; Erdemir et 

al, 1992; Ollett et al, 1989; and Martelli, 1983). Screw configuration is useful in 

manipulating resultant attributes of the product. 

The location, spacing and number of reverse pitch screw elements (RPSE) and 

mixing disks (MD) are important during extrusion processing and affect the energy input 

and residence time. Such process variable influence physico-chemical changes in the 

material, thereby affecting the product quality. Gogoi et al (1996) studied the effect of 

RPSE on rice and its blend with fish muscle. Erdemier et al (1992) studied the effect of 18 

different screw configuration on specific mechanical energy (SME) subdivided into 

element mechanical energy (EME) and die mechanical energy (DME) for rice flour. It was 

observed that changing of element spacing or rotation made little difference in SME 

values. Kollengode et al (1996) have studied the effect of incorporating 1, 2 or 3 mixing 

elements during the extrusion of maize, wheat and rice. Shear conversion of corn meal 

using RPSE (one and two) at low temperature (<60°C) has been shown by Yam et al 

(1994). 

Vergnes et al (1992) studied and computed the residence time and energy 

distribution in RPSE of twin screw extruder. Their results showed that by modifying the 

geometrical parameters (length of the RPSE, axial slot width) or the operating 

conditions (feed rate, screw speed), it is possible to modulate and to control the 

treatment delivered to the product and to optimize the process in order to achieve a 

particular degree of transformation. 

Gogoi and Yam (1994) studied the relationships between residence time and 

process variables with three different screw configurations (conveying, mild and severe 

kneading) on corn meal. They concluded that the most significant process variables 

affecting mean residence time were screw speed followed by throughput, whereas 

moisture content, die pressure and die temperature had no significant effect. 

The effect of screw configuration on the product properties, die pressure and 

screw torque in the twin-screw extrusion-cooking of maize grits has been studied by 
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Kirby et al (1988). Extrudate bulk density, water solubility and water absorption were 

measured for a set of range of extrusion moisture contents and barrel temperatures for 

each of four screw configuration of different conveying efficiencies. They concluded that 

screw configuration is a potent variable in determining product properties. The screw 

configuration controls the SME input range. Screw configurations of low conveying 

efficiency give rise to low-viscosity melts, which expand into low-bulk density products. 

Dead-stopped runs showed that the conveying efficiency controls the degree of fill in 

the extruder barrel. The mean residence time was increased by decreasing the 

conveying efficiency of the screws. 

Die design 

Extrusion die geometry is also important for final product quality. Die design is a 

complicated art in its own right, and most dies for food products are designed by trial 
and error (Clark 1978a, b). 

van Zuilichem et al (1978) stated that die length-to-diameter does not have a 

detectable influence on the extrusion of corn grits. The die resists flow, causing back 

mixing until the extrusion pressure exceeds the die effect. Decreasing the die diameter 

increased extrusion temperature, degree of expansion, water absorption, and soluble 

nitrogen of an extruded blend of corn and soybean (Molina et al, 1978). As can be 

expected, an increase in die diameter decreased starch gelatinization (Chiang, 1975; 

Chiang and Johnson, 1977). The die shear effect can produce lateral striations when it 

exceeds the cohesive strength of the product (Rossen and Miller, 1973). Introduction of 

a discharge die results in additional shear that can be observed by a change in cold 

paste viscosity (Anderson et al, 1970). 

Effect of barrel temperature 

Most extruders operate with temperature control and the degree of indirect 

heating or cooling depends on how the extruder is operated. The pressure differentials 

and shear stress forces influence reaction rates and generate frictional heat. Barrel 

heating also generates conductive and convective heat in filled and partially filled zones 

and the proportion of each heat source depends on the physical and rheological 

properties of the food, the barrel temperature profile and the available motor power. The 
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motor power usually recorded as torque or amperage is converted into pressure 

energy, phase transition energy and temperature rise. 

When direct expanded products such as ready-to-eat cereals are extruded, the 

moisture content within the barrel is normally 12-18% depending on the sugar and fat 

content. The frictional heat generation normally requires the barrel to be cooled with air 

or water. Extrudate temperatures can reach 180° C. In order to prevent material from 

burning on the hot barrel surface or inhibit excessive maillard browning or limit the 

degree of denaturation (of proteins), chilled water can be pumped through a barrel 

jacket. However, as the material residence time in the extruder is very short, there is 

little change of significant heat transfer from the bulk of the viscous material. 

Reduction in temperature in this case is best achieved by increasing water or oil 

content (i.e. increasing lubricity) or reducing the degree of shear. This is afforded by 

reducing the severity of the screw configuration. Various models describing heat 

transfer have been cited in the literature (Yacu, 1983; 1985). 

1.7.   APPLICATION OF NUMERICAL MODELS FOR EXTRUSION COOKING 

Extrusion cooking technology has been widely used by the food industry since 

1960s and is preferred over some conventional methods of processing. However, the 

physico-chemical changes, molecular rearrangements and interactions among the 

components of the food system make extrusion cooking a complex food processing 

operation. Different aspects of low and intermediate extrusion have been addressed by 

several researchers. 

At elevated temperatures biopolymers in foods start loosing their orderly molecular 

structure. Proteins begin denaturing and starch begins gelatinizing. On initiation of 

gelatinization and denaturation there is a rapid change in the physical properties of the 

biopolymer mass due to the formation of new molecular aggregate structures by hydrogen 

bonding. One of the most significant changes is the rapid rise in the viscosity in the 

extruder. After the initial rise, viscosity will start to decline as the melt is further heated and 

mechanically sheared. The initial rise in viscosity is caused by gelatinization of starch 

resulting in a complete irreversible disappearance of birefringence. Fragmentation and 

formation of complexes may follow gelatinization in the extruder, depending on the degree 

of severity of the process, contributing to decrease in the viscosity. 
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Understanding extruder behaviour and material flow during extrusion cooking is 

essential to the design of automation and control systems. Some models are adapted 

from plastic extrusion with modifications that account for the differences of foods from 

plastics. Plastics can be defined by conventional chemical and physical parameters, as 

they are highly homogeneous. However, food extrusion utilises a mixture of raw materials 

in the presence of some water. Modelling is a formidable task in food extrusion for 

prediction of properties of the melt in the extruder and optimisation of the process. The 

flow and residence time models may involve highly complicated mass, energy and 

momentum balances to start with. Response surface methodology is considered a "black-

box method" to analyse the influence of variables to PQC (Product quality component) 

which are dependent variables, within the experimental range. 

Several extrusion models for low to intermediate moisture (15 to 40%) starch-

based dough exist in the published literature. Harper (1981) developed a model for 

viscosity as a function of temperature, moisture and shear rate. Cervone and Harper 

(1978) developed a four-parameter model using temperature, shear rate and moisture 

content to predict the viscosity of extruded pregelatinized corn flour. Remsen and Clark 

(1978) included the time-temperature history in their viscosity model along with the 

shear rate, temperature and moisture content effects. Bhattacharya and Hanna (1986a) 

established a model with shear rate and moisture effects and tested it with various 

blends of soya and corn gluten meal. 

Wang et al (1990) and Altomare et al (1992) used Harper's model to predict the 

viscosity changes in wheat flour and rice flour samples at low moisture levels. A model 

proposed by Morgan et al (1989) incorporates the effect of shear rate, temperature and 

moisture content as well as time-temperature history and strain history for protein 

dough. Their model was later tested with various raw materials by Mackey (1989) with 

some modifications to predict the viscosity of corn starch, potato flour and wheat flour at 

low to intermediate moisture contents. 

Lai and Kokini (1990) modified Harper's viscosity model by including a power 

dependency to starch degradation in order to successfully predict the changes in 

viscosity of corn starch. A semi empirical model to predict the viscosity of high-moisture, 

starch-based system during extrusion was developed by Akdogan et al (1997). Shear 

rate, temperature, moisture and screw speed was used to describe the viscosity 
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changes. A nonlinear regression analysis was performed to predict the viscosity under 

experimental conditions. The regression coefficient of the proposed model was 0.93. 

1.7.1. General model 

Modelling is useful in explaining the influence of extruder geometry or flow rate, 

scaling up purposes, to predict chemical transformation, the functional properties of the 

product, and for process control and automation (Linko at el. 1981). Several attempts 

have been made to apply rheological models for flow rate in the metering section of the 

screw. Harper (1979) has listed a number of assumptions that are necessary to solve 

basic flow equations. Tadmore and Klein (1970) developed a simplified model for Q, the 

volume output per unit of time. 

 

Where, 

G1….G4 = geometric constant for tapered channel 

N = Screw RPM 

Fdt= Total correction factor for drag flow 

Fpt = Total correction factor for pressure flow 

5 = Flight clearance 

H = Channel depth of flight height 

µ = Viscosity in channel 

P1 = Dough pressure at input end of section under study 

P2 = Dough pressure at output end of section under study 

L = Length of the extruder section under study in axial direction 

F = correction for pressure flow through flight clearance 

This model was proposed for simple single screw plasticating extruder and 

described the effects of extruder geometry on operational characteristics, assuming 

laminar, Newtonian, steady, fully developed flow, with no slippage at the barrel wall, 

incompressibility of the fluid and negligible gravity and internal forces. This model has 

further   been   improved   to   take   into   account   various   other   processing   and 
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thermodynamic aspects for different extruders. Harper (1979), Linko et al (1981), 

Meuser and van Lengerich (1984), Meuser et al. (1986), Pfaller and Meuser (1988), 

have reviewed various models and expression for total power input, power dissipation, 
volume flow rate, velocity profile, viscosity of food material and various other physical 

and chemical changes in it. 

1.7.2. Heuristic and response surface model 

Olkku et al (1980a) described the basic changes such as denaturation and 

plastification in an extrusion cooking process, using a heuristic model in which the 
product quality indicators are given as functions of certain state profiles. Yk= fk (P, T, R, 

S) 

Where,Yk = Products quality indicator viz., degree of expansion, product colour, water 
absorption index, etc. 

P = Pressure profile 

T = Temperature profile 

R = Residence time profile 

S = Shearing effect profile along the extruder barrel 

Roberts and Guy (1986) demonstrated the importance of shear-history 

dependence of foodstuffs. This is an essential difference between food extrusion and 

plastic extrusion. An example of Heuristic modeling is the system analytical model used 

for the extrusion of a starchy material that has been described by Meuser and Van 

Lengerich (1984). 

Another Heuristic sequential model of an extrusion cooker (Linko et al, 1981) 

deals with the basic transformations that occur during HTST extrusion cooking which 

are irreversible (Fig.1.7). It depicts the overall effect of extrusion processing on product 

quality, which is the combined effect of the different functional sections of the extrusion 

reactor. The response surface methodology (RSM) is a statistical method based on 

regression analysis on quantitative data from appropriate experimental design to 

construct and simultaneously solve multivariate equation described by the relationship 

of the dependent variable to product quality characteristics and to process and design 

parameters (Olkku et al, 1983). The equation can be graphed as response surfaces 
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the extrusion parameters. The extrusion parameters can be perceived as target 

parameters. These considerations are described in the Fig. 1.8 (Meuser et al, 1986) 

which was developed for the flat bread extrusion. This model devised the parameters 

into three categories; process parameters, system parameters and target parameters. 

The process parameters are the extrusion variables viz., machine and raw materials. 

 

 

Fig. 1.8. Model used to describe the extrusion cooking process using systems analysis approach. 
(Meuser et ai, 1986). 

The system parameters are the mechanical and the thermal energy inputs into 

the mass as well as their residence time in the extruder, while the target parameters are 

the various extrudate characteristics, viz., solubility, expansion and bulk density of the 

extrudates. Since the energy input also partly determines the reaction behaviour of the 

mass, a functional relationship exist between process parameters and target 

parameters as described in a more detailed model (Mauser et al, 1986; Pfaller and 

Meuser, 1988; Yeh and Jaw, 1998). 
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1.7.4. Steady-state modelling 

This modelling is used to predict chemical reaction, functional properties after 

processing and state indicators during processing. This model has two apparently 

different philosophies. One, the empirical black box approach and other, a basic 

physical approaches. Both have their own merits and demerits. 

The black box approach is based on response surface methodology. The 

principle is illustrated in Fig.1.9. In this case the quality indicators are modelled from five 

independent variables, two originating from the "recipe" and three from "processing" 

variables (Linko et al, 1981). 

 

Fig.1.9. Principle of empirical black box response surface modelling (RSM) of quality or state indicators 

from recipe and processing variables. The equation in the box is a second-order polynomial in sum 

notation (Olkku, 1981). 

This approach is beneficial when little, if anything is known of the real form of 

the function in the box. A problem, which is also encountered when using polynomial 

models, is the difficulty that arises when physical and chemical interpretations are 

needed. However, they can be applied to optimization by linear programming or 

simulation. 
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1.7.5. Dynamic modelling 

This type of modelling is required for process control and stabilization. The basis 

here is a steady-state operation point and a given set of process state indicators at that 

point. For example, if mass pressure and temperature are taken as state indicators in 

an operation point, the process state point is indicated by screw speed, barrel 

temperature and feed rate for a given recipe. If any deviation is observed from the 

desired values of state indicators, the control takes over and changes a process 

variable so that the desired values of state indicators are reached. 

1.8. RICE PRODUCTS AND SCOPE FOR EXTRUSION COOKING OF RICE 

1.8.1. Rice 

Rice (Oryza sativa, L.) is second only to wheat as the leading food crop of the 

world. It is grown in over 100 countries and is the staple food of half the world's 

population (Juliano, 1985). However, it is to be noted that more than 90% of its 

production and consumption is concentrated in the south, east and southeast Asian 

countries. Table 1.5 shows the spread of rice production around the globe. 

Table 1.5 World production of 

paddy in 1997 

Area/Continent Area 

(Million hectares) 
Yield 

(kg/hectare) 
Production 

(Million tonnes) 
World 149.8 3827 573.3 
Asia 134.2 3904 523.9 

China 31.3 6331 198.5 
India 42.2 2915 123.0 

N. America 1.8 5593 10.3 
S. America 5.5 3278 18.0 
Europe 0.44 6076 2.6 
Africa 7.5 2212 16.5 
Oceania 0.17 8010 1.3 
Australia 0.16 8244 1.3 

 

(FAO, 1997). 
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The countries contributing most to the world's rice production are China (33%) 

and India (22%). In India it is the largest produced and consumed staple with an annual 

production of more than 120 million tonnes of paddy. It is the major supplier of energy, 

protein and other nutrients in the diet of more than half of the Indian population. 

1.8.2. Rice products 

Rice is utilised throughout the world mainly for food purposes. It is generally 

consumed as whole grain in the form of raw milled rice or parboiled milled rice as table 

rice after boiling/cooking in water. However, a considerable quantity of rice is also 

converted into many products and marketed in various rice consuming countries. These 

include flaked rice, expanded rice, popped rice, extruded rice products, breakfast cereals, 

quick cooking rice, instant rice, ready-to-eat cereal, infants foods, fermented foods and 

various types of snack foods like rice cakes, granola snacks, rice fries, puddings, crispies, 

crackers and noodles (Kelly, 1985; Bean and Nishita, 1985; Burns and Gerdes, 1985; 

Juliano and Sakuria, 1985; Hsieh and Luh, 1991a, b; Wang 1991). But for a few of these 

products, majority of them do not exist in the Indian market. 

Use of rice in processed foods in the Western countries, especially in USA, has 

shown substantial increase in the recent past. Its use in ready-to-eat cereal has 

consistently accounted for over half of the processed food use of rice in USA during 

1980s. No other product has recorded this large an absolute increase in its 

consumption (Meyers, 1994). On account of technological advancement, many of the 

traditional products from rice in the industrialized countries are also being produced at 

commercial scale particularly in the Fareast and southeast Asian countries. 

Extrusion cooking could give products similar to the traditionally prepared 

expanded or puffed products. Products from wheat and corn have been prepared and 

many corn-based extruded products are marketed in the western countries. However, 

due to the compositional differences between the ingredients of the grain, specially with 

reference to starch and protein, the properties of the rice extrudates are expected to be 

different from those based on other cereals, like wheat and corn. With more and more 

food industries opting for twin-screw extruders for better control of products and other 

technical advantages, it is necessary to have enough data on extrusion of rice, to provide 

a better knowledge-base for preparation of products with the desired quality parameters. 
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1.9. SCOPE AND OBJECTIVES OF THE PRESENT WORK 

As mentioned earlier, a considerable quantity, (more than 10 million tonnes) of 

paddy is converted annually into rice products like expanded rice, popped rice and 

flaked rice in India. These rice products are quite popular as ready-to-eat whole grain 

products. In addition, they are also used for preparation of various snack foods and 

breakfast dishes in the Indian subcontinent. These products owe their popularity to the 

fact that they are reasonably priced, pre-cooked convenience products. 

These products are produced manually in batches normally, of 1-2 kg each, in 

rather unhygienic conditions in the traditional, tiny or cottage-scale processing units, 

that account for about 90% of the rice products presently produced in India. The quality 

of products is also not uniform and the processes are not efficient. The main draw back 

of these products is the presence of a significant quantity of residual sand (in which 

paddy/rice is roasted/puffed during processing) as contamination. 

To overcome these problems, it is desirable that newer and improved 

technologies be explored to replace them. Extrusion cooking lends it self as an 

alternate processing technology for this purpose. The present work was therefore 

undertaken to address this problem. It is envisaged that extrusion cooking could not 

only provide an alternative to the traditionally practiced inefficient processing for puffed 

and expanded products, it would also enable use of varieties other than those 

specifically identified as suitable for production of these products. In other words, it 

would eliminate the "variety specificity" barrier. Chinnaswammy and Bhattacharya 

(1983); Murugesan and Bhattacharya (1991) have identified the basis of such varietal 

specificity for the production of expanded rice and popped rice respectively in the 

traditional processing technologies for these products. 

Extensive research work on the extrusion cooking of cereal, particularly of corn 

and wheat, has been conducted all over the world, a review of which has already been 

presented in the preceding pages. However, literature on extrusion cooking of rice is 

rather scanty. Similarly, there are very few extruded rice products in the market than 

extruded corn or wheat products. Since the consumption of rice products has increased 

substantially in the recent years, study of the rice processing is also becoming a priority 

area for grain researchers. In recent years, a few studies have been reported on the 
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effect of extrusion variables on the product characteristics of extruded rice using a 

single-screw extruder (Kim and Maga, 1990; Bhattarcharya and Prakash, 1994; Yeh 

and Jaw, 1999). 

Studies using twin-screw extrusion of rice flour are also limited (Bhattacharya 

and Choudhury, 1994; Pan et al, 1992; Kumagai et al, 1987). Since twin-screw 

extruders provide better control of product quality and offer other technological 

advantages over single screw extruder (see review), adoption of twin-screw extruder for 

production of extruded products is always advisable. It is also necessary to generate 

sufficient data, for a better comprehension and understanding of rice based systems. 

However, a large number of variables (extruder hardware variables, feed variables, 

operating variables etc.) need to be controlled and optimized. This becomes a limitation 

for extrusion cooking technology for its wider adoption in the food industry. 

Extrusion cooking could be considered as a specialization area of food 

technology because of the complexity of the interactive effects, which are inherent in 

the system. General predictive modelling is very difficult because ingredients are 

diverse and can vary considerably. Modelling tends to be product specific. New product 

development demands carefully planned experimental design, good expertise and 

orientation. 

The present study was therefore undertaken with the following objectives: 

a). To screen a large number of extruder and extrusion variables, quantitative 

determination of the effect of the variables on the system parameters as well as on 

the target product parameters during extrusion processing of rice flour. 

b). To study the effect of the extrusion variables on extrusion system parameters and 

product attributes, and also to determine the inter-relationships between system 

parameters and product attributes during extrusion cooking of rice flour in a twin-

screw extruder. 

c). To study the changes in the macromolecular properties of starch during extrusion 
cooking of rice flour. 
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2.1. Rice flour 

A high amylose paddy cultivar, IR 64, was procured from local market. An 

intermediate amylose paddy cultivar, Pojo bora and a very low amylose (i.e. waxy) 

variety cultivar, Agoni bora, were procured from Assam Agricultural Research Institute, 

Titabar, Assam, India. The paddy was cleaned, fumigated and stored in cold room in 

metallic containers, and used as when required. All these three paddy cultivars were 

milled to about 8% degree of polish at pilot plant rice mill at CFTRI using rubber roll 

sheller for dehusking and huller for polishing (debraning). The milled rice was ground to 

flour in a hammer mill and used for extrusion trials. Analysis for the proximate 

composition parameters of rice powder from these three varieties were done as per 

AOAC methods (AOAC, 1984) and the results are shown in Table 2.1. 
 

Table 2.1 
Proximate composition of rice flour 

  Cultivar  
Parameter    
(%) IR64 Pojo bora Agoni bora 
Moisture 11.7 ± 0.2 12.6 ± 0.2 12.6±0.2 
Protein a 6.7 ± 0.1 7.1±0.1 7.8 ± 0.1 
Fat 0.7 ± 0.1 0.7 ± 0.1 0.9 ± 0.1 
Ash 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 
Carbohydrateb Amylose 
EquivalentC 

80.5 
28.6 

79.2 
22.3 

78.8 
5.0 

a N X 5.95 
" Calculated by difference 
cAlso generally called "total amylose" or "amylose" content (Reddy et aI, 1993). 
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2.2. Extruder 

A co-rotating, fully intermeshing, twin-screw extruder (Werner and Pfleiderer, 

Model ZSK 30, New Jersey, USA) with screw diameter of 30.8mm (shown in Fig 2.1), 

was employed with or without using a die. The length-to-diameter (L/D) ratio of the 

extruder was 30.8: 1. The extruder screw consisted of forward pitch screw elements, 

reverse pitch screw elements (generally near the outlet) and also kneading blocks. The 

actual screw configurations used in extrusion trial are described in successive chapters. 

The extruder was provided with a digital display for torque (T%) developed during 

extrusion. The feeding was maintained at desired feed rate using a volumetric twin-

screw feeder. The feeder had co-rotating twin-screws and was developed at the 

Institute to convey granular or powdery materials. 

Fig. 2.1. Twin-screw extruder (Werner & Pfleiderer). 

2.3. Preparation of feed for extrusion 

Rice flour was ground to pass through a British Standard (BS) Sieve of desired 

mesh size. Water was added by sprinkling to adjust the required moisture content and 

mixed thoroughly in a Sigma mixer. Care was taken to avoid lumping. The flour was 

packed in double-walled polyethylene bags and allowed to equilibrate overnight at 4-

S°C in a refrigerator. Before extrusion, the feed was allowed to come to ambient 

temperature (2S-30°C) and was remixed for 3 min after checking its moisture content. 







 
 

 

Standard potato amylose (100 mg, d.b.) was taken in a 100ml conical flask and 

wetted with distilled alcohol (1 ml). Alkali (10 ml, 1N NaOH) was added gently and the 

contents mixed. The solution was boiled for 3 min in a water bath and cooled. About 50 

ml of distilled water and acid (7.5 ml, 1N HCI) were added to the solution to partially 

neutralise it and the volume was made upto 100 ml in a volumetric flask. This solution 

could be stored in a refrigerator upto 10 days. 

To 1 ml of the above standard solution, 50 ml of distilled water, 1 ml acetic acid 

(1N) and 2 ml iodine solution were added and the volume made upto 100 ml. The colour 

developed was read against a blank at 630 nm in a spectrophotometer. The amylose 

content of sample (%, d.b.) was calculated as follows   : 

Amylose content = 
(%, d.b.) 

O.D. of rice 
flour 
dispersion 

O.D. of 
standard 
amylose solution 

Weight of standard 
amylose (mg) 

Weight of rice 
flour (mg) 

X   100 

Materials and methodologies specific to the objectives of the different parts of 
the studies are described in the respective chapters oriented for the purpose in the 
following presentation. 
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CHAPTER III 

Screening Of Variables For Extrusion 

Cooking Of Rice Flour Employing 

Plackett-Burman Design 

 

 
 
 

 



3.1. INTRODUCTION 

The technology of extrusion cooking of foods has been successfully applied to 

produce a variety of foods and specialty ingredients during the last two decades. However, 

a practical problem which a researcher faces in the beginning of the study is the existence 

of a large number of variables. This makes the situation complex if the researcher is 
interested to know the quantitative effect of these variables on target parameters. Hence, 

the researcher tries to reduce the number of extrusion trials, mostly based on previous 

experience, by reducing the number of variables, may be by conducting some preliminary 
trials - basically the screening experiments. Till now, it is still an art to select a particular 

variable (or delete one). The basis of such act is still experience, or sometimes, just a 

guess. 

However, most of the development of extrusion process applications is based on 

empirical studies, at least in the beginning. The easiest and the most commonly used 
approach practiced for long is employing response surface methodology (RSM) (Stanley et 

al, 1972; Bhattacharya and Prakash, 1994) though handling of a large number of variables 

(e.g., more than 8 or 10) is extremely difficult. These results are product and machine 
specific, and the conclusion is limited within the scope of the investigation (Lue et al, 1994). 

On the other hand, a system analytical model has also been applied (Meuser, 1987). This 

model distinguishes between process parameters (screw speed, barrel temperature, feed 
rate, moisture content of the feed, etc) and system parameters (specific mechanical energy, 

die pressure, residence time, etc) as well as influenced target parameters (expansion ratio, 

water solubility index, water absorption index, bulk density etc). The other approaches 
include application of artificial neural networking (ANN) (Linko et al, 1992) and dimensional 

analysis (Bhattacharya and Hanna, 1986b). But the problem of a large number of variables 

comprising of extruder hardware variables, ingredient variables and extrusion operation 
variables is yet to be solved. It is logical to have a screening experiment (at the beginning 

of the trials) that will allow having a feel of the quantitative effects of the variables, usually 

large in number. 

Therefore, scope exists to have a systematic processing of the large number of 

variables to reduce them to a sizable number say, four or five. The experimental design 
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model of Plackett-Burman can serve as an efficient tool though in food system, its 

application is rather rare. However, Arnoldsson and Kaufman (1994); Chan and Kavanagh 

(1992) have reported some applications though not in extrusion technology. 

A restriction of die is usually used during extrusion of foods for shaping the final 
product. However, if the targeted product is a modified ingredient (such as, modified 

starch/cereal) for developing other food products (e.g., baby food or weaning food), the use of 

die becomes optional. Further, energy expenditure can be reduced if die is omitted. A 
separate study on this aspect has been carried out and presented in chapter IV and V. 

The objectives of present work was thus the application of the Plackett-Burman 
experimental design technique to screen large number of extruder and extrusion variables (10 
in the present case), and quantitative determination of the effect of these variables on the 
system parameters and target product parameters without using any die during extrusion 
processing of rice flour. The variables included extruder hardware variables, feed variables and 
extrusion operation variables. The system parameters and the target product parameters were 
also studied. 

3.2. EXPERIMENTAL 

3.2.1. Rice 

A low-amylose (Agoni bora) and a high amylose (IR 64) varieties were used. They 

were milled, and ground to flour in a hammer mill as described under Section 2.1. The 
proximate composition of rice powders and total amylose content (Table 2.1) have been 

reported under Section 2.1. 

The feed powder was sieved by using a 355 /lm aperture (45BS) sieve to categorise into 

two fractions viz., a coarse (retained on the sieve), and a fine (that passed through the same 

sieve). The geometric average diameter of the particle in rice flour, as determined by sieve 

analysis (Farrall, 1976) was 438 and 257/lm respectively for coarse and fine fractions. The 

geometric average particle diameter (dga) of rice flour was calculated employing Eq (1): 
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3.2.2. Extruder and extrusion cooking 

Details of the extruder have been described under Section 2.2. The extruder screw 
used for the present study consisted of forward pitch screw elements (of varying pitches), 

and a reverse pitch screw element (near the outlet), and also, three kneading blocks (Table 

3.1) for the screw configuration with mixing disks (MD) and reverse pitch screw elements 
(RPSE) (yes-yes, according to experimental design, discussed later). For other 

configurations, these MD and RPSE were replaced with 20/20 forward pitch screw 

elements. 

Table 3.1  

Screw profile used for extrusion trials with mixing disks and reverse pitch screw element 

Screw element details Total length 
(Pitch/Length of screw) (mm) 

42/42 268 
28/28 336 
28/14 14 
KB 45/5/14* 14 
20/20 80 
KB 45/5/14* 14 
20/20 80 
KB 45/5/14* 14 
20/20 100 
-20/10** 10 
20/20 20 

*   Mixing disks 
** Reverse pitch screw element (negative pitch) 

According to the experimental design (discussed later), the temperature of the 

extruder barrel was maintained at 100° or 140°C throughout the barrel; the screw speed of 
the extruder was maintained at 200 or 400 rpm, while the feed rate was maintained at 10 

or 20 kgh-1 using a volumetric gravity feeder. The moisture content of the feed was 

either12.0:t0.1 or 20:t0.1% (d.b.). Extrusion trials were repeated twice. 
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After extrusion, the extrudate was dried in a tray drier at 40°C for 2 h to 6.1-6.4% (d.b.) 

moisture content, ground in a laboratory grinder to pass through 180µm aperture sieve and 

used for the determination of various quality characteristics, such as, Water solubility index 

(WSI), Water absorption index (WAI), Bulk density (BO) and pasting profile indices viz. Peak 

viscosity (PV), Hot paste viscosity (HPV) and Cold paste viscosity (CPV). 

3.2.3. Plackett-Burman experimental design for extrusion variables 

An experimental design, based on Plackett-Burman theory (Akhnazarova and 
Kafarov, 1982), was employed (Table 3.2) to study the effect of a total of 10 variables (at 

two levels each) on 9 response functions. The total number of experiments was 12. The 

variables included extruder hardware variables (MO and RPSE), feed variables (moisture, 
sugar and salt contents, and particle size of the feed), and extrusion operation variables 

(barrel temperature, feed rate and screw speed). The discrete variables, MO and RPSE, 

were assigned a code of +1 when they were used in the screw profile, or -1 when they were 
absent. The experimental design, in actual level of variables, is shown in Table 3.3. 

The response functions were the extrusion characteristics, such as, torque (T), net 

specific mechanical energy (SME), average residence time (RT»), the product attributes, 
such as, water solubility index (WSI), water absorption index (WAI), bulk density (BO), and 

the viscogram indices such as, peak viscosity (PV), hot paste viscosity (HPV) and cold 

paste viscosity (CPV). All the variables were used at two levels each denoted by coded 
levels of -1 and +1. 
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Table 3.2 

Plackett-Burman experimental design in coded level of variables 

 

Expt No. X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 

 Temp SS FR MC Amy Par 

Size 
Salt Sugar RPSE MD 

1 1 -1 1 -1 -1 -1 1 1 1 1 

2 1 1 -1 1 -1 -1 -1 1 1 1 
3 -1 1 1 -1 1 -1 -1 -1 1 1 
4 1 -1 1 1 -1 1 -1 -1 -1 1 
5 1 1 -1 1 1 -1 1 1 1 1 
6 1 1 1 -1 1 1 -1 1 -1 -1 
7 -1 1 1 1 -1 1 1 1 1 1 
8 -1 -1 1 1 1 -1 1 1 1 1 
9 -1 -1 -1 1 1 1 -1 1 1 -1 

10 1 -1 -1 -1 1 1 1 1 1 1 
11 -1 1 -1 -1 -1 1 1 1 1 1 

 

Symbols: 
Temp: Barrel temperature 

SS: Screw speed 

FR: Feed rate 

MC: Moisture content 

Amy: Amylose content 

Par size: Particle size  

Salt: Salt content in feed 

Sugar: Sugar content in feed 

RPSE: Reverse pitch screw element 

MD: Mixing disk 
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Table 3.3 

Experimental design in actual level of variables 
 

Expt 
No X1 X2 X3 X4 X5 X6 x7 X8 x9 X10 

 Temp ss FR MC Amy Par 
Size Salt Sugar RPSE MD 

1 140 200 20 12 5 257 2 10 YES NO 
2 140 400 10 20 5 257 0 10 YES YES 

3 100 400 20 12 28.6 257 0 0 YES YES 

4 140 200 20 20 5 438 0 0 NO YES 

5 140 400 10 20 28.6 257 2 0 NO NO 

6 140 400 20 12 28.6 438 0 10 NO NO 

7 100 400 20 20 5 438 2 0 YES NO 

8 100 200 20 20 28.6 257 2 10 NO YES 

9 100 200 10 20 28.6 438 0 10 YES NO 

10 140 200 10 12 28.6 438 2 0 YES YES 

11 100 400 10 12 5 438 2 10 NO YES 

12 100 200 10 12 5 257 0 0 NO NO 

3.2.4. Torque (T) and net specific mechanical energy (SME) 

The torque (T%) developed during extrusion has been mentioned under Section 

2.4.2. The total specific mechanical energy (SME) input during extrusion has also been 
mentioned under Section 2.4.3.The energy for rotating the screws without feed was 

subtracted from the total SME with feed to obtain net SME values for extrusion. 

 
Average residence time (RT) 

The average residence time of the feed in the extruder was determined using 

phycocyanin, a natural blue dye. The extrudates were collected at regular intervals of 3 

seconds, and the samples, after immediate cooling, were determined for their colour, 
measured using a UV-visible spectrophotometer, (Shimadzu Corporation, Japan, model 
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# 2100) with a reflectance attachment. As the dye comes out over a considerable period 

of time, a plot of time vs colour content was constructed from which RT was determined 
corresponding to the highest colour value. The b"-values, indicating the blueness of the 

sample with negative values, were used to know the content of the blue dye in the 

extrudates. The reported values are the mean of five determinations. 

Water solubility index (WSI); Water absorption index (WAI) and Bulk density (BO) 

The above parameters were analyzed by procedures as reported under Section 

2.4.4 and 2.4.5. Mean of three replicates is reported. 

3.2.5. Sample preparation for pasting study and viscography 

The dried and ground (to pass through a 80 mesh BS sieve) extrudate (about 6% 
moisture content d.b., ) and unextruded samples were exposed in Petri dishes inside a 

desiccator, maintained at 25°C and 65% relative humidity (maintained by a saturated 

solution of NaNO2), for two weeks to equilibrate moisture such that the moisture contents 
of the product was in the range of 12 and 13% (d.b.). The viscographic profile was obtained 

using a Rapid Visco-Analyser (RVA, Newport Scientific, Narabeen, Australia) as per the 

procedure of the manufacturer's instructions using set standard 2 programme. Three gram 
sample (14% moisture basis) was mixed with 25 ml distilled water and transferred 

quantitatively to the aluminium sample holder can (Walker et ai, 1988; Deffenbaugh and 

Walker, 1990). The slurry was cooked through a definite heating/cooling regime. Initially, 
it was held at 50°C for 3 minutes, and then heated at the rate of 6°C/min from 50°C to 95°C, 

held at 95°C for 5 min, and finally cooled at the rate of 6°C/min to 50°C, and held for 1 min. 

The parameters that were obtained from the viscogram included: 

a) The peak viscosity (PV), i.e., the highest viscosity attained by the paste during the 

heating phase 

b) Hot paste viscosity (HPV), i.e., the viscosity of the paste at the end of the heating phase 

at 95°C 

c) Cold paste viscosity (CPV), i.e., the viscosity of the paste at the end of the cooling phase 

at 50°C. All viscosity values reported are the average of triplicate measurements and 
are reported in rapid viscograph units (RVU). 
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3.2.6. Statistical analysis 
 

The experimental results (response function, y) were fitted to first order multiple 

regression equations (Eq 2) using coded level (-1 or +1) of the variable (xI). 

 

The coefficients of the polynomial are represented by b0 (constant term), b1 b2...." bk (linear 

effect) and s (random error). The coefficients of the polynomial were obtained by using Gauss-

Jordan method (Jain et al, 1995). The multiple correlation coefficient (r), determined to know the 

extent of fitting of the regression model, was judged at a probability (p) level of 0.01. These 

developed regression equations were used to produce the plots for the response functions. 

3.3. RESULTS AND DISCUSSION 

The experimental results for the response functions (torque, net specific mechanical 

energy, average residence time, water solubility index, water absorption index, bulk density, 
peak viscosity, hot paste viscosity and cold paste viscosity) are presented in Table 3.4. The 

coefficients of the first order multiple regression equations (in coded level of variables) are 

shown in Table 3.5. Sample response surfaces (Fig. 3.1 - 3.9), based on the effects of 
important variables (in actual level of variables) are cited to aid in visualisation of their 

effects. 

The magnitude of the multiple correlation coefficients (usually above 0.93, p ~ 0.01) 
of the first order equations (Eq 2) show that these equations can adequately predict the 

response functions in relation to the variables. In addition, based on the sign (+ or -) of the 
coefficients in coded level of variables (Table 3.5), the effect of the individual variables can 

be categorised as a positive or negative effect. Furthermore, the magnitude of these 

coefficients indicates the relative effects of the individual variables on the response 
functions. Hence, variables that impart strong effects (judged by comparing the magnitudes) 

can be identified to perform the second stage of experiments; thus, the number of variables 

can be reduced. These indicate that Plackett-Burman design can be employed for screening 
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of a large number of variables in the field of extrusion technology to reduce the number of 
experiments. The effect of variables studied on the response function is discussed in the 
subsequent sections. 

3.3.1. Torque (T) 

The torque during extrusion ranged between 11.4 and 74.5%, of which low values 
(≤ 25%) were obtained when both reverse pitch screw element (RPSE) and mixing disk 

(MD) were absent (Table 3.4). Among the individual variables, the effect of MD was 

maximum followed by screw speed, feed rate and RPSE (Table 3.5). The presence of MD 
and RPSE markedly increased the torque. On the other hand, an increase in the screw 

speed reduced the torque, but feed rate had an opposite effect. The sample response 

surface (Fig. 3.1) for torque was drawn as a function of feed rate and screw speed with or 
without mixing disk (remaining variables were constant at a coded level of zero except for 

RPSE which was equal to -1, i.e., without using reverse pitch screw element). It shows that 

torque increases with increase in feed rate having mixing disk in the screw profile but 
decreases with an increase in screw speed. 

It could therefore be seen that the use of RPSE/MD increases the residence time 
and also the shearing forces. Hence, the food material inside the extruder offers more 
resistance leading to an increase in torque. An increase in screw speed or a decrease in 
feed rate reduces the degree of fill in the extruder causing torque to be at low level. The 
torque during extrusion usually decides the capacity of the extruder. The torque (T) 
applied to the screw' s shaft is given by Martelli (1983): 

T = Zt/n (3) 

Where the total power (Zt) is given by: 

Zt = N(Z+Zc+Zs+Zw)+ ZP        (4) 
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Table 3.4 

Experimental values of the response functions 
 

Expt 
No 

Torque 

(%) 

SME (kJ 

kg-1) 

WSI 

(%) 

WAI 
(gIg) 

BO (kg 

m-3) 

PV 

(RVU) 

HPV 

(RVU) 

CPV 

(RVU) 

RT 
(s) 

1 53.4 328.2 55.6 1.8 302.3 9 10 13 28.5 

2 48.2 1083.5 65.0 2.0 395.7 5 4 5 29.3 

3 51.9 599.7 15.2 6.7 230.3 38 22 28 25.2 

4 74.5 495.0 55.6 2.5 288.3 10 9 12 21.0 

5 16.5 79.2 3.4 2.5 730.0 182 90 216 17.8 

6 16.6 41.2 8.2 2.5 709.5 174 96 192 15.4 

7 39.0 396.0 32.4 5.1 618.7 18 12 18 24.6 

8 65.9 426.8 20.2 5.0 489.3 42 12 29 19.6 

9 29.3 274.0 13.7 4.9 710.7 74 19 44 24.8 

10 59.0 744.5 20.8 5.7 170.0 30 16 22 32.9 

11 18.8 153.0 14.4 2.4 594.0 150 90 146 21.7 

12 11.4 9.1 12.2 2.6 720.3 158 95 158 16.6 

IR-64 - - 2.3 2.6 - 211 102 227 - 

Agoni - - 7.6 2.7 - 196 86 124 - 

bora          

As no die was used during extrusion, Zp equals zero due to absence of pressure build-
up at die. Now, an increase in screw speed (n) reduces torque (Eq 3) provided Zt remains 

constant. Increasing screw speed reduces the number of filled length (N) of the screw but 

increases the power expenditure for shearing (Z, Zc, Zs and Zw). Therefore, an increase in 
screw speed results in a drastic decline in N/n values (due to an increase in "n" compounded 

by a fall in the length of the filled channels) which is possibly much higher than the effect of 

power (Z) terms, and hence, the torque decreases. Incorporation of the RPSE in the screw 
profile reduces the conveying efficiency of the feed with simultaneous increase in N and 
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torque (Kirby et al, 1988). Besides, MD is likely to increase other power terms, particularly Zs. 
The net result is an increase in torque. An increase in feed rate increases the number of filled 
channel (N) and consequently, the torque increases. A low amylose feed is generally sticky 
in nature and usually it tends to bind with the screw and barrel surfaces. Therefore, it is not 
likely to affect N but increases Z, Zc, Zs and Zw - leading to an increase in torque during 
extrusion. As stickiness of a dough depends on the moisture content (Bhattacharya and 
Narasimha, 1997; Noguchi et al, 1976), it is expected that a minimum moisture level is 
necessary for the dough to show stickiness. At a low moisture content (12%), the feed does 
not behave as a sticky one, and hence, the torque is low, whereas, with high moisture content 
(20%) torque values are high. 

 

Fig. 3.1. Sample response surfaces for torque during extrusion of rice flour as a 
function of feed rate and screw speed with or without mixing disk. 
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Table 3.5 

Coefficients of the regression equations for the response functions 
 

Coefficient Torque SME RT BD WSI WAI PV HPV CPV 
b0 38.07 236.20 21.29 475.67 26.28 3.43 77.17 40.00 98.74 

b1 2.10 -67.56 -0.68 -41.67 8.48 -0.63 -8.83 -2.50 27.41 
b2 -10.88 -147.91 -2.58 29.17 -3.38 -0.30 23.33 13.17 52.94 
b3 10.14 -76.50 -0.74 -77.50 4.73 0.10 -22.67 -12.33 -20.99 
b4 4.71 127.36 -0.46 19.83 5.23 -0.13 -16.00 -14.83 -21.16 
b5 -2.79 -171.39 -2.30 32.33 -12.72 1.10 12.83 2.50 39.58 
b6 -0.33 -85.38 0.51 -2.00 -2.32 0.02 4.83 1.17 -0.22 
b7 1.52 51.30 1.09 -34.67 -2.02 -0.08 0.68 -0.83 -4.85 
b8 -1.29 -65.90 0.15 59.17 3.20 -0.38 -1.50 -1.50 0.85 
b9 8.84 347.15 6.36 -114.33 7.30 0.55 -42.17 -25.33 -78.62 
b10 15.18 371.88 3.79 -114.67 5.57 0.60 -31.33 -14.50 -61.59 
r** 0.982 0.721 0.918 0.938 0.999 0.932 0.989 0.999 0.953 

** Significant at p ~ 0.01 

Variables associated with: 

b1: Barrel temperature 
b2 Screw speed 
b3 Feed rate 
b4: Moisture content 
b5: Amylose content 
b6: Average particle size 
b7: Salt content in feed 
b8: Sugar content in feed 
b9: Reverse pitch screw element 
b10: Mixing disk 
 
3.3.2. Net specific mechanical energy (SME) 

The high values (> 300 kJ kg-1) for net specific mechanical energy (SME) during 

extrusion of rice flour were observed when the screw profile included RPSE and/or MD. Table 

3.5 shows that both MD and RPSE exerted the maximum effect on SME. Among the other 

variables, amylose content and screw speed imparted marked negative effect. The response 
surface (Fig. 3.2) shows high SME values in the presence of MD. Increase in screw speed or 

amylose content reduced the SME. Further, the effect of moisture content was positive (Table 
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3.5) followed by the effect of feed rate (negative) and temperature (negative). 

 

Fig. 3.2. Response surfaces for net specific mechanical energy (SME) during extrusion of rice 
flour at different amylose content of the feed and screw speed in presence or absence of 
mixing disk. 

The variation of SME during extrusion can be explained by considering the effect of 
the variables (Eq 5) for power expenditure (Martelli, 1983). 

 

In the present experiment, the effect of Kf is omitted as die was absent and hence the 
equation reduces to: 

  

 
It appears from Eq 6 that when screw speed (n) is increased (by keeping the feed rate 

constant), Zt α n2, and Zt α N. This follows that an increase in screw speed quadratically 
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increases Zt but at the same time the number of filled channel (N) decreases; a decrease in 

N proportionately reduces Zt. Possibly they compensate each other. On the other hand, u. and p 

are also proportional to Zt (Eq 6). As the extrusion feed are pseudoplastic dough (Harper et al, 

1971; Levine, 1983; Bhattacharya et al, 1992), an increase in screw speed increases shear 

rate and subsequently decreases u, and jl. The net result is a decrease in Zt and SME values 

with increase in screw speed. 

3.3.3. Average residence time (RT) 

The average residence time of material in the barrel varied between 15.4 and 32.9s 

(Table 3.4). The presence of RPSE and MD showed maximum influence on the RT. Screw 
speed, amylose content and feed rate also exerted a marked effect on RT in that order. The 

use of RPSE and/ or MD markedly increased the RT which confirms the findings of Yam et 

al (1994); Gogoi et al (1996); Altomare and Ghossi (1986). The effects of screw speed, 
amylose content (Fig. 3.3) and feed rate were negative (Table 3.5). 

 

 

Fig. 3.3. Average residence time of the feed inside the extruder as a function of amylose 
Content and screw speed when reverse pitch screw element was employed. 

The presence of RPSE and/or MD markedly affect RT values as these screw 

elements restrict or even oppose (specially in case of RPSE) the forward flow of the 
material. These elements enhance efficient transfer of thermal energy causing product 

transformation (Colonna et al, 1983) leading to expansion (Lee and McCarthy 1996) at 

66 



discharge. Increasing the screw speed or feed rate reduces the RT values of which the 
former has more effect. Yeh et al (1992) found similar results but reported more effect for 
feed rate than screw speed for extrusion of wheat flour, and indicated that it was due to 
approaching the effect of a plug flow. 

An increase in the amylose content of the feed decreases stickiness (Bhattacharya 
et ai, 1982), and hence, improves its flowability inside the extruder which in turn reduces the 
RT values. 

3.3.4. Water solubility index (WSI) and water absorption index (WAI) 

The raw rice (non-extruded) from high amylose variety (IR 64) had a low WSI 

(about 2%), whereas, that from the low amylose variety (Agoni bora) was high (7.5%). The 

WSI of rice increased upon extrusion cooking. Further increase was less (Table 3.4) from 
high amylose variety (WSI between 3.4 to 20.8%) whereas, that from low amylose variety 

showed a higher range (between 12.2 to 65.0 %). The coefficients of the regression 

equations (Table 3.5) shows the temperature of extrusion had the highest (positive) effect 
on WSI indicating that an increase in barrel temperature increases WSI markedly. Similar 

effects of amylose content and temperature on WSI of rice have been reported by earlier 

workers too (Mercier and Feillet, 1975). Amylose content of the feed exerted a negative 
effect, which indicated that the use of high amylose variety yields low WSI. RPSE had the 

next higher (positive) effect, i.e., incorporation of RPSE in the screw profile enhanced WSI 

of the extruded products. 

The representative response surface (Fig. 3.4) shows the effect of barrel 

temperature and amylose content of the feed on WSI of extrudates with two screw profiles, 

i.e., with or without the use of RPSE. This figure indicates that WSI values for products are 

distinctly higher when RPSE was used in the screw profile. Similar results were also 
observed for rice-fish mince blend (Gogoi et al, 1996). The other important variables were 

MD and moisture content, which gave positive effects. 

The extrusion of non-waxy high amylose rice flour results in low WSI (Pan et al, 1992; 
Gomez and Aguilera, 1983) as high-amylose rice takes long time for gelatinization. A high 

value of WSI is desirable in cooked extruded products, such as, ready-to-eat snacks, 

breakfast cereal and porridge. A combination of high level of barrel temperature (140OC), 
moisture content of the feed (20%) in the presence of RPSE and MD using a feed with low 

amylose (5%) is found suitable to achieve high WSI values. Use of RPSE and MD increases 
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the severity of the mechanical degradation (Yam et al, 1994). Hence, in a shear field, aided 

by enhanced mixing, large starch molecules (amylopectin, a highly branched high molecular 
weight structure) degrade to a large number of small size molecules. This process is further 

aided by the thermal energy input caused by increased barrel temperature leading to an 

increase in solubility. 

 

Fig. 3.4. Water solubility index (WSI) of the product obtained by extrusion at different barrel 
temperature and amylose content with or without reverse pitch screw element. 

Amylose content exerted maximum (positive) effect on WAI (Table 3.5). The effect 

of amylose content on WAI was reported to be positive for rice flour extrudates (de 

Mosqueda et al, 1986). The effect of temperature, MD and RPSE also showed positive 

effects. The response surface (Fig. 3.5) showed that the extrudates showed higher WAI 
when MD was present in the screw profile. An increase in sugar content also reduced the 

WAI values. 

The negative effect of sugar on WAI of extruded rice samples can be explained by 
starch-sugar complex formation and by a decrease of available water for starch to gelatinise 

as sugar readily absorbs water. The formation of such complex is a temperature dependent 
phenomenon, and therefore, an elevation in the same reduces WAI. 
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Fig. 3.5. Water absorption index (WAI) of the extruded products obtained by extrusion trials at 
different barrel temperature and amylose content with or without mixing disk. 

3.3.5. Bulk density (BO) 

The bulk density of the extruded products varied widely (170-730 kg m-3), (Table 3.4). 

Lowest BD values were obtained when the screw profiles comprised of RPSE and/or MD 
(Table 3.5). The negative effect of RPSE/MD indicated that their presence markedly 

decreased bulk density. The feed rate also had a negative effect, whereas sugar exerted a 

positive effect (Fig. 3.6). The variables that ranked next in exerting effect on SO were salt (-ve 
effect), amylose (+ve effect) and screw speed (+ve) effect. 

The use of RPSE and MD in the screw profile increases the average residence time 
(Table 3.4), and consequently, the shearing forces inside the extruder increase. Increase 

in mechanical and thermal energy (when screw speed and barrel temperature are 

increased) inputs thus leads to lowering of the product density due to enhancement of 
gelatinization. Gogoi et al. (1996) have mentioned that extrudates for a screw configuration 

without RPSE always had higher bulk densities compared to those produced with it; as 

severity of the screw configuration was enhanced, the product density decreased. During 
extrusion of rice meal and wheat starch, Lee and McKarthy (1996); Hoseney et al (1992) 

respectively found that an increase in screw speed increased product expansion (and hence 

bulk density decreased). Increasing feed rate increases the degree of fill in the extruder 
(Altomare and Ghossi, 1986) and the tendency towards plug flow increases (Yeh et al, 

1992). Hence, heat transfer from the barrel to the material becomes efficient leading to 
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enhanced gelatinization, and consequently the bulk density decreases. The use of salt 
possibly also improves gelatinization as it increases the thermal conductivity of the feed and 

aids in efficient heat transfer. Sugar in the feed enhances caramelization and form 

complexes with starch leading to a decrease in gelatinization, and therefore, BD increases. 

 

 

Fig. 3.6. Bulk density of the extrudates obtained at different feed rate and sugar content 
when the reverse pitch screw element was provided in the screw profile. 

3.3.6. Viscographic profile 

The different viscosity indices, viz., peak viscosity (PV), hot paste viscosity (HPV) 

and cold paste viscosity (CPV) of the extruded products, as read from the RVA viscogram, 
are shown in Table 3.4 along with those of non-extruded rice samples. The variables that 

affected these viscosity parameters most were RPSE, MO (both have negative effect), and 

screw speed (positive effect) (Table 3.5). Further, the PV and HPV were affected negatively 
by feed rate and moisture content of the feed respectively, while CPV was affected (positively) 

by amylose content. Figures 3.7, 3.8 and 3.9 show the response surfaces for PV, HPV and 

CPV, respectively with or without the use of RPSE. Incorporation of RPSE in the screw profile 
markedly reduced these viscosity parameters. 
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Fig. 3.7. Peak viscosity (PV) of the extruded product obtained by extrusion at different 
screw speed and feed rate with or without reverse pitch screw element. 

The high values for peak viscosity (PV) in the viscogram of extrudates indicates the 

presence of high proportion of ungelatinized (uncooked) starch. On the contrary, a low PV is 

associated with a high extent of cooking obtained with high moisture content (20%) in the feed 
with a screw profile consisting of RPSE and MD. The effect of screw speed and feed rate are 

opposing to each other, of which the effect of screw speed is pronounced. This means that 

a proper combination of screw speed in relation to feed rate is necessary to obtain the 
desirable low PV values. 

Structural breakdown with loss of granular integrity and disintegration of the starch 

granules occur when thermal gelatinization and mechanical damage occur (EI-Dash, 1981). 
Hence, pregelatinized starch granules lose their ability to swell upon heating in water during 

viscographic (RVA) studies, which results in low HPV values. Similarly as the intensity and 

degree of cooking (gelatinization) increases, the HPV also decreases (Tipples, 1980). 

Extrusion cooking of cereal flour is a typical example of low moisture gelatinization 

process because the moisture content in feed hardly crosses 20%. As moisture content was 
increased from 12 to 20% in the present study, gelatinization was expected to increase with 

subsequent decrease in HPV values. The presence of RPSE and/or MD increased 

residence time, and extent of shearing (discussed earlier) aids to the process of 
gelatinization, decreasing HPV consequently. 
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Fig, 3.8. Hot paste viscosity (HPV) of the extruded product obtained by extrusion at different 
screw speed and feed moisture content with or without reverse pitch screw element. 

Cold paste viscosity (CPV) reflects the extent of starch retrogradation that occurs 
during the cooling phase. CPV values, apart from depending on the presence of RPSE and 

MD, and on screw speed and moisture content, increase with an increase in amylose 
content and barrel temperature. Starch with low moisture content, extruded at a high 

temperature, results in extrudates characterised by a low degree of retrogadation (EI-Dash 

et al, 1984). As high amylose can produce more retrograded starch (Cruzy Celis et al, 
1996), CPV increases. 
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Fig. 3.9. Cold paste viscosity (CPV) of the extruded product obtained by extrusion at different 
screw speed and amylose content of feed with or without reverse pitch screw element. 

3.4. SUMMARY 

Large number of variables in the food processing operations including extrusion 
technology is a limitation for the appropriate application and standardization of the 

technology. A screening experiment with ten extrusion variables using Plackett-Burman 

experimental design has been applied for the extrusion of rice flour. The variables included, 
extruder hardware variables (mixing disk and reverse pitch screw elements), feed variables 

(amylose content, moisture, sugar, salt and particle size) and extrusion operating variables 

(barrel temperature, feed rate and screw speed). The extrusion trials were conducted on 
rice flour employing a twin-screw extruder without using a die. 

The response functions were the extrusion characteristics (torque, net specific 

mechanical energy and average residence time), product attributes (water solubility index, 
water absorption index, and bulk density), and the viscographic indices (peak viscosity, hot 

paste viscosity and cold paste viscosity). The results were analysed using coded level of 

variables (-1 and +1) by fitting to first order regression equations. 

The present work showed that the screw configuration, particularly the presence of 



reverse pitch screw element and mixing disks, exerts maximum effect on the extrusion and 
extrudate characteristics. 

Considerable effects were also observed for amylose and moisture content, feed 
rate, screw speed and barrel temperature. The variables that possessed least effect on the 
response functions were particle size, salt and sugar contents. 

The extrusion of non-waxy (high amylose content) rice flour resulted in low WSI of 

the product. As high values of WSI are desirable in cooked extruded products, such as, 

ready-to-eat snacks, breakfast cereal and porridges, a combination of high levels of barrel 

temperature (140°C) in the presence of RPSE and MD using a low amylose (5%) variety is 

considered desirable. The experimental results relating the variables and response function 

could be fitted well (0.721 $ r $ 0.999, p $ 0.01) by first order polynomials which indicates 

the suitability of the Plackett-Burman model to evaluate the effect of the individual variables. 
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CHAPTER -IV 

Effect Of Barrel Temperature & Screw 

Speed On Extrusion Parameters And 

Certain Physicochemical Properties 

Of Rice Extrudate 

 

 
 
 



4.1. INTRODUCTION 

As mentioned in earlier chapter, extensive work on the extrusion cooking of cereals, 

particularly corn and wheat has been carried out. On the contrary, literature on extrusion 

processing of rice is sparse. Further, fewer extruded rice products are available compared 

to corn and wheat. However, rice being the staple in Asian countries, rice based extruded 

products are expected to find a good market in these countries. The advantages of rice are 

that it is non-allergenic, gluten-free, and low in sodium and fat content (Dziezak, 1991). In 

addition, rice products impart a fatty mouthfeel and texture (Anon, 1991), and therefore, can 

be used for developing foods with low fat content. Rice products are also gaining 

popularity in European and American markets in recent years (Tuley, 1992). 

A few studies have been conducted in the recent past using a single screw extruder on the 

effect of extrusion variables on product characteristics (Kim and Maga 1990; Bhattacharya and 

Prakash, 1994). Studies on twin-screw extrusion of rice flour are however, limited (Kumagai et 

al, 1987; Pan et al, 1992; Bhattacharya and Choudhury 1994). With more and more food 

industries opting for twin-screw extruders for bettel control of product profile and other 

technical advantages, it is necessary to have enough data and information on extrusion of rice 

to develop rice based extruded products. It is also important to correlate the extrusion conditions 

with the product characteristics. 

The role of die during extrusion is basically in shaping of the product. It would be quite 

appropriate not to use the die if the target is to have a cooked product that will be used 

subsequently for other purposes, such as developing food for babies or for using it as base 

material for producing another product. 

The objectives of the present work were: a) to study the effect of the extrusion variables 

(temperature of barrel and screw speed) on extrusion system parameters (torque and specific 

mechanical energy) and product attributes (sediment volume, in-vitro starch digestibility, water 

absorption index, water solubility index, bulk density), and 
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b) to determination of relationships between system parameters and product attribute 

during extrusion cooking of rice flour without using a die. 
 

 
4.2. EXPERIMENTAL 

4.2.1. Rice 

The milled rice (cultivar IR 64) was ground to flour in a hammer mill as describe under 

Section 2.1. The particle size distribution of the rice flour, as determined using British 

Standard (BS) sieves, is shown in Table 4.1. The '+' sign indicates the quantity of material 

that is retained by the particular sieve whereas '_' denotes the quantity passing through. The 

proximate composition of rice has been presented in table 2.1 under Section 2.1. 

Table 4.1 Particle size distribution of rice flour 
 

BS sieve Quantity 

Particle size (%) 

+20 0.0 

-20/+28 0.2 

-28/+32 4.9 

-32/+45 32.9 

-45/+60 17.1 

-60/+80 18.0 

-80/+100 7.8 

-100/+200 16.1 

-200 3.2 
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4.2.2. Extruder and extrusion cooking 

The extruder used has been described under Section 2.2. The extruder screw 

consisted of forward pitch screw elements, and a reverse pitch screw element (near the 

outlet), and also, two kneading blocks. No die was used. Screw profile used for present 

extrusion work is described in Table 4.2. 

The temperature of the extruder barrel was maintained at 80, 100 or 120°C throughout 

the barrel. The screw speed used was 200, 300 or 400 rpm while the feed rate was 

maintained constant at 17 kgh-1 using a volumetric gravity feeder. The moisture content of 

the feed was 14.2 ± 0.1% (d.b). All extrusion trials were repeated once. The extrudate 

samples were prepared as mentioned under Section 2.4. 

Table 4.2  

Screw profile used for extrusion trials 
 

Type of screw Screw element details Total length 
Element Pitch/lenqth (mm) 

Forward pitch 42/42 220 

 42/21 42 

 28/14 14 

 28/28 140 

Kneading block* 45/5/14 14 

Forward pitch 28/28 196 

 20/20 60 

Kneading block * 45/5/14 14 

Forward pitch 20/20 180 

Reverse pitch -20/10 10 

Forward pitch 20/20 60 

* The kneading blocks consist of 5 mixing disks placed at an angle of 45° and have a total length of 14 mm 



4.2.3. Extrusion characteristics 

The torque (T%) developed during extrusion was obtained as mentioned under 

Section 2.4.2 and the total specific mechanical energy (SME) input during extrusion was 

estimated using equation (1) as mentioned under Section 2.4.3 as follows: 

rpm of screw (run)      % torque (run)      motor power (rated) 
SME=        --------------------------     X  -----------------   X --------------------------- 

rpm of screw (rated) 100 production capacity 

4.2.3.1. Sediment volume 

Sediment volume of the extrudate was determined according to the method 01 

Bhattacharya and Ali (1976). Two-gram (d.b.) extruded rice flour was taken in a 50 m 

glass-stoppered measuring cylinder and 40 ml of 0.05N HCI was added with gentle 

shaking. The cylinder was stoppered and the slurry mixed by repeated inversions. A drop 

or two of amyl alcohol was added on top to disperse the froth and the cylinder was left 

undisturbed. The sediment volume was read after 4 h. Mean of three replicates was 

reported. 

4.2.3.2. In-vitro starch digestibility 

In-vitro digestibility of starch in the extruded sample was estimated according to 

the method of Holm et ai, (1985) using amyloglucosidase (from Aspergillus oryzae, Grade 

V, Catalogue No. A-9268, Sigma, USA). Preliminary studies were conducted to ascertain 

optimum enzyme-substrate ratio and the time of treatment. To 100 mg of sample 

dispersed in 10 ml of distilled water, 10 ml acetate buffer (pH 4.5, containing 7 units of 

enzyme) was added. The mixture was incubated at 55°C for 6 hours in a shaker water 

bath. The reducing sugar produced at the end of the treatment was analysed by using 

3,5-dinitro salicylic acid (Bernfeld, 1955). A standard curve using glucose was prepared 

and the extent of hydrolysis was calculated as the proportion of starch (% glucose 

equivalent) converted to glucose. The number of replicates were two. 



Water absorption index (WAI), Water solubility index (WSI) and Bulk density 
(BO) 

The above parameters were determined by the procedures as described under 

Sections 2.4.4 and 2.4.5. The reported values are the means of three replicates. 

4.2.4. Experimental design and statistical analysis 

The extrusion process variables (X1, i.e., temperature of barrel; viz. 80, 100 and 

120°C and X2, i.e., screw speed; viz. 200, 300 and 400 rpm) were coded to the levels of -

1, 0 and +1 such that a total of 9 experiments were conducted. All experiments were 

repeated once. The measurements of the dependent variables reported were the mean of 

three observations each. The response functions (y) were: a) torque during extrusion, b) 

total SME, c) sediment volume, d) in-vitro starch digestibility, e) water absorption index, f) 

water solubility index, and g) bulk density. These seven response functions were related 

to the extrusion process variables by a second degree polynomial (Eq 2) which consisted 

of linear, quadratic and interaction effects; the method of least squares was used to 

develop these polynomials (Little and Hills, 1978), and accordingly, the response surfaces 

were generated. The optimization of the response functions was done as per the 

procedure described by Bhattacharya and Prakash (1994). 

y = bo + b1 X1 + b2 X2 + bn fi + b12 X1 X2 + b22 X2
2 + Є ..-(2) 

The coefficients of the polynomial are represented by bo (constant term), b1 and b2 

(linear effect), b11 and b22 (quadratic effect), b12 (interaction effect) and E (random error). The 

barrel temperature is denoted by X1 and the screw speed by X2 in coded level of variables. 

The analysis of variance (ANOVA) tables were generated for all the seven 

response functions. The significance of the individual terms in the polynomial was 

determined statistically by calculating the F-values, and judging them at probability 

levels (p) of 0.01, 0.05 or 0.10. The correlation coefficients (r), determined to know the 

relationships between the extrusion characteristics and product attributes, were judged 

at p=0.01 when the number of data points (n1) was 27. 



 

4.3. RESULTS AND DISCUSSUION 

4.3.1. Torque 

The torque during extrusion of rice flour ranged between 38 and 85% (Fig. 4.1: 

and high torque values were associated at low screw speeds (200 rpm). This indicates 

t h a t  is a torque limiting process, particularly if the extruder is operated at low screw 

speed. Increase in screw speed decreased the magnitude of torque due to a) 

decrease in the filled length and b) increase in the shear rate that reduces the apparent 

viscosity of the extrudate as the mass inside the extruder behaves as a pseudoplastic 

material that shows shear thinning behaviour (Harper, 1981; Bhattacharya et al, 1992) 

The effect of temperature on torque is rather complex and depends on the level of screw 

speed. At high screw speed (400 rpm), increase in the barrel temperature from 80 to 

100°C markedly decreased the torque. However, beyond 100°C it remained fairly 

constant. At low screw speed (200 rpm), a slight decrease in torque was noted 

upon increase in barrel temperature. The present results are in agreement with those 

reported by Bhattacharya and Prakash   (1994) for a blend of rice and chickpea 

when barrel temperature showed a linear (negative) effect with torque. 

 

Fig. 4.1. Response surface for torque during extrusion of rice flour. 
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4.3.2. Specific mechanical energy (SME) 

The total specific mechanical energy (SME), defined as the total mechanical 

energy input to obtain 1 kg of extrudate, varied between 317 and 1013 kJkg-1 (Fig. 4.2). 

Low values « 350 kJkg-1) of SME were obtained at high temperature (100-120cC) and 

screw speed (300 rpm). It seems logical to mention that increase in screw speed 

increases the SME values as the latter is directly proportional to screw speed (Eq 1) 

provided the torque is constant. As torque also decreases markedly with elevation in 

screw speed, the effect of screw speed becomes complex and shows a curvilinear 

relation with SME. An increase in temperature generally decreases the energy values 

which may be explained on the basis of gelatinization of starch (the main ingredient of rice 

flour) and apparent viscosity of the mass inside the extruder. The extent of in-vitro 

digestibility (discussed later), an indirect index of gelatinization extent, was high even at 

80°C, and any further increase in temperature was therefore expected to reduce the 

apparent viscosity of the plasticised mass. 

 

 

400 

Fig. 4.2. Response surface for total specific mechanical energy (SME) during extrusion of rice flour. 
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4.3.3. Sediment volume 

Volume of the sediment of a processed rice product, such as, parboiled rice c 

flaked rice in excess of dilute HCI acid has been proposed to serve as an index of th 

gelatinization by Bhattacharya and Ali (1976). The sediment volume showed a 
increase from raw to mild parboiled, to severely parboiled rice to flaked rice and to pre 
gelatinized starch. The latter occupying the full liquid volume as gel. 

In the present studies, all the extruded products showed very high sediment 

volume that ranged between 24.5 to 26.5 ml (Fig. 4.3) compared to non-extruded rice (7. 

ml). However, low values among them were shown by extruded samples produced at  

high temperature. It is therefore, apparent that the degree of gelatinization in all the 

sample was markedly high as compared to that which could be seen in either parboiled 

or flake rice that ranged between 8.1 to 19.5 ml as reported by Bhattacharya and Ali 

(1976). 

 

 

 

 

 

 

 

 

400 

 

 

 
Fig.Fig.4.3. Sediment volume of the extruded product obtained by extrusion at different barrel temperatures 
and screw speeds. 
 

82 



4.3.4. In-vitro starch digestibility 

The results on the in-vitro starch digestibility studies (Fig. 4.4) showed that the 

extruded rice samples had very high susceptibility (73,6-87.4%) to enzyme degradation 

than that of raw rice (12.8%). However, the extent of susceptibility differed among 

samples extruded under different conditions of extrusion temperature and screw speed. 

Digestibility increased with barrel temperature from 80 to 100°C, but showed a decrease 

for samples extruded at 120°C with increasing screw speed from 200 to 400 rpm. The 

digestibility decreased by 2 to 6 per cent points when the screw speed was increased 

from 200 to 400 rpm for samples extruded at 80 and 100°C. However, at 120°C, not only 

was the overall digestibility less, as compared to that at lower temperatures, but showed 

an increase with increasing screw speed by about 3 per cent points. Mercier and Feillet 

(1975) while investigating the effect of different processes on starch digestibility in 

different cereals, observed that the severe the process, the greater was the digestibility. 

likimani et al, (1990); Chiang and Johnson (1977) have reported an increase in the 

digestibility of starch with increasing extrusion temperature and a decrease with 

increasing screw speed, This decrease was explained on the basis of low residence time 

in the extruder at high screw speed. 
 

 

400 

100 f 

Fig, 4.4. In-vitro digestibility of starch of the extruded product obtained by 

extrusion at different barrel temperatures and screw speeds. 
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The reversal of the trend at 120°C observed in the present work may be due to 

retrogradation or reassociation of gelatinised starch or formation of amylose-lipid complex, 

starch-protein complex or resistant starch. Formation of these complexes are known to 

reduce the susceptibility of starch to enzyme hydrolysis (Mercier, 1980; Eerlingen et al, 

1994). 

4.3.5. Water absorption index (WAI) and water solubility index (W51) 
Water absorption index was least (2.6 g/g), as expected, for the raw rice flour and 

increased upon extrusion to a maximum of 7.1 g/g (Fig. 4.5). High WAI was shown by 

products extruded at barrel temperature of 80 and 100°C (6.1 to 7.1 g/g) as compared to 

that to (5.5 to 5.9 g/g). Decrease in WAI has been reported by Anderson et al, 

(1969a), and by Mercier and Feillet (1975). This may be related to the degradation of 

starch that causes a reduction in the water holding capacity of the molecules as a result of 

decrease in the molecular size. At a low shear rate (low screw speed) and/or low 

temperature, one can expect more undamaged polymer chains and a greater availability 

of hydrophilic groups which can bind more water resulting in higher values of WAI 

(Gomez and Aguilera, 1983). 

 
 

Fig. 4.5. Water absorption index of the product obtained by extrusion at different barrel temperatures and screw 

speeds. 
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 At any temperature, samples extruded at lower screw speed (200 rpm), showed 

relatively high WAI values than at higher screw speeds (300 and 400 rpm). This is 

perhaps due to high residence time at low screw speed permitting enhanced extent of 

cooking. 

Water solubility index (WSI) was the least (1.7%) for the raw rice and increased 

markedly from 28.0 to 40.5% upon extrusion cooking (Fig.4.6). However, the trends 

observed in this case was reverse of that observed in the case of WAI with respect to the 

effect of barrel temperature and screw speed, viz., samples extruded at higher 

temperatures and screw speeds showed high WSI values. Similar results have been 

reported by other workers also (Conway, 1971b; Artz et al, 1990; Badrie and Mellowes, 

1991 and Ralet et al, 1991). The WSI depends on quantity of soluble matter which 

increases due to the degradation of starch. Wen et al, (1990) indicated that screw speed 

had a direct effect on polysaccharide size distribution. A higher screw speed (increasing 

the shear) resulted in more fragmentation than a lower screw speed. 

  

 

400 

120   200 

Fig. 4.6. Water solubility index of the product obtained by extrusion 

at different barrel temperatures and screw speeds. 
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A degradation of amylose and amylopectin molecules of manioc starch through chain 

splitting has been reported by Colonna et al, (1983). Similar results were also observed in 

case of wheat starch (Davidson et al, 1984). It could therefore, be inferred that that 

combined effect of high temperature and high screw speed enhanced the amount of 

soluble material in the extrudate. 

4.3.6. Bulk density 

The extrudates showed bulk densities in the range of 172 and 231kg m-3 (Fig 4.7) 

Lowest density was obtained at a temperature of 100°C and screw speed of 200-300 

rpm. The response surface showed a decrease in bulk density with elevation if 

temperature upto 100°C. Further increase in temperature increased the bulk density 

marginally. An increase in screw speed decreased the product density. It is logical to 

assume that high temperature enhanced the level of thermal input leading to complete 

gelatinization even when the screw speed was high (and hence, low residence time inside 

the extruder). A combination of high temperature and high screw speed yields a 

production with least density. The other reason may, be the structural breakdown that 

possibly occurs in the high-shear environment leading to low density product. 

 

 200 

000 

234 

Fig. 4.7. Bulk density of the extruded obtained at different barrel temperatures and screw speeds. 
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4.3.7. Statistical analysis 

The detailed statistical analysis using response surface methodology (RSM) 

generated the coefficients (Table 4.3) of the second order polynomials for the response 

functions (torque, SME, bulk density, WAI, WSI, sediment volume and in-vitro starch 

digestibility). The polynomials, developed using the coded level of variables, fitted the 

experimental results well as indicated by the high multiple correlation coefficients (r ≥ 

0.931, P≤ 0.01). 

Values presented in the Table 4.3 show that the torque during extrusion was 

negatively related (p < 0.05) to the linear effects of temperature (X1) and screw speed (xv 

indicating that an increase in either of the variables decreased the torque values 

(Fig.4.1). The SME decreased with an increase in temperature (Fig. 4.2) at low 

temperature levels, as it's linear effect was negative. On the other hand, at high 

temperatures the SME values increased with positive quadratic effect (p < 0.10). 

Sediment volume decreased linearly with an increase in temperature (Fig. 4.3). The 

interaction term (temperature X screw speed) was also significant (p < 0.05) showing that 

the effect of temperature on sediment volume depends on screw speed. The effect of 

temperature on in-vitro digestibility was curvilinear as both of its linear and quadratic 

effects are significant (p < 0.05 and p < 0.10, respectively). An increase in temperature 

reduced the digestibility values (Fig. 4.4). The WAI depended mostly on the temperature 

(p < 0.05). An increase in temperature decreased WAI values (Fig. 4.4). The effect of 

screw speed was similar to that of temperature but showed a lesser effect (p < 0.10). 

Solubility index varied linearly (positive effect) with screw speed (Fig. 4.6). The bulk 

density of the extrudates was mainly dependent on the temperature, as its linear as well 

as quadratic effects are highly significant (p < 0.01). Screw speed had a linear negative 

effect. An increase in screw speed therefore decreased the bulk density (Fig. 4.7). 

Table 4.3 also presents the optimum conditions of temperature and screw speed 

for the response functions. Saddle points were obtained for WAI, WSI and for sediment 

volume, whereas, for in-vitro starch digestibility, the optimum condition was outside the 

experimental region. The generalised optimum extrusion conditions in respect to minimum 

torque and SME during extrusion, and bulk density of the product, were the use of high 

barrel temperature (107-110°C) in combination with medium to high level (301- 407 rpm) 

of screw speed. 
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Table 4.3 

Coefficients of the polynomials relating the response functions and the extrusion variables (barrel 

temperature: X1 and screw speed: X2) in coded level of variables 

 
Coefficients Torque SME Bulk 

density 

WSI WAI Sediment 

volume 

In-vitro 

digestibility 

b0 41.689 333.700 172.444 33.311 6.611 26.000 86.289 

b1 -13.333** -196.683 -17.000 3.133 -0.616** -0.416 -4.617 

b2 -11.950 -40.366NS -7.833 -3.583** -0.266* 0.166NS -0.400NS
 

b11 14.967- 226.250* 28.334** 0.567NS -0.416NS -0.250NS -5.383 

b12 -3.325NS -98.624NS -1.250NS -0.575NS 0.049NS 0.500** 1.900NS 

b22 10.816** 100.400NS 3.833NS 0.983NS 0.033NS 0.000NS -0.333NS
 

r 0.981** 0.961** 0.991** 0.931** 0.954** 0.966** 0.943** 

Targeted 

Optimum 

Condition 

Minimum Minimum Minimum Maximum Maximum Maximum Maximum 

Optimum 

Condition 

Achieved Achieved Achieved Saddle 

point 

Saddle 

point 

Saddle 

point 

Outside 

experimental 

Range 

Optimum 

Temperature  

(°C) 

110.3 108.8 106.5 - - - - 

Optimu 

scew speed 

(rpm) 

363.1 301.4 407.4 - - - - 

 

*Significant at p≤ 0.10 

**Significant at p ≤ 0.05 

***Significant at p ≤ 0.01  

NS Non-significant at p = 0.10 
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4.3.8. Inter-relationship between system parameters and product attributes 

It is obvious that extrusion characteristics and product attributes are inter-related, and 

hence, a system analytical model has been proposed by some workers (Meuser and 

Wiedmann, 1989). In an extension of the model, linear inter-relationships have been 

obtained between the extrusion characteristics (torque and SME) and the product 

attributes (sediment volume, in-vitro digestibility, WAI, WSI and bulk density). Significant (p < 

0.01) positive linear relationships were obtained for torque with WAI (Fig. 4.8A) and bulk 

density (Fig. 4.8B), whereas a negative relation exists with WSI (Fig. 4.8C). This means that 

increasing the torque during processing usually increases the desirable characteristics like 

WAI but reduces the bulk density and water solubility index of the extrudates. The torque 

during extrusion depends on the rheological status of the plasticised mass inside the 

extruder, and in turn, it is positively related (r = 0.72, p < 0.01) to SME (Fig. 4.80). 

 

Fig. 4.8. Relationship of torque to (A) water absorption index, (B) bulk density, 

(C) water solubility index and (D) specific mechanical energy. 
 

 

 

89
 

300  



Operation of the extruder at a high torque becomes highly energy intensive and product 

loses its solubility in water. In such a situation, intermediate values seem to be practical 

On the other hand, SME showed a moderate but positive significant (r = 0.78, P ≤ 0.01; 

relationship with bulk density (Fig. 4.9), showing that to obtain a low density (≤175 kg m-3: 

product, a low SME (300-350 kJ kg-') is appropriate. Further increase of input energy) 

leads to a decrease in product density and reduces solubility. 

 

300 

200  

 
 

100 
200             450             700              950              1200 

Specific mechanical energy (kJ kg-1) 

 

Fig. 4.9. Relationship of specific mechanical energy to bulk density. 
 
 

4.4. SUMMARY 

Rice flour with 14% (d.b.) moisture content was extruded at different barrel 

temperatures (80-120°C) and screw speeds (200-400 rpm) through a twin-screw extruder 

without using a die. The effect of these variables on the system parameters viz., torque 

developed during extrusion process, and total specific mechanical energy required and 

the extrudate attributes viz., bulk density, water absorption index, water solubility index, 

sediment volume and in-vitro starch digestibility were studied by using response surface 

analysis. 

The system parameters as well as the extrudate attributes were mainly 

dependent on temperature, whereas the screw speed imparted a lesser effect. At low 

barrel temperature (80°C) and low screw speed (i.e., low shear rate, 200 rpm) in a twin- 
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screw extruder although yielded extrudate with acceptable cooking and in-vitro starch 

digestibility indices, it had high bulk density, and required high specific mechanical energy 

(643 to 1012 kJ kg-1) for extrusion, and generated high torque (71 to 85%). High 

temperature (120°C) on the other hand, required less SME (322 to 497 kJ kg-1) and 

produced less torque (approximately 40%) during extrusion, particularly at high shear 

(300-400 rpm) but had comparatively decreased in-vitro starch digestibility. Optimum 

extrusion conditions for obtaining minimum torque, specific mechanical energy (SME) 

and bulk density were determined. A positive linear relationship (correlation coefficient 

r=0.78, p ≤ 0.01) existed between SME and bulk density indicating that it is possible to 

obtain low density extrudate with low SME. Extrusion at 100°C, 300 rpm needed the least 

energy (SME 317 kJ kg-1) and produced lesser torque (39%) during extrusion and yielded 

a product with desirable product profile. Extrusion of rice flour without a die appears to 

be an alternative approach to produce processed rice flours with high water absorption 

index and In-vitro starch digestibility. 
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CHAPTER - V 

Effect Of Barrel Temperature & 
Screw Speed On Pasting Behaviour 

Of Rice Extrudate  

 



5.1. INTRODUCTION 

 

The use of extrusion in the food industries has increased over the past two decades mainly 

because of greater demand for convenience foods. The introduction of twin-screw extruders 

has widened the scope of food extrusion technology for the manufacture of many cereal-

based products including ready-to-eat breakfast cereals, infant food formulations, snack foods 

and modified starches. Despite the increased use of extrusion processing on starch-based 

products, information on the effect of extrusion variables on the viscosity characteristics of the 

products is meagre. Extrusion of starch appears to be a simple technological process, but the 

control of the finished product characteristics is rather complicated. This is because of the 

complex nature of food and the large number of variables involved in the process (EI-Dash, 

1981). Earlier studies were carried out with the aim of producing specific food products using 

single screw extruders (Anderson et al, 1969a; Lawton et al, 1972; Conway, 1971a; Conway 

and Anderson, 1973; Owusu-Ansah et al, 1983; Bressani et al, 1978). Research on the twin-

screw extrusion of starches and cereal flours has shown that extrusion variables and ingredients 

markedly alter the physico-chemical properties of the finished product (Charbonniere et al, 

1973; Mercier, 1977; Mercier and Feillet, 1975; Ryu et al, 1993). 

Pasting properties of extrudates are important when pregelatinized extrudate flours are used 

further as base material for different industrial food products. Changes in viscosity of 

extrudate powders produced under various operating conditions have been studied by 

Lawton et al, (1972) to find the factors affecting pasting properties. Mason and Hoseney 

(1986) investigated the effect of operating variables on cold paste and hot paste viscosities 

and swelling peak area (calculated from the amylograph pasting curve) of extrusion 

cooked wheat starch, by using a Brabender viscoamylograph. They concluded that the 

hot paste viscosity depends on die temperature, screw speed and barrel temperature, 

whereas, cold paste viscosity was affected by moisture content and feed rate. They also 

reported that swelling peak area positively correlated with the cold paste viscosity. 

In comparison to the conventional method of determining the pasting behaviour 
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of starch and/or starch-rich cereal flour by Brabender viscoamylograph, the Rapid 

Viscoanalyser (RVA) requires a small amount of sample and short time to produce 

pasting curves (Walker et al, 1988) and yields essentially similar information. However, 

the use of the RVA or even a viscoamylograph has not yet been widely reported for 

determining the pasting properties of rice extrudates. The pasting parameters 

generated from the RVA provide a relative measure of starch gelatinization, 

disintegration, swelling and gelling ability (Ryu et al, 1993). There exists a need 

therefore, to study the pasting properties of rice extrudate by employing the RVA for 

characterising the extrudate viscosity profile, which could allow process operators to 

monitor extruder systems and decide on the extrusion conditions required to prepare 

rice extrudates for special industrial food uses. 

The present work was undertaken with an objective of studying the effect of the 

extrusion variables, viz. barrel temperature and screw speed, on the viscosity 

characteristics of extrudate rice flour during pasting from 50°c to 95°C and cooling back to 

50°C, using a Rapid viscoanalyser (RVA). The viscographic parameters studied during the 

pasting programme were the peak, hot paste and cold paste viscosities, as well as the 

extent of gelatinization. 

5.2 EXPERIMENTAL 

Rice flour 

The rice flour (cultivar IR 64) used in the present study was the same as 

described under Section 4.2.1. 

Extruder and extrusion cooking 

Details on the extruder used and the extrusion cooking conditions employed 

were the same as reported in the previous Chapter (Section 4.2.2). 

5.2.1. Sample preparation for pasting studies and viscography 

The sample preparation for pasting studies and viscography measurement have 

been carried out as described under Section 3.2.S. 

The parameters that were noted from the viscogram included: a) Initial Viscosity 

(IV), i.e. the viscosity obtained at 50°c at the beginning of the RVA run, 
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b) Peak Viscosity (PV), c) Hot Paste Viscosity (HPV) and d) Cold Paste Viscosity (CPV) 

as mentioned under Section 3.2.4. 

The area under the peak occurring on the down-slope of viscograph curve 

during the heating phase of the pasting curve (swell peak area) exhibited by the 

extruded samples in comparison to that of raw rice (as 100%) indicates the 

ungelatinized portion. The extent of gelatinization (GE) was therefore the value after 

subtracting this value from 100. The swell peaks are evident for extrudates suspensions 

on viscogram appearing in several publications (Anderson et al,1969a; Gomez and 

Aguilera, 1983; Kim, 1984). To measure area under the peak, a line was drawn 

tangentially from the inflections at the beginning and end of the peak (Mason and 

Hoseney, 1986). The peak area was then determined using a planimeter. All viscosity 

values reported are the averages of triplicate measurements and are reported in rapid 

viscoanalyser units (RVU). 

5.2.2. Statistical analysis 

Regression equations were generated for the response functions (PV, HPV, CPV 

and GE) to relate them with the extrusion variables (barrel temperature, X1, and screw 

speed, X2), using the method of least squares (Little and Hills, 1978). The suitability of the 

regression equations to predict the response functions was judged by determining the 

multiple correlation coefficient (r). The experimental results were fitted either to a second 

order (Eq 1) or a third order (Eq 2) polynomial such that an r-value of 0.990 was obtained. 

These equations were used to develop the plots for the response functions. 

y = b0 + b1 X1 + b2 X2 + b11 X2 + b12 X1 X2 + b22 X2
2+ ε        ...(1) 

y = b0 + b1 X1 + b2 X2 + b11 X2 + b12 X1 X2 + b22 X2
2 

b313 X1
3 + b221 X1

2 X2+ b212 X1 X2
2 + b323X2

3 + ε ... (2) 

The coefficients of the polynomial are represented by bo (constant term), b1 and b2 

(linear effect), b11 and b22 (quadratic effect), b313 and b323 (cubic effect), b12b221 and b212 

(interaction effect) and E (random error). The barrel temperature and screw speed are 

denoted by X1 and X2, respectively. 

The analysis of variance (ANOVA) tables were generated and the multiple 

correlation coefficients (r), determined to know the relationships between the extrusion 

characteristics and the product attributes, judged at p=0.01 (n1=27). 



5.3. RESULTS AND DISCUSSION 

Pasting profiles of raw rice and extrudates under different conditions of barrel 

temperature and screw speed are presented in Figs. 5.1 and 5.2 respectively. The initial 

viscosity (IV) of extrudates (30-43 RVU) was about ten times higher than that for raw rice 

(3-4 RVU). This is expected, as extruded samples are already gelatinized, which enables 

them to hydrate faster and to a greater extent than the raw ungelatinized sample. The 

viscosity of the extrudate pastes decreased during the heating phase (Fig. 5.2), in 

contrast to that of raw rice. This behaviour is also not unexpected. Heating slurries of 

completely gelatinized materials is known to cause a decrease in the viscosity leading to 

the 'thinning' of the slurry (Schweizer et al., 1986). However, during the heating phase, 

there was a decline in the rate of thinning, which could be ascribed to the counter-effect of 

swelling of the residual, partially gelatinized material. In samples extruded at low screw 

speed (low shear rate) at 80 and 100°C, the paste showed a rise in the viscosity curve 

during this phase, indicating that the proportion of uncooked or partially cooked material 

was slightly higher in these cases, which swells as it gets gelatinized and absorbs water 

producing a rise in viscosity of the slurry. However, when the proportion of this 

ungelatinized or partially cooked material was less, breakdown due to shear occurred 

sooner, and the thinning continued during pasting regime. 
TEMPERATURE ◦c 
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Fig. 5.1. Representative RVA pasting curve for raw rice. Viscosity 
values are expressed in Rapid visco-amylograph (RVU) units. 
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The rise in viscosity at the end of the cooling phase, i.e. the difference between 

CPV and HPV, gives an indication of the gelling properties due to retrogradation of the 

starch. This was notably minimal for all the extrudate samples. The viscosity rose only by 

1 to 4 RVU for extrudates in comparison to a 97 RVU rise for raw rice. This suggests that 

starch in extruded rice had undergone thermal and mechanical degradation to an extent 

which was not conducive to retrogradation or gelling and the slurry remained thin. Cai and 

Diosady (1993) and Cai et al. (1995) have also observed similar trends for wheat 

extrudates. 
 

 
Fig. 5.2. Representative RVA pasting curves for extruded products obtained with different barrel temperature 
(80.100 and 120°C) and screw speed (A: 200, B: 300 and C: 400 rpm). The respective scales for extruded 

products are: 0 to 40 RVU for 80°C, 0 to 60 RVU for 100°C and 0 to 80 RVU for 120°C. 

Table 5.1 shows the regression equations relating the pasting curve indices (PV, 

HPV and CPV) and extent of gelatinization (GE) as a function of temperature and screw 

speed. A high correlation coefficient (r ≥ 0.991, P ≤ 0.01) indicates the validity of the 

equations to predict the response functions. 



Table 5.1  
Regression equations relating pasting curve indices (PV, HPV, CPV) and extent 

of gelatinization (GE) of rice extrudate with barrel temperature and screw speed of extruder 

 
** Significant at p ≤ 0.01 

Symbols: 

xi : Barrel temperature (°C) X2 : 
Screw speed (rpm) 

5.3.1. Peak viscosity 

The peak viscosities (PV) of the extruded rice pastes were between 21 and 33 RVU, 

very low in comparison to raw rice paste (218 RVU). PV generally decreased with 

increasing barrel temperature and screw speed (Fig. 5.3). The tendency was reversed 

only at high screw speeds (350-400 rpm) for barrel temperatures greater than 100°C. 
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Fig. 5.3. Contour plot of the peak viscosity (indicated on lines) of the extrudate slurries during the heating 
phase while pasting in the RVA, for different barrel temperatures and screw speeds. 

 
5.3.2. Hot paste viscosity 

The hot paste viscosity (HPV) of the uncooked rice flour paste was about 80 RVU, 

whereas, for the extruded rice flour it ranged from 7.1 to 11 .8  RVU. Fig. 5.4 shows the 

contour plot for HPV; it behaved in the same way as PV did. A fairly linear decrease in 

HPV was obtained when temperature or screw speed was elevated. Similar results for PV 

and HPV were reported by Tipples (1980); Mason and Hoseney (1986), who observed a 

decrease in the intensity and the degree of cooking (gelatinization) with increase in 

die/barrel temperature and screw speed. 

Application of thermal and mechanical energy could result not only in a structural 

breakdown of starch granules but also in molecular degradation with subsequent loss of 

integrity and disintegration (Cai and Diosady, 1993; Gomez and Aguilera, 1983; Holm et 

al, 1988 a, b). Pregelatinized and degraded extruded starch granules therefore lose their 

ability to swell upon heating in water, resulting in low PV and HPV. Generally, the intensity 

and the extent of breakdown of starch will depend on the type of starch, mechanical 

shear, temperature and chemical agents present during the gelatinization (EI-Dash et al, 

1984). 
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Since PV is inversely related to the degree of gelatinization, it is evident that 

lowest degree of gelatinization (data is cited later in Fig. 5.6) was obtained at 80°C while 
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Fig. 5.4. Contour plot of the hot paste viscosity (indicated on lines) of the extrudate slurries during the 
heating phase while pasting in RVA, for different barrel temperatures and screw speeds. 

the maximum gelatinization was obtained at 100°C. It may thus, be concluded that the 

degree of gelatinization and peak viscosity of extruded rice product could be effectively 

controlled by controlling the extruder barrel temperature and screw speed. 

5.3.3. Cold paste viscosity 

The cold paste viscosity (CPV) of extruded products (at the end of cooling to 

50°C) ranged between 8.0 and 15.0 RVU (Fig. 5.5), whereas, for raw rice paste it was 177 

RVU. The difference amongst the various extruded samples was thus extremely low, i.e. 

only 7 RVU. This trend was also seen in the case of HPV, in which the difference was less 

than 4. These insignificant differences perhaps could be ignored, with an overall 

conclusion that there was hardly any difference amongst the samples studied with respect 

to these properties. However, one can still see that a trend existed in the extent of this 

difference. 

A better perception of the extent of retrogradation and gelling ability could be 

indexed by the rise in viscosity from HPV to CPV, which has been termed as "Total set 

back" by Bhattacharya and Sowbhagya 1978. The total set back values thus lay between 
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1 to 3 RVU in comparison to 97 RVU for raw rice, highlighting that the molecular 

degradation was to such an extent that it did not permit a strong "gelling" network upon 

cooling to 50°C. 

The cold paste viscosity decreased with increasing barrel temperature and screw 

speed; similar results on the effect of temperature were reported for corn grits (Anderson 

et al, 1970) and on the effect of screw speed on corn starch (Owusu-Ansah et al, 1983). 

 

Fig. 5.5. Contour plot of the cold paste viscosity (indicated on lines) of the extrudate slurries during the 
cooling phase while pasting in RVA, for different barrel temperatures and screw speeds. 

5.3.4. Extent of gelatinization (GE) 

The extent of gelatinization (GE) of the extruded rice samples was high, and ranged 

between 93.8 and 99.0% (Fig. 5.6). However, within this range, an increase in screw speed 

appeared to result in higher GE values, which could be attributed to the low residence time at 

elevated screw speeds. Initially, GE increased with barrel temperature, 
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and reached a maximum (99.0%) at 100°C with a screw speed of 400 rpm. Thereafter, a slight 

decrease was observed with increasing screw speed and barrel temperature. Similar results 

have been reported for corn starch by Owusu-Ansah et al, (1983), who observed that maximum 

gelatinization occurred at 100°C when the feed had a moisture content of 23%, which however, 

decreased slightly with further increase in barrel temperature. This could perhaps also be due 

to a higher extent of degradation produced by application of a higher mechanical (shear) force 

on account of the screw profile selected, or due to reduced swelling on account of the 

formation of resistant starch (Russell et ai, 1989), starch-lipid complexes (Mercier et ai, 

1980), starch-protein complexes or even retrograded amylose (Cruzy Celis et ai, 1996). 

 

5. 6. Contour plot of the extent of gelatinization (indicated on lines) of the extrudate slurries determined from 
the pasting behaviour In RVA, for different barrel temperatures and screw speeds. 

The desirable pasting characteristic of a pregelatinized rice flour for use in 

speciality diet food formulations, for increasing the calorie density in these diets the low 

viscosity upon making slurries for preparation. Indexing this in the viscographic terms it 

would mean that the extruded rice flour paste should have low values of PV, HPV and 

CPV. These are obtainable when the extent of gelatinization is high, by extrusion at a high 

screw speed (400 rpm) coupled with a medium to high barrel temperature (100-110°C). 
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5. 4. SUMMARY 

The effect of extrusion barrel temperature (80-120°C) and screw speed (200-400 rpm) 

on the pasting and gelatinization properties of extruded rice products was studied. A twin-

screw extruder was employed without using a die. The pasting study was conducted using a 

Rapid Viscoanalyser (RVA), and the parameters determined were the initial viscosity (IV), 

peak viscosity (PV), hot paste viscosity (HPV) and cold paste viscosity (CPV). 

 

The extrusion process parameters (barrel temperature and screw speed) 

markedly affected the pasting properties and the extent of gelatinization of rice flour. The 

initial viscosity of the extrudate suspensions was about 10 times higher than that of raw rice 

(3 to 4 RVU). However, the viscosity of the slurries of extruded products decreased during 

heating to 95°C, and during cooking at 95°C (to 7 to 12 RVU), and remained diminished 

even after subsequent cooling to 50°C (at 8 to 15 RVU). The extent of gelatinization (GE) 

of the extruded rice products ranged between 93.8 and 99.0%. The extent of these 

changes depended on the barrel temperature and screw speed. Regression equations (r 

≥ 0.991, P ≤ 0.01) relating pasting and gelatinization behaviour as a function of temperature 

and screw speed have been reported. 

 

Pregelatinized rice flour produced by extrusion cooking with low viscosity profile could 

be useful in the development of products in which a higher solid content per unit volume is 

required, such as speciality diet foods and weaning foods for the children. 
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CHAPTER - VI 

Molecular Degradation Of Starch 
During Extrusion Cooking Of Rice 

  



6.1. INTRODUCTION 

Extrusion cooking involves conversion of shear and frictional energy to heat, which is 

used to cook the feed material (Hauck, 1981). A large variation occurs in product viscosity 

due to heat and pressure in the extruder. The changes in molecular and crystalline 

properties of starchy foods during extrusion cooking are highly dependent upon the 

condition of the extrusion and post extrusion drying. Processes involving high pressure / 

temperature and high shear have been known to cause partial or complete destruction of 

crystalline structure of starch, and considerable macro-molecular degradation, as shown in 

the case of puffing and popping of rice (Chinnaswamy and Bhattacharya, 1986; 

Murugesan and Bhattacharya, 1989), drum drying and extrusion cooking of wheat (Colonna et 

al, 1984; Schweizer and Reimann, 1986; Abdel- Aal et al, 1992). The type and severity of 

thermal processing employed therefore, imparts specific properties to the respective starch-

based products. Changes in the two components of starch viz., amylose and amylopectin 

(which are present in different proportion in the native starch granules specific to the source 

materials and the cultivar) are reflected in changes in the functional properties exhibited by 

the end product (Jane and Chen, 1992). 

An important variable in controlling extrusion operation parameters and product 
properties is the extruder barrel temperature. Pan et al (1992) have reported that the power 

consumption of the extruder and the shear force were more affected by the barrel temperature 
than by the screw speed. They also showed that the variety (rice having amylose content 

between 0.1% and 26%) plays an important role in determining the type and properties of 

extruded products. Cai et al (1995) studied the degradation of wheat starch at different barrel 
temperature. Wen et al (1990) have conducted detailed studies on starch fragmentation of 

corn meal under 15 different extrusion variables including barrel temperature. 

The effect of barrel temperature on the macromolecular and functional properties of corn 

starch has also been studied by Chinnaswamy et al (1989); Chinnaswamy and Hanna (1990) 

and Wen et al (1990). In comparison to corn and wheat, very little work 
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has been reported on extrusion of rice. Granular and molecular structure of rice starch 

differs from those of corn and wheat, so the properties of rice extrudate are expected to be 

different from corn and wheat extrudate. The process of extrusion generally involves both 

thermal treatment and mechanical shearing in which tissue damage is likely to occur 

altering the products qualities further. Gap in the information on the effects of barrel 

temperature on thermal and molecular properties of extrudate from rice, varying in the 

amylose / amylopectin ratio, thus warrants studies to focus on these aspects. 

The present chapter reports the results of the work carried out to address the above 

aspects, specifically directed towards elucidation of macromolecular changes in starch 

taking place during extrusion of rice as a function of barrel temperature. The main objectives 

of the work were: 

a) To study the product profile in relation to the amylose / amylopectin content of 

feed, and  

b) To understand the macromolecular properties of extrudates. 

6.2. EXPERIMENTAL 

6.2.1. Rice 

Rice flour prepared from three paddy cultivars (IR 64, Pojo bora and Agoni-

bora) was used. The flour was passed through a 24mesh (8S) sieve and used for 

extrusion cooking. The proximate composition of rice flour has already been presented 

(Table 2.1, Chapter II). 

6.2.2. Extruder and Extrusion cooking 

The Werner and Pfleiderer extruder (see Section 2.2) was used with a die having 

a cylindrical aperture of 5 mm diameter. The extruder screw consisted of forward pitch 

screw element, a reverse pitch screw element (near the outlet), and also five kneading 

blocks (Table 6.1). The temperature of the extruder barrel was maintained at 80, 100 or 

120°C throughout the last three zones of the barrel, whereas the first two zones (feed 

end) were maintained at 50°C. The screw speed, feed rate and moisture content of the 

feed were maintained constant at 400 rpm, 15 kgh-1 and 20 ± 0.2% respectively. All 

extrusion trials were repeated at least once. 
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The rice extrudates after drying were ground to flour (as mentioned under Section 

2.4) to pass through a 100mesh (BS) sieve 

Table 6.1 

Screw profile used for extrusion trials 

 
 

Types of screw 

element 
Screw element 

Details 
Total Length (mm) 

Forward pitch 42/42 187 

 42/21 21 

 28/14 14 

 28/28 168 

 28/14 14 

Kneading blocks 45/5/20 20 

Forward pitch 20/20 120 

Kneading blockb 45/5/14 14 

Forward pitch 20/20 80 

Kneading blockb 45/5/14 14 

Forward pitch 20/20 120 

Kneading blockb 45/5/14 14 

Forward pitch 20/20 80 

Kneading blockb 45/5/14 14 

Forward pitch 20/20 40 

Reverse pitch -20/20 10 

Forward pitch 20/20 20 

 
The Kneading blocks are composed of five mixing disks placed at an angle of 45° and have a total length of 
20 mm for kneading blocks and 14 mm for kneading blockb. 

Defatting 

Rice flour used for gel permeation chromatography (GPC) was first defatted by 
refluxing with 85% methanol in a Soxhlet apparatus for 18-20 h, as described by 

Sowbhagya and Bhattacharya (1971). 
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6.2.3. Gel permeation chromatography (GPC) of total starch 

Gel permeation chromatography of starch was carried out essentially as per the method of 

Chinnaswamy and Bhattacharya (1986) using flour itself, rather than isolated starch, as isolation 

of starch from the processed sample was extremely difficult. About 100 mg defatted flour was 

taken in a 100ml conical flask, One millilitre distilled alcohol and 10 ml of 1N NaOH were added 

to it and left overnight. Next morning the mixture was heated under nitrogen atmosphere for 10 

min on a boiling water bath with occasional mixing. After cooling, the dispersion was neutralized 

with the 1N hydrochloric acid using phenolphthalein as an indicator. The solution was filtered 

through a G-4 sintered glass filter. When perfectly dispersed, the solution became clear, though 

rather opalescent. The carbohydrate content of the dispersion was measured by phenol-

sulphuric acid reagent method (Dubois et al, 1956). The flour dispersion containing exactly 10 

mg (d,b.) carbohydrate was fractionated by ascending chromatography on a Sepharose CI-2B 

gel column (Pharmacia, 1.6 x 70 cm) operating with the peristaltic pump at a flow rate of 15 

ml/h, using distilled water containing 0.02% sodium azide as eluent. Three millilitre fractions 

were collected. 

The void volume (Vo) and the total volume (VJ) of the gel column were determined using 

isolated waxy starch and glucose respectively by noting their elution volumes, The molecular 

weight of the peaks of GPC fractions were determined from the elution volume, read on a curve 

prepared by plotting the elution volumes of dextran standards (T20 to T2000, Pharmacia Fine 
Chemicals, Sweden) of different molecular weights. 

6.2.4. Chemical analysis 

Carbohydrate content of the each 3ml sub-fraction was estimated by phenol-sulphuric acid 

reagent method (Dubois et al, 1956). To an aliquot (0,5 ml) of each subfraction, 0.5 ml distilled 

water and 1 ml of 5% phenol (w/v) were added. Five millilitre concentrated sulphuric acid was 

added rapidly on to the liquid. The solution was mixed thoroughly using a cyclo-mixer and 

cooled. The absorbance of the characteristic yellow-orange colour developed was measured 

at 490 nm against a reagent blank in a Shimadzu UV-1601 spectrophotometer substituting 

distilled water for the sample. The carbohydrate content was determined using standard 

glucose (dried in vacuum oven at 
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50°C for 20 h) solution (10 mg/100ml). The glucose equivalent obtained was multiplied with 

the factor 0.9 to express as starch or anhydroglucose (Lyne, 1976). An overall mass 

balance was calculated to ensure that the recovery of carbohydrate from the column was 

reasonable (see results). 

To the aliquot (2.5 ml) of each subfraction, remaining after estimation of carbohydrate, 0.2 

ml of 0.2% iodine (2 g of 12 and 20 g of KI per litre) was added for determination of amylose 

equivalent. The colour developed was read in a Shimadzu UV-1601 spectrophotometer at 

630 nm against iodine blank. The amylose equivalent (total amylose) was calculated against 

the absorbance of a standard potato amylose solution (prepared as described under the 

Section 2.5) and treated similarly with iodine. 

The absorption maximum (Amax) of the iodine-polysaccharide complex was also determined by 

scanning the solution between 400 to 800 nm using a Shimadzu UV-1601 

spectrophotometer. The gel chromatography was carried out at least in duplicate and the 

mean values are reported. 

6.3. RESULTS AND DISCUSSION 

6.3.1. Macromolecular degradation 

Gel permeation chromatography (GPC) profile of starch 

The macromolecular changes in starch as a result of extrusion were studied by gel 

permeation chromatography (GPC) of the extruded products. 

Upon fractionation on Sepharose CL-2B gel column, starch in all rice samples was separated 

into two main fractions, a high molecular weight fraction eluting at the void volume 

(Fraction-I) and the other, a relatively low molecular weight one, that entered the gel and 

was eluted over a wide range (Fraction-II). Fraction-I, the high molecular weight void volume 

fraction, is generally considered as the branched component of starch i.e. amylopectin, and 

Fraction-II, mainly the linear component i.e. amylose (Biliaderis et al, 1979, 1981; 

Chinnaswamy and Bhattacharya, 1986). The recovery of carbohydrates in the 

chromatographed fractions ranged between 73.5% and 
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96.8% with a mean of 85.1%. Figs. 6.1 to 6.3 show chromatograms of raw an 

extrudate products from three different varieties. 

Table 6.2 shows data on the proportion of carbohydrate in Fraction-I, and 

Fraction-II and the molecular weight of peak of Fraction-II. 
a. 
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Fig. 6.1  GPC profiles for raw and extruded rice flour at different 
barrel temperatures from IR 64 variety. 

Fraction-I represented 61.6%, 66.4% and 85.4% of the material eluted from the column for 

the unprocessed raw rice flour from IR 64, Pojo bora and Agoni bora cultivars 

respectively.  The most obvious result of these chromatograms was the 
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reduction in the amount of void volume carbohydrate in all the extruded products relative 

to unprocessed rice flour. Depending on the extrusion barrel temperature and the rice 

varieties, only 40.4% to 55.3% of the sample was excluded by the gel in comparison to 

61.6 to 85.4% for the unprocessed rice flour (Table 6.2). The present values are in 

corroboration to the observations published by Colonna and Mercier (1983) for extruded 

manioc starch, and Davidson et al (1984) for wheat starch. It is apparent therefore, that 

significant degradation of starch occurred during extrusion processing. 
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Fig. 6.2 GPC profiles for raw and extruded rice flour at different 
barrel temperatures from Pojo bora variety. 
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It could also been seen from Table 6.2, that the carbohydrate content in Fraction-I of the 

total starch decreased for all the varieties with consequent increase in Fraction-II to 49.8%, 

55% and 59.6% respectively. Further, among the three varieties, the reduction of Fraction-I 
was maximum (45% points) in case of waxy rice variety. In case of high amylose variety (IR 

64) on the other hands, the decrease was low (11% points). Since the degraded products of 

high molecular weight component were eluted along with the low molecular weight products 
as one broad peak, it could not be ascertained whether the amylose (linear fraction, 

Fraction-II) also underwent degradation. 

25 
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Fig. 6.3 GPC profiles for raw and extruded rice flour at different 
barrel temperatures from Agoni bora variety. 
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The extent of molecular degradation of starch in rice flour depends not only on the severity of 

extrusion but also on the variety of rice. As noted above, waxy rice variety was degraded to the 

maximum extent as compared to the high amylose variety under similar extrusion cooking 

conditions. Overall, it appears that the high molecular weight branched molecules (Fraction-I) 

were more prone to degradation than the linear ones (Fraction-II). This may be due to the 

large molecular size of Fraction-I, which renders it vulnerable to degradation under severe 

conditions of shear and thermal forces within the extruder. 

It could be also seen from the Table 6.2 that rice flour of waxy variety Agoni bora was 

degraded to the maximum at lower temperature (80 °C) as compared to that for high 

amylose variety. The degradation increased with increasing barrel temperature for all three 

varieties whereas at higher temperature at 120°C, reverse trends could be observed. This 

may be due to formation of resistant starch or starch-lipid I starch-protein complexes at higher 

temperatures. 

Further, it could also be noted from Figs. 6.1 to 6.3 and Table 6.2 that the peak of the 

Fraction-II of all extruded rice samples were eluted at a slightly lesser elution volume (i.e. 

lower Kav) than that of unprocessed rice flour, indicating a shift of this fraction towards a 

higher molecular weight profile. The tendency of this shift of Fraction-ll peak towards the 

higher molecular weight side increased with increasing barrel temperature of extrusion and 

also with lower amylose content variety. The average molecular weight of peak of Fraction-II 

also increased with the increasing barrel temperature. This indicated that the degraded 

intermediate products had larger molecular size. 
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Table 6.2 
Proportion of carbohydrate content (starch) in different fractions (Fr-l, Fr-ll) and average 
molecular weight of peak of Fr-" of raw and extruded products from three rice varieties 

 

 Barrel temperature Carbohydrate (%), in Kay Mw(105) 

Variety (°C) Fr I Fr II Fr-II Fr-Il 

IR Nil (Raw) 61.6 38.4 0.56 9.5 

 80 54.4 45.6 0.53 12.0 
 100 50.2 49.8 0.48 18.0 

 120 52.6 47.4 0.42 29.0 

Pojo bora Nil (Raw) 66.4 33.6 0.56 9.5 

 80 55.3 44.7 0.45 27.0 
 100 45.0 55.0 0.41 31.0 
 120 47.3 52.7 0.37 40.0 

Agoni bora Nil (Raw) 85.4 14.6 0.44 24.0 

 80 40.4 59.6 0.41 31.0 
 100 43.0 57.0 0.35 47.0 

 120 43.2 56.8 0.31 65.0 

6.3.2. Iodine binding nature of GPC fractions 

Table 6.3 presents data on the distribution of iodine absorbance in GPC fractions 

of total starch, and absorption maxima of Fraction-I and II of raw and extruded rice 

products from the three varieties studied. The distribution of iodine absorption of the two 

starch fractions separated on Sepharose CL-28 gel column, showed a progressive 

increase in Fraction-I in case of IR 64 and Pojo bora varieties. Thus about 33% and 

42% of total iodine absorption by Fraction-I in raw rice in these varieties increased to 

65% and 52% respectively in the extruded samples. The proportion of iodine absorption 

in Fraction-II consequently decreased and was accompanied by a continuous decrease 

in the Amaxof Fraction-II peak. The Amaxof raw rice of these varieties thus decreased from 656 

nm and 621 nm to 612 nm and 608 nm for extruded product respectively. However, the 

Amaxfor Fraction-II of Agoni bora remained approximately constant at 522 nm before and 

after extrusion. 
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Table 6.3 

Distribution of iodine absorbance in GPC fractions of total 
starch and absorption maxima of Fr-Il of raw and extruded rice 

products.  

Variety 

Barrel 

temperature 

(°C) 

I2-absorbance 

Fr I 

(%) 

Fr II 

Amax of 

Fr-I 

peak 

X max of 

Fr-Il 

Peak 

IR64 Nil (Raw) 32.7 66.6 561 656 

 80 42.1 57.9 574 631 

 100 65.0 35.0 577 612 

 120 44.4 55.6 574 621 

      

Pojo bora Nil (Raw) 42.1 57.9 557 621 

 80 51.7 48.3 574 617 

 100 50.1 49.9 575 608 

 120 42.5 57.5 574 612 

      

Agoni bora Nil (Raw) 87.0 13.0 520 522 

 80 39.9 60.1 525 520 

 100 56.7 43.3 526 518 

 120 52.7 47.3 530 523 

The absorption maxima (Amax) of iodine complex of starches of the Fraction-I of 

all the three varieties showed an increase after extrusion cooking (Table 6.3). This 

increase was more in nonwaxy variety than waxy. Raw (unprocessed) rice of IR 64 and 

Pojo bora varieties had Amax of 561 nm and 557 nm respectively which increased to 576 

nm and 574 nm after extrusion respectively. The Amax of Fraction-I of Agoni bora (waxy), 

on the other hand, showed a lesser increase from 520 nm for raw rice to 530 nm for 

extruded samples. 

It could be concluded from the results presented in Table 6.3 that the Amax of 

Fraction-I increased after extrusion and that of Fraction-II decreased. Similar to the 

observations made by Chinnaswamy et al (1989) with regard to the extrusion of corn 
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of Fraction-II for waxy rice remained more or less constant at 522-520 nm before and 

after extrusion. The iodine absorption of Fraction-I increased upon extrusion and it was 

accompanied by an increase in its Amax., 
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7.1. INTRODUCTION 

A large proportion of all human food energy is derived from of cereal or starch-

based products (Harper, 1981). Apart from providing energy, starch also contributes to 

the texture and structure of the food we eat. Gelatinization, molecular degradation and / 

or reassociation during the processing to product govern the final textural and functional 
profile of the product. Extrusion cooking is no exception. Under high pressure and shear 

conditions that exist in the cooking extruder, starches can be liquefied without enzymatic 

hydrolysis (Suzuki et al, 1976; Olkku and Linko, 1977). Mercier and Feillet (1975) have 
reported that cereal starches were rendered soluble in cold water using a twin-screw 

extruder at 170°C to 200°C. Wheat starch was also broken down to low-molecular-

weight sugars at high temperature and pressure (Lorenz and Johnson, 1972; Chiang 
and Johnson, 1977). 

The subject of starch extrusion has been reviewed by many workers (Linko et al, 

1981; Fontanet et al, 1997 and Grenus et al, 1993). It has been shown that pure 

starches give maximum expansion upon extrusion cooking. Other transformations that 

occur during extrusion processing of starch result in changes in the functional 

properties, such as water absorption capacity, water solubility, breaking strength and 

rheological behaviour of flour slurry of the extruded product. 

The changes in functional properties of starchy foods during extrusion cooking 

are highly dependent upon the conditions of extrusion and variety of starch source. The 

severity of extrusion cooking and the composition of starch in the variety of rice cultivar 
employed, therefore, impart specific properties to the respective starch-based extruded 

product. 

The objective of this study was to evaluate the effect of varietal variation in feed 
(i.e. amylose content of rice) and extrusion temperature on functional and textural 

properties of extrudates. 
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7.2. EXPERIMENTAL 

7.2.1. Rice 

Rice flour used for the extrusion cooking was the same as described in the in 

previous chapter under Section 6.2.1. ~ 

7.2.2. Extruder and extrusion cooking 

The extruder and the extrusion cooking conditions were also same as described 

in the previous chapter under Section 6.2.2. 

7.2.3. Bulk density (Ps) of extruded product 

The bulk density (PB) of individual, dry cylindrical extrudate rods was estimated 

by determining the mass and volume of the rod pieces. The volume of the cylindrical rod 

was calculated by determining the average diameter of the individual rod piece and its 

length by using a dial thickness gauge having a resolution of 0.01mm. At least 10 

replicates were run by collecting random samples and average value was taken for 

computation. 

7.2.4. Expansion ratio (ER) 

The expansion ratio (ER) of the dried extruded rod was measured as the ratio of 

the cross-sectional area of the extruded rods to that of the die hole through which it was 

extruded. The ER values were obtained from ten random samples of five observations 

on each sample and averages were reported. 

7.2.5. Warner- Bratzler shear stress (W-B SS) 

The Werner-Bratzler shear force for shearing the dry extrudates across their 

cross-section was determined by dividing the maximum force during shearing by the 

corresponding cross-sectional area of the extrudate with a Werner - Bratzler shear 

attachment to the Instron Universal Testing Machine (Model No. 4301, Instron 

Corporation, Canton, Massachusetts, USA). The crosshead speed of 100 mm/min and 
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Table 7.1 

Effect of amylose content in rice and extrusion barrel temperature 
on some functional properties of extrudates 

Variety 
Temp 

.(°C) 

PB (kg 

m-3) 

WSI 

(%) 

WAI 

(g/g) 

ER 

 

W-B SS 

(kPa) 

SME 

(kJ kg-1) 

T 

(%) 

IR64 80 371±3.6 26.0±0.6 6.1±0.3 4.6 ± 0.4 539±4.6 443±1.7 35±1.7 

 100 280±2.0 
35.8 + 

0.3 
7.0±0.5 8.8 ± 0.3 353±3.0 338±2.6 30 + 1.0 

 120 196±1.7 34.0±1.1 6.4±0.3 10.8±0.9 402±2.6 296±3.5 28±0.6 

Pojo bora 80 327±2.6 26.7±1.4 6.7±0.4 6.0 ± 0.4 519±2.6 655±4.3 45 ± 0.9 

 100 239±2.0 31.8±2.1 5.8±0.8 12.3±0.6 245±3.4 591±2.6 42±0.6 

 120 237±2.6 32.0±1.3 5.8± 0.9 11.0±0.7 314±3.5 570±2.6 40±1.0 

Agonibora 80 362±2.6 78.8±2.4 1.9±0.6 5.6±0.2 343±3.6 781±3.6 51±0.8 

 100 271±1.7 83.5±3.4 1.4±0.6 8.5±0.5 333±2.8 696±1.6 47 ± 0.6 

 120 174±2.6 85.3±1.4 1.2±o.3 14.7±0.7 176±3.6 718±1.7 48±0.8 

 
 

  
7.3.3. Bulk density (PB) 

The bulk density of the rice extrudate from three different varieties ranged 

between 371 and 174 kgm-3. The bulk density decreased with increasing barrel 

temperature. Similar observations have been reported by many researchers (Gogoi et 

ai, 1996; Bhattarcharya and Choudhury, 1994). In general, bulk density decreased with 

decreasing amylose content of the feed (Table 7.1). High amylose variety (IR 64) 

yielded a product with highest bulk density of 371 kgm-3 at 80°C, and Agoni bora (waxy) 

variety resulted in the least bulk density of 174 kgm-3 when extruded at 120°C barrel 

temperature. 
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7.4. SUMMARY 

The effect of barrel temperature (80-120°C) during extrusion and the amylose 

content (5-28.6%) of feed (rice cultivar) on extrusion system parameters in a twin-screw 

extruder and extrudate characteristics was studied. The feed rate (15 kgh-1), moisture 

content (20.0 % ± 0.2) of feed, and the screw speed (400 rpm) were kept constant. The 

extrusion system parameters studied were net specific mechanical energy (SME) and 

the torque (T). 

The bulk density (PB), water solubility index (WSI), water absorption index (WAI) 

expansion ratio (ER) and Warner-Bratzler shear stress (W-B-SS), as affected by the 

barrel temperature and varietal variation of feed, were investigated. 

Experimental data on system parameters and extrudate characteristics were 

fitted to a second-degree polynomial. Regression equations (r≥ 0.904, p ≤ 0.01) that 

relate extrusion system parameters and extrudate characteristics to barrel temperature 

and varietal variation were reported. 

The bulk density and W-B-SS generally decreased with increasing barrel 

temperature and decreasing amylose content of the feed. Solubility index (85.3%) and 

net specific mechanical energy (781kJkg-1) were highest in case of low amylose variety 

of rice. The torque during extrusion decreased with increasing barrel temperature. Low 

amylose rice variety (Agoni bora) yields an extruded product with least bulk density (174 

kgm-3) and with a least W-B-SS value (176kPa). Expansion ratio (14.7) of the extrudate 

suggested that a barrel temperature of 120°C is desirable to generate an expanded rice 

product from waxy rice cultivar. 

. 
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CONCLUSIONS 

Following conclusions could be drawn from the results presented in the 

preceding chapters on the extrusion cooking of rice flour using a twin screw extruder 

covering a wide range of variables and analysis of the extruded product characteristics: 

The Placket-Burman experimental design could serve as an effective tool to 

screen a large number of variables and to reduce the number of experiments. Ten 

variables were used in the initial experiments (barrel temperature, feed rate, screw 

speed, presence or absence of mixing disk and reverse pitch screw elements, feed 

moisture, particle size, total amylose content, sugar and salt) with application of the 

above design to identify the main determinants of the extrusion characteristics, (torque, 

T; specific mechanical energy, SME; and average residence time, RT), and product 

attributes (water solubility index, WSI; water absorption index, WAI; bulk density, BO 

and viscosity indices) as response functions. 

The response functions were mostly affected by the reverse pitch screw element 

and mixing disk indicating the importance of the screw profile on extrusion and extruded 

characteristics. Considerable effect was also observed for amylose and moisture 

content, barrel temperature, feed rate and screw speed, whereas particle size and other 

additives showed lesser effect 

From the detailed studies on the extrusion cooking of rice flour of a high amylose 

variety at constant feed rate and moisture content with variable barrel temperature and 

screw speed, it emerged that the system parameters (torque and SME) and extrudate 

attributes (WSI, WAI, BO, Sediment volume and in-vitro starch digestibility) were mainly 

dependent on temperature. The screw speed imparted lesser effect. A positive linear 

relationship existed between SME and BO. 

A study of pasting behaviour of flour slurry from extruded product using Rapid 
Viscoanalyser showed that on account of gelatinization and its extent, the pasting profile 

was entirely different. The viscosity was high at relatively low temperatures but 
decreased during heating and showed very little rise during subsequent cooling in 

comparison to flour slurry from raw rice. 
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A study of the molecular profile of starch from raw rice and extruded product 

from different varieties of rice varying in amylose content by using gel permeation 

chromatography showed that the high molecular weight component (amylopectin) was 

degraded into lower-molecular-weight components. The degradation was high when the 

proportion of amylopectin was high (waxy rice). Maximum degradation occured in waxy 

rice and at lower temperatures in comparison to non-waxy rice. 

Among the three varieties studied, having different amylose content, waxy rice 

therefore appeared to be highly suitable for producing expanded rice products as it 

showed the highest ER, highest WSI and other desirable product profile. However, the 

specific mechanical energy required for extrusion was also high. 

The above studies have also revealed that if the extruded products are to be 

used for production of pregelatinized, but high calorie density, finished products like 

baby food and weaning foods, the use of a die in the extruder is not essential and also 

would be preferable as the energy expenditure could be reduced. 
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