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ABSTRACT 

Carrot washing and grading, which is done after harvesting and before delivering to the market, 

has been done by farmers in Ethiopia using conventional methods that are too laborious, time-

consuming, and labor-intensive, resulting in decreased carrot productivity and health problems. 

The major goal of this study was to design, develop, and test a carrot washing and grading 

machine that was not utilized for cooking purposes after harvesting before delivering to market in 

order to solve the concerns mentioned above. Based on literature reviews, the pump's power 

source, beginning speed, and discharge capacity were set at 50W, 60rpm, and 0.036l/s, 

respectively, during design. The bicycle chain, pedal, pulleys, belts, and shafts were chosen to 

transfer human power to the planned machine. Before building, all components were modeled 

using Computer-Aided three-dimensional Interactive Application software (CATIA V5). The 

Nantey variety was used to evaluate the machine's performance at two levels of feeding loads: 

10kg and 15kg, as well as three distinct drum speeds: 14rpm, 21rpm, and 28rpm. The drum speed 

and feeding load were assigned as treatments in a completely randomized design (CRD). The data 

was collected using both qualitative and quantitative approaches, and the results were analyzed 

using SPSS software at a 5% level of significance. Overall, the mean findings for time required to 

complete washing and grading activities, washing efficiency, grading efficiency, percentage of 

damaged tuber, and throughout put capacity were 2.22 minutes, 98.70 percent, 92.23 percent, 1.21 

percent, and 242.17 kg/hr, respectively. For the range of the variable of drum speed between 14-

28 rpm and for the range of the variable of feeding load 10-15kg, the evaluation findings revealed 

time requirements of 2 to 10.88 minutes and washing efficiencies of 84.87 to 98.70 percent. As the 

speed rose (14 to 28 rpm), the grading efficiency increased 72.89 to 92.23 percent, and the feeding 

load increased from 10 to 15kg. The carrot washing and grading machine require no formal 

education to use and maintain, and it was built with locally sourced materials. This equipment 

cost birr 16363.52 per unit, which is a low price that most Ethiopian farmers can afford. 

 

 

 

Keywords: Carrot, Carrot Washer, Grading, Pedal-Operated, Washing, Human Power, Pump 
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CHAPTER ONE 

1. INTRODUCTION 

Carrots are a root crop whose roots are consumed by millions of people throughout the world 

(Jahanbakhshi, 2018). It has consumed fresh, ripe, and mixed crops. Carrots can also be ingested 

as oil, juice, dehydrated items, and so on. It is one of the most significant and beneficial vegetables 

for the human body since it contains vitamins A, B, C, -carotene, thiamine, riboflavin, and other 

minerals, among others (Surbhi et al., 2018; Ahmad et al., 2019; Bhattarai et al., 2017; & Bender 

et al., 2020). Because of these nutritional values and the reduced incidence of night blindness in 

mothers and children caused by vitamin-A deficiency, as well as the risk of heart disease, stomach 

diseases, and many types of cancer, the carrot is cultivated in many countries such as America, 

Europe, South-west Asia, and Africa ( Bhattarai et al., 2017 & Yadav, 2020). 

Carrot grows best in loose, sandy loam soils that are well-drained, above 1000 masl where the 

temperature is between 16 and 21oC and rainfall is between 800 mm and ready for harvest 100 to 

120 days after planting depending on the agro ecology of the growing area (Rashid et al., 2018; 

Hussain & Ali, 2020). In Ethiopia, carrots are cultivated at an altitude range of 300-3000masl 

mainly in Oromia, Amhara, Addis Ababa, Tigray, and SNNPR (CSA, 2020). This means it is 

produced in a wide range of agro-ecologies from the lowlands to the highlands of Ethiopia. Even 

though it can cultivate in a varied range of agro-ecologies, Ethiopia produced the very lowest 

production per year compared to developed countries (FAO, 2018).  

This results in a scarcity of carrots, which is one of the causes of various maladies in the country, 

such as vitamin A deficiency, which causes Bitot's spots and night blindness. Bitot's spots, a 

medical symptom caused by a deficiency of this vitamin in the country, were seen in 9 percent of 

girls and 2.2 percent of boys among 7,000 preschool and school-aged children (Tabor & 

Mohammed, 2012).These reveal that Producing and promoting the carrot for consumption in 

Ethiopia is a fundamental issue to reduce the above stated and other diseases.  

Post-harvest actions such as washing and grading have a significant impact on carrot production 

and promotion. Farmers do not nurture the carrot well when these actions are not mechanized 

because they anticipate the dull activities that will await them in the future. Not only that, but due 

to the boring duties like washing and grading that await them in the next phase, the farmed crop is 



2 

 

not properly gathered. If the actions after harvesting are not well mechanized, these and similar 

conditions render farmers immoral for producing carrots. Furthermore, washing and grading 

carrots after harvest before shipping them to market has a significant impact on improving product 

quality and marketability, reducing post-harvest loss, removing soil and debris, and lowering 

product temperature and microbial load (Alam et al., 2018). 

After harvesting, farmers washed and graded their crops before transporting them to roadsides 

where traders may readily reach them or to neighboring markets in the rural region. They can be 

done in a traditional or mechanical way. The old process of washing and grading is too time-

consuming and labor-intensive, resulting in health issues and significant post-harvest losses. 

(Bhattarai and colleagues, 2017; Abdul and colleagues, 2020). 

Different carrot and fruit washing machines powered by electric motors, engines, and manually 

cranked by hands were conceived and developed in various countries to alleviate the drudgery of 

the conventional approach. Electric motor machines are difficult to use in remote areas due to a 

lack of electric power distribution. Engine-driven devices are energy-intensive and costly, 

necessitating a large initial capital investment that is unsuitable for small-scale farmers. In rural 

locations, according to Seweh et al. (2016), installing electric motor and engine machines quickly 

and easily is problematic. Manually operated or hand-cranked machines are one of the possibilities 

for rural areas, but they must be replaced with other appropriate techniques such as pedal operating 

machines because anyone can generate around 2-4 times the power of a hand crank using leg 

pedaling (Mushiri et al., 2017 and Jadoun & Choudhary, 2016). 

Despite the fact that manually operated, electrical motor driven, and diesel engine powered carrot 

washer machines have been designed and developed around the world, none of them have been 

adopted and introduced to Ethiopia. Furthermore, no grader was created to assist farmers in 

grading carrots according to market criteria. As a result, the carrot is Ethiopia's forgotten crop that 

has yet to be automated. Because it is washed and sorted by a boring mechanism, its post-

harvesting is quite high and its quality is very low. 

The main goal of this research is to build and construct a pedal-operated, low-cost, low-energy 

machine using locally accessible materials in order to keep the design simple and economical. The 
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created machine can wash and grade a small-capacity carrot appropriate for small-scale farmers, 

improving quality, saving time, and labor, and can be utilized anywhere. 

Carrot washing and grading are typical post-harvest tasks undertaken before sending carrots to the 

market in Ethiopia's rural areas. This strategy involves activities carried out beside canals and 

waterways, which are laborious, time-consuming, labor-intensive, expensive, and inefficient 

(Rashid et al., 2018 & Siddique et al., 2017). As a result, this method of washing is immoral and 

unhygienic, demotivating farmers to grow carrots and increasing post-harvest losses such as carrot 

contamination and damage, river water pollution, fertile soil erosion, human health issues, and low 

washing and grading efficiency, all of which lead to lower market appeal (Abdul et al., 2020; 

Adegbite et al., 2019). 

A few researchers were attempting to design and modify various machines such as manually 

operated carrot washers, diesel engine operated carrot washers, and electrical motor-operated 

carrot washers in order to alleviate the aforementioned problems and mechanize this traditional 

system of carrot washing. Hand-cranking machines that are manually controlled require a lot of 

work and time to operate, which results in low machine efficiency and a lot of discomforts (Amin 

& Hossain, 2021; Jatobá et al., 2016). The initial investment for machinery powered by diesel 

engines and electric power is extremely high, making them unaffordable for farmers or individuals. 

These machines have become outdated because to a lack of electric power and fuel in the ruler 

area. As a result, traditional carrot washing and grading is currently the sole alternative available 

in rular Ethiopia. No one has built a carrot grader that aids farmers in the field until now. 

Based on the stated facts, pedal-operated carrot Washer and Grader were designed and constructed 

which was reduce the time and human power consumption, be affordable by anyone and reduce 

the drudgery and constraints faced by rural farmers concerning carrot washing and grading.  

This study was conducted to design and construct a carrot tubers washer and Grader and evaluate 

its performance to improve the traditional practice of washing and grading practice. 

• Improving the efficiency of washing and grading 
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• to choose machine components (Chain Drive, Pulleys, V-Belt, Shafts, and Bearings)  

• to design (Pump Cylinder Bore and Length, Piston Assembly, Connecting Rod, Shafts, Drum, 

and Frame)  

• to model and create the carrot washing and grading machine parts using CATIA V5 software. 

• to put together the pieces of the carrot washing and grading machine 

• to assess the washing and grading capability of the carrot washing and grading machine. 

This equipment primarily benefits carrot farmers by lowering washing and grading time, labor 

costs, and improving quality as well as market appeal. Farmers aren't the only ones that benefit 

from this equipment; wholesalers and retailers are as well. 

According to the objectives stated, the design and development of pedal operated carrot washing 

and grading machine includes all the processes needed to design and develop an efficient washer 

and grader. It is applicable for farmers in rural areas who could not get tap water for washing. The 

machine uses water from the river by the developed a reciprocating pump. It was designed for 

carrot washing that the farmers perform after harvesting but not to include the washing of carrots 

for consumption or it was not intended to clean and grade the carrots sufficiently for human 

consumption. 
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CHAPTER TWO 

2. LITERATURE REVIEW 

Carrots were first thought to have originated in Asia before 50 centuries, and later in the 12th 

century (Stolarczyk & Janick, 2011). Although the exact date of carrot introduction to Africa 

and Ethiopia is unknown, this crop has been known in Ethiopia since the early 1960s in the 

research system at Alemaya College of Agriculture (now Haramaya University) by importing 

eight types of seeds from Kenya (Biratu, 2020). Carrots are scientifically known as Daucus 

carota subsp. sativusis. It belongs to the Apiaceae family and is a popular root vegetable. The 

leaf, stem, and root components of the carrot make up the majority of the plant. 

Carrots are grown in Ethiopia in a variety of agro-ecologies ranging from the lowlands to the 

highlands, primarily in the central highlands of Oromia, Amhara, Addis Ababa, Tigray, and the 

SNNPR (CSA, 2020). 

Currently, the country produces 18225.4t of carrots on 4073.63 ha of land (CSA, 2020). Despite 

the fact that the production trend is not continuous from year to year, as farmers and other 

communities become more aware of carrot production and nutritional advantages, carrot output 

increases from year to year (Tabor & Mohammed, 2012). The total area covered by carrots (in 

hector) and production (in quintal) went from 2556.05 to 4073.63 and 101482.29 to 182254.14 

in just one year, from 2018/19 to 2019/20. Carrot yields range from 40 to 45 quintal/ha under 

farmers' management depending on agro ecology in the indicated year, with a percentage change 

of 59.32 and 79.59, respectively (CSA, 2020). 

In other cases, approximately 201,111 Ethiopian farmers grew carrots primarily as a commercial 

crop for selling in urban marketplaces and to earn foreign money by exporting carrots to 

neighboring Djibouti and Somalia (Mohammed et al., 2014). Furthermore, a large number of 

people earn money through brokering, trading (wholesale or retail), transporting carrots, and 

producing transportation supplies such as bags for packing. Not only that, but the cultivation of 

this crop can boost GDP values; in 2018, the carrot contributed $3412.175 to GDP (FAO, 2018). 

According to Tabor and Yesuf (2012), 15 percent of the urban population consumes carrots. It 
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is feasible to conclude from the given facts that the demand for carrots and their production in 

Ethiopia is not proportional. Because it was created and processed using hand tools in the 

traditional manner, it led to poor quality and production. According to Tabor & Yesuf, (2012), 

at all production sites of the country, they are topped, washed, and filled in poly-bags and 

transported to roadsides where merchants can easily access products or to nearby markets. 

Farmers wash and grade carrots after harvesting them in all places where they are grown before 

transporting them to the roadside (Ambrose & Annamalai, 2013; Choi et al., 2014; Ganesh et 

al., 2018). These activities are carried out to avoid contamination caused by soil drying on the 

crop surface, to reduce unwanted load during transportation caused by soil and impurities, to 

prevent disease transmission into storage and infecting other carrots, to prepare market 

recommended size, to attract customers, and to obtain a good market price (Naresh et al., 2018; 

Oyeleke et al., 2014; Rashid et al., 2018). Farmers and retailers have traditionally washed and 

graded carrots after harvesting in all producing zones in Ethiopia before transporting them to 

market (Tabor & Mohammed, 2012). 

 

Figure 2.1. Carrot post-harvest processing trends in Ethiopia 

In Ethiopia, women and children have been performed these activities at the farm level using 

traditional methods. Traditionally farmers in the country who cultivate carrots often wash 

Women and children in Ethiopia have traditionally carried out these tasks on the farm using 
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traditional ways. Farmers that raise carrots in the country have traditionally washed them by 

hand or feet in rivers or ponds, then graded them by hand into selected and rejected sizes. 

Farmers in Ethiopia's central highlands, such as Shirkaa, Leemmuu fi Bilbilloo, and Hanqoolo 

Wabe Districts, transported harvested carrots from the farm to the river using various 

transportation methods, first soaking them in water to remove soil and impurities, then dividing 

them into sacks and pushing them perpendicular to the running water. When there isn't enough 

water in the river, they wash freshly obtained carrots with their feet and hands on the river's edge 

rather than soaking them in it. 

Farmers in east Hararghe's Haramaya neighborhood wash it in the pond. They add water to the 

pond and then soak the carrot in it. They collect carrots with impurities from the pond and wash 

them with their hand fit after they have been wet and loosened. Carrots are washed and evaluated 

at every stage of manufacturing. Depending on location, polybags with a capacity of 100 

kilograms (locally known as Tor) or 150 to 170 kg (locally known as Wosla) are used. The 

carrots are washed and packed in 50 kg polybags by shopkeepers in Tigray (Tabor & Yesuf, 

2012). According to a non-structured discussion with farmers and a visit of their working area, 

traditional washing involves more laborers or employees, more time, and exposes them to 

various health concerns as a result of the extended duration of work.  

Type 2 diabetes, cancer, back pain, neuropathy, stomach disease, and kidney stones are all linked 

to overwork (Basiska-Zych & Springer, 2017; Amin & Hossain, 2021). According to 

information obtained from the work area, washing 100 kg of carrots takes roughly one hour, 

including soaking in water. When two individuals conduct the operations with significant 

rainfall and sufficient water in the river from June to the end of August, it takes an extra 20 

minutes for grading. Another issue with carrot washing is the amount of water required in the 

process. Because the spring season in Ethiopia is the dry season, washing carrots are extremely 

tough owing to a lack of water in the river. 

During the dry season, they are compelled to wash using dirty water from nearby ponds or rivers. 

These cleansed items are hazardous to human health, causing a variety of ailments (Amin & 

Hossain, 2021). Even when the river had ample water, most Ethiopian rural regions used river 

water for drinking, agriculture, and other purposes. As a result, washing carrots in the river 

exposed people to a variety of ailments caused by water contamination. The principal drawbacks 
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of this procedure include low washing efficiency, erosion of fertile soil during washing with 

flowing water, a high percentage of contamination, and a significant amount of damage. 

 
Figure 2.2 Traditional carrot washing process in the river, as seen in the Arsi zone  

 
Figure 2.3. Traditional Carrot Grading Technique after Washing 

To tackle the abovementioned disadvantages in the traditional washing process, Ambrose & 

Annamalai, (2013) construct a manually operated root carrot washer, as shown in figure 2.4. 

The revolving drum of this machine is made of steel metal and revolves at 10 to 12 rpm by hand. 

It was able to wash 10kg of carrots in 5 minutes or 100kg of carrots in one hour with around 

100L of water. Stopping washing processes allows materials to be loaded and unloaded. It takes 

at least two individuals to operate the equipment, with one person operating the machine and 
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the other loading and unloading the carrot. The average bruise index utilizing 3.5mm plastic 

matting of the carrot was 1.25, with washing and cleaning efficiency of 97, 91, and 90 percent 

for carrot, 96, and 90 percent for radish, respectively. 

The water source for washing was gravitationally dropped from the plastic barrel to the drum. 

Filling the barrel with water in a rural region by transporting it from the river, on the other hand, 

is a highly inconvenient task. They discovered a high bruising index during the performance 

test. As a result, the time and labor-intensive problem of excessive crop breakage remain 

unsolved. Tuber grading in order to make them marketable was not considered. 

 

 
Figure 2.4. Manually operated carrot washing machine 

1- Freshly harvested carrot; 2- loading; 3- washing; 4-unloading; 5- washed carrot. 
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Jatobá et al. (2016) created and produced a manually operated carrot washer, the spinning drum 

of which was made of wood, as shown in figure 2.5. To achieve a minimum bruising index, it 

was manually rotated between 12 and 13 rpm. It was able to wash 0.61 kilograms in 69 seconds, 

or less than 32 kilograms of unwashed carrots in one hour. The amount of water utilized in each 

batch of the sample, however, was not specified. Material load and unloading by stopping 

washing activities, similar to the machine designed by Ambrose & Annamalai, (2013). With the 

indicated sample, the washing efficiency of this machine was 94.3 percent. The only water 

available for washing was tap water, which was only appropriate for use around the house.  

 

Figure 2.5.  A carrot washing machine that is controlled manually. 

Manually operated hand-cranking carrot washing machines, in general, require a significant 

amount of work and time to operate, resulting in low machine efficiency, high degrees of pain, 

and a considerable volume of water (Dereje, 2019; Jatobá et al., 2016). At the farmer level, there 

has never been a manually operated hand-cranking carrot grading machine.  

Different researchers (Anjali & Ikhar, 2018a; Batara et al., 2014; Ganesh et al., 2018; Ghuman 

et al., 2014; Hussain & Ali, 2020; Minh et al., 2020; Naresh et al., 2018; Oyeleke et al., 2014; 
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Rashid et al., 2018) devised and manufactured carrot washing machines with greater efficiency 

that were operated using an electric motor, diesel engine, and tractor PTO. They are, however, 

energy-intensive and costly, requiring a significant initial capital investment that is not suitable 

for small-scale farmers and difficult to install in remote locations (Seweh et al. 2016). 

Neither manual hand cranking nor other sophisticated machines consider carrot grading to 

alleviate the drudgery faced by farmers after harvesting before transporting to market, i.e. no 

grader designed to assist farmers in grading carrots according to market requirements anywhere 

in the world except very complex machines in the food industry. 

Nothing of the above-mentioned machines, whether manually operated, electrically powered, 

tractor PTO shaft powered, or diesel engine powered, was designed, produced, adopted, or 

introduced in Ethiopia. As a result, the carrot is Ethiopia's forgotten crop that has yet to be 

automated. As a result, there is a need for a machine that can be used for carrot washing and 

grading that is affordable to country farmers, simple to operate, time-saving, has a pump that 

draws water from the river for washing, and can be installed in rural areas. 

Agricultural machinery can be powered by an engine, electric power, human power (manual), 

and so on, depending on the circumstances. Agricultural mechanization in Ethiopia is on the 

verge of transitioning to a semi-mechanized farming paradigm (Koroso, 2016). This is related 

to a fear of job loss and the belief that the costs of living are prohibitively high (Amare & 

Endalew, 2016). As a result, choosing a power source that is compatible with the phycology and 

economics of farmers is essential. Electric motor machines are difficult to use in remote areas 

due to a lack of electric power distribution. Engine-driven devices are energy-intensive and 

costly, necessitating a large initial capital investment that is unsuitable for small-scale farmers 

(Seweh et al., 2016).  As a result, installing both electric motor and engine devices in rural areas 

is challenging. In Ethiopia, one of the choices for rural areas is manually driven hand-cranked 

and pedal-powered equipment. 

When compared to the pedal operation method, which needs to be replaced with other acceptable 

methods, the manual approach requires a lot of human energy to crank the machine. Anyone 

can generate roughly 2-4 times the power of a hand crank using leg pedaling (Mushiri et al., 
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2017 and Jadoun & Choudhary, 2016). Pedal power is the energy generated by humans via the 

use of a foot pedal and a chain with a sprocket to perform tasks like washing and grading fruits 

and vegetables. It is the ideal alternative for remote locations if there is a power outage or a 

shortage of electricity. 

A person can generate 50-150 watts using leg pedaling based on different conditions such as  

Maturity, healthy, nutrition, age, sex, human pedaling ability, a physicality that may be  2-4 

times hand-generated power(Mushiri et al., 2017; Jadoun & Choudhary, 2014; Krishnamurthy 

et al., 2017). Additionally, any person can exert Pedal forces of up to three times his/her body 

weight with 50-100 pedal rpm under different conditions and loads (Soden & Adeyefa, 2018; 

Bhatawadekar et al., 2015). Therefore, using pedal rather than arm has reasonable advantages 

that stated above and others. 

The carrot washing and grading activities have not achieved enough attention in Ethiopia, 

however, various  Engineers and Researchers worldwide have looked into ways of improving 

the traditional washing carrot after harvesting before transporting it to the roadside by designing 

manually or automatically operated carrot washers with some constraints.  

As stated in the research gab under each title, all created devices require tap water to wash the 

carrot tuber, which is inconvenient in rural locations. The majority of them used diesel engines 

or electric power, which were not available or affordable to farmers, while pedal-operated carrot 

washers and graders use their pump to pull water from any water tank or river and use human 

power, which is readily available in rural regions. 

Ambrose & Annamalai (2013) designed a manually controlled carrot washer that has a 

maximum washing rate of 97.91 percent and a drum that rotates by hand, putting the operator 

in danger. The water for washing comes from a waterfall that is fed by gravity. As a result, it 

must elevate the water over the machine and fill it with water, which is a time-consuming 

process. The highest washing efficiency of the pedal-operated carrot washer was 98.7% with 

the operator in a comfortable position and with minimal effort, and water was easily sucked and 

delivered to the drum as the user rotated the pedal. 
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Jatobá et al. (2016) constructed a manually operated carrot washing machine that can wash less 

than 32kg of unwashed carrot samples in one hour. With the indicated sample, the washing 

efficiency of this machine was 94.3 percent. Tap water was used for washing, and it was only 

acceptable for use in metropolitan areas. The pedal-operated carrot washer and grader can wash 

242.17 kg of carrots each hour. 

Finally, the pedal-operated carrot washing and grading machine is the only machine that grades 

the carrot tubers at the farmer level. There is no machine developed on the grading at the farmer 

level. Additionally, it is the first machine in Ethiopia that washes and grades carrot tubers.   
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CHAPTER THREE   

3.  MATERIALS AND METHODS  

In the Oromiya Region's Arsi Zone Sirka District, performance evaluations were done in the 

farmers' field. This location is regarded as the country's primary carrot-growing region (Tabor 

& Mohammed, 2012). The district is bordered on the east by Arsii Robe, on the north by 

"Xiichoo," on the north and northwest by "Digaluu fi Xiijoo," on the west and southwest by 

"Lemmuu fi Bilbilloo," on the south by "Hanqoloo Waabee," and on the southeast by the 

Waabee Shebelle River, which separates it from the East Baalee zone. The administrative hub 

of the wereda is Gobessa town with a latitude and longitude of 07°37′N 39°30′E and an elevation 

of 2353 meters above sea level. It is 89.5 kilometers from Asellaa, Arsii's capital, and 253.1 

kilometers from Addis Ababa (Finfinnee). 

 

Figure 3.1. Map of the research area chosen for machine performance evaluation. 

Assumption Made  

Based on literature reviews, the following assumptions were made during the design of the 

carrot washing and grading machine. 

• Because most individuals pedal efficiently and continuously for an hour or longer at a pace 

of 50 to 70 revolutions per minute (rpm), 60 rpm is utilized as the pedal speed for simplicity's 

sake. 
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•  In order to make machines accessible to people of all ages, 50 watts of electricity was 

chosen as the input power. 

• Because a 7 to 20 kg carrot sample should be washed in 5 to 7 minutes with 11 to 15L of 

water, the average discharge rate for washing was assumed to be 0.036 l/s. 

• The diameter of the pulley was calculated using the velocity ratio. 

• Drum speeds of 10-28 rpm were recommended for washing carrot tuber samples weighing 

10kg-15kg, hence 28 rpm and 10 kg were taken into account when designing this machine. 

 

Before beginning the design and construction of the Carrot washer and grader, the following 

issues were considered for proper material selection, high efficiency, low cost, and post-harvest 

losses, and to improve product quality. 

• Carrot tuber physical qualities and damage  

• Waterproofing ability, durability, and corrosion characteristics of construction materials  

•  Construction material availability and cost 

• the design's flexibility, mobility, adaptability, stability, ease of construction, maintenance, 

loading and unloading, and operability by village craftsmen 

Samples of dominant and popular carrot cultivars produced in Ethiopia's "Arsii" Zone "Sirkaa", 

"Hanqooloo Waabee", and "Leemmuu fi Bilbilloo" Districts were gathered to evaluate tuber 

physical properties. Farmers in the Sirka wereda were contacted to obtain nantey Variety for 

performance evaluation. The construction Materials selection is based on the material's function 

and related to the carrot's strength in order to reduce and manage the breakage of its pieces 

during washing and grading, as shown in Table 3.1. Table 3.2 lists the machines, tools, and 

equipment employed in the creation of washing and grading machines, along with their 

functions. 

The physical features of carrot tubers were measured in order to develop and choose appropriate 

pieces, such as a drum for easy loading and unloading, and so on. 100 freshly harvested carrot 

samples were chosen at random from local types produced around the Arsi Zone to assess 

various physical attributes. And, using a process described by, the major diameter (a), 



16 

 

intermediate diameter (b), and minor diameter (c) were measured using a vernier caliper with 

an accuracy of 0.05 mm and a measuring range of 0.00 –150.00 mm (Gautam et al., 2016). 

Table 3.3.1. Materials used for Construction of Carrot Washing and Grading Machine 

Parts  Material Used Specification  Quantity  

Washing and 

Grading Drum 

Waterproof wood  3000×200×2mm 1 

Water Pump 

Cylinder  

Aluminum -  

Connecting Rod Flat iron  400 ×40 ×2mm 1 

Piston  Aluminum  -  

Piston Rod Aluminum  -  

Crank  Flat Iron  200×20×2mm 1 

Pedal  Cast Iron  320mm dia 1 

Shafts  Round mild steel  20mm dia × 6000mm 1 

Handle for Drum 

rotation  

Galvanized pipe  18mm Dia ×1000mm length 1 

Bicycle sprocket  Cast Iron  85mm dia with 20 teeth 1 

Water Delivery 

and Suction  

Plastic  1inch dia×3000mm  1 

Chain  Cast iron 06B with 1300 mm length 1 

Standard finished 

items  

Roller Chain, Sprockets, Bolts and Nuts, and  Washers  

Pulleys Cast Iron 75mm, 140mm, 75mm, and 

150mm dia  

4 

Belts  Rubber  28 and 29 code numbers 2 
 

 

Figure 3.2. Measured dimension of  carrot tuber 



17 

 

Table 3.2. Machines, Tools, and equipment used for machine development 

Machine  Purpose  

Welding machine To weld together fixed parts 

Grander machine For Cutting metals and finishing the body of components 

Lathe machine For boring, threading, finishing, etc. 

Drilling machine For Making holes 

Tools and Equipment  Purpose  

Steel tape  Measurement of linear distance 

Vernier calipers  Measurement of the outer and inner diameter 

Hammer  Used to strike an object 

Screwdriver  Tighten screw 

Spanner  Tighten nut and bolt 

Snip  Cutting sheet metal 

File  Smooth rough edge 

Equations (1) and (2) were used to calculate GMD and sphericity from the product's length (L), 

width (W), and thickness (T) (Jahanbakhshi, 2018). 

𝐷𝑔 = √𝑎. 𝑏. 𝑐
3

  ………………………………………………………………  ………        … (1) 

∅ =
𝐷𝑔

𝑎
   ……………………………………………………………………………            … (2) 

Where,  𝐷𝑔=Geometric Mean Diameter and (mm) and ∅ =Sphericity (%) 

The volume of the washing and grading drum was calculated using the bulk density of carrot 

tubers. After harvesting three fields, it was determined from a box with dimensions of 200mm, 

152mm, and 71mm in length, width, and height, with a sample mass of 1375g, and the average 

bulk density was calculated using equation (3). (Bashar et al., 2014; and Soyoye et al., 2018). 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3
) =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 (𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 (𝑐𝑚3)
  …        ……………………… ………   …… (3) 

During the washing and grading of carrot tubers, the coefficient of static friction plays an 

essential role in transporting (unloading). i.e. the carrots are usually moving or sliding against 

the drum. It's the ratio of the frictional force that prevents carrot surfaces from moving when 

they come into touch with a drum's wood board (Jahanbakhsh et al., 2018). Both static and 

dynamic Coefficients of Friction aid in the design of the washing and grading unit's inclination 

angle. The inclined plane approach was used to calculate the static coefficient using wood 

surfaces. With an angle of, the timber was raised from the bench table. The static friction 
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coefficient can then be calculated using equation (4) (Jahanbakhsh et al., 2018) by solving the 

free body diagram of static conditions. 

𝜇𝑠 =
𝑠𝑖𝑛𝜃

𝑐𝑜𝑠𝜃
= 𝑡𝑎𝑛𝜃                                                                                                                      (4) 

Where, 𝜇𝑠 – static coefficient of friction  

Similarly, the kinetic friction coefficient determined by equation (5) is always smaller than the 

static friction coefficient when kinetic circumstances and uniform acceleration equations are 

taken into account (Bayram, 2018, 2019; Boukouvalas et al., 2010; and Jahanbakhsh et al., 

2018). 

𝜇𝑘 =
(𝑔 𝑥 𝑠𝑖𝑛𝜃)−𝑎𝑥

𝑔𝑥𝑐𝑜𝑠𝜗
, 𝑎𝑥 = 2𝑑

∆𝑡2⁄ …………            ………………………………………      (5)  

Where,  

 

𝜇𝑘= kinetic or dynamic coefficient of friction, d=sliding distance of the timber,  Δt2=time 

for the object to slide along distanced, and ax= uniform acceleration of the object 

The angle of repose is a popular parameter for determining antiparticle force. A bottomless box 

was used to determine it. After placing the box on a horizontal surface and filling it with a 

sample, it was progressively elevated. Allowing the sample to gather on the surface and form a 

conical mound. The angle of repose (ϕ) was calculated using equation (6) by measuring the 

diameter of the conical shape formed by the carrots sample (D) and two opposing sides (L1 and 

L2) (Teferra, 2019). 

𝜙 = cos− 1 [
𝐷

𝑙1+ 𝑙2
]……                ………………………………………                                (6)  

Operator seat, pedal, chain, (transmission, Idler, and drum) shafts, sprocket, pulleys and belts, 

crank, water pump, suction, and delivery pipes, nozzle, drum (cylindrical washing and grading 

unit), handle, bearings, and mounting frame were among the components of the carrot washing 

and grading machine, as shown in figure 3.3. 
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Figure 3.3.Carrot Washer and Grader Machine 

The washing unit is of the cylindrical form, with eighteen (18) rectangular wood boards that 

were calculated. According to Ambrose & Annamalai (2013), these timbers should be spaced 

2mm apart to allow just water and pollutants to flow through, and they should be 70cm long to 

allow for effective washing time (Jatobá et al., 2016). 

The grading unit is a trapezoidal timber expansion of the washing unit. GMD and the sphericity 

of carrots were used to create these trapezoidal timbers. This device was limited to an 80cm 

length, which was determined by trial and error. Three size-based gradings are performed by the 

grading unit. The undersized and broken carrots with top diameters less than 20cm are assessed 

in the first trapezoidal slots. These are little, shattered pieces that are used to feed animals. The 

quality of carrots on the marketplaces with 21cm to 30 cm graded that are utilized for local 

markets is reduced by medium-sized and some broken carrots in the next slot. The outflow port 

for large-sized carrots is used for the final grading procedures. These are utilized for exports and 

marketplaces that are far distant from the production location. 

The washing and grading drum is tilted to allow the washed and graded carrots to flow freely to 

the outflow port without interrupting the process. By opening the door hinged on the washing 

portions, the unwashed and ungraded carrots are introduced into the machine. 
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A pedal on the machine turns a chain connected to the sprocket and transmission shaft by 600 

degrees from horizontal. Transmission and Idler pulleys vertically aligned the power 

transmission shaft with the shaft of the idler pulley, which was installed on the vertical frame. 

To reciprocate connecting and piston rod for pump operation, the crank is welded to the 

transmission shaft on the other side.  

The procedure begins with the pedal being rotated, which rotates the transmission shaft through 

the sprocket and chain. The motion of the transmission shaft is transmitted simultaneously to 

the idler shaft and the cranks. The Idler shaft rotates the washing and grading unit through the 

belt and pulleys, reducing the speed of the transmission shaft with 27:7 ratios. The inlet door 

fed carrot roots into the inclined and revolving cylinder, which proceeded along the length of 

the cylinder. The trapezoidal slot pushed the carrot roots at the bottom of the cylinder upwards, 

and then they were lifted along with it and slid down. They gradually travel toward the cylinder's 

opposite end from the inlet port and, due to their diameters, are forced to pass through the slots 

as the cylinder rotates.  

The transmission shaft motion is transferred to the connecting rod by the crank. The connecting 

rod transfers the rotating motion of the crank to the piston rod as a reciprocating motion. The 

piston rod is attached to the piston by rubber piston rings. These pieces reciprocate through the 

cylinder and create a vacuum, sucking water from the river or any other water reservoir and 

delivering it to the washing and grading unit via a delivery pipe and nozzle. In addition to the 

pedal, a handle was installed that could do all of the above activities if the pedal or chain were 

to fail. 

The 150mm diameter bicycle chain wheel with 36 teeth, the 85mm diameter sprocket with teeth 

number 20, and the 320mm diameter pedal were chosen and purchased at random from the 

market. Because the power delivered by a chain from wheel shaft to sprocket shaft is equal to 

input power, the rpm of the smaller sprocket (108rpm) was calculated using equation (7) from 

the relationship between the number of teeth on the chain wheel and sprocket (Adegbite et al., 

2019) 

 …𝑁𝑠𝑝𝑟𝑜𝑐𝑘𝑒𝑡 =
𝑁𝑤ℎ𝑒𝑒𝑙𝑇𝑤ℎ𝑒𝑒𝑙

𝑇𝑠𝑝𝑟𝑜𝑐𝑘𝑒𝑡
                                                                                                       (7) 
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Where, 𝑁𝑠𝑝𝑟𝑜𝑐𝑘𝑒𝑡=revolution per minute of the sprocket in rpm, 𝑁𝑤ℎ𝑒𝑒𝑙=revolution per minute  

of chain wheel in rpm, 𝑇𝑤ℎ𝑒𝑒𝑙=teeth numbers on the chain wheel, and 𝑇𝑠𝑝𝑟𝑜𝑐𝑘𝑒𝑡=teeth 

numbers on the sprocket 

 

Design power and service parameters determined the optimum number of chains as well as 

criteria such as pitch, roller diameter, minimum breadth of the roller, and breaking load. To 

estimate rate power, design power was determined from input power (Pi=50W) as indicated by 

equation (8), and service factors (Ks=1.5) are the product of several variables, including a factor 

for variable load with heavy shock (K1), a factor for lubrication (K2), and a factor for rating 

(K3). The values of these variables are determined by the machine's features (Khurmi & Gupta, 

2005). 

𝑃𝐷 =  𝑃𝑖 × 𝑘𝑠                                                                                                                             (8) 

𝑘1 = 1.5, 𝑘2 = 1.0,   and 𝑘3 = 1.0 , 𝐾𝑠 = 𝑘1. 𝑘2. 𝑘3 =  1.5 ×  1 ×  1 =  1.5  

The rating power 0.25kW and the chain designation 06B were chosen based on the above 

computed design power (PD=75W) cross ponding with pinion (smaller sprocket) speed of 108 

rpm and the appendix table 1.1. Pitch, roller diameter, minimum width of the roller, and breaking 

load were computed based on rated power and the number of chains indicated above (06B) and 

from the appendix table 1.2. 

Based on the values stated in appendix table 1.2 and equations (9), (10), and (11) the chain's 

center distance (x), number of chain links (k), and length (l) were calculated (Adegbite et al., 

2019). 

𝑥 = 30 𝑡𝑜 50𝑝                                                                                                                         (9) 

i.e., the minimum center distance should be 30 to 50 times the pitch for best outcomes. In 

appendix table 2, the pitch diameter is 9.525mm, which is 30 times the pitch value used in this 

design. 

Therefore,       𝑥 = 30𝑝 = 285.75𝑚𝑚   

The center distance is shortened by 2 to 5mm to accommodate the early sag in the chain. Let's 

pretend it was shrunk by 5mm. (x=280.75mm) is the correct center distance. 

𝑘 =
𝑇2+𝑇1

2
+

2𝑥

𝑃
+ [

𝑇2−𝑇1

2𝜋
]

2 𝑝

𝑥
                                                                                                      (10) 
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𝑘 =
36+20

2
+

2×280.19𝑚𝑚

9.525𝑚𝑚
+ [

36−20

2𝜋
]

2 9.525𝑚𝑚

280.19𝑚𝑚
 = 87.05 

Where, 𝑇1=Number of teeth on the smaller sprocket, 𝑇2 =Number  of teeth on the larger 

sprocket, 𝑥=Center distance between the two sprockets, 𝑘 =Number of chain links, 

𝑝=Pitch of the chain (mm) 

𝐿 = 𝑘𝑝                                                                                                                                     (11) 

 𝐿 = 87.05 × 9.525𝑚𝑀 = 829.16𝑚 = 0.9𝑚 

Where,  𝐿 Length of the chain (m) 

As a result of the rating power cross ponding with pinion speed of 108 rpm and appendix table 

1.2, minimum center distance, chain link, and computed chain length, a chain with a length of 

90cm and a standardized chain designation of 06B was chosen. 

The drum speed was considered to be 28 rpm for the design of this machine, while the smaller 

sprocket's rpm was determined to be 108 rpm, as stated in section 3.2. As a result, with a speed 

reduction ratio of 27:7, power from the transmission shaft pulley is transmitted to the drum shaft 

pulley. The minimum pulley size for "A" type V-belt 75mm was chosen for driving pulleys on 

the crankshaft and idler shaft to achieve this ratio. The "A" type V-belt was chosen for this 

application because it delivers power between two pulleys that are close together (Jis et al., 

2014).By considering the output rpm, the driven idler pulley was also arbitrarily set at 140mm. 

According to Equation (12), the diameter of the drum shaft pulley is projected to be 155mm 

based on the speed of the crank (transmission) shaft pulley, the speed of the drum shaft pulley, 

the diameter of the driver pulleys, and the diameter of the idler driven pulley (Khurmi & Gupta, 

2005; Macmillan, 2010). 

𝑁4

𝑁1
=

𝐷1×𝐷3

𝐷2×𝐷4
                                                                                                                                (12) 

Where, 

 

 

𝑁1=Angular Speed of the first driver in r.p.m. on the first belt, 𝑁4 =Angular Speed of  

the last in r.p.m. on the second belt, 𝐷1=Diameter of the first  driver, 𝐷2=Diameter of the first 

follower, 𝐷3=Diameter of the last  driver, and 𝐷4=Diameter of the last follower   

The nominal pitch lengths (L1=708.51mm) and (L2=735.93mm) and center distances 

(x1=185.5mm) and (x2=187.5) from transmission shaft pulley to idler shaft pulley and from idler 
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shaft pulley to drum shaft pulley, determined by equations (13) and (14) respectively, were used 

to select the belt (Charles & Etiese, 2020). 

𝑥 =
𝐷1+𝐷2

2
+ 𝐷2                                                                                                                        (13) 

 𝐿 =
𝜋

2
(𝐷1 + 𝐷2) + 2𝑥 +

(𝐷1−𝐷2)2

4𝑥
                                                                                (14) 

Where,  𝐷1=Diameter of the larger pulley,𝐷2=Diameter of the smaller pulley, and 𝑥=Distance 

between the centers of two pulleys 

The nearest standard pitch lengths for L1 and L2 are 710mm and 730mm, respectively, according 

to Appendix Table 1.4. So, based on the minimum pulley diameters (75mm) recommended for 

standard V-belts (Appendix Table 1.3), the nearest standard pitch lengths708.51mm) and 

(735.93mm), and the minimum center distance x1 andx2, belt sizes A-28 and A-29 were selected 

to transmit power from transmission shaft to idler shaft and from idler shaft to washing and 

grading cylinder. The pulley's groove angle was set to 400, which is the average of the range. 

Section 2.7.2 discussed the breadth of the pulley or face of the pulley (B), which was calculated 

to be 20 mm using equation (15) and appendix table 6. (Khurmi & Gupta, 2005). 

𝐹𝑎𝑐𝑒 𝑤𝑖𝑑𝑡ℎ (𝐵)  =  (𝑛–  1) 𝑒 +  2𝑓                                                                                       (15) 

In rural places, tap water is scarce, hence a water pump was created for washing needs. 

According to literature, the pump cylinder discharge rate for washing is considered to be 0.036 

l/s in this design, and the water discharge through the pump is given by equations (16). 

(Kumar & Sumalatha, 2018; Shankar, 2016; Thorat & Kanase-Patil, 2015, and Ashiedu et al., 

2016). 

𝑄 =
𝐴𝑙𝑁

60
                                                                                                                                    (16) 

𝑠𝑖𝑛𝑐𝑒 𝐴𝑙 = 𝑉,   

𝑉 =
60𝑄

𝑁
                                                                                                                                    (17) 

𝑉 =
60𝑄

𝑁
=

60 × 3.6 × 10−5  𝑚3

𝑠
108𝑟𝑝𝑚

= 2 × 104𝑚𝑚3 

Where, Q=water discharge through the pump (m3/s), A=Area of the piston (m2), l=stroke  

length (m), N=108 rpm (transmission shaft/crank rotation per minute), V=volume of the 

pump (m3) 
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The length of the stroke is usually 1.25 to 2D mm, and because there is clearance on both sides 

of the cylinder, the length of the cylinder is 15 percent longer than the length of the stroke, as 

stated by equations (18) and (19). (Khurmi and Gupta, 2005). 

𝑙 = 2D                                                                                                                                      (18) 

𝐿 = 1.5𝑙                                                                                                                                   (19) 

Where 𝐷=Inner Cylinder diameter, 𝑙=Stroke of the piston, and 𝐿= length of the cylinder  

The volume (V) is also the product of the horizontal cross-sectional area (A) and the length of 

the piston stroke (l) as given by equation (20) (Yang et al., 2011). 

𝑉 =
𝜋𝐷2

4
× 𝑙                                                                                                                              (20) 

Where, 𝑉 =volume of pump cylinder (m3), D=Diameter of pump cylinder (m), and l=stroke 

length (m) 

 𝑉 =
𝜋𝐷2

4
× 2𝐷 =

𝜋𝐷3

2
         

 𝐷 = √
2𝑉

𝜋

3
= √

2×2×104𝑚𝑚3

𝜋

3
 ∴ 𝐷 = 23.37𝑚𝑚      

The crank radius is the half of the stroke given by equation  

𝑟 =
𝑙

2
= 11.69𝑚𝑚                                                                                                                                      where 

r=the radius of the crank (m), l=stroke length (m), 

The area of the cylinder is determined from the cylinder’s equation which is given by equation  

(18)  (Khurmi and Gupta, 2005). 

𝐴 =
𝜋𝐷2

4
                                                                                                                                    (21)

  𝐴 = = 428.95𝑚𝑚2 ≈ 0.0004𝑚2 

Where, D=inner diameter of the cylinder (m), and A=area of the cylinder (m2) 

The theoretical power required to drive the pump (Pth) is also given by equations (22)  (Kumar 

& Sumalatha, 2018; Shankar, 2016; Thorat & Kanase-Patil, 2015, Ashiedu et al., 2016). 

P𝑡ℎ = 𝑝𝑄                                                                                                                                  (22)

 𝑝 = 0.001 𝑀𝑃𝑎 

Where, P𝑡ℎ= theoretical power required to drive the pump and p=net hydraulic pressure (MPa) 
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The value of _t may be taken as 0.8 times the yield point stress( y) as represented by Eqn (24) 

and the cylinder wall thickness (t) determined according to Birnie's equation for the wall 

thickness of a cylinder as given by (23) and the value of _t may be taken as 0.8 times the yield 

point stress( y) as represented by Eqn (24) (Khurmi and Gupta, 2005). 

𝑡 = 𝑟𝑖√
𝜎𝑡+(1−𝜇)𝑝

𝜎𝑡−(1+𝜇)𝑝
− 1                                                                                                               (23) 

𝜎𝑡 = 0.8𝜎𝑦                                                                                                                               (24) 

Where t= cylinder wall thickness, ri=inner radius of the cylinder, p=Intensity of internal  

pressure, σt = Tangential stress (𝜎𝑡 = 50𝑀𝑃𝑎 (Alloy et al., 2017)), and μ = Poisson’s 

ratio (μ =  0.31 For aluminum (Khurmi & Gupta, 2005)  

     𝑡 = 11.69𝑚𝑚√
50𝑀𝑃𝑎+(1−0.31)0.001 𝑀𝑃𝑎

50𝑀𝑃𝑎−(1+0.31)0.001 𝑀𝑃𝑎
− 1 = 10.69𝑚𝑚 

 
Figure 3.4.Pump Cylinder Cross-sectional View  

(all dimensions are in mm) 

The thickness of the piston head (tH), the radial thickness (t1), the axial thickness (t2) of the 

piston rings or cups, the width of the top land (b1), and the width of other ring lands are all 

included in the piston assembly (b2). According to Grashoff's formula, they were designed as 

equations (25), (26), (27), (28), and (29) accordingly (Gopal et al., 2016). 

𝑡𝐻 = √
3𝑝𝐷0

2

16𝜎𝑡
                                                                                                                             (25)

 𝐷𝑜 = 𝐷𝑖 + 𝑡 = 34.06𝑚𝑚 

 𝑡𝐻 = √
3×0.001 𝑁/𝑚𝑚2×34.062𝑚𝑚2

16×50 𝑁/𝑚𝑚2 = 0.004𝑚𝑚 ≈ 0 

Where, p= Maximum water pressure in N/mm2, 𝐷0=Cylinder bore or outside diameter of  
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the piston in mm, σt= Permissible bending (tensile) stress for the Aluminum in MPa or 

N/mm2, It may be taken as  50 to 90 MPa for nickel cast iron and aluminum alloy   

𝑡1 = 𝐷0√
3𝑝𝑤

𝜎𝑡
                                                                                                                           (26)

  𝑡1 = 34.06𝑚𝑚√
3×0.042𝑁/𝑚𝑚2

90𝑁/𝑚𝑚2 = 1.27𝑚𝑚 

Where, D0 = Cylinder bore in mm, pw = Pressure of water on the cylinder wall in N/mm2. Its  

value is limited from 0.025 N/mm2 to 0.042 N/mm2, σt = Allowable bending (tensile) 

stress in MPa Its value may be taken from 85 MPa to 110 MPa for cast iron rings. 

𝑡2 =
𝐷0

10𝑛𝑅
                                                                                                                                  (27)

 𝑡2 =
34.06𝑚𝑚

10×1
 = 3.41𝑚𝑚 

Where nR = Number of rings 

𝑏1 = 1.2𝑡𝐻                                                                                                                               (28) 

𝑏2 = 𝑡2                                                                                                                                     (29) 

Where, p= Maximum water pressure in N/mm2, 𝐷0=Cylinder bore or outside diameter of the 

piston in mm, σt= Permissible bending (tensile) stress for the Aluminum in MPa or N/mm2, It 

may be taken as  50 to 90 MPa for nickel cast iron and aluminum alloy and nR= Number of 

rings.  

 
Figure 3.5. The piston assembly of the reciprocating pump  

(all dimensions are in mm) 
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Figure 3.6.Pump and pump components 

According to Kumar & Sumalatha,( 2018), the maximum force (𝐹𝐿 = 428.95N) on the piston 

due to pressure (p) is calculated as equation (30)  

𝐹𝐿 = Ap                                                                                                                                   (30) 

Where, p = Maximum pressure of the fluid, D = Diameter of the piston, and A = Cross- 

section area of the piston 

The connecting rod is built as a strut or column and is subjected to an axially compressive force 

equal to the maximum fluid force (F L) (Sebastian Antony et al., 2016). The buckling loads 

about the X-axis (W cr about X-axis) and the Y-axis (W cr about Y-axis) are computed using 

appendix table 1.6 and Rankine's formula (equations (31) and (32). (Nitturkar et al., 2020; 

Bharath Kumar et al., 2015; Mukkawar & Kadam, 2015).  

𝑊𝑐𝑟 𝑎𝑏𝑜𝑢𝑡 𝑋 − 𝑎𝑥𝑖𝑠 =
𝜎𝑐𝐴

1+𝑎(
𝑙

𝑘𝑥𝑥
)

2, for both end hinge 𝐿 = 𝑙                                                   (31) 

𝑊𝑐𝑟𝑎𝑏𝑜𝑢𝑡 𝑌 − 𝑎𝑥𝑖𝑠 =
𝜎𝑐𝐴

1+𝑎(
𝑙

2𝑘𝑦𝑦
)

2, for both end fixed 𝐿 =
𝑙

2
                                                   (32) 

Where A = Cross-sectional area of the connecting rod, l = Length of the connecting rod, 

σc = Compressive yield stress, σc is 330Mpa For steel, Wcr = Crippling or buckling 

load, Ixx and Iyy= Moment of inertia of the section about X-axis and Y-axis 

respectively, kxx, and  kyy= Radius of gyration of the section about X-axis and Y-axis 

respectively, 𝑎 =constant=
1

7500
= 1.33 × 10−4, for mild steel.  
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Because the connecting rod is constructed with the force in the connecting rod (FC) equal to 

the maximum force on the piston due to water pressure (FL), F L=FC=428.95N is the force in 

the connecting rod. If both ends of the connecting rod are hinged and the connecting rod is 

built for buckling about the X-axis (i.e. in a plane of motion), the buckling load is specified by 

equation (33) (Khurmi & Gupta, 2005). 

𝑊𝑐𝑟 = 𝐹𝐶 × 𝐹. 𝑂. 𝑆.                                                                                                                  (33) 

Where, 𝐹. 𝑂. 𝑆. =factor of safety. Let's consider F.O.S. as 10, then 𝑊𝑐𝑟 = 428.95N × 10 =

4289.5𝑁 

To have a connecting rod that is equally strong in buckling about both axes, the buckling loads 

must be equivalent. If equations (31) and (32) are equal, the connecting rod is four times stronger 

in buckling about the Y-axis than the X-axis as mentioned by equation (34). 

𝐼𝑥𝑥 = 4 𝐼𝑦𝑦                                                                                                                               (34)

 
𝑏ℎ3

12
= 4 ×

𝑏3ℎ

12
 , ℎ2 = 4𝑏2 or ℎ = 2𝑏                                                                                                      

The value of b=3mm was determined from equations 34 and 35 then h=6mm   

 
Figure 3.7. Connecting rod section view  

(all dimensions are in mm) 

 

3.5.9.1. Selection of Transmission Shaft 

The transmission shaft is the shaft that gets power from the pedal via the chain and transmits it 

to the drum shaft via belts for simultaneous washing and grading water pumping. As illustrated 

in figure 3.8, the smaller sprocket (driven pinion) was equipped with a bearing using an 

interference fitting technique, while the transmission shaft was fitted with a bearing using a 
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clearance fitting approach. Because it is bent and twisted by chain tension, belt tension, and 

Crank tangential force, this shaft is subjected to torsion and bending pressures. 

 

Figure 3.8. Transmission assembly 

 (all dimensions are in mm) 

The torque exerted by the sprocket is equal to that exerted by the transmission shaft as related 

by equation (35) (Gujar et al., 2013 and Babu et al., 2016). 

𝜏𝑆𝑝𝑟𝑜𝑐𝑘𝑒𝑡 = 𝜏𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡                                                                                  (35) 

Where, 𝜏𝑆𝑝𝑟𝑜𝑐𝑘𝑒𝑡=torque exerted by sprocket and 𝜏𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡=torque exerted by  

transmission shaft.  

The value of transmission shaft torque (= 4.42𝑁𝑚) was obtained from the power formula 

developed by equation (36) (Sharma & Mukesh, 2010).  

𝜏𝑆𝑝𝑟𝑜𝑐𝑘𝑒𝑡 =
60𝑃

2𝜋𝑁𝑠𝑝𝑟𝑜𝑐𝑘𝑒𝑡
                                                                                              (36) 

Where, P=input power in W, 𝜏𝑆𝑝𝑟𝑜𝑐𝑘𝑒𝑡=torque exerted by sprocket (Nm), and  

𝑁𝑠𝑝𝑟𝑜𝑐𝑘𝑒𝑡=angular speed of sprocket (rpm) 

The transmission shaft torque and turning moment (crank effort in Nm) for 11.69𝑚𝑚 crank 

radius,  its belt tension, chain tensions, and crank tangential were calculated as given by 

equations (37) and (38) ( Sharma & Mukesh, 2010). 

𝑇𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑇𝐵𝑒𝑙𝑡 − 𝑇𝑐𝑟𝑎𝑛𝑘                                                                                 (37) 

𝑇𝑐𝑟𝑎𝑛𝑘 = 𝐹𝑇𝑟                                                                                                                           (38) 

Where, 𝑇𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =torque exerted by transmission shaft, 𝑇𝐵𝑒𝑙𝑡𝑡=torque exerted by belt,  

𝑇𝑐𝑟𝑎𝑛𝑘=torque exerted by the crank, 𝐹𝑇 =Crank tangential force, and r=crank radius. 
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The net force applied on the crankpin or Crank tangential force was determined by equation (39) 

(Guru et al., 2019). 

∴ 𝐹𝑇 = 𝐹𝐶 sin(𝜃 + 𝜙)                                                                                                       (39) 

Where FC =Force acting along the piston rod, 𝜙=Angle of inclination of the connecting rod with 

the line of stroke, and 𝜃 = Angle of inclination of the crank from top dead center 

 
Figure 3.9.Net force applied on the crankpin and piston effort 

As previously stated, the maximum value of Fc force along the connecting rod is used to 

construct the connecting rod. The angle of inclination of the connecting rod with the line of 

stroke (𝜙) obtained using sine law as given by equation (40) for the maximum FC, =900, r=OE, 

and OE=R as seen from the geometry of the picture above (Nicholas & Adamson, 2006). 

sin 𝜙

𝑅
=

𝑠𝑖𝑛𝜃

𝐿
                                                                                                                               (40)

 𝜙 = sin−1 (
𝑅×𝑠𝑖𝑛𝜃

𝐿
)         

  𝜙 = sin−1 (
11.69𝑚𝑚×𝑠𝑖𝑛900

23.37𝑚𝑚
) = 300 

Where L=length of connecting rod and R=radius of crank when θ = 900 

∴ 𝐹𝑇 = 428.95𝑁 × sin(900 + 300) = 397.46𝑁    

𝑇𝑐𝑟𝑎𝑛𝑘 = 4289.5𝑁𝑁 × 0.14𝑚𝑚 = 26.28Nm  

𝑇𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑇𝐵𝑒𝑙𝑡 − 𝑇𝑐𝑟𝑎𝑛𝑘,  𝑇𝐵𝑒𝑙𝑡 = 4.42𝑁𝑚 + 26.28Nm = 30.70𝑁𝑚 

In another scenario, the torque exerted on the driving pulley was determined as equation (41) 

because the effective turning (driving) force at the circumference of the driven pulley or follower 

is the difference between the two tensions (Field & Solie, 2007; Khurmi & Gupta, 2005; Shigley 

& Mischke, 1996; Srivastava et al., 2006). 

𝑇𝐵𝑒𝑙𝑡 = (𝑇1 − 𝑇2)𝑟1                                                                                                                 (41) 

Where, 𝑟1 The radius of the driving pulley (radius of transmission shaft pulley) (m) 



31 

 

 𝑇𝐵𝑒𝑙𝑡 The torque exerted on the driving pulley (Nm)                                             

 𝑇1 Tension in the tight side of the belt 

 𝑇2 Tension in the slack side of the belt 

 

Equation (42) was used to calculate the relationship between the tight side (T1) and slack side 

(T2) tensions of a V-belt belt in terms of coefficient of friction (𝜇) and angle of contact (𝜃). 

(Khurmi & Gupta, 2005, Charles & Etiese, 2020; Macmillan, 2010; Sharma & Mukesh, 2010; 

and Shigley & Mischke, 1996). 

𝑇1

𝑇2
= 𝑒𝜇𝜃                                                                                                                                   (42) 

The angle of contact or lap at the Smaller pulley (𝜃) was computed using equation (48) for an 

open belt with both pulleys made of the same material (Khurmi & Gupta, 2005; Shigley & 

Mischke, 1996). 

𝜃 = (1800 − 2 × sin−1 (
𝐷−𝑑

2𝐶
))

𝜋

180
𝑟𝑎𝑑                                                                               (43) 

Where,𝜃= the angle of contact or lap at the smaller pulley, 𝐷=Diameter of larger pulley  

(Diameter of Idler Shaft Pulley) (m), 𝑑=Diameter of smaller pulley (Diameter of 

Transmission Shaft Pulley)(m), and 𝐶 =The center distance between transmission shaft 

pulley and idler shaft pulley    

𝜃 = (1800 − 2 × sin−1 (
0.14𝑚 − 0.075𝑚

2 × 0.183𝑚
))

𝜋

180
𝑟𝑎𝑑 = 2.78 𝑟𝑎𝑑 

Because the chosen pulleys were made of cast iron and the belts were made of rubber, the 

coefficient of friction between cast iron and rubber is 0.30, or 0.30, as shown in appendix table 

1.7. Another significant component of the transmission shaft is the chain tension, which was 

calculated using equation (44) and the Chain velocity (Pitch line velocity of the smaller 

sprocket), which was measured using equation (45). (Adzimah & Agbovi, 2015). 

𝑃 = 𝑇𝐶𝑉𝐶                                                                                                                                 (44) 

Where, 𝑇𝐶  =chain tension and 𝑉𝐶 =Velocity of chain 

𝑉𝐶 =
𝑇𝑝𝑁

60
                                                                                                                                  (45) 

Where, N=speed of rotation of smaller sprocket in rpm, T = Number of teeth on the sprocket, 

and p = Pitch of the chain in meters.  
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𝑉𝐶 =
20×0.009525𝑚×108 𝑟𝑝𝑚

60
= 0.34

𝑚

𝑠
   ∴ 𝑇𝐶 =

50𝑊

0.34
𝑚

𝑠

= 145.82𝑁

The chain attached to the shaft with 300 from vertical line, therefore the chain tension applied 

to the shaft in vertical and horizontal components as following

𝑇𝐶𝑣 = 𝑇𝐶 cos 30 

𝑇𝐶𝑣 = 126.28𝑁 

𝑇𝐶ℎ = 𝑇𝐶 sin 30 

𝑇𝐶ℎ = 72.91𝑁 

Where, 𝑇𝐶𝑣=chain tension of vertical component in N and 𝑇𝐶ℎ= chain tension of horizontal 

component in N. 

The mass of the transmission shaft pulley, smaller sprocket, crank, and chain were measured 

using beam balance at 0.25kg, 0.12kg, 0.02kg, and 0.41kg, respectively. These weights were 

calculated by multiplying each mass by the acceleration of gravity: 2.45N for the pulley (W p), 

1.18N for the sprocket (W s), 0.20N for the crank (W crank), and 1.37N for the chain. At the 

same time, the vertical component of chain tension caused by sprocket weight and the crank 

tangential force caused by crank weight push on the shaft vertically downward. As a result, they 

were treated as a single force in the following way. 

𝑇𝑐𝑣𝑠 = 𝑇𝐶𝑣 + 𝑊𝑠 = 126.28𝑁 + 1.18N = 127.46N.      

 𝐹𝑇𝑊 = 𝐹𝑇 + 𝑊𝐶𝑟𝑎𝑛𝑘 = 187.71𝑁 + 0.2𝑁 = 187.91𝑁 

Where, 𝑇𝑐𝑣𝑠=the summation of the vertical component of chain tension and sprocket weight 

 𝐹𝑇𝑊= the summation of crank tangential force and weight of the crank 

The belt tensions and the pulley's weight both act at the same location but in opposite ways in 

this situation. The tensions are increasing and the pulley weight is decreasing. Because the 

stresses were more than the pulley's weight, they were reinterpreted as succeeding. 

𝑇 = 𝑇1 + 𝑇2 − 𝑊𝑝 = 2053.06𝑁 − 2.45𝑁 = 2050.61𝑁  

The shaft was supported by two bearings at locations B and D, as indicated in figure 3.10. The 

bearing B is 15mm distant from the crank, and the bearing D is 15mm apart from the pulley. 

However, because the forces and weights are applied from the center of the pulley, sprocket, 

and crank, the bearing B is 30mm and 113.5mm apart from the crank center and sprocket center, 

respectively. In the same way, the bearing B is 35mm and 113.5mm distant from the center of 

the pulley and the center of the sprocket, respectively. There is a response force at each support 
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that balances the shaft's twisting and bending. As a result, the response at each support must be 

determined before twisting and bending moments can be calculated. 

 
Figure 3.10.Transmission shaft loading diagram on the vertical plane 

(All Dimensions in m and all Forces are in N) 

To determine the reaction at B point for vertical components, the moment about point D was 

taken as MDy according to equation (46) (Jatobá et al., 2016). 

  +↻ ∑ 𝑀𝐷𝑦 = 0  …                 …………………………………….…                                  .(46)

  

 
Figure 3.11.Shear force and bending moment diagram on the vertical plane 

The moment around point D is taken as MDx in the same scenario to determine the reaction at 

B point for horizontal components (Jatobá et al., 2016). 
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Figure 3.12. Transmission shaft loading diagram on the horizontal plane 

(All dimensions are in m and all forces are in N) 

 
Figure 3.13.Transmission shaft shear force and bending moment diagram 

on the horizontal plane 

The resultant bending moments on the shaft can be determined according to equation (47) as 

detailed in table 3.3. 

𝑀𝑏 = √𝑀𝑦
2 + 𝑀𝑥

2            (47) 

Where, Mb = resultant bending moments (N), My = maximum bending moments on the  

Vertical plane (N), and Mx = maximum bending moments on the horizontal plane (N)  

Table 3.3.Transmission Shaft Resultant Bending Moments 

At A B   C  D  E 

𝑴𝒚 0  5.64𝑁𝑚 36.82𝑁𝑚 82.02𝑁𝑚 0 

𝑴𝒙 0 0 4.01𝑁𝑚 0 0 

𝑴𝒃 = √𝑴𝒚
𝟐 + 𝑴𝒙

𝟐 
0 5.64𝑁𝑚 37.04Nm 82.02𝑁𝑚 0 
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It was seen that bending moment was maximum at C 

∴Maximum bending moment,𝑀𝑚 = 𝑀𝐷 = 82.02𝑁𝑚 

As previously stated, a transmission shaft is a shaft that is subjected to varying torque and 

bending moments. Equations (48), (49), (50), and (51) and Km & Kt 1 to 3 were used to compute 

the equivalent twisting and bending moments for rotating shafts (Guru et al., 2019). 

.𝑇𝑒 = √KtT2 + kmMm
2                                                                                                             (48) 

Te = τd3 π

16
                                                                                                         (49) 

and equivalent bending moment, 

Me =
1

2
(kmMm + 𝑇𝑒)                                                                                                   (50) 

Me =
πd3

32
σb                                                                                  (51)                 

Where, Te=equivalent twisting moment, Km = Combined shock and fatigue factor for bending 

τ= Torsional shear stress, σb=Bending stress and Kt = Combined shock and fatigue 

factor for torsion. T=Twisting moment of the shaft M=Bending moment,  

           Me=equivalent bending moment 

Te = √KtT2 + kmMm
2       

 𝜏𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡 = 𝑇 = 4.42𝑁𝑚, 𝑘𝑡 = 3, 𝑘𝑚 = 1, and 𝑀𝑚 = 𝑀𝐷 = 82.02𝑁𝑚 

Te = √3 × 19.54N2m2 + 1 × 6727.28𝑁2𝑚2 = 82.38Nm 

According to the American Society of Mechanical Engineers (ASME) code for the design of 

transmission shafts,𝜏 = 42 MPa=42N/mm2 and 𝜎𝑏 = 84 𝑀𝑃𝑎 = 84𝑁/𝑚𝑚2 for shafts with 

allowance for keyways (Hakizimana et al., 2020). 

Te = τd3 π

16
       d =

√
16×𝑇𝑒

τπ

3
= 21.54𝑚𝑚 ≈ 22𝑚𝑚 

Me =
1

2
(kmMm + 𝑇𝑒) = 82.20Nm                                   

d = √
32×Me

𝜎𝑏𝜋

3
 = 21.51𝑚𝑚 ≈ 20𝑚𝑚

The diameter of the transmission shaft was determined to be 20mm which is the standard 

bearing size near to calculated value.  

3.5.9.2. Selection of Idler Shaft 

The idler shaft was necessary to reduce the rotational speed of the transmission shaft (108 rpm) 

to 14 rpm, as advised by various publications. It is supported by two pulleys and two supporting 
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bearings. A rubber belt connects the driver transmission shaft pulley (75mm) to the idler shaft-

driven pulley (140mm), and the idler shaft driver pulley (75mm) to the main (drum) shaft-driven 

pulley (155mm). As illustrated in figure 3.14, the two bearings were attached on the frame 

column, allowing the shaft to pass through the frame column and the bearings to hold the pulleys 

at either edge. 

The torque exerted by the idler shaft on other assemblies is the first parameter used to compute 

its diameter (equation 52). (Sharma & Mukesh, 2010). 

𝐷2

𝐷1
=

𝜏𝐼𝑑𝑙𝑒𝑟

𝜏𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡
            (52) 

Where, 𝐷1 =transmission shaft driver pulley,  𝐷2 = Idler shaft-driven pulley, 𝜏𝐼𝑑𝑙𝑒𝑟=torque 

exerted by idler shaft, and 𝜏𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡=torque exerted by the transmission shaft  

  
0.140𝑚

0.075𝑚
=

𝜏𝐼𝑑𝑙𝑒𝑟

4.42𝑁𝑚
, 𝜏𝐼𝑑𝑙𝑒𝑟 = 8.25𝑁𝑚 

The torque imparted on the driven idler shaft pulley was computed using equation in another 

instance (41). 

Equation (53) was used to compute the angle of contact (θ1=3.50 rad) at the bigger pulley of the 

idler attached to the transmission, shaft pulley (Khurmi & Gupta, 2005; Shigley & Mischke, 

1996). 

𝜃1 = (1800 + 2 × sin−1 (
𝐷−𝑑

2𝐶
))

𝜋

180
𝑟𝑎𝑑                                                                               (53) 

Where, 𝜃1= the angle of contact or lap at the larger pulley, 𝐷=Diameter of larger pulley (m),  

𝑑=Diameter of smaller pulley (m), 𝐶 =The center distance between transmission shaft 

pulley and idler shaft pulley  

𝜃2 = (1800 − 2 × sin−1 (
𝐷5−𝐷4

2𝐶
))

𝜋

180
𝑟𝑎𝑑                                                                           

Where, 𝜃2 = 2.71 𝑟𝑎𝑑 which is the angle of contact at the smaller pulley of the idler shaft𝐷5 = 

Drum shaft pulley diameter (m), D 4 = Idler shaft driver pulley diameter (m), C=Idler shaft 

pulley and Drum shaft pulley center distance. 

As shown in appendix table 1.7, the coefficient of friction between cast iron and rubber is 

0.30, i.e. μ=0.30. 
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Figure 3.14.Idler shaft loading diagram on the vertical plane 

(all dimensions in M and all forces in N) 

The instant about point 3 was taken as M3y according to equation (46) to determine the 

reaction at two points (R2)  

  +↻ ∑ 𝑀3𝑦 = 0  …                  

 𝑅2 =
35.11𝑁𝑚

0.06𝑚
= 585.13𝑁…   

The total of forces in the vertical direction (FV) is zero at equilibrium. As a result, the 

equilibrium equation was used to determine the reaction at point 3 (R3). 

↑ + ∑ 𝐹𝑣 = 0      

𝑅3 = −𝑇 + 𝑅2 + 𝑇𝑖                                                                                                                   

 𝑅3 = −122.28𝑁 + 585.13𝑁 + 572𝑁 = 1034.85𝑁 

 
Figure 3.15. Shear force and bending moment diagram of idler shaft on the vertical plane 
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The bending moment was highest at point 3, which was 22.88Nm.The idler shaft is another 

type of shaft that experiences variable torque and bending moments. Using equations (48), 

(49), (50), and (51), the corresponding twisting (Te=83.26Nm) and bending moments of the 

idler shaft were determined in the same way as the transmission shaft. To design the shaft with 

allowance for keyways and subject to twisting moment, the shear and bending stresses are 

42MPa and 84MPa, respectively, as indicated in the section above.

Te = τd3 π

16
    

  d = √
16×𝑇𝑒

τπ

3
= 21.59𝑚𝑚 ≈ 22𝑚𝑚 

Me =
1

2
(kmMm + 𝑇𝑒)    

  d = √
32×Me

𝜎𝑏𝜋

3
= 21.56𝑚𝑚 ≈ 20𝑚𝑚 

Therefore the diameter of the idler shaft was also determined to be 20mm because 20mm is 

the standard bearing size near 21.56mm. 

3.5.9.3.Carrot Washing and Grading Cylinder (Drum) Design  

The drum is a cylinder into which water is pumped through a nozzle into which washed carrots 

are sorted into desired sizes. It rotates at the desired speed for the purpose using a sprocket and 

chain configuration. Carrots could be loaded through the door. 

The weight of the drum (WD), the mass of unwashed and ungraded carrot (WC), the drum 

diameter (D), and the actual volume of the drum (VD) are all critical for optimal operation and 

achieving the desired outcomes. The weight (WD) of the washing and grading unit was 

calculated using equation (54) using the volume of the washing and grading cylindrical unit (V 

D) and the density of the Eucalyptus tree (= 398kg/m3) used to construct the Drum (Frederick 

et al., 1982). 

𝑊𝐷 = 𝜌𝑔𝑉𝐷 .                                                                                                                  ….. (54)

 𝑊𝐷 = 3904.38
𝑁

𝑚3 × 𝑉𝐷  

Where 𝑔 = 9.81 𝑚/𝑠2 

Dereje (2019) computed the volume of the washing and grading cylindrical unit (VD) by 

subtracting the total volume of the holes or slots (Vs) from the total volume of the solid 

cylindrical washing and grading unit (Vsolid) using equation (55). 

 𝑉𝐷 = 𝑉𝑠𝑜𝑙𝑖𝑑 − 𝑉𝑠 .                                                                                                             ….. (55) 
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The complete solid drum should be filled 1/4 to 1/6, or 4 to 6 times the volume of unwashed and 

ungraded carrots, for better washing and grading (Anjali & Ikhar, 2018b). For hand cranking 

machines, the ideal capacity of the drum for washing and grading was around 10kg to 15kg per 

per charge, as reported by many scholars in various types of literature. For developing this 

machine based on the recommendation above, WC=98.1N, the volume of the drum was taken 

as 6 times the volume of unwashed and ungraded, and its capacity was taken as 10kg per one 

charge. 

Because the bulk density of the observed carrot samples was 500 kg/m3, the volume of 

unwashed and ungraded carrots, as well as the inner diameter of the washing and grading drums, 

were calculated using the aforementioned data and the volume, density, and mass connection as 

indicated by equations (56) and (57). 

𝑉𝑠𝑜𝑙𝑖𝑑 = 6 × 𝑉𝐶𝑎𝑟𝑟𝑜𝑡                                                                                                                (56) 

Where, 𝑉𝑠𝑜𝑙𝑖𝑑 =volume solid washing and grading drum  

𝑉𝐶𝑎𝑟𝑟𝑜𝑡= the volume of unwashed and ungraded carrots 

𝑉𝐶𝑎𝑟𝑟𝑜𝑡 =
𝑚

𝜌
                                                                                                                             (57)

 𝑉𝐶𝑎𝑟𝑟𝑜𝑡 =
10𝑘𝑔

500𝑘𝑔/𝑚3 
= 0.02𝑚3 

Where, 𝑚 =mass of unwashed and ungraded carrots (kg) 

𝜌 =bulk density of unwashed and ungraded carrots (
𝑘𝑔

𝑚3) 

  ∴ 𝑉𝑠𝑜𝑙𝑖𝑑 = 6 × 0.02𝑚3 = 0.12𝑚3 

The volume of the slot is calculated using equation (58), which is equal to the volume of the slot 

in the washing unit (Vws) plus the volume of the slot in the grading unit (Vsg) (Stroshine and 

Hammand, 1994). 

𝑉𝑠 = 𝑉𝑤𝑠 + 𝑉𝑠𝑔 .                                                                                                                ….. (58) 

In the washing unit, the space between the wood planks was 2mm to allow only water with 

impurities to get through, while in the grading unit, the spacing between timbers was set 

depending on the GMD of the selected carrot sample. The sample was divided into four groups 

based on the geometric mean. At an initial spacing of the timbers in the grading unit, smaller 

diameters less than 20mm were graded. The carrots with diameters of 20mm to 30mm were 

graded in the next gap. Carrots with a diameter of 30mm to 40mm were graded at an intermediate 
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section of the grading unit, while carrots with diameters greater than 40mm were graded at the 

cylinder's out port. 

Based on these findings, wood planks with a length of 1.5 meters and a thickness of 20 

millimeters were chosen to allow enough time for washing and grading. The lengths of the 

grading and washing units were 0.7m and 0.8m, respectively (see figure 3.16 and 3.17). 

 
Figure 3.16.Isometric View of Timber  

(all dimensions are in mm) 

The volume of slot (𝑉𝑤𝑠) in washing unit determined using equation (60) from the geometry of 

figure 3.17 

𝑉𝑤𝑠 = 𝐿𝑊𝑇𝑛 .                                                                                                                  ….. (59)

 𝑉𝑤𝑠 = 700𝑚𝑚 × 1𝑚𝑚 × 20𝑚𝑚 = (1.40 × 105𝑚𝑚3) × 𝑛 

Where,  𝐿 =Length of slot in washing unit (mm), 𝑊 =Width of slot in washing unit (mm),  

𝑇=thickness of timber in the washing unit (mm), and n = number of Tiber 

 

 
Figure 3.17.Isometric view of slot in washing unit 

(all dimensions are in mm) 
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As illustrated in figure 3.18, the slots are trapezoidal in shape, with a width of 2mm at the end 

of the washing section and 30mm at the outport. As a result, its volume (V sg) is calculated 

using the trapezium volume formula (equation) (60).  

 
Figure 3.18. The shape of slot in grading unit 

(all dimensions are in mm) 

𝑉𝑠𝑔 = (
1

2
𝑏𝑡ℎ𝑡𝑡 + 𝑏𝑟ℎ𝑟𝑡) 𝑛.                                                                                              ….. (60) 

Where bt is the base of the triangular parts of the trapezoidal slot (mm), br is the base of the 

rectangular parts of the trapezoidal slot (mm), ht is the height of the triangular parts of the 

trapezoidal slot (mm), hr is the height of the rectangular parts of the trapezoidal slot (mm), t is 

the thickness of the grading cylinder that makes the Timber (mm), and n is the number of slots 

V sg=(1/2×800mm×29mm×20mm+800mm×2mm×20mm) 

n V sg = (3.23104 mm3)n 

The number of Slots was calculated by dividing the solid circumference of the washing and 

grading cylinder by the sum of the width of the timber and the gap between the timber at the 

washing unit, as indicated by equation (61). Because the width of the timbers in the washing 

machine is the maximum and the slots are the smallest, the width of the timbers is the maximum 

and the slots are the smallest.        𝑛 =
𝜋𝑑𝑖

𝑤𝑖+𝑐𝑖
.                                                                                                                                 

(61) 

Where, 𝑛 =total number of timber, 𝑑𝑖 = Inner Diameter of washing and grading unit (Drum)  

(mm), 𝑤𝑖 = width of timber  at washing unit (mm), 𝑐𝑖 = gap size in washing unit (mm)

 𝑛 =
𝜋𝑑𝑖

65𝑚𝑚+2𝑚𝑚
= 0.05𝑚𝑚 × 𝑑𝑖   

The cylinder volume formula (equation 62) is used to calculate the volume of the solid hollow 

cylinder (V solid) from the inside diameter (di) and length of the cylinder (L). 

𝑉𝑠𝑜𝑙𝑖𝑑 =
𝜋𝑑𝑖

2𝐿

4
                                                                                                                           (62) 

 ∴ 𝑉𝑠𝑜𝑙𝑖𝑑 =
𝜋×𝑑𝑖

2×1500𝑚𝑚

4
= 1178.10𝑚𝑚 × 𝑑𝑖

2 = 1.18𝑚 × 𝑑𝑖
2  
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Therefore, the diameter of washing and grading cylinder determined equalizing the equation 

(58) and (62) as following.        

 0.12𝑚3 = 1.18𝑚 × 𝑑𝑖
2, 𝑑𝑖 = 0.32𝑚 = 320𝑚𝑚 ∴ 𝑛 = 0.05𝑚𝑚 × 320𝑚𝑚 = 15 

After the value of 𝑛 determined, 𝑉𝑤𝑠 and 𝑉𝑠𝑔  calculated according to equations (59) and (60) as 

follow            

 𝑉𝑤𝑠 = (1.40 × 105𝑚𝑚3) × 15 = 2.10 × 106𝑚𝑚3=2.10 × 10−3𝑚3 

 𝑉𝑠𝑔 = (3.23 × 104𝑚𝑚3) × 15 = 4.85 × 105𝑚𝑚3 = 4.85 × 10−4𝑚3  

Therefore, using equations (60),(57),(56) respectively, the value of  𝑉𝑠 = 2.59 × 10−3𝑚3, 𝑉𝐷 =

0.117𝑚3, and 𝑊𝐷 = 458.43𝑁 were estimated.  

 
Figure 3.19.Carrot washing and grading machine drum assemblies 

modeled by CATIA V5 

3.5.9.4. Drum Rotating Shaft Selection 

The weight of the washing and grading cylinder (WD), the maximum weight of carrot tuber feed 

(WC), the weight of the pulley, and belt tensions all operate on the drum shaft. 

 
Figure 3.20.Washing and  grading drum 

(all dimensions are in mm) 
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The tensions (T=572N) and the weight of the pulley (WP= 4.91N) act downward in a single 

point, and WC and WD act as a single force. Wp+T= 576.91N and WD+WC= 556.53N, 

respectively. The load applied to the shaft by the product and Drum is triangular uniform 

because the load applied by the product is high in the washing unit and low in the grading unit. 

According to equation (63) (Jatobá et al., 2016), the load operating on the Shaft in Washing and 

grading units is the area under the triangle, which is the distributed load (w) divided by two, that 

is (wL/2) (Jatobá et al., 2016). As the triangular load (w) is acting straight down, the horizontal 

reaction (Ax)is zero. 

𝑤𝐿

2
= 𝑊𝐷 + 𝑊𝐶 .                                                                                                                    . (63)

 𝑤 =
2(𝑊𝐷+𝑊𝐶)

1.5𝑚
= 742.04

𝑁

𝑚
 

Where w=he distributed load triangular load (N/m)     

 𝑊𝐷 + 𝑊𝐶=the sum of the weight of the drum and unwashed and ungraded carrot (N) 

 L=length of Drum (m)      

The center of gravity (C.G.) of the triangle lies a distance of 
2

3
× 𝐿 from the apex.  

  𝑖. 𝑒. 𝐶. 𝐺. =  
2

3
× 1.5𝑚 = 1𝑚 

 
Figure 3.21.Drum shaft load diagram 

To determine the reaction at E point (𝑅𝐸), the moment about point A was taken as MAy 

according to equation (47). 

  +↻ ∑ 𝑀𝐴𝑦 = 0  …                  

 (−1.85𝑚 × 𝑅𝐸) + (1.75𝑚 × 576.91𝑁) + ((0.2𝑚 + 1𝑚) × 556.53𝑁) = 0 

 𝑅𝐸 = 906.72𝑁…   

At equilibrium, the summation of forces on the vertical direction (FV) is zero. Consequently, the 

reaction at point 1 (𝑅1) was determined from the equilibrium equation. 
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↑ + ∑ 𝐹𝑣 = 0            

 𝑅𝐴 = 556.53𝑁 + 576.91𝑁 − 906.72𝑁 = 226.72𝑁 

Shear forces at each point were calculated as follows 

 ↑ +𝑉𝑦 = shear force at x distance from point 1 to the required point.    

𝑉𝐴 = 226.72𝑁 , 𝑉𝐵 =  226.72𝑁, 𝑉𝐶 = 226.72𝑁 − 556.53𝑁 = −329.81𝑁 

 𝑉𝐷 = −329.81𝑁 − 576.91𝑁 = −906.72𝑁, 𝑉𝐸 = −906.72𝑁 + 906.72𝑁 = 0 

The direction of 𝑉𝐵 and 𝑉𝐶 are opposite, that means there is a point where the Shear force 

becomes zero between point B and C. Let's take section xx at distance x from point A between 

B and C at which Vx=0.     

𝑉𝑥 = 𝑅𝐴 − 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑐𝑡𝑖𝑜𝑛  

0 = 𝑅𝐴 −
1

2
𝑏ℎ, 𝑏 = 𝑥 − 0.2𝑚  

 0 = 226.72𝑁 −
1

2
(𝑥 − 0.2𝑚)ℎ                                                                                 (k) 

By similar triangle law        

 
742.04𝑁

1.5𝑚
=

ℎ

𝑥−0.2𝑚
                                                                                        

ℎ = 494.69𝑁(𝑥 − 0.2𝑚)                                                                              (l) 

By substituting equation (l) into (k) 

 247.35𝑁(𝑥 − 0.2𝑚)(𝑥 − 0.2𝑚) = 226.72𝑁, 𝑥 = 1.16𝑚   

Therefore, shear force is zero at a distance of 1.16m from supporter A or 𝑥 − 0.2𝑚 =

0.96𝑚 from point B. 

 
Figure 3.22.Shear force and bending moment diagram of the drum shaft 

on the vertical plane 
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The bending moment on the drum shaft as a result of the equation was also calculated (47). And 

the maximum bending moment was 190.05Nm at point x, i.e. M m=190.05Nm. Drum shafts are 

hollow shafts with perforated holes that are used to transmit water from the washing drum and 

are subjected to variable torque and bending forces. Equations (47), (49), (50), and (51), 

respectively, were used to compute the equivalent twisting and bending moments of the Drum 

shaft in the same way that they were calculated for transmission and idler shafts.

𝜏𝐷𝑟𝑢𝑚 = 8.25𝑁𝑚 ×
0.155𝑚

0.075𝑚
= 17.05𝑁𝑚,  

d = √
16×𝑇𝑒

τπ

3
= 28.57𝑚𝑚 ≈ 30𝑚𝑚 

  

Me =
1

2
(kmMm + 𝑇𝑒),   

d = √
32 × Me

𝜎𝑏𝜋

3

= 28.51𝑚𝑚 ≈ 30𝑚𝑚 

Therefore the diameter of the idler shaft was also determined to be 30mm according to the 

above procedures.  

 

A bearing is a machine component that limits relative motion between moving elements to to 

that which is desired. The static load carrying capacity, bearing life, dynamic load-carrying 

capacity, equivalent dynamic load, and load life relationship are some of the elements that 

should be considered during bearing selection, as indicated in section 2.10. The shafts diameter 

serve to define the bore size of the bearings; and resulting axial and radial force acting on the 

shaft was estimated for selection of the kind of bearings from axial to radial load ratio according 

to Khurmi and Gupta, (2005) and Richard et al, (2011) using equation (64). 

𝐹𝑅 = √𝑅𝐵𝑋
2 + 𝑅𝐵𝑌

2                                                                                                                    (64)  

For transmission shaft           

𝐹𝑅𝐴 = √𝑅𝐵𝑋
2 + 𝑅𝐵𝑌

2 = √(36.46𝑁)2 + (95.56𝑁)2 = 102.28𝑁                                      

𝐹𝑅𝐵 = √𝑅𝐷𝑋
2 + 𝑅𝐷𝑌

2 = √(36.46𝑁)2 + (2461.54𝑁)2 = 2461.81𝑁 

For Idler shaft            

𝐹𝑅2 = √𝑅2𝑋
2 + 𝑅2𝑌

2 = √0 + (585.13𝑁)2 = 585.13𝑁                                         

𝐹𝑅3 = √𝑅3𝑋
2 + 𝑅3𝑌

2 = √0 + (1034.85𝑁)2 = 1034.85𝑁 

For Drum shaft           

𝐹𝑅𝐴 = √𝑅𝐴𝑋
2 + 𝑅𝐴𝑌

2 = √0 + (226.72)2 = 226.72𝑁                                         

𝐹𝑅𝐸 = √𝑅𝐸𝑋
2 + 𝑅𝐸𝑌

2 = √0 + (906.72𝑁)2 = 906.72𝑁 
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Where, RBX denotes the maximum resultant force acting on a bearing at point B in the horizontal 

plane (kN), RBY denotes the highest resultant force acting on a bearing at point B in the vertical 

plane (kN), and FR denotes the greatest resultant radial reaction force acting on the bearings at 

point B. (kN). 

Because the axial reaction was not applied to the three shafts, all of them had Fa=0 and F 

a(FR0.7). A single row deep groove ball bearing (SRDGBB) was used for the three shafts.The 

bearing dynamic capacity of each bearing was estimated in the second phase. Associations such 

as ABMA and ISO have specified the method of measuring bearing dynamic capacity as 

equation (65) (Edinger, 2003). 

𝐶 = 𝑃𝐷 (
𝐿

106)

1

𝐾                                                                                                                             (65)  

Where, L = Rating life, C = Basic dynamic load rating, 𝑃𝐷 = design basic dynamic equivalent 

radial load, and 𝑘 = 3, for ball bearings,𝑘 =
10

3
, for roller bearings. Since the selected bearings 

were SRDGBB, therefore, 𝑘 = 3. 

Basic dynamic equivalent radial load (𝑃𝐷) was determined according to equation (66) (NTN, 

2011). 

𝑃𝐷 = 𝑃𝐾𝑠                                                                                                                                 (66)

 𝑃𝐷 = 1.5𝑃 

Where, 𝐾𝑠= service factor, p=equivalent dynamic load 

The machine loads were considered as light shock load therefore the value of 𝐾𝑠 determined to 

1.5 according to (Khurmi & Gupta, 2005). 

The Equivalent dynamic load was estimated as Equation (67) according to (Ashahi, 2016). 

𝑃 = 𝑋. 𝑉. 𝐹𝑅 + 𝑌. 𝐹𝑎                                                                                                                (67) 

The axial or thrust load factor is denoted by Y, and the rotation factor is denoted by V. For all 

types of bearings, v = 1 when the inner race is rotating, v= 1 when the inner race is stationary 

for self-aligning bearings, and v= 1.2 for all types of bearings except self-aligning bearings. 

The radial load factor is denoted by the letter X. The rotation factor was considered to be 1 

because the shaft rotates the inner race (see appendix table1), i.e. v=1. For Fa/FR =0,X=1 and 

Y=0, the values of radial load factor (X) and axial or thrust load factor (Y) for dynamically 
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loaded bearings were obtained from appendix table 1.8. As a result, we estimated the equivalent 

dynamic loads for the transmission, idler, and drum shafts as follows.

For transmission shaft   

𝑃𝑅𝐴 = 102.28  𝑃𝑅𝐵 = 2461.81𝑁

            For Idler shaft                                  

𝑃𝑅2 = 585.13𝑁  𝑃𝑅3 = 1034.85𝑁 

For Drum shaft   

 𝑃𝑅𝐷 = 226.72𝑁   𝑃𝑅𝐸 = 906.72𝑁 

PRA= Equivalent dynamic load of transmission shaft bearing A, PRB= Equivalent dynamic load 

of transmission shaft bearing B, PR2= Equivalent dynamic load of Idler shaft bearing 2, PR3= 

Equivalent dynamic load of Idler shaft bearing 3, PRE= Equivalent dynamic load of Drum Shaft 

bearing E, and PRD= Equivalent dynamic load of Drum shaft bearing A.  

Because the life of a bearing in hours (LH) for stationary machines ranges from 12, 000 to 

20,000, the rating life in revolution was computed using equation (68) and the estimated life in 

working hours of 12,000 from appendix table 1.10. (Bsen-ds, 2018). 

𝐿 = 60𝑁 × 𝐿𝐻                                                                                                                         (68)

  𝐿 = 60𝑁 × 12,000 𝐻𝑟 = 7.2𝑁 × 105               

Where,  L =Rating life in revolution, LH = is the life in working hours estimated, and N = the 

shaft speed in r.p.m. 

The speeds of the Transmission, Idler, and Drum Shafts are 108 rpm, 57.86 rpm, and 28 rpm, 

respectively. Thus, the bearings for Transmission shafts, Idler shafts, and Drum shafts have a 

rating life of 77.8 × 106, 41.70 × 106, and 20.20 × 106 revolutions, respectively. PD for 

transmission shaft bearing A and B, Idler shaft bearing 2 and 3, and Drum shaft bearing E and 

A were obtained as 153.42N, 3692.72N, 877.70N, 1552.28N, 340N, and 1360N, respectively, 

by multiplying each Equivalent dynamic load of the shafts by ks factor or 1.5 using equation 

(66). Equation (65) was used to calculate the dynamic load-carrying capacity (C) for each 

bearing using the values PD, and the result of equation (68) was as follows. 

For transmission shaft  

For Idler shaft         
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𝐶𝑅2 = 3.04𝑘𝑁, 𝐶𝑅3 = 5.38𝑘𝑁, 𝐶𝑅𝐴 = 0.65𝑘𝑁, and 𝐶𝑅𝐵 = 15.76𝑘𝑁 

For Drum shaft 

𝐶𝑅𝐷 = 0.93𝑘𝑁 and  𝐶𝑅𝐸 = 3.70𝑘𝑁 

Where, CRA= Bearing A of the Transmission shaft's dynamic load-carrying capability CRB= 

Bearing B of Transmission shaft B's dynamic load-carrying capacity CR2= The dynamic load-

carrying capability of Idler shaft bearing 2, CR3= Bearing 3 of the Idler shaft's dynamic load-

carrying capacity CRE= The E drum shaft bearing's dynamic load-carrying capability CRD= the 

dynamic load-carrying capacity of Drum shaft bearing A. 

Bearing number 204 was chosen for supporter A of the Transmission Shaft and both supporters 

of the Idler shaft after comparing the computed C for each bearing with the value given by the 

catalog based on the bore diameter in appendix table 11. The 404 bearing was used for the 

transmission shaft's supporter B. Finally, bearing number 206 was chosen for both the drum 

shaft's supporter E and A. 

 

The frame is the machine's chaises, on which all other components are mounted, such as the 

drums, seat, handlebar, sprocket, chain, and so on. It was designed to withstand the largest 

magnitudes of compressive, tensile, and impact forces while also supporting the other machine 

elements attached to it. This machine had frame components such as horizontal pedal support, 

vertical Seat and handle support, horizontal water pump support, inclined transmission shaft 

support, horizontal idler shaft support, horizontal Main shaft support, and machine base, as 

illustrated in Figure 3.23. To create a sturdy and efficient frame, these vertical, horizontal, and 

inclined components were welded together. Because of its availability and relatively 

inexpensive cost, hollow square steel was used for all frame components. Except for the 

transmission shaft and idler shaft supports, which were made of 60 mm 60 mm 4 mm steel 

because they support the bearing that fits in a drilled 50 mm sized shaft welded to the frame, the 

remaining frame components were made of mild steel with a diameter of 40 mm 40 mm 3 mm.  

Modifying an existing bicycle frame provided the dimensions for the operator seat and base 

frame components. The dimensions of the other frame components were determined by the 

Drum's size and location. The horizontal distance between the vertical columns was calculated 

using the cylinder's diameter, which came out to be 0.4m. The length of the frame (1.93m) from 
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intake to outlet vertical columns was calculated using the length of the drum and the unloading 

space between the drum and the drum shaft.  

The length of vertical columns at the intake (1.1m) was chosen based on their suitability for 

loading, operating, and pumping. The vertical columns at the outlet length (0.7m) were shorter 

than the intake components to allow for gradual product migration from the inlet port to the 

cylinder's outlet port depending on the measured static friction angle (18.50). Sample loading 

and unloading would be easier with an elevated frame.  

 
Figure 3.23. The frame 

With the help of CATIA V5 software, the machine was built according to preset measurements 

for each component. The Machine's many components, as explained in the subheadings above, 

were fabricated and assembled in the local workshop. For the pump cylinder and piston, the 

aluminum alloy was molded and bored to the dimensions specified on the design paper. For 

leakage protection, the rubber ring is attached to the piston and front cap. 

 

Pump assemblies were joined to the frame components after they were welded together in the 

desired shape. Wood that is relatively waterproof was chosen and machined to predefined forms 

and dimensions in the workshop. Because attaching the wood to ring was straightforward, the 

drum rings that tie the wood planks together were drilled with an equal number of timber/wood 

planks.The chosen chain and sprockets, belts and pulleys, and bearings were installed on the 

machine at the positions defined during the design process. The diameter and length of the 

designed shafts were prepared and assembled in their final positions. 



50 

 

Local farmers in the Arsi zone of Sirka District provided 225 kg of carrot tuber. The tubers were 

separated into eighteen samples (each including tiny, medium, and large tubers when the total 

drum volume was filled with 1/6 and 14 accordingly, as repeatedly advocated by several 

academics for safe carrot tuber washing). The machine was put through its paces to see how 

efficient it was in washing, grading, and detecting mechanical damage. CRD did the 

performance test with 10 kg and 15 kg carrot samples with drum speeds of 14 rpm, 21 rpm, and 

28 rpm, which were indicated in the literature for optimum carrot washing performance. Each 

experiment was carried out three times. 

Visual observations and specification comparisons were used to conduct a preliminary 

evaluation in the local workshop without a load. During visual inspection, the machine was 

placed on a level area of the workshop and the operating state was inspected, as well as moving 

and rotating parts, sound, and any other elements such as vibration and shock. Similarly, during 

the specification review, the machine was placed on a level surface and the completed and 

manufactured elements were meticulously measured. The machine parts were then compared to 

the design specifications. 

Equations 69 - 75 were used to calculate washing capacity, grading capacity, washing efficiency, 

grading efficiency, and percentage of mechanical defects (Ambrose & Annamalai, 2013; 

Siddique et al., 2017; El-Rahman & Mosa, 2011; Charles & Etiese, 2020: Valentin et al., 2017; 

Dereje, 2019). The machine capacity of the carrot tubers washer and grader was calculated using 

equation 69, which was based on the number of carrot tubers washed and graded in a certain 

amount of time. 

𝐶 =
𝑚𝑡𝑜𝑡𝑎𝑙

𝑡
                                                                                                                               (69) 

Where, 𝐶=machine capacity (kg/h), 𝑚𝑡𝑜𝑡𝑎𝑙=total mass of unwashed and ungraded sample (kg), 

and 𝑡= the time consumed in operation (h). 

The Washing efficiencies of the machine were determined by dividing the mass of the sample 

after washing by total mass sample by the total number of the sample as given by equation (70)  
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𝑤𝑒 =
𝑚𝑎𝑓𝑡𝑒𝑟 

𝑚𝑡𝑜𝑡𝑎𝑙
× 100                                                                                                                 (70)     

Where, 𝑤𝑒 =washing efficiency (%) and 𝑚𝑎𝑓𝑡𝑒𝑟=average mass of washed sample received at 

all outlets in kg  

Grading system efficiency was determined by taking the products of the efficiencies of 

grading small, medium, and large tubers and Equations (71), (72), (73), and (74) according to  

𝐺𝑒 (%) = (𝜂𝑠 𝜂𝑚  𝜂𝐿  )100                (71) 

𝜂𝑠 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑟𝑒𝑐𝑡𝑙𝑦 𝑔𝑟𝑎𝑑𝑒𝑑 𝑠𝑚𝑎𝑙𝑙 𝑡𝑢𝑏𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑚𝑎𝑙𝑙 𝑡𝑢𝑏𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 
              (72) 

𝜂𝑚 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑟𝑒𝑐𝑡𝑙𝑦 𝑔𝑟𝑎𝑑𝑒𝑑 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑢𝑏𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑒𝑑𝑖𝑢𝑚 𝑡𝑢𝑏𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 
          (73) 

𝜂𝐿 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑟𝑒𝑐𝑡𝑙𝑦 𝑔𝑟𝑎𝑑𝑒𝑑 𝑙𝑎𝑟𝑔𝑒𝑟 𝑡𝑢𝑏𝑒𝑟 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑙𝑎𝑟𝑔𝑒 𝑡𝑢𝑏𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 
                            (74) 

where Ge denotes the effectiveness of the grading system (in percent), ηs denotes the efficiency 

of grading smaller tubers, ηm denotes the efficiency of grading medium tubers, and ηL denotes 

the efficiency of grading big tubers.  

Abrasion damage to tubers after washing and grading was taken into account. As shown in 

Equation 1, the percentage of damaged tubers was calculated by comparing the total number of 

tubers with abrasion after the procedure to the total number of tubers in the sample (75) 

Damaged tuber(%) =
Total mass of tuber with abrasion 

Total mass of tuber in the sample 
× 100            (75) 

SPSS statistical software was used to conduct the analysis. When the treatment's effects were 

determined to be significant, an LSD test was used to determine the difference between the 

treatments at a 5% level of significance. 
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CHAPTER FOUR  

4. RESULTS AND DISCUSSION 

The machine's performance was measured, including the time it took to finish the washing and 

grading activities, throughput capacity, washing efficiency, grading efficiency, and mechanical 

damage.  

The goal of this study was to see if the drum speed and feeding load had an impact on the time it 

took to complete the carrot washing and grading tasks.  

 
Figure 4.1.Time required to perform washing and grading processes as a function of feeding load 

and cylinder speed 

The cylinder speed has a negative relationship with time, as seen in figure 4.1. The loaded carrot 

is forced to exit port fast as the drum rotation increases, reducing the duration. As a result, as the 

cylinder size was raised, there was a significant reduction in time. The feeding burden, on the other 

hand, has a positive relationship with time. Because the drum speed drops as the feed weight 

increases, the time is elongated. As a result, as the feeding load was raised, there was a significantly 

substantial rise in time. As indicated in figure 4.1, the average minimum and maximum time to 

complete the washing and grading procedure was 2 minutes and 10.88 minutes, respectively. When 
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compared to traditional washing and grading processes, which take at least 12 minutes for the same 

samples, this method is superior.  

The washing efficiency increased from 91.13 to 98.70 percent for the range of variable speed 

between 14 and 28 rpm when the machine was operated with 10 kilogram feeding materials, and 

from 84.87 to 95.24 percent when the machine was operated with 15 kg feedings, according to the 

evaluation data. As indicated in figure 4.2, the influence of drum speed and feeding load on 

washing efficiency was observed. Due to the tremendous impact of the washing drum on the carrot 

tubers, the washing efficiency steadily increases as the speed increases. Furthermore, when the 

feeding load increases, it is lowered because the drum-free area becomes occupied with carrot 

tubers, which prevent water from reaching each of the single products. In addition, the water added 

to the drum boosted the washing efficiency based on pedaling power. Crank rotation and cylinder 

speed increased as the operator increased pedaling force. The high impact of the washing drum 

applied to the tuber was the reason for the high washing efficiency. As the crank rotation and 

cylinder speed increased, enough water was induced to the washing drum, and the high impact of 

the washing drum applied to the tuber was the reason for the high washing efficiency. 

Due of the high impact and high water fed to the drum, the effect analysis for washing efficiency 

was maximum (98.70 percent) at 28rpm and feeding load 10kg, respectively. For the effect of 

speed drum on washing efficiency, our finding outperforms those of (Ambrose & Annamalai, 

2013) and (Amin & Hossain, 2021). 

 
Figure 4.2.Effects of feeding load and cylinder speed on the washing efficiencies 
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When the machine is operated with 10 kilogram feeding materials, the grading efficiency ranges 

from 81.87 to 92.23 percent, and when the machine is operated with 15 kg feeding materials, the 

grading efficiency ranges from 72.89 to 80.86 percent. With the effect of cylinder speed, the 

grading efficiency inclined, but dropped with the effect of feeding load, as shown in Figure 4.3. 

This pattern is the outcome of the grading efficiency evaluation technique, which is based on the 

ratio of graded tuber mass acquired from correctly graded tubers in their right outflow to total tuber 

mass at the drum. As the speed increased from 14rpm to 28rpm, more tubers were retrieved at the 

larger outlet (out port) in the test. As a result of the high drum speed, there's a chance that tiny 

tubers will pass through their right outlet and into the larger outlet. Unlikely, the grading efficiency 

declined steadily as the feeding load rose, as shown in figure 4.3, due to the growing quantity of 

tubers covering the right outlet and forcing it to the outer port. As a result, there's a good chance 

you'll grade things erroneously.  

 
Figure 4.3. Effects of feeding load and cylinder speed on the grading efficiencies 

At various feeding loads, the effect of drum speed on tuber damage is shown in Figure 4.4. The 

proportion of tuber damage grew steadily from 1.05 percent to 3 percent as the drum speed 

increased from 14 rpm to 28 rpm and the feeding load increased from 10 kg to 15 kg, according to 

the results. By delivering a high impact on the tubers, the cylinder speed causes tuber damage. 

Tuber damage became more worse as the tubers crowded together due to the abundance of feeding 

supplies. 
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Figure 4.4.Effect of feeding load and cylinder speed on the percentage of damage tuber 

Figure 4.5 shows that overall put capacity was related to drum speed and inversely proportional to 

feeding load, respectively. At the greatest cylinder speed (28rpm) and lowest feeding load (10 kg), 

the highest throughput capacity of 242.17 kg/hr was achieved.  

 
Figure 4.5.Effects of feeding load and cylinder speed on the throughout put 

This is due to the fact that a small number of materials with the maximum cylinder speed can be 

cleaned and graded in a short amount of time, resulting in better throughput capacity. As a result, 

this machine can wash and grade over 242.17 kg carrot tubers per hour on average, which is better 
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than (Ambrose & Annamalai, 2013) and the traditional approach, which takes over an hour to wash 

and grade 100 kg carrot tubers.  

As previously stated, the average minimum required time (2.22 min), maximum washing 

efficiency (98.7%), maximum grading efficiency (92.23%), maximum throughput capacity 

(242.17 kg/hr), and optimum percentage of damage (1.21%) were all recorded at 28rpm and 10kg 

feeding load, which is recommended as the machine's best working condition.  

 

To estimate human power consumption, determine how long the selected subjects operate the 

machine continuously, and determine the appropriate load for all subjects, a comparison means 

test was conducted to compare the mean heart pulse rate of the subjects after one hour of washing 

and grading activities. For the 10kg and 15kg feeding loads, the mean cardiac rate was 106.90 and 

127.0313 beats/min, respectively, which was a significant difference.  
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATIONS 

We designed, built, and tested a carrot washing and grading machine. The pedal assembly (power 

transmission unit), the reciprocating pump assembly, the washing and grading cylinder, and the 

supporting frame are the four basic components. The machine was tested with the Nantay type at 

three different cylinder speeds (14, 21, and 28 rpm) and two different feeding loads (10 kg and 15 

kg). The results of the performance review were as follows: 

1.The average amount of time it took to wash was 2.22 minutes. It tends to rise with increased 

drum speed and fall with increased feeding load. 

2.Overall, the average washing and grading efficiency was 98.70% and 92.23 percent, 

respectively. Both tend to grow as the drum speed increases and decrease as the feeding load 

increases.. 

3. Lowering both the cylinder speed and the feed load reduces the percentage of damage, whereas 

a low feed load and a high cylinder speed reduces the time necessary to accomplish tasks. 

4. The independent factors, cylinder speed and feeding load, have a substantial impact on the 

washing and grading efficiency of carrots in a washing and grading machine. 

5. As the speed increases, the throughput capacity increases as well. The machine has a throughput 

capacity of 242.17 kg/hr on average. 

6. The washing and grading equipment cost birr 16363.52 per unit, which is a low and affordable 

price for an average Ethiopian farmer. 
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APPENDICES 

 

Table1.1. Power rating of simple roller chain 

Speed of smaller 

sprocket or pinion 

(r.p.m.) 

Power (kW) 

06B 08B 10B 12B 16B 

100 0.25 0.64 1.18 2.01 4.83 

200 0.47 1.18 2.19 3.75 8.94 

300 0.61 2.70 3.15 5.43 13.06 

500 1.09 2.72 5.01 8.53 20.57 

700 1.48 3.66 6.71 11.63 27.73 

1000 2.03 5.09 8.97 15.65 34.89 

1400 2.73 6.81 11.67 18.15 38.47 

1800 3.44 8.10 13.03 19.85 - 

2000 3.80 8.67 13.49 20.57 - 

Source: Khurmi and Gupta, 2005 and Beratung, 2018 

Table 1.2. Characteristics of roller chains  

ISO  

Chain  

number 

Pitch  

(p) mm  

Roller 

diameter  

(d1) mm  

Maximum  

Width 

between  

inner plates  

(b1) mm  

Maximum 

Transverse  

pitch  

( p1 )mm  

Breaking load (kN) Minimum 

Simple  Duplex  Triplex 

  

05B  

06B  

08B  

10B  

12B  

16B  

20B  

24B  

28B  

32B  

40B  

48 B  

8.00 

9.525  

12.70  

15.875  

19.05  

25.4  

31.75  

38.10  

44.45  

50.80  

63.50  

76.20  

5.00  

6.35  

8.51  

10.16  

12.07  

15.88  

19.05  

25.40  

27.94  

29.21  

39.37  

48.26  

3.00  

5.72  

7.75  

9.65  

11.68  

17.02  

19.56  

25.40  

30.99  

30.99  

38.10  

45.72  

5.64  

10.24  

13.92  

16.59  

19.46  

31.88  

36.45  

48.36  

59.56  

68.55  

72.29  

91.21  

4.4  

8.9  

17.8  

22.2  

28.9  

42.3  

64.5  

97.9  

129  

169  

262.4  

400.3  

7.8  

16.9  

31.1  

44.5  

57.8  

84.5  

129  

195.7  

258  

338  

524.9  

800.7  

11.1 

24.9 

44.5 

66.7 

86.7 

126.8 

193.5 

293.6 

387 

507.10 

787.3 

1201 

Source :(Khurmi & Gupta, 2005) according to IS: 2403 — 1991. 

Table 1.3. Dimension of standard V-belts  

Types of belts  Power ranges in 

kW 

Minimize pitch 

diameter of pulley 

(D)mm 

Top width  

(b)mm 

Thickness (t)mm Weight per meter 

length in newton  

A 0.7-3.5 75 13 8 1.06 

B 2-15 125 17 11 1.89 

C 7.5-75 200 22 14 3.43 

D 20-150 355 32 19 5.96 

E 30-350 500 38 23 - 

Source :(Khurmi & Gupta, 2005) according IS: 2494-1974 

Table 1.4. Classical V-Belts  

A Type  V-belt code and inner length, 

Belt code  Inner length  

Li (mm)  

Belt code  Inner length  

Li (mm)  

20.  508 46. 1168 

21.  535 47 1200 

22.  560 48 1220 

23.  585 49.  1250 

24.  610 50.  1270 

25.  630 51.  1300 

26.  660 52. 1320 

27.  686 53. 1350 
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28.  710 54. 1375 

29.  730 55. 1400 

30.  767 56. 1422 

31.  787 57. 1450 

32.  813 58. 1475 

33.  838 59. 1500 

34.  864 60. 1525 

35.  889 61. 1550 

36.  914 62. 1575 

37.  940 63. 1600 

38.  965 64. 1625 

39.  990 65. 1650 

40.  1016 66. 1676 

41.  1041 67. 1700 

42.  1060 68. 1725 

43.  1100 69. 1750 

44.  1120 70 1775 

45.  1143   

for DIN 2015/ISO 4184 

Table 1.5. Dimension of Standard V-grooved pulleys  

Types 

of belt 

w 

(mm) 

d 

(mm) 

a 

(mm) 

c 

(mm) 

f 

(mm) 

e 

(mm) 

N0. Of sheave 

 grooves (n) 

Groove angle (𝟐𝜷) 

A 11 12 3.3 8.7 10 15 6 32, 34,38 

B 14 15 4.2 10.8 12.5 19 9 32,34,38 

C 19 20 5.7 14.3 17 25.5 14 34, 36,38 

D 27 28 8.1 19.9 24 37 14 34, 36, 38 

E 32 33 9.6 23.4 29 44.5 20 - 

Source: Khurmi and Gupta, 2005 according to IS: 2494-1974. 

Table 1.6. Relation between equivalent length and actual length  

S.No. End Conditions  Relation between equivalent length (L) and actual length (l) 

1.  Both ends hinged  𝐿 =  𝑙 

2.  Both ends fixed  
𝐿 =

𝑙

2
 

3.  One end fixed and the other end 

hinged  
𝐿 =

𝑙

√2
 

4.  One end fixed and the other end free 𝐿 = 2𝑙 

Source: Khurmi and Gupta, 2005 

 

 

 

Table 1.7. Coefficient of friction between belt and pulley 

Speed of smaller 

sprocket or pinion 

(r.p.m.) 

Power (kW) 

06B 08B 10B 12B 16B 

100 0.25 0.64 1.18 2.01 4.83 

200 0.47 1.18 2.19 3.75 8.94 

300 0.61 2.70 3.15 5.43 13.06 

500 1.09 2.72 5.01 8.53 20.57 

700 1.48 3.66 6.71 11.63 27.73 

1000 2.03 5.09 8.97 15.65 34.89 

1400 2.73 6.81 11.67 18.15 38.47 

1800 3.44 8.10 13.03 19.85 - 

2000 3.80 8.67 13.49 20.57 - 

Table 1.8. The radial load factor and axial or thrust load factor  

Type of bearing Specifications 𝑾𝑨

𝑾𝑹
< 𝒆 

𝑾𝑨

𝑾𝑹
> 𝒆 

𝒆 
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X  X Y  

Deep groove  ball 

bearing 

𝑊𝐴

𝐶0
= 0.025 

=  0.04 

=  0.07  
=  0.13  
=  0.25  
=  0.50 

1 0 0.56 2.0  

1.8  

1.6  

1.4  

1.2  

1.0 

0.22 

0.24 

0.27 

0.31 

0.37 

0.44 

Angular contact  

ball bearings 

Single row  

Two rows in tandem  

Two rows back to back  

Double row 

1 0 

0 

0.55 

0.73 

0.35 

0.35 

0.57 

0.62 

0.57  

0.57  

0.93  

1.17 

1.14 

1.14 

1.14 

0.86 

Self-aligning  

bearings 

Light series: for bores 

10 –  20 𝑚𝑚  
25 –  35  
40 –  45  
50 –  65  
70 –  100  
105 –  110 

1  

1.3 

1.7 

2.0 

2.3 

2.4 

2.3 

6.5  

2.0  

2.6  

3.1  

3.5  

3.8  

3.5  

 

0.50 

0.37 

0.31 

0.28 

0.26 

0.28 

 Medium series: 

for bores 

12 𝑚𝑚  
15–  20  
25 –  50  
55 –  90 

1  

1.0 

1.2 

1.5 

1.6 

0.65  

 

1.6  

1.9  

2.3  

2.5 

 

 

0.63 

0.52 

0.43 

0.39 

Spherical roller 

bearings 

𝐹𝑜𝑟 𝑏𝑜𝑟𝑒𝑠 ∶ 
25 –  35 𝑚𝑚  
40 –  45  
50 –  100  
100 –  200 

1  

2.1 

2.5 

2.9 

2.6 

0.67  

3.1  

3.7  

4.4  

3.9 

 

0.32 

0.27 

0.23 

0.26 

Taper roller bearings  For bores 

𝟑𝟎 –  𝟒𝟎 𝒎𝒎  
𝟒𝟓 –  𝟏𝟏𝟎  
𝟏𝟐𝟎 –  𝟏𝟓𝟎  

1 0 0.4 1.60  

1.45  

1.35 

0.37 

0.44 

0.41 

Source :(Khurmi & Gupta, 2005) 

 

 

Table 1.9. Values of service factor  

S.No. Type of service Service factor (KS) for radial ball bearings 

1 Uniform and steady load 1.0 

1.  Light shock load 1.5 

2.  Moderate shock load 2.0 

3.  Heavy shock load 2.5 

4.  Extreme shock load 3.0 

Source :Khurmi and Gupta, 2005 

Table 1.10. Life of bearings for various types of machines. 

S. 

No.  

Application of bearing  Life of bearing, in 

hours 

1.   Instruments and apparatus that are rarely used 

(a) Demonstration apparatus, the mechanism for operating sliding doors 

(b) Aircraft engines 

 

500 

1000–2000 

2.   Machines used for short periods or intermittently and whose breakdown would not have serious 

consequences e.g. hand tools, lifting tackle in workshops, and operated machines, agricultural 

machines, cranes in erecting shops, domestic machines 

4000–8000 
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3.  Machines working intermittently whose breakdown would have serious consequences e.g. auxiliary 

machinery in power stations, conveyor plant for flow production, lifts, cranes for piece goods, 

machine tools used frequently. 

8000-12000 

4.  Machines working 8 hours per day and not always fully utilized e.g. stationary electric motors, 

general-purpose gear units. 

12000-20,000 

5.  Machines working 8 hours per day and fully utilized e.g. machines for the engineering industry, 

cranes for bulk goods, ventilating fans, countershafts. 

20,000-30,00 

6.  Machines working 24 hours per day e.g. separators, compressors, pumps, mine hoists, naval vessels. 40,000-60,000 

7.  Machines required to work with a high degree of reliability 24 hours per day e.g. pulp and paper 

making machinery, public power plants, mine-pumps, waterworks. 

100 000 – 200 000 

Source : Bsen-ds, (2018) and Meissner, (1997) 

Table 1.11. Basic static and dynamic capacities of various types of a radial ball 

Bearing  

No. 

 

Basic capacities in kN 

Single row deep groove ball bearing Single row angular  

contact ball bearing 

Double row angular  

contact ball bearing 

Self-aligning 

ball bearing 

(1) Static   

(C0)  

(2) 

Dynamic  

(C0 )  

(3) 

Static  

(C0) 

(4) 

Dynamic   

(C)  

(5) 

Static  

(C0 )  

(6) 

Dynamic 

(C) 

(7) 

Static   

(C)  

(8) 

Dynamic   

(C0 )  

(9) 

200  

300  

2.24  

3.60  

46.3  —  

—  

—  

—  

4.55  

—  

7.35  

—  

1.80  

—  

5.70 

— 

201  

301  

3  

4.3  

5.4  

7.65  

—  

—  

—  

—  

5.6  

—  

8.3  

—  

2.0  

3.0  

5.85 

9.15 

202  

302  

3.55  

5.20  

6.10  

8.80  

3.75  

—  

6.30  

—  

5.6  

9.3  

8.3  

14  

2.16  

3.35  

6 

9.3 

203  

303  

403  

4.4  

6.3  

11  

7.5  

10.6  

18  

4.75  

7.2  

—  

7.8  

11.6  

—  

8.15  

12.9  

—  

11.6  

19.3  

—  

2.8  

4.15  

—  

7.65 

11.2 

— 

204  

304  

404  

6.55  

7.65  

15.6  

10  

12.5  

24  

6.55  

8.3  

—  

10.4  

13.7  

—  

11  

14  

—  

16  

19.3  

—  

3.9  

5.5  

—  

9.8 

14 

— 

205  

305  

405  

7.1  

10.4  

19  

11  

16.6  

28  

7.8  

12.5  

—  

11.6  

19.3  

—  

13.7  

20  

—  

17.3  

26.5  

—  

4.25  

7.65  

—  

9.8 

19 

— 

206  

306  

406  

10  

14.6  

23.2  

15.3  

22  

33.5  

11.2  

17  

—  

16  

24.5  

—  

20.4  

27.5  

—  

25  

35.5  

—  

5.6  

10.2  

—  

12 

24.5 

— 

207  

307  

407  

13.7  

17.6  

30.5  

20  

26  

43  

15.3  

20.4  

—  

21.2  

28.5  

—  

28  

36  

—  

34  

45  

—  

8  

13.2  

—  

17 

30.5 

— 

208  

308  

408  

16  

22  

37.5  

22.8  

32  

50  

19  

25.5  

—  

25  

35.5  

—  

32.5  

45.5  

—  

39  

55  

—  

9.15  

16  

—  

17.6 

35.5 

— 

209  

309  

409  

18.3  

30  

44  

25.5  

41.5  

60  

21.6  

34  

—  

28  

45.5  

—  

37.5  

56  

—  

41.5  

67  

—  

10.2  

19.6  

—  

18 

42.5 

— 

210  

310  

410  

21.2  

35.5  

50  

27.5  

48  

68  

23.6  

40.5  

—  

29  

53  

—  

43  

73.5  

—  

47.5  

81.5  

—  

10.8  

24  

—  

18 

50 

— 

Table 1.12..Materials cost estimation 

Parts  Material Used Specification  Quantity Cost (birr) 
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Drum Waterproof wood  3000×200×2mm 1 600 

Pump Cylinder  Aluminum Un molded chips 5kg 500 

Connecting Rod Flat iron  400 ×40 ×2mm 1 100 

Pump Rods Aluminum  Un molded chips 3kg  300 

Crank  Flat Iron  200×20×2mm 1 100 

Pedal  Cast Iron  320mm dia 1 150 

Shafts  Round mild steel  20mm dia × 6000mm 1 1500 

Handle  Galvanized pipe  18mm Dia ×1000mm length 1 50 

Bicycle sprocket  Cast Iron  85mm dia with 20 teeth 1 80 

Water pipe  Plastic  1inch dia×3000mm  1 40 

Chain  Cast iron 06B with 1300 mm length 1 100 

Standard finished items  Roller Chain, Sprockets, Bolts and Nuts, and  Washers  200 

Pulleys Cast Iron 75mm, 140mm, 75mm, and  4 1200 

Belts  Rubber  28 and 29 code numbers 2 200 

Electrode  2.5 300 1 packet  300.00 

Paint  150 2 liter 300.00 

Total    5720 

Table 1.13. Machine and labor cost. 

Machine  Working hour  Machine 

Cost/hr 

Cost 

(birr) 

Labor  

Cost/hr 

Working 

hour 

Cost 

(birr) 

Total 

price(birr) 

Welding  15 6 90 6.25 15 93.75 183.75 

Grander  20 1 20 6.25 20 125 145 

Lathe  46 15 690 6.25 46 287.5 977.5 

Drilling  10 3 30 6.25 10 62.5 92.5 

Molding  20 10 200 6.25 20 125 325 

Powerhack saw 4 16 64 6.25 4 100 164 

Total  107 35 1094 6.25 107 793.75 1887.75 

Table 1.14. Cost summery. 

No Cost variables  Cost (EB) 

A Raw materials cost  5720 

B Materials wastage (2.5%)  143 

C Machine cost 1094 

D Labor cost 793.75 

E Overhead cost 5% (C+D) 94.39 

F Profit 10% (A+B+C+D+E) 673.24 

G Selling tax 15% (A+B+C+D+E) 7845.14 

Selling price (EB) 16363.52 

 

COST ANALYSIS 

Assumption Made 

Some assumption was made based on the quality and durability of the materials used for the development of the carrot washing 

and grading machine. 

• The expected life of the machine = 5years 

• Expected operational hour per day (daily use) = 8 hr. 
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• Expected operational hour per year (annual use) = 2400 hr. 

• Salvage value =10% of total cost of the machine=1636.35 

• Interest rate 15% 

Operational cost of machine  

Fixed cost of peeler 

a) Depreciation (Dp),  

Dp =
SP-SV

EL
 =

16363.52ETB-1636.35ETB

5×2400hr
 =  1.23𝐸𝑇𝐵/ℎ𝑟 

Where: Dp = depreciation cost, SP = selling price of peeler, SV = salvage values (10% of selling price), and EL=Economic life 

b) Interest on capital (IC), 

IC =
SP+SV

2U
× 𝐼% =

16363.52ETB+1636.35ETB 

2×2400hr
×

15

100
  = 0.56EB/hr 

 Where: IC = interest on capital, SP = selling price, SV = salvage value, U = annual use, I = interest  

The total cost is the sum of depreciation cost and interest on capital  

Total fixed cost = Dp + IC= 1.23ETB/hr + 0.56EB/hr Total fixed cost = 1.79EB/hr 

Variable cost 

Labor cost or wages  

Labor wages of 150ETB per day, 8hr in a day. 

LW=
DLW

DWH
, LW= 

150EB

8hr
=  18.75

𝐸𝑇𝐵

ℎ𝑟
 

𝑊ℎ𝑒𝑟𝑒: 𝐿𝑊 =  𝑙𝑎𝑏𝑜𝑟 𝑤𝑎𝑔𝑒𝑠, 𝐷𝐿𝑊 =  𝑑𝑎𝑖𝑙𝑦 𝑙𝑎𝑏𝑜𝑟 𝑤𝑎𝑔𝑒𝑠, and 𝐷𝑊𝐻  

=  𝑑𝑎𝑖𝑙𝑦 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟 

Total cost = Total fixed cost + Total variable cost 

Total cost = 1.79EB/hr+18.75 ETB/hr= 20.54ETB/hr 

Taking the through output capacity of 120Kghr-1, the cost to wash and grade 1kg can be calculated as  

Cost of washing and grading 1kg of carrot  tubers by machine = 
total cost per hour

machine  capacity o per hour
𝐸𝐵 

Cost of washing and grading1 kg of carrot  tubers = 
20.54ETB/hr

108kg/hr
  

Cost of washing and 1 kg of carrot tubers =0.19ETB/kg 

Benefit from one kg carrot tuber. 

The average manual washing and grading capacity was also determined for two people; the average manual washing and grading 

capacity of carrot tubers was recorded to be 40Kghr-1. Taking for a single person performing at a maximum washing and grading  

capacity, the average throughput of labor was 20kghr-1 and the labor cost of 150EB in the day (8 hours) per person was 

18.75EBhr-1 

• Cost of manual washing and grading  = 0.94ETB/Kg 

 Cost of Washing  by machine = 0.19ETB/kg 

washing and grading  1kg of carrot tuber in the traditional method is estimated to be 0.94ETB/Kg while an estimated cost to wash 

and grade the same amount of tuber was 0.19ETB/kg using a developed g machine.  

Cost-Benefit Ratio = 1:4.95 
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ANNEXES 
Pictures showing some procedures for determination of Physical propertiesof carrot tuber 

 

Pictures showing some procedures for construction of machine 

  

Pictures showing some procedures for performance evaluation 

    

 


