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ABSTRACT 

In Kenya, threshing of common beans at smallholder level is mainly by traditional 

methods using sticks and animal trampling which are slow, inefficient and tedious. 

Combine harvesters are suitable for overcoming such difficulties. However, the 

existing economic structure of agricultural production coupled with the small size of 

farms in Kenya makes the use of combine harvesters uneconomical. Portable 

threshers offer an alternative solution to threshing of beans for smallholder farmers, 

but they are rare in the local market. Therefore, this study focussed on development 

of a portable common beans thresher that is customized to the needs of small-scale 

famers (working up to 10 ha). The design process was through modelling, 

simulation, optimization and fabrication of the thresher. The mathematical models of 

the machine were developed by dimensional analysis through the concept of 

Buckingham pi theorem and reference to other similar work in literature. The 

objective function for optimization involved minimizing grain damage and power 

required for threshing while maximizing threshing efficiency and throughput 

capacity of the machine using Taguchi method. The results from simulation and 

experiments show that there were strong to very strong correlations between 

simulated and actual data as the coefficients of determination were greater than 0.7. 

The differences between the means of the simulated and actual data were not 

statistically significant at 5% level of significance for power requirement and 

throughput capacity. A prediction performance of 77% was attained when actual and 

simulated data were compared at 10% absolute residual error.  It was observed that 

power requirement, bean grain damage, threshing efficiency and throughput capacity 

increased with increase in pegs peripheral speed from 1.88 m/s to 5.65 m/s for actual 

and simulated data. The optimum mean values for bean grain damage of 1.73%, 

threshing efficiency of 99%, throughput capacity of 57.95 kg/hr and power 

requirement of 556.6 W were obtained at 3.765 m/s peripheral speed of pegs, 0.023 

kg/s feed rate, 1 m linear concave width, 17.5% moisture content (w.b) and       5.5 

kg weight of threshing cylinder. Threshing efficiency of 99% was achieved for the 

developed bean thresher for all cylinder rotational speeds greater than 600 rpm.  The 

thresher attained throughput capacities of 72 and 125 kg/hr at feed rates of 1 and 2.5 

kg/min, respectively.  Mechanical bean grain damage was less than 3.3% for cylinder 

rotational speeds of 600-1000 rpm. In addition, the beans thresher consumed one litre 

of petrol to thresh 30 kg of beans. Finally, the thresher had a cleaning efficiency of 

78.7% at optimum cylinder rotational speed of 800 rpm. The developed common 

beans thresher may require improvement on cleaning efficiency and automation, 

otherwise it is recommended for use by the small-scale bean farmers. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background to the Study 

Common bean (Phaseolus vulgaris L), also referred to as dry bean is an annual 

leguminous crop. Among major food crops, it has one of the highest levels of 

variation in growth habit, seed characteristics (size, shape, and colour), maturity, and 

adaptation. It also has a tremendous variability with over 40,000 varieties. It is prime 

staple food in Eastern and Southern Africa where it is recognized as the second most 

essential dietary protein and third most important source of calories (Wortmann, 

1998). 

Common bean is rich in the essential amino acid element lysine, which is found in 

fewer quantities in maize and other grains (Mutuku et al., 2018). It is also an appetite 

suppressant because it digests slowly and causes a low sustained increase in sugar 

levels hence good for weight reduction. As a result, health organizations are 

promoting regular consumption of common bean and other pulses. It has been found 

to reduce the risk of diseases such as cancer, diabetes or coronary heart diseases 

(Mudryj et al., 2014).  

The crop is grown in almost all regions in Kenya mainly intercropped with maize. 

However, Eastern, Nyanza, Central, Western, and Rift Valley are the major bean-

growing regions (Wortmann, 1998). Historically, beans have been grown for 

sustenance; however, they have become an important source of income for small-

scale Kenyan farmers. This is because of the increase in population resulting to 

increase in demand of common beans of over one million metric tonnes annually 

against production of 750,000 tonnes in Kenya. The use of traditional human power 

coupled with a minor subdivision of land are the major reasons for low production. 

Therefore, farm mechanization is key towards smart, efficient farming to improve 

beans production in Kenya (Groote et al., 2020). 
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Globally, common bean is produced in a range of crop systems and environments in 

regions as diverse as Latin America, Africa, the Middle East, China, Europe, the 

United States, and Canada. The leading bean producer and consumer is Latin 

America, where bean are a traditional, significant food, especially in Brazil, Mexico, 

the Andean Zone, Central America and the Caribbean (Pachico, 1989). For the poor 

of the world, beans are a means of keeping malnutrition at bay. Therefore, any 

advances in scientific research that benefit bean yields, particularly in developing 

countries, helps to feed the hungry and give hope for the future (Beebe et al., 2012). 

Common bean postharvest practices include threshing, drying, cleaning, packaging 

and storage (Uebersax et al., 2022). Once harvested, the bean plants are either left in 

the field or taken elsewhere to dry. Bigger producers use drying silos or dryers 

designed for sacks before they are threshed. (Mutungi et al., 2022). Threshing 

methods vary widely (Muasya, 2001). Large-scale producers use moving machinery 

which are suitable for large scale farms in developing countries Kenya included 

(Alarakhia, 1972). However, the existing economic structure of agricultural 

production, coupled with small size of farms in developing countries make the use of 

grain combine harvesters uneconomical. The intercropping of beans and maize by 

farmers also make them unsuitable for use (Opole et al., 2003) 

Traditional methods of threshing are the most common in Kenya, However, these 

methods result to contamination of the product with stones, sticks, chaff, dirt and 

dust (Katungi et al., 2009). Therefore, bean grains, after threshing cannot be stored 

or used for consumption unless they are cleaned. This is as a result of foreign 

materials present in the grain that accelerate deterioration leading to poor physical 

condition and quality of grains (Sangakkara, 1988). Consequently, farmers are 

compelled to do additional work of separating and cleaning to maintain quality and 

the value of the produce prior to storage, marketing, distribution and subsequent 

processing. However, it is labour intensive, inefficient, time consuming and high 

costly operations (Benaseer et al., 2018). 

The solution to threshing problems facing small scale bean farmers can be addressed 

by portable threshing units with higher throughput capacity compared to traditional 
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methods and are less expensive compared to heavy combine harvesters (Olaoye et 

al., 2010). Portable common beans thresher is rare in Kenya because of the delicate 

nature of beans grains that require an understanding of machine and crop 

characteristics (Ndirika, 2006). Grain damage caused by impacts of the moving parts 

of crop threshing units and incorrect clearances between the stationary and moving 

parts of the units are some of the concerns to bean farmers and consumers (Ukatu, 

2006). Higher thresher unit rotor speeds favour higher threshing efficiencies, 

throughput and output capacities; but results in an increased seed damage as high as 

40-50% (Bunyawanichakul et al., 2007). There is also a problem of separation of the 

seed from the straws which is related to concave sieve sizes (Osueke, 2011 and 

Mutai, 2018). Therefore, this study focussed on the development and evaluation of 

portable common beans thresher  

The design and development of cereal grain threshers is not entirely a new area of 

study. Various cereal stationary threshers exist for different crops like sorghum, rice, 

cashew nuts, and millet. However, there is scanty information on common beans 

thresher. Reported findings have mainly focused on experimental data and few 

theoretical modelling of the threshing unit (Desta and Mishra, 1990). To understand 

the effect of machine and crop parameters on performance of common beans 

thresher, simulation is necessary using a mathematical model. Modelling and 

simulation is the use of physical, mathematical, or logical representation of a system 

or process to generate performance data (Law et al., 2000).  

Simulation can be achieved by setting up a model of a real system and performing 

experiments on it for design and evaluation. Softwares like Visual Basic and Python 

can use mathematical model equations for simulation (Dysarz, 2018). Researchers 

have in the past used these softwares to simulate the performance of machines before 

full-scale development and, after that, only construct the most promising design. 

Osueke (2011) simulated operating parameters using visual Basic computer-aided 

software to determine and identify the performance characteristic of least threshing 

loss due to grain damage, incomplete threshing, and threshing efficiency. In this 

study, Python was selected because it is free and open-source, object-oriented, 

simple and easy to use, has many libraries including Numpy, Scipy, and Sympy for 
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manipulating mathematical and numerical expressions, constants, and multi-

dimensional matrices (Hart et al., 2011). 

Some of the important common beans and machine variables include moisture 

content, bulk density, pegs peripheral velocity, concave clearance, concave width 

and mass of the threshing cylinder (McDonald & Copeland, 2012). Variation of the 

mentioned variables results in different outputs of threshing efficiency, power 

requirement, throughput capacity, and grain damage. This, therefore, creates an 

optimization problem to be solved for efficient machine functioning. In this study, 

Taguchi technique was used for optimization. Several other optimization techniques 

used by researchers include mathematical methods by use of calculus, linear, 

nonlinear, dynamic, geometric, separable, and quadratic programming (Rao, 2019). 

The development of common beans thresher was a process of modelling, simulation, 

optimization and fabrication. 

1.2 Problem Statement 

In Kenya, post-harvest losses are reported at 20% for cereal grains (Tefera, 2012). 

Threshing is one of the primary agro-processing practices that contributes to post-

harvest losses (Kiaya, 2014). The conventional threshing methods involve beating 

them with a rod or stick and animal treading, which are tedious, inefficient, time-

consuming, and require much energy to the extent of causing blister. Grain combine 

harvesters were made to overcome such difficulties associated with the traditional 

method of threshing harvested beans. However, the existing cost-effective structure 

of agricultural production and the small scale of farms in Kenya make their use 

uneconomical. The traditional threshing of common beans problem can therefore be 

addressed by portable threshers; however, they are rare in the market hence the need 

for development and evaluation.  

Grain damage caused by impacts of the moving parts of crop threshing units and 

incorrect clearances between the stationary and moving parts of the units are some of 

the concerns to bean farmers and consumers (Ukatu, 2006). In addition, higher 

thresher unit rotor speeds favour higher threshing efficiencies, throughput and output 

capacities; but results in an increased seed damage as high as 40-50% 
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(Bunyawanichakul et al., 2007), making this an optimization problem. There is also a 

problem of separation of the seed from the straws which is related to concave sieve 

sizes.  

Finally, inadequate information is available about the effect of common bean 

characteristic, machine and operational parameters in relation to the performance of 

the threshing unit. Therefore, bean variety, moisture content, feed rate, cylinder 

peripheral speeds, concave configurations and clearance have to be studied. 

Simulation of threshing and separation process, threshing loss and grain damage will 

provide a better understanding of the fundamental relationship of different machine 

and crop characteristics in order to identify the contribution of each variable. 

1.3 Objectives 

1.3.1 General Objective 

To optimize design parameters and performance of a portable common beans 

(Phaseolus vulgaris L.) thresher. 

1.3.2 Specific Objectives 

1. To simulate the effect of design variables on performance of a portable 

common beans (Phaseolus vulgaris L.) thresher. 

2. To optimize design parameters and performance of a portable common beans 

(Phaseolus vulgaris L.) thresher. 

3. To develop and evaluate the performance of the optimised portable common 

beans (Phaseolus vulgaris L.) thresher. 

1.4 Research Questions 

i. How does a portable common beans thresher perform based on simulated 

design variables? 

ii. What are the optimal design factors that results to optimal performance of a 

portable common beans thresher? 
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iii. How does the developed optimized common bean thresher perform under 

different drum speeds? 

1.5 Justification 

Food security is among the “Big Four Agenda” which is an economic blueprint that 

was developed by the government of Kenya in 2017. It was meant to foster economic 

development and provide solutions to various socio-economic problems facing 

Kenyans. This is also included under zero hunger in the new sustainable 

development goal two. Common bean (Phaseolus vulgaris L.) is a major staple food 

in Eastern and Southern Africa where it is recognized as the second most important 

dietary protein and third most important source of calories (Wortmann, 1998). 

Therefore, this study on mechanization common beans threshing process to enhance 

production is in line with the global and national Agenda. 

It is also important to note that common beans for the developing nations, are a 

means of keeping malnutrition at bay. As a result, health organizations fronted by 

World Health Organization are promoting regular consumption of common bean and 

other pulses. This is because it has been found to reduce the risk of diseases such as 

cancer, diabetes or coronary heart diseases (Leterme, 2002). Therefore, any advances 

in scientific research that benefit bean yields, particularly in developing countries, 

will help to feed the hungry and give hope for the future (Beebe et al., 2012). 

The outputs of traditional threshing methods are low, resulting to delays in handling 

of large volumes of produce. This not only ensue losses but also makes the cost of 

operation to be quite high. These difficulties could be solved by engine powered 

threshers such as grain combine. However, the existing small size of farms in 

developing nations, Kenya included makes their use uneconomical. Portable 

threshers would otherwise provide solutions although with challenges that requires 

improvement.  

Areas that need to be addressed through scientific research in stationary thresher 

include; Seed damage caused by impacts of the moving parts of crop threshing units 

and incorrect clearances between the stationary and moving parts of the units; 
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problem of separation of the seed from the straws and very little information is 

available about the common bean characteristic, machine and operational parameters 

in relation to the performance of the threshing unit. Therefore, bean variety, moisture 

content, feed rate, cylinder peripheral speeds, concave configurations and clearance 

have to be studied and optimized. Modelling of threshing and separation process, 

threshing loss and grain damage will provide a better understanding of the 

fundamental relationship of different machine and crop characteristics in order to 

identify the contribution of each variable for optimization. 

1.6 Scope and Limitation of the Study 

This study was confined and limited to development of mathematical models relating 

to design parameters and performance of a common bean (Phaseolus vulgaris L.) 

thresher, development of a computer simulation program, optimization of the design 

parameters and performance of a common bean thresher, development of an 

optimized solar thresher and evaluation of its performance when threshing common 

beans. The study was conducted in Jomo Kenyatta University of Agriculture and 

Technology (Juja Kenya at coordinates of 1.0912° S, 37.0117° E), However, 

fabrication and data collection were done at Egerton University (Nakuru Kenya at 

coordinates 0.3714° S, 35.9410° E) workshop. The beans variety used in evaluation 

of the thresher was the red kidney type commonly known as “Nyayo” in Kenya. The 

type of threshing mechanism used in this study was spike or peg tooth cylinder. 

Modelling was based on python programming language. Finally, cost-benefit 

analysis of the developed thresher was not under the scope of this research as well as 

optimization of cleaning efficiency. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Background on Common Beans 

Phaseolus vulgaris L, also known as the common bean is herbaceous annual plant 

grown worldwide for its edible dry seeds or unripe fruit commonly called beans 

(Oraibi et al., 2015). The main categories of common beans, on the basis of use, are 

dry beans which are seeds harvested at complete maturity, snap beans from tender 

pods with reduced fibre harvested before the seed development phase and threshed 

beans from seeds harvested at physiological maturity. Its leaf is also occasionally 

used as a vegetable and the straw as fodder (Gentry and Scott, 1969). It has one of 

the highest levels of variation in growth habit, seed characteristics in terms of size, 

shape, colour, maturity, and adaptation. It also has a tremendous variability (> 40,000 

varieties). They are appreciated throughout the developing world because they have a 

long storage life, good nutritional properties and can be easily stored and prepared 

for eating (Adeyemi, 2020). 

Common bean contains high protein content, source of energy, provides folic acid, 

dietary fibre, and complex carbohydrates (de Almeida Costa et al., 2006). The grain 

legume is predominantly grown in Eastern and Southern Africa and its consumption 

is statistically high relative to other types of protein like meat simply because of its 

availability and cost. Albeit the existence of other related functions for the poor, 

evidence abounds as reported by de Almeida Costa et al. (2006), that common beans 

play a strategic and overarching role in alleviating malnutrition especially among the 

poor. Regular consumption of common bean and other pulses is now promoted by 

health organizations because it reduces the risk of diseases such as cancer, diabetes 

or coronary heart diseases (Leterme, 2002). This is because common bean is low in 

fat and is cholesterol free. It is also an appetite suppressant because it digests slowly 

and causes a low sustained increase in blood sugar. Researchers have found that 
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common bean can delay the reappearance of hunger for several hours, enhancing 

weight-loss programs (Montoya et al., 2010). 

Phaseolus vulgaris L is produced in a range of crop systems and environments in 

regions as diverse as Latin America, Africa, the Middle East, China, Europe, the 

United States, and Canada (Schwartz and Corrales, 1989). As discussed in the 

introduction section, the leading bean producer and consumer is Latin America, 

where beans are a traditional, significant food, especially in Brazil, Mexico, the 

Andean Zone, Central America, and the Caribbean. In Africa, beans are grown 

mainly for subsistence, where the Great Lakes region has the highest per capita 

consumption in the world (Kamonzo et al., 2018). Beans are also major source of 

dietary protein in Kenya, Tanzania, Malawi, Uganda, and Zambia. In Asia, dry beans 

are generally less important than other legumes, but exports are increasing from 

China (Katungi et al., 2009). 

In Latin America, Africa and Asia, common beans are primarily a small-scale crop 

grown with few purchased inputs, subjected to biological, edaphic and climatic 

problems (Beebe, et al.,2012). Beans from these regions are notoriously low in yield, 

when compared to the average yields in the temperate regions of North America and 

Europe (Abdelwahab, 2006). The production is however manual by use of hand and 

animals (De Groote et al., 2020). Mechanization of common beans production will 

not only increase production in Kenya but also reduce losses, especially during post-

harvest practices. Beans are nearly a perfect food. Nutritionally rich, they are also a 

good source of protein, folic acid, dietary fibre and complex carbohydrates (Hayat, 

2014). Further, when beans are part of the normal diet, the use of maize and rice 

proteins increases since the amino acids are complementary. Beans are also one of 

the best non-meat sources of iron, providing 23-30% of daily recommended levels 

from a single serving (Shimelis and Rakshit, 2005). Therefore, any advances in 

scientific research that benefit bean yields, particularly in developing countries, will 

help to feed the hungry and give hope for the future. 

Cultivation of common beans in Africa is widespread, but its production is rigorous 

and mostly concentrated in Eastern and Southern Africa across 10 countries. In terms 
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of acreage of common bean in Africa as per the FAO statistics, Kenya was the 

leading producer at 910478 Ha closely followed by Uganda (794375 Ha) and then 

Tanzania at 373125 Ha (FAOSTAT at www.fao.org) by the end of 2007. Among the 

top producers, Malawi and Ethiopia, rank eighth and ninth, respectively. However, in 

terms of productictivity, Kenya at 412381 tons came second after Uganda, at 478625 

tons with Tanzania at 285414tons keeping its third position. Common bean yields are 

higher in Uganda than in Kenya because of a relatively favourable biophysical 

environment such as weather condition in Uganda compared to Kenya. In the latest 

figures from Food and Agriculture Organization (FAO) for 2007 on the website, 

however, the average production in Kenya has skied above 500,000 tonnes (Mutuku 

et al., 2018). 

In Kenya, the crop is the most important pulse and ranks second after maize as a 

staple food crop grown by more than three million households. Beans in Kenya is 

also a main contributor to nutrition, food security, income, and employment (Maingi 

et al., 2001). They are applauded as a strategic remedy for hidden hunger and healthy 

eating. It is most important for children and women of reproductive age. This is 

because bean is an excellent source of cholesterol-free dietary proteins, energy, folic 

acid, fiber, and micronutrients (iron and zinc). When compared with meat, beans are 

a low-cost protein alternative to lowly endowed segments of the community. Thus, 

they are considered poor man’s meat (Barman et al., 2018). Therefore, any research 

towards increasing beans production is highly encouraged. 

Historically, common beans have been grown for sustenance, however, they have 

become an important source of income for small Kenyan farmers (Katungi et al., 

2010). This is because of the growing consumption demand of over one million 

metric tonnes against an average production rate of 600,000 metric tonnes (Van Loon 

et al., 2018). The majority of the producers of common beans in Kenya are small-

scale farmers due to the existing economic structure of agricultural production 

characterized by small farm sizes. This could be extended given its short growth 

cycle of approximately 70 days (Katungi et al., 2010), which is resilient to erratic 

rainfall patterns. The short duration allows the marketing of beans which provides 

income to the household and food to the consumer before harvesting other long-

http://www.fao.org/
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season crops such as maize. The production is however by use of hand and animals 

(De Groote et al., 2020).  

Mechanization of common beans production will not only increase production in 

Kenya but also reduce losses, especially during post-harvest practices (Manandhar et 

al., 2018). Figure 2.1 shows statistic of beans production in Kenya in the year 2005 

to 2019. The data indicates intermittent growth in production of beans. By the year 

2019, the production was at 747,000 tonnes against a consumption of over a million 

tonnes. This is an indication of demand for commercial production of beans in Kenya 

to supply in the local market as well as international. A number of factors have 

contributed to the slow growth of beans production in Kenya. Poor land use policy 

on subdivision of agricultural land, climate change, expensive farm inputs and low 

mechanization are some of the key factors in Kenya. 

 

Figure 2.1: Beans production in Kenya in the years 2005 to 2019. 

Source: FAOSTAT at www.fao.org 

Common bean production in Kenya is mainly in highland and midlands. About 75% 

of the annual cultivation occurs in three regions namely; Rift Valley, Nyanza, and 

Western Provinces. In terms of output, Rift Valley contributes the biggest share, 
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accounting for 33% of the national output followed by Nyanza and Western 

provinces accounting for 22% each. Output from Eastern parts of the country and the 

Coast is constrained by adverse climatic conditions (Katungi et al., 2011).  

An impressive high diversity of about 80 different seed types of common bean has 

existed in Kenya since the late 1970s (Katungi et al., 2009b). Of these, six seed types 

including; Red and red/purple mottled occurring in different local names such as 

Rose coco, Nyayo, Wairimu, Kitui among others, Purple/grey speckled locally 

known as Mwezimoja and Pinto sugars locally known as Mwitemania dominate 

(Blair et al., 2009). Rose coco is the most widely grown followed by Canadian 

wonder. Rose coco and Canadian wonder type as argued by Blair et al. (2009), are 

high yielding but flourishes under high soil fertility and heavy rains to give good 

yields. Due to the continued deterioration of soil fertility and persistent bean 

associated pests and diseases, these varieties continue to lose area and are 

consequently being replaced by varieties like the red haricots that are well adapted to 

poor soil conditions and large Pinto “sugar bean” locally called “Surambaya” and 

(Katungi et al., 2011). 

2.2 Threshing of Common Beans 

Threshing is the process of separating the grain from the seed panicles (Ani et al., 

2017). The process involves loosening the edible part of cereal grain from the scaly 

chaff that surrounds it through the application of tensile, compressive, bending and 

twisting forces on the grain heads (Simonyan & Yiljep, 2008).Threshing originally 

meant the simple operation of knocking grain free from the ears, but the term now 

embraces the processes of separating the grain or seed from its straw, and chaff, 

freeing it from impurities and grading it ready for use.  

Pre-harvest processes are diverse. Developed countries use highly mechanized 

techniques for production of beans (Delgado et al., 2017). In Latin America, except 

Argentina where beans are produced on large holdings with high technical input, 

small scale farmers are the main bean producers. Mexico, Brazil, Chile, and Cuba 

have three types of bean producers, large scale, medium scale and small-scale. 

Colombia, Venezuela, Dominican Republic, Peru, Guatemala, and Costa Rica have 
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limited areas of large-scale which is highly mechanized (van Schoonhoven & 

Voysest, 1989). In the case of mechanized harvesting, bean plant needs to be uniform 

and upright with pods off the ground. Breeding for an improvement in plant 

architecture would help mechanized harvesting become more efficient and cut down 

on losses. At harvest, the variety needs to be ready all at the same time. If plants are 

too mature pods open. 

Once beans are harvested and separated from the plant, the bean seed continues to 

ripen, thus biochemical reactions occur, which deteriorate the quality (Uebersax et 

al., 2022). Therefore, at harvest, humidity content, temperature, and climate effect 

need to be controlled to carry out bean threshing. There are two types of mechanized 

dry bean harvesting: conventional undercutting, rodding, or winnowing then 

combining; and the direct harvest system requiring only one pass of the combine 

(Almirall et al., 2010). The latter system has some problems associated with it, such 

as high header losses and the difficulty of threshing immature plants and weeds. The 

reduced harvest cost, and lower risk from high winds and water staining are some of 

advantages of mechanization. Moisture levels should be about (13 -15 %) on wet 

basis. Depending on the size and type of machinery used, 1 hectare of beans may be 

harvested in 1-2 hours (CIAT, 1999). 

In developing countries, Kenya included, harvesting is mostly manual. Plants are 

pulled up and placed in rows in case threshing machine is used, or in piles very early 

in the morning to avoid pods opening (Sandhu et al., 2018). When harvesting is done 

totally by hand, 1 hectare requires 50–80-man hours. Climbing species have to be 

harvested pod by pod as they mature upwards. Humidity should be about (12-13%) 

(CIAT, 1995). Careful harvesting is important to the bean yield. Mistakes at this 

point could undo all the benefits of earlier proper practices. Small-scale farmers need 

equipment they can use in their fields, thus small-scale technology needs to be 

developed which is the main focus of this study. As discussed in the introductions 

section, threshing of common beans can be done using manual traditional methods, 

small engine driven threshers or by use of heavy combine harvesters. 
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2.2.1 Manual threshing 

Nearly all small-scale farmers in the developing countries harvest their bean by hand 

and thresh them later. Beating with stick and bullock treading of the harvested 

common bean has been the traditional method of threshing. Though these methods 

outwardly seem to be cheap and simple, it is repeatedly stated in literature that they 

are wasteful in that they inevitably cause considerable grain loss and damage, besides 

being slow and cumbersome. In some cases where threshing floor is not carpeted, 

resultant threshing material is reported to be contaminated with foreign material such 

as small stones and dust particles (Sangakkara, 1988). Figure 2.2 shows threshing by 

hand commonly practiced in Kenya. The beans are harvested, dried, threshed, 

cleaned and packaged manually.  

 

Figure 2.2: Manual threshing by hand using sticks. 

Source: https://www.bing.com/images/ 

2.2.2 Mechanical threshing 

Mechanical threshing concept involves providing energy for turning materials, 

drawing in materials to be threshed and creating velocity of different layers to rub 

https://www.bing.com/images/
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grain heads together. The grain separating process directly acts on the linkage of 

grain and stalk. According to Joshi et al.,(1981), mechanical threshers comprise 

hopper, threshing chamber, cleaning unit and outlets for grains and chaff (Olaoye et 

al., 2011). Engine powered mechanical threshers are considered more advanced 

compared to manually powered ones. 

The threshing chamber is made of a drum and concave. The drum beats the panicles 

of the crop against stationary concave and forces out the grains from the panicle. The 

drum consists of a long cylindrical shaped member mounted on bearings to which a 

series of pegs or rasp bars are attached on the surface. The concave is perforated to 

enable the threshed product to drop by gravity into a collector (Schloesser, 1998). 

A study of literature on threshing mechanisms revealed that over a number of years, 

the engineers working in various sectors of the world have designed and developed 

numerous threshing mechanisms for doing the simple job of knocking out grains 

from ear or pods. The working principles of some of these mechanisms, and their 

uses are discussed in the subsequent sections. 

2.2.3 The cylinder/concave threshing mechanism 

The cylinder/concave mechanism shown in Figure 2.3 is by far the most 

commonly used of all other mechanisms. Its universal adoption appears to be as a 

result of its ability to thresh a wide range of crops and high threshing efficiency 

with a low degree of injury to the seeds if used skilfully. In addition it is easy to 

maintain continuity in feeding and it is easy to feed into this mechanism (Huynh et 

al., 1982). 
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Figure 2.3: Cylinder/concave threshing mechanism. 

Source: Ndirika (2005) 

Two components constitute this conventional threshing mechanism namely; a 

cylinder/or drum and a concave. The concave which is located below or above the 

cylinder is curved inwards and surrounds about one quarter of the cylinder 

circumference; hence, it is name "concave" (Ramteke & Sirohi, 2003). Removal of 

seeds from the heads or pods is ordinarily accomplished with rotating cylinders. 

The threshing action of this cylinder is primarily derived from the force of impact. 

Then the relatively slow-moving material comes in contact with the high-speed 

cylinder, the force of impact shatters the heads or pods and frees a considerable 

portion of the grain from the straw (Ndirika, 2003). Further threshing is obtained 

by the rubbing action as the material is accelerated and passes through the 

restricted clearance space between the cylinder and the concave. 

The threshing mechanism, since its first appearance, has constantly been subjected 

to modifications with an aim of perfecting its performance and as a result it is now 

available in varying designs (Dion, 1952). The designs include; Spike tooth or peg 

tooth cylinder, Rasp Bar Cylinder Concave, Angle Bar Cylinder. 

2.2.3.1 Spike or peg tooth cylinder mechanism 

The spike or peg tooth cylinder as indicated in Figure 2.4 is the oldest type of 

threshing mechanism (Wolgast, 1956).  
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Figure 2.4: Spike or peg tooth cylinder mechanism. 

Source: Alarakhia (1972) 

It has heavy steel teeth or pegs bolted to the periphery of the drum and to the inside 

of the concave. The arrangement of the spike tooth cylinder and concave is such that 

the cylinder teeth pass midway between staggered teeth on the concave, or vice versa 

thus producing a combing action (Lohan, 2007). Provision is usually made for 

control of the overlapping of the cylinder and concave teeth (Concave, 1969). The 

shape and size of the teeth vary somewhat depending upon a particular design. Some 

have rounded teeth, others possess tapered teeth. The teeth in the concave are 

mounted on perforated or solid removable sections. The total number of rows of 

teeth needed in the concave usually two; four or six depends upon the crop and the 

threshing conditions. Teeth with corrugated sides are sometimes installed for difficult 

threshing conditions (Krishnan et al., 1994). Most of the pedal threshers used for 

threshing rice are equipped with the tooth peg type mechanism. 

2.2.3.2 Rasp bar cylinder concave 

The rasp bar cylinder concave mechanism has transverse bars with grooved metal 

faces as shown in Figure 2.5. These bars are parallel to the shafts and to each other. 

The grooves are out diagonally in opposite directions, across adjacent bars. 

Corrugated bars are occasionally used on the concave as well as on the cylinder. The 
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evolution history of this mechanism shows that earlier models had flat solid bars 

(Harrison, 1969). Threshing is done by the rasping action between the cylinder bars 

of the drum and the concave. 

   

Figure 2.5: Rasp bar cylinder concave mechanism. 

Source: Dhananchezhiyan et al. (2015) 

2.2.3.3 Angle bar cylinder mechanism 

The angle bar mechanism is equipped with helically, or straight mounted, rubber 

faced bars, the rubber being vulcanized to metal. The concave is ordinarily fitted 

with a rubber faced shelling plate and steel jackated rubber bars. The seeds are 

threshed by being flailed out between the revolving cylinder bars and the stationery 

shelling plate, and the steal jackated rubber bars. According to (Suleiman & 

Dangora, 2017) this mechanism only threshes by impact.  

It does not seem to be as popular as the two mechanisms described earlier and hence 

failed to attract research interest. However, Klein et al. (1966) did detailed work to 

establish its optimum settings to combine harvest crimson clover. Based on flailing 

action mode, it does not appear to be harsh in its treatment of crops, and therefore it 

is a mechanism for threshing grain legumes. This is because they are susceptible to 
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damage, if treated severely while threshing (Roberts & Arnold, 1966). Other designs 

of cylinder/concave threshing mechanisms include; tire loop cylinder, star and bar 

pattern maize cylinder, modified cylinder and concave mechanism. 

2.2.4 Centrifugal threshing mechanism 

The centrifugal threshing mechanism seems to incorporate a completely new 

principle for threshing and cleaning grains. Lalor and Buchele (1963) invented a 

threshing cone for centrifugal threshing (Lalor & Buchele, 1963). It was shown to 

reduce the impact level on grains and obtain threshing separation and cleaning in one 

process, unlike conventional threshing where the actual knocking out of grains from 

the ears and separation of the grain from the chaffs are two distinct processes. In this 

new thresher, however, the heads of the grains are taken into a conical cylinder in 

which a rubbing action in combination with a whirling movement separates the 

grains from the heads. The centrifugal force developed by this whirling action drives 

the grain to the screened cylinder wall; hence it passes through the screen, where a 

wind blast cleans the grain of any chaff that managed to get through the screen 

(Hamdy, 1965). 

2.2.5 Fluted rim and rotating disc mechanism 

Fluted rim and a rotating tooth disc mimic the hand peeling process of shelling 

kernels that comprises of rubbing together of two ears. Three components constitute 

the basic design of a hand maize sheller. Maize is shelled by pressing the cobs on the 

fluted rim, held in the required position by pressure from springs or in the absence of 

these springs, it is necessary to hand press the cobs to prevent them from jumping out 

during shelling. A toothed rotating disc peels off the kernels from the ears. However, 

the basic design in this mechanism does not suggest any potential to consider it for 

grain legume thresher development work (Deckler, 1997). 

2.2.6 Rubber rolls and endless belt mechanisms 

With grain legumes it is quite possible to split open the pods with squeezing action, a 

rubbing action or a joint action or both. Rubber covered steel rolls have been used to 
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a limited extent for threshing beans. This mechanism at the outset seemed to be 

suitable for the peasant farmer since the peripheral speed required for threshing was 

low enough to be achieved with ease, for hand operation. However, a critical look 

into the mechanism showed two limitations for its wide adoption as a tool for the 

smallholder farmer. The cost involved in driving three rollers with gears may raise 

the final production cost, beyond what a peasant could afford. Secondly, for 

successful threshing the important criteria seemed to be that the pods ought to be sort 

of crisp dry before they would give up to this squeezing, rubbing action, and pop 

open (Mesquita & Hanna, 1993). Other threshing mechanism design is vibration 

threshing mechanism that involves revolving bars which cause the squeezing and 

rubbing action of the podded plants. 

2.2.7 Common bean physical properties influencing threshability 

Physical properties of common beans such as moisture content, bulk density, size of 

the grain and straw-grain ratio are necessary in the design of a grain threshing unit. 

The moisture content of grain which is determined using wet basis gives the safe 

range of efficient threshing and grain damage. According to Concave, (Concave, 

1969) it was found that moisture content influences threshability and kernel damage. 

It was also noted that straw moisture content has greater effect on threshing 

performance than grain moisture content (Lin, 1977). It was reported by (Osueke, 

2011) that there is a range of moisture content for which the threshing efficiency, 

grain damage and output capacity can be affected. Beyond this range any increase in 

moisture content had no significant effect on threshing performance parameters. 

The bulk density which is the weight per unit volume of material is dependent upon 

the degree of packing. There is limited information in literature on how it affects 

threshability and grain damage. However, bulk density is important in determining 

thresher output capacity and cushioning effect of the material in the cylinder-concave 

unit (Simonyan et al., 2006). The straw grain ratio is found by weighing the straw 

and grain separately after separating the grain from the stalk head or ear head. It is 

useful in the determination of the thresher output capacity (Maertens & De 

Baerdemaeker, 2003). The size of the grain helps in deciding the distance between 
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the rods in the cylinder concave assembly (Miu & Kutzbach, 2008a). It is found by 

measuring the length, width and thickness of the grain. 

Goss et al. (1958), found that at a given feed rate of straw and chaff only, an increase 

in straw grain ratio caused increase in shoe free seed loss (Shandilya, 1987). 

Although the effect was usually small, increased feed rate tends to reduce seed 

damage. Dodds (1968) reported that with an increase in feed rate the power 

requirement at the main shaft increased (Kumar et al., 2016). The spike toothed 

cylinder required less power and had more positive feeding action than the rasp bar 

cylinder. 

2.2.8 Machine characteristics influencing threshability 

Machine parameters that include feed rate, concave clearance, cylinder threshing 

speed, cylinder diameter, cylinder width and concave length affect the performance 

of a thresher, hence are key in design. Vas and Harrison (1969) reported that cylinder 

speed was the primary influencing parameter, while concave clearance, although of 

less significance, was an important factor as well. The effect of feed rate, cylinder 

speed and concave clearance on threshing was described based on impact model.  

An increase in feed rate resulted in a decrease in mechanical damage which was 

described as a result of cushioning effect at higher feed rates. This cushioning did not 

affect the threshability which should have decreased in reality. Since it was not 

supported by results, a frictional model was developed. According to this model, 

increased feed rate might have increased the crop stream density which in turn 

increased frictional forces between particles in the crop stream. Thus the cushioning 

effect of the impact model may have tended to decrease the threshability but was 

restricted by the frictional model on threshability (Harrison, 1969).  

The rubbing effect of the frictional model would not result in damaged kernel. In 

conclusion, the effect of cylinder speed, concave clearance and feed rate on 

threshability and grain damage may be described on the basis of an impact model. 

These three parameters were confirmed to cause significant variation in percentage 

mechanical damage(Huynh et al., 1982). 
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Klein and Harmond (1966) studied the effect of varying cylinder speed and clearance 

on three different threshing cylinders. They tried to determine cylinder type and its 

setting for efficient threshing without increasing the broken and damaged grain. The 

cylinders tested were: spike- toothed, rubber covered angle bar and rubber covered 

flat bar. Their optimum peripheral speed and clearance were 25.75 m/s and 0.40 cm; 

20.9 m/s and 0.40 cm; and 24.53 m/s and 0.08 to 0.32 cm, respectively. The rubber 

covered flat bar cylinder recovered about 10% more crimson clover seed than the 

two cylinders and unthreshed seed loss was reduced to about 5% in the process 

(Klein & Harmond, 1966). 

Tandon et al. (1988) used the step-wise multiple regression technique to study the 

relationship between different independent variables, namely, cylinder types, 

concave clearance, cylinder peripheral speed and moisture content in relation to the 

two dependent variables, namely, threshing efficiency and invisible grain damage on 

pulse grains (Qian et al., 2017). An experimental model of pulse thresher without a 

cleaning and separating unit was developed. It has the provision to change the 

machine and operational parameters. The moisture content was found to have a 

significant effect on threshing efficiency and invisible grain damage. The effect of 

concave clearance and cylinder peripheral speed, though numerically small, was 

significant at 5% level (Sessiz et al., 2007). 

Singh and Bachchan (1981) reported the effect of crop and machine parameters on 

threshing effectiveness and seed quality of soya bean. The effect of moisture content, 

threshing speed and length of storage period after threshing, on threshing 

performance and quality of two varieties of soya bean were studied. It was found that 

unthreshed grain increased with increase in pod moisture content. The percentage of 

unthreshed grain decreased with an increase in cylinder speed for all pod moisture 

contents. The variety Ankur was a little harder to thresh and was more resistant to 

damage than PK 71-21. Both storage time and threshing speed had only a small 

effect on the germination percentage of both varieties (Singh & Singh, 1981). 



23 

2.3 Models for Grain Threshing 

Modelling involves writing of equations to describe and predict the performance of a 

system both as functions of changes in inputs and as functions of the changes in the 

systems. In this study, the common bean and machine parameters will be necessary 

in developing the required equations (Pohl, 2010). Modelling of the threshing and 

separation process would provide a better understanding of the fundamental 

relationship of different machine and common beans characteristics in order to 

identify the contribution of each variable. This can be achieved by use of prediction 

equations to identify independent variable in the order of their contribution to the 

total variation on the dependent variables (Ndirika, 1997). 

Miu (2002) developed a universal mathematical model for grain threshing and 

separation. The distribution frequency of unthreshed grain percentage into the 

threshing space is a continuous variable. At the end of the threshing space, L for 

axial unit, the unthreshed grain becomes threshing loss, Vt (%) (Miu & Kutzbach, 

2008b), as presented in Equation 2.1. In the equation, Sn is percent of unthreshed 

grain and ƛ is space increments between respective successive events. 

      (2.1) 

Enaburekan (1994) developed mathematical and optimization models for the 

threshing process in a stationary grain thresher using wheat and sorghum. One of the 

models developed for threshing efficiency (Et) is shown in Equation 2.2: 

    (2.2) 

In the equation, KT is threshing constant, ρ is crop bulk density (kg/m3), α is crop 

moisture content (%, dry basis), V is velocity of threshing cylinder (m/s), W is width 

of thresher (m), D is effective cylinder diameter (m), L is concave length (m), Q is 

crop mass feed rate (kg/s) and C is concave clearance (m). 
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Ndirika (1997) developed mathematical and optimization models for the threshing 

process in a stationary grain thresher using millet and sorghum. Equation 2.3 

presents the threshing model that was developed. 

     (2.3) 

In the equation, Te is threshing efficiency parameter (%), Kt is threshing constant, ρ 

is bulk density (kg/m3), Vb is cylinder velocity (m/s), Lc is concave length (m), Fr is 

feed rate (kg/s), D is cylinder diameter (m) and β is moisture content (%, dry basis). 

Huynh et al. (1982) stated that the rate of detachment of grains from their bindings is 

proportional to both the specific energy input to the crop and transmissibility of the 

energy across the length of the crop mat. The mathematical expression is given by 

Equation 2.4: 

      (2.4) 

In the equation, D is drum diameter, c is concave clearance, ρ is bulk density of crop, 

V2 is peripheral velocity of rasp bar, w is width of thresher, Q is mass feed rate of 

crop and KT is threshing factor. 

2.4 Simulation of Design Parameters and Performance of Thresher 

To understand the effect of machine and crop parameters on performance of common 

beans thresher, simulation is necessary using a mathematical model. Modelling and 

simulation is the use of physical, mathematical, or logical representation of a system 

or process to generate performance data (Law et al., 2000). Muna et al. (2016) 

developed threshing efficiency and optimization models for spike tooth mechanical 

cereal threshers using dimensional analysis and predictive validation methods. The 

model was fit when the threshing speed was in the range of 14.3 to 20 ms-1, the feed 

rate was in the range of 0.1 to 0.2 kgs-1, and moisture content was 10.6 to 15.8 % wet 

basis. Experimental data used for validation was from millet crop thresher, and the 
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mechanical damage model was not developed, which is a cross-cutting issue in 

various studies. Comprehensive modelling and simulation of rasp bar cereal thresher 

were also presented by Osueke (2011). Threshing efficiency, power requirement, 

threshing loss, and grain damage models were developed. However, the model was 

validated with published threshing performance data, which was not clear on the type 

of crop. The established results were found to fit well, taking R2 values equal to or 

greater than 0.9, which were highly significant (α=0.05). 

Simulation can be achieved by setting up a model of a real system and performing 

experiments on it for design and evaluation. Softwares like Visual Basic and Python 

can use mathematical model equations for simulation (Dysarz, 2018). Researchers 

have in the past used these softwares to simulate the performance of machines before 

full-scale development and, after that, only construct the most promising design. 

Osueke (2011) simulated operating parameters using visual Basic computer-aided 

software to determine and identify the performance characteristic of least threshing 

loss due to grain damage, incomplete threshing, and threshing efficiency. The 

software was designed to determine the effect of a range of varied machine and crop 

parameters on the performance of a cereal thresher and hence select the best set of 

parameters. In this study, Python was selected because it is free and open-source, 

object-oriented, simple and easy to use, has many libraries including Numpy, Scipy, 

and Sympy for manipulating mathematical and numerical expressions, constants, and 

multi-dimensional matrices (Hart et al., 2011). In this study, mathematical model 

equations with a set of assumptions concerning the operation of the common bean’s 

thresher were coded. The execution of models represented by a computer program 

was meant to answer questions that were dynamic in nature through quantitative 

ways. 

2.5 Optimization Techniques of Cereal Threshers 

Some of the important common beans and machine variables include moisture 

content, bulk density, pegs` peripheral velocity, concave clearance, concave width 

and mass of the threshing cylinder (McDonald & Copeland, 2012). Variation of the 

mentioned variables results in different outputs of threshing efficiency, power 
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requirement, throughput capacity, and grain damage. This, therefore, creates an 

optimization problem to be solved for efficient machine functioning. Several 

optimization techniques used by researchers include mathematical methods by use of 

calculus, linear, nonlinear, dynamic, geometric, separable, and quadratic 

programming (Rao, 2019). In addition, stochastic techniques are also used for 

optimization where the role of input parameters is highly uncertain by simulation 

methods, Markov processes, queuing, and renewal theory. Finally, statistical 

methods can also be used for solving optimization problems by the design of 

experiments, pattern recognition, regression, and discriminate analysis (Ryan, 2011). 

Nalado (2015) defined optimization procedures as the study of problems in which 

one seeks to minimize (or maximize) a real function by choosing the values of 

integer variables from within an allowed set. Design of experiments, on the other 

hand, is a statistical approach that attempts to provide a predictive knowledge of a 

complex, multi-variable process with few trials. There are several tools that can be 

used for optimization which include: response surface methodology, artificial neural 

networks, Taguchi method and computer simulation programs (Datta & Mahapatra, 

2010). 

Response surface methodology (RSM) is a collection of statistical and mathematical 

methods that have an objective of optimizing a response surface influenced by 

various process parameters.  RSM also quantifies the relationship between the 

controllable input parameters and the obtained response surfaces with the aim of 

optimizing the response variable; it is assumed that the independent variables are 

continuous and controllable by experiments with negligible errors. It is required to 

find a suitable approximation for the true functional relationship between 

independent variables and the response surface (Abich, 2018). 

Artificial neural networks (ANNs) are a computer programs, which recognize 

patterns in a given collection of data and produce model for that data. ANN emulates 

brain in two ways: knowledge is acquired by the network through a learning process 

(trial and error); and interneuron connection strengths (i.e., synaptic weights), are 

used to store the knowledge (Agatonovic-Kustrin and Beresford, 2000). ANNs have 
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been widely employed to solve real life problems related to classification, function 

approximation, data processing, and robotics. The training algorithm used to 

determine various parameters of ANN is one of the key factors that influence the 

performance of ANNs. However, low convergence speed is experienced when ANN 

is used (Yu et al., 2015). 

The Taguchi method was initially developed by Dr. Genichi Taguchi for improving 

the quality of goods manufactured (Park and Ha, 2005). According to Mostafa et al. 

(2013), Taguchi technique is an engineering methodology for obtaining product and 

process conditions which produce high-quality products with less development and 

cost of manufacturing. 

Finally, model-based programs can be developed using existing programming 

languages to compute predicted values based on mathematical models from the first 

principles. This method is compatible with the threshing process since models can be 

developed to define the processes. The design of the package will involve; general 

design principles, structure and implementation as well as function of various 

modules (Osueke, 2011). 

Anwer et al. (2021), optimized the performance of a longitudinal axial flow rice 

thresher using the Taguchi technique. The thresher structure and operating 

parameters were assessed and optimized with reference to threshing efficiency, 

required power, and productivity. The highest efficiency of 98% and the maximum 

productivity of 0.64 kg/s were obtained using the conical-shaped thresher under a 

1500 rpm rotating speed and a feed rate of 1.4 kg/s, whereas the minimum required 

power of 5.45 kW was obtained using the conical thresher under a rotating speed of 

1100 rpm and a feed rate of 0.8 kg/s. However, the study did not focus on grain 

damage as well as important machine parameters like concave clearance, width, and 

diameter. Singh and Vinay (2014) optimized machine parameters of Parvatiya 

Sugam motorized thresher using response surface methodology. The results, 

however, only indicated performance evaluation of the machine rather than the 

optimization criteria and outputs.  
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This study focussed on the optimization of common beans thresher using the Taguchi 

technique. The design of experiments can be conducted on a model or experimental 

system. Several designs of experiments have been used by researchers for 

optimization. Full factorial designs are used where the number of factors is few but 

with strong interaction. According to Wangete et al. (2016), the Taguchi method 

helps to choose the best variable combination factors for optimal operating 

conditions with the least number of analytical investigation and at a lower cost than 

the full factorial experiment. In the Taguchi experimental design, two factors that 

affect the output are identified. The control factors that can be managed easily and 

noise factors that are difficult or expensive to control such as ambient temperatures. 

A class of statistics known as signal to noise ratio is used to measure the effect of the 

factors on process performance and hence represents the ratio of sensitivity to 

variability. The higher the signal to noise ratio value the better the quality of the 

output. Therefore, Taguchi design of experiments maximizes signal to noise ratio to 

minimize the effect of random noise factors. 

2.6 Criteria for Evaluating Threshing Performance 

Performance evaluation is a scientific method of ascertaining the working conditions 

of the main components of a system with a view of establishing how the components 

contribute to the overall efficiency of the system (Peffers et al.,2007). From available 

literature on the various stationary mechanical threshers, the following performance 

criteria or parameters have been established for evaluating different threshing 

mechanisms. These include: threshing efficiency; grain loss or damage; grain output 

capacity and power requirement (El-Behery, 1995). These criteria are measured 

against the design variables namely; crop moisture content, concave length, crop feed 

rate, concave clearance, cylinder threshing speed, cylinder width and cylinder 

diameter. The definition of these variables is as follows (Sinha, 2009). 

Threshing efficiency is the ratio of grain threshed (by weight) during initial threshing 

to the total expressed as a percent (or quantity of threshed grain in a sample to total 

grain in the sample expressed as percent). According to Singh et al. (2015), threshing 
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efficiency is the ratio of mass of threshed grains received from all the outlets to total 

grain input per unit time expressed in percentage (%) (Singh et al., 2015). 

Total grain loss is the sum of threshing loss and grain damage loss whereas grain 

damage loss is the loss due to mechanical damage of grain as determined by visual 

examination and can be expressed as the ratio of broken, cracked, or chipped kernels, 

to the total expressed as percent. Nalado (2015) defined grain damage as the 

percentage of visually broken, chipped or cracked grain to the total grains threshed 

per unit time. It is a result of direct impact between the beaters of the threshing drum 

and the crop fed. A thresher separates grain from pod and stalk by applying pressure 

and impact force. The movement of the crop between stirring components of the 

threshing unit and improper clearance between the moving and stationery 

components causes damage to the grains (Ukatu, 2006). 

Grain output capacity is the amount of grain threshed in an hour expressed in kg/hr 

also known as throughput capacity. It depends on mean rate of threshing, number of 

grains passing through the concave openings in one second per impact and dwell 

time of crop in the thresher (Ndirika, 2005). The kernels of the crop are bonded to 

the crop head by some forces which need to be overcome in order to separate the 

kernel from the head. This force is dependent upon the kind of crop, degree of 

ripeness of the crop and kernel moisture content and that it varies with size, form and 

structure of the plant tissue holding the kernels (Ndirika, 2006). 

Power requirement is the kilowatt power required to thresh a given quantity of crop 

material. The power required to drive the threshing drum shaft is an important factor 

on the operational cost of the thresher. Variables that include crop moisture content, 

concave length, crop feed rate, concave clearance, cylinder threshing speed, cylinder 

width and cylinder diameter supposedly affect energy consumption (Vejasit & 

Salokhe, 2004).  

Grain moisture content is the weight of moisture per unit weight of grain/straw 

expressed in percent. The moisture content of grain which is determined on wet basis 

gives the safe range of efficient threshing and grain damage. From various studies 

(Concave, 1969) it was found that moisture content influences threshability and 
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kernel damage. It was also noted that straw moisture content has greater effect on 

threshing performance than grain moisture content (Lin, 1977). It was reported by 

(Osueke, 2011) that there is a range of moisture content for which the threshing 

efficiency, grain damage and output capacity can be affected. Beyond this range any 

increase in moisture content had no significant effect on threshing performance 

parameters. 

Crop feed rate is the total material including grain, straw and chaff that passes 

through the threshing unit measured in kg/hr. Sudajan et al. (2002) reports on the 

effect of feed rate on the cleaning efficiency. An initial increase was observed in the 

cleaning efficiency with increasing feed rate until a maximum value of 96.5 % was 

obtained at 9.58kg/s. After this, there was a decrease in the cleaning efficiency with 

increasing feed rate. The behaviour of the cleaning efficiency against the feed rate 

may be due to increasing load intensity on the sieve. Multiple particles act as 

obstructions to the airflow (Sudajan et al., 2002). 

Concave clearance is the distance between the cylinder bar or spike tooth and the 

front concave bar measured in mm. Clearance between the threshing drum and the 

concave affects throughput capacity and grain damage. According to Špokas et al. 

(2008), when the clearance was increased at the beginning of the concave more grain 

was threshed at the concave end, they were not separated through the concave and 

were thrown on the straw walkers together with the straw. To minimize the grain 

damage and straw crumble when very dry cereals are harvested with combines, New 

Holland CSX 7080, increasing the clearance between the threshing drum and the 

concave from 10-10 mm to 12-12 mm had no significant influence on the grain 

damage (Špokas et al., 2008). 

Cylinder threshing speed is the peripheral speed of the cylinder measured in 

revolution per minute or m/s. An optimum speed is desirable for optimal 

performance of a thresher because excessive speed can cause the grain to crack while 

a low speed can give unthreshed head. Impact force is the primary threshing action 

for detachment of grain from the ear head. In all types of threshers, this impact force 

is controlled by the cylinder tip speed. The speed of the threshing drum influences 
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the capacity and performance of a thresher (Gbabo et al., 2013). Singh et al. (2015) 

developed and evaluated a multi-crop thresher and found that increase in the level of 

drum speed had significant effect on the threshing efficiency of the thresher. 

Cylinder diameter is the diameter of the circle generated by the outermost point of 

the cylinder threshing element expressed in meters. Huynh et al. (1982) identified 

drum diameter as one of the parameters that influence grain separation from the 

stalks and passage of grains through the concave grate (Huynh et al., 1982). Cylinder 

width is the length of the cylinder bar measured parallel to the cylinder axis 

expressed in meters. As reported by Chhabra (1975), the adequate drum length for an 

axial flow thresher was 203.2 cm at and any further reduction in the length caused 

separation losses. As the concave area was increased from 0.73m2 to 2.09m2 by using 

two concaves, it was noted that there was an improvement in separation efficiency 

(Dhiraj Kumar, 2003). Concave length is the distance from the front of the first bar to 

the rear of the last bar measured around the contour formed by the inner surface of 

the bars. 

2.7 Source of Power for Operation of Threshers 

Farm power for various agricultural operations can be broadly classified as: Tractive 

work such as seed bed preparation, cultivation, harvesting and transportation, and 

stationary work like silage cutting, feed grinding, threshing, winnowing and lifting of 

irrigation water. These operations are done by different sources of power, namely 

human, animal, oil engine, tractor, power tiller, electricity and renewable energy that 

includes biogas, solar and wind (Sahu et al., 1980). Therefore, since threshing is 

classified under stationary work, the suitable power sources are fuel engine, tractor 

power take off and solar energy. 

Oil engine are highly efficient devices for converting fuel into useful work. The 

efficiency of diesel engine varies between 32 and 38%, whereas that of the 

carburettor engine is in the range of 25 and 32% (Sirman et al., 2000). In recent 

years, diesel engines and tractors have gained considerable popularity in agricultural 

operations. Small pumping sets within 3 to 10 hp range are very much in demand. 

Likewise, oil engines of low to medium speed developing about 14 to 20 hp are 
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successfully used for flourmills and cotton gins. Diesel engines of the larger size are 

used on tractors. In the case of handling threshing operations in farm field, small 

diesel engines are the most suitable for powering common beans threshers. 

Solar energy is a renewable primary source which is freely available and clean for 

useful stationary farm operation like threshing.  Kenya receives solar energy of 

between 4 and 6 kWh/m2/day. The country’s annual average solar flux is about 5 

kWh/m2/day which is equivalent to 250 million tonnes of oil equivalent per day 

(Kiplagat et al., 2011). Kenya has high insolation rates with an average of 5 peak 

sunshine hours, equivalent number of hours per day when solar irradiance averages 

1000 W/m2. The total amount of solar energy ranges from 700 kWh in mountainous 

regions to 2650 kWh in arid and semi-arid regions per year. Most parts of the 

country lie in the range of 1750–1900 kWh range. However, only an insignificant 

amount out of this vast resource is hitherto harnessed.  

Diverse application of solar energy includes solar thermal for heating and drying and 

solar photovoltaic (PV) for lighting, water pumping, crop drying, refrigeration and 

telecommunications. In Kenya, there has been a deliberate effort to electrify the 

country in urban and rural areas with a figure of 63.81% access to electricity in 2018 

(Mabea et al., 2018). However, due to weak grids and loading profiles, blackouts are 

experienced in most parts of the country. It’s in this regard that solar energy is 

proposed to be used for the stationary common bean thresher. Various solar energy 

storage devices are available in the market which include; liquid lead acid, 

maintenance free lead acid and lithium-ion batteries. The best batteries were selected 

based on the life cycle and the power load for integration. 

2.8 Summary of the Literature Review and Research Gaps 

From the preceding literature review, it can be noted that not much has been done on 

the modelling and optimization of design parameters in relation to performance of 

portable common bean threshers. Most of the models are for combine systems which 

have different crop model from stationary mechanical threshers. Also, most of the 

models have not been implemented to rate their success, some could not give clear 

explanation on how some of the physical parameters are derived. Most of the 
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mathematical models that have been developed did not include moisture content 

parameter in their formulation, except the threshing process model developed by 

Enaburekhan (1994) which included moisture content parameter. His moisture 

content parameter was proposed from intuitive reasoning. It is therefore necessary to 

develop performance simulation models for describing and predicting the 

performance of the threshing and separation processes for stationary common bean. 

To understand the effect of machine and crop parameters on performance of common 

beans thresher, simulation is necessary using a mathematical model. Modelling and 

simulation are the use of physical, scientific, or rational representation of a system or 

process to generate performance data (Law et al., 2000). Simulation can be achieved 

by developing prediction model equations which are validated using experimental 

measured data. Softwares like Visual Basic and Python can use mathematical model 

equations for simulation (Dysarz, 2018). Researchers have in the past used these 

softwares to simulate the performance of machines before full-scale development 

and, after that, only construct the most promising design. Osueke (2011) simulated 

operating parameters using visual Basic computer-aided software to determine and 

identify the performance characteristic of least threshing loss due to grain damage, 

incomplete threshing, and threshing efficiency. The software was designed to 

determine the effect of a range of varied machine and crop parameters on the 

performance of a cereal thresher and hence select the best set of parameters. In this 

study, Python was selected because it is free and open-source, object-oriented, 

simple and easy to use, has many libraries including Numpy, Scipy, and Sympy for 

manipulating mathematical and numerical expressions, constants, and multi-

dimensional matrices (Hart et al., 2011).  

The design and development of cereal grain threshers is not entirely a grey area. 

Various cereal stationary threshers exist for different crops like sorghum, rice, 

cashew nuts, and millet. However, there is scanty information on common beans 

thresher. Reported findings have mainly been based on experimental data and few 

theoretical modelling of the threshing unit. Desta and Mishra (1990) developed and 

evaluated the performance of an experimental sorghum thresher. Their results 

focused mainly on the optimum operating speeds and average threshing efficiency 
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was 98% at 400 revolutions per minute (rpm). Singh et al. (2015) developed a multi-

crop thresher and evaluated the effect of cylinder speed on threshing efficiency. The 

results indicated that an increase in the level of drum speed had a significant effect 

on the threshing efficiency of the thresher.  

The impact of maize sheller in increasing production and making work easier has 

been felt in Kenya. The majority of farmers use maize sheller for shelling maize 

because it is readily available in the market produced by the informal sector. This 

could be one of the reasons why maize is the first staple food crop in Kenya. The 

same principle of mechanization of threshing activities for common beans could be a 

game-changer in attracting many Kenyans to grow beans to meet the consumption 

demand as well create employment for the machine producers. As reported earlier, 

there have been attempts to design and fabricate common beans thresher by Kenya 

Agricultural and Livestock Research Organization (KALRO) apart from the 

imported ones from China and America. However, grain damage caused by impacts 

of the moving parts of crop threshing units and incorrect clearances between the 

stationary and moving parts of the units are some of the concerns to bean farmers and 

consumers (Fu et al., 2018). Optimization of key input factors is hence necessary for 

the design of an improved machine system. 

Some of the important common beans and machine variables include moisture 

content, bulk density, peripheral velocity of the pegs, concave clearance, concave 

width and mass of the threshing cylinder (McDonald & Copeland, 2012). Variation 

of the mentioned variables results in different outputs of threshing efficiency, power 

requirement, throughput capacity, and grain damage. This, therefore, creates an 

optimization problem to be solved for efficient machine functioning. Several 

optimization techniques used by researchers include mathematical methods by use of 

calculus, linear, nonlinear, dynamic, geometric, separable, and quadratic 

programming (Rao, 2019). In addition, stochastic techniques are also used for 

optimization where the role of input parameters is highly uncertain by simulation 

methods, Markov processes, queuing, and renewal theory. Finally, statistical 

methods can also be used for solving optimization problems by the design of 

experiments, pattern recognition, regression, and discriminate analysis (Ryan, 2011). 
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Several designs of experiments have been used by researchers for optimization. Full 

factorial designs are used where the number of factors is few but with strong 

interaction. According to Wangete et al. (2016), the Taguchi method helps to choose 

the best variable combination factors for optimal operating conditions with the least 

number of analytical investigation and at a lower cost than the full factorial 

experiment. In the Taguchi experimental design, two factors that affect the output are 

identified. The control factors that can be managed easily and noise factors that are 

difficult or expensive to control such as ambient temperatures. A class of statistics 

known as signal to noise ratio is used to measure the effect of the factors on process 

performance and hence represents the ratio of sensitivity to variability. The higher 

the signal to noise ratio value the better the quality of the output. Therefore, Taguchi 

design of experiments maximizes signal to noise ratio to minimize the effect of 

random noise factors. 

A number of gaps were identified in literature review, these include inadequate 

models to describe the effect of common beans characteristics (e.g., bulk density, 

moisture content, grain straw ratio, grain geometry and length of bean straws) on the 

performance of bean threshers. In addition, the relationship between machine and 

operational factors (e.g., length of the concave, concave clearance, concave width, 

cylinder diameter feed rate and pegs peripheral speed) on performance of the system 

is not well explained by existing models. Furthermore, existing dry bean threshers 

have high mechanical grain damage with low threshing efficiency because most of 

the designs are experimental. Finally, existing bean threshers require improvement 

by considering all the variables affecting the performance of the machine. 

2.9 Conceptual Framework 

The structure for the study based on literature is illustrated diagrammatically 

showing relationship between independent and dependent variables in the conceptual 

frame work shown in Figure 2.6. 
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Figure 2.6: Conceptual framework. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Simulating Design Parameters and Evaluating the Performance of the 

Common Beans Thresher 

Simulation was done by setting up a computer-based model of bean thresher and then 

performing experiments on it. It was a stepwise process of developing mathematical 

prediction equations, coding in python software and simulating scenarios based on 

input variables.  The schematic model of the common bean threshing unit that was 

modelled and simulated is indicated in Figure 3.1. The modelled threshing unit 

consisted of a cylinder drum with the pegs attached in a spiral configuration, concave 

that forms part of the sieve, and concave clearance. The key performance models 

developed that described the threshing unit were; power requirement, threshing 

efficiency, threshing loss, grain damage, and output capacity. 

 

/Peg 
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Figure 3.1: Schematic of cylinder-concave of spike tooth threshing mechanism. 

Adopted from: Ndirika (2005) 

3.1.1 Mathematical models relating design parameters and performance of 

thresher 

3.1.1.1 A model for power requirement 

The model for power requirement was developed by combination of dimensional 

analysis using the concept of Buckingham’s` Pi theorem and mechanic theory. It was 

a sum of power required to detach the grains from the pods, power required to 

overcome friction and the power required to turn the loaded cylinder. The power 

required to detach the grains from the pods, Pi was determined by first defining the 

energy required to detach the grain from the panicle, E.  

This energy E, was determined using dimensional analysis by considering related 

factors of influence. The variables of importance were assumed to be; crop velocity 

Vc, crop bulk density (wet basis) ρw, federate F, concave clearance C, concave length Lc 

and cylinder diameter D. However, since concave clearance, concave length and 

cylinder diameter are usually fixed during threshing operation, these three variables 

were assumed constant. Therefore, the energy required to detach grain from the 

panicle was given as in Equation 3.1: 

      (3.1) 

Using [M], [L], [T] system of dimensions and applying the Buckingham`s pi theorem 

to identify the dimensionless groups to be formed, the energy required to detach the 

grains from the panicles in Equation 3.1 was transformed into Equation 3.2. In this 

equation, Ks is the energy coefficient. 

      (3.2) 
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The power required to detach the grains from the panicles, Pi was then expressed as 

shown in Equation 3.3: 

Pi = E/td       (3.3) 

But for a given concave length (Lc) and crop velocity (Vc), the dwell time (td) of the 

crop in the thresher was expressed as stated in Equation 3.4, in which Lc is concave 

length (m), Vc is crop velocity (m/s) and td is dwell time (s). 

        (3.4) 

The average velocity (Vc) of the crop in the threshing zone was then estimated by 

representing the peripheral velocity of the cylinder or beater (Vb), linear velocity of 

the feeder (Vf) and the velocity of the crop in the threshing zone in a velocity 

diagram. It was formerly resolved for velocities by Pythagoras theorem to obtain the 

crop velocity (Vc). Hence an average velocity was defined by Equation 3.5. In this 

equation, Vf is linear velocity of the feeder (m/s), Vb is peripheral velocity of the 

cylinder or beater (m/s) and Vc is the average velocity (Vc) of the crop in the 

threshing zone (m/s). 

      (3.5) 

Since the feeding was manual, Vf was small compared to Vb, and as such it was 

assumed to be negligible. Considering a slip factor for the beater bar as Kb, the crop 

mixture was assumed to haul around the concave at the velocity given in Equation 

3.6. 

       (3.6) 

Substituting the value of Vc from Equation 3.6 into Equation 3.4 resulted to Equation 

3.7 
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       (3.7) 

Substituting the value of dwell time in Equation 3.7 and the energy required to 

detach the grains from the panicles in Equation 3.2 in Equation (3.3) resulted into 

Equation 3.8 that predicts the power required to detach the grain from the panicle for 

a given crop. 

      (3.8) 

In determining the power required to overcome friction, the pressure of the crop 

stream on the concave surface was assumed to be uniformly distributed over the 

entire length and width of the concave. Therefore, by dimensional analysis, the force 

(F) required to move the crop material around the concave was related to the mass 

feed rate and velocity as indicated in Equation 3.9: In this equation F is frictional 

force to be overcome before the crop material move around the concave and µ is the 

dimensional constant referred to as coefficient of motion resistance of crop stream on 

the concave. 

       (3.9) 

Substituting the value of Vc from equation 3.6 into equation 3.9 resulted into 

Equation 3.10 which was the force required to overcome friction. 

  = Ka Fr.Vb     (3.10) 

Therefore, the power required to overcome the friction was given by Equation 3.11: 

Pf = F.Vc       (3.11) 

Substituting the value of Vc from Equation 3.6 into Equation 3.11 resulted to 

Equation 3.12: 
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Pf = Kb.Vb.F       (3.12) 

Substituting the value of F from Equation 3.10 into Equation 3.12 gives Equation 

3.13: 

Pf = Ka.Kb.Fr.Vb
2      (3.13) 

Replacing Ka.Kb with Kf (frictional constant) then Equation 3.13 was simplified to 

Equation 3.14 which predicted the power required to overcome frictional force. 

       (3.14) 

The power required to turn the unloaded cylinder was based on the rotational speed 

without load and the torque required to run the cylinder without load. The force 

required to turn the threshing cylinder without load was expressed by Equation 3.15. 

In this equation, Mc is mass of the threshing cylinder (kg), a` is sum of acceleration 

due to gravitational force (g') and the centrifugal acceleration of the cylinder. 

       (3.15) 

The centrifugal acceleration for the cylinder was also expressed as in Equation 3.16, 

where Vb (m/s) is the velocity of the cylinder without load and D (m) is the effective 

diameter of the cylinder. 

a' = g' + (2Vb
2/D)       (3.16) 

Substituting the value of a` in Equation 3.16 into Equation 3.15 resulted into 

Equation 3.17: 

     (3.17) 

The torque T' required to turn the threshing cylinder without load was expressed as in 

Equation 3.18 according to Ndirika (2006). In this Equation, Y is the radius of the 

driven pulley of the cylinder (m) 
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        (3.18) 

Substituting the value of F/ from Equation 3.17 into Equation 3.18 yielded into 

Equation 3.19: 

     (3.19) 

Power Pr, required to run the cylinder without load was expressed as in Equation 

3.20 according to Ndirika (1988) in which N is the cylinder rotational speed without 

load. 

Pr = N.T`       (3.20) 

Substituting the value of T/ from Equation 3.19 into Equation 3.20 gives Equation 

3.21: 

      (3.21) 

Expressing Equation 3.21 in the units of power resulted into Equation 3.22: 

    (3.22) 

Therefore, the prediction model for total power (watts) required for threshing 

operation was expressed as in Equation 3.23: 

      (3.23) 

Substituting the values of Pi, Pf and Pr into Equation 3.23 resulted in Equation 3.24 

which is useful in simulating the total power required for threshing operation. 
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  (3.24) 

3.1.1.2 Modelling threshing process 

The exponential probability density function as used by Ndirika, (1997), Miu, (2002) 

and Huynh et al., (2019) was considered for describing and predicting the process 

performance and various variables influencing threshability. The process was 

described as a probability of equal likely events that assumed that any bean grains 

had an equal chance of being threshed at any time and had an equal chance of 

reaching the concave surface at a given position. The exponential probability density 

function was defined as in Equation 3.25. In this equation, t is occurrence time of 

random events (threshing of grain) in seconds, and λ was mean rate of threshing 

(kg/s).  

       (3.25) 

Integrating Equation 3.25 with respect to time t, at time interval of (0 < t < td) to 

obtain fraction of the grain threshed within the interval, Te resulted into Equation 

3.26. 

      (3.26) 

Equation 3.26 described the threshing efficiency parameter which is depended on the 

rate of threshing and the dwell time of threshed grain in the threshing zone. But the 

formula for dwell time was given by Equation 3.27 (Miu and Kutzbach, 2008; Huynh et al., 

2019 and Ndirika, 1997.  

   (3.27) 
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The Threshing frequency or the mean rate of threshing, λ1 was determined by use of 

dimensional analysis. The important variables that influence λ1 were assumed to be 

cylinder velocity Vb, crop bulk density ρw, f e e d  r a t e  Fr, and cylinder diameter, D. 

Hence, the mean threshing parameter was given by Equation 3.28: 

      (3.28) 

Using [M], [L], [T] system of dimension and applying the Buckingham’s pi theorem 

to identify the dimensionless group formed, Equation 3.29 was developed. 
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      (3.29) 

Substituting td and λ1 from Equation 3.27 and 3.29 respectively into Equation 3.26 yields 

Equation 3.30 that predicted threshing efficiency of common beans thresher. 

    (3.30) 

In Equation 3.30, Te is the threshing efficiency of the thresher, Kt is the threshing 

constant, ρd is the dry bulk density of common beans, w is the concave length, and β 

is the moisture content of common beans. Threshing loss TL was defined by Equation 

3.31, the fraction of unthreshed common beans expressed in percentage. 

       (3.31) 
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Substituting Te in Equation 3.30 into Equation 3.31 resulted into Equation 3.32, 

which was used to predict threshing loss. 
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    (3.32) 

3.1.1.3 A model for predicting grain mechanical damage 

Damage parameter, λd which was the mean rate of damaged grain was important in 

the development of the damage model. It was determined by the use of dimensional 

analysis. The variables of importance influencing damage parameters were assumed 

to be cylinder velocity, Vb, crop bulk density, ρw, feed rate, Fr, cylinder diameter, D 

and m i n i m u m  velocity to cause grain damage Vd. Therefore, Equation 3.33 

described the damage parameter, where Vb is cylinder Velocity (m/s), ρw is crop bulk 

density (g/m3), Fr is feed rate (g/s), D is cylinder diameter (m) and Vd is mi n i m u m  

velocity to cause grain damage (m/s). 

     (3.33) 

Using [M], [L], [T] system of dimension and applying Buckingham’s pi theorem to 

identify the dimensionless groups to be formed, Equation 3.34 was developed. 

   (3.34) 

The integral of exponential probability density function as in Equation 3.35 was used 

to develop expression for the fraction of grain damage within the time interval 0 < t < 

td`` in the threshing zone. From this interval it implied that the fraction threshed 

within the interval, Tg was given by Equation 3.35: 
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       (3.35) 
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The damaged fraction, Df was represented in Equation 3.36 

Df      (3.36) 

Fraction of damaged common beans was further defined based on integral 

exponential probability density function within dwell time in the threshing unit. 

Equation 3.37 was used to express the fraction of the damaged common beans on 

impact by the pegs (Osueke, 2011; Gregory, 1988 and Fu et al., 1982). In this 

equation, Db is the fraction of damaged common beans grains in the equation, and Kd 

is the damaged constant. 

     (3.37) 

3.1.1.4 Throughput capacity model 

The thresher output capacity model was developed by dimensional analysis, using 

the concept of Buckingham's pi theory. The variables of importance were assumed to 

be feed rate Fr, grain-straw ratio (Z) and separation efficiency (Se). Separation 

efficiency was the fraction of threshed grain that was recovered through the concave 

opening by the concave configuration. Therefore, output capacity of a thresher was 

defined by Equation 3.38: 

      (3.38) 

Using the [M], [L], [T] system of dimension and applying Buckingham’s pi theorem 

to identify the dimensionless groups to be formed, Equation 3.39 was developed in 

which Km is the yield factor. 

      (3.39) 
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The dependent events that were considered in the modelling of separation efficiency 

were: detachment of the grain from the crop head, migration of the grains through the 

crop stream and passage of grain through opening. Huynh et al., (1982) and Ndirika, 

(2006) predicted separation efficiency as shown in Equation 3.40. This equation 

predicted the fraction of threshed grains that was recovered through the concave 

opening. 
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The Threshing frequency or the mean rate of threshing, λ1 was determined by the use 

of dimensional analysis. The important variables that influenced λ1 were assumed to 

be cylinder velocity Vb, crop bulk density ρw, f e e d  r a t e  Fr, and cylinder diameter, 

D. Equation 3.41 shows threshing frequency predicting equation that was developed. 

In this equation, KT is threshing constant, Vb is peripheral velocity of beaters, δd is 

crop bulk density (dry basis), D is cylinder diameter, β is moisture content of wet 

crop and Fr is feed rate. 

      (3.41) 

The mean rate of migration or separation for grain through the crop stream thickness 

was modelled based on the application of Newton’s second law of motion for a body 

under uniform acceleration starting from rest. It was assumed that the crop motion 

resistance force was constant and proportional to the force acting on the grain. The 

grain migration parameter was modelled and expressed as shown in Equation 3.42 

(Ndirika, 2006), where Kn is the mean time coefficient and g1 is acceleration due to 

gravitational force in the vertical direction. 

     (3.42) 
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The assumptions made in determining the rate of grain passage through concave 

opening were that the grain slides through the crop stream with constant velocity, Vg 

across the concave surface. In addition, the passage of grain through a given concave 

opening formed by the rods and bars is only possible if the projection of the grain on 

the concave surface is within the concave opening and if the grain fails to pass 

through the concave opening it will move to the next concave opening at a constant 

speed (Vg). The probability of grain passage through the concave opening was 

determined using the relation by Huynh et al. (1982) and Ndirika (2006) as shown in 

Equation 3.43: 

     (3.43) 

In Equation 3.43, a1 is centre line distance between rods (m), b1 is centre line 

distance between bars (m), a2 is rod diameter (m), b2 is width of the bar (m), d1 is 

average size of the grain which is considered spherical (m) and P/ is probability of 

grain passage through the concave opening. The concave separation parameter was 

modelled into Equation 3.44. 

    (3.44) 

Substituting separation efficiency in Equation 3.40 into Equation 3.39 resulted into      

Equation 3.45 (Ndirika, 2006; Gregory, 1988; Osueke, 2011), where CT is the output 

capacity of the thresher, Km is the yield factor, Z is the grain straw ratio, λ1 is the 

mean rate of threshing, λ2 is the grain migration parameter, λ3 is concave separation 

parameter, and td is the dwell time in the threshing zone. 

  

(3.45) 



50 

3.1.2 Simulating design parameters and evaluating performance of the thresher 

In developing a simulation model, the best framework and language was chosen 

among visual basic dot net, web-based simulation model (Js), MATLAB, R, C, and 

python among many others. Python was selected because it is free and open source, 

object oriented, simple and easy to use, had many libraries including numpy, scipy 

and sympy for manipulating mathematical and numerical expressions, constants and 

multi-D matrices.  

Python software was downloaded in components of Integrated Development 

Environment, Python v3.8 and PyCharm Professional Edition. The steps for 

installation were followed carefully and then an editor was opened. The program was 

designed in two versions, the first one had ten functions to return different 

components of the model in each function. It also was able to print out the equations 

used to model. Version two had only one main function that returned the values of all 

the outputs. The program began by displaying the current EAT time using the date 

and time built in module in the python 3.8.5 shell.  The programme code used for 

simulation is shown in Plate A5 in the appendices. 

The user was requested to enter all the input parameters shown in Table 3.1-3.3. This 

was followed by a series of arithmetic manipulations. After the inputs had been 

stored in the program, the code calculated the different output components as 

follows, dwell time, power to overcome friction, power to detach the grains, power to 

turn unloaded cylinder, total power, threshing loss and threshing efficiency and grain 

damage. Crop and machine parameters were entered individually and then simulated 

to view performance results. Parameters in Tables 3.1 and 3.3 were kept constant, 

while those in Table 3.2 were varied to ascertain their effect on the thresher 

performance. The choice of variables was based on the assumption of common bean 

crop and machine parameters that affect the performance of the bean thresher. In 

addition, past researchers have described feed rate, peg`s peripheral speed, concave 

clearance and length as some of key factors affecting performance of threshers 

(Ndirika, 1997). 
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Table 3.1: Fixed crop and machine input parameters into the model 

Parameter Values 

Radius of the driven pulley, Y 0.045 m 

Mass of threshing cylinder, Mc 5 kg 

Center line distance between adjacent concave 

rods, a1 

0.04 m 

Concave rod diameter, a2 0.0018 m 

Center line distance between adjacent concave 

bar, b1 

0.06 m 

Width of concave bars, b2 0.0085 m 

Grain straw ratio, Z 0.9 

Spherical size of common beans 0.016 m 

Table 3.2: Crop and machine variables used for simulation 

Variable Variations 

Moisture content of common beans, β 

(%) 

15 17.5 20 22.5 25  

Feed rate, Qr (kgs-1) 0.01 0.02 0.03 0.04 0.05  

Peripheral velocity of the pegs, Vp 

(ms-1) 

2 4 6 8 10 12 

Concave clearance, c (m) 0.018 0.02 0.022 0.024 0.028  

Concave length, Lc (m) 0.25 0.5 0.75 1   

 

Table 3.2: Constants used in the applicable mathematical models 

Constants Values Source 

Acceleration due gravity, 

g` 

9.8 Muna et al., (2016) 

Slippage factor, Ka 0.35 Desta and Mishra (1990) 

Threshing constant, KT 0.002 Huynh et al., (1982) & Osueke, 
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(2011) 

Damage constant, Kd 8 × 10-3 Ndirika, (1997) & Wagami, (1979) 

Yield factor, Km 0.7 Long et al., (1967) & Ndirika, 

(1993) 

 

For easier simulation, a web-based interface for input variables was designed (Figure 

3.2). The interface was portable (can be used on any device) and one does not need 

to install any python dependencies to use. However, it was necessary to set up the 

server, database and domain on Heroku Cloud Platform. The user had to input all the 

required variables before simulation to get outputs. To refresh, it had a clear button. 

 

Figure 3.2: Computer interface for input simulation variables. 

The computer interface for model output is shown in Figure 3.3. The results of the 

output were based on the coded mathematical prediction equation. The input fields 

were modified in a way to allow individual input to be modified independently 

during debugging. 
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Figure 3.3: Computer interface for model output. 

 

3.1.2.1 Model testing and validation 

Figure 3.4 shows threshing unit of the developed common beans thresher used for 

validation. The developed prototype was modified from the existing threshers e.g., 

millet, sorghum and maize shellers (Abich, 2018; Ndirika, 1997). However, the 

following factors were considered in the design and modification of the common 

bean thresher prototype: 

i. The length of unthreshed bean straws was used to determine the drum 

diameter. The correct diameter enhances smooth flow of material within the 

threshing unit by avoiding complete winding of straws around the cylinder 

drum. 

ii. Peg`s peripheral speed rather than angular speed was used as a parameter 

due to the fact that the rubbing and impact-force required to thresh the grain 

of the common beans from the pods depends on the peripheral speed. 

iii. The total weight and size of the machine were considered for easy 

transportation. 
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iv. The safe operating speeds was considered to avoid excess vibrations and 

high grain mechanical damage based on literature.  

 

 

Figure 3.4: Schematic diagram for common beans thresher prototype. 

The threshing unit consisted of a peg tooth threshing drum and perforated concave. 

The threshing drum was made of galvanized cylindrical metal pipe 1000 mm long 

through which a 25.4 mm shaft passed. Pegs were bolted in a staggered helical 

manner on the drum. At the end of the drum shaft a double groove V belt pulley 

made of cast iron was mounted on the shaft driven by a three phase 2.20 kW electric 

motor. The concave was 260 mm wide and 1000 mm long. A concave clearance of 

22 mm based on the bean grain size was used in the design of the thresher. The 

support frame was fabricated from iron hollow section 39 mm by 25 mm. Its overall 

dimension was 1200 mm long, 260 mm wide and 1100 mm high. The feeding hopper 

was trapezoidal type made from mild steel sheet gauge 18 and tilted to feed the 
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common beans by gravity flow. The height of hopper from the ground level was 

1540 mm. 
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3.1.2.2 Design Analysis 

The design analysis was carried out to evaluate the necessary design parameters, 

strength and size of materials for consideration in the selection of various machine 

parts. This was done to avoid failure by yielding and fatigue during the operation of 

the machine. Threshing drum diameter was required to determine the capacity of 

common bean threshing machine. This was determined using standard equation for 

calculating volume of a cylinder. Power transmission system was achieved by the use 

of pulley. Drum pulley diameter was based on maximum drum angular speed N 

determined by Equation 3.45 according to Adekanye (2016), in which V is the 

peripheral drum speed (m/s) and Dp is the drum diameter (m). 

       (3.45) 

The drum shaft pulley diameter was established using Equation 3.46. In this 

equation, N1 is speed in rpm of prime mover pulley (m/s), N2 is Speed in rpm of 

pulley of drum (m/s), d1 is diameter of prime mover pulley (m) and d2 is diameter of 

pulley on drum (m). 

       (3.46) 

The power requirement was a sum of power required to overcome friction, the power 

required to detach the grains from the pods, blower power requirement and the power 

required to turn the unloaded cylinder. Therefore Equation 3.47 was used to predict 

the total power required for threshing common beans (Wamalwa et al., 2021; Osueke 

2011; Ndirika, 1997). In this equation, PT is total power required for threshing, Ka is 

slippage factor for cylinder pegs, Vp is the peripheral velocity of the pegs, Qr is feed 

rate of common beans, ρw is bulk density of common beans (wet basis), Lc is concave 

length, Kb is a dimensional constant relating to motion resistance of the material, Mc 

is mass of the cylinder, Y is the radius of the driven pulley, N is cylinder RPM 
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without load and g` is the acceleration due to gravity and D is the effective diameter 

of the cylinder. 

  (3.47) 

The length of belt between prime mover and drum pulleys at nominal pitch length 

(L) was obtained using Equation 3.48, where L is Length of belt connecting the 

pulleys (m), dp is diameter of prime mover pulley (m), Dp is diameter of drum shaft 

pulley (m) and Cp is distance between the centres of prime mover and drum pulley 

(m) 

    (3.48) 

The centre distance was determined using Equation 3.49 according: 

    (3.49) 

Equation 3.50 was used to determine the angle of lap (θ) of belt on pulleys, where θ 

is angle of contact (rads), Dd is diameter of driven pulley (cm), dd is diameter of 

drive pulley (cm) and Cd is the distance between the centres of the two pulleys (mm) 

     (3.50) 

Tension in the slack side of the belt was calculated using Equation 3.51. In this 

equation, Tt is tension in the tight side (N), Ts is tension in the slack side (N), θ is 

angle of lap (rads), μ is coefficient of friction between belt and pulley and β is half 

angle of V-groove of the pulley (rads).  
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      (3.51) 

The power transmitted per belt was determined by Equation 3.52, where P is power 

transmitted by the belt to cylinder during shelling (W), Tt is tension in the tight side 

(N), Ts is tension in the slack side (N) and v is the velocity of the belt (m/s). 

      (3.52) 

Design of shaft was based on torsion strength and torsion rigidity. Concave radius, rc 

was based on the radius of curvature Cc, of the concave grate which was determined 

using Equation 3.53. In this equation, rc is radius of concave (mm), rd is radius of 

cylinder drum (mm), hp is peg height above the drum (mm) and Cc is concave 

clearance (mm). 

      (3.53) 

Measured data from the developed thresher was used to validate the performance of 

the developed models in simulating threshing of common beans. This was carried by 

plotting graphs, student t-test, and residual error analysis. The line of best fit, 

correlation coefficient, and coefficient of determination R2 were used to measure 

how well simulated data compares with actual data. To establish the repeatability of 

experimental data, the mean and standard deviations of the data were also 

established. The absolute residual error εr was determined as shown in Equation 3.54 

(Uluko et al., 2006; Kanali, 1997), in which ψp and ψa are the predicted and actual 

values, respectively. The prediction performance (ηµm) of the model at εr% residual 

error interval was determined by equation 3.55, where ςw and ςt represent the number 

of data within the interval and the total trial data, respectively. The simulated results 

of each performance model were validated with measured experimental outputs. 

      (3.54) 
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       (3.55) 

3.2 Optimizing Design Parameters and Evaluating Performance of the Common 

Beans Thresher 

Taguchi experimental design was used to optimize the performance of the common 

bean thresher. This is because it resulted in optimum factor combination levels for 

each response. The optimization criteria were to minimize grain damage and power 

requirement for threshing and maximize threshing efficiency and throughput 

capacity. The crop characteristics whose influence on thresher performance were 

investigated were moisture content and bulk density. The machine and operational 

factors were peripheral velocity of the cylinder, feed rate, concave width and mass of 

the threshing cylinders. These factors were selected after analysing the variance 

effect on thresher performance. Table 3.4 shows selected levels of common beans 

and machine characteristics. 

Table 3.4: Common beans and machine characteristics at different levels 

Level 

Number 

Moisture 

content 

(%) 

Bulk 

density 

(kg/m3) 

Feed 

Rate 

(kg/s) 

Concave 

width  

(m) 

Pegs 

peripheral 

velocity of 

(m/s) 

Mass of 

threshing 

cylinder 

(kg) 

1 15 44 0.01 0.2 1.88 2 

2 17.5 46 0.02 0.4 2.82 4 

3 20 48 0.03 0.6 3.77 6 

4 22.5 50 0.04 0.8 4.71 8 

5 25 52 0.05 1 5.65 10 

 

Determination of the effect of all the six factors on the performance of common 

beans thresher at different combination levels was carried out by selecting a 

matching orthogonal array. Taguchi experiment design with an orthogonal array of 

L25 (5
6) was developed to obtain results for all experiments as shown in Table 3.5. 

The levels were selected based on the design size of the prototype and its operational 

variable range i.e., operational drum speeds were in the range of 400 – 1200 rpm, 
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which translated to a minimum pegs peripheral speed of 1.88 m/s and maximum 

speed of 5.65 m/s. The levels were determined based on the measurable interval 

quantities using the available equipment. 
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Table 3.5: Taguchi experiment design 

Experiment 

No. 

Peripheral 

velocity of 

the pegs 

(m/s) 

Bulk 

density 

(kg/m3) 

Feed 

Rate 

(kg/s) 

Concave 

width 

(m) 

Moisture 

content 

(%) 

Mass of 

threshing 

cylinder 

(kg) 

1 1.88 44 0.01 0.2 15 2 

2 1.88 46 0.02 0.4 17.5 4 

3 1.88 48 0.03 0.6 20 6 

4 1.88 50 0.04 0.8 22.5 8 

5 1.88 52 0.05 1 25 10 

6 2.82 44 0.02 0.6 22.5 10 

7 2.82 46 0.03 0.8 25 2 

8 2.82 48 0.04 1 15 4 

9 2.82 50 0.05 0.2 17.5 6 

10 2.82 52 0.1 0.4 20 8 

11 3.77 44 0.03 1 17.5 8 

12 3.77 46 0.04 0.2 20 10 

13 3.77 48 0.05 0.4 22.5 2 

14 3.77 50 0.01 0.6 25 4 

15 3.77 52 0.02 0.8 15 6 

16 4.71 44 0.04 0.4 25 6 

17 4.71 46 0.05 0.6 15 8 

18 4.71 48 0.01 0.8 17.5 10 

19 4.71 50 0.02 1 20 2 

20 4.71 52 0.03 0.2 22.5 4 

21 5.65 44 0.05 0.8 20 4 

22 5.65 46 0.01 1 22.5 6 

23 5.65 48 0.02 0.2 25 8 

24 5.65 50 0.03 0.4 15 10 

25 5.65 52 0.04 0.6 17.5 2 
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The criteria for selection of the levels for moisture content was based on the standard 

range applicable for threshing beans of 14-25% w.b (Scariot et al., 2017). Levels for 

bulk density were determined by experimental measurements conducted to mimic the 

two manual feeding process; intermittent and continuous. In addition, the levels for 

peripheral velocity of the pegs were selected based on safe operational drum speed to 

avoid excess vibration and high mechanical grain damage. Finally, the levels for 

mass of threshing cylinder were carefully chosen based on the effect of overall 

weight of the machine and the total power required for threshing. 

The L25 orthogonal array had six columns corresponding to the factors and 25 rows 

for the possible combination of factor levels. Taguchi experiment design reduced the 

number of experiments to 25 instead of (56 =15,625) trials needed for six factors and 

a five-level factorial design. The effect of a single factor on performance output was 

determined by computing the average at each factor level and the results were 

analysed graphically. Analysis for combined factors influence was done using signal 

to noise ratio values. Signal to noise ratio (S/N) values were calculated for all the 

experiment trials. Equation 3.56 was used to calculate signal to noise ratio for 

performance in which low output values were expected such as grain damage and 

power required for threshing. The number of experimental replications in a trial was 

represented by n and y is the measured output value for the trial. 

         (3.56) 

The S/N values for maximum outputs like throughput and threshing efficiency were 

determined using Equation 3.57. The higher the S/N values the better performance. 

     (3.57) 
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Mean S/N values were then determined for each factor level, with the highest value 

corresponding to the optimum desired output. The response graphs for the outputs 

were plotted from the results to indicate the effect of the factors under analysis on the 

performance of the common bean thresher. Also, to determine the contribution of 

each effect on the performance of the thresher, analysis of variance (ANOVA) on the 

S/N ratios was calculated. The S/N of simulation model data of the first 15 

experimental runs is indicated in Table 3.6. The input factors at different levels were 

peripheral velocity of the peg (v), common beans bulk density (ρ), feed rate (Q), 

concave width (w), crop moisture content (β), and mass of the threshing cylinder. 

The choice of the factors was based on simulation results on the effect of the input 

variables on the performance of the common beans thresher. The response outputs 

from the simulation model were power required for threshing (PT), grain damage 

(Gd), threshing efficiency (Te), and throughput capacity (CT). 

Table 3.6: Signal to noise ratio of simulation model results 

ExptRun. v ρ Q w β Mc PT S/N (PT) Gd S/N (Gd) Te S/N (Te) CT S/N (CT) 

1 1.9 44 0.01 0.2 15 2 207 -46 3.4 -10.5 42. 32.5 22 26.8 

2 1.9 46 0.02 0.4 18 4 285 -49 2.6 -8.3 45 32.9 37 31.5 

3 1.9 48 0.03 0.6 20 6 362 -51 1.9 -5.9 47 33.4 48 33.6 

4 1.9 50 0.04 0.8 23 8 439 -53 1.5 -3.3 50 33.9 57 35.1 

5 1.9 52 0.05 1 25 10 517 -54 1.1 -0.6 52 34.3 65 36.2 

6 2.8 44 0.02 0.6 23 10 128 -62 6.2 -15.8 84 38.4 45 33.0 

7 2.8 46 0.03 0.8 25 2 361 -51 6.9 -16.7 82 38.3 63 35.9 

8 2.8 48 0.04 1 15 4 592 -55 9.9 -19.9 78 37.8 75 37.5 

9 2.8 50 0.05 0.2 18 6 822 -58 67 -36.6 23 27.1 88 38.8 

10 2.8 52 0.1 0.4 20 8 1053 -60 1.4 -3.0 94 39.4 24 27.5 

11 3.8 44 0.03 1 18 8 1972 -66 14 -23.1 94 39.5 66 36.4 

12 3.8 46 0.04 0.2 20 10 2432 -68 73 -37.3 37 31.3 85 38.6 

13 3.8 48 0.05 0.4 23 2 590 -55 58 -35.3 55 34.7 102 40.2 

14 3.8 50 0.01 0.6 25 4 1051 -60 1.3 -2.07 99 39.9 24 27.6 

15 3.8 52 0.02 0.8 15 6 1511 -63 6.9 -16.8 98 39.8 47 33.4 

 

Expected and actual outputs were determined for this study. Expected outputs were 

computed from the Taguchi experiment matrix and using Equation 3.58 in which j 
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are the number of factors, nm is the mean of all the S/N ratios in the experimental 

runs and ni is the S/N ratios corresponding to the optimum factor levels: 

     (3.58) 

 

3.3 Development and Performance Evaluation of the Optimized Common Beans 

Thresher 

3.3.1 Design of the optimized beans thresher 

The results of optimization were used in the development of the final common beans 

thresher. Design analysis of optimized common beans thresher was carried out using 

Equation 3.45 to 3.53 to evaluate the necessary design parameters, strength and size 

of materials for consideration in the selection of various machine parts. Figure 3.5 

shows the optimized developed common beans thresher. 
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Figure 3.5: Developed portable common beans thresher. 

 

The prototype used for validation is shown in Plate C3 in the appendices section. The 

main parts of the developed thresher were; feeding hopper, threshing unit, cleaning 

unit, driven pulley, beans outlet, chaff outlet and petrol engine. The variety of beans 

used for evaluation of the developed common beans thresher was the red kidney type 

commonly known as “Nyayo” as shown in Figure 3.6. It was selected because it is 

one of the main varieties grown in Kenya and also due to the large dimensions size 

for the design of the sieve. It was harvested in Ngongongeri farm in Egerton 

University (at coordinates 0.35000S, 35.91670E). This implied any other smaller bean 

grain variety could be threshed by the same machine considering the size of the 

aperture for sieves used. Maximum length of the bean straw after harvesting was 

measured. This was important in the design of the drum diameter to avoid winding of 

the straw that can cause seizure of the machine during operation. Moisture content 

was also determined using the oven drying method.  
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Figure 3.6: Threshed “Nyayo” common bean (Phaseolus Vulgaris L) variety. 

The design specification of the bean thresher were: Effective cylinder diameter of 

200 mm, drum diameter of 160 mm, total length of shaft of 1000 mm, radius of the 

driven pulley of 100 mm, throughput capacity of 150 kg/hr, height of the machine to 

the feeding hopper of 1540 mm, total mass of the machine of 70 kg,  Maximum 

length of machine of 1200 mm, both side thickness of frame, threshing drum length, 

cam thickness, drum to frame spacing, and the thickness of both pulleys supported by 

both end of the shaft. Direction of shaft rotation should counter clock wise according 

to the industrial standard of metric system. Estimated cost of the machine is Ksh. 

70,000. Grain size and morphology of common beans were: common beans length of 

19.96 mm, grain width of 8.97 mm, grain thickness of 7.6 mm, grain geometric 

diameter of 8.35 to 9.66 mm, angle of response of 35 to 40 degrees, grain densities = 

709 to 766 kg/m3 at 21% moisture content and average grain straw ratio of 0.588 to 

0.925. The design drawing is shown in Place C4 in the appendices. 

3.3.2 Evaluating the Performance of the optimised beans thresher 

Equipment used during evaluation were digital stopwatch timer (QIUSHUO, China), 

Kusam Meco Contact Tachometer (KM-2235B, India), Hochoice digital weighing 

balance with accuracy of 0.01g sensitive (Shanghai Huachao Industrial Company 

Ltd, China) and a generic power watt voltage meter monitor 

(GE840IP1H4Q2PNAFAMZ, China). Harvested dried common beans were fed into 

the thresher operating at known drum speed and time taken for the threshing process 

was noted. The power consumption during threshing time was also noted. All grains 

and chaff materials at the outlets were collected and weighed. 

To determine threshing efficiency, three samples each of about 3000 g of unthreshed 

material was threshed. The clean grain was then weighed on an electronic balance. 

The unthreshed grains was manually plucked by hand, cleaned and weighed. The 

threshing efficiency was then calculated using Equation 3.59, where Mt is mass of 

threshed grain (kg) and Mu is mass of unthreshed grains (kg). 
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     (3.59) 

Mechanical grain damage was established by visual observation of the cracked bean 

grains out of the 3000 g threshed grains. Damaged grain was sorted out manually and 

weighed. Percentage of damaged grain (Gd) was calculated using Equation 3.60, 

where Md is mass of damaged grains (g), and Mt is mass of threshed grain (g). 

      (3.60) 

Finally, throughput capacity was determined by weighing the total grain (whole and 

damaged) received per hour at main grain output of the thresher. The throughput per 

unit energy consumed was calculated using Equation 3.61, where Mt is mass of 

threshed grain (kg), Pt is electric power consumed (kWh) and t is time of test run (h). 

        (3.61) 

To determine the cleaning efficiency, 3000 g sample was weighed. The sample was 

cleaned again by separation. After cleaning the grain and chaff was weighed and the 

cleaning efficiency of the thresher was determined using the following Equation 

3.62. In this equation, C.E. is cleaning efficiency in percentage, w is weight of chaff 

in the sample and W is the total grain sample taken, 3000 

g. 

      (3.62) 

100. 



W

wW
EC
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Simulation of Effect of Design Parameters on Performance of Common 

Beans Thresher 

Modelling and simulation were used to study and understand the effect of design 

variables (i.e., peripheral speed of threshing pegs, feed rate, moisture content of 

unthreshed beans, concave clearance and linear concave width) on the performance 

of a common beans thresher. The performance indicators for the thresher included 

power requirement, mechanical grain damage, threshing efficiency and throughput 

capacity. The correlation measures between variables used in this study were as 

follows: 0 to less than 0.4, very weak; 0.4 to less than 0.6, weak; 0.6 to less than 0.8, 

strong; and 0.8-1.0, very strong. 

4.1.1 Effect of peripheral speed of threshing pegs on power requirement  

Figure 4.1 compares simulated and actual power requirements for the common bean 

thresher for various peripheral speeds of threshing pegs. The results show that there 

was a strong linear correlation between power required and threshing speed for both 

simulated and actual data since the coefficients of determination (R2) were 0.987 and 

0.968, respectively. The power required increased from 208 and 276 W to 589 and 

537 W for simulated and actual data as the threshing speed increased from 1.88 to 

5.65m/s, respectively. The corresponding mean power requirements were 

375.5±130.5 and 384.0±95.1 W for simulated and actual data. The linear relationship 

between power required and threshing speed observed above could be attributed to 

the fact that power required is mainly a function of cylinder rotation, grain 

detachment and frictional forces (Ndirika 2006). Therefore, increasing speed resulted 

in increased power required for threshing. The trend was similar to the results by 

Ndirika (1997) that predicted power requirement and threshing efficiency using 

mathematical model for sorghum and millet. Similar trends were also observed by 
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Vejasit & Salokhe (2004) who conducted studies on machine crop parameters of an 

axial flow thresher for threshing soybean with different moisture content of 14.34 to 

22.77% (w.b.) and feed rate of 540 to 720 kg (plant)/h. In this study, a constant 

moisture content of 21% (w.b) was used in simulation. The power increase was due 

to greater compression of the material and increased friction between crop material 

and threshing system.  

 

 

Figure 4.1: Comparison of simulated and actual power required for threshing 

common beans for varying peripheral speed of pegs. 

In the figure: ys, simulated power; ya, actual power 

The relation between simulated and actual power required for threshing common 

beans is presented in Figure 4.2. The results show that there was a very strong 

positive linear correlation between simulated and actual power required as R2 was 

0.993. This implies that the developed simulation model can be used for predicting 

power required for threshing common beans. 
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Figure 4.2: Relation between simulated and actual power required for threshing 

common beans. 

Similarly, when the student t-test for paired two sample means between simulated 

and actual data was conducted on the data presented in Table B11 in the appendices, 

a t-statistics at 5% of 0.69 was obtained, which is less than t-critical of 1.89. This 

also shows that there is no statistically significant difference between simulated and 

actual data and thus validating the model for use in predicting power required for 

threshing beans.  

The absolute residual error between simulated and actual power required for 

threshing the beans ranged between 0.7 and 9.2%, with a mean value of 

4.4±10.9% (Table 4.1). Based on a 10% absolute residual error interval the 

computed prediction performance, equation (3.46), of the model was 77.8%. 

Residual error values within the 10% interval corresponded to peripheral speeds 

lying between 2.83 and 5.65 m/s while higher error values were obtained for 

speeds below 2.8 m/s. This implies that the threshing speed of the pegs should be 

set to be within 2.8 and 5.7 m/s to obtain accurate power prediction using the 

simulation model. The higher power requirement for the prototype could be because 

of the used synchronous motor that was connected to fixed frequency source of 
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power. They need more current to start, because the induced frequency in the 

rotor is high.  

Table 4.1: Absolute residual error for simulated and actual power required for 

threshing common beans 

Peripheral pegs 

velocity (m/s) 

Simulated power 

required (W) 

Actual power 

required (W) 

Absolute 

residual error 

(%) 

1.88 207.8 276 24.7 

2.36 238.9 288 17.1 

2.83 274.6 302 9.1 

3.30 315.0 326 3.4 

3.77 360.0 371 3.0 

4.24 409.7 407 0.7 

4.71 464.0 453 2.4 

5.18 523.0 496 5.4 

5.65 586.6 537 9.2 

Mean residual error 4.4±10.9 

Prediction performance at 10% residual interval 77.8 

 

4.1.2 Effect of peripheral speed of threshing pegs on mechanical grain 

damage 

Figure 4.3 shows the results of simulated and actual mechanical bean damage at 

different peripheral speeds of threshing pegs. The results show that grain damage 

increased rapidly in an exponential manner with increase in threshing speed 

within the speed range of 2.83 and 5.65 m/s. This is because, cylinder velocity 

and minimum velocity to cause grain damage are some of the key variables of 

importance influencing damage parameter. Therefore, rapid increase in grain 

damage with increase in speed is due to the fact that the impact force enough to 

cause damage increased rapidly with increase in speed (Olaye et al., 2016). There 
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is also a very strong positive exponential correlation between grain damage and 

threshing speed as the R2 values were 0.914 and 0.870 for simulated and actual 

data, respectively. This implies that the developed simulation model can be used 

to predict grain damage for threshing common beans. The results also show that 

mechanical bean damage was higher for the actual than simulated model . This is 

because of the fabrication mistake of the prototype that was observed during data 

collection. The clearance of the prototype was designed at 22 mm but because of 

the wrong alignment of the drum the clearance reduced to less than 16 mm 

causing increased grain damage and therefore, necessitating further improvement 

of the prototype thresher.  

 

 

Figure 4.3: Proportion of damaged beans for simulated and actual data for 

different peg peripheral speeds. 

The results further show that there was hardly any mechanical bean damage for 

peripheral peg speeds below 2.83 m/s for both simulated and actual data 

(Appendix B19). This could be due to the low impact force created by the pegs at 

speeds below 2.83 m/s that is not enough to cause mechanical grain damage. 

However, the bean damage increased significantly to 10.9 and 13.8% at a 
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threshing speed of 5.65 m/s for simulated and actual data. The mean bean damage 

values were 2.27±3.61 and 4.71±5.47% for simulated and actual data which are 

higher than the recommended value. According to the United States Department of 

Agriculture, the recommended maximum total damaged grain is 2% for grade one 

grains of soybeans. Therefore, performance optimization of the thresher was 

necessary to reduce grain damage.  

It was observed that the beans split into two halves as they got damaged due to 

the dichotomy nature of bean which is a point of weakness. Therefore, increase in 

cylinder pegs' peripheral velocity, resulted to increased impact force enough to 

cause grain damage starting with the section between the cotyledon (Osueke, 

2011). The trend was similar to Khazaei (2009) who studied influence of impact 

velocity and moisture content on mechanical damages of white kidney beans 

under loadings. The results showed that impact velocity influenced the physical 

damages of kidney beans at 1% and 5% level of significance, respectively. 

Increasing the impact velocity from 5 to 12 m/s caused an increase in the mean 

percent of physical damages from 3.25 to 37.5%.  

The relationship between simulated and actual mechanical bean damage is 

presented in in Figure 4.4. The results show that there was a strong positive linear 

correlation between simulated and actual bean damage since R2 is 0.757. This 

implies that in as much as there was a strong positive correlation between 

simulated and actual bean damage during threshing, there was also some 

disparity. This could be because of fabrication inaccuracies of the prototype 

thresher, especially with regard to the concave and sieve dimensions (Gbabo et 

al., 2013).  
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Figure 4.4: Relation between simulated and actual mechanical bean damage. 

 

A Student t-test was also conducted on the two sets of paired means as shown in          

Table B12 in the appendices, resulting in tstat at 5% level of significance of 2.55 

which is greater than tcritical of 1.86, indicating that there was statistically 

significant difference between simulated and actual data. This was true because 

outliers occurred at high peg peripheral speed for the actual bean damage due to 

incorrect concave clearances for the prototype thresher. Abich (2018) 

recommends that shape of the cylinder pegs should be smoothened, and sieve size 

increased to allow free fall of the bean grains through the concave surface.  

The absolute residual error between the simulated and actual damaged beans 

ranged from 0.2 to 18.6%, with a mean value of 7.2±7.0% (Table 4.2). This 

implies there was some disparities between the simulated and actual data on a few 

peripheral velocities of the pegs. The results show that, at 10% residual error 

interval, the prediction performance of the simulation model was 77.8%, implying 

that there was still some discrepancy between actual and the simulated data. 

Further improvements on the prototype thresher were thus recommended. 

Mechanical grain damage is a critical performance indicator for cereal grain 
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threshers (Osueke, 2014). It has a direct effect on the germination of seeds and 

commercial value of beans.  

Table 4.2: Absolute residual error for simulated and actual damaged beans 

Peripheral pegs 

velocity (m/s) 

Simulated 

damaged beans 

(%) 

Actual damaged 

beans (%) 

Absolute residual 

error (%) 

1.88 0 0.00 0.4 

2.36 0 0.02 18.6 

2.83 0 0.77 0.3 

3.30 0.06 0.84 7.9 

3.77 0.49 1.64 18.2 

4.24 1.14 5.83 3.4 

4.71 4.1 7.00 8.4 

5.18 3.66 12.69 2.3 

5.65 10.85 13.83 5.7 

Mean residual error 7.2±7.0 

Prediction performance at 10% residual interval 77.8 

 

4.1.3 Effect of peripheral speed of threshing pegs on threshing efficiency 

Figure 4.5 shows actual and simulated threshing efficiency of common beans 

thresher under different peg peripheral speeds. The results show that threshing 

efficiency increases with increase in threshing speed, and there is a positive 

logarithmic correlation between the two variables. The R2 values obtained are 

0.646 and 0.988 for simulated and actual data, respectively, indicating that there 

are strong and very strong correlation between threshing efficiency and threshing 

speed. The threshing efficiency increased from 94.3 to 97.2%, and from 98.0 to 

100.0% between 1.88 to 5.65 m/s for simulated and actual data, respectively. This 

can be explained on the basis that at higher velocity, threshing of common beans 

by impact and rubbing is enhanced (Osueke, 2011). In addition, bean grains are 
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detached from pods by combination of stripping, rubbing and impact action that 

are increased with increase in speed. This action involves the application of 

tensile, compressive, bending and twisting forces on a head of grain by pegs in 

motion (Ndirika, 1997). The trend observed above is similar to of Osueke (2011) 

who developed mathematical model for threshing efficiency to predict mean rate 

of threshing of grain as a function of the number and energy level of impact of 

the unthreshed material. The results showed that as velocity increases, the 

threshing efficiency increased in all model cases including the one developed by 

for Huynh et al., (1982). It was found that as the velocity increases, the threshing 

efficiency increases from 96.3% at 9 m/s to 97.3% at 25 m/s. 

 

 

Figure 4.5: Comparison of simulated and actual threshing efficiency for 

different thresher peg peripheral speeds. 

 

The relation between simulated and actual threshing efficiency is presented in 

Figure 4.6. The R2 obtained was 0.738 indicating that there was a strong positive 
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linear correlation between simulated and actual data. Again, in as much as there 

was strong correlation between the two data sets, there were some few differences 

which warrant determining whether or not the prototype thresher was operating at 

its optimal condition.  

 

 

Figure 4.6: Relation between simulated and actual threshing efficiency. 

 

Student t-test results show that there was significant difference between simulated 

and actual data as t-stat at 5% was 20.9 compared t-critical of 1.85 (Table B13 in 

the appendices). This could be attributed to crop characteristics that require little 

impact force for threshing dried common beans (Chansrakoo & Chuan, 2018). 

The absolute residual error between the simulated and actual threshing efficiency 

ranged from 2.8 to 4.5%, with a mean value of 3.6±0.5% as shown in Table 4.3. 

This means that at 5 and 10% residual error interval, the prediction performance 

of the simulation model for threshing efficiency was 100%. Therefore, the model 

can be used to accurately predict threshing efficiency. 
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Table 4.3: Absolute residual error for simulated and actual threshing efficiency 

Peripheral 

pegs velocity 

(m/s) 

Actual 

threshing 

efficiency (%) 

Simulated threshing 

efficiency (%) 

Absolute residual 

error (%) 

1.88 98.1 94.3 3.8 

2.36 99.1 95.1 4.1 

2.83 100.0 95.7 4.3 

3.30 100.0 96.0 4.0 

3.77 100.0 96.3 3.7 

4.24 100.0 96.5 3.5 

4.71 100.0 96.8 3.2 

5.18 100.0 97.1 2.9 

5.65 100.0 97.2 2.8 

Mean residual error 3.6±0.5 

Prediction performance at 5 and 10% residual interval 100.0 

 

4.1.4 Effect of peripheral speed of threshing pegs on thresher throughput 

capacity 

Figure 4.7 shows results of simulated and actual throughput capacity of common 

beans thresher under different speeds of threshing pegs. The result show that 

there was a strong positive linear correlation between throughput capacity and 

threshing peripheral speed of pegs for both simulated (R2 = 0.951) and actual (R2 

= 0.928) throughput capacity. This is because throughput capacity is mainly a 

function of speed, feed rate and drum volume which remains constant during 

operation. The observed trend was similar to that by Ndirika (2006) who 

developed a mathematical model for predicting output capacity of selected 

stationary spike-tooth grain threshers. The model was verified and validated by 

fitting it into established experimental data from stationary mechanical millet 

thresher. The results showed that there was an increase in output capacity with 

increase in drum speed. The results further revealed that the fitted model 
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correlated well with the experimental data with R2 value of 0.99. In addition, the 

results are also similar to the findings by Olaoye et al. (2010). This is backed by 

the fact that the velocity of pegs, grain-straw ratio, bulk density, feed rate, 

separation efficiency, and concave configurations affected grain threshers' output 

capacity (Behera et al., 1990; Enaburekhan, 1994; Ndirika, 1997).  

 

 

Figure 4.7: Comparison of simulated and actual thresher throughput capacity 

under different peripheral speed of pegs. 

 

The relation between simulated and actual throughput capacity is presented in             

Figure 4.8. The results show that there is a very strong correlation between 

simulated and actual throughput as R2 is 0.985. This means that 98.5% of 

variations for simulated throughput capacity was explained with variation of 

actual throughput capacity. Therefore, the simulation model can be used to 

accurately predict actual throughput capacity.  
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Figure 4.8: Relation between simulated and actual throughput capacity. 

A Student t-test was also conducted to check if there was significant difference 

between simulated and actual thresher throughput capacity (Table B14 in the 

appendices). The    t-stat obtained at 5% is 0.29, a value less than t-critical of 

1.89, an indication that there was no significant difference between the two data 

sets. The results of absolute residual error between simulated and actual 

throughput capacity are presented in Table 4.4. The absolute residual errors were 

within 10% interval for peripheral peg speeds lying between 2.83 and 5.65 m/s 

and this represented 77.8% prediction performance. This implies that there were 

some disparities between simulated and actual throughput capacity, especially for 

threshing speeds below 2.83 m/s. This could be as a result of the incorrect 

alignment of the drum for the prototype that affected the cylinder volume that is a 

key factor affecting throughput capacity. As already mentioned, traditional 

methods of threshing that involve using sticks and animals are slow and tedious. 

Therefore, simulation of throughput capacity during design and development of 

common bean thresher was key for further optimization. 

Table 4.4: Absolute residual error for simulated and actual throughput capacity 

Peripheral pegs 

velocity, m/s 

Simulated 

throughput 

Actual throughput 

capacity, kg/hr 

Absolute 

residual 
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capacity, kg/hr error, % 

1.88 6.6 12.3 46.1 

2.36 12.7 17.3 26.9 

2.83 14.9 15.8 5.7 

3.30 22.1 23.1 4.5 

3.77 30.2 29.6 2.2 

4.24 33.2 29.5 8.3 

4.71 44.7 42.8 4.4 

5.18 38.9 37.2 4.6 

5.65 56.5 48.3 9.9 

Mean residual error 8.1±14.6 

Prediction performance at 10% residual interval 77. 8 

 

4.1.5 Effect of moisture content of unthreshed beans on bean grain damage 

and threshing efficiency 

The results for moisture content were 56.7 and 46.6% (w.b) for unthreshed 

common beans and bean grains after harvesting from the farm, respectively. After 

sun drying, the moisture content reduced to 18.7 and 17.6% for unthreshed 

common beans and bean grains, respectively. Using a moisture content range of 

15 to 35%, the performance of the bean thresher was determined through 

simulation. Figure 4.9 shows the relationship between threshing efficiency and 

moisture content, and grain damage and moisture content for simulated data for 

unthreshed beans. The results show that there was a very strong negative linear 

correlation (R2 = 0.906) between threshing efficiency and moisture content. This 

means that 90.6% of variations for threshing efficiency was explained with 

variation of moisture content. Increase in moisture content from 15 to 35% 

resulted to decrease in threshing efficiency from 99.8 to 95.6%. This because 

during threshing, the bean grains are detached from the pods by a combination of 

stripping, rubbing, and impact action through the application of tensile, 

compressive, bending, and twisting forces. However, this is not effective at high 
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moisture content (Simonyan and Yijep, 2008). Similar trends were observed by 

Osueke (2011), who determined the effect of moisture content on threshing 

efficiency between 10-25% moisture levels. The results indicated that there was a 

decrease in threshing efficiency with increased moisture content. However, the 

crop used in simulation is not stated for verification. 

 

 

Figure 4.9: Effect of moisture content on threshing efficiency and bean grain 

damage. 

The results in Figure 4.9 also show that there was a very strong negative linear 

correlation between mechanical bean damage and moisture content as R2 was 

0.942. Increased moisture content caused decrease of damaged common bean 

grains in the range of 15-35% moisture content. This could be because of the 

slippery nature of beans with high moisture content that reduces impact force of 

the pegs. Therefore, this necessitated optimization of the prototype thresher to 

achieve high threshing efficiency with the lowest grain damages. The results were 

similar to those by Khazaei (2008) who found that increasing moisture content 

from 5 to 15% (wet basis), the mean values of the percent of damaged beans 

decreased by 1.4 times.  
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4.1.6 Effect of concave clearance on threshing efficiency and bean grain 

damage 

Figure 4.10 shows the results of simulating concave clearance on threshing 

efficiency and bean grain damage. The results show that there was a very strong 

(R2 = 0.946) negative linear correlation between threshing efficiency and concave 

clearance. Increase in concave clearance from 0.02 to 0.024 m decreased 

threshing efficiency from 97 to 69%. This is because the impact and rubbing 

action is reduced with increased concave clearance which resulted to decreased 

threshing efficiency (Ndirika, 1997). 

 

 

Figure 4.10: Effect of concave clearance on threshing efficiency and bean grain 

damage. 

 

Similar outcomes were observed by Osueke (2011) who reported that decreasing 

the concave clearance resulted to increased efficiency. This was because 

decreasing concave clearance may have increased the chance of a grain being 

struck by the pegs and increased the chance of multiple impacts to the grain 

before it is passed from the threshing zone. The results in Figure 4.10 also show 

that there was a very strong (R2 = 0.906) negative linear correlation between 
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mechanical bean damage and concave clearance.  Increased concave clearance 

from 0.02 to 0.024 m resulted to decrease in bean grain damaged from 25.6 to 

1.6%. Rubbing and impact action increased with reduced concave clearance 

leading to increased bean gain damage (Ndirika, 2006). Therefore, the choice of 

the correct concave clearance is very key in the reduction of grain damage. 

Further improvement of the prototype thresher was necessary through 

optimization to determine the correct cylinder-concave configuration.  

4.17 Effect of linear concave width on threshing efficiency 

Figure 4.11 shows the effect of linear concave width on threshing efficiency of 

the common bean thresher. A linear span of 1 m concave width was divided into 

quarters of 0.25 m and data collected at each point. The results shows that there 

was a very strong linear correlation (R2 = 0.972) between threshing efficiency and 

linear concave width. An increase in linear concave width from 0.25 to 0.95 m 

resulted in increase in threshing efficiency from 25.4 to 94.1%. This was justified 

by the increased exposure time of the unthreshed bean pods to impact, twisting, 

and rubbing action within the concave area (Khazaei, 2009).  

 

Figure 4.11: Effect of linear concave width on threshing efficiency. 

These results indicate that for the design of a common bean thresher, the linear 

concave width should be equal to or greater than 1m to attain high threshing 
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efficiency. During design, the determination of the correct and effective concave 

width was a key factor. 

4.2 Optimized Performance of Common Beans Thresher 

The main goal in this section was to determine factor combination levels that yielded 

optimum threshing efficiency, throughput capacity, power required for threshing, and 

mechanical bean grain damage. Optimization was conducted on a model of a real 

system and therefore, sizing of design variables and parameters beyond what could 

be achieved practically was made possible. The section outlines the results of the 

optimization process. 

4.2.1 Mean signal to noise ratio values and response curves 

Figure 4.12 shows signal to noise ratio (S/N) response for bean grain damage for 

various thresher design and bean parameters. The results in Figure 4.12(a) show that 

there is a very strong (R2 = 0.981) negative polynomial correlation between S/N 

response for bean grain damage and peg peripheral speed. It is noted that increase in 

peg peripheral speed from 1.88 to 5.65 m/s decreased S/N response for bean grain 

damage from -5.7 to -29.5. Therefore, using the concept of the higher S/N ratio 

corresponding to an optimal level (Karna et al., (2012), a peripheral peg speed of 

1.88 m/s was found to be optimal for grain damage. This is because, at low speed, 

the impact and frictional force are low to cause any damage to the grains (Chen et 

al., 2021). On the other hand, the results in Figure 4.12(b) show that there is a very 

strong (R2 = 0.942) positive logarithmic correlation between S/N response for bean 

grain damage and bulk density of unthreshed common beans. As bulk density 

increases from 44 to 52 kg/m3, S/N response for bean grain damage increases from -

24.1 to -18.4. The optimal bulk density of unthreshed common beans for grain 

damage as shown in the Figure 4.12 (b) was 52 kg/m3.based on the higher S/N ratio. 

The value was similar to the actual bulk density during experimental threshing. 
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(a) 

 

 

(b) 

 

(c) 

 

 

(d) 

 

(e) 

 

 

(f) 

Figure 4.12: Signal to noise ratio response for bean grain damage for various 

thresher design and bean parameters.  

In the figure: S/N, signal to noise ratio 
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There is a very strong (R2 = 0.996) negative polynomial correlation between S/N 

response for bean grain damage and feed rate of unthreshed common beans in the 

thresher (Figure 4.12(c)). It is noticed that S/N response for bean grain damage 

decreased from -5.8 to -28.6 with increase in feed rate from 0.01 to 0.05 kg/s. The 

feed rate level of 0.01 kg/s was found to be optimal as it corresponded to the highest 

S/N ratio for bean grain damage. Feed rate is a factor of the peripheral speed of pegs, 

therefore due to proportionality, low-speed results in low feed rate which causes low 

bean grain damage. In addition, the results in Figure 4.12(d) show that there is a very 

strong (R2 = 0.874) positive logarithmic correlation between S/N response for bean 

grain damage and mass of threshing cylinder. Note that the S/N response for bean 

grain damage increased from -23.0 to -19.1 with increase in mass of threshing 

cylinder from 2 to 10 kg (which was taken to be optimal). This is because mass is a 

factor of the impact and rubbing force that can cause bean grain damage. However, 

keeping peripheral speed constant, mass of the threshing cylinder has insignificant 

effect on grain damage. 

The results in Figure 4.12(e) depict that there is a strong (R2 = 0.664) positive 

polynomial correlation between S/N response for bean grain damage and moisture 

content. It was noted that S/N response for bean grain damage increased from -23.6 

to -12.8 as grain moisture content increased with an optimal value occurring at 

22.5% (w.b) moisture content. During threshing, the bean grains are detached from 

the pods by a combination of stripping, rubbing, and impact action through the 

application of tensile, compressive, bending, and twisting forces (Ndirika, 2006). 

However, this is not effective at extremely high moisture content. Finally, Figure 

4.12(f) show that there is a very strong (R2 = 0.999) positive logarithmic correlation 

between S/N for bean grain damage and linear concave width. As linear concave 

width increases from 0.2 to 1.0 m, S/N response for bean grain damage increases 

from -31.5 to -13.5. This could be because of the increased dwell time of threshed 

grains in the drum that caused increased separation efficiency. The optimum linear 

concave width for the thresher was 1 m based on Equation 3.49. 

Figure 4.13 presents signal to noise ratio response relationships for threshing 

efficiency for various thresher design and bean parameters. Optimization criteria for 
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threshing efficiency was to achieve maximum efficiency toward 100% and therefore, 

considering Equation 3.49, the higher S/N ratio represents the best performance. The 

results in Figure 4.13(a) show that there is a very strong (R2 = 0.98) positive 

logarithmic correlation between S/N for threshing efficiency and peripheral speed of 

pegs. The S/N response for threshing efficiency increased from 33.4 to 39.1 as peg 

peripheral speed increased from 1.88 to 5.65 m/s. Using the concept of the higher 

S/N ratio corresponds to an optimal level, 5.65 m/s peg peripheral was the optimal 

threshing efficiency. This is true because at high speeds, the application of stripping, 

rubbing, and impact action that causes threshing is high at the highest peripheral 

speed. (Osueke, 2011). 

On the other hand, Figure 4.13(b) indicates that there was a weak (R2 = 0.591) 

polynomial correlation between S/N ratio for threshing efficiency and bulk density of 

unthreshed beans. It is noted that S/N ratio for threshing efficiency decreased to a 

minimum then thereafter it increased as bulk density increased. The S/N range of 

threshing efficiency as affected by bulk density is (36-37.8), an indication of the 

insignificant effect of the bulk density. 

Further, Figure 4.13(c) shows that there was a very strong (R2 = 0. 963) negative 

logarithmic correlation between S/N ratio for threshing efficiency and feed rate.  It 

was noted that S/N ratio for threshing efficiency decreased from 38.4 to 34.5 as feed 

rate increased from 0.01 to 0.05 kg/s.  This could be explained by the fact that there 

was enough dwell time available for the fewer pods to interact with the pegs in 

motion within the threshing drum during low feed rates. Therefore, feed rate of 0.01 

kg/s resulted to optimal threshing efficiency. The results in Figure 4.13(d) show that 

there is a very strong (R2 = 0.925) positive logarithmic correlation between S/N for 

threshing efficiency and linear concave width. S/N for threshing efficiency increased 

from 33.0 to 38.3 with increase in linear concave width from 0.2 to 1.0 m.  
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(d) 

 

(e) 

 

(f) 

Figure 4.13: Signal to noise ratio response for threshing efficiency for various 

thresher design and bean parameters. 

Further, the results in Figure 4.13(e) show that there is a strong (R2 = 0.964) 

polynomial correlation between S/N for threshing efficiency and moisture content. 
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Moisture content of 15% for unthreshed common beans yielded the optimal threshing 

efficiency based on the higher S/N ratio. This is because common beans at moisture 

content less than 20% do not require much impact force for threshing. A little impact 

force by the pegs in motion will break common beans pods that results to increased 

threshing efficiency (Fu et al., 2018). Finally, the results in Figure 4.13(f) show that 

there was a very weak (R2 = 0.045) polynomial correlation between S/N ratio for 

threshing efficiency and mass of threshing cylinder. The optimal mass of threshing 

cylinder that would results to the best threshing efficiency was 8 kg. 

Figure 4.14 presents signal to noise ratio response relations for throughput capacity 

for various thresher design and bean parameters. Optimization criteria for throughput 

capacity was to achieve the highest output capacity possible and therefore, 

considering Equation 3.49 or the best line of fit, the higher S/N ratio represented the 

best performance. The results in Figure 4.14(a) show that there is a very strong (R2 = 

0.917) positive logarithmic correlation between S/N for throughput capacity and 

peripheral speed of pegs. Increase in peripheral speed of pegs from 1.88 to 5.65 m/s 

increased S/N ratio for throughput capacity from 32.7 to 35.7, respectively. As a 

result, dwell time of unthreshed beans in the drum decreased due to increased drum 

speed. Based on the higher value of S/N for throughput capacity, the peripheral speed 

of pegs of 5.65 m/s was found to be optimum as it results to increased stripping, 

rubbing, and impact action on the unthreshed pods. It was also observed that there is 

a very strong (R2 = 0.989) polynomial correlation between S/N for throughput 

capacity and bulk density (Figure 4.14(b)). Bulk density of 44 kg/m3 for unthreshed 

common beans was found to be optimum as it corresponded to the highest S/N for 

throughput capacity. This is because low bulk density enhances smooth running of 

the drum as opposed to high bulk density which causes seizure of the machine due 

the high power required. This was observed during the operation of the prototype.  
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Figure 4.14: Signal to noise ratio for throughput capacity for various thresher 

design and bean parameters. 
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Note also that there is a very strong (R2 = 0.926) linear correlation between S/N for 

throughput capacity and feed rate (Figure 4.14(c)). Increase in feed rate from 0.01 to 

0.05 kg/s increased S/N for throughput capacity from 27.4 to 39.3. This is because 

increased feed rate reduces dwell time of the bean pods in the drum which in turn 

increases throughput capacity. The optimal feed rate level was 0.05 kg/s. Further, the 

results in Figure 4.14(d) show that there is a strong (R2 = 0.863) negative linear 

correlation between S/N for throughput capacity and linear concave width. The 

highest S/N for throughput value of 35.1 corresponding to a linear concave width of 

0.2 m as per the best line of fit. Concave width of 0.5 m resulted in higher output 

capacity based on Equation 3.49. It was also observed that there was a very strong 

(R2 = 0.843) negative linear correlation between S/N for throughput capacity and 

moisture content (Figure 4.14(e)). Based on these results, a moisture content of 15% 

(w.b) was found to be optimal as it corresponded to the highest S/N for throughput 

capacity of 35.0.  

Figure 4.15 presents signal to noise ratio response relationship for power requirement 

for various thresher design and bean parameters. Power required for threshing 

depends on detachment of the grain from the pod, frictional power, and power 

required to run the unloaded cylinder (Wamalwa et al., 2021). The optimization 

criteria were to achieve a low power required for threshing for use of the common 

beans thresher with multiple energy sources. 

Figure 4.15(a) show that there was a very strong (R2 = 0.980) negative linear 

correlation between S/N for power requirement and peripheral speed of pegs. The 

S/N for power requirement decreased from -50.7 to -70.0 with increase in peg 

peripheral from 1.88 to 5.65 m/s. This is because, increase in peripheral speed of the 

pegs results to increased power required for threshing that depends on detachment of 

the grain from the pod, frictional power, and power required to run the unloaded 

cylinder. The peripheral speed of the pegs that corresponded to the highest S/N ratio 

was 2.88 m/s which yielded the optimum power required for threshing based on 

Equation 3.49. This is because there existed a direct proportionality relationship 

between the pegs' speed and power required for threshing observed during 

simulation. 
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Figure 4.15: Signal to noise ratio for power requirement for threshing for 

various thresher design and bean parameters. 

On the other hand, Figure 4.15(b) shows that there was a very strong (R2 = 0.988) 

linear correlation between S/N for power requirement and bulk density of unthreshed 

beans. Increase in bulk density from 44 to 52 kg/m3 slightly increased S/N for power 

requirement from -62.0 to -61.0.  The optimum bulk density to achieve minimum 

power for threshing was 42 kg/m3. This is because power required to detach the 

grains from the pods and to overcome friction decreases with decrease in bulk 

density. In addition, the results in Figure 4.15(c) show that there is a weak (R2 = 

0.476) positive logarithmic correlation between S/N for power requirement and feed 

rate.  The higher the feed rate the higher power required to bean pod detachment and 

to overcome frictional forces.  A 0.02 kg/s was found to be optimal feed rate. 

The results in Figure 4.15(d) show that there is a very strong (R2 = 0.848) positive 

logarithmic correlation between S/N for power requirement and linear concave 

width. This because power required to run the unloaded cylinder increases with 

increase in concave length, thus increasing the total power. The optimum linear 

concave length was 1 m-based Equation 3.49. The results in Figure 4.15(e), on the 

other hand, show that there is a very strong (R2 = 0.993) polynomial correlation 

between S/N for power requirement and moisture content. The optimal value for 

moisture content was 20% based on Equation 3.49. Finally, Figure 4.15(f) shows that 

there was a very strong (R2 = 0.962) negative linear correlation between S/N for 

power requirement and mass of threshing cylinder. The optimum value for mass of 

the threshing cylinder that resulted in minimum power required for threshing was    2 

kg.  

The factor level combination that resulted in the optimum performance of the 

common beans thresher are shown in Table 4.5. The target was to minimize 

mechanical grain damage and power required for threshing and maximize threshing 

efficiency as well as throughput capacity. The results in Table 4.5 show that 

optimum grain damage would be obtained at a factor combination of 1.88 m/s 

peripheral velocity of the pegs, 52 kg/m3 bulk density, 0.01 kg/s feed rate, 1 m linear 
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concave width, 22.5% moisture content (w.b), and 10 kg mass of the threshing 

cylinder. Optimum threshing efficiency would require pegs speed of 5.65 m/s, 

unthreshed common beans bulk density of 44 kg/m3, feed rate of 0.01 kg/s, 1 m 

linear concave width, unthreshed bean moisture content of 15%, and 8 kg mass of the 

threshing cylinder. 

 

 

Table 4.5: Factor level combination for optimum performance of common beans 

thresher  

Thresher 

performance 

outputs 

Optimum common beans and machine factor combinations 

Peripher

al speed 

of pegs 

(m/s) 

Bulk 

density 

(kg/m3) 

Feed 

rate 

(kg/s) 

Linear 

concave 

width 

(m) 

Moisture 

content 

(%) 

Mass of 

threshing 

cylinder 

(kg) 

Grain damage 1.88 52 0.01 1.0 22.5 10 

Threshing 

efficiency 

5.65 52 0.01 1.0 15 8 

Throughput 

capacity 

5.65 44 0.05 0.4 15 2 

Power requirement 1.88 50 0.02 0.6 15 2 

Mean optimum 

combination 

3.765 49.5 0.023 0.75 17 5.5 

 

In the case of throughput capacity, the optimum output would need a pegs speed of 

5.65 m/s, unthreshed common bean bulk density of 44 kg/m3, feed rate of 0.05 kg/s, 

linear concave width of 0.4 m, 15 % moisture content of unthreshed common beans, 

and 2 kg mass of the threshing cylinder. Finally, the optimum power required for 

threshing would be obtained by pegs` peripheral speed of 1.88 m/s, unthreshed 

common bean bulk density of 50 kg/m3, 0.02 kg/s feed rate, 0.6 m linear concave 
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length, 15 % unthreshed common bean moisture content, and 2 kg mass of the 

threshing cylinder. However, considering all the outputs of grain damage, threshing 

efficiency, throughput capacity and power requirement, the mean optimum 

combination was pegs speed of 3.765 m/s, unthreshed common bean bulk density of 

49.5 kg/m3, feed rate of 0.023 kg/s, linear concave width of 0.75 m, 17 % moisture 

content of unthreshed common beans, and 5.5 kg mass of the threshing cylinder 

4.2.2 Analysis of variance 

Tables 4.6 to 4.9 show the results of pooled ANOVA for the four performance 

outputs (i.e., grain damage, threshing efficiency, throughput capacity and power 

requirement). The F-ratios were obtained at a 95% level of confidence. In addition, 

the percentage contribution of each parameter was also calculated. Peripheral speed 

of the pegs was found to be the most significant factor that contributes to maximum 

mechanical grain damage (Table 4.6). The contribution of the factors in declining 

order were peripheral speed (37.5%), feed rate (37.1%), linear concave width 

(22.2%), unthreshed common moisture content (7.4%), the mass of threshing 

cylinder (7.4%), and bulk density (2.1%). These results were dissimilar to that of 

Wangette et al., (2015) working on influence of groundnut sheller and machine 

characteristic on motorised sheller performance using Taguchi method. The results 

showed that kernel mechanical damage was mostly influenced by ground nut variety 

(36.56%) and moisture content (31.02%). This was expected because variety of the 

common beans was not within the scope of this study. 

Table 4.6: ANOVA for bean damage 

Source of 

variation 

Degrees 

of 

freedom 

(DOF) 

Sum of 

square 

(SS) 

Mean 

sum of 

squares 

F-

Ratio 

F-

tabulated 

Factor % 

contribution 

Total 24 4623.2     

Peripheral speed   4 1735.9 434.0 8.3 2.9 37.5 

Bulk density of 

beans 

4 98.9 24.7 0.5 2.9 2.1 
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Feed rate 4 1715.9 429.0 8.2 2.9 37.1 

Linear concave 

width 

4 1025.9 256.5 4.9 2.9 22.2 

Moisture content 4 342.5 85.6 1.6 2.9 7.4 

Mass of cylinder 4 342.5 85.6 1.6 2.9 7.4 

Error 19 991.6 52.2    

 

Table 4.7 shows analysis of variance for threshing efficiency with the percentage 

contribution of each input variable. The results show that peripheral speed, feed rate 

and concave width were the most significant factors that contributed to threshing 

efficiency. This is true because the peripheral speed of pegs and feed rate result in 

stripping, rubbing, and impact action through the application of tensile, compressive, 

bending, and twisting forces that yield optimum threshing efficiency (Dange et al., 

2021). Furthermore, the longer the linear concave length the longer will be dwell 

time of unthreshed pods in the threshing drum which results in improved threshing 

efficiency. The contribution of the factors in a descending order were concave width 

(35.9%), peripheral velocity (33.6%), feed rate (17.7%), mass of threshing cylinder 

(4.9%), bulk density (4.4%) and unthreshed common bean moisture content (3.6%). 

Table 4.7: ANOVA for threshing efficiency 

Source of 

variation 

Degrees 

of 

freedom 

(DOF) 

Sum of 

squares 

(SS) 

Mean 

sum of 

squares 

F-

ratio 

F-

tabulated 

Factor % 

contribution 

Total 24 277.0     

Peripheral speed   4 93.0 23.2 8.0 2.9 33.6 

Bulk density of 

beans 

4 12.1 3.0 1.0 2.9 4.4 

Feed rate 4 49.0 12.3 4.2 2.9 17.7 

Linear concave 

width 

4 99.4 24.8 8.5 2.9 35.9 

Moisture content 4 10.0 2.5 0.9 2.9 3.6 
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Mass of cylinder 4 13.7 3.4 1.2 2.9 4.9 

Error 19 55.4 2.9    

 

When analysis of variance was conducted for throughput capacity, the feed rate was 

found to be the only significant factor contributing to 92.4% for maximum output 

capacity (see Table 4.8).  

Table 4.8: ANOVA for throughput capacity 

Source of 

variation 

Degrees of 

freedom 

(DOF) 

Sum of 

squares 

(SS) 

Mean 

sum of 

squares 

F-

ratio 

F 

tabulated 

Factor % 

contributi

on 

Total 24 485.0     

Peripheral speed   4 30.3 7.6 1.5 2.9 6.2 

Bulk density of 

beans 

4 2.4 0.6 0.1 2.9 0.5 

Feed rate 4 448.2 112.1 21.9 2.9 92.4 

Linear concave 

width 

4 2.0 0.5 0.1 2.9 0.4 

Moisture content 4 1.0 0.2 0.0 2.9 0.2 

Mass of cylinder 4 1.8 0.4 0.1 2.9 0.4 

Error 19 97.1 5.1 1.0   

 

This implies that throughput capacity is directly proportional to feed rate because, 

like energy, mass is a conserved property, it cannot be created nor destroyed. The 

thresher acts like control volume. Therefore, the threshed common beans are the 

amount of mass flowing through the control volume per unit time known as 

throughput capacity. Peripheral speed had a contribution effect of 6.2% on 

throughput capacity which was statistically not significant. This is because if the 

pegs are in motion and there is no feeding then the mass flow rate is equal to zero.  
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An optimum common bean thresher requires minimum power for threshing based on 

other relevant outputs. Table 4.9 indicates the analysis of variance for power required 

for threshing. Peripheral speed was the most significant contributing at 73.2% 

followed by the mass of the threshing cylinder at 26.0%. This could be attributed to 

the fact that total power required for threshing is the total of power required to detach 

the beans grain from the pods, power needed to overcome frictional forces, and 

power required to turn the mass of unloaded cylinder.  

Table 4.9: ANOVA for power required for threshing 

Source of 

variation 

Degrees of 

freedom 

(DOF) 

Sum of 

squares 

(SS) 

Mean 

sum of 

squares 

F-

ratio 

F-

tabulated 

Factor % 

contribution 

Total 24 1577.0     

Peripheral speed  4 1154.2 288.5 17.37 2.9 73.19 

Bulk density of 

beans 

4 3.4 0.9 0.05 2.9 0.22 

Feed rate 4 4.0 1.0 0.06 2.9 0.26 

Linear concave 

width 

4 3.0 0.7 0.04 2.9 0.19 

Moisture content 4 3.2 0.8 0.05 2.9 0.20 

Mass of cylinder 4 410.2 102.6 6.17 2.9 26.01 

Error 19 315.6 16.6    

 

4.2.3 Confirmation test 

Table 4.10 shows results of confirmed actual optimum outputs from experiments. 

The expected value of the outputs at the optimum condition was calculated by adding 

the average performance to the contribution of each parameter at the optimum level. 

The expected performance outputs based on Equation 3.50 were grain damage 

(0.0003%), threshing efficiency (97.0%), throughput capacity (94.5 kg/h), and power 

required (207.5W). The projected values were similar to the experimentally 

confirmed outputs. 
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Table 4.10: Confirmation of actual optimum outputs 

Common beans and machine factor 

combination 

Outputs 

V, 

m/s 

ρ, 

kg/m3 

Q, kg/s W, 

m 

β, 

% 

Mc, 

kg 

Gd, % Te, % CT, 

kg/h 

PT, W 

1.88 52 0.01 1 22.5 10 0.00002* 98.9 22.8 516.5 

5.65 52 0.01 1 15 8 3.4 99.5* 90.9 724 

5.65 44 0.05 0.4 15 2 3.2 99.0 95.0* 779 

1.88 50 0.02 0.6 15 2 0.3 98.7 23.1 207* 

3.765 49.5 0.023 0.75 17 5.5 1.73 99.025 57.95 556.6 

In the table: V- Pegs peripheral speed; ρ, - Bulk density; Q, - feed rate; W, - Concave 

length; β, - Moisture content; Mc, Gd, - Grain damage; Te, - Threshing efficiency; 

CT, - Throughput capacity; PT, - Power required for threshing. 

The actual optimum performance outputs based on optimum combination factors 

using the Taguchi method were grain mechanical damage of 0.00002%, threshing 

efficiency of 99.5%, the throughput capacity of 95.0 kg/h, and 207 W power required 

for threshing. However, the optimum mean values for bean grain damage of 1.73%, 

threshing efficiency of 99%, throughput capacity of 57.95 kg/hr and power 

requirement of 556.6 W were obtained at 3.765 m/s peripheral speed of pegs, 0.023 

kg/s feed rate, 1 m linear concave width, 17.5% moisture content (w.b) and 5.5 kg 

weight of threshing cylinder. The confirmation experiment shows that the Taguchi 

method enhanced the thresher performance by optimizing the thresher design and 

bean parameters. The confirmation test done in this section was used to verify the 

projected result with actual experimental results. If the optimal combination of 

parameters and their levels coincidently match with one of the experiments in the 

orthogonal array, then the confirmatory test was not required. 
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4.3 Performance of the Developed Optimized Common Beans Thresher  

4.3.1 Crop characteristic used for evaluation 

The variety of beans used for evaluation was the large red kidney type commonly 

known as “Nyayo”. Maximum length of the bean straw after harvesting was 0.8 m. 

This was important in the design of the threshing cylinder diameter to avoid winding 

of the straw that could cause seizure of the machine during operation. Moisture 

content of threshed beans was taken as 17% (w.b) based on the optimization input 

factors. The large red kidney beans had grain straw ratio of 0.99. The measured bulk 

density of bean crop was 48 kg/m3. 

4.3.2 Performance of thresher for different cylinder rotational speeds 

The performance of the developed optimised common bean thresher was evaluated 

for cylinder rotational speeds of 600, 700, 800, 900 and 1000 rpm which 

corresponded to peripheral speed of pegs of 2.8, 3.3, 3.8, 4.2 and 4.7 m/s, 

respectively.  These were the operational speeds for the machine. Figure 4.16 shows 

the threshing efficiency of the developed optimized bean thresher for different 

cylinder rotational speeds. The results show that threshing efficiency increased from 

99.1 to 100% with increased cylinder rotational speed from 600 to 900 rpm. There 

was increase in threshing efficiency with increase in cylinder rotational speed due 

increased impact force of the pegs responsible for threshing. At peripheral speeds of 

pegs above 4.2 to 4.7 m/s, threshing efficiency remained constant towards 100% 

which was the intended target.  
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Figure 4.16: Threshing efficiency of the optimised common beans thresher for 

different cylinder rotational speed. 

It was also important to evaluate throughput capacity of the thresher because its key 

to farmers in relation to time and fuel consumed. Figure 4.17 shows throughput 

capacity of the developed optimised common beans thresher under different cylinder 

rotational speeds. Throughput capacity increased from 41.4 to 92.4 kg/hr with 

increase in cylinder rotational speed from 600 to 1000 rpm. The increase can be 

attributed to the fact that threshing is enhanced by increased motion of pegs that 

demand more feeding of unthreshed beans (Sessiz et al., 2007).  

Traditional threshing of beans by use of sticks yields approximately 15 kg/hr output 

capacity (Yamba et al., 2017). This is output is low compared to any operational 

speed of the developed thresher. Small scale farmers produce average of five 45 kg 

bags of beans for sustenance majorly in Kenya (Nyabera, 2015). The developed 

machine is therefore suitable for small scale farmers because it can thresh a mean of 

336 kg of beans for 8 working hours  



103 

 

Figure 4.17: Throughput capacity of the developed optimised common beans 

thresher for different cylinder rotational speeds. 

operating at cylinder rotational speed of 800 rpm. At cylinder rotational speed of 

1000 rpm, the thresher had a throughput capacity of 92 kg/hr which is commendable 

to users. However, because of increased grain damage above 3% it is not advisable to 

use this speed during threshing based on United States Department of Agriculture 

standard that sets the maximum total damaged grain to be 2%. In the development of 

threshers’ throughput capacity model, it was assumed that the variables of 

importance were feed rate, grain-straw ratio and separation efficiency. This implies 

that throughput capacity can also be increased by increased separation efficiency and 

feed rate. 

Grain damage can affect price, feed quality, food product quality, and susceptibility 

to pest contamination (Banaseer et al., 2028). The United States Department of 

Agriculture (USDA) lists the threshold for broken grain to be anything that will fit 

through 8/64-inch round-hole sieve for soybeans. The simplest method for assessing 

grain damage is through visible inspection of the grain; this was employed in this 

study. Figure 4.18 presents grain mechanical damage under different cylinder 
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rotational speeds of the developed optimised common beans thresher. Mechanical 

bean grain damage increased from 0 to 3.3% with increase in cylinder rotational 

speed from 600 to 900 rpm. The increase in grain damage with increase in speed is 

due to the enhanced impact force generated by thresher as speed increases. There 

was zero mechanical bean grain damage at cylinder rotational speed of 600 rpm 

which is good for seed production. The average bean grain mechanical damage was 

1.2±1.3% for all the cylinder rotational speeds used. 

 

 

Figure 4.18: Bean grain damage for different cylinder rotational speeds of the 

developed optimised thresher. 

 

It was observed that rotational speed of 800 rpm resulted to 0.7% mechanical bean 

grain damage. According to the United States Department of Agriculture, the 

maximum total damaged grain allowable for grade one grains of soybeans is 2%. 

Therefore, the developed common beans thresher can operate up to speeds of 900 

rpm and still produce grade one grains. At high cylinder rotational speed of 1000 



105 

rpm, mechanical bean grain damage increased to 3.3% which may not be suitable for 

international markets.  

It was necessary to test the performance of the developed thresher at different feed 

rate. The feeding operation was manual. Table 4.11 shows a summary of the 

performance of the developed optimised common beans thresher at two different 

feed rates. Feed rate of 0.017 kg/s was an average during normal operation of the 

machine. The unthreshed beans was fed into the hoper based on demand. However, it 

was also significant to find out the performance of thresher under continuous 

feeding. This was achieved by making sure the feed hoper was half full during 

threshing. An average feed rate of 0.042 kg/s was established under continuous 

feeding as shown in Table 4.11. The minimum cylinder rotational speed that could 

operate the thresher during continuous feeding was 800 rpm. As indicated in table, it 

was clear that increased feed rate resulted to increased throughput capacity.  

Table 4.11: Summary of performance of the developed optimised common 

beans thresher 

Feed 

rate 

(kg/s) 

Cylinder 

speed 

(rpm) 

Blower 

speed 

(m/s) 

Threshing 

efficiency 

(%) 

Throughput 

capacity 

(kg/hr) 

Bean grain 

mechanical 

damages (%) 

Cleaning 

efficiency 

(%) 

 800 6 99.87 71.51 0.71 78.1 

0.017 900 8.5 99.69 82.74 1.61 74.0 

 1000 10.3 99.90 92.44 3.30 70.2 

 800 6 99.69 124.63 0.82 75.1 

0.042 900 8.5 99.87 140.68 1.71 72.0 

 1000 10.3 99.99 156.31 3.45 68.2 

 

Cleaning of grains was key to a successful common bean thresher. The thresher had a 

cleaning unit fixed with blower that blew off the chaff and dust which are lighter 

than grains. Table 4.11 also shows the cleaning efficiency of the developed common 

beans thresher at different cylinder rotational speeds and feed rate. Cleaning 

efficiency decreased with increase in cylinder rotational speeds. This could be 
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because at high cylinder rotational speeds, the velocity of air flow increased to 

beyond the terminal velocity of grains causing the chaff and grains to be blown 

away. 

Finally, energy consumption of the developed optimised common beans thresher was 

evaluated. The thresher is flexible to use petrol engine or electricity driven motor. 

The fuel consumed was determined based on the differential volume after each trial. 

It was established that one litre of petrol was able to thresh 30 kg of beans. This 

means that with a litre of petrol, a famer can thresh and clean one bag of beans 

depending on the productivity of the crop. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

1. Mathematical models were developed and coded in python to simulate power 

requirement, threshing efficiency, grain mechanical damage and throughput 

capacity. The results show strong to very strong correlations between simulated 

and actual data for the models (R2 = 0.993 for power required for threshing, 

0.757 for bean mechanical damage, 0.738 for threshing efficiency and 0.985 for 

throughput capacity). At 5% level of significance, there was no statistical 

difference between actual and simulated power requirement and throughput 

capacity. Using residual error analysis, the performances of the models at 10% 

absolute error were above 77.8%. Finally, the results show that power 

requirement, bean grain damage, threshing efficiency and throughput capacity 

increased with increase in pegs peripheral speed from 1.88 m/s to 5.65 m/s for 

simulated and actual data. 

2. In this study the optimization criteria were to minimize bean grain damage and 

power required for threshing while maximizing threshing efficiency and 

throughput capacity. The optimum mean values for bean grain damage of 1.73%, 

threshing efficiency of 99%, throughput capacity of 57.95 kg/hr and power 

requirement of 556.6 W were obtained at 3.765 m/s peripheral speed of pegs, 

0.023 kg/s feed rate, 1 m linear concave width, 17.5% moisture content (w.b) and 

5.5 kg weight of threshing cylinder. ANOVA results established that pegs 

peripheral speed and feed rate were the main contributing factors on bean grain 

damage, threshing efficiency, and throughput capacity. 

3. The developed common beans thresher 

achieved satisfactory performance since its threshing efficiency was 99% and 

above for cylinder peripheral speeds greater than 600 rpm. In addition, the 

throughput capacities were 72 and 125 kg/hr at feed rates of 1 and 2.5 kg/min, 

respectively, at optimum cylinder rotational speed of 800 rpm. Further, the 
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thresher attained mechanical bean grain damage of 1.6% and less for cylinder 

rotational speeds ranging from 900 to 600 rpm. The achieved grain damage is 

within the acceptable range 2% as recommended by American State Department 

of Agriculture (Year). Finally, at optimal throughput capacity performance of 

92kg/hr the thresher consumed about three (3) litres of petrol and it required two-

man hours all these costing Ksh 665. as compared to manual threshing costing 

Ksh 1500 for three-man days. 

5.2 Recommendations 

5.21 Recommendations from the study 

1. The developed prediction models can successfully be used to simulate design 

variables for the development of the common bean threshers. 

2. The Taguchi optimization technique that was employed in this study can be used 

to optimize similar grain threshers for mass production. This would reduce the 

cost of production of bean threshers as the method provides a simple, systematic, 

and efficient procedure for optimizing design and performance parameters. 

3. The developed common beans thresher is recommended for use by small-scale 

farmers as it achieved satisfactory performance in terms of low grain damage, 

and high threshing efficiency and throughput capacity. 

5.22 Recommendations for further research 

1. Since the cleaning efficiency attained by the common bean thresher in this study 

ranged between and 78.1%, values which were found to be low in relation to 

other grain threshers, it is recommended that further studies be conducted to 

improve on cleaning efficiency. 

2.  The prediction performance achieved for the common beans thresher of 77.8% 

was low since it was based on 10% residual error interval instead of 5%, a 

criterion that is used for most agricultural systems. Hence need for further 

improvements of the thresher.  
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4. Feeding operation of common beans into the thresher was manual, therefore, 

automation of the machine operation especially speed control and feed rate need 

to be incorporated.
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APPENDICES 

Appendix I: Computer simulation of design parameters and performance 
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 Plate A1: Design simulation inputs variables and performance outputs. 
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 Plate A2: Python software opening window. 

 

Plate A3: Inbuilt libraries like math, date, time and system for python. 

 

Plate A4: Python software programming user interface. 
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Appendix II: Programming code used for simulation 
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Plate A5: Program code used for simulation 
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Appendix III: Sample Data collection table 

Table B1: Data collection sheet 
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Appendix IV: S/N for performance indicators of bean thresher  

Table B2: Signal to noise ratio of simulation model results 

E

xp 

v ρ Q w β Mc PT S/N 

(PT) 

Gd S/N 

(Gd) 

Te S/N 

(Te) 

CT S/N 

(CT) 

1 1.9 44 0.01 0.2 15 2 207.3 -46.3 3.4 -10.55 42. 32.5 22 26.8 

2 1.9 46 0.02 0.4 17.

5 

4 284.6 -49.1 2.6 -8.28 45 32.9 37 31.5 

3 1.9 48 0.03 0.6 20 6 361.9 -51.2 1.9 -5.86 47 33.4 48 33.6 

4 1.9 50 0.04 0.8 22.

5 

8 439.2 -52.9 1.5 -3.29 50 33.9 57 35.1 

5 1.9 52 0.05 1 25 10 516.5 -54.3 1.1 -0.55 52 34.3 65 36.2 

6 2.8 44 0.02 0.6 22.

5 

10 1284 -62.2 6.2 -15.77 84 38.4 45 33.0 

7 2.8 46 0.03 0.8 25 2 360.8 -51.1 6.9 -16.74 82 38.3 63 35.9 

8 2.8 48 0.04 1 15 4 591.6 -55.4 9.9 -19.92 78 37.8 75 37.5 

9 2.8 50 0.05 0.2 17.

5 

6 822.4 -58.3 67 -36.55 23 27.1 88 38.8 

10 2.8 52 0.1 0.4 20 8 1053 -60.4 1.4 -3.02 94 39.4 24 27.5 

11 3.8 44 0.03 1 17.

5 

8 1972 -65.9 14 -23.14 94 39.5 66 36.4 

12 3.8 46 0.04 0.2 20 10 2432 -67.7 73 -37.27 37 31.3 85 38.6 

13 3.8 48 0.05 0.4 22.

5 

2 590.6 -55.4 58 -35.30 55 34.7 102 40.2 

14 3.8 50 0.01 0.6 25 4 1051 -60.4 1.3 -2.07 99 39.9 24 27.6 

15 3.8 52 0.02 0.8 15 6 1511 -63.6 6.9 -16.80 98 39.8 47 33.4 

16 4.7 44 0.04 0.4 25 6 2429 -67.7 62 -35.83 71 37.1 90 39.1 

17 4.7 46 0.05 0.6 15 8 3196 -70.1 59 -35.38 74 37.5 106 40.5 

18 4.7 48 0.01 0.8 17.

5 

10 3962 -72.0 2.2 -6.90 99 40.0 24 27.6 

19 4.7 50 0.02 1 20 2 896.4 -59.1 7.7 -17.77 99 39.9 47 33.5 

20 4.7 52 0.03 0.2 22.

5 

4 1663 -64.4 69 -36.82 61 35.7 70 36.9 

21 5.7 44 0.05 0.8 20 4 2427 -67.7 56 -34.99 90 39.1 112 40.9 

22 5.7 46 0.01 1 22.

5 

6 3575 -71.1 2.1 -6.23 100 40.0 24 27.6 

23 5.7 48 0.02 0.2 25 8 4724 -73.5 66 -36.36 82 38.2 48 33.5 

24 5.7 50 0.03 0.4 15 10 5872 -75.4 60 -35.54 88 38.8 70 36.9 

25 5.7 52 0.04 0.6 17.

5 

2 1279 -62.1 54 -34.62 92 39.2 92 39.3 
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Appendix V: Calculation of coefficient of correlation and determination 

Table B3: Calculation of coefficient of correlation and determination for simulated 

power required 

Peripheral pegs velocity 

 (X) 

Simulated 

power required 

(Y) 

XY X2 Y2 

1.9 207.8 391.51 3.55 43183.27 

2.4 238.9 562.56 5.55 57063.23 

2.8 274.6 776.02 7.99 75405.48 

3.3 315.0 1038.46 10.87 99207.61 

3.8 360.0 1356.46 14.20 129595.97 

4.2 409.7 1736.56 17.97 167824.44 

4.7 464.0 2185.38 22.18 215285.15 

5.2 523.0 2709.41 26.84 273477.04 

5.7 586.6 3315.36 31.95 344078.52 

SUM  33.9 3379.4 14071.7 141.1 1405120.7 

Coefficient of correlation (R) 

       

  






2222 yynxxn

yxxyn
r  

0.993 

Coefficient of determination (R2) 0.987 

 

Table B4: Calculation of coefficient of correlation and determination for actual 

power required 

Peripheral pegs 

velocity 

Actual power required XY X2 Y2 

1.884 276 519.98 3.549456 76176 

2.355 288 678.24 5.546025 82944 

2.826 302 853.45 7.986276 91204 

3.297 326 1074.82 10.87021 106276 

3.768 371 1397.93 14.19782 137641 

4.239 407 1725.27 17.96912 165649 

4.71 453 2133.63 22.1841 205209 

5.181 496 2569.78 26.84276 246016 

5.652 537 3035.12 31.9451 288369 

33.912 3456 13988.23 141.09 1399484 
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Correlation coefficient (R) 

       

  






2222 yynxxn

yxxyn
r  

0.984 

Coefficient of determination (R2) 0.968 

Table B5: Calculation of coefficient of correlation and determination for simulated 

grain damage 

Peripheral 

pegs velocity 

(X) 

Simulated 

grain damage 

(Y) 

XY X2 Y2 

1.884 0.0 3.32568E-08 3.549456 0.0 

2.355 0.0 0.000199152 5.546025 0.0 

2.826 0.0 0.005030454 7.986276 0.0 

3.297 0.1 0.18400511 10.870209 0.0 

3.768 0.5 1.845620171 14.197824 0.2 

4.239 1.1 4.836974559 17.969121 1.3 

4.71 4.1 19.29675279 22.1841 16.8 

5.181 3.7 18.95245467 26.842761 13.4 

5.652 10.9 61.34382223 31.945104 117.8 

33.912 20.29706947 106.4648592 141.090876 149.5095867 

Coefficient of correlation (R) 

       

  






2222 yynxxn

yxxyn
r  

0.80696 

 

Coefficient of determination (R2) 0.651 

 

Table B6: Calculation of coefficient of correlation and determination for actual 

power grain damage  

Peripheral 

pegs velocity  

Actual grain 

damage  

XY X2 Y2 

1.884 0 0 3.549456 0 

2.355 0.021308332 0.050181121 5.546025 0.000454045 

2.826 0.772681954 2.183599202 7.986276 0.597037402 

3.297 0.638569604 2.105363985 10.870209 0.407771139 

3.768 1.638672675 6.17451864 14.197824 2.685248136 

4.239 5.833875515 24.72979831 17.969121 34.03410353 

4.71 6.998679494 32.96378042 22.1841 48.98151467 

5.181 12.69296741 65.76226415 26.842761 161.1114217 

5.652 13.83383383 78.18882883 31.945104 191.3749585 

33.912 42.43058882 212.1583347 141.090876 439.1925091 
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Coefficient of correlation (R) 

       

  






2222 yynxxn

yxxyn
r  

0.926616 

 

Coefficient of determination (R2) 0.859 

Table B7: Calculation of coefficient of correlation and determination for simulated 

threshing efficiency 

Peripheral velocity pegs 

(X) 

Simulated threshing 

Efficiency (Y) 

XY X2 Y2 

1.884 94.3 177.6612 3.549 8892.49 

2.355 95.1 223.9605 5.546 9044.01 

2.826 95.7 270.4482 7.986 9158.49 

3.297 96 316.512 10.870 9216 

3.768 96.1 362.1048 14.198 9235.21 

4.239 96.2 407.7918 17.969 9254.44 

4.71 96.3 453.573 22.184 9273.69 

5.181 97.1 503.0751 26.843 9428.41 

5.652 97.2 549.3744 31.945 9447.84 

33.912 864 3264.501 141.091 82950.58 

Coefficient of correlation (R) 

       

  






2222 yynxxn

yxxyn
r  

0.956236 

 

Coefficient of determination (R2) 0.914387 

 

Table B8: Calculation of coefficient of correlation and determination for actual 

threshing efficiency 

Peripheral pegs velocity 

(X) 

Actual threshing 

efficiency 

XY X2 Y2 

1.9 98.1 184.75 3.55 9616.53 

2.4 99.1 233.44 5.55 9826.03 

2.8 100.0 282.46 7.99 9990.03 

3.3 100 329.7 10.87 10000.00 

3.8 100 376.8 14.20 10000.00 

4.2 100 423.9 17.97 10000.00 

4.7 100 471 22.18 10000.00 

5.2 100 518.1 26.84 10000.00 

5.7 100 565.2 31.95 10000.00 

33.9 897.1 3385.4 141.1 89432.6 

Coefficient of correlation (R) 0.711499 
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       

  






2222 yynxxn

yxxyn
r  

 

Coefficient of determination (R2) 0.5062 

Table B9: Calculation of coefficient of correlation and determination for simulated 

throughput capacity 

Linear 

Velocity 

Simulated output 

capacity 

XY X2 Y2 

1.9 6.6 12.5 3.5 43.9 

2.4 12.7 29.8 5.5 160.3 

2.8 14.9 42.0 8.0 220.9 

3.3 22.1 72.7 10.9 486.9 

3.8 30.2 113.9 14.2 913.5 

4.2 33.2 140.6 18.0 1100.8 

4.7 44.7 210.3 22.2 1993.7 

5.2 38.9 201.4 26.8 1511.6 

5.7 56.5 319.4 31.9 3193.5 

33.9 259.7 1142.7 141.1 9625.1 

Coefficient of correlation (R) 

       

  






2222 yynxxn

yxxyn
r  

0.951 

Coefficient of determination (R2) 0.97508 

 

Table B10: Calculation of coefficient of correlation and determination for actual 

throughput capacity 

Linear 

Velocity 

Actual output 

capacity  

XY X2 Y2 

1.9 12.3 23.2 3.5 151.5 

2.4 17.3 40.8 5.5 299.6 

2.8 15.8 44.6 8.0 248.6 

3.3 23.1 76.2 10.9 533.8 

3.8 29.6 111.5 14.2 875.4 

4.2 29.5 125.2 18.0 872.4 

4.7 42.8 201.5 22.2 1830.8 

5.2 37.2 192.6 26.8 1382.6 

5.7 48.3 273.2 31.9 2336.6 

33.9 255.9 1088.8 141.1 8531.5 



142 

Coefficient of correlation (R) 

       

  






2222 yynxxn

yxxyn
r  

0.9279 

Coefficient of determination (R2) 0.9633 
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Appendix VI: Calculation of paired two sample t-test means 

Table B11: Paired two sample t-test for means of simulated and actual power 

required 

  Simulated variable Actual Variable 

Mean 375.493 384 

Variance 17020.74 9047.5 

Observations 9 9 

Pearson Correlation 0.996355  

Hypothesized Mean Difference 0  

df 8  

t Stat -0.69725  

P(T<=t) one-tail 0.252701  

t Critical one-tail 1.859548  

P(T<=t) two-tail 0.505402  

t Critical two-tail 2.306004  

 

Table B12: Paired two sample t-test for means of simulated and actual grain damage 

  Simulated Variable 1 Actual Variable 2 

Mean 2.255229941 4.736954313 

Variance 12.96687848 29.69241444 

Observations 9 9 

Pearson Correlation 0.870276546  

Hypothesized Mean Difference 0  

df 8  

t Stat -2.552715489  

P(T<=t) one-tail 0.017015272  

t Critical one-tail 1.859548038  

P(T<=t) two-tail 0.034030544  

t Critical two-tail 2.306004135  
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Table B13: Paired two sample ttest for means of simulated and actual threshing 

efficiency 

  Simulated Variable 1 Actual Variable 2 

Mean 99.68226912 96.11111111 

Variance 0.450698362 0.913611111 

Observations 9 9 

Pearson Correlation 0.859123091  

Hypothesized Mean Difference 0  

df 8  

t Stat 20.94121144  

P(T<=t) one-tail 1.41875E-08  

t Critical one-tail 1.859548038  

P(T<=t) two-tail 2.83749E-08  

t Critical two-tail 2.306004135  

 

Table B14: Paired two sample t-test for means of simulated and actual throughput 

capacity 

  Simulated Variable 1 Actual Variable 2 

Mean 28.85127 28.43612 

Variance 266.6906 156.749 

Observations 9 9 

Pearson Correlation 0.992414  

df 8  

t Stat 0.296673  

P(T<=t) one-tail 0.387136  

t Critical one-tail 1.859548  

P(T<=t) two-tail 0.774273  

t Critical two-tail 2.306004  
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Appendix VII: Analysis of variance for performance indicators 

Table B15: ANOVA for grain damage 

Source of variation Degrees 

of 

freedom 

(DOF) 

Sum of 

square 

(SS) 

Mean 

Sum of 

Squares 

F-

Ratio 

F-

Tabulate

d 

Factor % 

Contribution 

Total 24 4623.2     

Peripheral velocity   4 1735.9 434.0 8.3 2.9 37.5 

Bulk density of beans 4 98.9 24.7 0.5 2.9 2.1 

Feedrate 4 1715.9 429.0 8.2 2.9 37.1 

Concave width 4 1025.9 256.5 4.9 2.9 22.2 

Moisture content 4 342.5 85.6 1.6 2.9 7.4 

Mass of cylinder 4 342.5 85.6 1.6 2.9 7.4 

Error 19 991.6 52.2    

Table B16: ANOVA for threshing efficiency 

Source of variation Degrees 

of 

freedom 

(DOF) 

Sum of 

squares 

(SS) 

Mean 

Sum of 

Squares 

F-

Ratio 

F-

Tabulated 

Factor % 

Contribution 

Total 24 277.0     

Peripheral velocity  4 93.0 23.2 8.0 2.9 33.6 

Bulk density of 

beans 

4 12.1 3.0 1.0 2.9 4.4 

Feedrate 4 49.0 12.3 4.2 2.9 17.7 

Concave width 4 99.4 24.8 8.5 2.9 35.9 

Moisture content 4 10.0 2.5 0.9 2.9 3.6 

Mass of cylinder 4 13.7 3.4 1.2 2.9 4.9 

Error 19 55.4 2.9    

Table B17: ANOVA for throughput capacity 

Source of variation Degrees of 

freedom 

(DOF) 

Sum of 

squares 

(SS) 

Mean Sum 

of Squares 

F-

Ratio 

F-

Tabulated 

Factor % 

Contribution 

Total 24 485.0     

Peripheral velocity   4 30.3 7.6 1.5 2.9 6.2 

Bulk density of beans 4 2.4 0.6 0.1 2.9 0.5 

Feedrate 4 448.2 112.1 21.9 2.9 92.4 

Concave width 4 2.0 0.5 0.1 2.9 0.4 

Moisture content 4 1.0 0.2 0.0 2.9 0.2 

Mass of  cylinder 4 1.8 0.4 0.1 2.9 0.4 



146 

Error 19 97.1 5.1 1.0   

Table B18: ANOVA for power required for threshing 

Source of variation Degrees of 

freedom 

(DOF) 

Sum of 

squares 

(SS) 

Mean 

Sum of 

Squares 

F-

Rati

o 

F-

Tabulated 

Factor % 

Contribution 

Total 24 1577.0     

Peripheral velocity  4 1154.2 288.5 17.3

7 

2.9 73.19 

Bulk density of 

beans 

4 3.4 0.9 0.05 2.9 0.22 

Feedrate 4 4.0 1.0 0.06 2.9 0.26 

Concave width 4 3.0 0.7 0.04 2.9 0.19 

Moisture content 4 3.2 0.8 0.05 2.9 0.20 

Mass of cylinder 4 410.2 102.6 6.17 2.9 26.01 

Error 19 315.6 16.6    

 

Table B 19: Actual and simulated bean damage at different peripheral pegs speed 

Peripheral velocity of pegs 

(m/s) 

Simulated bean damage 

(%) 

Actual bean damage 

(%) 

1.88 0.00 0.00 

2.36 0.00 0.02 

2.83 0.00 0.77 

3.30 0.06 0.64 

3.77 0.49 1.64 

4.24 1.14 5.83 

4.71 4.10 7.00 

5.18 3.66 12.69 

5.65 10.85 13.83 
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Appendix VIII: Design drawings and sample plates taken during the study 

 

 

Plate C1: Research team discussing performance of beans thresher. 
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Plate C2: Side view of the developed common beans thresher. 

 

 

Plate C3: Common bean thresher prototype used for validation 
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Plate C4: Design drawings for the protype thresher 

 

C5: Front view of common beans thresher 
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Plate C6: A picture of unthreshed common beans (Phaseolus Vulgaris L). 

 

Plate C7: Assorted mechanically damaged grains. 
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