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Abstract 

An expanded food product was obtained from lentil -corn flour mixtures by extrusion cooking. 

Effects of cooking temperature; blend ratio and moisture contents of the feed mixture were 

investigated. Effects of these functional properties on expansion ratio, WAI, WSI, WHC, sensory 

properties and bulk density were assessed. Specific blends of Lentil and corn were subjected to 

twin screw extrusion process with the objective of enriching the protein and mineral content of 

corn and produce a range of extruded products. The proportions of lentil and corn were selected 

using a unique 15-run, three-factor, and three-level using Response Surface Methodology 

(RSM). The lentil flour addition was maintained at 10%, 30% and 50% to test the effect of 

protein addition to the cereal or (corn) maintained at 50%, 70% and 90% on the physical 

properties of the extruded products. Extruded products were obtained using a co-rotating twin 

screw extruder under operating conditions optimized in a previous study.  

In general, proportion of ingredients induced significant changes in the product quality 

attributes evaluated. Blends with higher proportion of lentil and lower proportions of corn 

showed a significantly (p < 0.01) lower specific length value. It was demonstrated that lentil has 

good potential for making good extruded products with rich in protein and fiber. 47.8% lentil 

flour, 52.2% corn flour (db) processed at 15.82% moisture content and 181.97°C temperature 

was selected as the best formulation to yield a protein rich extruded product with desirable 

physical and functional attributes. The product was fully expanded and well cooked with almost 

uniform in sizes and shapes at these optimum conditions. 

The extruded snacks were evaluated and determined for its quality attributes such as chemical 

composition, physical and functional properties, sensory qualities and textural properties. 

Values of physical properties of extrudates obtained: expansion ratio were in the range of 1.08-

1.43 and bulk density were 0.36-0.54 gm/cm
3 

and specific length 1.09-3.90 cm/gm and of 

functional properties obtained:WAI were 4.11-8.23%, WSI were 6.41-11.74% and WHC were 

2.64-8.83%. Over all acceptability is in the range of 4.7-8.24.The textural data were evaluated 

by breaking strength test with the help of cylindrical probe TA-XT whose values indicates 

between 0.4 to 0.80 N/mm
2
. The sensory scores of the extruded products had a mean value 

greater than 5, and rated acceptable by sensory panels. 

Keywords: Extrusion physical properties, Optimization, Response Surface Methodology, lentil, 

corn. 
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CHAPTER ONE 

1. INTRODUCTION 

 1.1 Background 

Cereal grains are staple foods worldwide. They are used for production of different classes of 

foods; these include breakfast cereals such as corn flakes, breads, and pastries brewing of both 

alcoholic and non-alcoholic drinks. In different cultures and societies staple foods, are also 

produced for use as accompaniments for soups, gravies and stews and they supply the basic 

energy requirement of the consumers. They are also used for the production of different snack 

foods which are eaten to prevent hunger before main meals or just (as enjoyment) for the fun of 

eating them, but they are deficient in some essential amino acids like lysine. To produce 

nutritious products, cereals are usually fortified with pulse proteins (lysine).  

Maize is the most important cereal crop both in area coverage and production in Ethiopia. In 

nutritional terms, maize grain is mainly useful as a source of carbohydrate and energy. In recent 

years; the use of maize in Ethiopia has increased at a more rapid rate than other cereals. It is 

being used for human consumption, animal feed and as a source of raw materials in various 

industries. Generally maize plays a very important role in human nutrition especially in 

developing countries like Ethiopia. However, maize protein has poor nutritional value for human 

and other mono-gastric animals due to low levels of essential amino acids such as lysine, 

trypthopan and threonine. Therefore, introduction of snacks of lentil-cornmeal blend can greatly 

enhance the nutritional status of consumers.  

Lentil (Lens culinaris Medic.) on the other hand is an important crop belonging to the 

Leguminosae family used predominantly as a human food source. It is one of the prominent 

sources of plant proteins, having a protein content of 21–31% (w/w) (Urbano, Porres, Frias, 

2007). Storage proteins of lentils consist of about 80% (w/w) of total seed proteins (Adsule & 

Kadam, 1989). Legumes are important sources of nutrition in developing countries and in 

vegetarian diets. Lentils are leguminous crops that are excellent sources of protein, carbohydrate, 

fiber, minerals and nutrients.  

Grain legumes occupy an important place in human nutrition due to their higher protein content 

than cereal grains. They are particularly important for major segment of population in developing 

countries who cannot afford animal protein due to high costs. For example Majority of Indians 
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are vegetarians and they depend largely, for a major part of their dietary protein, on grain 

legumes (pulses). Grain legumes, complement cereals and make an ideal combination to provide 

protein quality matching that of animal products (Singh 1989). 

Pulses, including lentils, are used increasingly in health-conscious diets to promote general well-

being and reduce the risk of illness. As mentioned above lentils are particularly low in fat but 

high in protein (Iqbal et al., 2006), and are an excellent source of both soluble and insoluble 

fiber, complex carbohydrates, vitamins (especially B vitamins) and minerals (especially 

potassium, phosphorus, calcium, magnesium, copper, iron and zinc) yet lentils are inexpensive 

compared to other food sources with similar properties. Eating lentils may help lower blood 

cholesterol levels due to their high content of soluble fiber and vegetable protein (Anon, 

2006).Lentils can be beneficial in the management of type-2 diabetes since they have a low 

glycemic index (<55) suggesting that their impact on blood glucose levels is lower than that of 

many other carbohydrate containing foods (Anon, 2006). They have been shown to have low 

glycemic potential even when mixed with other grains (Hardacre et al.,2006). Lentils also reduce 

blood lipids that may help some serious complications of diabetes. 

Lentils are produced in the high altitude areas of Ethiopia. National average lentil yields of 

Ethiopia since 2002 have been 509 and 876 (2008) kilograms per hectare. Chickpeas, a variety of 

beans and their mixtures, peas, cowpeas, sorghum and legume blends have been extruded, but 

there are very few studies on lentils (lens culinaris). Ethiopia is the 6
th

 lentil producing country 

in the world. 

In developing countries such as Ethiopia, where many people can hardly afford high protein 

foods due to their expensive costs. There is urgent need for cheaper foods rich in protein for 

individuals, taking into consideration their age, sex, physical activity and physiological needs. 

The diet of an average Ethiopian consists of foods that are mostly carbohydrate based. There is 

therefore the need for strategic use of inexpensive high protein resources that complement the 

balanced amino acid profile of the staple diet in order to enhance their nutritive value and 

overcome malnutrition problem.  

Extrusion cooking technologies are used to manufacture many forms of food stuff from cereals 

and other ingredients. The range of products includes breakfast cereals, snack foods, pregels 

(modified starches used in food products), breading crumbs and animal feeds. Ingredients, such 

as maize flour and grits, wheat flour and other food components, are passed through an extrusion 
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cooker under pressure, mechanical shearing stresses and elevated temperature, and expand 

rapidly as they are forced through the outlet die (Riaz, 2000). During this process, mechanical 

energy is transformed into heat by viscous dissipation in the starch paste. Temperatures inside 

the barrel of an extruder can range from 100 to 200
o
C and moisture content can be from 13 to 

30% depending on the characteristics of the end-product required.  

Extrusion cooking of cereal flours into a wide variety of products is well documented, but 

extrusion of starchy legumes has been studied to a lesser extent. Extrusion cooking is used to 

texturize starch and protein based materials. Extruders minimize the operating costs and higher 

productivity than other cooking process, combining energy efficiency and versatility (Ficarella et 

al., 2006). The evolution of snack foods has been classified as the first, second, and third 

generation snacks. Third-generation snacks are indirectly, expanded snacks made by extrusion 

processing followed by additional puffing steps by deep-fat frying or hot air stream to achieve 

the final texture (Moore, 1994).  

There are anti-nutritional factors in lentil that are a major factor responsible for lowering the 

availability of minerals and some proteins. However, Thermal processing reduces the anti-

nutritional factors in lentils (Stewart et al., 2003; Vidal-Valverde et al., 1994). So the effect of 

extrusion cooking will lowers anti-nutritional factors to the acceptable level. 

Several researchers have reported that inclusion of lentil in the daily diet has many beneficial 

effects in controlling and preventing various metabolic diseases, such as diabetes mellitus and 

coronary heart disease (Tharanathan and Mahadevamma,2003). In addition, pulses have been 

considered to be appropriate for weight management; they have low fat content and are rich in 

protein, fiber and resistant starch, which lead to delayed gastric emptying, resulting in an earlier 

sense of fullness during a meal, reduced hunger, and increased satiety after a meal (Dilis, 2009).  

The ultimate goal of this work is to develop Ready-to-Eat snack food product from a blend of 

lentil-cornmeal bled by using a Twin screw extruder and optimize extrusion conditions or 

parameters for the snack extrudate. Additionally, the study describes changes in the 

physicochemical properties of the product with moisture content of feed, barrel temperature and 

screw speed of the extruder and functional properties of the products such as water absorption 

index (WAI), water holding/hydration capacity (WHC),water solubility index (WSI) and sensory 

as well as textural analysis. 
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The findings may offer scientific basis for processing of food for humans in to RTE(Ready To 

Eat) snack food through optimization processes. 

1.2 Statement of the Problem 

Protein-energy malnutrition has been identified as one of the problems in Africa. Attempts have 

been made for combating this nutritional problem by developing nutritious foods of high protein 

and energy value (carbohydrate) based on cereal-legume combinations. 

Ethiopia is one of under developed countries with GDP of $100 per year. Consequently, animal 

products like meat, milk, egg are expensive and not healthy to the medium and higher income 

based people even though the majority of our society is not conscious of the nutritional value of 

the food. 

Lentils have a low glycemic index (GI), meaning they release glucose slowly into the blood 

stream, which leads to minimal fluctuations in blood glucose levels and a more stable insulin 

response, which is particularly beneficial for people with diabetes. Even though Ethiopia is one 

of the biggest lentils producing country in the world. There is no variety of foods from lentil in 

the market. 

Whereas maize grows in a wide range of agro-climatic conditions with reduced cost of 

production, but it is not being used enough as that of teff and other cereals in developing 

countries especially in Ethiopia. There is lack of awareness replacing normal maize with that of 

legumes in Ethiopia and other African countries to increase the protein content of the food.  

Imported or commercially developed foods generally are not used by most Ethiopians and most 

Africans due to high cost and poor availability. Therefore, to improve the quality of diets from 

maize; maize should be supplemented with legume (in this case lentil) to produce snacks besides 

the production of such kind of food with the available raw materials modifies the food 

consumption as well as healthy and nutritionally rich foods availability in the market to the 

community.  

Processing of lentil and cornmeal extruded product can increase the variety of lentil based foods 

in the country. The product can be used for diabetes and for those who have gluten problem as 

the product is produced from raw material which is gluten free. 

The high lysine content of legumes improves the nutritional quality of cereals by complementing 

their limiting amino acids (sulphur-containing amino acids are limiting in legumes and relatively 

high in cereals, whereas lysine is limiting in cereals and high in legumes). Since Corn and Lentil 
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mutually supplement each other in terms of limiting amino-acids, blending of the two in the 

correct ratio generates a good protein source that should alleviate the negative features caused by 

malnutrition among vulnerable people in developing countries like Ethiopia.  

Hence it is possible to produce a ready-to eat snack from these blends which has a potential to 

improve nutrition and maximize utilization. The ever growing demand is due to population 

growth and urbanization, consumer preference and diet changes, increased consumption of food 

away from home, increased participation of women in labor force, convenience and ease of 

storage and cooking are forcing to use ready-to-eat snacks. Thus there is a need to process such 

food stuffs hereby substituting the imported ones with less cost, maximize the availability, 

accessibility at optimum conditions and also increase the varieties of food for consumption.   

This is also important that many people now work outside their homes and are becoming more 

dependent on snacks for the supply of part of their daily nutritional requirements. It is therefore 

necessary to produce a highly acceptable snack with high nutritional quality that could be useful 

in nutritional programmers to combat malnutrition and nutrient deficiencies. The supplement 

snack are also useful in the diet of normal, convalescent malnourished, or malnourished infants, 

adults and small children and even school aged groups thus tends to confirm the protein 

efficiency ratio (PER). No doubt, the blends prepared of these cereals have better protein quality, 

carbohydrate, fibers, and minerals profile. Therefore, creating awareness and providing nutritious 

and relatively inexpensive product is expected from those who have the knowledge and skill of 

science and technology of the food products and processes, so that they can contribute in 

building healthy food consumption for the society.  

The main aim of this research is to study the effect of extrusion processing conditions and 

optimization for the production of healthy snack foods by extrusion cooking which satisfies 

healthy nutritional demand of the population in developing countries by supplementing lentil 

(legume) to cornmeal (cereal) for the production of snack and cereal based breakfast as lentils 

have higher fiber content and moderate protein among legumes. 

1.3 Objectives 

1.3.1 General Objective 

The general objective is to study the effect of processing conditions and optimization of both 

experimental set up and processing conditions for production of gluten free lentil-corn meal 

blend extruded food products. 
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1.3.2 Specific Objectives 

The specific objectives of the research will be to: 

 Conduct proximate analysis of raw materials and physicochemical analysis of products. 

 Study the effects of blend ratio, barrel temperature and moisture content of feed on 

extrudates in extrusion processing.  

 Study the effect of processing on the sensory qualities of the extrudate.  

 Extrusion process optimization by RSM method.   

1.4 Significance of the Study 

Some traditional method such as cooking or boiling, roasting and soaking of legumes and cereals 

for certain perspectives will help to identify suitable processing method, but extrusion processing 

is based on the enhancement of bioavailability of macro, micronutrients and trace elements in 

lentil-corn blends for the production of commercial lentil and corn meal blend extruded food 

products. 

This research paper will show the possibility of using lentil in supplementation of normal maize 

as a means reducing malnutrition in Ethiopia which is 46 % (Evans UW Request 98 Productivity 

of Ethiopian Ag, October-12-2010) and will again show the possibility of using legumes as 

supplementation in order to increase the nutritional value by maintaining organoleptic 

characteristics of snack and cereal break fasts. 

The study is believed to be significant in that it will:  

 Make the people to use lentil in their diet by supplementing it to corn to increase protein 

status and fiber content of the extrudates. 

 Make alternative means of cereal based foods during animal protein is prohibited for 

diabetics patients and during fasting time. 

 Reassure the consumers that the snack product from corn and lentil flour blend is safe 

and healthy for consumption and suggest technologies and processing conditions for 

production of quality lentil-corn blend extruded products. 
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 CHAPTER TWO 

2. LITERATURE REVIEW 
 

The majority of products in snack food market are made of starch. Proteins are only used to 

produce products that have meat-like characteristics and are used either as full or partial 

replacement for meat in ready to eat foods (Guy, 2001).So the addition of legumes in snack 

production can be used for protein replacement in developing countries where animal protein 

availability is limited and for people who do not consume animal protein in any cases.  

Increase in the cost of traditional sources of protein in many populations of the world today had 

necessitated the consumption of plant proteins as extenders or replacement for animal protein ( 

Anuonye, 2007). Several authors (Iwe, 2004) had advocated for cereal/ legume blending in the 

face of deepening problems of hunger and malnutrition in the least developed countries (LDCs’). 

Several reports have shown that complementation could be achieved by mixing legumes and 

cereals, which abound in the tropics (Anuonye et al., 2007). 

Grain legumes occupy an important place in human nutrition due to their higher protein content 

than cereal grains. They are particularly important for major segment of population in developing 

countries who cannot afford animal protein due to high costs. For example Majority of Indians 

are vegetarians and they depend largely, for a major part of their dietary protein, on grain 

legumes (pulses). Grain legumes, complement cereals and make an  ideal combination to provide 

protein quality matching that of animal products (Mehta and Singh, 1989). 

 2.1. Composition, Physical and Functional Properties of Maize and Lentil 

2.1.1. Chemical Composition and Physical Properties of Maize 

The kernels are often white or yellow in color, although black, red and a mixture of colors is also 

found. There are a number of grain types, distinguished by differences in the chemical 

compounds deposited or stored in the kernel. 

The major parts of the maize kernel are the endosperm and the germ, which contain most of the 

starch and oil, respectively. 



8 

 

 

 

 

 

 

 

 

 

 

Figure 1: Cross-section of corn showing location of major components 

Table 2:1 Distribution of major components (chemical composition) of corn 

 

Physical characteristics indicate relative excellence of a grain based on sensory estimates of 

color, appearance, size, weight, volume and density. These attributes determine consumer 

acceptability and marketability. Preliminary acceptance or rejection of a food/grain usually is 

based on the physical characteristics such as color, appearance, size etc. 

2.1.2. Functional Properties of Maize 

The properties such as particle size, dispersability, swelling power, solubility and viscosity play 

an important role in product development. 

 

 



9 

 

A. Particle size 

Particle size of flours is an important determinant of product quality in terms of texture, viscosity 

and dough handling properties. Variations may be attributed to the grain components, grain 

structure, pericarp thickness, and varietal differences or due to processing techniques employed 

(Wang et al., 2005). 

B. Dispersability, swelling power and solubility 

The property of dispersability determines the tendency of flour to move apart from water 

molecule and shows its hydrophobic interaction. Okaka and Potter (1997) reported that water 

absorption of maize is influenced by processing methods affecting starch gelatinization and 

swelling power. 

C. Viscosity 

Viscosity is a property of flour to resist in their free flow. The enzyme activity which accelerate 

in the initial period of cooking and culminate into a higher hydrolysis of starch. Thus, it is 

beneficial process qualitatively and also quantitatively via increasing the concentration of flour 

and the porridge/beverages. 

2.1.3. Chemical Composition, Physical and Functional Properties of Lentil 

2.1.3.1. Proximate Composition of Lentils 

The chemical composition of lentil seeds indicates that lentils can be the ‘perfect diet’ as they 

contain little fat (1–2%) and large concentrations of proteins with an energy value of 24–32% 

and minerals (iron, cobalt and iodine) (Kowieska and Petkov, 2003). Savage (1988) reported that 

lentils by virtue of their high protein content could be processed to produce many products 

similar to those produced from soybeans. Leucine was the major essential amino acid in lentil 

flour. Lentil is rich in lysine and arginine, and can fulfill the essential amino acid requirement 

except for the sulfur-containing amino acids and tryptophan (El-Zoghbi, 1998). 

Pasantes and Flares (1991) reported taurine content of lentil as 25nmol/g, 50% of which is 

leached out during soaking, while the cooking procedures in the absence of presoaking did not 

affect the same. Sanchez et al. (2002) reported that lentil contained higher concentrations of non 

starch polysaccharides than cereals and a greater portion was in the form of soluble non-starch 

polysaccharide. Paliwal et al. (1987) reported that lentil chuni(groats), a byproduct from the 

lentil processing industry produced during dal manufacturing, contains 23.3% crude protein, 
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1.6% ether extract,21.6% crude fiber, 48.2% nitrogen-free extract and 5.2% total ash. Candella.et 

al. (1997) reported that cooking decreases the mineral content of lentils where as warm holding 

practices resulted in decreased isoleucine, valine and leucine and significant increase in lysine, 

phenylalanine and tyrosine. 

Table 2:2 Distribution of chemical constituents in the different anatomical parts of lentil   

 seed 

 

 Table 2:3 Proximate composition of lentil 

Nutritional value per 100 g (3.5 oz) 

Carbohydrate Protein Ether extract/ 
Crude fat 

Crude 

fiber 
Ash Moisture 

60 g 26 g  1 g 31 g 2.6 10.4 g 

 

2.1.3.2. Functional Properties of Lentils 

Functional properties are defined as the physical and chemical properties which affect the 

behavior of proteins in food systems during processing, storage, preparation and consumption 

(Kinsella,1976). 

Because of its high average protein content and fast cooking characteristics lentil is the most 

desired legume in many regions (Singh, 2009). Lentils are prepared in several methods including 

Soaking, boiling, sprouting/germination, fermentation, frying and dry-heat methods. Other ways 

to benefit from it is processed lentil, lentil snacks and medicinal uses (Singh 2009).Lentil straw 

is also a valued animal feed due to low cellulose containing (Erskine et al., 2009).  
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Properties of most interest in food processing include solubility, water binding, fat binding, 

emulsification, foaming, gelation, thickening and flavor binding. Functional properties exhibited 

by food proteins are determined by their amino acid composition, protein structure and 

conformation (e.g., surface hydrophobicity, hydrophobicity/hydrophilicity ratio), as well as 

processing conditions such as pH, temperature and the interactions that occur between proteins 

and other food components (e.g. salts, fats, carbohydrates and phenolics). 

A. Solubility 

The solubility of most pulse proteins is highest at low acidic and high alkaline pH values. 

Solubility markedly decreases near the isoelectric point, generally between pH 4 and pH 6 for 

most pulses. Torki, Shabana, Attia, and El-Alim (1987) studying the solubility of albumins and 

globulins extracted from chickpea and lentil flours over a wide pH range reported isoelectric 

points of 3.9 and 4.2 for the albumin and globulin fractions for chickpea, respectively, and 3.7 

and 4.3, respectively, for lentil. The solubility of the chickpea albumin was 79% at pH 2, and 

94% at pH 9.5. Solubility for lentil albumin was 95% at pH 7.8 and 77% at pH 1.8, and 89% at 

pH 8.9 for lentil globulin. 

B. Water binding capacity 

Water binding capacity (WBC) (sometimes also referred as water absorption capacity (WAC)) 

may be defined as the amount of water that can be absorbed per gram of protein material. The 

methods used for these measurements are sometimes different. WBC/WAC measurements are 

important for food processing applications. Materials that have low WBC/WAC may not be able 

to hold water effectively while materials having high WBC/WAC may render food products 

brittle and dry, especially during storage. 

C. Fat binding capacity 

Fat or oil absorption capacity (FAC, OAC), also sometimes referred to as fat or oil binding 

capacity (FBC, OBC), is calculated as the weight of oil absorbed per weight of protein powder or 

legume flour. 

D. Emulsifying properties 

Emulsifying activity (EA) and emulsifying stability (ES) are two indices often used to evaluate 

the emulsifying properties of protein flours. Proteins act as emulsifiers by forming a film or skin 

around oil droplets dispersed in an aqueous medium, thereby, preventing structural changes such 
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as coalescence, creaming, flocculation or sedimentation. Emulsifying properties of proteins are, 

therefore, affected by their hydrophobicity/hydrophilicity ratio and structural constraints which 

determine the ease with which they can unfold to form a film or skin around dispersed oil 

droplets. In a simplified system, EA measures the amount of oil that can be emulsified per unit of 

protein, whereas ES measures the ability of the emulsion to resist changes to its structure over a 

defined time period. 

E. Foaming properties 

The most frequently used indices for measuring foaming properties are foam expansion (FE), 

foam capacity (FC) and foam stability (FS). Foams are formed when proteins unfold to form an 

interfacial skin that keeps air bubbles in suspension and prevents their collapse. Foam formation 

is important in food applications such as beverages, mousses, meringue cakes and whipped 

toppings. Different protocols are reported in the literature for measuring the foaming properties 

of proteins. In general, for measuring FE and FC, protein dispersions at specified concentrations 

are homogenized at high speed to induce foam formation. FC or FE is expressed as the volume 

(%) increase due to whipping where as foam stability is measured as the change in the volume of 

foam over a specified period (0–30 min). 

F. Gelation (least gelling concentration) 

Protein gelation is important in the preparation of many foods (e.g., puddings, jellies and in 

many dessert and meat applications).An important index of gelling capacity is the least gelling 

concentration (LGC) which may be defined as the lowest concentration required to form a self-

supporting gel. Proteins with lower LGC, therefore, have greater gelling capacity. The effects of 

pH, sodium chloride and calcium chloride on the gelation properties of chickpea protein isolates 

(CPI) (91.5% protein) investigated by Zhang et al.(2010) indicated that an LGC of 140 g/L was 

required to form a gel at pH 7.0 with deionized water, whereas 180 g/L was required at pH 3.0. 

The LGC decreased to 100 g/L at pH 3.0 when 0.1 M NaCl was added which suggests that 

environmental conditions such as pH and ionic strength affected the gelation properties of CPI. 

Furthermore, the authors found that at pH 3.0 the gel strength for the samples containing CaCl2 

was stronger than for those with NaCl. 

2.1.4. Uses of Maize and Lentil 

More than 500 products are obtained from maize, which is used in three main ways: 
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 Human food, especially in the tropics and in Africa. Maize grain lacks gliadin, one of the key 

proteins of gluten, and so cannot be made into leavened bread. Its protein is poor quality and 

is deficient in niacin.  

 Animal food (“stover”); maize supplies two thirds of the total trade in food grains. Compared 

with other cereal grains, maize has less fiber, less protein (and of lower value) and fewer 

minerals, but has a higher net energy content and is more easily digestible. The whole plant is 

often used as a forage crop in Northern Europe, where cool climates limit the efficient 

production of crops of maize for grain. 

 Raw material for industry: both the grain and cobs are used, in adhesives, explosives, textile 

sizing, dyes, plastics, chemicals, paper and wallboard, paints, maize starch, for brewing and 

distilling, etc. 

Lentil is an important legume since it has higher protein amount and quality than cereals; it is 

also rich in vitamins and mineral constituents in addition to being a protein source. Furthermore, 

it provides amino acid balance when consumed with cereals. It is rich in respect of fiber 

(pomace) and thus it helps overcoming hunger and balancing the appetite. Lentil is rich in 

calcium (Ca) (which is necessary for the development and overall health of bones), iron (Fe) 

(which forms blood in the metabolism) and vitamin B (which helps the nervous system to work 

efficiently). Lentils are commonly used in soups, stews, casseroles and salad dishes. 

More over the products produced from lentil and corn are gluten free and can be used for Celiac 

Disease, or coeliac disease patients, inability to digest the protein gluten found in wheat, barley, 

and rye. The only treatment for these patients is a lifelong diet completely free of foods 

containing gluten. 

2.1.5. Anti-nutritional Factors of Maize and Lentil Grains 

The nutritive value of maize is inadequate due to its deficiency in the essential amino acids 

(lysine and tryptophan). Corn has lower nutritive value than that of wheat due to the presence of 

anti-nutritional factors such as phytate. Phytate is very efficient as storage form of phosphorus 

and hydrolyze rapidly in the germinating seed. It has strong binding capacity but phytate levels 

are reduced during certain food processing such as fermentation and cooking, soaking and 

germination and malt pretreatment. Other Anti-nutritional factors (tannin and polyphenols) also 

reduce the nutritive value of maize. 
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Legumes seeds are also an important source of dietary minerals with potential to provide all 15 

of the essential minerals required by man with a low concentration of certain minerals (Fe, Zn 

and Ca) relative to animal food products. Minerals from plant sources particularly those from 

plant seeds are less bio-accessible than those from animals’ sources due in part to phytic acid, 

tannins and fiber content. Those anti-nutritional factors chelate dietary mineral in the gastero 

intestinal tract reducing their bio accessibility and bioavailability. 

Lentils contain tannins in the seed coat but not in cotyledons (Vaillancourt et al.,1986). In small-

seeded lentil (microsperma) with red cotyledons even this is not important as the testa is 

frequently removed before use in culinary preparations. The macrosperma (large-seeded) lentils 

also contain tannins, which can cause digestive disorders. 

Williams et al.(1983) reported that lentils have relatively low levels of these anti-nutritional 

factors compared to other pulse legumes such as faba bean which is considered to have the 

highest concentrations. Tannins can impart a bitter flavour to the food as they are present in high 

concentrations in the seed coat of lentils. However, they can be removed by processing 

(Williams et al.,1983), most often and easily by removing the seed coat. Lentils exhibit a 

considerable amount of non-nutritional compounds like trypsin inhibitors, tannins or phytic acid 

that are able to interfere with the availability of several nutrients. Different processing conditions 

that range from the traditional soaking/cooking to germination, fermentation, or several thermal 

treatments, are usually employed to improve the organoleptic properties of lentil seed and its 

nutritional value through reducing the negative effect of the above mentioned non-nutritional 

components. In addition, technological treatments may significantly enhance the functional and 

beneficial health properties of the processed lentil food products, making consumption of this 

legume an appealing alternative for today’s world. 

2.2. Industrial Maize and Lentil Processing 

2.2.1. Handling, Grading, Storage and Maize Processing 

A wide variety of maize meal types, particularly in Eastern and Southern Africa are produced by 

dry milling. New trends in production methods such as fortification are also coming with added 

challenges. White Maize meal is stored at various stages of commerce right from production, 

distribution and as it is being utilized and consumed. The unfavorable climatic conditions of 

Africa do pose a challenge to the storage of this important staple food during distribution. Being 
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a staple food, white maize meal consumption in Africa is very important as it contributes 

significantly to caloric and protein intake. The importance of maize meal is also amplified by the 

home and industrial food applications in Africa. 

2.1.1.1. Maize De-hulling and Milling 

Husk or hull often refers to the leafy outer covering of an ear of maize (corn) as it grows on the 

plant. Husking or Dehulling of corn is the process of removing its inner layers, leaving only the 

cob or seed rack of the corn. This process is done mostly manually in Africa. 

The non-degerming system grinds maize grain into meal with little, if any separation (Johnson, 

2000).This process yields whole meal, which contains the bran, germ and endosperm in the 

proportions found in the whole kernel. Whole meal is produced by three types of mills: - stone, 

plate, and hammer. The former two techniques were used a long time ago, but can still be found 

in use in very remote rural parts of Africa. Hammer mills are by far the most common technique 

for making whole meal in Eastern and Southern Africa. Hence, the non-degerming system is also 

referred to as the hammer milling technology. Hammer mill technology does not separate the 

bran, germ and endosperm, but simply shears and grinds the whole kernel or whatever part of it 

is fed into the hopper. The broken grain is sheared in the milling chamber until its size is 

sufficiently reduced to pass through the holes of a screen surrounding the hammers. The most 

typical whole meal product (96-99 percent extraction rate) is variously called posho meal in 

Kenya, mgaiwa in Malawi, and mugayiwa in Zimbabwe (Jayne et al., 1995) and Zambia. 

Hammer milling technology is generally small-scale in nature (Jayne et al., 1995), and is mostly 

operated as a family business. 

2.1.1.2. Maize Flour Production 

There are significant variations in the type of maize meal consumed in Eastern and Southern 

Africa. Maize meal is produced by a dry-milling process. The objective of dry-milling is to 

separate the maize kernel into its anatomical parts (endosperm, bran and germ).  

Maize in its different processed forms, but particularly in the form of maize meal, is an important 

food for large numbers of people in Africa, providing significant amounts of nutrients, in 

particular calories and protein. The grain constituents such as starch, fat and fiber influence the 

functional properties. 
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Figure 2: Flow diagrams for the manufacturing maize flours  

2.2.2. Handling, Grading, Storage and Lentil Processing 

2.2.2.1. Cracking and Dehulling of Lentil 

Cracking and de-hulling; after the necessary cleaning process, the raw seed were feed in to 

decorticator and the lentils are cracked almost into pieces. Then the cotyledons and the hull were 

separated. Finally, the hull was weighed and its percentage as compared to the initial seed weight 

was calculated.  

2.2.2.2. Lentil Flours 

Flour made from lentils is gluten free and is a nutritious alternative to wheat based products for 

people with celiac disease a condition which damages the small intestine, interferes with 

absorption and makes sufferers intolerant of gluten. Lentil is very well suited to vegetarian diets 

as they are a good source of protein and iron, and complement the amino acid profile of cereals 

and nuts (Anon, 2006; Iqbal et al., 2006). The consumption of insoluble fiber can help maintain a 

healthy colon and so reduce the risks of colon cancer. Diets high in fiber also help with weight 

loss because they deliver more bulk and less carbohydrate. Lentils are also an excellent source of 

vitamin B9 (folic acid) which is an essential nutrient especially during pregnancy where it has 

been shown to reduce the risk of neural tube defects. 
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Figure 3: Flow diagrams for the manufacturing lentil flours 

2.3. Ready-to-Eat Cereals 

In this century, cereal grains have found significant uses as breakfast foods. Breakfast cereal 

technology has evolved from a simple procedure of milling grains for cereal products that require 

cooking to the manufacturing of highly sophisticated ready-to-eat (RTE) products that are 

convenient and are quickly prepared. Ready-to-eat breakfast cereals are defined as ‘processed 

grain formulations suitable for human consumption without further cooking (Fast, 1987). RTE 

cereals fall into five broad categories: flaked, puffed, extruded, whole grain and granolas 

(Valentas et al., 1990).The first form of RTE cereal products available to the consumer was 

flaked cereal grains and for many years ,the most popular flaked cereal has been corn flakes 

(Lorenz and Kulp 1991). The processes for making the Flakes are simple and result in products 

that are well cooked and have acceptable flavour. 

2.3.1. Ready-to-Eat Breakfast Cereals 

Expanded RTE cereals are manufactured from mixtures of cereal flours and starches combined 

with small amounts of malt, fat, sugars, emulsifiers, and salt (Miller, R.C., 1994). Extrusion is 

one of many techniques to manufacture RTE cereals. 
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2.3.2. Snack Foods 

The name snack foods cover a wide range of food products. They are consumed as light meals or 

a partial replacement for a regular meal. Often snacks are eaten while travelling or watching 

sports and other entertainments. The general range of snack foods include products such as nuts, 

biscuits and merge into confectionery and meat products with count lines and jerky beef. 

However, the main sector, which is defined clearly as snack foods, contains the major snack 

products such as popcorn, potato chips or crisps and baked or fried snacks and starch-based 

snacks. There are many ingenious variations in the processes used by the industry, which serve 

to increase the range of products manufactured. A number of the most important processes are 

carried out using extrusion cookers as part of the production line. 

The snack industry has been linked closely to the development and use of extrusion cookers for 

over sixty years. However, snack products predate extrusion cooking, having their origins in the 

traditional handmade products from earlier centuries. The classic examples of such products are 

puffed grains, prawn crackers and kerpok of the Far East and the tortilla snacks of South 

America. 

Snack foods have become an established part of life style.  In 1984, snack foods accounted for 

only 17% of total calories, but that number is expected to rise to 32% by 2005.  People are 

consuming more snacks as meals, and more meals are snacks so that new snack food 

compositions are designed to be balanced meals (Shukla, 2000).  

The world snack food market reached an estimated $66 billion in 2003, with the United States 

accounting for about a third of it. As lifestyles in other parts of the world become more 

westernized, the global demand for snack foods continues to increase and evolve. The market is 

dominated by a few major companies concentrating on efficiencies in their supply chain, 

manufacturing, and distribution, as well as on process and product development, market 

research, and advertising. However, many small companies are also flourishing by concentrating 

on specialty snacks for which the consumer is willing to pay a premium. 

Extrusion cooking and ancillary processing machines have enabled these products to be taken 

from the cottage industry scale to be mass-produced at the rate of several tons per hour and to be 

made in many variations of form and recipes. At first the numbers and varieties of snacks may 

present a confusing picture to the food scientist and technologist trying to compare them and to 
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understand their critical processing steps. For the modern industry there are several forms of 

snack products. The major types of snack foods are:- 

1. Raw cut vegetable snacks 

The fried potato slice has been developed into the best selling of all the snack products. It is based 

on thinly cut fresh potato, which is cut and washed before frying. This process dehydrates and 

creates a little expansion in the potato structure to form a golden colored crispy product.  

2. Formed dough products from potato derivatives 

The simplest snack products are made from dough of dried potato derivatives and water. This 

dough is mixed to a thick consistency formed by extrusion, or sheeting, and cut into small pieces 

such as tubes or discs. The moist dough pieces are passed into a frying bath to be puffed and 

dehydrated to form crispy products. 

3. Formed dough products from maize derivatives 

The second form of moist dough product is made from whole maize grains. These grains are 

cooked in water, washed and milled to form dough. The soft dough can be extruded, or sheeted, 

and cut to form moist pieces in the shape of flat strips or triangles. The pieces of moist dough may 

be fried or baked to form the crispy snacks. 

4. Half-product or pellet snacks 

The half-product snack is very similar to the formed dough in its origins. There are two routes to 

the product via precooked or raw materials. It may be prepared by mixing pre-gelatinized starch-

based raw materials into dough. Alternatively, the process can also begin by cooking raw starch 

based materials in an extrusion cooker to obtain the gelatinized starch dough, thereby simulating 

the method used in ancient cottage industries. 

5. Directly expanded extruded snacks 

The modern industrial snack was created in the early1940s with the manufacture of the first 

directly expanded snack from maize. In this process raw maize grits are fed into an extruder at 

low moisture to create a very hot melt within the barrel at temperatures of 140 to 180ºC. It was 

found that a snack product could be created by releasing a continuous stream of the hot melt fluid 

from a small hole. As the pressure is released the melt stream generates water vapour and expands 

in microseconds to form foam, which can be cut into portions by a rotating knife. The ribbon of 

foam is cut into short lengths of highly expanded crispy snack known as corn curls or puffs. 
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6. Popcorn and puffed wheat 

The simple snack formed by heating popping maize in a saucepan is a highly expanded snack of 

greater specific volume than any other type of snack. A similar type of product can also be made 

from other cereals such as wheat and rice. Instead of utilizing the strong hull of the grain as with 

popping maize the other cereals can be puffed by heating them under pressure in puffing guns or 

chambers.  

7. Related processes, such as snack biscuits and bread sticks 

There are other snacks, which may borrow processing techniques from the main categories listed 

above or be similar in their mechanism. For example the simple dough products such as 

breadsticks, Melba toast and snack crackers are closely related products that rely on heating and 

dehydration to form their crunchy brittle structures. 

In general, direct expanded products are made using high-shear extruders. Other categories of the 

direct expanded foods are crisps or flat breads, which are produced using the twin-screw extruder 

technology (Moore, 1994). Also, twin-screw extruders can be used for cracker production.   

2.4. Extrusion Cooking Technology 

2.4.1. Extrusion Cooking and Its Application 

Extrusion cooking is a unique food processing technique that has been used by the food industry 

for many years. It has been responsible for creating many successful breakfast cereals, snacks 

and other directly puffed food products. It is a high-temperature short time continuous process 

that combines multiple unit operations; including mixing, cooking, kneading, shearing, shaping 

and forming (Fellows, 2009). A basic overview of the process is as follows: dry material is fed 

into an open barrel along with a set amount of wet material. Within this barrel is either a single 

or twin co-rotating or counter-rotating large threaded screws, which move the material along the 

barrel while shearing and kneading the dry and wet materials together. As the material moves 

along the barrel, heat is increasingly applied in multiple zones, cooking the material and 

increasing the pressure within the barrel. Once the material reaches the end of the barrel, it exits 

through a small die, which can be shaped to depending on the being flashed off as steam, which 

is responsible for puffing. 

This process has been popularized for multiple reasons: microbial safety, low cost and ease of 

use, among others (Guy, 2001). There are multiple parameters within that include screw speed, 
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dry or wet feed rate, and barrel temperatures of varying zones. The process can also utilize many 

different types of starches, resulting in varying degrees of expansion as investigated by Guy. 

Incorporating proteins at high concentrations, as this research has aimed to do, have typically 

been investigated in high moisture conditions to create textured proteins, typically used as meat-

substitutes (Fellows, 2009). This research has focused on utilizing high concentration of protein, 

while decreasing the moisture levels to what is typically seen in puffed snack foods, resulting in 

the creation of a novel food form.  

Extrusion cooking process has become an increasingly popular procedure in the cereal, snack, 

and pet food industries, which utilize starchy and proteinaceous raw materials (Lin et al., 2002).  

Extrusion cooking is a versatile, efficient method of converting raw materials into finished food 

products.  In  extrusion, whole  or  processed raw materials  are  forced  through  a  barrel  using  

a  screw with variable  configurations  and  are  allowed  to  pass  through  a  die  at  the  end  of  

the  barrel.  Its advantages include energy efficiency, the lack of process effluents, and versatility 

with respect to ingredient  selection  and  the  shapes  and  textures  of  products  that  can  be  

produced. Several parameters affect the quality of the end product. Product quality can vary 

considerably depending on  the  extruder  type,  screw  configuration,  feed moisture  and  

temperature  in  the barrel  session, screw  speed and  feed  rate  (Qing-Bo et al., 2005). The 

majority of  these parameters are closely interrelated  and  the  key  to  obtaining  a  quality  

product  is  to  find  the  best  combination  of them. Extrusion  cooking  can  make  traditional  

product  to  be  more  acceptable  in  the  fast  changing society (Assefa, 2008). Extrusion 

converts raw materials into shelf-stable finished food products with enhanced textural attributes 

and flavor. 

Raw materials, such as starches, flour, and proteins, are cooked and worked into viscous plastic-

like dough. Heat is applied directly by electric heaters or mechanical shear. Process temperatures 

can reach 200ºC, but the residence time is generally short, which may be 10- 60sec.  This type of 

extrusion is known as high temperature, short time (HTST) process. Heating ingredients quickly 

at high temperatures improves digestibility and minimizes detrimental effects, such as browning 

and production of off-flavors. Cooking extruders allow a wide range of moisture contents (10 - 

40%), of feed ingredients, cooking temperature (110-200ºC), and residence times.  In addition, 

the ability to vary the screw, barrel, and die configurations makes the cooking extruder highly 

versatile (Schuler, 1986).  The food extruder has been described as a continuous flow reactor 
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capable of processing bio-polymers and ingredient mixes at relatively high temperature under 

high pressures and shear forces at relatively low moisture contents. The extrusion cooking of 

food causes a series of chemical and physical changes occurring because of heating and shearing 

during the time of passage through the extruder. These changes encompass protein denaturation 

and cross-linking, starch gelatinization and dexturization, browning, denaturization of vitamins 

and enzymes, etc., and are obviously very complex.  The resulting properties of the cooked food 

are a composite of all components, which emerge from the extruder die (Harper, 1981).    

The properties of extrudates during extrusion process are influenced by the machine variables 

(e.g., barrel, screw, and die design), the extrusion variables (e.g., barrel temperature, screw 

speed, screw configuration, and feed rate), and the feed composition variables (e.g., protein, 

starch, fiber, water, lipid, sugar, and salt contents).  The interaction among all these variables 

transforms the feed materials leading to the changes in product qualities (Colonna et al., 1989; 

and Phillips, 1989).  To date, extrusion is used in the production of such diverse products as 

pasta, breakfast cereals, bread crumbs, biscuits, crackers, crisp breads, croutons, baby foods, 

chewing gum, texturized vegetable proteins, modified starches, pet foods, dried soups, and dry 

beverage mixes (Linko et al., 1976). Extrusion processing has become the standard operating 

system in most snack food industries throughout the world. 

2.4.2. Advantages of Twin Extruder 

Twin-screw extruders are used for production of a wide variety of food products and extrudate 

characteristics from starchy and proteinaceous ingredients depend on physicochemical changes 

occurring during extrusion. Independent variables such as temperature, screw speed and 

throughput along with screw configuration and die geometry result in system parameters such as 

mechanical and thermal energy input, and residence time (Gogoi,1996 ; Choudhury et al., 1999). 

Such intermediate parameters induce reactions that affect product attributes. Twin-screw 

extruders are operational at very low feed moisture (6%) requiring no or minimum post-

extrusion drying (Harper, 1989). In addition, they enable greater flexibility of operations to 

control product attributes by monitoring a desired time, temperature, and shear history because 

of the additional independent variable screw configuration. The screw is the principal component 

of a food extruder. It accepts feed material at the inlet, conveys, mixes, and forces the material 

through the die at the discharge (Harper, 1981). Twin-screw extruders use segmented designs 

which provide flexibility to alter screw geometry.  
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Extruder screws can be built from different types of conveying and mixing elements (kneading 

and reverse screw element). The kneading elements are mild flow restricting elements, and 

individually have no conveying effect. However, they can be combined and oriented to cause 

static mixing, and/or weak forward or backward conveying. The reverse screw elements are 

characterized by a reverse flight pushing the material backward. The pitch, stagger angle, length, 

location of screw elements defines a screw profile and are important parameters influencing 

extrudate characteristics during extrusion.  

Taste modification and texture improvement have been made possible by using twin screw 

extruders. The improved mixing and kneading functions of the twin screw extruders provide the 

transport and heat exchange required for texturization. Twin screw extruders can also be 

considered as bioreactors where the combination of high moisture (50-90%) elevated 

temperature and shear is used to promote the enzymatic breakdown of starch. The extrusion-

liquefied starch may be used for subsequent syrup manufacture (saccharification), or 

fermentation such as ethanol production.  

The overall efficiency of the saccharification process was significantly increased compared to 

conventional enzymic reactors (Linko,1976). Food materials are often heterogeneous and contain 

a variety of ingredients. Their properties depend upon the source, age, pre-treatment, processing 

history and are difficult to be characterized physically and chemically (Bhattacharya & Hanna, 

1987).  

During extrusion, starch molecules go under a variety of biochemical reactions such as 

gelatinization, and molecular degradation due to the thermal and mechanical treatment. The 

extent of the physical and chemical changes may depend on the type of the starch, moisture 

levels in the feed stream, presence of other constituents, machine characteristics, and residence 

time in the extruder, and screw configuration.  

Extrusion cooking is generally applied to starch rich or protein rich food mixes. Although most 

present applications deal with low moisture food mixes, recent research also concerns products 

with higher moisture contents (40- 80 %). The variety of food products being produced on food 

extruders continues to expand. Recent applications have gone far beyond the forming, cooking, 

expansion and texturizing of cereal and vegetable protein ingredients. The newer applications 

often utilize the extruder's ability to convey and heat viscous materials. An example would be the 
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continuous production of candies and chewing gums. To increase product variety, the co-

extrusion of food products has been an area of increased interest.  

2.4.3. Effects of Extrusion Variables on Extrusion Process 

I) Specific Mechanical Energy (SME) 

There are two sources of energy input to the extruder. One is the mechanical dissipation of the 

motor power through shear and inter-particulate friction in the extruder channel. This is the 

dominant source of energy during the processing of low moisture, highly viscous materials at 

high screw speed (Chiruvella et al., 1996).  The other source of energy is the electrical heat input 

transferred through the barrel wall. Under the low viscosity conditions with decreasing 

mechanical energy requirements, electrical heat energy input through the barrel becomes 

necessary for material transformation (Bhattacharya and Hanna, 1987).  The energy input by the 

extruder in transforming the material is measured by the specific mechanical energy (SME).  

This is a system parameter, defined as the energy provided by the motor drive to the material in 

the extruder per unit mass (J/kg).  It reflects the extent of thermo-mechanical cooking in the 

extruder and it is influenced by the moisture content, barrel temperature, screw speed, and 

throughput.  

II) Screw Configuration 

The conveying screws generate the pressure necessary for the material to flow through the 

mixing restrictions.  The degree of barrel fill can be indicated by information such as torque and 

pressure differentials (Frame, 1994). Mechanical energy that is not used for moving the dough 

down the extruder barrel is dissipated in it as heat and shear energy.  One of the ways to increase 

the amount of mechanical energy input into the dough is to include in the screw configuration, 

elements that interfere with transport.  These include mixing paddles, reverse screw elements, cut 

flights, and orifice plugs (Harper, 1989).   

A. Screw Speed 

Screw speed is one of the factors in the extrusion process that affects the degree of barrel fill, 

residence time, and the shear stress on the extruded materials (Colonna et al., 1989; Frame, 

1994). An increase in screw speed causes increased shear rate, increased potential for mechanical 

damage to the food molecules (Harper, 1986), decreased degree of barrel fill, and decreased 

residence time (Colonna et al., 1989: Frame, 1994). The measured torque and die pressure 
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changes with screw speed: as the screw speed increases, the value of torque is reduced because 

the degree of barrel fill becomes less. The viscosity of the material may also be reduced because 

of the increased shear (Frame, 1994). High shear rate at the die increases damage to the materials 

and reduces starch molecular size resulting in small pore extrudates, high solubility, and low 

mechanical strength (Harper, 1986).  

B. Residence Time 

Residence time determines the extent of chemical reactions and ultimately the quality of the 

extrudate.  It is also useful for scale-up and for verifying prediction of extrusion models.  Meuser 

et al. (1992), in a system analysis of the extrusion process, considered residence time as a system 

parameter that is the link between process variables (screw speed, mass flow, and moisture 

content) and product parameters (texture, taste, and other indices of material transformation).  

Gogoi et al.,(1996) suggested that while it is useful to be able to manipulate the process variables 

to produce a desirable product quality attribute, it is more practical to take a two-step approach. 

They proposed to relate process variables with system parameters, and then in a second step to 

relate system parameters with quality attributes of the extrudates. Accordingly they determined 

that increasing mass flow rate (a processing parameter) decreased the specific mechanical energy 

(SME), the mean residence time, and the spread of the residence time distribution (RTD).     

C. Temperature 

Barrel temperature profile is one of the important factors, which influence the quality of 

extrudates.  For direct-expanded products, the temperature of barrel near the die must be carried 

out at temperature above 100ºC to allow water evaporation into steam resulting in expansion of 

the starch matrix during exiting the die. For half-products, after dough is cooked in the extruder, 

they are forced through the die at a temperature below 10 ºC to prevent puffing (Moor, 1994).  

High temperatures increase product temperature resulting in a decrease in the dough viscosity 

and pressure in the die, and also affect the properties of extrudates by providing highly expanded 

products with large internal cell structures that are easy to break (Colonna et al., 1989; Lawton et 

al., 1985).  Frame (1994) stated that a decrease in temperature during the extrusion process could 

be caused by increasing water or oil content (function of lubricant), reducing screw speed, or 

reducing the severity of the screw configuration.  
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D. Pressure 

Pressure can be measured to infer the viscosity or consistency of the food material before it flows 

through the die. Material viscosity can be correlated to finished product characteristics and 

therefore serves as an important control variable for the extrusion process. Pressure changes 

behind the die can serve as an indicator of extrusion operations. Rapidly changing pressure 

signals is surging all of the detrimental consequences of that phenomenon (Harper, 1989).  

Levine et al. (1987) further postulated that the rate of change of pressure is an extremely rapid 

indicator of fluctuations in the moisture content or ingredient characteristics of the feed.   

2.4.4. Nutritional and Chemical Modification during Extrusion 

The process can induce both protein denaturation and starch gelatinization, depending on inputs 

and parameters. As with other forms of cooking, extrusion nutritionally achieves the following; 

inactivation of raw food enzymes, destruction of certain naturally occurring toxins, diminishing 

of microorganisms in the final product, slight increase of iron-bioavailability, creation of insulin-

desensitizing starches, which are a risk-factor for developing diabetes, loss of the essential 

amino: lysine, which is essential to developmental growth and nitrogen management, 

simplification of complex starches, increasing rates of tooth decay, marked increase of processed 

foods' glycemic indexes, destruction of Vitamin A (beta-carotene), extrusion is also used to 

modify starch and to pellet animal feed (James, G. Brennan,2002).  

Extrusion cooking is capable of converting soluble globular legume protein into material having 

fibrous and chewy texture (Harper,1981).  It is reported that soy protein concentrate has specific 

functional properties that enable it to modify the physical properties of food products. During 

extrusion cooking, starch or protein undergoes physicochemical changes (such as starch 

gelatinization, protein denaturation and hydrogen bond rupture) that result in new functional 

properties and substantial changes leading to greater or partial molecular disorganization. After 

extrusion, when starch dispersions are heated, starch polymer solubilization occurs and the 

properties of continuous phase and dispersed phases are influenced (SOPA,1999). 

In general, heating during extrusion improves the digestibility of proteins by inactivating enzyme 

inhibitions and denaturing the protein, which may expose new sites for enzyme attack. Bjorck et 

al. (1983) found that both the in vitro and in vivo digestibility of extruded starch was enhanced 

http://en.wikipedia.org/wiki/Protein_denaturation
http://en.wikipedia.org/wiki/Starch_gelatinization
http://en.wikipedia.org/wiki/Enzymes
http://en.wikipedia.org/wiki/Toxins
http://en.wikipedia.org/wiki/Microorganism
http://en.wikipedia.org/wiki/Type_II_Diabetes
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Glycemic_index
http://en.wikipedia.org/wiki/Beta-carotene
http://en.wikipedia.org/wiki/Modified_starch
http://en.wikipedia.org/wiki/Animal_feed
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by extrusion and that the degree to which this effect is produced is controlled by the severity of 

the extrusion process.  

2.4.5. Changes in Functional Properties of the extrudates 

Biopolymer transformation introduced by thermal and mechanical treatment markedly affect 

water absorption index (WAI) and water solubility index (WSI), consequently, such functional 

properties in the product are indicators of the phenomena that occur during cooking extrusion. 

The WAI and WSI are complementary measures of damage to the granule structure and starch 

solubilization which are obtained from the same test.  WAI is the weight of gel obtained per 

gram of insoluble. WSI expresses the percentage of dry matter recovered by evaporating the 

supernatant from the WAI determination and it is related to the quantity of soluble molecules. 

When plotted as a function of extrusion temperature, WAI of corn and sorghum grits reaches a 

maximum at 180-200
o
C (Anderson et al., 1969). WSI, however, increases progressively with 

increasing severity of thermal treatment. A rapid increase in WSI coincides with the decrease in 

WAI that occurs after peak value. The fact that certain product characteristic reach maximum 

with increasing severity of processing and others do not, makes modeling of the overall process 

difficult (Linko et al., 1976). 

Mercier and Feillet, (1975) and Anderson et al.,(1969) indicated a decrease in WSI with increase 

in moisture content of corn grits before extrusion. On the other end WAI and final cooked paste 

viscosity (50
o
C) increase with increasing moisture content. This phenomenon is believed to be 

caused by greater shear degradation of starch during extrusion at low moisture levels. According 

to Anderson et al., (1969) particle size and feed rate are also important. Grits coarser than about 

14 meshes received inadequate treatment during extrusion and at very high feed rate some 

material was under processed. Using grits of 16-20 mesh and operating the extruder with a 

retention time of about 30 sec. reduced the variations due to these factors. 

Charboniere et al., (1973) studied the changes in functional properties is various starches during 

extrusion. Their results indicated that WSI decreased with increasing amylose content. WAI 

increased with amylose content. This review indicates that there has been considerable work on 

the effects of extrusion conditions on functional properties. The results showed that the changes 

in WSI during extrusion cooking occurred only in the cooking zone. WSI changed rapidly at the 

beginning of this zone and then more gradually till the die. This trend was the result of the 

dependence of WSI on starch gelatinization in the extruder.  
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2.5. Response Surface Experimental Design 

An experiment is a series of tests, called runs, in which changes are prepared in the input 

variables in order to recognize the reasons for changes in the output response (Montgomery). 

Design of Experiments (DOE) is a powerful technique used for exploring new processes; gaining 

increased knowledge of the existing processes and optimizing these processes for achieving 

world class performance (Jiju Antony, 2003).Engineering experimenters wish to find the 

conditions under which a certain process attains the optimal results. That is, by careful design of 

experiments, they want to determine the levels of the design parameters at which the response 

reaches its optimum. The optimum could be either a maximum or a minimum of a response 

(output variable) which is influenced by several independent variables (input variables). One of 

methodologies for obtaining the optimum results is response surface methodology.  

Response Surface Methodology (RSM), invented by Box and Wilson, is defined as a collection 

of mathematical and statistical tools or techniques useful for modeling, analyzing and 

simultaneously solving problems in which a response of interest is influenced by several 

variables and the objectives is to optimize this response (Giovanni, 1983).Response surface 

methodology also quantifies the relationship between the controllable input parameters and the 

obtained response surfaces. It is a well known up to date approach for constructing 

approximation models based on physical experimented observations (Box et al., Montgomery). 

The main advantage of RSM is the reduced number of experimental runs needed to provide 

sufficient information for statistically acceptable results (Montgomery,2000). 

 Designing of a series of experiments for adequate and reliable measurement of the 

response of interest. 

 Finding the optimal set of experimental parameters that produce a maximum or minimum 

value of response. 

 RSM can be defined as a statistical method that uses quantitative data from appropriate 

experimental designs to determine and simultaneously solve multivariate equations, 

which specify the optimum product for a specified set of factors through mathematical 

models. These equations can be graphically represented as response surfaces which can 

be used in three ways: (1) to describe how the test variables affect the response; (2) to 

determine the interrelationships among the test variables; and (3) to describe the 

combined effect of all test variables on the response (Giovanni, 1983). 
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                           CHAPTER THREE 

3. METHODOLOGY 

3.1. Experimental Location 

The experiment on the extrusion process including sensory evaluation was conducted at Bahir 

Dar University, Engineering Faculty, School of Chemical and Food Process Engineering 

Department. Determination of proximate composition of the raw materials and the product was 

evaluated at Ethiopian Health and Nutrition Institute, and physical properties of the product 

(diametric expansion, specific length, bulk density and moisture content) and functional 

properties that are water absorbtion index (WAI),water solubility index (WSI) and water 

hydration capacity(WHC) of extrudates were conducted at Addis Ababa University, Food 

Science and Nutrition  Department Laboratory in college of Natural Science and Food 

Engineering laboratory; School of Chemical and Bio-Engineering. 

3.2. Experimental Materials 

Red lentil (Lens culinaris), Alemaya  variety (“Alemaya” ;the name of place in  Ethiopia) were 

obtained from Debre Zeit Agricultural Research Center (DZARC) and BH-660 maize variety 

was taken from Bako area both grown in 2011/12 cropping season. Red lentil  type  was selected 

due to its relatively higher yield in the farm so lower price and White maize due to its high yield 

and area coverage of farming. 

3.3. Raw Material Preparation 

The Lentil was cleaned for physical impurities and washed in water bath. The rinsed beans were 

oven dried at 60
o
C (Edem et al., 2001) to a moisture content of 8% and dehulled using a 

mechanical laboratory Lentil dehulling machine (AB, Alvan Blanch Decorticator, England). The 

dehulled beans were manually winnowed to separate the hulls and milled using a commercial 

mill. Following grinding, the flour was sifted to pass through 710 m test sieve,sealed in plastic 

bags and stored at room temperature. 

Cleaned grain corn was milled into flour using commercial mill. The flour was then sifted to pass 

through 710 m test sieve to achieve uniform mix, sealed in plastic bags, and stored at room 

temperature after mixing till extrusion test was conducted like the lentil flour. 



30 

 

The ground flour sample of both Corn and Lentil were analyzed for proximate composition. 

Sugar (2%) was dissolved in the hydration water and used to improve sensory characteristics of 

extrudates.  

3.4. Blend Formulation of Products 

Based on the preliminary proximate composition and physicochemical studies, three blends of 

flours A, B and C were developed. Three batches of lentil and corn flour mixture were prepared 

by blending at three levels: The first blend ratio contained 10% of lentil and 90% of corn flour, 

(10:90 in dry basis). The second blend ratio contained 30 % of lentil and 70 % of lentil flour, 

(30:70 in dry basis) and the third blend ratio contained 50 % of lentil flour and 50% of lentil 

flour, (50:50 ratio in dry basis). The three different flour mixture were prepared in a ribbon 

blender (Model AB, Alvan blanch Type, England) for 20 minutes.  The formulated blends of 

flours A, B and C are shown in the Table 3-1 below. 

After blending, the mixture was packed in Plastic bags and stored at 4 ± 1ºC for further use. The 

moisture content of each blend was adjusted to 13, 16, and 19% (on wet basis) directly in the 

extruder before extrusion processing using a calibrated, proportioning pump (Water injection 

pump). This approach was used because the lentil and corn flour blend became sticky and 

difficult to feed if adjusted to 13, 16, and 19% moisture prior to extrusion. The ratio used for the 

combination of the flours for products was arrived at using the material balance calculations. 

The corn and lentil flour were mixed immediately before extrusion in the desired proportions 

using a laboratory scale mixer (Universal mixing machine, B20-B, China). The flour mixture 

was then subjected to extrusion test at all combinations of the operating parameters (feed 

moisture and processing temperature). 

3.5. Proximate Analysis 

The raw and extruded samples were milled with laboratory miller and proximate analysis (in 

Duplicates) was performed on each sample according to the following procedures given. 

Approved methods of American Association of Cereal Chemists (AACC, 2000) were used for 

proximate chemical analysis of corn and lentil flours. Proximate composition of both flours was 

reported on dry mass basis as tabulated in chapter four. 
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 3.5.1. Determination of Moisture Content 

Moisture content was determined by the method of the Association of Official Analytical 

Chemists’ (AOAC, 2000); the official method 925.10. A crucible was dried in an oven at 105
o
C 

for 1 hour and placed in desiccator to cool. The weight of the crucible (W1) was determined. 

Samples were weighed in  dry crucible (W2) dried at 105 ºC until constant mass was attained and 

after cooling in a desiccator to room temperature it was again weighted (W3).  The moisture 

content was determined using Eq. (3.1). 

Moisture content in percent (%) = 100
12
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(3.1) 

3.5.2. Determination of Total Ash Content 

Ash content of flour was determined according to AOAC (1995) Method No 923-09. Clean 

porcelain dish, dried at 120
o
C in an oven was ignited at about 550

o
C in a muffle furnace for 3 

hours was cooled in a desiccator and weighed (m1). Then 3 g of flour sample was put in to the 

porcelain dish and weighed (m2). This sample was dried at 120
o
C for 1 hour and carbonized by 

oven until the contents turn black. The dish with its contents was transferred to a muffle furnace 

and ignited at about 550
o
C until ashing was complete. The residue was weighed (m3). The total 

ash was expressed as percentages on dry matter basis as follows: 

Total Ash (%) = 100
12
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(3.2) 

  Where:  (M2-M1) is sample mass in g on dry base and (M3-M1) mass of ash in g. 

3.5.3. Determination of Crude Protein 

Total nitrogen of the flour was determined according to AOAC (1995) Method 920.87.  The 

micro Kjeldahl method was used to determine crude protein using urea as a control sample. 

Nitrogen (%) = 
oW

NV 10000.14 

    

(3.3) 

Where: V is volume of HCL in L consumed to the end point of titration, N is the normality of 

HCL (0.1N), Wo is sample weight on dry matter basis and 14.00 is the molecular weight of 

nitrogen. The % of nitrogen is converted to % of protein by using appropriate conversion factor 

(% protein = 6.25 x % N for both the corn and lentil flours). 
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3.5.4. Determination of Crude Fat 

Crude fat was determined based on the Sohxlet extraction method of AOAC (2000) using official 

method 920.39. About 5 g of flour was extracted with 150 ml petroleum ether for a minimum 

period of 8 hrs in the Soxhlet extractor. The solvent was then evaporated by heating on a steam 

bath. The flask containing the extracted fat was dried on a steam bath at 98 ºC to a constant mass. 

Crude fat, percent by weight =    (3.4) 

Where: W1 = weight of the extraction flask (g) 

            W2 = weight of the extraction flask plus the dried crude fat (g) 

              W = weight of sample flour (g). 

 

3.5.5. Determination of Crude Fiber 

Crude fiber was determined by the method of the Association of Official Analytical Chemists’ 

(AOAC, 2000) using the official method 962.09. About 3 g sample was transferred to 600 ml 

beaker. After digestion with 1.25% sulfuric acid, washed with distilled water and digested by 

sodium hydroxide (1.25%), it was then filtered in 76µm coarse porosity crucible in apparatus at a 

vacuum of about 25mm. The residue left after refluxing was again washed with 1.25% sulfuric 

acid near boiling point. This residue was then dried at 110
o
C overnight, cooled in desiccator and 

weighed (M1). After ashing for 2 hrs at 550
o
C, it was cooled in a desiccator and weighed again 

(M2).The total crude fiber was expressed in percentage as: 

Total Crude fiber = 100
3

21 








 

M

MM

   

(3.5) 

Where: M3 is the weight of sample.  

 

3.5.6. Determination of Carbohydrate 

Total percentage carbohydrate was determined by the difference method as reported by Onyeike 

et al., (1995). This method involves adding the total values of crude protein, crude fat, crude 

fibre, moisture and ash constituents of the sample and subtracting it from 100. The value 

obtained is the percentage carbohydrate constituent of the sample. 
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Carbohydrate content was determined by difference. 

 AFbFPMC %%%%%100% 
  (3.6) 

Where: C-Carbohydrate content, M-Moisture content, P-Protein content, F-Fat content, Fb- 

 Fiber content and A-Ash content. 

3.5.7. Energy Calculation  

Energy content was obtained by multiplying the mean values of crude protein, crude fat and total 

carbohydrate by the factors of 4, 9, 4 respectively, taking the sum of the products and expressing 

the result in kilocalories per 100g (Kcal/100g) sample as reported by Edem et al., (1990) and 

Onyeike et al., (1995). The formula for calculating energy is shown below.  

Energy (kCal/100 g) = 4 × % Protein + 4 × % Carbohydrate + 9 × % Fat  (3.7) 

3.6. Extrusion Test 

The corn and lentil flour were mixed immediately before extrusion in the desired proportions 

using a laboratory scale mixer (Universal mixing machine, B20-B, China). The flour mixture 

was then subjected to extrusion test at all combinations of the operating parameters (feed 

moisture and processing temperature). 

3.6.1. Equipment for Extrusion Process 

Extrusion was conducted on a pilot scale co-rotating twin screw food extruder (Model Clextral, 

BC-21 N
o
 124, Firminy, France) (Figure 3-1). The barrel has a smooth 300 mm useful length and 

consists of three modules each 100 mm long fitted with 25 mm diameter screws. Each zone-

temperature is controlled by a Eurotherm controller (Eurotherm Ltd. Worthing, UK). Twin screw 

volumetric feeder (type KMV- KT20) delivers the raw material into the extruder inlet. While 

operating, water at ambient temperature was injected into the extruder via an inlet port by a 

positive displacement pump (DKM-Clextral, France). The end of the extruder is caped with a die 

plate, which held a die having four circular openings. The die hole is tapered from 5 to 2 mm 

diameter in a length of 9 mm.  
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        Figure 4: Twin Extruder equipment at Bahir dar University,(Food process    

   Laboratory II) 

3.6.2. Experimental Design of Extrusion Process 

Experiments were designed for optimum extrusion conditions of lentil-corn snack production; in 

extrusion processing blend feeds according to Box-Behnken design. The Box-Behnken design 

has no points at the vertices of the cube defined by the ranges of the factors. To study the Box-

Behnken experimental design was employed to see the effect of Blend ratio (10:90,30:70, and 

50:50), screw speed (200 rpm) and feed moisture (13, 16 and 19%) on the extrudate. The 

physical properties of extrudates were examined such as bulk density, expansion ratio, specific 

length, WAI, WSI, WHC, and sensory analysis such as color, appearance, taste, odor, flavor, 

mouth feel, crispiness according to AOAC (Association of Official Analytical Chemists) 

measurement by a 9-point hedonic scale, including organoleptic properties. Data obtained were 

analyzed by Design expert stat-Ease software and determined the optimum operating conditions 

by computer programme. 

Box-Behnken for a three-factor, three level combinations was used for this study. Box-Behnken 

was selected because it uses lower number of total runs and hence economises resource and time 

(Table 3-1). Moreover, it is used to estimate parameters of full second degree model in all 

scientific research areas with more accuracy.  

The independent variables considered were percentage of lentil and corn blend ratio (g/100g 

blend), feed moisture content (%) and barrel temperature (
o
C).The upper and lower levels of 
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variables were fixed based on different cereal-legume composite extrusion studies that have been 

reported (Lin et al.,2002). Operating variables and blending ratio ranges and the three 

standardized levels were modified during preliminary studies of each variable. According to the 

Box-Behnken RSM, the experimental plan comprised of 15 experimental runs with one blocking 

(Table 3.2). The Variables combinations were randomized during extrusion process. 

  Table 3:1 Coded levels of the variables for Box-Behnken 

Where:  BT - barrel temperature nearest to the die (
o
C), FM – feed moisture content (%), BR- 

blending ratio (g of lentil/100 g blend), -1, 0, and +1 are coded lower, middle and 

upper levels respectively. 

All Feed rates were kept constant at 86.4, 60.3, and 58.6g/min respectively throughout the 

experiment. Selected dependent variables (responses) were described as a function of the 

independent variables using a quadratic polynomial (response) model (Snedecor and Cochran, 

1980) (Eq 3.8) 
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   (3.8)

 

Where: Y is the response function, o - is a constant, ij - are regression coefficients (i-1, 2, 3 

and j-1, 2, 3), BT - is barrel temperature (
o
C), SS - screw speed (rpm), MC - is feed 

moisture (%),BR - is the blend ratio (g of lentil to g of corn) ,and  is random error 

term. 

 

 

 

Factor/Variable 
Coded  Levels 

-1 0 +1 

BT (
o
C) 160 180 200 

FMC (%) 13 16 19 

BR % (g/100g) 10:90 30:70 50:50 
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Table 3:2 Experimental set up with feed flow rate of 51 g/min at the working atmospheric   P
o
 of 

45 bars 

Pattern Runs Barrel Temperature 

[oC] 

Blend Ratio [%] Moisture 

Content[%] 

Liquid flow rate or 

stroke (%) 
+-0 1 200 10 16 9.22 

++0 2 200 50 16 9.20 

0-- 3 180 10 13 9.00 

0-+ 4 180 10 19 9.68 

0+- 5 180 50 13 9.05 

-0- 6 160 30 13 9.30 

-+0 7 160 50 16 8.58 

--0 8 160 10 16 8.47 

000 9 180 30 16 9.65 

-0+ 10 160 30 19 10.3 

000 11 180 30 16 11.2 

+0+ 12 200 30 19 10.7 

000 13 180 30 16 8.90 

0++ 14 180 50 19 9.17 

+0- 15 200 30 13 9.30 

 

3.6.3. Setting the Extrusion Variables 

Temperature of the barrel was measured by a thermocouple inserted along the length of the 

extruder. The thermocouple in the die was protruded in to the melt to measure product 

temperature. Extrusion was performed at preset temperatures of zone 2 and zone 3 of the 

extruder barrel sections. The barrel temperature was fixed in zone 2 at 100 ºC.  The temperature 

of zone three, which is located just before the die, was an independent variable in the study and 

was varied at 160,180 and 200.  The moisture content of the material was adjusted by varying the 

water injection rate of the pump. Water was injected in to the extruder at a point close to the 

material feed port. Both the feeder and the pump were calibrated prior to the extrusion in order to 

avoid fluctuations during the operation. The pump was adjusted to give a moisture content of 13, 

16 and 19% in the mixes for a constant material feed rate of 9 kg/hr by using hydration Equation 

(Eq 3.9) (Golob, 2002).  The selected moisture and temperature levels were estimated based on 

several preliminary experiments.  
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(3.9) 

Where: Wa= weight of water added (g), Sw= is sample flour weight (g); mo= original flour  

  moisture content (% wwb), and m = required dough moisture level in (% wwb). 

 

3.6.4. Extrusion of the Samples 

During preliminary studies, it was observed that extrudates were not readily delivered while 

using small die openings due to the occurrence of repeated backward torque (stacking) which 

could be due to higher water absorption of the flour mixtures especially for higher lentil 

proportions. Therefore, for this study, the die plate and the smaller die openings were omitted 

and larger die size (1cm) was used instead. During extrusion, samples were extruded as straight 

rope and extruded samples were collected when the extrusion process parameters reach steady 

state. Steady state is reached when there is no visible drift in torque and dies pressure (Garber et 

al., 1997). The extrudates were manually cut to a uniform length of 4 cm to calculate some 

physical properties.  The extruded products were placed on a table and allowed to cool for 30 

minutes at room temperature for the measurement of weight and diameter (Ibanoglu, et al., 

2005). The other samples were sealed in plastic bags (after equilibrated for 24 hr at ambient 

condition) and stored at room temperature to measure water absorption index, water solubility 

index and water hydration capacity and instrumental texture analysis. 

3.7. Determination of Product Properties 

3.7.1. Physical Properties of the Products 

3.7.1.1. Specific length and Degree of Expansion 

Samples were extruded as straight ropes. The product was cut in a 4 cm length. Length and 

diameter of the extrudates were measured by a digital vernier caliper having 0.05 mm accuracy 

(CДEЛAHO, cccp, Russia). Weight was measured on a balance of 0.01g sensitivity (ADAM, 

AFP1200, and South Africa).  A mean value of length, weight and diameter from 4, 4 and 5 

measurements respectively were recorded for each experimental run. The expansion ratio 

(diametric) is defined as the ratio of the diameter of the extrudate to the diameter of the die hole 

(Mason and Hoseney, 1986) (Eq 3. 10).  
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(3.10) 

Where:  rD  is diametric expansion ratio, De is diameter of extrudates in cm,Dd is   

  diameter of die whole in cm. 

 

3.7.1.2. Bulk Density 

The bulk density of the product flours will be determined using the method of Narayana and 

Narasinga-Rao (1984). By continuously tapping the flour in a measuring cylinder until a constant 

volume attained. Then the bulk density will determined from the mass of the flour and the 

volume it occupied in the measuring cylinder. Then,  

Bulk density = 
              

                 
         (3.11) 

3.7.2 Functional Properties of the Extrudated Products 

3.7.2.1. Water Absorption Index  

Water absorption index (WAI) of the extrudates was determined according to Anderson et al 

(1969). Sample (about 1.25 g) was placed in about 20 ml centrifuge tube and suspended in 15 ml 

distilled water. The sample was incubated into shaking water bath at about 25
o
C for 30 minutes 

and was centrifuged at 3000 g for 5 minutes. Mass of the sample was determined before and after 

decantation of the clear supernatant of the centrifugation. The WAI was calculated as grams of 

adsorbed water per gram of dry sample mass (1.25 g). The clear supernatant of the centrifugation 

was transferred into pre-dried (105
o
C) and weighed glass beaker (about 50 ml) for the estimation 

of the water solubility index (WSI).  

o

s

W

W
WAI  X100

                 

(3.12) 

Where: Ws - weight of sediment (g) and Wo -weight of sample (g).                                                                            

3.7.2.2. Water Solubility Index  

The supernatant preserved from WAI measurement was evaporated at 105
o
C for overnight in a 

drying oven. The WSI was calculated as a ratio of dry residue to the original mass (about 5.0g) 
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used to estimate WAI. The result was expressed as percentage (Anderson et al, 1969). Water 

solubility index (WSI) (Eq 3.13) the extrudates were milled to a mean particle size (180 – 250 

μm) (Singh and Smith,1997).  

100
o

r

W

W
WSI

    

(3.13)                                                                

Where: Wr-is the weight (g) of residual supernatant after evaporation, Wo -weight of sample (g). 

3.7.2.3. Water Hydration Capacity 

The WHC of the extrudates was estimated according to AOAC (2000) method 56-20. Centrifuge 

tubes were washed, dried in an oven, cooled in a desiccator and weighed (WT). To a sample 

(about 0.5 g) measured in about 100 ml centrifuge tube, 40 ml distilled water was added and 

shaked vigorously to thoroughly suspend the sample. After the sample suspension stands for 

10minutes, it was centrifuged at 1000  g for 15 minutes. The clear supernatant was drained in to 

pre -weighed and dried beaker for estimation of the WHC of the product. The residue and the 

tube were weighed (WSed) and the hydration capacity was calculated as follows (Eq.14). 

S

TSed

W

WW
WHC




    (3.14)

 

WHC = water hydration capacity, WT - weight of tube (g), WSed- weight of sediment (g), and WS - 

 sample weight (g), and WSed + WTweight of dissolved solids in supernatant, g(wet basis). 

 

3.7.2.4. Degree of Gelatinization 

According to the AACC, (2000) guide lines; the cooked extrudate was dried in an oven at 58 °C 

and ground through the sieve (80 meshes). The sample (0.2g) was prepared in 125 ml 

Erlenmeyer flasks; 98 ml of distilled water and a 2.0 ml of (KOH 10M) was added and then 

mixed for 5 minutes prior to centrifugation at 3000 rpm for 15 min. The supernatant (1.0 ml) was 

pipetted and added with 0.4 ml of (HCl 0.5M) followed by 10 ml of distilled water and 0.1 ml of 

iodine solution. Degree of gelatinization was determined by comparing Optical density values of 

a particular extrudate to its control (non-extruded) sample. Optical density values of the samples 

in triplicate were measured using Spectrophotometer Genesys 10 (Thermo Electron LED GmbH, 

Langensel bold, and Germany) at a wave length of 608 nm. The mixture was stirred and 
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homogenized then measuring the absorbance at 608 nm by Spectrophotometer. The degree of 

gelatinization of standard samples were prepared as the same manners of sample as to obtain the 

standard curve and applied to calculate degree of gelatinization of sample by the following 

formula. Calculations will be made using the following equation: 

DG = 
                             

                                 
 x100   (3.15) 

 

3.8. Sensory Evaluation of Products 

Sensory evaluation with 9-point hedonic scale for the products was carried out by 22 (15 males 

and 7 females) panelists who were selected from the staff of school of chemical and Food Process 

Engineering; Bahir Dar University who have already the concept of sensory analysis course. They 

were requested to express their perceptions about the products by scoring the following attributes: 

color, flavor, crispiness and overall acceptability.  

The sensory attributes; visual color, flavor, crispiness and overall acceptability were evaluated 

using a nine point hedonic scale rated from 1 (dislike extremely), 5(neither like nor dislike) to 9 

(extremely like). Just before the test session, orientation was given to the judges on the procedure 

of sensory evaluation. Coded rode shaped product samples, about 10 - 12 cm lengths, from each 

selected product were arranged in a random order on white plates and served to the panelists. Just 

before test session, panelists were given a 20 min orientation about the procedure of sensory 

evaluation. The extrudates were prepared by bringing five hundred milliliters (500 ml) of cool 

water with the product. Then panelists have the second exttrudate by rinsing their mouth after 

evaluating the first product. 

3.9. Texture Profile Analysis 

Short cylindrical and lengthened sample of extrudates were individually placed on the sample 

platform of a TA-XT plus texture analyze (Ametek, Lloyd Instruments, UK). General purpose of 

breaking strength test was conducted axially on the extrudates. The maximum force in Newton 

(N) required to break the samples to a breaking limit was recorded and the average of 10 samples 

was used for calculation. Hardness and breaking strength of extrudates were determined as the 

maximum force offered by extrudates during breaking and three point diameters of the 

extrudates as measured using caliper, respectively whereas hardness is the force required to 
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compress a substance between the molar teeth or between the tongue and the palate. It is 

measured as force necessary to attain a given deformation (Szczesniak et al.,1975). The breaking 

strength was calculated using Eq 3.16. 

Breaking strength (N/m
2
) = 

                        

                        
……………………… (3.16) 

 

3.10. Statistical Analysis 

Response surface method and experimental design used to study the optimization of extrusion 

operating conditions and product quality attributes. The extrusion variables studied was feed 

moisture content, barrel temperature and legume/cereal blend ratio. Treatments were done in 

replicate.  

The data was analyzed and modeled using Design-Expert 7 to generate second degree polynomial 

models with response surface effects (Montgomery, 2001). The significant terms in the models 

were identified by analysis of variance (ANOVA) for each response. Significance was judged by 

determining the probability level that the F-statistic calculated from the data was less than 5%. The 

model adequacy was checked by R
2
. Because the ANOVA indicated that almost for all of the 

parameters, the interaction effects were insignificant, the interaction of the factors was not 

considered during model fitting and the interaction effect was rather analyzed graphically. To 

visualize the combined effects of two of the factors on the response, contour plots were generated 

for two of the factors while keeping the other one factor at its middle value using state-Ease 

Design-Expert version 7 (Montgomery, 2001). The use of precision orthogonal design allows the 

estimation of individual and interaction factor effects independently of block effects. The hedonic 

score for the sensory evaluation was analyzed by Excel for multiple mean separations at 5% 

probability level.  

From Design-Expert 7 a one way ANOVA (analysis of variance) were used for comparison of 

means. Significance was accepted at 0.05 level of probability (p<0.05). Mean separation was 

performed by LSD (least significant difference) for multiple comparisons of means. All physical 

and chemical measurements were performed in triplicate. 
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CHAPTER FOUR 

4. RESULTS AND DISCUSSION 

4.1. Chemical Composition of Raw Materials and the Extrudate 

4.1.1. Proximate Composition of Corn and Lentil Flour 

The chemical composition of corn and lentil and their mixture before and after extrusion (at 160-

200
o

C, 13-19% MC and 10-50 lentil/corn blend ratio) is presented in Table 4:1, 4:2 and 4:3 

below. 

In extrusion of cereal flour and starch based products, the qualities of the raw material such as 

the composition of starch, protein, lipid and fiber dictates that product quality attributes, among 

others the expansion and functional properties (Mercier and Fiellet, 1975). 

The chemical composition of corn and dehulled lentil flour used in this study is presented in 

Table 4:1 below. The crude protein content of the Corn was 7.88%, which is the lowest 

compared to other cereals, and the protein content of lentil was 17%.  

 Table 4:1 Proximate composition of raw corn and dehulled lentil flours 

Component (%) Corn* Lentil* 

Moisture (%db) 1.78 0.06 1.40 0.06 

Protein (N6.25)) 7.88 0.13 17.00 0.57 

Crude fat    4.56 0.44 1.15 0.08 

Crude Fiber   2.14 0.40 2.65 0.40 

Total Ash     1.40 0.28 2.38 0.56 

Total Carbohydrate** 82.24 0.55 75.42 0.36 

Energy (Kcal/100gm) 416.52 0.075 380.03 0.02 

*Mean  SD, n=3, ** determined by difference. 

Where: SD= standard deviation, n=number of replicates. 
               Values are expressed in dry weight basis (DWB)  
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Table 4:2 Proximate composition and mineral contents of lentil and corn raw flour blends 

 

*Mean  SD, n=3, ** determined by difference ***determined by no replicate on Atomic 

Flame Spectrophotometer 

Where: SD= standard deviation, n=number of replicates; LF-Lentil flour; MF-Maize  flour 

Results presented in Table 4:2 shows that raw blends of lentil and corn powder were 

significantly (p<0.05) higher in protein than corn alone, fat and carbohydrate content than lentil 

alone. The same could be said with regard to ash and crude fiber contents. The increase in 

nutrients content of blends with legume over the blend with corn could be because of the 

balancing of the nutrients among the cereals and legumes. The carbohydrate content decreased 

along the increase in the legume content, in the blend ratios. The decrease although appears to be 

mostly significant, it could be because of increased solubility of carbohydrates due to addition of 

legumes were expected to enrich protein and minerals in the final snack product. 

  

Component(%db) 
Raw Blends (n=3) 

10:90(LF:MF)* 30:70(LF:MF)* 50:50(LF:MF)* 

Moisture            1.74 0.081 1.66 0.062  1.60 0.13 

Protein (N6.25)  8.80 0.23 10.62 0.38 11.94 0.03 

Crude fat    

Crude Fiber   

4.22 0.50 

2.60 0.41 

3.54 0.22 

2.50 0.38 

 2.86 0.42 

2.40 0.23 

Total Ash     2.28 0.33 2.08 0.18      1.89 0.37 

Total Carbohydrate**        76.10 0.31      77.46 0.14    79.31 0.05 

Energy (Kcal/100gm)      377.58 0.72 384.18 0.21  390.82 0.01 

Total Minerals (***mg/100g) 

Calcium 

Magnesium  

11.90 

           126.51 

21.7 

        125.5 

31.5 

       124.5 

Phosphorus  234.11        282.3        330.5 

Iron   3.21           4.15 91.60 

Potassium            353.82       487.40        621.01 
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4.1.2. Proximate Analysis for the Extrudate Snack Product 

Table 4:3 Proximate composition of Extruded snack products produced at different operating conditions 

 *g/100g 

Extruded Blends (n=3) 

BR BT MC BR BT MC BR BT MC BR BT MC  BR BT MC  BR BT MC  

10:90 

(LF:MF) 

200

 oC           
16 

% 

50:50          
 (LF:MF) 

200

 
o
C 

16

 % 

50:50 
(LF:MF) 

160
 

 o
C 

16

 % 

30:70 
(LF:MF) 

160

 
o
C 

13

 % 

30:70
 (LF:MF) 

180

 
o
C 

16

 % 

50:50
 (LF:MF) 

180

 
o
C 

19

 % 

 

Moisture 

Protein(N
6.25) 

Crude fat 

Crude Fiber 

Total Ash 

Carbohydrate 

** 

8.55 0.03 

9.05 0.05 

1.509 0.03 

1.49 0.05 

1.20 0.03 

78.22 0.25 

8.63 0.50 

12.17 0.19 

1.45 0.08 

1.85 0.02 

2.10 0. 68 

73.80 0.73 

8.32 0.23 

12.36 0.13 

1.31 0.036 

1.86 0.03 

2.40 0.68 

73.75 0.04 

8.16 0.02 

9.96 0.04 

1.42 0.06 

1.64 0.06 

1.99 0.06 

76.83 0.35 

9.34 0.07 

10.00 0.01 

1.47 0.03 

1.72 0.02 

1.69 0.06 

75.87 0.11 

8.48 0.01 

13.13 0.04 

1.294 0.01 

1.83 0.021 

2.80 0.04 

72.46 0.16 

Energy 

(Kcal/100gm) 
  362.65 0.33    356.93 0.04      356.23 0.05     359.94 0.30        356.71 0.07       354.02 0.33 

Total Minerals (***mg/100g) 

Calcium 

Magnesium  

Phosphorus  

Iron 

Potassium  

11.76 

   126.30 

234.05 

3.11 

353.78 

31.40 

     124.30 

330.05 

91.53 

487.34 

31.50 

    124.52 

330.53 

91.50 

621.06 

21.72 

125.46 

282.33 

4.25 

487.04 

21.72 

125.45 

282.23 

4.15 

621.10 

31.52 

    124.52 

330.45 

91.54 

487.41 

*Mean  SD, n=3, ** determined by difference. Where: BR-blend ratio; BT-Barrel temperature; MC-moisture content. 
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The  mixture  of lentil  and  corn  after  extrusion contained  a  better  content  of  crude  protein  

generally (for example 12.36% for 50:50 blend ratio at 160
o
C barrel temperature  and  16 % 

moisture content) than  that  of  the  mixture  of  corn  and lentil before extrusion (11.94% for 

50:50 blend ratio). Corn  has  the  highest  total  carbohydrate  82.24%  (g/100g)  than  lentil 

which  contained  75.42  % (g/100g). Generally the mixture has the higher total carbohydrate 

than lentil alone.  Crude  fiber (2.14%)  and  total  ash  (1.40%)  of  corn  were  lower  than  

crude fiber (2.65%) and total ash (2.38%) of lentil. Crude fiber (2.14%) of corn before extrusion 

were greater than crude fiber (1.86%) after extrusion and crude fat (1.15%) of lentil before 

extrusion is lower than  crude fat  (1.31%) after extrusion as seen at 50:50 blend ratio, 160
o
C 

barrel temperature and 16% moisture content as an example. The value of extrudate total ash 

increases as blend ratio of lentil increases. 

Legumes contribute a major portion of lysine in the vegetarian diet. They are also fairly good 

sources of vitamins like thiamine, niacine and riboflavin and much needed iron, but relatively 

poor source of calcium and sulphur containing amino acids. Nutritive studies have shown that 

inclusion of various legumes in the cereal based diet can solve the protein calorie malnutrition 

and promote growth especially of the underweight children.  

 Therefore, in the experiment all the extrusion parameters were varied according to the design 

given in the methods discussed above. The data shows that comparably with raw blends there is 

a slight increase in nutrient composition shown in (Table 4:3). 

4.2. Data Analysis for Optimization of Extrusion Conditions 

The data obtained from the experiment were analyzed with the help of Design Expert Version 

7.0.0 software (Stat-Ease 2005) with Box Behnken of response surface methodology for 

optimization of processing and operating parameters with respect to the responses, expansion 

ratio, bulk density, specific length, WAI, WSI, and WHC of the corn-lentil snacks. Analysis of 

variance (ANOVA) was conducted for fitting the model (Eq 3.8) and to examine the statistical 

significance of the model terms for each response. The statistical analysis of the data and three 

dimensional plotting were generated.  

The adequacies of the models were determined using model analysis, lack-of-fit test and R-

squared, Adj-R-squared, Precision R-squared, Adj-precision and F-test (coefficient of 

determination) analysis as outlined. The lack-of- fit is a measure of the failure of a model to 
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represent data in the experimental domain, especially for those points which were not included in 

the regression or variations in the models and thus cannot be accounted for by random error 

(Montgomery,2001).  

A model is adequate in describing the response if the lack-of-fit is insignificant. The R
2
 is 

defined as the ratio of the explained variation to the total variation and is a measure of the degree 

of fit (Haber and Runyon,1977). If the R
2
 value for a model is more than 80% then can be 

considered for further analysis (Filmore et al., 1976). Coefficient of variation (C.V.) indicates the 

relative dispersion of the experimental points from the prediction of the model. It is desirable to 

have a C.V. of <10% (Nath , Chattopadhyay,2007).The effect of variables at linear, quadratic 

and interactive level on the response or significance of F-value was described using significance 

at 95% confidence level (p < 0.05). The regression coefficients were then used to make statistical 

calculation to generate three dimensional plots from the regression models. 

The desired goal for each processing parameter and response was chosen. All the processing 

parameters were kept within range while the responses: Expansion ratio, WAI, WSI, and WHC 

were maximized, whereas specific length become within range but bulk density was minimized. 

In order to search a solution, the goals are combined into an overall composite function, D(x), 

called the desirability function (Myers and Montgomery,2002), which is defined as:      

D(x) =                     
 

                     (4.1) 

Where: d1, d2…., dn are the responses and ‘n’ is the total number of responses in the  

 measure. 

The numerical optimization finds a point that maximizes the desirability function. In the 

desirability function D(x) each response was assigned an importance in relation to the other 

response. The importance varies from least important (a value of 1), to the most important (a 

value of 3-5) as per the default settings of the software. The characteristics of a goal may be 

altered by adjusting the weight or importance of specific parameters.  

The response surfaces help to understand the effect of varying the processing and operating 

parameters up on the response, in which direction the response is increasing or decreasing. The 

results showed that the extrusion conditions varying at barrel temperature (160, 180, and 200
o
C), 

feed moisture (13, 16 and 19%), blend ratio (10:90, 30:70 and 50:50 %) of lentil to corn blending 

and with constant screw speed (200 rpm) affected the physical and functional properties of 

extruded product. 
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4.3. Extrusion Conditions Effect on Physical and Functional Properties of  

  the Snack  

4.3.1. Effects on Physical Properties  

All physical properties of extruded products mean value along with their standard deviations are 

summarized in Table 4:4. Models for all parameters were significant, and all parameters were 

significantly (p<0.05) affected by barrel temperature, feed moisture, and blend ratio and their 

effects.  

Table 4:4 Data for Physical properties of the extruded products 

Run F -1 

BT (
o
C) 

F – 2 

BR(%) 

F – 3 

FMC(%) 

R – 1 

Bd 

R - 2  

LSp 

R – 3 

ER 

1 200 10:90 16 0.51±0.52 3.44±0.33 1.326±0.34 

2 200 50:50 16 0.44±0.43 2.35±0.47 1.432±0.34 

3 180 10:90 13 0.54±0.32 1.09±0.37 1.162±0.35 

4 180 10:90 19 0.36±0.11 2.09±0.44 1.123±0.45 

5 180 50:50 13 0.45±0.47  1.59±0.25    1.396±0.21 

6 160 30:70 13 0.47±0.37 1.66±0.12 1.398±0.35 

7 160 50:50 16 0.52±0.62 1.77±0.11 1.421±0.42 

8 160 10:90 16 0.41±0.31 1.62±0.41` 1.164±0.44 

9 180 30:70 16 0.37±0.26 3.89±0.72 1.321±0.72 

10 160 30:70 19 0.48±0.32 2.50±0.74 1.083±0.47 

11 180 30:70 16 0.43±0.33 3.48±0.65 1.271±0.66 

12 200 30:70 19 0.37±0.22 2.83±0.18 1.184±0.34 

13 180 30:70 16 0.37±0.29 3.88±0.43 1.326±0.23 

14 180 50:50 19 0.47±0.35 1.74±0.66 1.102±0.25 

15 200 30:70 13 0.49±0.27 1.28±0.25 1.321±0.33 

Where: BR= lentil proportion with corn flour (g lentil flour/100g blend flour), FM= feed 

 moisture (%), BT= barrel temperature (
o
C), Lsp= specific length, Bd= bulk density, ER= 

 expansion ratio. F= factor and R= response; mean values ± SD 
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As (Andriana Lazou and Magdalini Krokida,2011) explained it was obvious that the addition of 

lentil flour enhanced the thickening of the cell walls of extrudates. Moreover, the number of air 

cells decreased, and extrudates with increased levels of lentil flour had fewer and larger air cells. 

Feed moisture content affected the cellular structure of extrudates in similar way as lentil flour. 

The increase in extrusion temperature resulted in the formation of more air cells and the cell 

walls were thinner. 

The increase in feed rate during extrusion cooking of corn and lentil extrudates had the opposite 

effect in extrudates microstructure (Andriana Lazou and Magdalini Krokida,2011). 

Water absorption index decreased with protein content. More protein in the feed mixture resulted 

in a competition between starch and protein for the water of hydration. Water solubility index 

increased with increasing temperature indicating degradation of denatured proteins exposed to 

higher temperatures. As (Zeynep Hicsasmaz, Hulya Dogan and Alper Gueven,2011) indicated 

increasing moisture content and decreasing cooking temperature to their extreme value led to a 

decrease in bulk density as seen from the table above. Extreme moisture contents caused an 

undesired lubricating effect that hindered adequate cooking. Decrease in cooking temperature 

caused inadequate upper heating.  

Less desirable product was obtained at high lentil ratio and temperature and at low feed moisture 

content as explained: An unexpanded product was obtained when a feed mixture with high lipid 

and protein contents was extruded at high cooking temperature and low moisture content. 

Extensive lubrication due to high lipid content; high demand for water of hydration by the 

protein fraction that hindered starch gelatinization; shear degradation due to low moisture 

content and high cooking temperature; considerable cross-linking due to high protein content and 

high cooking temperature (Zeynep Hicsasmaz, Hulya Dogan and Alper Gueven,2011).This 

indicated a highly interconnected cell structure in which individual cells were connected to each 

other by thin capillary like structures.  

The addition of lentil to corn for snack production shows increment in mineral content in the 

final product as mentioned by previous research findings for lentil in Pakistan (Amjad et al., 

2006). These results revealed that lentils may provide a sufficient amount of minerals to meet the 

human mineral requirement. Bhatnagar and Hanna(1994) observed that as the amount of 

complexed amylose decreased, the expansion ratio increases and percentage of water soluble 

carbohydrate decrease leading to decreased bulkiness.  
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 In this study the bulk density at 50:50(LF: MF) blend ratio is 0.44 g/cm3 while it is 0.36 g/cm3 

at 10:90(LF:MF) blend ratio shows that when the corn ratio increases the water insoluble 

carbohydrate also increases that gives lower bulk density than lower corn flour extrudate. Higher 

temperatures had been reported to enhance extrudate expansion (Alverez–Martinez et 

al.,1988).For example at 200
o
C barrel temperature expansion is 1.326 while at 160

o
C the 

expansion ratio is 1.164.  

 4.3.1.1. Data Analysis for (Response-1): Bulk Density of the Extrudate (Bd) 

Bulk density is a very important parameter in the production of expanded and formed food 

products, as the bulk density considers expansion in all directions (Wang and Ballington, 2007). 

A quadratic model was selected in the design program for this response to test for its adequacy 

and to describe its variation with independent variables.  

The Model F-value of 6.85 implies the model is significant.  There is only a 1.47% chance that a 

"Model F-Value" this large could occur due to noise. Values of "Prob > F" less than 0.050 

indicate model terms are significant.  In this case C, AB,BC, A
2
,B

2
 are significant model terms.  

The “Lack of Fit F-value” of 0.61 implies the lack of fit is not significant relative to the pure 

error.Non-significant lack of fit is good; we want the model to fit. 

"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.The  

ratio of 7.376 indicates an adequate signal.  This model can be used to navigate the design space 

(Montgomery,2001). 

4.3.1.2. Response surface plot Analysis for Optimizing Extrusion conditions for physical 

properties 

Inorder  to come across the variation of responses with respect to independent variables, series of 

a three dimensional response surfaces were drawn using Design-Expert7. Since the study 

involved three variables with constant variable of screw speed, it was necessary to fix the value 

of two variables to see the effect of the other variable to interpret their interaction effect up on 

the responses.The relation ship developed between dependent and independent variables were 

used to plot response surfaces and representative plots are shown in (figures 5  to  14 below).  
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a. Model Equation for the Extrusion Conditions 

Model equations are given interms of coded factors. Coded factors indicate when the minimum 

and maximum values of the factors are represented by -1 and +1 respectivelly instead of their 

actual values. 

b. Final Equation in Terms of Coded Factors Bulk Density (Bden) 

The fitted multiple regression analysis of bulk density versus feed moisture content (MC), blend 

ratio (BR), barrel temperature (BT), and constant screw speed at 200rpm is shown in Eq. 4.2 

demonstrating quadratic effects with (all independent variables in coded values). The determined 

density of the dried (9.34% moisture) Extrudates varied between 0.36 - 0.81g.cm
–3

. The 

following yielded resultant polynomial model for this response was: 

 

  Bulk Density = + 0.38 - 8.750E-003*A + 7.500E-003*B - 0.034*C - 0.045*A*B - 0.033*A  

    *C + 0.050*B*C + 0.043*A2  + 0.045*B2  + 0.028*C2 

                                      (4.2) 

Where; A:Barrel Temperature, B:Blend ratio, C:Moisture Content of Feed, A*B:  Barrel 

Temperature* Blend ratio, A*C: Barrel Temperature*Moisture Content of Feed, B*C: 

Blend ratio*Moisture Content of Feed and E- Exponetial function. 

In this case, the linear terms of barrel temperature ,feed moisture content, interaction term of 

barrel temperature-blend ratio, moisture content-blend ratio and square terms of barrel 

temperature , blend ratio and moisture content of feed were highly influencing variable 

coefficients affected the model of bulk density of extrudates. There was strong correlation 

between the feed moisture content and bulk density of extrudates than other factors as seen from 

the design. As the value of feed moisture content decreased the value of bulk density decreased 

(Kulkarni and Joshi,1992). Hence the bulk density had positive correlation with moisture content 

of feed and with blend ratio. 

c. Diagnostic test for the Bulk density Response 

All diagnostic plots are also tested for all responses for adequacy of the model (normal plot of 

residuals, residuals vs predicted values, residuals vs factor, studentized residuals, leverage). This 

shows how precisely the responses model is modeled; because all points line up nicely and the 

test for response from normality is insignificant as indicated on figure 5  below. 
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  Figure 5: Normal plot of residuals, Predicted vs Actual and Residual vs Run 

4.3.1.3. Effect of Independent Variables on Bulk density  

Figures 5 to 8 show that the response surface plot of bulk density versus two independent 

variables at a time with the third taken at the midpoint level. Feed moisture was again the most 

significant factor for bulk density among the three factors; however, the influence was not as 

pronounced as with expansion ratio, as the feed moisture surface plot tilted at moisture content 

somewhat similarly with temperature indicating a lower bulk density, Park et al. (1993) reported 

similar results. However, as the feed moisture increases, Bulk density also increases steadily 

(Sun and Muthukumarappan,2002). Hagenimana et al.(2006) reported that Bulk density 

increased with an increase in feed moisture at low barrel temperature, whereas the opposite 

effect occurred at high temperature. Bulk density relationship with temperature and screw speed 
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was somewhat flat showing minimal interactions, with both barrel temperature contributing to a 

lower Bulk density.  

Seker (2005) and Hagenimana et al.(2006) reported similar results. High screw speed and barrel 

temperature could result in larger extent of starch gelatinization. Case et al. (1992) indicated that 

with starch gelatinization increasing, the volume of the extrudate increases and the Bulk density 

decreases, but Sun and Muthukumarappan (2002) found Bulk density increased significantly 

with increasing screw speed, and no explanation was provided. 

Increase in barrel temperature will increase degree of superheating of water in the extruder with 

feed into extruder.Thus, encouraging bubble formation which decreases melt viscosity leading to 

reduction in bulk density of extrudate.It was expected that lowering melt viscosity of mixture 

increases elasticity. As shown from the graph the increase in barrel temperature will leads to a 

decrease in bulk density for increasing blend ratio. Results on bulk density showed that the linear 

terms of moisture content and blend ratio were significant, indicating their strong linear effects. 

The interaction effects were positive with moisture content and blend ratio. Whereas the 

interaction effect of barrel temperature and blend ratio were positive until barrel temperature 

reaches 180
o
C and then negatively interacted. The interaction effect of barrel temperature and 

moisture content is negative. When the results were compared with those at 13 and 19% moisture 

content, decrease in bulk density with increase in moisture content was observed. An increase in 

bulk density was noticed at 10% and 50% lentil blend ratio. As it was seen from the contour 

plots the minimum bulk density obtained was almost nearly approaching 0.3825 gm/cm3 at 

barrel temperature of 180
o
C and blend ratio of 30% interaction at 16% moisture content. The 

graph is concaved down showing that the bulk density was significantly decreasing (p<0.05) as 

the increase in these variables. 

Sample extruded at barrel temperature of 180°C had the highest product moisture (9.34%). In  

this  study,  a  decreasing  trend  of  product  moisture  content  from  9.34%  to  8.55%  and  

8.16%  for  barrel  temperature  of  180
o
C,  200

o
C  and  160

o
C  were  observed,  respectively.  

Products extruded at 160°C showed lower product moisture (8.16%). This was due to moderate 

bulk density and lower feed moister content retains the lowest moisture puffing. On the other 

hand, high moisture contents were associated with less expanded extrudates and required 

additional energy input  to  remove  the  water  (Cammire  et  al.,  1991).Moisture  content  of  

products  showed increment  from  8.16 %  to  9.34 %  for  extruder  feed  moisture  content  of  
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13 % and 19% respectively. Extrusion at 160
o
C gave the lowest product moisture for extrudates.  

This result agreed with the work of Anderson and Hedlund (1991).  

Samples extruded at 19 % feed moisture content was relatively soft and moist as compared to 

extrudates at 13%. Harris et al., (1988) reported that insufficient vaporization occurring at high 

feed moisture content might be one of the causes for softness of the extrudate. 

A. Effect of Barrel temperature and Blend ratio on Bulk density 

 

a, 

 
  

b,        
 c, 

Figure 6:a. Response surface of extrudate properties as a function of barrel temperature and 

blend ratio at constant moisture content of feed and screw speed; b. Interaction of 

barrel temperature and blend ratio; c. contour plot for barrel temperature and 

blend ratio 
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B. Effect of Barrel temperature and Feed moisture on Bulk density 

 
   a,      

                  
   b,                            c, 

Figure 7 :a. Response surface of extrudate properties as a function of barrel temperature and 

 feed moisture content at constant blend ratio and screw speed; b. Interaction of barrel 

 temperature and feed moisture content; c. Contour plot for barrel temperature and feed 

 moisture content 
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C. Effect of Blend ratio and Feed moisture content on Bulk density 

a, 

  

  b,       c, 

Figure 8:a. Response surface of extrudate properties as a function of blend ratio and  feed 

moisture content at constant barrel temperature and screw speed; b. Interaction of blend 

ratio and feed moisture content; c. Contour plot for blend ratio and feed moisture  content 
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significant model terms. The “Lack of Fit F-value” of 1.09 implies the lack of fit is not 

significant relative to the pure error. Non-significant lack of fit is good; we want the model to fit.  

From ANOVA the "Pred R-Squared" of 0.4190 is is not close to the "Adj R-Squared" of 0.8423 

as one might normally expect. In such a case things to consider are model reduction,response 

transformation,outliers,etc."Adeq Precision" measures the signal to noise ratio.A ratio greater 

than 4 is desirable.Here the ratio is 9.226 indicates an adequate signal. This model can be used 

navigate the design space.  

a. Final Equation in Terms of Coded Factors:  

The significant linear, quadratic and interaction terms from multiple regression and analyses of 

variance for the full regression are shown below. The variance analysis for these data revealed a 

determination coefficient R
2
> 0.90 (R

2
 = 0.9369). An agreement of 90% is expected for the 

second order polynomial model in food extrusion (Aguilera and Kosikowski, 1976). The results 

obtained for expansion ratio indicated that the experimental error was kept to a minimum. The 

results showed that linear effects and interaction of blend ratio and moisture and second order 

effects of moisture were significant (p<0.05). Expansion Ratio (ER) multiple regression model of 

expansion index ER versus feed moisture content, blend ratio and barrel temperature resulted into 

the following fitted model for ER is shown in Eq. 4.3 (all independent variables in coded values) 

indicating quadratic effects with all three variables by keeping screw speed constant at 200rpm. 

   Expansion Ratio = +1.32 + 0.025 * A + 0.072*B - 0.098*C - 0.038 *A*B + 0.044 *A*C 

  - 0.064*B*C + 0.031*A2 - 0.019*B2 - 0.11 *C2 

             (4.3) 

Where: A:Barrel Temperature, B:Blend ratio, C:Moisture Content of Feed, A*B:  Barrel 

 Temperature* Blend ratio, A*C: Barrel Temperature*Moisture Content of Feed, B*C: 

 Blend ratio*Moisture Content of Feed and E- Exponetial function. 

4.3.1.5. Effect of Independent Variables on Expansion ratio 

Expansion ratio(ER) is an important quality parameter in products like breakfast cereals and 

ready-to-eat snack foods. In products intended for further cooking, this may not be important; in 

fact, large ER which promotes increased porosity, may result in softer texture in cooked products. 

The maximum values of ER for the expanded extrudates were lied between 180 and 200°C barrel 

temperature ; 13 and 17% moisture content and 30 to 50% blend ratio beyond that the value of 

ER decreases from 3D and contour plot. Manoharkumar et al. (1978) reported that blending with 



57 

 

legume flours decreased the expansion ratio. Figures from 9 to 11 shows the barrel temperature 

has more effect on ER in comparison to blend ratio. The value of ER was higher at maximum 

value of barrel temperature and blend ratio within the experimental range from the contour plot. 

Feed moisture was the most significant factor affecting the ER among the three factors. The effect 

of feed moisture on extrusion process has been observed to be complex. An interaction effect of 

all factors is positively correlated except blend ratio- feed moisture that is interacted negatively. 

The maximum ER was obtained when feed moisture was around 16%. But comparatively Park et 

al. (1993) also studied the extrusion of soy flour–corn starch–raw beef blends in a single-screw 

extruder and reported that with 23% feed moisture predicted for having optimum ER. Sun and 

Muthukumarappan (2002) extruded corn flour and soy flour blends in a single-screw extruder 

and also reported that ER increased with increasing feed moisture from 15% to 18% and then 

decreased with further increasing to 21%. With blends of full fat soy grits, corn meal, soy 

concentrate, and soybean oil extruded in a twin-screw extruder, Konstance et al.(2002) did not 

find significant change of ER when feed moisture was changed from 11% to 13% and then to 

19%. It has been observed that suitable feed moisture depends on not only the extrusion 

condition, such as barrel temperature and screw speed, but also the feed composition, which can 

affect the water binding capacity (Park et al.,1993). Park et al. (1993) and Hagenimana et al. 

(2006) also reported the quadratic effect of barrel temperature on ER. Sun and Muthukumarappan 

(2002) stated that when temperature increased from 155°C to 185°C, ER steadily decreased.  

Figure 10 shows the extrudates for barrel temperatures and feed moisture conditions assayed. 

The graphic representation of the expansion ratio is somewhat concaves down showed maxima 

for both temperature and blend ratio. More uniform texture and the most expanded products were 

obtained at 180°C and 16% moisture of the feed. The predictive equations obtained for these 

analyses, allowed a range of products with variable characteristics attending the various 

consumption standards to be obtained. This result is similar (Guy, 1985) this can be observed for 

corn, wheat and pure starch extrusion. 

When the extrusion process is carried out at temperatures above 100°C, moisture is superheated 

inside the extrusion barrel due to internal high temperature and high-pressure conditions (Park et 

al.,1993). As the product exits the die nozzle, moisture flash evaporates suddenly due to the 

pressure drop. As a result, the extruded product is expanded, and the characteristic texture of the 

extrudate is formed with a porous structure. Sufficient amount of moisture for the vaporization is 
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necessary for the expansion of the product. However, too high a feed moisture reduces the shear 

strength and the energy input to the material, therefore, decreases the moisture evaporation at the 

die exit and results in lower product expansion. 

Thus direct linear relationship between low moisture feed content and high expansion ratios of 

the extruded products are typical for cereals (due to high starch content). Therefore this paper 

shows that lentil, behaves as proteinaceous food component with a region of maximum 

expansion ratio for feed moisture content and barrel temperature. Although protein content in 

lentil-corn flour is seem relatively low as shown in raw blends (Table 4:3) which is 

approximately 10.5 % on dry solid basis. This protein probably actively participates to the super 

molecular network formed upon the extrusion process which later make a cross linkage with that 

of corn starch’s undergoing denaturation and gelatinization process. But moisture content have 

negative effects up on the value for expansion ratio as shown from the 3D plot.  

A. Effect of Barrel temperature and Blend ratio on Expansion ratio 

 a,

b, c, 
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Figure 9:a. Response surface of extrudate properties as a function of barrel temperature and 

 blend ratio at constant moisture content of feed and screw speed b. Interaction of barrel 

 temperature and blend ratio c. Contour plot for barrel temperature and blend ratio 

B. Effect of barrel temperature and moisture content on Expansion ratio 

a, 

  

b,       c, 

Figure 10:a. Response surface of extrudate properties as a function of barrel temperature and 

 moisture content of feed at constant blend ratio and screw speed; b. Interaction of barrel 

 temperature and moisture content c. Contour plot for barrel temperature and moisture 

 content 
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C. Effect of Blend ratio and Feed moisture content on Expansion Ratio 

 

     a, 

  

c,       b, 

Figure 11:a. Response surface of extrudate properties as a function of moisture content  of feed 

 and blend ratio at constant barrel temperature and screw speed; b Interaction of 

 moisture content of feed and blend ratio; c. Contour plot for moisture content of feed and 

 blend ratio 

Both ER and Bden represent the extent of puffing of the extrudate. Therefore, it might be expected 

that these two properties would be negatively correlated, with higher ER contributing to lower 

Bden, but this may not always be the case. The reason could be that ER only considers the 

expansion in the radial direction, perpendicular to extrudate flow, where as Bden considers the 

expansion in all directions. Hence in this study, a significant inverse relationship was found 

between ER and Bden. Park et al. (1993) and Falcone and Phillips (1988) also showed a similar 

result.  
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4.3.1.6. Data Analysis for (Response-3): Specific Length of the Extrudate  

Specific length is also another deteriminental factor of the extrudates. The Model F-value of 7.50  

implies the model is significant. There is only a 1.17% chance that a "Model F-Value" this large 

could occur due to noise. Values of "Prob > F" less than 0.05 indicate model terms are 

significant.   In this case C, B2, and C2 are significant model terms.  

The ANOVA shows The R
2
 value was 0.9184 for the model. Singh et al. (2006b) reported that 

Lsp was highly affected by moisture content and temperature of feed. Figure 12, 13 and 14 shows 

the maximum value of specific length in the range. The F-statistics showed that the linear and 

quadratic terms of blend ratio and feed moisture content had significant effect on specific length 

of extrudates (p<0.05). The model coefficients further indicated that the effect of the linear term 

of feed moisture content and barrel temperature was positive except blend ratio. All the quadratic 

term were positive, respectively. The magnitude of the coefficients indicated that feed moisture 

content had more effect than barrel temperature and blend ratio respectively on specific length of 

the extrudates as seen from eqn. 4:4 bellow.  

Adeq precision measures the signal to noise ratio. A ratio greater than 4 is desirable.Your ratio of 

7.668 indicates an adequate signal.  This model can be used to navigate the design space.  

  

a. Final Equation in terms of Coded Factors 

The second degree polynomial model for LSP versus feed moisture content, blend ratio and barrel 

temperature resulted into an equation: 

 

 Specific Length    =    +3.79 + 0.29 *A  -0.099 * B + 0.44 * C - 0.31*A*B + 0.18*A*C - 0.21  

  *B* C - 0.53 *A2 - 0.97*B2 - 1.19*C2 

    (4.4) 

    Where: A:Barrel Temperature, B:Blend ratio, C:Moisture Content of Feed. 

 

 

4.3.1.7.Effect of Independent Variables on Specific length 

The increase in specific length was perhaps due to the more starch gelatinization favored by the 

increasing feed moisture until it is adequate for wetting the starch which leads to more 

expansion. The work is similar with the work explaining  the more the extrudates expand in 

either the axial and radial direction, the less dense they become indicating a higher proportion of 

starch gelatinization (Hsieh et al.,1993). Bhatnagar and Hanna (1994) showed that the radial 
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expansion index of extrudates decreased with increasing emulsifier concentration, whereas the 

longitudinal expansion increases. Colonna et al.(1989) also reported that semi crystalline 

amylose-lipid complex formation generates a rigid matrix that is less elastic. Because radial 

expansion is normally favored by the elastic properties of the melt, the loss of elasticity due to 

formation of amylose-lipid complex may explain the decrease in radial expansion, and 

consequently the increase in longitudinal expansion. This work confirmed the same effect for 

moderate Corn (rich in oil in the germ portion of it) and the specific length was increased. The 

decrease in specific length for higher lentil levels and very lower corn levels might be because 

the amylose-lipid complex formation was insignificant to increase specific length due to dilution 

of the oil (eqn. 4.4).  

A. Effect of Barrel temperature and Blend ratio of the feed on Specific length 

 
      a,                                                                                    

 
b,        c, 
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Figure 12:a. Response surface plot for the effect of barrel temperature and blend ratio on 

 specific length at constant feed moisture and screw speed; b. Interaction effects of barrel 

 temperature and blend ratio; c. contour plot for barrel temperature and blend ratio 

B. Effect of Barrel temperature and Moisture content of the feed on Specific length  

 

a, 

 

  b,       c, 

Figure 13:a. Response surface plot for the effect of barrel temperature and feed  moisture on 

 specific length at constant blend ratio and screw speed; b. Interaction effects of barrel 

 temperature and feed moisture; c.contour plot for barrel temperature and feed moisture. 

 

 

Design-Expert® Softw are

Specif ic Length

3.895

1.091

X1 = A: Barrel Temp

X2 = C: Moisture Content

Actual Factor

B: Blend Ratio = 30.00

  160.00

  170.00

  180.00

  190.00

  200.00

13.00  

14.50  

16.00  

17.50  

19.00  

1.20  

1.88  

2.55  

3.23  

3.90  

  S
pe

cif
ic 

Le
ng

th 
 

  A: Barrel Temp    C: Moisture Content  

Design-Expert® Softw are

Specif ic Length

Design Points

C- 13.000

C+ 19.000

X1 = A: Barrel Temp

X2 = C: Moisture Content

Actual Factor

B: Blend Ratio = 30.00

C: Moisture Content

160.00 170.00 180.00 190.00 200.00

Interaction

A: Barrel Temp

S
p

e
c
if
ic

 L
e
n

g
th

0.80

1.58

2.35

3.13

3.90
Prediction 3.79

333

Design-Expert® Softw are

Specif ic Length

Design Points

3.895

1.091

X1 = A: Barrel Temp

X2 = C: Moisture Content

Actual Factor

B: Blend Ratio = 30.00

160.00 170.00 180.00 190.00 200.00

13.00

14.50

16.00

17.50

19.00
Specific Length

A: Barrel Temp

C
: 
M

o
is

tu
re

 C
o

n
te

n
t

1.90
1.902.30

2.69

2.69

3.09

3.48

4444

Prediction 3.79



64 

 

C. Effect of Feed moisture and Blend ratio on Specific length  

 

a, 

 

  b,       c, 

Figure 14:a. Response surface plot for the effect of feed moisture and blend ratio on 

 specific length at constant barrel temperature and screw speed; b. Interaction effects of 

 moisture content and blend ratio; c. contour plot for feed moisture and blend ratio. 

4.3.2. Effects on Functional Properties  

Gelatinization which leads to transformation of raw starches to a cooked digestible material is 

one of the important effects that extrusion has on starch component of foods. As extruded 

product characteristics, water absorption index (WAI), water solubility index (WSI) and water 
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holding capacity (WHC) are very important parameters in describing the degree of gelatinization 

(cooking). Jyothi et al. (2009) studied WAI; WSI and WHC; in the Twin extruder to process the 

blends. Pure Corn has WAI and WSI value of 5.793 ± 0.06 and 11.79 ± 1.42, respectively ( 

Lazou, 2009) at operating conditions of 16% moisture content, 2000C and 6.84 kg/h flow rate. 

 Rocha-Guzman et al. (2008) studied water absorption index, water absorption capacity, oil 

absorption capacity, and emulsifying capacity in the extrusion process of normal bean cultivars 

flour. The influence of process variables on functional properties have been shown to be 

generally significant in all these studies. In this thesis work similar finding were obtained. 

 Table 4:5 Data for functional properties of the extruded products 

Run F -1 

BT (
o
C) 

F – 2 

BR(%) 

F – 3 

FMC(%) 

R – 1 

WAI 

R - 2  

WSI 

R – 3 

WHC 

1 200 10:90 16 5.73±0.27 6.54±0.32 3.43±0.25 

2 200 50:50 16 8.17±0.04 9.22±0.74 6.32±0.09 

3 180 10:90 13 4.77±0.52 6.41±0.29 3.94±0.14 

4 180 10:90 19 6.02±0.41 7.02±0.62 5.18±0.53 

5 180 50:50 13 7.06±0.14 9.54±0.49      6.32±0.45 

6 160 30:70 13 4.78±0.45 6.72±0.36 6.63±0.06 

7 160 50:50 16 7.08±0.23 11.74±0.24 7.83±0.74 

8 160 10:90 16 4.76±0.42 10.36±0.22 2.64±0.33 

9 180 30:70 16 6.20±0.28 9.51±0.52 5.23±0.12 

10 160 30:70 19 5.69±0.27 8.89±0.36 4.57±0.27 

11 180 30:70 16 6.20±0.21 9.50±0.52 5.23±0.12 

12 200 30:70 19 4.96±0.31 7.98±0.25  3.864±0.21 

13 180 30:70 16 6.20±0.21 9.50±0.52 5.23±0.12 

14 180 50:50 19 8.23±0.47 11.36±0.26 8.83±0.37 

15 200 30:70 13 4.11±0.54 9.38±0.78 5.01±0.55 

 

Where: WAI- water absorbing index, WSI- water solubility index and WHC- water holding  

  capacity ;F-Factor; R-Response. 

  Means are not significantly different (P < 0.05) ;Values are triplicate means ± SD 
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4.3.2.1. Data analysis for (Response-4): Water Absorption Index (WAI) 

The linear and quadratic model were the only significant terms affecting WAI of extrudates 

(p<0.05). From final equation in terms of coded factors the linear term had positive effect while 

the quadratic term had negative effect except blend ratio which has positive effect.  

The Model F-value of 8.52 implies the model is significant.  There is only a 0.84% chance that a 

"Model F-Value" this large could occur due to noise. Values of "Prob > F" less than 0.0500 

indicate model terms are significant.  In this case B, C, A
2
 and B

2
  are significant model terms.   

4.3.2.2. Response surface plot Analysis for Optimizing Extrusion conditions for Functional 

properties 

As the study involved three variables with one costant variables, it was necessary to fix the value 

of one variable to see the effect of the other two variables; not the three variables at the same 

time which is difficult to interpret their interaction effect up on the responses. The non variant 

parameters were set at the optimum point and put in equations shown. The relation ship 

developed between dependent and independent variables were used to plot response surfaces and 

representative plots are shown in (figures 15 to 17 below) inorder to come across the variation of 

responses with respect to independent variables, series of a three dimensional response surfaces 

were drawn using Design Expert software (Stat-Ease 2005). 

a. Final Equation in Terms of Coded Factors   

  WAI =   + 6.20 + 0.083*A + 1.16*B + 0.52*C + 0.030*A*B - 0.015*A*C - 0.020*B*C 

  - 0.70*A2  + 0.93*B2 - 0.62*C2                     (4.5) 

 Where: A:Barrel Temperature, B:Blend ratio, C:Moisture Content of Feed. 

4.3.2.3 Effect of Independent Variables on WAI 

WAI is related to the degree of starch fragmentation. Higher WAI indicates the presence of 

larger starch fragments (Van den Einde et al, 2003  and Seker, 2005). Lower lentil addition 

resulted in reduced WAI of corn and lentil blend extrudates while higher proportions (10:90, 

30:70 and 50:50% lentil addition) increased WAI of extrudates respectively. Increased WAI with 

increased soybean flour level was reported for extrudates  of blends of cassava starch and Soy 

Protein Concentrate(Chang et al , 2003),African bread fruit, yellow corn and defatted soybean 

flours. Protein denaturation, starch gelatinization, and swelling of crude fiber which occurred 

http://www.aginternetwork.net/whalecomwww.sciencedirect.com/whalecom0/science?_ob=ArticleURL&_udi=B6T8J-4SWWSY7-3&_user=2789858&_coverDate=01%2F31%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5088&_sort=d&_docanchor=&view=c&_acct=C000056118&_version=1&_urlVersion=0&_userid=2789858&md5=54edc60f77563efe6c9064518a74f943#bib30
http://www.aginternetwork.net/whalecomwww.sciencedirect.com/whalecom0/science?_ob=ArticleURL&_udi=B6T8J-4SWWSY7-3&_user=2789858&_coverDate=01%2F31%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5088&_sort=d&_docanchor=&view=c&_acct=C000056118&_version=1&_urlVersion=0&_userid=2789858&md5=54edc60f77563efe6c9064518a74f943#bib26
http://www.aginternetwork.net/whalecomwww.sciencedirect.com/whalecom0/science?_ob=ArticleURL&_udi=B6T8J-4SWWSY7-3&_user=2789858&_coverDate=01%2F31%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5088&_sort=d&_docanchor=&view=c&_acct=C000056118&_version=1&_urlVersion=0&_userid=2789858&md5=54edc60f77563efe6c9064518a74f943#bib26
http://www.aginternetwork.net/whalecomwww.sciencedirect.com/whalecom0/science?_ob=ArticleURL&_udi=B6T8J-4SWWSY7-3&_user=2789858&_coverDate=01%2F31%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5088&_sort=d&_docanchor=&view=c&_acct=C000056118&_version=1&_urlVersion=0&_userid=2789858&md5=54edc60f77563efe6c9064518a74f943#bib6
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during extrusion could all be responsible for the increased WAI of extrudates at higher lentil 

(legume) proportions.  
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Figure 15:a. Response surface and contour plot of WAI for the effect of Barrel temperature and 

 blend ratio at constant value of feed moisture content; b. Response surface and contour 

 plot of WAI for the effect of Barrel temperature and feed moisture  content at constant 

 value of blend ratio. 

4.3.2.4. Data analysis for (Response-5): Water Solubility Index (WSI) 

The Model F-value of 4.37 implies the model is significant. There is only a 2.67% chance that a 

"Model F-Value" this large could occur due to noise. Values of "Prob > F" less than 0.0500 

indicate model terms are significant. In this case B
 
is significant model term.   

Final Equation in Terms of Coded Factors: 

         WSI =  + 8.95 - 0.57*A + 1.44*B + 0.40 *C                                        (4.6) 

 Where: A:Barrel Temperature, B:Blend ratio, C:Moisture Content of Feed. 

4.3.2.5. Effect of Independent Variables on WSI 

The WSI values under different extrusion conditions (Table 4:6) and the analysis of variance 

results showed that WSI was significantly (p<0.05) affected by barrel temperature, feed moisture 

and blend ratio linearly. The fitted regression model for WSI is shown in Eq.4.6 (all independent 

variables in coded values). 

Figure 16 shows the response surface plot of two independent variables at a time with the third 

taken at the midpoint level. The blend ratios were the most dominant factor. Higher barrel 

temperatures resulted in decrease in the WSI. The surface plot shows a plain surface with levels 

of temperature and blend ratio at the higher end yielding the maximum WSI. Seker (2005) 

reported that screw speed was not significant for WSI. With the feed moisture, the surface 

response plot relationship with WSI was a bit different when temperature and screw speeds were 

considered co-variables. In both situations, WSI increased with moisture content; with the higher 

end feed moisture resulting in a greater linear influence on the WSI. The surface plots were 

sloppy plain. 

The WSI is contributed by the nature of the major components in the feed mix, the carbohydrates 

and proteins and their status whether they are in their native state or in the gelatinized/denatured 

state. At lower feed moisture levels, it is possible that there was not enough water for the starch 

gelatinization and protein denaturation to be completed. This could be the reason for gradual 

increase in WSI with an increase in moisture content. When feed moisture is higher than a 

certain critical level, higher feed moisture levels contribute to a greater starch gelatinization and 
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denaturation of protein resulting in an increased WSI. Hagenimana et al. (2006), however, 

reported that with extruded rice flour when feed moisture increased from 16% to 22%, WSI 

decreased.  

 

  

a,       b, 

  

    c,                                                                      d. 

Figure 16:a. Response surface of WSI for the effect of Barrel temperature and blend ratio at 

 constant value of feed moisture content; b. Contour plot of WSI for the effect of Barrel 

 temperature and blend ratio content at constant value of feed moisture content; c. 

 Response surface of WSI for the effect of Barrel temperature and feed moisture content 

 at constant value of blend ratio; d. Contour plot of WSI for the effect of Barrel 

 temperature and feed moisture content at constant value of blend ratio. 
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4.3.2.6. Data analysis for (Response-6): Water Hydration Capacity (WHC) 

Water-holding capacity is a measure of entrapped water that includes both bound and 

hydrodynamic water. Blend ratio showed significant effect on WHC of extrudates (p<0.01). 

The Model F-value of 8.89 implies the model is significant.  There is only a 0.22% chance that a 

"Model F-Value" this large could occur due to noise. Values of "Prob > F" less than 0.0500 

indicate model terms are significant. In this case B is significant model terms.   

“Adeq Precision” measures the signal to noise ratio. A ratio greater than 4 is desirable. Your 

ratio of 8.675 indicates an adequate signal. This model can be used to navigate the design space. 

Final Equation 1in Terms of Coded Factors: 

 

               WHI  = +5.34 - 0.38*A + 1.76*B + 0.068*C                                                  (4.7) 

Where: A:Barrel Temperature, B:Blend ratio, C:Moisture Content of Feed. 

4.3.2.7. Effect of Independent Variables on WHC 

The WHC of the corn and lentil blend extrudates was fall in between 2.64 and 8.83. The 

interaction effect of lentil flour blend level clearly showed that WHC increased with lentil 

proportion and extrusion temperature. Hettiarachchy and Kalapathy, (1997) said that; The WHC 

of protein is very important because it affects the texture and also the ability of soy protein to 

bind and retain water enhances the shelf life of bakery products. 
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A. Effect of feed moisture and blend Ratio on Water Hydration Index 

  

  a,       b,

           
 c,       d, 

Figure 17:a. Response surface of WHI for the effect of feed moisture content and blend ratio at 

 constant value of Barrel temperature; b. Contour plot of WHI for the effect of feed 

 moisture content and blend ratio content at constant value of barrel temperature; c. 

 Response surface of WHI for the effect of blend ratio and barrel temperature at 

 constant value of feed moisture content; d. Contour plot of WHI for the effect of blend 

 ratio and barrel temperature at constant value of feed moisture content. 

4.3.3. Data for Degree of Gelatinization  

Degree of Gelatinization: Granule swelling is an important factor in starch gelatinization, and 

depends on the strength and character of the micellar network within the granule. During 

extrusion cooking, heating disrupts internal hydrogen bonding which hold starch granules 

together, leading to the swelling of the granules and subsequent release of starch molecules, 

mostly amylose. The swelled granules are increasingly susceptible to disintegration by shear that 

exists in an extruder barrel (Ibanoglu et al., 1996). The analysis was done in Addis Ababa 

University, Food Science and Nutrition Department Laboratory. 
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      Table 4:6 Degree of gelatinization for the Extruded Snack 

                                  

  Where: LF: lentil flour; MF: maize flour. 

Table 4:6 shows the mean scores of gelatinization of lentil-corn extruded snack products with 

three different blend ratios and with three levels of barrel temperatures and feed moistures. 

Increasing the percentage of lentil flour decreases the degree of gelatinization varying with the 

barrel temperature and feed moisture. As the feed moisture increased the degree of gelatinization 

decreases significantly for the snack products extruded in all blend ratio. It may be explained that 

at low barrel temperature, the starch gelatinization as feed moisture increased, may not be high 

enough to cause much starch gelatinization. Blend ratio of lentil-corn (10:90) snack product 

extruded at constant screw speed of 200rpm, barrel temperature of 180
o
C and feed moisture of 

13% showed the highest degree of gelatinization, which was 96.86%. For blend ratio of lentil-

corn (30:70%) flour snacks, the highest value at constant screw speed of 200rpm, 200
o
C barrel 

temperature and feed moisture of 13% (93.81%). The result was similar in comparison with 

(Anderson et al. 1969; Ibanoglu et al. 1996), who studied that an increase in feed moisture 

reduces the mean residence time at a given screw speed, which could reduce the gelatinization 

due to a shorter processing time. 

Blend Ratio    10:90 (LF:MF)  with liquid Feed Rate of  80.3gm/min 

Runs Barrel Temperature Feed Moist Liquid flow rate Degree of Gelatinization (%) 

01 180 19 5.72 90.21 ± 0.19 

02 180 13 5.72 96.86± 0.11 

03 200 16 16.21 93.34± 0.35 

Blend Ratio    30:70 (LF:MF)  with  Feed Rate of  59.4 gm /min 

Runs Barrel Temperature Feed Moisture Content Liquid flow rate Degree of Gelatinization(%) 

01 160 13 6.14 93.54± 0.25 

02 160 19 7.24 90.31 ± 0.16 

03 180 16 7.24 92.76± 0.17 

04 200 13 15.61 93.81 ± 0.11 

05 200 19 12.16 90.33± 0.24 

Blend Ratio    50:50 (LF:MF)  with liquid Feed Rate of  55.60 gm/min 

Runs Barrel Temperature Feed Moisture Content Liquid flow rate Degree of Gelatinization(%) 

01 160 16 5.43 75.66 ± 0.32 

02 180 13 5.43 86.91 ± 0.48 

03 180 19 13.11 62.11 ± 0.14 

04 200 16 18.31 82.73 ± 0.27 
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The degrees of gelatinization of the products were examined to determine their effects on bulk 

density and volume expansion ratio of the final puffed snack products. The product extruded 

with the lowest lentil flour (10:90%) at the lowest feed moisture (5.72 stroke) showed the high 

degree of gelatinization resulting in the lower bulk density and higher volume expansion ratio of 

final expanded snack products. It was observed that the product expansion ratio was positively 

related with degree of gelatinization, but inversely with bulk density. A similar observation was 

reported by Bhattacharya and Hanna (1987) for corn grits extrudates. They reported that as 

temperature is increased gelatinization is more complete, resulting in more expansion and 

reduced bulk density. Case et al. (1992) extruded wheat/corn flour and starch to make half 

product using twin-screw extruder. They reported that starch was gelatinized from 20 to 100%, 

and as gelatinization increased, the volume of the puffed product increased, whereas bulk density 

decreased. 

Gelatinization which leads to transformation of raw starches to a cooked digestible material is 

one of the important effects that extrusion has on starch component of foods. As extruded 

product characteristics, water absorption index (WAI), water solubility index (WSI) and water 

holding capacity (WHC) are very important parameters in describing the degree of gelatinization 

(cooking). Jyothi et al. (2009) studied WAI; WSI; and WHC; in the Twin extruder to process the 

blends. The influence of process variables on functional properties have been shown to be 

generally significant in all these studies as seen in this study too. 

4.3.4. Effects on Sensory Evaluation 

The mean sensory scores for these products are summarized in Table 4:9 below. The sensory 

scores for color, appearance, flavor, mouth feel, crispiness and overall acceptability for most of 

the products had a mean value greater than 5, indicating that they were very liked by the 

panelists. The ANOVA of 9-hedonic scores for the sensory attributes revealed that significant 

difference (p<0.05) exists between extrudates. The blend ratio and other operating conditions 

affected the sensory attributes significantly (p<0.05). Sensory evaluation was significantly 

(p<0.05) improved with respect to color, appearance, flavor, mouth feel, crispiness and overall 

acceptability of extruded snack with lentil flour. The score for all except color at the high content 

of lentil (50%) with low feed moisture content (13%) were maximum and it was observed that 

the product prepared from a blend of lentil-corn (50:50%) was crispier and the product was 

better. 
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It was found that lentil content had significant effect on all the characteristics of product in visual 

color, appearance, flavor and crispiness, whereas feed moisture had only significant effect on 

appearance and texture but it can be maximized with increase in food additives. However, the 

operating conditions at 50:50% lentil-corn blend ratio content180
o
C barrel temperature and 19% 

feed moisture had higher preference in overall acceptability than other conditions according to 

the recipes formulation.  
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 Table 4:7 Sensory Analysis of Extruded snack products 

BT - barrel temperature (oC), MC - feed moisture content (%), SS - screw speed (rpm) and n- number of panelist  

Samples were evaluated in rod form. 

Blend ratio and operating conditions                            *Panelist score 

  

   BR FM  BT                     Color     Flavor        Crispiness  Overall Acc. 

50:50 13 180 7.00 0.71 7.25 0.40        7.5 1.12 7.00 0.00 

10:90 13 180 3.4 0.4 6.00 1.41        7.20 1.16       5.20 1.16 

10:90 16 160 6.5 1.87 7.00 1.41        7.25 1.64 6.50  1.73 

50:50 19 180 4.67 2.40 5.67 1.40        7.22 0.92 8.24 2.10 

10:90 19 180 5.80 1.47 7.20 1.56       7.20 1.47 6.40 1.36 

50:50 16 160 8.33 0.46 7.67 0.74        8.83 0.37 7.83 0.90 

30:70 19 160 5.20  2.40 4.80 2.10       6.00 1.41 4.80 1.72 

30:70 16 180 5.80  1.10 7.3 0.50      7.0 0.60 6.20 0.40 

50:50 16 200 7.33 0.47 7.67 0.47       8.17 1.07 7.17 0.69 

30:70 13 160 6.5 1.12 5.25 2.17      5.25 0.43 4.75 1.48 

30:70 19 200 5.50  1.12 7.25 0.43      7.75 0.80 6.75 0.83 

30:70 16 180 5.80  1.10 7.3 0.50      7.00 0.60 6.20 0.40 

30:70 13 200 6.80 1.10 5.50 2.13      6.40 0.41 4.7 1.46 

30:70 16 180 5.80  1.10 7.3 0.50      7.0 0.60 6.20 0.40 

10:90 

 

16 200 4.33 1.87 5.67 1.88      6.16 0.90 5.66 1.11 
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Figure 18: Sensory scores for the extruded snack samples 

 Here below are some discussions on the sensory evaluations on 9-hedonic scale. 

A. Color: As can be seen from Table 4:7 above, the color score of extrudates ranged from 

3.4-8.33. More than 80% of the products were rated above 5 implying that the extrudates  were 

accepted by panelists for both blends. There was significant difference between the color scores 

of extrudates at different extrusion conditions (p<0.05). The lowest color score was for 10:90% 

blend extrudate produced at 13% moisture and 180ºC whereas the highest was for 50:50 % 

blends produced at 16% moisture and 160ºC temperature.  The color for all the products was 

mostly above the average.  

 Berset (1989) indicated that die opening affects color development because a large expansion or 

puffing tends to spread out dark pigments and Iwe et al.(2004) found out an increase in die 

diameter from 6 to 10 mm decreased browning index during extrusion cooking of soybean–

sweet potato mixtures. They concluded this effect to be directly attributed to die diameter which 

also affects residence time and therefore increased interaction between reducing sugars and 

amino acids. Since larger die size (1cm) was used for this study, omitting the die plate and the 

smaller four dies, the color formation by browning reactions may not be significant. 

Feed moisture and higher blend significantly (p<0.05) affected color development. This could 

be observed from the significant variation between color scores of extrudates produced at the 

two extreme moisture levels of the 10% lentil blend with the same temperature. Furthermore, 
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for the same lentil blend and barrel temperature, moisture increase resulted in increased color 

score. This could be explained by the interaction of blend ratio, moisture and temperature which 

significantly affected sensory attributes (p<0.05).  

In the general sense it was found that barrel temperature, feed moisture, lentil-corn blend and 

the interaction of these variables had significant effect on the color or lightness of product. At 

higher lentil-corn content, the product will have profound color to get slight whiteness.  

B. Flavor: The flavor score for the extrudates as presented in Table 4:7; 93.3% of the 

products were scored above 5 in 9-hedonic scale which means the flavor was acceptable by 

panelists. There was significant difference in flavor between extrudates (p<0.05) ranges from 

4.8 to 7.67. The highest flavor score was 7.67 for the 50:50% blend produced at feed moisture 

(16%) and upper level temperature (160ºC & 200ºC). The flavor was mostly influenced by the 

reaction occurred in between cross linking of corn starch gelatinization and protein 

denaturation. 

C. Crispiness: There was significant difference in crispiness between extrudates (p<0.05). 

The least accepted crispy extrudates was scored 5.25 (Table 4:7). This extrudate was produced 

at the 30:70% blend ratio, 13% moisture content and 160
o
C barrel temperature.. The highest 

score for crispness was 8.83 and this was produced with 50:50% blends, 16% moisture content 

and 160ºC barrel temperature. There was significant difference between extrudates produced at 

different moisture levels (p<0.05); this could be evidenced by the crispiness scores of the two 

extreme values of moisture levels for the same temperature and blend ratio, 6.40 and 7.25 at 

processing conditions of 30:70% lentil-corn blend ratio, 13% moisture content,200
o
C barrel 

temperature and 30:70% lentil-corn blend ratio,19% moisture content,200
o
C barrel temperature 

respectively (Table 4:7). Exemplified by the 30% lentil flour blend, 13% moisture produced less 

crispy extrudates compared to the other levels of 30% lentil blend and 19% moisture for the 

same temperature of 200
o
C. This disagrees with the work of Liu et al (2000) who found out that 

decreasing moisture content increased crispiness of oat-corn blend extrudates produced at 18-

21% moisture and 55-100% oat flour addition. Extrudates produced at the 160ºC and 200ºC 

values of temperature with the same blend ratio and moisture content, were significantly 

different (p<0.05) in crispiness. For each lentil blend, for a constant feed moisture, increasing 

temperature mostly increased crispiness but with some exceptions (Table 4:7). This could be 

due to the occurrence of more deferential pressure at the die exit which enables more puffing. 
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D. Overall acceptability: There was significant difference between the overall acceptability 

of the extrudates (p<0.05). Generally more accepted extrudates for overall acceptability were 

those extrudates that had relatively higher scores for color or appearance, taste or flavor, mouth 

feel and crispiness. Lentil flour addition significantly affected over all acceptability (p<0.05). 

The 50:50% lentil-corn blend extrudates were most accepted. As discussed above, the corn used 

for this study had lower protein content than several cereals and moderate amount of lentil flour 

addition was needed to improve sensory properties associated with protein content. The barrel 

temperature, feed moisture and blend ratio had significantly affected overall acceptability of 

extrudates (p<0.05).   

4.3.5. Optimization Solutions obtained from Extrusion Conditions  

The optimization was to get maximum expansion ratio, WAI, WSI, WHC,Specific length and 

minimum Bulk density as much as possible. Three D plots for physical and functional attribute 

were generated with their predictive models as a function of the factors. Optimum area was 

identified by superimposing the individual three D plots (Figure shown under each responses).  

Under these conditions the optimum response values were found out within the boundaries of the 

experimental region following the method of ridge analysis (Khuri and Cornell,1987). The 

optimum process and operating variables and the predicted response values are given in (Table 3, 

4 and 5 in the Appendix). The values showed that for verification of models optimum 

temperature, feed moisture, and blend ratios could be taken as 181.97
o
C, 15.82% and 47.8:52.2% 

lentil-corn blends, respectively, for all the six responses. Since moisture content had less effect 

on expansion and bulk density as compared to that on hardness, 16% moisture content was 

assumed to be the optimum for all the three responses. At these optimum values the model was 

tested. The optimum values of the extrudate properties obtained under these conditions are 

shown below on the table and it is shown at Appendix 4 &5. 

 Table 4:8 Optimum solutions for all responses in the experiment 

Barrel 

Temp. 

Blend 

Ratio 

Moisture 

Content of 

Feed 

Bulk 

Density 

Expansion 

ratio 

Specific 

length 

WAI WSI WHI Desirability 

 

Remark 

181.97 47.76% 15.82%  18.00 0.23 0.409689 0.42 1.38 2.91 7.94 10.15 6.87 0.74 Selected 
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 4.4. Texture Analysis by Compression Test  

Extruded foods are mainly composed mainly cereals, starch, and vegetable proteins. The major 

role of these ingredients is to give structure, texture, mouth feel, bulk and many other 

characteristics desired for specific finished products (Launay and Lisch,1983).  

It was done in Bahir dar university Technology faculty in school of Chemical and Food 

Engineering. Consumer acceptance of extruded foods is mainly due to the convenient value, 

attractive appearance and texture found to be particular for these foods. 

The compression tests (or Texture analyzing) were performed at room temperature (25°C) using 

cylindrical probe TA-XT (Stable micro systems, surrey, England). The samples were compressed 

between two parallel plates of 10 cm diameter each, at a crosshead speed of 5 mm/min, with a 

100N load cell. Force and deformation were recorded and gives the values range from 0.4 to 0.80 

N/mm
2 

for 10 samples. 

Table 4:9 Texture analysis results for sample extrudate 

Run BR(%) FMC(%) BT (
o
C) Breaking Strength 

/Texture value(N/mm2) 

1 50:50 13 180 0.75 0.11 

2 90:10 13 180 0.80 0.14 

3 90:10 16 160 0.78 1.55 

4 50:50 19 180 0.47 1.40 

5 90:10 19 180 0.54 2.07 

6 50:50 16 160 0.73 0.16 

7 70:30 19 160 0.62  1.40 

8 70:30 16 180 0.40  1.32 

9 50:50 16 200 0.53 0.54 

10 70:30 13 160 0.75 2.22 

  BR-blend ratio, FMC-feed moisture content, BT-barrel temperature. 

Crispness of extrudates was affected by extrusion temperature and material characteristics. Feed 

moisture content decreased crispness of extrudates. Hardness of the samples was found to be 

affected by feed moisture content, extrusion temperature and blend ratio (p<0.001). When lentil 

level increased, the force of deformation increased. The temperature rise also resulted to softer 

products. 
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATIONS 

5.1. Conclusion 

This study was conducted to investigate the effect of blend ratio and operating conditions (feed 

moisture and barrel temperature) on the physicochemical and sensory properties of extruded 

product from corn and lentil flour.  Extrusion tests were conducted using co-rotating twin screw 

extruder at three levels of blend ratio 10:90(LF:MF), 30:70(LF: MF), and 50:50(LF:MF)), feed 

moisture (13,16 and 19%) and barrel temperature (160,180 and 200C) using Box Behnken 

experimental design.  

Blend ratio, temperature and moisture content were found to have significant effects on the 

product properties. Lentil blending increased protein, total ash and fiber content of the product 

but reduced fat and carbohydrate content. Blend ratio was the most dominant factor affecting 

physical, functional and sensory properties of extruded products. Increased lentil proportion 

affected diametric expansion ratio, WSI, WAI, WHC, bulk density and hardness were all 

positive. On the other hand, the effects of addition of lower lentil levels were positive while 

higher levels were negative on specific length. The effect of feed moisture content was observed 

on WSI, WAI, specific length and bulk density of products was positive and negatively affects 

Expansion ratio. Barrel temperature significantly affected bulk density negatively.  

It is interesting to mention here that feed moisture (16%) and high temperature (180
o
C) extrusion 

was good to produce puffed product from 50% corn and lentil blend using 9 mm die size and 

reduced residence time. Sample extruded at barrel temperature of 180°C had the highest product 

moisture (9.34%). In  this  study,  a  decreasing  trend  of  product  moisture  content  from  

9.34%  to  8.55%  and  8.16%  for  barrel  temperature  of  180
o
C,  200

o
C  and  160

o
C  were  

observed, respectively. Products extruded at 160°C showed lower product moisture (8.16%). 

This was due to moderate bulk density and lower feed moister content retains the lowest 

moisture puffing.  

Response surface methodology was effective in optimizing processing and operating extrusion 

parameters for the manufacture of lentil-corn blend of snack extrudate, Extruded at varying 

barrel temperature, feed moisture and blends at 200rpm value of screw speed. The regression 

analysis yielded models that were used for obtaining optimum conditions for desired responses 
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within the range of conditions applied in this study. Model analysis, which included checking the 

validity of the model with the help of various relevant statistical aids, such as F-value, coefficient 

of determination (R
2
), and coefficient of variation (c.v.) revealed that all the models were 

statistically adequate. The blend ratio was found to have a significant effect upon all the 

responses; however the barrel temperature had significant effect on all the responses except 

crispness and hardness, respectively. 

Optimization was based on generation of the best results for physical, functional and sensory 

properties of extrudates. This product had a mean value (at least for three measurements) of 

specific length of 2.44 cm/g, expansion ratio of 1.28, bulk density of 0.44g/cm
3
, WAI of 6.01%, 

WSI of 8.95% and WHC of 5.34%.  The sensory scores (a mean value of 22 panelists) for color, 

flavor, crispness and overall acceptability were also 5.92, 6.58, 7.06 and 6.24 respectively on 

nine point hedonic scale. 

Therefore, the lentil-corn blend extrudate production can be considered as the nutritive food for 

developing countries where animal protein is hard to get in  the diet like Ethiopia. In conclusion, 

since nutritional problems in the developing countries have frequently been identified as protein 

energy malnutrition, a snack produced from the blend of corn and lentil flour can go a long way 

in helping to alleviate the problem. 
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5.2. Recommendations 

From the point of sensory analysis and extrusion operating conditions in the production of corn-lentil 

bled extrudate, recommendations forwarded are: 

 Some of the panelists commented that some of the products that have not sugar is not 

tasty so addition of 6% of sugar is recommended. 

 Though the products were well liked by the panelists, most of them commented that 

recommended additives such as colorants, flavors and sweeteners need to be added 

especially to compete with the commercially available extruded snacks. 

 Effect of blend ratio and operating conditions on nutritional value, protein and starch 

digestibility and shelf life of products as well as its effect on anti-nutritional components 

need to be conducted. 

 It is also recommended for researches to conduct other more functional properties such as 

emulsion activity & stability; foaming capacity & stability; In addition to this, physico-

chemical properties like seed density, hydration & swelling coefficient, and hydration, 

swelling capacities & indices. 

 There should be awareness creation on the health benefit of using the relatively cheap 

food products like lentil-corn extruded products to the community with health programs 

to the developing countries worldwide to compensate protein deficiency in the diet.  

Extrusion processing has become the standard operating system in most snack food industries. 

So this way of processing foods from cereals and legumes should be promoted in countries 

where people cannot afford animal protein with relatively lower cost, for vegan people and for 

people who have medical recommendation not to consume animal protein due to health problem 

as well as for gluten intolerants.  
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Appendices 

 

Appendix 1: Same Photos of Lentil and Corn and flour blend processing and laboratory 

equipments used 

 

  

 Lentil(Alemaya variety)    White Corn 

 

 

Lentil flour    Corn flour 
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  Extrusion Processing  Extrudate ready for Sensory Analysis 

 

 

Extrudates at 50:50  ; 30:70; 10:90; 50:50(LF:CF) blend  ratio with with different operating 

conditions. Where LF-lentil flour and CF-corn flour. 

 

 Mineral analysis of both the raw and product                      Fat determination 
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Appendix 2: Sensory evaluation score card using 9-point hedonic scale 

 

Please provide the following information: 

Gender:     M          F 

Age:  18-34        35-54           55-69              70 or older 

Do you normally consume extruded snacks (potato chips, corn flacks, etc.)     Yes                     

No 

Sample code/no.______  

Sensory perception Quality attributes 

Color Flavor Crispiness Overall 

acceptability 

Like extremely   Very crispy  

Like very much   Moderately crispy  

Like moderately   Just crispy  

Like slightly   Less crispy  

Neither like nor 

dislike 

  Not crispy  

Dislike slightly     

Dislike moderately     

Dislike very much     

Dislike extremely     

Comments:____________________________________________________________________

__________________________________________________________________ 

Thank you very much for your time and participation! 
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Appendix 3: Design summary 

 Study Type  Response Surface  Runs 15 

 Initial Design  Box-Behnken  Blocks No Blocks 

 Design Model  Quadratic 

 

 Factor Name  Units Type   Low Actual      High Actual       Low Coded     High Coded  Mean      Std. Dev. 

 A Barrel Temp 0C Numeric     160.00 200.00  -1.000       1.000            180.000      14.142 

 B Blend Ratio % Numeric     10.00  50.00  -1.000       1.000 30.000        14.142 

 C Moisture Content % Numeric     13.00  19.00  -1.000      1.000             16.000        2.121 

 

 Response Name           Units          Obs         Analysis         Minimum Maximum Mean  Std. Dev.     Ratio Trans    Model 
 Y1 Bulk Density g/cm3 15 Polynomial 0.36 0.54 0.44 0.059   1.50  None  Quadratic 

 Y2 Expansion Ratio  15 Polynomial 1.08 1.43 1.28 0.12   1.32  None  Quadratic 

 Y3 Specific Length cm/g 15 Polynomial 1.09 3.90 2.44 0.96   3.57   None  Quadratic 

 Y4 WAI                 % 15 Polynomial 4.11 8.23 6.01 1.16   2.00 None  Quadratic 

 Y5 WSI                 % 15 Polynomial 6.41 11.74 8.95 1.57   1.83 None  Linear 

 Y6 WHI                  % 15 Polynomial 2.64 8.83 5.34 1.54   3.34 None  Linear 
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Appendix 4: Optimization of the processes and of point prediction. 

 

 

 Factor Name               Level       Low Level       High Level    Std. Dev. Coding 

 A Barrel Temp 181.97 160.00 200.00 0.000 Actual 

 B Blend Ratio 47.76 10.00 50.00 0.000 Actual 

 C Moisture Content 15.82 13.00 19.00 0.000 Actual 
 

 

 Response   Prediction  SE Mean    95% CI low     95% CI high    SE Pred    95% PI low   95% PI high 
  Bulk Density 0.419927 0.016 0.38 0.46 0.033 0.34 0.50 

  Expansion Ratio 1.38016 0.027 1.31 1.45 0.055 1.25 1.51 

  Specific Length 2.91 0.25 2.31 3.52 0.51 1.66 4.17 

  WAI  7.93796 0.28 7.25 8.63 0.58 6.51 9.36 

  WSI  10.1482 0.50 9.05 11.25 1.35 7.21 13.09 

  WHI  6.86771 0.40 6.00 7.74 1.07 4.54 9.19 
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Appendix 5: Solutions of factors found by Optimization of the processes which gives the value of response in the range of  

 optimum value.  
 

 12 Solutions found 
Num Barrel Temp  Blend Ratio  Moisture Content Bulk Density Expansion  Ratio    Specific Length      WAI         WSI              WHI            Desirability 

1 182.87           50.00   15.30           0.426961      1.40534       2.59         8.14521   10.2144     7.03618        0.780 

2 183.03           50.00   15.31           0.42668        1.40507       2.59         8.14562   10.2103     7.03312        0.780 

3 182.63           50.00  15.30           0.427368      1.40559       2.59        8.14554     10.2209    7.04061          0.780 

4 182.90           50.00  15.33           0.426898      1.40435       2.59        8.15221     10.2172    7.03619        0.780 

5 182.89           50.00  15.28            0.426929     1.40628               2.5         88.13783   10.21        7.03505        0.780 

6 183.04           50.00  15.33            0.426649     1.40425       2.59          8.15153   10.213      7.03339        0.780 

7 182.74           50.00  15.35            0.427167     1.40372       2.60          8.15813   10.2244    7.03964        0.780 

8 183.68           50.00         15.36           0.425606     1.40282       2.59          8.15523   10.1986    7.02192          0.779 

9 182.22           50.00  15.49            0.428208     1.39878       2.64          8.19377   10.2579    7.05273        0.779 

10 180.50           50.00  15.19            0.431522     1.41143       2.57          8.11504   10.2673    7.07869        0.779 

11     181.57          49.37  15.23            0.426821     1.40764              2.64          8.03159   10.1955    7.00332        0.775  

12 190.58          50.00  15.74            0.41874       1.38935       2.53          8.10952   10.0518    6.89931        0.770 

  

 #When all responses are maximized but bulk density is minimized and specific length is in range. 

 

  Constraints: 

   Lower Upper Lower Upper 

 Name      Goal Limit Limit Weight Weight      Importance 

 Barrel Temp     is in range  160 200 1 1 3 

 Blend Ratio     is in range  10 50 1 1 3 

 Moisture Content  is in range  13 19 1 1 3 

 Bulk Density     minimize  0.36 0.54 1 1 3 

 Expansion Ratio   maximize  1.083 1.432 1 1 3 

 Specific Length     is in range  1.091 3.895 1 1 3 

 WAI     maximize  4.11 8.23 1 1 3 

 WSI     maximize  6.41 11.74 1 1 3 

 WHI     maximize  2.64 8.83 1 1 3 
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