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Abstract

The demands on the grains have been being increased radically in Ethiopia. The existing ways of
harvesting grains are not differed from the ancient methods. In order to satisfy the needs our
ancestors have been being applied their full money, power and times which leads financial and
physical weakness and health problems especially on their backbones. No one was hearing and
trying to minimize and eradicate this problem. Hence, a simple to operate and cheap in cost
harvester is designed and prototyped which is driven by solar power. The machine harvest grains
that have grass physical nature such as wheat, barley, Teff, rice even the grass itself for animal
feed.

The design and prototype were achieved by following a method of reviewing literatures, collecting
data, synthesizing and analyzing the mechanism and structure at a preliminary and detail design
stage (using manual and CATIA software), making drawings, manufacturing a prototype and
testing.

The designed harvester has two solar panel 200 watt each, 1.5 hp DC Motor, divider, cutter system,
lugged belt conveyor system, two stage power transmission system and two wheels vehicle system.
The harvester is 1614.5 mm width, 1602 mm length, 1862.92 mm height and 93.03 Kg mass. It
can harvest 609.6 mm width of grain at a speed of 500 mm/s i.e., it can harvest 0.110 ha/hr. The
prototype of the solar grain harvester has one hp DC motor, 2.4 m? solar panel, three-wheels
vehicle and cutter assembly. The test shows that the solar energy supplied into the harvester was
capable enough to drive the whole system. Therefore, small-scale solar grain harvester will become
preferable means of harvester because it is none pollutant and freely available.



Chapter 1 Introduction
Agriculture in Ethiopia is the foundation of the country's economy, accounting for half of gross
domestic product (GDP), 83.9% of exports, and 80% of total employment. Grains are the most
important field crops and the chief element in the diet of most Ethiopians. The principal grains are
Teff, wheat, barley, corn, sorghum, and millet. Ethiopia's demand for grain continued to increase
because of population pressures.
The mechanization of agriculture not only reduces the overall cost of production but also increases
the total agricultural yield. Through mechanized farming, many countries in the world are reaching
the upper limits of their cultivable land. The increasing use of agricultural machinery, equipment
and fertilizers coupled with better irrigation facilities, together revolutionizes the agricultural
sector.
It is obvious that different types and levels of harvesting tools and machines are applicable in
different countries. However, the current harvesting systems are not different from the ancient
styles in Ethiopia because the level of economy is very poor. We couldn’t afford to buy any of
them. Due to this reason, the farmers have been being forced to use the traditional and the time
and power consuming way of harvesting. Since the pressures on demand of the grains are
increasing drastically, it will be difficult to supply the future needs. Therefore, a simple and cheap
system should be implemented which can fill the gap between the traditional and high-level
modern ways of harvesting.
The harvester that we are going to designed and prototyped is a small-scale harvester that is driven
by solar power. The machine is operated only by a single person. There are different types of grains
that could be harvested using this machine. These grains have a physical appearance of grassed
such as wheat, barley, Teff, rice grass, etc.
Statement of the problem
The current harvesting system in Ethiopia is traditional. This is due to the low-level economy of
the farmer, the awareness of the people and the high taxation system of the government. The
harvesting times, of the grains, have been being elongated for months to cover small pieces of
lands. This has adverse effect both on the farms and on the country productivity. The farmers have
been killing more time that maximizes the cost of production and they will not think for further
value-added processes and more production systems. In addition, the amount of seeds collected

will be reduced since it falls into the ground and eaten by animals. This leads to an abrupt time-to



time increasing on the price of the grains and the demand will not be satisfied. Beside this, the
country will not prepare the grains on time both for the people and for foreign countries, which
makes the country uncompetitive and lags behind others in supplying the foods.

Objectives

The main aim of this research is to design a harvester operated by solar energy and to manufacture
the prototype locally using our manpower and workshop. Specifically, the mechanism that
transfers input power to output will be designed and the necessary parameters of the source of
power will be analyzed. Hence, the frames, motors, connecting mechanisms, cutters, collectors,
couplings, joints, and solar panels will be synthesized and analyzed.

Significance of the study

The harvester has very great role to maximize the harvesting rate of grains. It collects more grains
than a person can do. Since the time required to harvest grains reduced, the farmers will gain
additional time in order to have further farming time. That means they can farm more than once
per year. The productivity will be increased because the grains will be harvested at the critical
stages. In addition, there will be a chance for the producers to add values on their seeds. The burden
on the workers reduced which will increase their life span.

There will be an opportunity to a job for the young sisters and brothers in manufacturing, operation
and maintenance stages. They will get a stimulation of “yes we can”, yes, we do by our own and
yes, we can stand by our own. This in turn reduces not only the flooding out of foreign currency
but also the flooding out of our believes.

Scope of the research

The researchers have the obligation to carry out the detail activities that are the mechanical design
parts, the prototype, and the overall analysis of the solar panel and the motor. There will not be
detail study on the solar panel and motor parts of the harvester. After successful completion of the
project, there will be further detail analysis and synthesis on the solar panel and motor parts if it is
needed which is out of this research.

Research Gap

The previous harvesting systems are either manual or mechanical. The mechanical harvesters are
operated using fuel energy. Fuel energy is efficient in driving the system however, it is expensive
and pollutant. To overcome these a solar powered harvester is proposed. Since the efficiency of

solar power is low, it is necessary to think over the mechanism of existing harvesters. The current



harvesters have a mechanism that has sliding cutter bar. It is obvious that sliding friction is higher
than rolling friction. So that by changing the sliding to rolling cutter bar it is possible to minimize
the energy needed to overcome frictional resistance. Therefore, an efficient solar harvester can be

achieved using cutter bar that oscillates on rolling support.



Chapter 2 Literature Review

This literature will review only about harvesting of grains that can be classified into two broad
categories, i.e., hand harvesting and mechanical harvesting. Hand/Manual harvesting is also
termed as hand reaping; it includes plucking the ears of grain directly by hand, cutting the grain
stalks with a sickle, cutting them with a scythe, or with a later type of scythe called a cradle
whereas, mechanical harvesting is done by employing a mechanical reaper or reaping machine.
Hand/Manual harvesting

In traditional method of harvesting, harvesting is done manual methods. Harvesting of major
cereals, pulse and oilseed crops are done by using sickle whereas tuber crops are harvested by
country plough or spade. All these traditional methods involve drudgery and consume long time.

Serrated blade sickle: It has a serrated curved blade and a wooden handle. The handle of

improved sickle has a bend at the rear for better grip and for avoiding hand injury during operation.
Serrated blade sickles cut the crop by principle of friction cutting like in saw blade. The crop is
held in one hand and the sickle is pulled along an arc for cutting. Cutting of crop close to the
ground is possible with modified handle. Energy requirement is 80-110 man-h/ha. It can be used

effectively for harvesting of wheat, rice and grasses [1].
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Figure 2-1 Manual Harvesting Tools
Mechanical harvesting equipment

The use of machines can help to harvest at proper stage of crop maturity and reduce drudgery and
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operation time and facilitates extra days for land preparation and earlier planting of the next crop.
Considering these, improved harvesting tools, equipment, combines are being accepted by the
farmers.

Reapers: are used for harvesting of crops mostly at ground level. It consists of crop-row divider,
cutter bar assembly, feeding and conveying devices. Reapers are classified based on conveying of
crops as given below:

I. Vertical conveying reaper windrower: It consists of crop row divider, star wheel, cutter
bar, and a pair of lugged canvas conveyor belts. This type of machines cut the crops and
then conveys vertically to one end and windrows the crops on the ground uniformly.

Collection of crops for making bundles is easy and it is done manually.

Tractor

Mounting Frame

Discharge
Plate 1

o Star wheel

et /
—

Lugs

Cutter bar

fingers /

Crop divider
Figure 2-2 Tractor Front Mounted Conveyer Reaper Windrower [47]

Self-propelled walking type, self-propelled riding type and tractor mounted 186 type reaper-

windrowers is available. These types of reapers are suitable for crops like wheat and rice. The field

capacities of these machines vary from 0.20-0.40 ha/h [1].

ii. Horizontal conveying reapers: This type of reapers is provided with crop dividers at the
end, crop gathering reel, cutter bar and horizontal conveyor belt. They cut the crop, convey
the crop horizontally to one end and drop it to the ground in head-tail fashion. Collection
of crops for making bundles is difficult. This type of reapers is tractor mounted and suitable
for wheat, rice, soybean, and gram. Performance of reapers with narrow-pitch cutter bar is
better for soybean and gram crops.

iii. Bunch conveying reapers: This type of reapers is similar to horizontal conveying reapers



Figure 2-3 Horizontal Conveying Reaper [62]

except that the cut crop is collected on a platform and is being released occasionally to the ground
in the form of a bunch by actuating a hand lever. Here, collection of crops for making bundles is
difficult. Bullock drawn and tractor-operated models are available and they are suitable for
harvesting wheat, rice and soybean crops. Reaper binders the cutting unit of this type of reapers
may be disc type or cutter bar type. After cutting, the crop is conveyed vertically to the binding
mechanism and released to the ground in the form of bundles.

Strippers: The design of a tractor front mounted stripper is available for collection of matured
grass seeds from the seed crops. It consists of a reel having helical rubber bats that beat the grass
over a sweeping surface where the ripened seeds are detached and the seeds are collected in the
seed box.

Combine Harvesters: Various designs of combine harvester having 2 to 6 m long cutter bar are

commercially available. However, the need of a small whole crop combine harvester is felt. The

Figure 2-4 Combine Harvester [63]
function of a combine harvester is to cut, thresh, winnow and clean grain/seed. It consists of header

unit, threshing unit, separation unit, cleaning unit and grain collection unit. The function of the
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header is to cut and gather the crop and deliver it to the threshing cylinder. The reel pushes the
straw back on to the platform while the cutter bar cuts it. The crops are threshed between cylinder
and concave due to impact and rubbing action. The threshed material is shaken and tossed back by
the straw rack so that the grain moves and falls through the openings in the rack onto the cleaning
shoe while the straw is discharged at the rear. The cleaning mechanism consists of two sieves and
a fan. The grain is conveyed with a conveyor and collected in a grain tank.

Self-propelled walking type reaper: it consists of crop row divider, star wheel, cutter bar, and a
pair of lugged canvas conveyor belts and a handle fitted with clutch and brakes. This type of
machines cut the crops, conveys it vertically to one end, and windrows the crops on the ground
uniformly. Collection of crops for making bundles is easy and it is done manually. Self-propelled
walking type, self-propelled riding type and tractor mounted type vertical conveyor reaper are also
available. These types of reapers are suitable for crops like wheat and rice. In this reaper there is

no shattering of the crop

Figure 2-5 Self Propelled Walking Type Reaper [64]

Modern gas powered and electric powered lawn mowers cut grass with a single blade revolving at
a high-speed parallel to the ground. The blade is slightly raised along its rear edge to create draft
that lifts the cutting blades before its cutting operation. Mulching mowers suspends clippings and
other debris near the blade shredding them before blowing them straight down in the lawn where
they serve as manure for future lawn growth. Okoro (2010) designed a locally operated engine
powered lawn mower. The mower is fitted with horizontal cutting blade attached to a vertical shaft.
The mower was tested and the average effective field capacity and efficiency were 0.127 ha/hr.
and 88.4% respectively. Jeremy (2005) designed and fabricated solar charged lawn mower.

The machine was dependent on weather since the battery would be charged using photovoltaic



panel (i.e. solar panel). The common disadvantage was that the engine runs down easily and the
cost of production was high for an average individual to purchase.

Gasoline-powered rotary mover: The story of one experiment in the design of rotary moving
equipment is that of C-Stacy, a farmer in the Midwest region of the United States. His concept was
the use of a toothed circular saw blade mounted horizontally on a vertical shaft, which would be
suspended at a height of approximately 2 inches (50 mm) and moved across a lawn to cut grass
and other lawn vegetation at a uniform height. The power for his experimental mower was an
electric motor. The success of Stacy's design was limited by two factors: the relatively small
diameter of the saw blades he used for his experiments, which were about 8 inches (200 mm); and
the fact that toothed circular saw blades are not an ideal tool for cutting free- standing grass and
other plants. Stacy did not come up with any idea for a cutter similar to modern rotary mower
straight blades, and soon dropped his experiments with rotary mowing. The string trimmer was
invented in the early 1970s by George Ballads of Houston, Texas, who conceived the idea while
watching the revolving action of the cleaning brushes in an automatic car wash. His first trimmer
was made by attaching pieces of heavy-duty fishing line to a popcorn can bolted to an edger.
Ballads developed this into what he called the "Weed Eater"”, since it chewed up the grass and
weeds around trees. Victor and Vern’s, (2003) designed and developed a power operated rotary
weedier for wet land paddy. The complex nature of the machine makes its maintenance and
operation difficult for the peasant farmers. Generally, in areas like ours, the conventional methods
of grass cutting involved the use of cutlasses whichever met the maximum satisfaction. More so,
it is strenuous, time and labor intensive.

Moheb M. A. El-Sharabasy (July 2006) constructed and manufactured a self-propelled machine
suits for cutting some grain crops to minimize losses and maximize efficiency. The machine
consists of four main devices names: cutter bar, crop reel, conveyor belt, and transmission system.
The new constructed machine was operated in rice and wheat fields at four kinematic parameters
and four grain moisture contents to determine the proper operating parameters for cutting both rice
and wheat crop. Results indicated that the maximum field capacity and the lowest operating cost
of (0.452, 0.621 fed/h), (37.50, 37.26 L.E/fed) were obtained at low kinematic parameters of (1.8,
1.45) and low grain moisture content of (21.45, 19.11 %); maximum both field efficiency and
cutting efficiency of (69.17, 82.15 %), (86.88, 91.41 %) were obtained at high kinematic
parameters of (4.67, 3.20) and low grain moisture content of (21.45, 19.11 %); minimum fuel and



energy consumed of (1.51, 0.47 I/h), (2.97, 1.53 KWh/fed) were obtained at kinematic parameters
of (2.33, 1.78) and grain moisture content of (22.20, 20.10 %) and minimum grain losses and
criterion cost of (1.03, 0.76 %), (72.18, 64.82 L.E/fed) were obtained at kinematic parameters of
(2.33, 1.78) and grain moisture content of (22.20, 20.10 %) for both rice and wheat crop,
respectively.

Prof. P.B. Chavan, Prof. D.K. Patil and Prof. D.S. Dhondge (2015) Designed and Developed
a manually Operated Reaper. When machine is pushed by the operator at the designed speed in
the field, rear wheel rotation leads to reciprocate cutter bar with the help of sprocket and chain.
The crop lifter guides the crop to the cutter bar and the crop is cut by the cutter. The cut crop is
conveyed with the help of star wheel at one side by the lugged belt conveyer for easy collection
and bundling. Based on analysis of results, it has drawbacks like unsuitable for non-uniform land
and high-power requirement due to its weight.

Ganesh C. Bora and Gunner K. Hansen (2007) developed a small engine-powered harvesting
aid for small area farmers. The machine was a modified brush cutter. The original cutter blade was
replaced by a 25 cm diameter circular saw blade. A metal plate and rubber guard assembly were
fitted behind the blade on the handle to guide the cut stalk to the left side. The machine performed
well in the field conditions with a field capacity of 0.51 ha per day consuming 0.25L of fuel in an
hour. It was 7.8 times faster than manual harvesting though the field loss was around 2.3% as
against 1% in manual harvesting. The break-even area was 1 ha and payback period of for the
investment was one year. The machine should be affordable to low income farmers in developing

countries and women would also be able to taste the fruits of mechanization.

Figure 2-6 Low Cost Mechanical Aid for Rice Harvesting [14]
Muhammad Nadeem and et al (2015) did a research work on designing of self-propelled reaper

and evaluating its performance for harvesting of rice, brassica and wheat crops. Fields of rice,
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wheat and brassica were selected University of Agriculture Faisalabad, Pakistan. Factorial
experiments (3 x 3) were conducted at each site with three levels of moisture content i.e.27%, 22%
and 19 % for rice, 16.7%, 14.5% and 13% for wheat, and 18.32%, 16.05% and 15.7% for brassica
were selected. The levels of machine’s ground speed were1.94, 2.54 and 3.18km/h. Twenty-seven
plots (1.524 x 3m) were selected randomly in each field to collect data for average percentage (%)
slippage, shatter losses and field efficiency. The machine was operated at selected levels of ground
speeds and moisture contents for each crop. Factorial analysis of variance (ANOVA) showed that
the selected levels of ground speed and moisture contents have significant (p=0.05) effect on %
slippage and field efficiency and non-significant on shatter losses for rice and wheat crops, whereas
significant effect in brassica. Results indicated that in early harvesting at high moisture content,
the shatter losses were significantly lower with the higher % slippage. Results reported that the
shatter losses, field efficiency and % slippage were influenced by selected levels of ground speed

and moisture contents. A suitable combination of ground speed and moisture content can minimize

the grain losses and increase the yield and profitability of the farmer’s community.
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Figure 2-7 Improved design of self-propelled reaper for tall crops [15]
A. Celik (2006) design a push type cutter bar mower shown in Figure 2-8. It has a total width 862
mm, maximum engine speed 7000 rpm, maximum crank speed 700 rpm, engine power 1.47 kW,
sharpness of knife 22°, hardness of knife (HRC) 57, effective working width 802 mm, knife stroke
56 mm, cutting height 64 mm, knife speed 1.12 m/s, forward speed 0.45 m/s, effective field
capacity 0.11 ha/h and field efficiency (decimal) 0.875.
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Figure 2-8 Push Type Cutter Bar Mower (Dimensions in millimeters) [17]

Summary on mechanical Harvesting Equipment

All the existing mechanical harvester i.e., low cost mechanical aid for rice harvesting, vertical
conveying reaper windrower, horizontal conveying reapers, bunch conveying reapers, combine
harvesters, self-propelled walking type reaper and gasoline-powered rotary mover are driven using
fuel energy. As it is obvious, fuel energy is available in specific place, expensive and pollutant.
This research was proposed to check the feasibility of driving mechanical harvesters using one of
the renewable energies (Solar). Solar energy is clean and available freely in almost all places.
Physical and mechanical properties of Crops Straw

M.J. O'Dogherty, J.A. Huber, J. Dyson and C.J. Marshall (2002) conducted a series of experiments
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to measure the physical properties, tensile and shear strengths and elastic moduli of stem between
nodes of wheat straw (var Mercia) at stem moisture in the range 8 to 22% w.b. Tensile strength
was in the range 21.2 to 31.2MPa and shear strength in the range 4.91 to 7.26MPa. Young's
modulus was between 4.76 and 6.58 GPa and the rigidity modulus in the range 267 to 547 MPa.
Hamed Tavakoli, Seyed Saeid Mohtasebi and A. Jafari (2009) conducted a research on
determining physical and mechanical properties of wheat straw as influenced by moisture content.
The objective of this research was to determine the effects of moisture content and internode
position on some physical and mechanical properties of wheat straw. The experiments were
conducted at four moisture contents of 10.2, 14.3, 18.4, and 22.6% w.b. and at three internode
positions down from the ear. Based on the results obtained, the values of the physical properties
increased with increasing moisture content. The physical properties also increased towards the
third internode position. For all the physical properties studied, the values of the first internode
position had significant differences with those of the other two internode positions. Moreover, for
the moisture contents studied in this research, the values of shear strength were within the ranges
6.81-10.78, 7.02-11.49, and 7.12-11.78 MPa for the first, second and third internode positions,
respectively. The maximum specific shearing energy was 36.26 MJ mm -2, which occurred at the
third internode position with the moisture content of 22.6% w.b. The bending strength and Young's
modulus decreased with increase in the moisture content. Their values also decreased towards the
third internode position.

The amount of force on cutter bar depends on average cross-sectional area of grain, moisture
contents, sharpness of blade, and shear strength of grain. (R.L. Kushwaha, A.S. Vaishnav, and
G.C. Koerb, 1983) found that the average cross-sectional area of wheat is 2.32 mm? and the
optimum value of moisture content is between 8% and 10%. The optimum moisture is needed for
efficient shearing of straw, lower cutting energy required with increased sharpness of the blade.
The variations in shear velocity do not affect the shear strength of the straw and the shear strength
of straw is 7-11MPa (N/mm?).

A research was carried out by Hamed Tavakoli (2009) to determine the effects of moisture content
and internode position on physical and mechanical properties of barley straw. The experiments
were conducted at four moisture contents of 10.8%, 14.3%, 18.5%, and 22.5% w.b. and at three
internode positions down from the ear. Based on the results obtained, the moisture content did not

have significant effect on physical properties of barley straw. There was a significant increase in
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the stem’s major and minor diameters, thickness, wall cross-sectional area, second moment of area,
and mass per unit length towards the third internode position. At the different moisture contents
studied, the values of the shear strength were within the ranges of 3.90 to 5.27 MPa, 4.31 to 5.96
MPa, and 4.49 to 6.18 MPa for the first, second, and third internode positions, respectively. The
maximum specific shearing energy was 32.53 MJ mm-2, occurred at the third internode position
with the moisture content of 22.5% w.b. The bending stress and Young's Modulus decreased with
an increase in moisture content. Their values also decreased towards the third internode position.
Another study was conducted by H. Tavakoli and et al (2009) with the aim to evaluate the effects
of the moisture content, internode position, and loading rate on the bending characteristics of
barley straw including bending stress and Young’s modulus. In the study, 9 treatments were
performed as randomized complete block design with 5 replications. The characteristics were
determined at three moisture levels: 10%, 15%, and 20% wet basis, three loading rates: 5, 10, and
15 mm/min, and three internodes: the first, second, and third internodes. The results showed that
both the bending stress and Young’s modulus decreased with an increase in the moisture content
and towards the third internode position. The average bending stress was obtained as 8.41 MPa
varying from 6.32 to 12.41 MPa, while the average Young’s modulus was calculated as 473.88
MPa ranging from 330.94 to 618.91 MPa.
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Figure 2-9 Outer and inner radii vs. height (a) Wheat (Triticum sativum L.) Stems (b)
Barley (Hordeum vulgare L.) Stems (Solid outer radius, dashed inner radius) [16]
Gozde Deger and et al (2010) studied on strength of wheat and barley stems. In this study, physical

and mechanical properties of wheat and barley stems are examined on moisture content of 28-23%
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w.b. Transverse sections of the stems are magnified by a microscope and the material structure in
the transverse sections are analyzed with image processing programs. Geometric properties such
as inner, outer radius, stem wall thickness and density variation of the material along the radius
are measured and density variations are approximated by a mathematical model. The result of inner
and outer radius is shown in Figure 2-9.
The outer and inner radii can be approximated for the height of 100 mm from Figure 2-9. The
outer and inner radii for wheat are 2.1 mm and 0.875 mm, and for barley are 2.375 mm and 1.550
mm respectively. The average cross sectional of wheat and barley becomes 11.44 mm? and 10.17
mm? respectively.
Tom Leblicq et al (2014) studied about mechanical analysis of the bending behavior of plant stems.
The aim of this study was to model the processes which lead to failure of plant stems due to bending
and to gain insight into the phenomena. The measured diameter (x) and estimated diameter (y)
were correlated by y = 0.9985x for Germany (wheat), Spain (barley) and Belgium (wheat). In the
same way the measured wall thickness (x) and estimated wall thickness (y) were correlated by y =
0.7298x for Germany (wheat), Spain (barley) and Belgium (wheat). The estimated mean diameter
and wall thickness is shown in Table 2-1.

Table 2-1 Estimated Mean Diameter and Wall Thickness [18]

Germany (Wheat)  Belgium (Wheat)  Spain(Barley)

N G0 60 60
Iz a Iz a Iz a
™ N 3.12 1.43 1.42 1.50 6.67  2.26
y

H{™  [mm]  1.94 0.53 1.45 0.32 190 0.29
r(e) [mm]  1.19 0.17 1.93 0.32 L.56  0.25
t(e) [mm]  0.39 0.11 0.37 0.061 0.36  0.048
E(©)  [GPa] 3.59 1.28 1.94 0.93 358 139
R? 0.98 0.001 0.98 0.03 0.98  0.001

Where p-mean, o-standard deviation, Fy-force at buckling, Hy-deflection at buckling, r-stem
radius, t-stem wall thickness, E-Young's modulus, m-measured and e-estimated by least squares
fitting.

Table 2-2Measured Mean Diameter and Wall Thickness

Germany (wheat) | Belgium (wheat) | Spain (barley)
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Mean radius (mm) 1.192 1.933 1.562
Mean Stem wall thickness (mm) | 0.53 0.51 0.49

Mean cross sectional area mm? 3.087 5.377 4.055

The measured mean diameter and wall thickness can be determined and shown in Table 2-2.

M. Tavakoli (2010) compared the mechanical properties between two varieties of rice straw
(Hashemi and Alikazemi). The experiments were conducted at moisture contents of 71.6 and
70.8% w.b. for Hashemi and A likazemi varieties, respectively and three internode positions down
from the ear. The mean values for shear strength of rice straw at different internode positions
varied from 8.81 to 20.22 and 7.12 to 11.16 MPa for Hashemi and Alikazemi varieties,
respectively. The shearing energy of Hashemi and Alikazemi varieties increased from 122.76 to
236.06 and 86.89 to 191.31 MJ, respectively, towards the third internode position. The bending
strength and Young’s Modulus of Hashemi variety were significantly higher (p<0.05) than those
of Alikazemi variety. The results showed that the energy requirement for shearing of Hashemi
variety is more than Alikazemi variety.

R. Tabatabaee Koloo and A. Borgheie (2006) conducted a study to measuring the static and
dynamic cutting force of stems for Iranian rice varieties. The static and dynamic shearing strength
was different among the varieties. The maximum and minimum shearing strengths were related to
the varieties Khazar and Hashemi, with an average of 1629 and 1429 kPa for static test and values
of 187.4 and 144 kPa for the dynamic test, respectively. The shearing strength decreased from
234.4 kPa to 137.4 KPa with an increase in blade cutting speed from 0.6 to 1.5 m/s. Blade bevel
angle and blade type had no significant effect on the shearing strength of rice stem.
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Chapter 3 Research methodology
The main activities on this research are designing and making the prototype of the harvester.
Therefore, these had achieved by walking according to following the ways:

a. Literature Review: innovators had carried out different types and levels of harvester. In
addition, materials related solar panels and motors had brushed up.

b. Data collection: the physical appearance and the strength of the grain that will be harvested
are the main input for our design analysis. Hence, these and other true data that are
important to our success should be collect from trusted sources.

c. Preliminary Design: A best Concept was selected after generating different possible
systems of harvesters that was designed further. The best concept should be selected using
appropriate principles.

d. Detail Design: After refining the best concept and using appropriate data and principles,
the geometrical synthesis and analysis and the strength analysis had carried out at this stage.
These had done by using manual and CAD software like CATIA and ANSYS.

e. Drawings: Part, assembly and detailed drawings had prepared according to the need for
clarity, explanation, manufacturing, assembly, operation and maintenance.

f. Prototyping: After buying parts, each part had manufactured and assembled to test and

evaluate the performance of the harvester.
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Chapter 4 Results and discussions

Preliminary Design

The harvester is driven by using solar power. Hence, it should have solar panel, battery, motor,
power transmission between motor shaft and cutter bar shaft. There is always movement during
harvesting, i.e., the harvester should have at least two wheels. One of the basic activities in this
research is synthesizing the mechanisms between the motor and cutter. In addition, there is analysis
of solar panel size, motor capacity, and structure development and strength analysis. The latter
provide strength and make the system together by supporting and driving the cutting mechanisms.
Therefore, the mechanism synthesis should be done first.

Development of Alternative Cutting Mechanism

The cutting mechanism always moves in straight line in reciprocating motion. The reciprocation
of the cutter can be done by using either slider crank mechanism or cam and follower.

Among the above alternatives, one of the best mechanisms should be selected using appropriate
design and manufacturing criteria. These criteria are like possibility to design and manufacture the
system using the current available knowledge and technologies, ease of operation, structure
simplicity, easy to implement, efficiency, wear rate and Compactness see Table 4-1. It is possible
to select one of the best acceptable mechanism of the harvester using weightage method. The
values are 1, 2, 3, 4 and 5. Maximum value is 5 and minimum value is 1.

Table 4-1 Comparison of Alternative Working Mechanism

S. Slider crank cam and follower
No Criteria Weight mechanism
Rating | Weighted score | Rating | Weighted score
1 Structure simplicity 12% 4 0.48 4 0.48
2 Easy to implement 12% 4 0.48 4 0.48
3 Efficiency 20% 2 0.4 4 0.8
4 wear rate 15% 3 0.45 2 0.3
5 Compactness 5% 3 0.15 5 0.25
6 Easy to manufacture 10% 4 0.4 3 0.3
7 Easy to design 10% 4 0.4 3 0.3
8 Easy to Operate 8% 5 04 5 0.4
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9 Availabilities of | 8% 4 0.32 4 0.32
technology
Total Score 3.48 3.63
Continue? No Yes

Basic Structure of Cutting Mechanism

The cutter oscillates using cam and follower mechanism as shown in Figure 4-1. This type of cam

does not require a return spring.

S

/

Follower Head
Cutter and Follower Commector
Eccentric Cam
¢ * Follower Bar

o
&

Follower Bar Roller §
Camshaft

Figure 4-1

Functional Analysis

Basic Structure of Cutting Mechanism

The harvester composed of power system, driving system, frames, cutter system and conveyor

system. Its means tree is shown in

Table 4-2.

Table 4-2 Functional Analysis of Solar Harvester

Power System

Solar panel DC motor Cutter bar Pulley Crop lifter Tire
Battery Coupling Guide lip Roller Divider Handle
Charge control Gear Box Joints Belt Star Wheel Shock absorber
Supports & Supports & Supports Support Supports & Supports &
frames frames & frames S& frames frames

frames
Joints Joints Cutter Joints Joints Joints
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| || | | [tugs | | |_[ Steering

Working Principles

A DC motor drives the system. The power is supplied into the DC Motor either from DC batteries
or direct solar panels. As the DC motor starts, the power is transmitted to intermediate shaft
through the belt pulley mechanism see Figure 4-2. This power is again transmitted to the camshaft
through bevel gear assembly. When camshaft rotates, the positive return follower reciprocates
back and forth using eccentric cam see Figure 4-3. At the same time, the cutter bar reciprocates
back and forth together with follower since the attachment is rigid. When the cutter bar
reciprocates, it cuts the grain. At the same time, the camshaft drives the lugged conveyor system

through the pulley in order to collect the grains to one side.

" Bevel
Gears

Camshaft
Intermediate &«

Shaft

DC Motor Belt

Eccentric Cam

Figure 4-2 Power Transmission System

Geometry Synthesis and analysis

t Guard Lip

A

Cam Shaft

Roller Support .
for Cutter Bar dg

Follower & Cutter
- Bar Connector

.. Roller Support
»for Follower Bar
ds

mm\\\\\\\

Follower Head . Conveyor Pulley 1 - | Convevor Belt Conveyor Pulley 2 | Pulley bhafc

Figure 4-3Basic Structure of Cutting and Conveying Mechanism

The basic geometrical synthesis and analysis carried for the speed of DC motor, speed of pulley
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on the DC motor shaft, speed of camshaft, length of cam tip, stroke length of the follower, speed
of lugged conveyor, pitch of lugs and pitch of star wheels.

Analysis of Cutting Force of Straws

The cutting force of a straw can be modelled from shearing strength of grain. The knife cut the
straw between the edge of the guard lip. This shows that the grain is harvested due to shearing.
Hence, the shearing stress (z) of the straw has direct and indirect relation with the shearing force

(F,) and cross-sectional area (Ag) of a straw respectively.

Tg === =2 [ = TgAg —mmmmmmmmmmme oo e e 4-1

S

The shearing force (F,) can be determined from the Physical and mechanical properties of crops.
These properties are studied by different researchers. The studies have been carried in different
countries, different values of moisture contents and different species of grains. The results show
that their values differ in different magnitudes of shearing strength and cross-sectional area. It is
advisable to consider the worst things in order to make the harvester universal i.e., applicable
throughout the world. This means that the capacity of the harvester can be analyzed by using
maximum values of shearing strength and cross-sectional area which are taken from different
literatures see Table 4-3. Hence, the machine can harvest efficiently all types of grains in all
countries.

The shearing strength and cross-sectional area of wheat is the highest value. So that the geometry,
force and strength analysis should be based on wheat which 36.365 N shearing force.

Table 4-3 Physical and Mechanical Properties of Grains (See Literature Review)

Straw Wheat Barley Rice
Minimum cross-sectional area A mm? 2.32 nf nf
Maximum cross-sectional area A mm? 3.087 5.377 4.055
Minimum shearing strength © MPa 491 3.90 1.429
Maximum shearing strength = MPa 11.78 6.18 1.629
Maximum shearing force F N 36.365 33.23 6.606

Note: nf is for not found

F, = 1,A; = 11.78 % 3.087 N = 36.365 N

The total cutting force (F.,)becomes the product of total numbers of straws (n) that is cut at a time

and shearing force (F;) for single straw.
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Fog = NMF, = 363651 N =--mmmmemmmm e 4-2
The total number of straws (n) cuts at a time is equal to the total numbers of knives (n). The

numbers of knives depend on width of cut (L) and the spacing of knife section (t).

T o e 4-3
t

The total cutting force (F.,) can be defined using equations 4-2 and 4-3.
Fa = 36,365 % N wormem e 4-4
The spacing of knife section (t) is recommended by (D.N. Sharma and S. Mukesh, 2010) to 76.2

mm. The total cutting force (F.,) can be redefined and has a direct relation with the width of cut

(L in mm).

F., = 36.365 L N =0.477L N
ca = 76. o mm

2mm

W W B &= U
(=R Vs e Y = |
o o O O O

200
150
100

Total Cutting Force in N
=)
[%2)
(=)

i
(=]

0 100 200 300 400 500 600 700 800 900 1000
Width of Cut Lin mm

Figure 4-4 Relation of Width of Cut and Cutting Force

The length of the cutter bar is preferable to make very small value. Because the source of power
is solar, that is to make lightweight and compact in size. The aim of reducing the cutter bar length
is to reduce the energy requirement or to have lightweight and compact size harvester. It is decided
to select 610.000 mm cutter bar length (L). The corresponding total cutting force becomes 290.97
N as shown in Figure 4-4.

Kinematic Analysis of Eccentric Cam and Flat Face Follower

The contact between cam and follower is tangency at A. The cam rotates about point B. The cam
center is at point C (G). The radius of the cam is (AC’=DC-S=R). The radius of the base circle is
equal to radius of cam minus BC. When the camshaft rotates by 8, the follower displaces S amount.
This displacement can be defined mathematically by considering AABC’ and AADB. The radial

distance (r) between point A and B depends on the position of the cam see Figure 4-5. Hence, the
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displacement (s) of the follower depends on the eccentric distance (e) between point B and C, and

the radial distance (r) from axis of rotation to the contact point between cam and follower.

S =T COSP — (R — @) mmmmmmmmmmm oo e e e e 4-5
The radial distance r can be defined by applying sine and cosine laws on AABC'.
72 = R%2 4 @2 — 2R@ C0OS B =-mmmmmmmmm e 4-6

Follower Path

Path of Cam Center

Cam Second Position

Follower Flat Face

IEE

Cam Initial Position

N
“\_Base Circle

Figure 4-5 Schematic Diagram of Eccentric Cam and Flat Face Follower

r_sinee_ sin@ e
sin B J1-cos2p

After rearranging and simplifying equations 4-5, 4-6 and 4-7, the follower displacement becomes;

s =vVR2+e2—2Recos0 — e2SiN20 —R + @ ~=--mmmmmmmmmmm e 4-8
The displacement of the follower becomes minimum and maximum when cam angle is 0° and 180°
respectively. The maximum displacement is equal to the stroke of the cutter bar which is 76.2 mm
(D.N. Sharma and S. Mukesh, 2010). The eccentric distance (e) becomes 38.1 mm.

The angular velocity (w3) of camshaft is constant. Hence, the velocity (V;) and acceleration (ay)

of the follower becomes as follows;

as 2Re sin 0—e? sin 26 w
dt  2VR2+e2—2Recos 6—e?sin?6

Vf ==
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4= an = av [ Re cos 0—e? cos 20 (2Re sin 8—e? sin 20)?
f = %k ™ 4t  |VR2+e2—2Re cos O—e2sin26 4(R2+e2—-2Re cos —e?sin20)1:5

| w52 e 4-10

The velocity and acceleration of the follower is in a range of [—ews, ews] and [—ew3?, ews?]
respectively. The minimum forward speed of the machine (Vy,) is 0.5 m/s. The average

knife or follower speed (V). orV;) can be found using the velocity ratio formula (D.N.
Sharma and S. Mukesh, 2010).

V‘I’TL m

Since the velocity of the machine is slow, the ratio should be maximum (K=1.4). Hence, the
minimum velocity of the knife or follower which able to harvest becomes:
Vi =Vi =K XV, =14x05=0.7m/s

The smallest angular speed of the camshaft to which able to harvest the straws can be determined
from the minimum velocity of the knife or follower when the position of the cam is at 90°.

Ve =ew; — —> w3 = Vy/e =700/38.1 = 18.373 rad/s
The minimum angular speed of the cam (w3) that fulfils the minimum speed of the knife (0.7 m/s)
is 18.373 rad/s correspondingly the minimum acceleration of the follower or knife (a;) becomes
12.861 m/s.
Kinetic Analysis of Eccentric Cam and Flat Face Follower
Kinetic analysis shall be carried in order to determine input parameters for the capacity of the DC
motor and dimensions of the cross section of the different components of the harvester. The main
components of cutting system is shown in Figure 4-6.
The driving force (F) applied on the follower by the cam can be defined by using friction force
between cam and flat face follower (f;), normal forces by the roller supports on the follower bar
(N, and N, ), total grain cutting force applied by the knives (F.,), friction force between cutter bar
and roller supports (fs), friction forces between the follower bar and roller supports on the bottom,
left and right sides (f,, f, and f; respectively), mass of cutter bar and follower assemblies (m),
acceleration of follower (a), coefficient of friction between follower and cutter assembly and roller
supports (us=ps=p=p;=p), mass of cutter bar (mc,), mass of follower (my), gravitational

acceleration (my), moment about z-axis (M,), width of cutter (b), coefficient of friction between

cam and follower (u5).
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Figure 4-6 2D Representation of Cutting System
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Figure 4-7 Free Body Diagram of Follower and Cutter Bar
The driving force (F) applied on the follower by the cam can be defined by applying equation of
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motion for the follower.
Zszo_)f3+N2_N1=0 --------------------------------------------------------- 4-12

ma =F — Fq = fisMcpg — HaMpg — PNy — g Ny --mmmmmmmmmommmmooo oo 4-13

ZMZ =0
—rcosffy—rsinBF = (Ly+R+eN, + (R+eNy + 3 fo =2 fy + LyFeg + Lafs = 0- 4-14

L mLq (ug+af)
F _ Fca(ﬁ+L2)+—2u +ML3meg e 4_15

- . - 1— L
e sin 0+usVR2+e2—2Re cos B—ezsm20+%3b—u3R—u3e+%

The coefficient of friction (pug=p,=p,=p;=n) between follower and roller supports, cutter
assembly and roller supports are 0.0011 for cylindrical roller bearing (Michael M. Khonsari and
E. Richard Booser, 2017). The coefficient of friction (u3) between cam and follower is 0.029 for
greasy hard steel on hard steel sliding friction (Dudley D. Fuller). The driving force (F) applied

on the follower by the cam can be redefined by substituting values of €, ay, F¢,, pand s i.e., 38.1

mm, 12.861 m/s, 290.97 N, 0.0011 and 0.029 respectively.

Figure 4-8 Free Body Diagram of Eccentric Cam
The torque Te applied by the eccentric cam on the camshaft can be analyzed by using equation 17-
15 of (R. C. Hibbeler, 2010) equation of motion of rotating mass about a fixed axis.

Z M, =rgmeag + lga =emeea + Iga =0

rcosffz+rsinfF =Tg
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Ty = F(u3VR? 4+ €2 — 2Re cos 0 — e25in?0 + € SiN Q) -------mmmmmmmmmmmmmmmmomceeeeeee 4-16
Where F is defined in equation 4-15.
The resultant force (R) applied on the eccentric cam by the camshaft can be analyzed by applying

equation of motion as follows

Ry — f3 = ML@W2 SIM G ~mmmmmmmmem e 4-17
Z Fy, =mcagny

Ry = F = M@W? COS 0 —-mmmmmmmmm e 4-18

R =F2(1+ p?) + 2Fm.ew? (usin @ + cos ) + m2e2w?* --------------=emmmemmmmmmmmmmeeee 4-19

Where M,, is moment about rotating axis, r is position mass center with respect to rotating axis,
m, IS mass cam, ag, and m.ag, is tangential and normal acceleration of cam mass center about
rotating axis respectively, I; is mass moment of inertia of cam about its mass center, « is angular
acceleration of cam which is zero,, Rx and Ry are reactions force in the x and y axes.
Kinematics and Kinetics Analysis of Conveyor Pulley

The camshaft is subjected a torque (T') which comes from eccentric cam (Tz) and conveyor pulley

(Te).
| Conveyed Grain

Conveyor Pulley 1

\ | /

\ _ Cam Shaft
Y Conveyor Pulley 2 /
ds \ .

—{ Te

/ ‘ s

|
Lué\_ Conveyor Belt |  Pulley Shaft /

Figure 4-9 2D Representation of Conveyor System
The cut straw of the grain is conveyed to one side by the lug from left to right shown in Figure
4-9. The magnitude of conveying force F. applied by the lugs depends on the weight of straw,

frictional force between the straw and cutter bar surface, forward speed of the harvester, speed of
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the lug, pitch of lug and diameter of straw. The kinematics relations of straw and lug shall be first
defined in order to get the force F, applied by the lugs. The kinematic analysis can be analyzed
by assuming that the straws feed into the harvester in rows by the star wheel. This kinematics can
also be analyzed by assuming that that these rows of straws are close to each other about their
diameter. Hence, the time t required to feed a straw into the knife is the ratio of diameter of straw

(ds) and forward speed of the harvester V,,.

t, = j— ---------------------------------------------------------------------------------------------------- 4-20

The first cutter feeds straw into the conveyor with a feed rate of;

1 straw Vin

feed rate = L T g, TN 4-21

The time required for the lug to cover the pitch is determined by using speed of belt (/) and pitch
of lug (p).

N ]
b=y = od 4-22

The conveying rate of the lug is defined by the time required for the lug to cover a pitch

lcycleoflug _ Vp w3ds
tp 14 2p

conveying rate =

The numbers of straws (n,) feed into the conveyor from the first cutter becomes the ratio of feeding

and conveying rates.

eeding rate 2V,
ny = feeding . 4-24

conveying rate w3dzdg

Hence, the numbers of straws n, conveyed in front of the second cutter becomes the sum of the
numbers of straws ng cut by the first and second cutter. In general, the total numbers of straws

conveyed in front of any of the cutter can be defined as;

: . 2V,
LTI L T L — 4-25
w3dzds

Where i-natural number from one up to final numbers of cutter or blade.
Therefore, the total numbers of straws n, conveyed through the lugs becomes the sum of straws

in between the first and last cutter or blade, mathematically;

T g 4-26

i-1 w3d3ds
Where n,-total numbers of cutter or blade
The total weight of the straws W, conveyed at a time becomes the product of weight of a straw

W, and total numbers of straws ng, i.e.,
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_ _ _ ng . 2Vmp
WsT - nsVVs =ngmgg = msg Ziellm """""""""""""""""""""""""""""" 4-27
3dzds

Where mg-mass of a straw
The speed of lugged belt (V) must be greater than the speed of the knife (V;, = 0.7 m/s) or
follower (V;=0.7 m/s) in order to convey quickly the cut crop.

2x0.7
18.373
The speed of lugged belt (V) is recommended between 1.33 and 1.5 m/s by (D.N. Sharma and S.

= 0.0762m = 76.2 mm

d; m
Vy =0)3?>0.7?—>d3 >

Mukesh, 2010). Since the harvester has slow speed, it is preferable to use the smallest value of
lugged belt (V,=1.33 m/s). The corresponding diameter of the conveyor pulley becomes;

4 = 2x1.33
37 18.373

The pitch of the lug (p) depends on the diameter of the star wheel. The speed of star wheel (V) is

= 0.145m = 145 mm

same as the speed of lugged belt (V, = 1.33 m/s) which is determined by considering diameter
of star wheel arm (D) and angular speed (w,) of star wheel.

Ve = wyDs/2 = 1.33m/s
The diameter of the star wheel (D;) has a relation with pitch (p) of lug, numbers of arms (Na) on
star wheel and width of cut (L). According to Devnani (1985), the pitch of lugs (P) on flat belt of
conveyor is given by;
TXDg=PXNy—= P =1 X Dg/N, -nnnnnmmmmmmmmmmmo e 4-28
The cut width (L) is covered by the rows of star wheels. The cut width (L) and diameter of star
wheel (Dy) can be related by considering the numbers of star wheels (N).
A I 3 T 3 SRR E———— 4-29
Equation 4-29 shows that there is inverse relation between diameter of star wheel (D) and the
numbers of star wheels (N;). When the numbers of star wheels are too many, the star wheel center
of rotation becomes closer to the conveyor belt and it needs a lot of supports which makes complex
structure. If the numbers of star wheels are too few, the center of rotation of star wheel becomes
too far from conveyor belt which feeds uncut straws into the conveyor. Hence, it is recommended
to choose 4 numbers of star wheels (Ng) and correspondingly the diameter of star wheel (D;)

becomes 152.5 mm.
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Relation between Diameter of Star Wheel and Numbers of Star Wheel

0 1 2 3 a4 5 6 7 8 9 10 11
Numbers of Star Wheel

Figure 4-10 Relation of Star Wheel Diameter and Number of Star Wheel
The pitch (p) of lug has also inverse relation with the numbers of arms (Na) on star wheel.
P =mx152.5/N, = 479.093/N,
It is recommended to choose 5 numbers of arms on the star wheel and correspondingly 95.819 mm

pitch of lug.

0 1 2 3 4 5 6 7 8 9 10 11

Numbers of Arm on Star Wheel
Figure 4-11 Relation of Pitch of Lug and Number of Arms on Star Wheel

The cutting force was analyzed for wheat straw due to its relatively higher strength among barley

and rice. There is no information which directly measures the whole mass of mature wheat plant.

Hence, it can be determined by considering the mass of shoot (leaf and stem) and spike (kernel) of

a wheat. According to (Yuncai Hu, et al, 2006) the mass of the shoot is approximately 2.7 gram.

According to (H. M. AUSTENSON and P. D. WALTON, 1970) the mean mass of the 1000 spike

(kernel) is 32.0 gram for Thatcher wheat. Therefore, the total mass of mature wheat (m) becomes
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an average of 34.7 grams.

The diameter of the wheat straw (d;) can be estimated from Table 4-3 using maximum cross-
sectional area of wheat i.e., 3.087 mm?. Hence, it (d,) becomes 1.983 mm.

The total weight of the straws W conveyed at a time can be determined by substituting the above

values into equation 4-27.

z 34.7 x 1073 x 9.81 % 2 X 500 X 95.819 X 36 = 222.612N
L= 18.373 x 145 x 1.983 T ens

Wer = mgg
sT S 3d3d

i-»1

The magnitude of the conveying force F, applied by the lugs to convey the whole straws at a time
can be analyzed by applying equation of motion in the direction of motion of the conveyor see

Figure 4-12.
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Figure 4-12 Free Body Diagram of Whole Conveyed Grain

ZF=mSaG=O

; 2Vm
el e T O 0100 4-30

The static coefficient of friction (u,) between the cut straw of wheat at 10% moisture
content and polished steel is 0.13 (S. Afzalinial and M. Roberge, 2007).
Fe
Fs L4¢

Conveyed Grain

n

-
ML

Figure 4-13 Free Body Diagram of Lug
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The initial tightness of the conveyor belt F; should be equal to or greater than the force F, to
convey the whole straws at instant of time.
Z F=0

Fo = Fp = Fg smmmmmmmmm e e 4-31
The applied force on lug F. should be corelated with the torque of the conveyor pulley installed

into the camshaft using equation of motion in a rotating mass about a fixed axis G (Hibbeler, 2010).

Figure 4-14 Free Body Diagram of Pulley

z TG = TGmCaGt + IGa == O

Figure 4-15Free Body Diagram of Flat Belt and Pulley

The torque (Tc¢) in the pulley and force on the tight (Fr) and slack (Fs) side of belt can be related
by taking summation of torque about center of mass (G).
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. Tg = rgmetgy + lgat = 0= Tg = (Fp — F) 2 = Fp 2 oo oo 4-35
¢ =716 G c s) c>

The normal force in the above three equation can be redefined by applying equation of motion for

the flat belt and lug assembly, i.e.;
(] I L  Conveyed Grain

. |
Lug - Conveyor Belt |

Figure 4-16 Free Body Diagram of Flat Belt and Lug Assembly

ZMO=0

ds +C

s
(G + LaF = 2(

d
_ Gl L (dat2LyTe
P us(ds+0) ¢ ps(dz+C)ds

------------------------------------------------------------------------- 4-36
Half of the length of lug can be defined by using equations 4-33 and 4-36 as follows.
Ly < 0.50d5 4 € - e 4-37
The torque in the camshaft by the conveyor pulley is defined by substituting equation 4-30 into
4-35, i.e.;

d . Vm
L G D R B 4-38

The cut straw is expected to be conveyed in upright position (6 = 90°). However, it will be
conveyed practically in a range of angles between 0° and 180° due to different reasons like
permanent bending of the stem during growth, variation in height, scarcity of feed straw, etc. The
lose becomes high when the straws are conveyed at smaller or higher angles. Hence, there should
be optimum height (h.) between cutter bar and lug positions in order to keep this optimum height.
The center of mass (G) of the plant for Figure 4-17 can be determined by applying equation 9-2
of Hibbeler (2010).
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Figure 4-17 Free Body Diagram for Single straw

XX,m;  XgiMs + Xgomy,

X =

Ym;  mg+ my,
7= (hC+ha_hp)/2 cos 95m5+(hc+ha—hp/2) cos Osmy - e 4-39
mg+my
__Xymy Yeims + Yeamy
Y ym; mg +m,
= _ (hC+ha_hp)/2*sin 95m5+(hc+ha—hp/2) sin Osmy e - 4-40
mg+my
The distance (d) from bottom end of cut grain up to center of mass (G) becomes;
(he+hg—hp) h
d = x2 T %2 = P /zms+(hc+ha_ p/z)mp e ) _ L 4-41

mg+my,
The sum of moments about G must be zero otherwise the cut plant will not be stable during
conveying that is;
Wp(faz —X)+F(y —yo) —ws(X — Xg1) — fs¥ + NgX = 0 =---mmmmmmmmmmmmm oo 4-42
The sum of force in the y-axis is;
YE, =0- Ny = (ws+wp) = (Mg +my) g --mmmmmmmmmmmmmmmmem e 4-43

The sum of force in the x-axis is;
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LF =0- =2 F = f; = tyNs = pg(ms + my)g --rommmmmmmmmmm oo 4-44
Equation 4-42 can be simplified by substituting equation 4-44 into 4-42;

my (Xg2) — us(ms + mp)yc + Mg (K1) = 0 mmmmmmmmmmm oo 4-45
The vertical height (y,) between lug center and cutter bar can be defined as follows in terms of

each centroidal distances.

mp(Xg2)+ms(Xg1)
T o T 4-46
Ye ta(mg+mp)

The length of straw (h.) between lug center and cutter bar can be defined as follows in terms of
ratio of spike (h,,) and plant (h) height (k = h, /h).

m, (hc +hy — h”/z) +m (e + ha = h”)/z

/14(7?’15 + mp)

_ my(2—-k)+ms(1-k) _ mp2-k)+ms(1-k)
T 2uy(ms+my) tan §5—my (2-k)-mg(1-k) ¢ 2pu,(ms+m,)tan b

h.sin 6, = cos 6,

Y ——— S W Y

he

The height (h.) depends on the relative height and weight of shoot and spike (kernel) of straws.
According to Caihong Bai, Yinli Liang and Malcolm J. Hawkesford (2013) the total height of
wheat plant has a wide range between (~500-1400 mm). It is recommended to consider the average
(950 mm) because the shorter and longer straws will be supported by the medium straws. The
wheat plant and its spike length have been studied by (Fa Cui and et al, 2011) by considering the
phenotypic values for plant height of three parents and two recombinant inbred lines populations
in four growing environments and its components in wheat. According to (Fa Cui and et al, 2011)
the average value of the plant height above cutter bar and spike length is 827.32 mm and 100.82
mm respectively. This shows that there is a relation between plant height and spike length which
is an average ratio of k=0.122.

The height (h.) can be determined by taking moments about the mass center (G) of the wheat
plant. The shoot and spike (kernel) have a mass of 2.7 and 32 grams respectively. Equation 4-47

becomes simplified by substituting masses and ratio (k).

_ 32(2-0.122)+2.7(1-0.878) _ 6.924 _32(2-0.122)+2.7(1-0.878) , _
€ 7 2x0.13(34.7) tan Bs—32(2-0.122)—2.7(1-0.122) ¢ = tanfs—6.924 ¢ 2X0.13(34.7) tan O -
6.924
S — A — 4-48
tan 6

The above two equation indicate that the angle (6,) must be in a range of 0° and 90° otherwise the

heights (h. or h,) should be negative. The coefficient of the height (h,) must be less than one in
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order to convey the cut straw in stable condition.

6.924
tan 65—6.924

This implies that the angle (65) becomes greater than 85.87°. The heights (h.) should be less than

E 4-49

500 mm in order to convey the shortest wheat plants. Hence, the optimum heights (h.) and angle
(6,) of conveying can be decided to 400 mm and 86.52° respectively by considering average height
of wheat plant 950 mm.
The vertical height (y,) between lug center and cutter bar can be defined as follows in terms of
each centroidal distances.

Y. = h.sin 65 = 400 sin 86.52 = 399.262 mm

Mathematical Modeling of the Geometry of Conveyor and Star Wheel
Star Wheel
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Figure 4-18 Schematic Diagram of Conveyor and Star Wheel System
The center distance (C) between the conveyor pulleys can be determined after analyzing La, Ls,

X, @ and h. The height (h) can be determined by applying Pythagoras theorem for AO'BD.

h=/(Ds/2)? = B2 = /(Ds/2)? = (Ds/2 — d)? = y/ Dgd — d? --vrmvrmmrmmemcrmcrmmcnncnca 4-50
The distance (d) must be less than the diameter of wheat straw (ds=1.983 mm) in order to convey
all the cut straws. Otherwise, few straws will be out of the intersecting point of lug and arm of star

wheel.
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Figure 4-19 Relation of Height (h) and Distance (d)
The length (Ls) is part of lug which lies on the uncut part of the crop. Mathematically, it can be
defined as follows;
Ly = 2L, — (d - (‘12—3 - (2L4 + %) cos @)) = (2L4 + %)(1 — oS Q) — d ----------mmmmm- 4-51
The distance (AD) is the difference of distance h from AB.

AD = AB —h =Dg/2 + x + d3/2 — \| Dgd — d? -=-==-mmmmmmmmm e 4-52
The angle (@) can be related with distance (AD) using sine value of angle (@) for AOAD.

. AD Dg/2+x+d3/2—+/Dsd—d?
sin@ =22 = Do/ZOtda/2oyDAnd? g e 4-53
oD 2Ly+d3/2

The clearance (x) between the tip of star wheel arm and the conveyor belt is in a range of 10-15
mm (D.N. Sharma and S. Mukesh, 2010). The clearance (x) shall be smallest to increase the
clearance between tip of lug and center of rotation of star wheel, i.e., x=10 mm. It is preferable to
choose smallest value of distance (d) but the length of lug becomes highest. Hence, the value of
distance (d=1.8 mm) is recommended to choose highest value which is less than the straw diameter
(ds=1.983 mm). The distance (h) becomes 16.456 mm.

The highest value of L, must be less than half of the diameter of star wheel (Dy/2 = 76.125 mm).

. AD _ 76.125+10+72.5—V152.25x1.8-1.8% _ 142.155
sin@ = — = = <1 ->L,>34828mm
oD 2L4472.5 2L4+72.5

The value of L, becomes in a range of [34.828, 76.125] mm. The optimum value of 2L, is
recommended to choose 69.828 mm and the corresponding values of @ and Lg is 87.437° and
60.899 mm respectively.

The center distance between the conveyor pulleys depends on width of cut (L), diameter of

conveyor pulleys and intersecting distance (d).
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C=L-2- [2L4 + %) cos ® = 610 — 72.5 — 192.5 cos 49.793 = 413.231 mm -—---—- 4-54

The parameters of the conveyor flat belt pulleys and belts can be determined as follows (R.S.
KHURMI and J.K. GUPTA, 2005). The flat belt is balata belt due its water proof property. The
density of balata belt is 1110 kg/m®. The coefficient of friction (us) of balata belt on cast iron
pulley is 0.32. The inside length of the flat belt (L) can be determined by;

L, =2C+2x n% =2 x413.231 + 2 X T X 72.5 = 1281.993 mm -----eeememmmmmmmmmmmnav 4-55

Total Torque: The total torque (T) needed to drive the camshaft becomes the sum of torques in

the eccentric cam (Tg) and conveyor pulley (T,), i.e.;

T=Tg+T.=F(usVR? + €2 — 2Re cos 0 — e2sin20 + esin0) + FC% ---------------------- 4-56

Where F and F, are defined in equation 4-15 and 4-30 respectively.
Mathematical Modeling of Power Transmission System
The power is transmitted in two stages. The torque and speed of the DC Motor and camshaft are

the main parameters that should be fulfilled for the functionality of the harvester.

Ti @2 _Tpi Bevel Bear on
' I Y — Rmi . _Intermediate Shaft
— | ‘ Bevel Gear
_________ - - T T T T T T T | _onCamshaft
__DC Motor \\ |
\ Pulley on \
\ IntermediateShaft L Rme
Tm,® |
m, W1 \ Camshaft
T B
1 AT ®3 | | { Eccentric Cam
i |/
f"j l\\\\ | |
/Motor Shaft * Pulley on Motor shaft \
|

Power Source

Figure 4-20 Geometry of Power Transmission System

Hence, it is necessary to corelate these parameters mathematically. The total torque Te that shall
be reached into the camshaft is defined in equation 4-56. This toque come from the intermediate
shaft through a bevel gear combination. The tangential force (Frm) between the
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bevel gears of the intermediate and camshaft is the same.

T; T RmcTi

FTm=r=R _)T=R- ---------------------------------------------------------------- 4'57

The tangential force (Frp) between the pulleys of intermediate and motor shaft is the same.
L -

Fr, = T T; = — 4-58

The torques in the motor shaft and camshaft can be related as

Tzwzﬁﬂ or T, =RmiTpmep e -- 4-59

Rmi Rmi Tpm mc Tpi
The tangential speed of the bevel gears about mean radius between the camshaft and intermediate

shaft is same.

The tangential speed of the pulleys between the motor shaft and intermediate shaft is same.

W1 T = Wl === m o oo 4-61

Substituting w, from equation 4-60 into equation 4-61 and rearranging;

The torques in the motor shaft and camshaft can be corelated by substituting equation 4-62 into

equation 4-59.

1

Where % is the overall speed ratio of the power transmission system
1

The speed reduction ratios can be same for the first and second in order to have a compact speed

reduction system i.e.,

R 4-64

Tom  Rmi
Mathematical Modeling of Power Requirement for the Harvester

The power that is needed to drive the harvester can be modeled by considering the relations of the
supply voltage (V), torque (Tm) and angular speed (w,)of the motor shaft. According to DR. P.S.
Bimbhra (2009), the power rating (P) of a motor can be related with load torque (Tm in Nm) and
operating speed (w- in rad/s) of the motor as follows for loads remaining substantially constant

with time.

— Tm®1 = Tm@1py
10007




Where 7 is overall efficiency of power transmission system

The overall efficiency of power transmission system is the product of the efficiency of v-belt
cemented at shop (17 ,=0.9) from (R.S. KHURMI and J.K. GUPTA, 2005) and bevel gear (n, =
0.98) from (Robert L. Mott, 2004) power transmission.

n =1y = 0.9 X 0.98 = 0.882

The amount of electrical power (P,) supplied into the DC motor can be related with the supply
voltage (V) and current (1) of DC power source as follows;
2 — 4-66
The input electrical power (P,) and output DC motor shaft power (P) can be related by considering

electrical and mechanical power loss in the DC motor i.e., overall efficiency n ,,, of the DC motor.
mel

Nm= " /VI————> T = e 4-67

The supply voltage and current can be related with the torque needed at the camshaft as follows.

w VI VI
T, =T =T T = I 4-68
w1 w1 w3

The required parameters can be determined by selecting DC motor otherwise it is impossible to
solve the parameters defined in kinematics, kinetics and power analysis of the whole harvester.
Hence, NEMA 56C is selected. It has a specification of 1.5 hp, 24 V, 1800 rpm, 62.5 Amps
Armature Full Load, 25 kg weight and 5.934 Nm torque. It is OMPM-DC Series permanent magnet
DC motors which are designed for long motor life with permanently lubricated ball bearings and
are TEFC (totally enclosed fan cooled) [41].

o o 52
45 /T\A'S (2.06) 3/4 HP = 291 (11.45)

3 THP =311 (12.24)
» (0.12) 1.5 HP = 365 (14.39)

o
= 3/16 Sqg.Key
| (5873381 ong
S 48 | .

105 (4.13)

114 (4.5)
141((5.57)

89 (3.5)

62 (2.44) |62 (2.44)

[
(1.88) ﬁ
e 11| | |
(0.625)
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70 (2.75) | 76 (3.0) M‘“)S'O‘

Figure 4-21 Standard Dimension of NEMA 56C DC Motor

3/8-16 TAP
4 Holes

Dimensions: mm (in) and ¢= diameter [41].
All OMPM-DC motors are constructed from heavy duty gauge steel including frames, end bells,

mounting bases, junction boxes and covers. These DC motors are specifically designed for use
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with SCR controllers where applications require torque throughout the application and speed
range, as well as adjustable speeds. The required dimensions of the DC motor are shown in Figure
4-21 [41].
The amount of electrical power (P,) supplied into the DC motor can be determined as follows;

P, =VI=24x%x625=1500w

The amount of mechanical output power (B,,) from the DC motor becomes

T
p,='m 1/77 — 5.934 x 188'496/0.882 =1268.181w

The efficiency of the DC motor is the ratio of output mechanical (B,,) and input electrical (P,)
power.

P, 1268.181

Tm =5 = 1500

The torque needed at the camshaft can be determined from equation 4-68 by using the voltage

= 0.85 = 84.545%

and current supplied into the DC motor.

__ N mnVI _ 0.882x0.85X24x62.5 _ 1124.55
w3 w3 w3

T N =ommemmmeem e 4-69

The minimum angular speed of the camshaft is 18.373 rad/s which is determined in kinematics
analysis of the cam and follower. Hence, the maximum torque needed on the camshaft becomes
61.207 Nm.

Speed and Torque Relatiion of Camshaft

Figure 4-22 Speed and Torque Relation of Camshaft
This torque is shared by conveyor pulley (T,) and eccentric cam (Tg). The torque on the conveyor

pulley (T,) can be determined by using equation 4-38.
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ng
. Vmp
T = pymsg lw d
3%s

i-»1

= 0.13 X 0.0347 X 9.81 X C . 0.5 x 0.096
T ' ‘18373 x 1.983 x 103

i-»1

= 2.099Nm

The remaining torque will be applied on the eccentric cam. Its magnitude becomes
T =T —T; =61.207 — 2.099 = 59.108 Nm

Since the speed reduction ratio is same both for the pulleys and bevel gears system, the mean
radiuses of bevel gears and pulleys can be determined as follows using equation 4-70.
The applied torque on pulleys and bevel gears is small which is less than or equal to T =
61.207 Nm. So that it is recommended to have smaller pulleys and gears. Hence, it is decided to
have r,; = Ry, = 48.045 mm and r,,,,, = R,,; = 15 mm. Correspondingly, the angular speed w,
and torque T; of intermediate shaft becomes 58.849 rad/s and 19.109 Nm by using equation 4-60
and 4-58 respectively. The tangential force of the pulleys (Frp) on the motor and intermediate
shafts, and bevel gears (Frm) on the intermediate and cam shafts becomes 298.298 N and 1273.952
N by using equation 4-58 and 4-57 respectively.
N.B: Among the parameters included in the kinematics and kinetics modelling; L;, L,, L3, mgp,
m and R should be determined from strength analysis.
The bevel gear parameters can be determined as follows (R.S. KHURMI and J.K. GUPTA, 2005).
According to (R.S. KHURMI and J.K. GUPTA, 2005), for satisfactory operations of the bevel
gears

1. The face width should be from 6.3m to 9.5m, where m is the module.

2. The ratio L/b should not exceed 3 where L is cone distance and b is face width.

. . 48 . . .
3. The number of teeth in pinion must not less than NETTaEL where V.R is velocity ratio.

Therefore, the minimum number of teeth (T) becomes;

48 48
= =
V1+V.RZ  V1+3.2032

Fifteen (15) number of teeth (T) is selected for the pinion in order to have compact gear box.

1 4-70

Correspondingly, the number of teeth (T) in gear becomes 48.
The pitch diameter (D) of bevel gear is greater than its mean diameter (Dm).
The module (m) and pitch diameter (D) analyzed as follows using either small (Dy) or larger bevel
(Dg) gear;
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. 4-71

m

Using Tp=15, the module m decided to 3 mm by iteration in order to have compact size of gear
box. Correspondingly, the pitch diameter of pinion (Dp) becomes 45 mm, addendum a=1*m=3mm,
dedendum d=1.2*m=3.6mm, clearance=0.2*m=0.6 mm, working depth=2*m=6 mm and
thickness of tooth=1.5708*m=4.7124 mm. In the same way, the pitch diameter of the gear (Dg)
becomes 144 mm.

The angle between the shafts is perpendicular. Hence, the pitch angle (6p1) for the pinion becomes;

0,, =tan"1 (L) =tan~! (L> =17.339°
Pt V.R 3.203
In the same manner, the pitch angle (0p2) for the gear becomes;
0, = tan~}(V.R) = tan~1(3.203) =72.661°
Using the above known parameters, outside or addendum cone diameter (Dog) of gear and (Dop)
pinion becomes;
Dog = Dg + 2acos 6, = 144 + 2 x 3 x cos(72.661°) = 145.788 mm
Dop = Dp + 2a cos B, = 45 + 2 x 3 X cos(17.339°) = 50.728 mm
Using the above known parameters, inside or dedendum cone diameter Dgq Of gear and Dpqg pinion
becomes;
Dgq = Dg — 2d cos 0, = 144 — 2 X 3.6 X c0s(72.661°) = 141.854 mm
Dpg = Dp — 2d cos 0y = 45 — 2 x 3.6 x cos(17.339°) = 38.127 mm
45

Cone distance (L) = P = = 75.497 mm
(&) 2sin(6,,) 2sin (17.3399)
Addendum angle (a) = tan™! (i) = tan! ( 3 ) =2.276°
cd 75.497 '
d :
: o ()« 2) 5
edendum angle (B) = tan d tan T 497 730

The first stage of speed reducer is pulley drive. It has diametr of pulleys on intermediate shaft
(di=96.09) mm and motor shaft (dm=30 mm). The pulleys and belt parameters are determined as

follows.
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c

Figure 4-23 First Stage Speed Reducer (Pulley Drive Assembly)

The included angle can be related with center distance (C) by considering AO,0,M.

sinu = 0,M/0,0; = (Tp; — Tpm)/C = (48.045 — 15)/C = 33.045/C -------=------=---=--- 4-72
The included angle (2p) has a range between 30%-40° (R.S. KHURMI and J.K. GUPTA, 2005).
Using the triangle sides C (center distance), (75; — 7,) and angle p; the range of center distance

becomes between 127.676 mm to 96.617 mm respectively. The length of the belt is given by

L= 2\/C2 — (i — rpm)z + (T = 207 + (T + 20T ==mmmmmmmmmmm e m e 4-73

The minimum and maximum possible inside length of v-belt is 402.712mm and 462.015 mm
respectively. The maximum inside length of v-belt is smaller than the minimum available standard
inside length of v-belts (610 mm). The diametr of pulleys on intermediate shaft (di) and motor
shaft (dm) must be increased proportionally to meet the minimum inside length of v-belt . Hence,
the radius of pulley on motor shaft (r,m) can be related with inside belt length by considering speed
ratio, equation 4-73 and 4-74 as follows at the minimum included angle (u=15°).

L = 30.8021); =mmmmmmmmmmmm oo oo oo 4-74
For the minimum available standard inside length of v-belts (610 mm), the radius of pulley on
motor shaft (rpm) becomes approximately 20 mm. Correspondingly, radius of pulley on
intermediate shaft (rpi) is 64.06 mm. The center distance becomes 170.235 mm.

The type of belt is V since the two pulleys are very near to each other. It is made of rubber material
that has 1140 kg/m3 density. The belt width (b) is 13 mm, thickness (t) of 8 mm, minimum pitch
diameter of pulley of 75 mm and 1.06 N/m weight for A-type of belt for power ranges of 0.7-3.5
KW. The coefficient of friction between dry cast iron pulley and the belt is 0.3 (R.S. KHURMI
and J.K. GUPTA, 2005).

43



Design Analysis of Components

Bevel Gears: There are two bevel gears in the second speed reduction stage. The pinion is in the
intermediate shaft whereas the gear is in camshaft. The possible tooth profile of the gears is either
14.5° or 20° full depth involute due to the minimum number of teeth (18) on the pinion. According
to (R.S. KHURMI and J.K. GUPTA (2005), the tooth profile should be 20° full depth involute
because 14.5° full depth involute is used for spur and helical gears. So that the pressure angle (@)
is 20°. The axial (Wa) and radial (W) forces can be determined from tangential force
(W=1273.952 N).

The radial and axial forces in bevel gear is defined and determined as follows for the pinion. The
pinion is under a torque of 19.109 Nm.

Figure 4-24Bevel-Gear Tooth Forces [Budynas Nisbett, 2008]
W, = Wi tan @ cos 8, = 1273.952 tan 20° cos 17.339° = 442.610 N
W, = Wy tan@sin 6, = 1273.952 tan 20° sin 17.339° = 138.188 N
The radial force (I;.), axial force (W,) and torque (T) in the bevel gear is 138.188 N, 442.610 N
and 61.207 Nm respectively for the gear.
Strength Analysis of Bevel Gears: The pinion and gear are made of same material; Heat-treated
cast iron Grade 35, BHN 300 min, minimum tensile strength 350 MPa from Indian standard. Since

the system is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes;
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o, 350 N
n 4 mm?

Oqil = 0p = = 87.5 MPa

The tangential tooth load (Wr) of the pinion is determine using the modified form of the Lewis
equation;
Wr = (o, X CV)bmy’(%) -------------------------------------------------------------------------- 4-75

Where o, is allowable static stress = a,;;, Cy isvelocity factor b is face width, V
peripherial speed in m/s, m is module 4, y' is tooth form factor, L is slant height of pitch cone
or cone distance, Te is tooth form factor, Dp is pitch diameter of pinion 30 mm and Dg is pitch

diameter of gear 144 mm.

w 2P _ 58045 %225 = 1.306™ = ¢ 3 0.697
VE @2 x5 s VT 311306

2 2
L= \/(ﬁ) + (D—P) = /(72 + (225)% = 75434 mmand 1 < 3—— b > 25.145 mm

0.686

y'=0.124 — - Tgp = TpsecBy; = 15 xsec17.339 = 15.714 -» y’' = 0.080

EP
The face width b is between [6.3m=18.9 mm, 9.5m=28.5 mm] where m is module and mm
millimeter. The face width is recommended to 28 mm.

75.434 — 28
75.434

The maximum tangential tooth load (W) carrying capacity of the pinion is less than the applied

Wr = m(87.5 X 0.697) x 28 X 3 X 0.080( ) = 809.623 N

tangential tool load (1273.952 N). The strength of material should be changed to a higher value in
order to make safe the gear at any operation condition. The minimum possible yield strength (o, =
na,) of the material can be analyzed by substituting applied tangential tool load (1273.952 N) into
equation Wy = (g, X Cy)bmy' ( L—DL) -=-=-=mmnmmmmmm e o oo e e

-------- 4-75.
1273.952 = (g, X 0.697) x 28 x 3 x 0.08 (75'434 _ 28)
704 = 0o X T ' 75.434
Oy Oy
O, = 137682 MPa = ; = Z _—> O'y = 55073 MPa

The next stronger material is surface hardened steel with 0.4% carbon composition, 145 (core)
BHN and 551 MPa minimum tensile strength in Indian standard. Hence, the allowable stress

becomes;
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ay_551 N
n 4 mm?

The tangential tooth load (W) of the gear is determine using the modified form of the Lewis

= 137.75 MPa

Oqit = 0p =

equation;

L—b
Wr = (o, X Gy)bmy'(——)

C 3 ><DG 18.373 x 72 1323m C
= - = _— . = . _——
T34 V=@ 2 S v

= 371323 0694

L= \/(&)2 + (DZ_P)Z = \/(72)2 + (225)2 = 75.434 mm and b =28 mm

2
0.686

EG

y' =0.124 —

- Tge = TgsecH, = 48 X sec72.661 = 161.061 - y’ = 0.12

75.434 — 28
75.434

Since the applied tangential load is much less than the tangential teeth load, it is a safe design.

Wr = m(137.75 X 0.694) x 28 X 3 X 0.12( ) = 1903.637 N

= e e e e e e e
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Part Drawing 4-1 Bevel Gear
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Part Drawing 4-2 Bevel Pinion Gear
Conveyor Pulleys on Idler and Cam Shaft: There are two identical flat belt pulleys except their
internal diameters which are used to convey the cut straws. These are installed on the camshaft
and Idler Shaft. The free body diagram of the pulleys is shown in Figure 4-14, Figure 4-15 and
Figure 4-16. The known parameters are coefficient of friction (us) between flat belt and pulley
(0.32), outside diameter (d; = 145 mm) and angular speed of camshaft (w; = 18.373 rad/s).

The force (F.) required to convey the whole cut straw becomes;

n
S 21D > 2x0.5x095.819
E = [.t4mnglw T = 013 X 0.0347 9.812118 o TIeTo5; = 28895 N
3 3 S . . .

i-»1 -1
The torque (T,) can be determined using equation 4-35 or 4-38 which is 2.095 Nm.
According to Daniel Kitaw, the relation between the force of belt in the slack (Fs) and tight (Fr)

side is defined by the wrap angle (a=m radian);

Hence, the force of belt in the slack (Fs) and tight (F;) side can be determined by substituting
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equation 4-76 into 4-31.
Fo = Fr — Fs = Fg(e"s® — 1)

The force of belt in the slack side (Fs) becomes 16.676 N. However, the minimum tightness of the
belt in the slack side (Fs) should be equal to the effective (conveying) force (F, = 28.895 N).
Hence, the minimum value of force in the belt tight side becomes 78.963 N using equation 4-31.
The normal (Np) and frictional (fp) forces on the pulley can be determined using equation 4-32
which are 90.297 N and 28.895 N respectively.

The reaction force (R, in the x-axis can be determined using equation 4-33 which is 90.297 N.

The reaction force (R,) in the y-axis can be determined using equation 4-34 which is 28.895 N.

Hence, the bearing force (R,) becomes the resultant of (R,) and (R,).

Ry, = /(Ry) 2+ (R)) 2=V90.297 2 + 28.895 2 = 94.808 N

Materials for Conveyor Pulley: It is made of white heart malleable cast iron (WM400) and it
has density of 7400 Kg/m?, 175 GPa modulus of elasticity, 70.3 GPa modulus of rigidity, 0.26
poison’s ratio, 220 BHN and 400 MPa tensile strength (V B Bhandari, 2014). The conveyor pulley
is under small amount of force but it works always in outdoor. It is recommended to have 3 factor

of safety (n). The allowable normal stress (a,;;) becomes;

o, 400MPa
Oaul = w3

Strength Analysis of Conveyor Pulley: The pulley is subjected to both bearing and centrifugal

= 133.333MPa

forces which create normal stresses.

The bearing stress (o3,) in the pulley due to camshaft is determined by;

F. _ 94.808
oay 1333337

According to (R.S. KHURMI and J.K. GUPTA, 2005) the standard width of pulley (t) is equal to
width of belt (b=25 mm from flat belt design) plus 13 mm for a belt width less than 125 mm. The

Ry
Oall =A_b——’ Ap =dsp Xt =

m? = 0.711 mm?

width of pulley (t) becomes 38 mm. Hence, the minimum safe diameter of hole of pulley (camshatft,
dsp) becomes 0.006 mm.
The pulley is also subjected to centrifugal stress due to (w3 = 18.373 rad/s). There are radial o,

and hoop gy stresses developed in the pulley. The maximum radial ;. stress of pulley on camshaft
atr = \/R3Rs, is determined by:
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7400 x 18.3732

2
w
5. =3B+ = (R; — Rsp)? = (3:26) - (0.0725 — 0.00775)2 = 4.268 KPa
The maximum hoop stress o on the internal surface is determined by:
2
pw
oy = 43 [(3+9)(Rs%) + (1 —9)Rsp?|

_ 7400 x 18.3732
N 4

Both maximum radial and hoop stresses are less than allowable stress i.e., the pulley is safe.

[(3.26)(0.07252) + (0.74)0.007752] = 10.729 KPa

= ‘ 1L | L ‘ w | (=] | < | -] | L'y
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Part Drawing 4-3 Conveyor Pulley on Camshaft
Conveyor Pulley on Idler Shaft: The bearing stress (o3,) in the pulley due to Idler Shaft is
determined by;

F.  94.808
oay 1333337

According to (R.S. KHURMI and J.K. GUPTA, 2005) the standard width of pulley (t) is equal to
width of belt (b=25 mm from flat belt design) plus 13 mm for a belt width less than 125 mm. The

Ry

Oqu = A—b——> Ay =d, Xt = m? = 0.711 mm?

width of pulley (t) becomes 38 mm. Hence, the minimum safe diameter of idler shaft (d,) becomes
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0.019 mm.
The pulley is also subjected to centrifugal stress due to (w3 = 18.373 rad/s). There are radial o,

and hoop ay stresses developed in the pulley. The maximum radial o, stress of pulley on Idler
shaft at r = \/R3R, is determined by:
pws? 7400 x 18.3732

o-=3+9) 3 (R; — Ry)? = (3.26) 3 (0.0725 — 0.0035)% = 5.338 KPa
The maximum hoop stress o on the internal surface is determined by:
2
pw
oy = 43 [(3+9)(Rs%) + (1 —9)R,]

_ 7400 x 18.3732
N 4

Both the maximum hoop and radial stresses are less than the allowable i.e., the pulley is safe.

[(3.26)(0.07252) — (0.74)0.00352] = 10.695 KPa
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Part Drawing 4-4 Conveyor Pulley on Idler Shaft
Flat Belt: It is used to transfer power from conveyor pulley into lug. Its free body diagram is
shown in Figure 4-15 and Figure 4-16. The length of flat belt (Ly), forces in the tight (F;) and
slack (Fs) side of belt are 1281.993 mm, 78.963 N and 28.895 N respectively.
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It is made of balata. Balata has 1110 Kg/m® density, 1.5 GPa modulus of elasticity, 10 MPa
ultimate tensile strength and 0.32 coefficient of friction on cast iron pulley (S Bhattacharya, et al,
2004). The safety is decided to be eight because the known tensile strength is ultimate. Hence, the

allowable stress becomes;

oy 10 MPa
Oail = n = 3

The flat balata belt is designed for a maximum of the tight () side of belt. Hence, the belt width

= 1.25 MPa

(b) and thickness (t) can be determined as;

F. F 78.963
Oul = — > bt = — = mm? = 63.170 mm?
bt Oall 1.25

According to (R.S. KHURMI and J.K. GUPTA, 2005) the standard widths of flat belt are 25, 32,
40,50, 63, 71, 80, 90, 100, 112, 125, 140, 160, 180, 200, 224, 250, 280, 315, 355, 400, 450, 500,
560 and 600 mm and also the standard flat belt thicknesses (t) are 5, 6.5, 8, 10 and 12 mm. If the
smallest flat belt thickness (t=bmm) is considered the width of the belt (b) becomes 12.634 mm

which is less than the minimum available standard size. Hence, the dimension of the flat balata
belt is preferred to 5 mm thickness and 25 mm width.

\ e |
Part Drawing 4-5 Flat Belt

Lug: The lug is attached on the flat belt conveyor and its purpose is to push the cut straw during
conveying into right side. The free body diagram of the lug is shown in Figure 4-13. The
conveying force (F. = 28.895 N) is determined in the design of conveyor pulley. As it is shown
in Figure 4-13, the lug is a cantilever beam. The length (L4=60.899 mm) of lug is determined on
mathematical modeling of the geometry of conveyor and star wheel. The unknown is its cross
section. It is good use to metal plate in order to convey the cut straw in stable and upright position.
The maximum bending moment occurs at the attachment of lug on the flat belt and its magnitude
is equal to the product of conveying force (F¢) and lug length (L4).

M; = F:L,The maximum conveying force (F) on a single lug can be determined by modifying

equation 4-30.
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2VmP 013 % 34.7 % 9.81 x 8 x 202X 9819 o0y
= U. X /X9, X X = 6.
wadyd, 18.373 x 145 x 1.983

Fe == pymggi

Hence, the maximum bending moment on lug becomes;
M, = F:L, = 6.421 N x 60.899 mm = 391.032 Nmm = 0.391 Nm
The lug should be designed for bending stress and deflection.
Material for Lug: It is made of low carbon steel i.e., Fe E220 designation, 220 MPa yield strength,
210 GPa modulus of elasticity and 7870 Kg/m? density. It is recommended to use 3 safety factor.

The normal working stress becomes;
oy 220 MPa

Oqn = P 2 =55 MPa
The maximum applied bending stress is determined by using
oy, =0, =M—C=ﬂ——>Z=M=385ﬂ=7mm3
ab= 1 Tz oy 55

The section modulus (Z) for rectangular cross section is determined by using width of belt (b=25

mm) and thickness of lug (t);

bt3 2
I bt
Z=== /12=—=7mm3—>t=1.296mm
C t/2 6
The nearest higher value is 1.5 mm thickness.
The maximum deflection (y,,,4,) Occurs at the free end of the lug.

PL3 3 12P13 B 12 X 6.421 x 603 _ 0313
3E]  3Ebt? 3x210x 103 x 25 x 1.53 o> Mm

However, the maximum allowable deflection of beam is L/360 (60/360=0.167 mm) which is less

ymax -

the actual deflection of lug (0.313 mm). This implies that, the lug should be decided by considering
the deflection.

12PI13 B 12 X 6.421 X 603
3Ebt3 3 %210 x 103 x 25 X t3

The maximum deflection (y;,,4,) become;

12P13 12 X 6.421 % 603

Ymax = 3pp13 T 3% 210 x 103 X 25 X 23 mm

- t=185=2mm

Vonax = 0.167 ==
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Part Drawing 4-6 Lug
Rivet: This rivet is used to fix the lug on to the flat conveyor belt. The lug is lapped on the flat belt
conveyor. The conveying force (F, = 6.421 N) on the lug is transmitted to a pair of rivets i.e.,
each rivet shares 3.215 N shearing force. The rivet has flat head and its parameters are designed
according to (R.S. KHURMI and J.K. GUPTA, 2005) figure 9.3 (h).

025d

=

\ZIL 2
f—cd —|
(h) Flat head.

~—<—Length—]

Figure 4-25 Flat Head Rivet [R.S. KHURMI and J.K. GUPTA, 2005]
It is made of Aluminium with density 2700 Kg/m® and a tensile strength of 100 MPa. It is

recommended to have 4 factor of safety. The normal and shearing working stress becomes;

oy, 100 MPa

Ot = =% = —— = 25 MPa
Oall 25 MPa

Taul = ) = ) = 12.5 MPa

The shearing stress on the rivet becomes;
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F, 4 4F, 4 % 3.215 0.572
= —_— —— = = = .
fall =7 Tty | X125 mm

The diameter of the rivet is very small. Hence, it is recommended to increase its diameter to 4 mm.
Correspondingly, the head diameter, thickness, and length become 8 mm, 1 mm and 7 mm
respectively (R.S. KHURMI and J.K. GUPTA,2005).

Bolt and Nut for Cutter or Blade: It is used to attach cutter or blade on the cutter bar. There are
two bolts on a single blade. The bolts are the American National Standard Thread (ANST) cap
screws. i.e., shank at one end and flat head at the other end. The various proportions are shown in
Figure 4-26. A maximum of 290.97 N shearing force can be applied on the two bolts i.e., 145.485

N shearing force in each bolt. The bolts are under single shearing action.

le—P — V
A A .

H=0.866 p

Figure 4-26 Proportions of ANST [R.S. KHURMI and J.K. GUPTA, 2005]
Materials for Bolt: It is made of Fe E 400 Indian standard, 540 MPa tensile strength and 400 MPa
yield strength. It is recommended to use a factor of safety of four. The normal and shearing

working stress becomes;

oy, 400 MPa

Ot = = = ——— = 100 MPa
Oall 100 MPa

Tau = ) = ) =50 MPa

The shearing stress on a single bolt is the ratio of half of cutting force (F.,) and area (A.) of core
diameter of the bolt.

F., 4F,, 4 x 145.485
Taqr=—=—d,= = = 1.925mm
A TTay T X 50

The next available core diameter (d.) and major diameter is 1.948 mm and 2.5 mm respectively
(R.S. KHURMI and J.K. GUPTA, 2005). However, it will be difficult to drill 2.5 mm in our shop.

Hence, it is optimized to use 3.141 mm core diameter (d,.). Correspondingly, 0.7 mm pitch, 4 mm
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major diameter, 3.545 mm pitch diameter, 0.429 mm depth of thread, 8.78 mm? stress area, 11.5
mm length and M4 designation. In the same way, the core diameter of nut is 3.242 mm.

Note: The core diameter of the nut is already known (3.242 mm). It is made of same material as
the bolt. Since the cutter bar is under dynamic condition, there should be two equal nuts in order
to lock the possibility of the losing of the nut. According to (R.S. KHURMI and J.K. GUPTA
(2005), the thickness (H) of the nut is proportional with the pitch diameter of the bolt (3.545 mm)
see Figure 4-27.

Figure 4-27 Thickness of Luck Nut
The thickness becomes;
H = 0.75d = 0.75 X 3.545 = 2.659 mm
Cutter or Blade: This is one of the important elements which cuts the grains. A maximum of
290.97 N force will be applied on a single blade. The total length of the cutter bar is 609.60 mm.
The number of blades is eight (8). Hence, its width (s) becomes 76.2 mm. It has rectangular

section. The shape of the blade is shown in Figure 4-28.

A
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w
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Figure 4-28 Shape of Cutter or Blade
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The height (h.) is equal to the width (b=10 mm) of cutter bar. The diameter of hole (d) is equal to
diameter of bolt for cutter or blade (4 mm). the bevel angle « is 26° for forward speed of 0.5 m/s
(D.N. Sharma and S. Mukesh, 2010).

The height (h1) can be determined by using bevel angle a and considering the width of the nose of
cutter or blade.

The maximum possible value of the height (h1) is;

s/2 s
tana = h—1=2—hl—> hl =78.117 mm

Discussion of Dimension of Cutter or Blade: The nose of the cutter or blade is limited by the
star wheel vertical support because the star wheel vertical support will be installed at a distance of
158.625 mm from the center of camshaft which is the sum of radius of star wheel (76.125 mm),
clearance between conveyor pulley and end of star wheel arm (10 mm) and diameter of conveyor
pulley (72.5 mm). The tail of the cutter or blade is limited by the nose of the eccentric cam (88.7
mm) plus clearance (1.3 mm) between nose of cam and tail of cutter or blade. This shows that the
maximum length of the cutter or blade is equal to the difference between 158.625 mm and 90 mm
which is 68.625 mm. The height (h1) can be determined when the height (h=10 mm) is subtracted
from 68.625 mm it will become 58.625 mm. The width of the nose of the cutter or blade becomes
19.013 mm which is determined using the geometry shown in Figure 4-28. The other thing is the
center of holes. The center of holes on the cutter bar is at the center of its width i.e., 10 mm.
Correspondingly, the center of holes on the cutter or blade is at h3=7 mm from tail and 10 mm
from sides.

Materials for Cutter or Blade: It is made of high carbon steel of Fe870 Indian standard
designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (o). Since the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

g, 520 N
—_ = =130 MPa
n 4 mm?

The cutter is under bending and bearing stresses.

Oquu = Ow =

The bearing stress due to the bolts is the ratio of half of the cutting force (F.,) and bearing area
(Ap=Dbd).

F, F, 290.97
O’all:O'b:i i:130MPCI.:

= —— b = 0.560
4, - A - mm

The induced bending stress can be related with allowable stress;
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My M FL bh?  FL _ 290.97 X 63.625

= = — = — = /= =
O =0 =TT == 6 o 130

Where F is transverse force, Z is section modulus of rectangular cutter or blade, L (63.625 mm) is

= 142.407 mm?3

length of cutter or blade from tip to center of hole, b is base (shorter side) and h (76.2 mm) is
height (longer side) of the rectangular cross section.

b= 6FL 6 x290.97 X 63.625
oy h? 130 X 76.22

The thickness of blade becomes 0.560 mm due to bearing stress and 0.147 mm due to bending

= 0.147 mm

stress. However, there are unexpected obstacles from the lower part of the cut straw. Hence, it is

recommended to increase the thickness to 1 mm.
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Part Drawing 4-7 Blade or Cutter
Cutter bar: It is used to transfer power from follower bar to cutter and to hold the cutters fixedly
on itself. A total compressive force of 290.97 N is expected to apply on it and total length of 609.6
mm in 76.2 mm fixed supports. The cross section is solid rectangular in order to have rigid and

straight reciprocation of the blades. It is made of high carbon steel of Fe870 Indian standard
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designation and 870 N/mm? tensile strength, 520 N/mm? yield stress (gy) and 210 GPa modulus

of elasticity. Since the system is used in the outdoor, its safety factor (n) is four. Hence, the

allowable stress becomes:

g, 520 N
—_ = =130 MPa
n 4 mm?

The applied compressive stress is equated with the allowable stress as follows.

Oqii = Oy =

O =L == A= (b—D)h=——=222 = 2238 mm? -+rorrerremrrmrrororcreneee 4-77
all

Where E,., is compressive force, A is cross sectional area of solid rectangular cutter bar

The area A becomes very small and D is diameter of hole of the cutter bar for bolt joint (4 mm).
The dimensions (thickness h and width b) are better to determine by considering buckling of the
bar.

The cross-sectional area can be determined by using buckling of the bar. The cutter bar can be

considered as one fixed end and one free end column.

2 3

m°EI b-D)h 4F 2

— ] = ( A 4-78
412 12 n2E

P. =
Note: Buckling occurs about the minimum second moment of area (Imin). The width b should be
greater than the thickness h. It can be appropriate to choose 10 mm width which is equal to h, of
blade. Correspondingly, the thickness h, critical load and compressive stress becomes 5 mm,
5592.033 N for 290.97 N and 87.376 N for 36.365 N, and 9.699 MPa which is an indication for

safe design.
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Part Drawing 4-8 Cutter Bar
Finger or Guard Lip: This is one of the important elements which is used to shear the stalk during
cutting of the grains. A maximum of 290.97 N force will be applied on a single finger. It has

rectangular section. The shape of the guard lip is shown in Figure 4-29.
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Figure 4-29 Guard Lip or Finger
Discussion on geometry of Guard Lip or Finger: The thickness t; is greater than the thickness
of the cutter or blade (b=1mm). According to D.N. Sharma and S. Mukesh (2010), 0.5 mm
clearance is required between the guard lip and cutter i.e., the thickness t> becomes 2 mm. The
length L1 is equal to the height h1=58.625 mm of the blade or cutter.
Materials for Guard Lip or Finger: It is made of high carbon steel of Fe870 Indian standard
designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (o). Since the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

gy, 520
Oqil = Oy = T A 130 MPa
Bending stress is induced on it. Hence, it can be related with allowable stress;
My M FL t;h?  FL  290.97 X 62
Can =0 =T T T T AT T T T T 130

Where F is transverse force, Z is section modulus of rectangular guard lip, L1 (58.625 mm) is
length of guard lip on cutter part, t; is base (shorter side) and h is height (longer side) of the
rectangular cross section. The three parts of the guard lip or finger is joined together by welding.

Hence, the thickness t; is recommended to 4 mm.

L _ |6FLy _ [6x290.97x57625
= ot 130 x 5 T aesLmm

The longer side h should be increased to a standard available plate width of 15 mm and thickness
4 mm [54].
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Part Drawing 4-9 Guard Lip

Bolt and Nut for Guard Lip: It is used to fix the guard lip with the guard lip bar. There are at
least two bolts to fix a single guard lip which share equally 290.97 N force. The bolts are the
American National Standard Thread (ANST) through hexagonal bolts i.e., shank at one end and
hexagonal head at the other end. The various proportions are shown in Figure 4-26. A maximum
of 290.97 N shearing force can be applied on the two bolts i.e., 145.485 N shearing force in each
bolt. The bolts are under single shearing action.

Materials for Bolt: It is made of Fe E 400 Indian standard, 540 MPa tensile strength and 400 MPa
yield strength. It is recommended to use a factor of safety of four. The normal and shearing

working stress becomes;

o, 400 MPa

Ot = =% = ——— = 100 MPa
Oall 100 MPa

Tau = = =50 MPa

2 2
The shearing stress on a single bolt is the ratio of half of cutting force (F.,) and area (4.) of core

diameter of the bolt.

F., 4F., 4 X 145.485
Taqp=—=—>d, = = = 1.925mm
AC TTau T X 50

The next available core diameter (d.) and major diameter is 1.948 mm and 2.5 mm respectively
(R.S. KHURMI and J.K. GUPTA, 2005). However, it will be difficult to drill 2.5 mm in our shop.
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Hence, it is optimized to use 3.141 mm core diameter (d.. Correspondingly, 0.7 mm pitch, 4 mm
major diameter, 3.545 mm pitch diameter, 0.429 mm depth of thread, 8.78 mm2 stress area and
M4 designation. In the same way, the core diameter of nut is 3.242 mm.
Note: The core diameter of the nut is already known (3.242 mm). It is made of same material as
the bolt. Since the cutter bar is under dynamic condition, there should be two equal nuts in order
to lock the possibility of the losing of the nut. According to (R.S. KHURMI and J.K. GUPTA
(2005), the thickness (H) of the nut is proportional with the pitch diameter of the bolt (3.545 mm)
see Figure 4-27.
The thickness becomes;

H = 0.75d = 0.75 X 3.545 = 2.659 mm
Guard Lip Bar: It is used to hold the guard lip or fingers and rollers for cutter bar support in a
fixed position by bolts and nuts. A 209.97 N compressive force is applied from the cutter or blade.
The cross section is rectangular. It is made of high carbon steel of Fe870 Indian standard
designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (o). Since the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

o, 520 N
Oqul = Oy = T T e 130MPa
The applied compressive stress is equated with the allowable stress as follows.
F 290.97 )
Oau =7 = — A =bh=a= 130 = 2.238 mm

Where F is compressive force, A is cross sectional area of hollow rectangular guard lip bar

The area A becomes very small. The dimensions (thickness b and height h) are better to determine
by considering buckling of the bar. The guard lip bar is fixed at both ends. The maximum
allowable deflection of columns is L/360, where L is length of the guard lip bar. The length of the
guard lip bar should be 609.6 mm.

The cross section can be determined by using buckling of the bar.

o _AUEL_ bR Fopp 29097x6096° oo,
= —_— = = - = .
=TIz 12 ~ an2E ~ 4mZx 210000 " mm

The sides b and h can be determine by using the above two equations and their values becomes

0.268 mm and 8.362 mm respectively. These values are not available on standard. Hence, it is
advisable to increase the dimension. From standard, solid rectangular cross section of 10X3 mm
is selected [50]. Its weight is 0.24 Kg/m.
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Part Drawing 4-10 Guard Lip Bar
Selection of Bearings for Cutter bar Supports: It is used to support and reduce the frictional
loses between cutter bar and guard lip. The width of the guard lip bar is 10 mm. It is advisable to
use single row deep groove ball bearing. The bore of bearing is 4 mm.
According to bearing catalogue [51], the specification of the single row deep groove 4 mm bore
balling bearing is 16 mm outside diameter, 5 mm thickness, 1.11 KN dynamic basic load ratings,
0.38 KN static basic load ratings, 0.016 KN fatigue load limit, 95 000 rpm reference speed ratings,
60 000 rpm limiting speed ratings, 0.0054 Kg mass and 634 designation.
Bolt and Nut for Bearings on Guard Lip Bar: It is used to fix the rollers on the guard lip bar.
The bolts hold the weight of cutter bar assembly which is equal to the sum of one cutter bar (0.23
KQ), eight cutters or blades (0.03 Kg each), sixteen bolts (0.007 Kg each) and nuts (0.004 Kg each)
i.e., 0.646 Kg total mass. This weight is shared by four bolts i.e., 0.16 Kg each. The bolts are the
American National Standard Thread (ANST) through hexagonal bolts i.e., shank at one end and
hexagonal head at the other end. The various proportions are shown in Figure 4-26.
A maximum of 1.57 N shearing force can be applied on the bolt. The bolts are under single shearing
action.
Materials for Bolt: It is made of Fe E 400 Indian standard, 540 MPa tensile strength and 400 MPa
yield strength. It is recommended to use a factor of safety of four. The normal and shearing

working stress becomes;

o, 400 MPa

Ot = = = ———— = 100 MPa
Oall 100 MPa

Tau = ) = ) =50 MPa

The shearing stress on a single bolt is the ratio of weight) and area (A4,.) of core diameter of the
bolt.
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= —_— —— = = = .
tall A, ¢ Ty T X 50 i mm

The next available core diameter (d.) and major diameter is 1.948 mm and 2.5 mm respectively
(R.S. KHURMI and J.K. GUPTA, 2005). However, the bore of the bearing for the bolt is 4 mm.
Hence, the core diameter of the bolt becomes 3.141 mm core diameter (d.). Correspondingly, 0.7
mm pitch, 4 mm major diameter, 3.545 mm pitch diameter, 0.429 mm depth of thread, 8.78 mm2
stress area and M4 designation. In the same way, the core diameter of nut is 3.242 mm.
Note: The core diameter of the nut is already known (3.242 mm). It is made of same material as
the bolt. Since the cutter bar is under dynamic condition, there should be two equal nuts in order
to lock the possibility of the losing of the nut. According to (R.S. KHURMI and J.K. GUPTA
(2005), the thickness (H) of the nut is proportional with the pitch diameter of the bolt (3.545 mm)
see Figure 4-27.
The thickness becomes;

H = 0.75d = 0.75 X 3.545 = 2.659 mm
Follower Bar: The follower bar is a part of the follower attached to the rectangular part which
transfers power to the cutter bar. A 209.97 N compressive force is applied from the follower head.
The cross section is hollow square in order to have light weight and rigid bar. It is made of high
carbon steel of Fe870 Indian standard designation and 870 N/mm? tensile strength and 520 N/mm?

yield stress (a,,). Since the system is used in the outdoor, its safety factor (n) is four. Hence, the

allowable stress becomes:

g, 520 N
—_ = = 130MPa
n 4 mm?2

The applied compressive stress is equated with the allowable stress as follows.
F ., F 29097

aau=z=——>A=SOZ—Si =5 ="130 = 2.238 mm?

Where F is compressive force, A is cross sectional area of hollow rectangular follower bar

Oqii = Oy =

The area A becomes very small. The dimensions (thickness and width) are better to determine by
considering buckling of the bar. The follower bar is fixed at both ends. The maximum allowable
deflection of columns is L/360, where L is length of the follower bar. The minimum length of the
follower bar should be 136.2 mm by considering stroke length (76.2 mm), clearances on both sides

(5+5=10 mm), roller holder (40 mm) and space for joining the follower bar with cutter bar (10

63



mm).
The length can be determined by using buckling of the bar.
_ 4m?El So" =S Fxz 29097 x 136.27

—] =

cTTIR 12 4n?E 4n? x 210000
The sides S, and S; can be determine by using the above two equations and their values becomes

m* = 0.651 mm*

2.646 mm and 2.182 mm respectively. These values are not available on standard and also their
dimensions are very difficult for weld joint. Hence, it is advisable to increase the dimension. From
standard, the next cross-sectional area is solid square cross section with a minimum of (S,) 8X8

mm is selected [50]. Its weight is 0.5 Kg/m.
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Part Drawing 4-11 Follower Bar
Support for Follower Bar: The follower bar is supported by rollers. The purpose of rollers is to
reduce frictional losses. The follower is supported by the rollers at eight points i.e., there are eight
rollers and eight pins in a single square box. The rollers are supported by pins which are fixed on
the square box shown in Figure 4-30. The roller support prevents misaligning of the follower from

neutral position to left, right, top or bottom direction.

Rectangular Box S

Pin

Roller——

Figure 4-30 Support for Follower Bar
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The dimension of the rollers, pins and rectangular box depends on the size of the follower bar (8X8
mm). The rollers are single row deep groove 4 mm bore balling bearing.

Rollers for Follower Bar: According to bearing catalogue [51], the specification of the single row
deep groove 4 mm bore balling bearing is 9 mm outside diameter, 2.5 mm thickness, 0.54 KN
dynamic basic load ratings, 0.18 KN static basic load ratings, 0.0007 KN fatigue load limit, 140
rpm reference speed ratings, 85 000 rpm limiting speed ratings, 0.0039 Kg mass and 618/4
designation.

Rectangular Box for Follower Bar: The dimension of the square box can be estimated by using
dimension of follower bar and roller outside dimeter. The internal side of the square box (Si)
becomes the sum of the side of follower bar and dimeter of roller i.e., S; =9 + 84+ 9 = 26 mm.
The external side of the square box becomes 30 mm [52]. Its weight and thickness are 1.74 Kg/m
and 2 mm respectively.

The diameter of the pin (d=4 mm) is equal to the bore of the single row deep groove 4 mm bore
ball bearing. The head of the pin is equal to 0.5d=2 mm and its tail is equal to 0.75d=3 mm (R.S.
KHURMI and J.K. GUPTA, 2005). The total length of the pin becomes 2+30+3=35 mm.

Pin for Follower Support: It is used to keep straight reciprocation of the follower bar. It has fixed
supports i.e., fixed beam. Its length and diameter are 35 mm and 4 mm respectively. It is subjected
to fs=0.32 N force in the y-axis and f3=8.438 N force in x-axis over a length of 2.5 mm. The cross
section of the pin is solid circular.

The forces and bending moments on the pin can be determined from the free body diagram shown
in Figure 4-31. Since the two forces (fs and f3) are applied at the mid span of the pin and the
support of pin is same at its ends, the reaction forces and moments should be equal in the respected
axes. This implies that Rax= Rex, Ray= Rey, Max= Mgx and May= Mgy.

UMA" L/2 L/2 \‘:jMBx

RAy f3 : RB\,’

MA‘:’ /i

-(D Rax o MB\(N

R | 7
RBx

Figure 4-31 FBD of Pin

Yr=o
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f3
f3_RAx_RBx=0=f3_2RAx_)RAx=RBx=?=4-219N

L L
_MAx_§f6+MBx+LRBy:0_>_MAx+MBx:§f6_LRBy:13X032_26X016:0

= My, = Mp,

ZMyzo

L L
May +5 fs = Mpy — LRg, = 0 = My, — M, = — > f; + LRg, = 13 X 8.438 — 26 x 4.219

- MAy = MBy
Note: The pin is statically indeterminate because there are four unknowns and two equations.
Therefore, the unknowns can be determined by considering deflection (both transverse and slope)

either at point A or B using elastic curve equations.

d?x M,
dy?  EI

The deflection equation in x-axis can be derived from the free body diagram shown in Figure 4-32

XT‘ L/2 2 L/2 »i

4

MAY . - ’ -
q Rax |\/|B\,,(l72 Rex

Figure 4-32 FBD of Pin in the x-axis

z

The bending moment equation on the range of [0, L/2] can be derived from Figure 4-33.
2 :
May V]x Mly
q RA)(

Figure 4-33 FBD of[0, L /2]
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Z M,=0
Myy + ZRgy + My, = 0 > My, = =My, — ZRy, = —4.2192 — M,
d’x M, —4.219z—M,,
dy?  EI EI
The 1%t and 2" integrals becomes as follows.
dx _ o — —2.10952% — Myyz + G
dy ' El
_ —0.7032% — 0.5Myz* + C1z + C;
= El
The slope and transverse deflection at point A are zero. Hence at z=0 x = & = 0. This implies that
C;=0andC, =0
The deflection equations simplified as follows.
6, = —2.10952% — Myyz
El
—0.7032° — 0.5My, 2>
= EI
The bending moment equation on the range of [L/2, L] can be derived from Figure 4-34.

X L2 2
] ! gl

f3
May |/ ————— Vix | May

“Vv R

Figure 4-34 FBD of [L/2, L]

S, =0

L L
MAy+ZRAx—(Z—E)f3+M2y=0—>M2y=—MAy—zRAx+<Z—§>f3

= 4.219z — 109.694 — My,
d*x M, 4.219z —109.694 — My,

dyz  El EI
The 1%t and 2" integrals becomes as follows.
dx 2.109522 — 109.694z — M,z + Cs
-0, = 4
dy ~ 2 EI
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_0.7037° — 54.8472% — 0.5Mpy,z° + C32 + C,4
X2 = El
The slope and transverse deflection at point A are zero. Hence at z=L, x = 8 = 0. This implies
that C5 = 1426.022 + 26M,,, and C, = —12355.928 — 338M,,

The deflection equations can be simplified by substituting C5 and C, values.
2.1095z2% — 109.694z — Myyz + 26My,, + 1426.022
2 =
El
_0.703z° — 54.8472% — 0.5M, 2 + 26M,z — 338M,, — 10929.906
X2 = El
The reaction bending moment My, can be determined by equating 6, and 6, at the midpoint (L/2).

: My, L

EI EI
—2.1095 x 132 — 13M,;, = 2.1095 X 13% — 109.694 X 13 — 13M,,, + 26M,, + 1426.022

+ 26M,, + 1426.022

—26My, = 4.219 x 132 = 713.011 - M, = —27.424 Nmm = M,
The bending moment equations can be simplified as follows.
M, = —4.219z — M,, = —0.16z + 27.424
M,, = 0.16z — 4.16 — My, = 0.16z + 23.264
The bending moment equations are linear both in the range of [0, L/2] and [L/2, L] which are
[27.424, 25.344] and [25.344, 27.424] respectively.
The deflection equation in y-axis can derived from the free body diagram shown in Figure 4-35.

Y L/2 /2
- ><f > "
6 : ﬁ Bx
M, .
ﬂ RA\( R By

Figure 4-35 FBD of Pin in the y-axis

The bending moment equation on the range of [0, L/2] can be derived from Figure 4-36
7

Ma a— TR
X

FA L Ry

Figure 4-36 FBD of[0, L/2]
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ZMZ =0
_MAx - ZRAy - Mlx = 0 - Mlx = _MAX - ZRAy = _0162 - MAx
d’x M, —0.16z — My,

dy? _ EI El
The 1%t and 2" integrals becomes as follows.
dx b — —0.082z2 — M,z + C;
dy ' EI
—0.02723 — 0.5My,z% + C,z + C,
= El

The slope and transverse deflection at point A are zero. Hence at z=0 x = 6 = 0. This implies that
C;=0andC, =0
The deflection equations simplified as follows.
_ —0.082z% — M,z
e EI
~ —0.0272% — 0.5M, 2
= EI
The bending moment equation on the range of [L/2, L] can be derived from Figure 4-37.
Y 7/

z
N >
fs

Vay | Max

MAX
210

Figure 4-37 FBD of[L/2, L]

ZMZ:O

L L
—Myy — ZRyy + (Z _§>f6 — My =0 > Myy = =My, — ZRyy + (Z —§>f6

= 0.162 — 4.16 — M,
d*x M, 0.16z—4.16 — My,

dy?  EI El
The 1% and 2" integrals becomes as follows.
dx - 0.08z2 — 4.16z — My, z + C4
dy ~ ? EI
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0.027z% — 2.08022% — 0.5M,,z% + C3z + C,
Xy =
El
The slope and transverse deflection at point A are zero. Hence at z=L, x = 6 = 0. This implies
that C; = 54.08 + 26M,, and C, = —474.552 — 338My,

The deflection equations can be simplified by substituting C5 and C, values.
_0.082% — 4.162 — M,z + 26My, + 54.08

2 =
El
0.02723 — 2.0802% — 0.5M,, 2% + 26M,,z + 54.082 — 338M,, — 474.552
Xy =
El

The reaction of bending moment My, can be determined by equating 6; and 6, at the midpoint
(L/2).
—0.082> — My,z  0.082° — 4.162 — M,z + 26M, + 54.08
El El
0.162% — 4.162 + 26M,, + 54.08 = 0 = 26M,, = —54.08 = M,, = —2.08 Nmm = Mj,

The bending moment equations can be simplified as follows.
M;, = —0.16z — My, = —0.16z + 2.08
M,, =0.16z — 4.16 — M,, = 0.16z — 2.08

The bending moment equations are linear both in the range of [0, L/2] and [L/2, L] which are
[2.08, 0] and [0, 2.08] respectively.

Materials for Pin: It is made of high carbon steel of Fe870 Indian standard designation and 870
N/mm? tensile strength, 210 GPa and 520 N/mm? yield stress (ay). Since the system is used in the

outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

o, 520 N
Ogqii = Oy = 7 = _4 — = 130 MPa
The bending stress can be analyzed by using equation 4.55 of (Beer and et al, 2012).
M,x M —27424x M
6, = — y " xY __ n xY
L I L, I

The distances x and y, second moment of area I, and I, are equal to d /2 and mwd* /64 respectively.

 Myx My —27.424x32 20832

= 4.696 MP
L, L, w43 w43 @

g, =

Since the induced stress (4.696 MPa ) is less than the yield stress (130 MPa ), it is safe design.
Rectangular Box for Follower Support: It is square box which is used to hold the pins for

follower support see Figure 4-30. It has 30X30 mm cross section, 100 mm length and 2 mm wall
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thickness. It is subjected to a bearing load of 8.438 N. It is made of high carbon steel of Fe870
Indian standard designation and 870 N/mm? tensile strength, 210 GPa and 520 N/mm? yield stress
(ay). Since the system is used in the outdoor, its safety factor (n) is four. Hence, the allowable

stress becomes:

gy, 520
Oqi1 = Oy = ? = Tmmz =130 MPa

The bearing stress can be determined by

R 8438
o, =0, =—=——=130 MPa - t = 0.016 mm
Ay dt
The square box is safe because its real thickness (2 mm) is greater than the designed value (0.016
mm).
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Part Drawing 4-12 Rectangular Box for Follower Support
Follower Head: It is used to transfer power from eccentric cam into follower bar. Its one side is
welded on the follower bar and the other on the cutter bar. Its length (38.1+88.7+5.2= 132 mm)

depends on the distance (88.7 mm) from center of rotation up to nose of eccentric cam plus
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clearance (5.2 mm) between nose of eccentric cam and cutter bar and length of follower head on
the opposite of cutter bar (38.1 mm). A maximum of 209.97 N force is applied on it. It is subjected
to bending stress. The maximum bending occurs at the joint between follower head and cutter bar
i.e., cantilever beam.

Mo = Fca X L = 290.97N X 132 mm = 38408.04 Nmm = 38.408 Nm
The shape of the follower head is rectangular cross section. It is made of high carbon steel of Fe870

Indian standard designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (gy).

Since the system is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress
becomes:

o, 520 N

Oqi1 = Oy = 7 = Tmmz =130 MPa

Bending stress is induced on it. Hence, it can be related with allowable stress;

My Moy bh?* My, 38408.04 3
O =0p =" =" -7 = 6 = o 130 = 295.446 mm

bh? = 1772.679 mm3

Where F is transverse force, Z is section modulus of rectangular follower head, b is base (vertical

side) and h is height (horizontal side) of the rectangular cross section. The vertical side is greater
than the thickness of cam (5 mm). An iteration shows that the value of h is less or equal to 19 mm.
It becomes strong when its height h is longer and base b shorter. It is good to use 16 mm and 8
mm height and base respectively for optimum weight to strength ratio.
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Part Drawing 4-13 Follower Head

Idler Shaft: It is the shaft that holds the driven pulley. The Idler Shaft withstands a torque Tc of

2.095 Nm. The cross section is solid circular. The width of the conveyor pulley is 38 mm.
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The force analysis of the Idler Shaft can be done by considering all the machine elements attached
on it. The internal diameters of the machine elements are conveyor pulley (d,), ball bearing (d5),
clearance (ds) and thrust bearing (d;) from left to right as shown in

Figure 4-38. The actual position of the shaft is vertical; ball bearing top and thrust bearing bottom
end.

L L2 Ls
Ly d2 & |
@@ ForPulley.  gor Ball bearing",

Figure 4-38 2D Sketch of Idler Shaft

Fc

y RTy Rby

Figure 4-39 FBD of Idler Shaft
The conveying force Fc and torque Tc are 28.895 N and 2.095 Nm respectively. The remaining

parameters can be analyzed by applying equation of motion.

She

Ry, = Wp = mpg = 4.643 X 9.81 = 45.548 N

=0

RTy +Rby _FC = 0 _—— RTy +Rby = FC = 28895N

S m =0
Ly

(et 2) o= (14 12 +2) iy = 0
Note: In the force analysis of Idler Shaft, there are four unknows (L1, L3, Rty and Rpy) and two
equations which is statically indeterminate. Since the lengths and diameters are unknown, it can’t
be solved by using the technique of displacement method for statically indeterminate problem. For

the time being, the shaft can be designed by considering the applied torque 2.095 Nm.
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Materials for Idler Shaft: It is made of high carbon steel of Fe870 Indian standard designation
and 870 N/mm? tensile strength and 520 N/mm? yield stress (ay). Since the system is used in the

outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:
oy 520 N

Oqil = Oy = ” 2 mZ 130MPa
The allowable shear stress can be determined by using maximum shear stress theory:
oa; 130 N
Tal =Ty = > =y g7 65 MPa
The shearing stress due to torque T is;
_TC
T
C= d and | = n_d“
2 32
16T 16 %X 2.095 x 103
T=T[d3= — = 65 MPa - d =5.475mm

The diameter of the shaft becomes 6 mm because there is no 5.475 mm bore bearing
Selection of Bearings for Idler Shaft: The bearing on the top end of Idler Shaft is sealed single
row deep groove ball bearing. The bore of bearing is 6 mm.
According to bearing catalogue [51], the specification of the sealed single row deep groove 6 mm
bore balling bearing is 13 mm outside diameter, 5 mm thickness, 0.88 KN dynamic basic load
ratings, 0.35 KN static basic load ratings, 0.015 KN fatigue load limit, 110 000 rpm reference
speed ratings, 53 000 rpm limiting speed ratings, 0.0026 Kg mass and 628/6-2Z designation.
The bearing on bottom end of the Idler Shaft is single direction thrust ball bearing. The bore of the
bearing is 6 mm. According to bearing [51], the specification of the single direction thrust ball
bearing for 6 mm bore thrust balling bearing is 14 mm outside diameter, 5 mm thickness, 2 KN
dynamic basic load ratings, 2 KN static basic load ratings, 0.085 KN fatigue load limit, 17 000
rpm reference speed ratings, 24 000 rpm limiting speed ratings, 0.004 Kg mass and BA6
designation.
The lengths L1, L4, L and L3z becomes 5 mm, 5 mm, 38 mm and 5 mm. The length L. is a clearance
between pulley and thrust bearing which is 5 mm. The reaction forces on both bearings can be
determined as follows.

29 x 28.895 — 50.5R,,, = 0 > R, = 16.593N
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Rr, = 28.895 — Ry, = 28.895 — 16.593 = 12.302 N
Note: The Idler Shaft is subjected to a combined load both shearing and bending. Hence, it should
be designed by considering shearing and normal stresses.

The shearing stress due to torque T is;

TC
T
d md*
C = 5 and | = EV)
16T 16 X 2.095x 103 10669.747
a7 nd3 B

The normal stress in the camshaft can be determined by Beer and et al (2012) equation 4.58 by
considering o, = g, = 0

L We My My Wy My O0xx W, My
T4 L, L, A L, L, A I

The above normal stress (o,) becomes maximum at y=d/2. The unit of the diameter is millimeter.

A_ndz ; _nd“‘_l
T4 64 Y
5 = Wy _ 32M,

? nd? ndd

The bending moment M, can be determined by considering the distributed load w1, w2 and ws see

_ 16.593

F,
— =3.319 N/mm, w, = C/L2 =

Figure 4-40. The distributed loads are w, = R“’/L1

R
28895 _ 7 N /mm, and w, = by/L3 _ 12.5302 — 2.460 N/mm.
A
Y
Li L2 Ly
dy dz ds |
—— B
| "
W1 W3

Figure 4-40 FBD of Idler Shaft in the y-axis
The bending moment equation (M1x) on a range of length [0, L,] can be derived by taking an

arbitrary section between this range by using equilibrium equation see Figure 4-41.

75



d1

Figure 4-41 FBD between [0, L]

z2 z?
Z MX = 0 = W17 - MlX__) MlX :W17 = 1.6622
The bending moment equation is quadrtic and it becomes maximum at y=L1=5 mm i.e., M [0,
41.500] Nmm.

The bending moment equation (M2x) on a range of length [L,, L; + L] can be derived by taking

an arbitrary section between this range by using equilibrium equation see Figure 4-42.

A
y .

L1 z i

dy d>

SN S I A% Vay | Max

A

Wa
W1

Figure 4-42 FBD between [L4, L, + L,]

Ly (Z - 1)2 Ly (z—Ly)?
Z M =0= WlLl(Z 2) 2 - MZx__) MZX :WlLl(Z - ?) - W2 2
Z 2
= —wy o+ (W + Wy)Laz = (W, + wl)— = —0.382% + 20.395z — 50.988

The bending moment equation is quadratic and it becomes maximum at y=L1+5=10 mm i.e., Mox
[114.962, 52.452] Nmm.

The bending moment equation (Mzx) on a range of length [L; + L,, L, + L, + L3] can be derived

by taking an arbitrary section between this range by using equilibrium equation Figure 4-43.
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Y »l
- Li L2 z i
Fdl, — dz, ds
I I I e 77ﬁjq V3 Mix
— . W3
W1 w2

Figure 4-43 FBD between [Ly + L, L; + L, + L;]

L L z—L; —L,)?
ZMX:0:W1L1(Z_71)_W2L2(Z_L1_72>+W3( 12 2) _M3x

L L z— Ly —Ly)?
_)M3x:W1L1(Z__1)—W2L2(Z—L1—_2)_|_W3( 1 2) _

2 2 2

72 L,? L,
= W3 7 + (WlLl - W2L2 - W3(L1 + Lz))Z - WlT + W2L2 <L1 + 7)

(Ly + Ly)?

W3 > = 1.230z% — 130.382z + 3713.358

The bending moment equation is quadratic and it becomes maximum at y=Li+Lo+L; = 48 mm
i.e., M3y [288.942, 258.182] Nmm.
The maximum shearing stress (,,4,) Can be analyze by using Beer and et al (2012) equation 7.16.

o2
_ _ z 2
Tmax = Taul = ( 2 ) + Tyxz

The principal stress (oy ) can be determined using Beer and et al (2012) equation 7.13.

_ _ O-Z O-Z 2 2
012 = Oqui = ? t (?) T Ty,
The diameter of the Idler Shaft can be analyzed by using t,, and g, in each section. The torque in

the range of [0, L11] is zero i.e., 7,,, = 0 and the normal stress o, is;

Ry, = Wp = mpg = 4.643 X 9.81 = 45548 N
AW, 32M, 4Xx45548 32x415 57.994 422.716
T wd?2 md®  md2 | md® 42 d3
The diameter of the Idler Shaft in the range of [0, L1] can be analyzed by using maximum shear

Oy

theory i.e., o1, = g1, = 0.
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012 , 57.994 422.716\> [10669.747\>
s = o = () = 65 0P = (-5 - ) + (T )

d? = \/(—0.446d — 3.252)2 + (164.150)2 — d = 5.476 mm
The diameter of the Idler Shaft in the range of [0, L1] can also be analyzed by using principal stress
|e, le = Uly = 0
% VA 0: VA
1 + ( 1

2
012 = Oqu = B T) + 7,,2 =130 MPa

57.994 422.716+ ( 57.994 422.716)2+(10669.747)2_
2d2 2d3 2d> 2d3 d3 B

d?® = —0.223d — 1.626 + 1/ (—0.223d — 1.626)2 + (82.075)%2 - d = 4.300 mm
The diameter of the Idler Shaft in the range of [0, L:] should be 5.476 mm.
The shearing stress 7,,, and the normal stress a,, in the range of [L1, L1+L2] are;

16T, 16 x2.095x 103 10669.747
szy = 7Td3 = 7Td3 = d3

4x41.5 32x114.962 _ 57.994 1170.993
nd? nd3 R d3
The diameter of the Idler Shaft in the range of [L1, Li+L2] can be analyzed by using maximum

027, =

shear theory i.e., 0, = 03, = 0.

Ty 2 , 57.994 1170.993\% /10669.747\2
Tmax = (T) T Taxz” = 65 MPa = <_ 242 243 )+( FE )

d? = /(—0.446d — 9.002)2 + (179.535)2 —» d = 5.645 mm
The diameter of the Idler Shaft in the range of [Li, L1+L2] can also be analyzed by using principal

stress i.e., 055 = 025 = 0.

2

() ()]
012 = Oqui = TZ + \/(Tz) + 75,2 = 130 MPa

_57.994 1170'993+ ( 57.994 1170'993)2+ (10669.747)2
N 2d? 2d3 2d> 2d3 d3
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d3® = —0.223d — 4.504 + \/(—0.223d —4.504)2 4+ (82.075)%2 > d = 4.251 mm
The diameter of the Idler Shaft in the range of [L, L1+L2]should be 5.645 mm.

The shearing stress t3,, and the normal stress o3, in the range of [Li+L>, Li+Lo+L3] are;
16T, _ 16 x 2.095 x 103 _ 10669.747

Tsxy = g3 d3 d3
4x0 32x%288.942 2943.139
Ty = T gz T nd3 BV

The diameter of the Idler Shaft in the range of [Li+L2, Li+L2+L3] can be analyzed by using

maximum shear theory i.e., o3, = 03, = 0.

03,7\ 2 , 2943.139\* /10669.747\°
Tmax = (T) + T34,% = 65 MPa = (— PE ) +( PE )

d® = \/(—=22.640)2 + (164.150)%2 » d = 5.493 mm

The diameter of the Idler Shaft in the range of [Li+L2, Li+L2+L3] can also be analyzed by using

principal stress i.e., o3, = 03, = 0.

o Oz, 2
019 = Ogy = %i j(ﬁ) + 75,,% = 130 MPa

2943.139 2943.139\*> /10669.747\>
PR +<_ d3 )+( d3 )

d?® = —11.320 + /(—=11.320)2 + (82.075)2 » d = 4.151 mm
The diameter of the conveor shaft in the range of [Li+L>, L1+L>+L3] should be 5.493 mm.
Discussion on ldler Shaft Diameters: The diameters of the Idler Shaft are 5.476 mm, 5.645 mm
and 5.493 mm for the range of [0, Li], [L1, L1+L2] and [Li+L2, 1+L12+L3] lengths respectively.
The diameter of Idler Shaft for the ball bearing should be 6 mm. The diameters of the Idler Shaft
on the conveyor pulley should be 7 mm because it will support the ball bearing. The diameters of
the Idler Shaft on the clearance is 8 mm to support the pulley. Finally, the diameters of the Idler

Shaft on the thrust bearing should be 6 mm.
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Part Drawing 4-14 Idler Shaft
Camshaft: The force analysis of the camshaft can be done by considering all the machine elements
attached on it. The internal diameters of the machine elements are bevel gear (ds.), ball bearing
(dsp), conveyor pulley (dsy), cam (dsc) and thrust bearing (dsr) from right to left. The actual
position of the shaft is vertical; bevel gear on top end and thrust bearing on bottom end see Figure
4-44,

|L5\ I"6 L'Z | L8 \Lg LIOI
‘: T‘_ds;; { _dSp } dsv ‘dSG‘
e ] ‘
Thrast U —— ﬂ
. AN ] 7 . r/
Bearing | "o Pulley /Bearing | Gear

Figure 4-44 Descriptive Diagram of Camshaft

The free body diagram of the camshaft is drawn in Figure 4-45.

/ R,
RTZ

E

Figure 4-45 FBD of Camshaft
The parameters like torque on eccentric cam (Tg), force of eccentric cam on follower (F), frictional
force between cam and follower (f3), conveying force (F.=28.895 N), torque on pulley (7,) and
tangential force of bevel gear (W;) are determined in kinematics and Kkinetics analysis. The

remaining parameters can be analyzed by applying equation of motion.

80



Zszo

R = Ry F Ry Wy = 0 oo 4-79
ZFy=O

Ry — Ry + Fot Ry — Wy = 0 e 4-80
Y-

Ry —W,—W =0——— Ry, = W, = 138.188 N 4 W =-cemmrmmemmmeem e 4-81

Where W is the sum of weights of bevel gear, ball bearing, half of belt, half of total lugs, cam and

ZMx=O

~% Ry + (Ls + /5 Ry = (Ls + L + Ly + /5 o = (Ls + Ls + Ly + Lg + "9/ Ry +

camshaft.

(Ls + Lo + Ly + Lg + Ly + 20/ ) Wy = 0 wommmremeemmmee e 4-82

> M, =0

~ 5 Ry = (Ls + /5 R+ (Ls + Lo + Ly + Lg + 79/ Ry + (Ls + L + Ly + Lo + Lo +

L1o/2) Wi A My = 0 oo 4-83

T+ T+ T =0 e e 4-84
Note: In the force analysis of camshaft, there are seven unknows (Ls, Ls, Lg, Rtx, Ry, Rox and Ruy)
and five equations which is statically indeterminate. Since the lengths and diameters are unknown,
it can’t be solved by using the technique of displacement method for statically indeterminate
problem. For the time being, the shaft can be designed by considering the part from bevel gear up
to ball bearing which is positioned above conveyor pulley. Because it is subjected to a higher load.
After analyzing all the above unknowns, it is good to redesign the shaft by considering the whole

part.
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Figure 4-46 FBD of Camshaft on Gear Portion
The loads above the conveyor pulley are axial compressive (W,=138.188 N), bending loads (Wr
and W¢; 442.610 N and 1273.952 N respectively) and torsional moment (T=61.207 Nm) see Figure
4-46. This shows that the shaft is subjected to a combined load. The bending moment in the x-axis

is the product of radial gear force (W) and half of thickness of bevel gear (L10=28 mm).

Lyo 28
My = W, —> = 442.610 X — = 6196.54 Nmm = 6.197 Nm

The bending moment in the y-axis is the product of tangential gear force (W+) and half of thickness
of bevel gear (L,,=28 mm) plus bending moment (Mty=WaRm¢) by axial gear force (W.=138.188
N).

L 28
M, = WyRp + Wt% = (138.188 X 48.045 + 1273.952 x 7) Nmm = 24.475 Nm

Materials for Camshaft: It is made of quenched and tempered steel at 540°c AISI 4340 ASM
designation, 1170 MPa tensile stress, 1080 MPa yield stress (a,) and 360 BHN. Since the system

is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:
o, 1080 N

Oqui = Oy = o 4 m? =270 MPa
The allowable shear stress can be determined by using maximum shear stress theory:
Oall 270 N
Tal = Tw = = T 135 MPa

The axial stress in the camshaft can be determined by Beer and et al (2012) equation 4.58 by

considering o, = g, = 0.

Wa
A

Myx M,y
g, = I_
y

+

Ix
The above normal stress (o,) becomes maximum at 45° between negative x- and y-axes when
x=y=—d /+/8. The unit of the diameter is millimeter.

nd? nd*

A=—1 =—=
4 "7 64

Ly
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_ MW 16V2M, 16V2M, 4% 138188 16v2 X (24.475 + 6.197) x 10°

% = Tqz md3 wd3 md? wd3
_ 175.946 220.926 x 103
B d? d3
The shearing stress due to torque T is;
_TC
Txz = T
C = E and | = n;d‘*
2 32
16T 16 x61.207 x 10> 311.725 x 103
e E B iE

The maximum shearing stress (7,,4,) Can be analyze by using Beer and et al (2012) equation 7.16.

Oy

2
— — _Z 2
Tmax = Tau = ( 2 ) + Txz

2 2
175.946 220.926x103 311.725x103
135 MPa:\/(— - )+ ()
2d2 2d3 d3

d?® = /(—0.652d — 818.244)2 + (2309.074)2
The solution of the above equation is d = 13.486 mm.

The principal stress (o; ) can be determined using Beer and et al (2012) equation 7.13.

o. O,\2
012 = Oqu = ?Z + (—Z) + 7,,% = 270

2 mm?

175.946 220.926 x 103 + 175.946 220.926 x 103\’ N 311.725 x 103\’
2d? 2d3 - 2d? 243 d3

d? = (—0.326d — 409.122) + +/(—0.326d — 409.122)2 + (1154.537)2
The solution of the above equation is d = 8.336 mm. Therefore, the diameter of camshaft is 15
mm because there is no bearing with bore between 15 mm and 13 mm.
Note: Still the numbers of unknowns are greater than number of equations. Hence, it is advisable
to know the dimension of bearings and cam in order to get Ls and Lo.
Selection of Bearings for Camshaft: The bearing on the upper part of camshaft is sealed single
row deep groove ball bearing. The bore of bearing is 15 mm.

According to bearing catalogue, the specification of the sealed single row deep groove 15 mm bore
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balling bearing is 24 mm outside diameter, 5 mm thickness, 1.56 KN dynamic basic load ratings,
0.8 KN static basic load ratings, 0.034 KN fatigue load limit, 60 000 rpm reference speed ratings,
38 000 rpm limiting speed ratings, 0.0074 Kg mass and 61802 designation.

The bearing on lower part of the camshaft is single direction thrust ball bearing. The bore of the
bearing is 15 mm. According to bearing catalogue [53], the specification of the single direction
thrust ball bearing for 15 mm bore thrust balling bearing is 28 mm outside diameter, 9 mm
thickness, 9 KN dynamic basic load ratings, 15 KN static basic load ratings, 0.56 KN fatigue load
limit, 8500 rpm reference speed ratings, 12 000 rpm limiting speed ratings, 0.023 Kg mass and
51102 designation.

Eccentric Cam: It is used to reciprocate the cutter bar through follower bar. Its schematic diagram
and FBD is shown in Figure 4-5 and Figure 4-8 respectively. The cam is subjected to bearing
load due to resultant reaction force and shearing due to frictional load (fs) stresses.

h S Plane for bearing stress
~¢b

Plane for bearing stress \ |*

Y

Figure 4-47 Plane of stresses in the Eccentric Cam

The bearing force is determined using equation 4-19.

R = F2(1+ u?) + 2Fm ew? (usin 6 + cos 0) + m 2e2w*
The bearing load (R) becomes maximum when (psin 6 + cos 6) is maximum because all the other
parameters are positive. The maximum value of the equation inside bracket can be determined by
setting its derivation with respect to 8 zero i.e.,

d (nsin@ + cos )
do

=0-tanf = p = 0.0011 - 6 = 0.063° = 0°

- R =+F2(1 + u2) + 2Fmeew? + m 2e?w*
Note: The bearing load can be determined by neglecting the effect of cam, cutter bar and follower
bar masses. That is the follower bar force (F) and cutter bar force becomes same. Hence, the
bearing load becomes;
> R = F/(1+ u?) =290.97 x /(1 + 0.0292) = 295.159 N
Correspondingly, the frictional force (f3) becomes;
fs = uF = 0.029 x 290.97 = 8.438 N
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Materials for Cam: It is made of high carbon steel of Fe870 Indian standard designation and 870
N/mm? tensile strength and 520 N/mm? yield stress (gy). Since the system is used in the outdoor,

its safety factor (n) is four. Hence, the allowable stress becomes:
oy 520 N

Oqil = Oy = ” 2 mZ 130 MPa
The allowable shear stress can be determined by using maximum shear stress theory:
Oqll 130 N
Tail = Tw = ) = ) mm2=65MPa

The bearing stress (o3,) is the ratio of reaction force R and bearing area Ap. The bearing area (An)

is the product of thickness of cam (t) and diameter of camshaft (d=15 mm).

R 295.159
ab=0W=A—b= T =130 MPa -t = 0.151 mm

The shearing stress is the ratio of shear force (f3) and shearing area (A=ht).
_ _f; 8438 N
fall = Tw =t T 0.151h mm?

The actual thickness of cam should be increased because it is designed by neglecting the effect of

= 65 MPa - h = 0.860 mm

masses. Hence, it is recommended to have 5 mm thickness. In addition, its size on the plane of
bearing stress (b) is recommended to 5 mm. The size (h) becomes 26.299 mm using the geometry
in Figure 4-47.

The diameter of the cam becomes 2(t+e+d/2) =2(5+38.1+15/2) =101.2 mm. The length of cam in

nose and tail side is 88.7 mm and 12.5 mm respectively.
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Part Drawing 4-15 Eccentric Cam
Note: The dimension of bearings and cams are already determined in addition to bevel gear and
conveyor pulley. Now it is the time to solve from equation 4-80 to 4-84 using Ls=9 mm, Le=5
mm, L7=377.762 mm, Lg=38 mm, Lo=5 mm, L10=28 mm, F.=28.895 N, Ry=f3=8.438 N,
Ry=F=290.97 N, W=1273.952 N, W,=138.188 N and W,=442.610 N. The remaiming reaction
forces can be determined after substituting these values into equation 4-80 to 4-84.
—Ryy — Ry + Ry + W, = —Rpy — 8438 + Ry, + 1273.952 = =Ry, + Ry, + 1265.514 = 0

Rry — Ry + F¢ + Ryy — Wy = Ry, — 290.97 + 28.895 + Ry, — 442.610
= Ry, + Ry, — 704.685 = 0

—4.5Ry, + (11.5) x 290.97 — (410.762) x 28.895 — (432.262)R,,, + (448.762) x 442.610
= —4.5Ry, — 432.262Ry,;, + 190103.736 = 0

—45Ry, — 11.5 X 8.438 + 432.762R,,, + 448.762 x 1273.952 + 48.045 x 138.188
= —4.5R;, + 432.262R,, + 578243.453 = 0
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The above equations have four variables and four equations i.e, can be solved by using
simultaneous equation.
—4.5R;, + 432.262(Ry, — 1265.514) + 578243.543 = 0 - 427.762R;, = —31209.930
Ry = —72.961N
Rpy = Ry — 1265.514 = —72.961 — 1265.514 = 1338.475 N
—4.5(—Rby + 704.685) — 432.262Rp,,, + 190103.736 = 0 —» —427.762R;,,, = —186932.654

Ry, = 437.002 N
Ry = —Rpy + 704.685 = —437.002 + 704.685 = 267.683 N

The shear force and bending moment diagrams can be constructed after deriving the equations of

them in each ranges shown in Figure 4-48.

Ls Le L7 L8 Le Lio
st dre | 1 | 9 [ dsldss
7 a1
| . — i
i

)
Figure 4-48 Sections for Shear Force and Bending Moment

The transverse forces are applied about x- and y-axes. So that the bending moment is about x-and

y-axes. The shaft should be designed for the cumulative or resultant effect of these bending

moments. The resultant moment can be determined after determining bending moment about x-

and y-axes in each section.

The free body diagram of the camshaft about x-axis is shown in Figure 4-49. The loads w1, w,

w3 and wy are distributed loads over length Ls, Lg, Ly and L, respectively i.e., w; = RT"/L5 =

72.961 _R _ 8438 _ _Ry _ 1338475 _
=8.107 N/mm, w,= X/L6 ==——=1688N/mm, w;= x/L9 =—"=

267.697 N/mm and w, = Wt/L10 = 2222 = 45.498 N /mm.
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Wi W3 Wi
Figure 4-49 FBD Diagram of Camshaft about x-axis

The bending moment equation (Myy) on a range of length [0, Ls] can be derived by taking an

arbitrary section between this range by using equilibrium equation see Figure 4-50.
N
‘EE le Mly

w1

Figure 4-50 FBD between |0, Ls]

72 z?
Z My = O = _Wl? + Mly__) Mly :W17 == 405422

The bending moment equation is quadrtic and it becomes maximum at z=Ls=9 mm i.e., Myy [0,
328.374] Nmm.

The bending moment equation (Mzy) on a range of length [Ls, Ls + Lg] can be derived by taking

an arbitrary section between this range by using equilibrium equation see Figure 4-51.

z

X T >

pe——

dsr
|
|

Wi

Figure 4-51 FBD between [Ls, Ls + Lg]

(z - Ls)z Ls (z — Ls)z

LS
z My =0= —W1L5(Z - ?) + Wy > + sz——> sz = W1L5(Z - ?) — Wy >

z? L.2
= —Wy — + (Wa + Wy)Lsz — (W +wy) % = —0.84472 + 88.155z — 396.698
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The bending moment equation is quadratic and it becomes maximum at z=Ls+Le=14 mm i.e., My
[328.333, 672.048] Nmm.

The bending moment equation (Masy) on a range of length [Ls + Lg, Ls + Lg + L] can be derived

by taking an arbitrary section between this range by using equilibrium equation see Figure 4-52.

z
" Ls Ls
dsm e )
‘I ]1_ ij MS}-‘
i %

Figure 4-52 FBD between [Ls + Lg, Ls + Lg + L]

‘zz Ls Le
My=0=—W1L5<Z—7>+W2L6<Z—L5—7>+M3y
Ls Le
2 Le

L
= (W1L5 - W2L6)Z — Wl% + W2L6 <L5 +7>

= 64.523z — 231.288
The bending moment equation is linear and it becomes maximum at z=Ls+Le+L, =391.762 mm
i.e., May [672.034, 25046.372] Nmm.
The bending moment equation (May) on a range of length [Ls + Lg + L, Ls + Lg + L, + Lg] can

be derived by taking an arbitrary section between this range by using equilibrium equation see
Figure 4-53.

Ls Le
ZMyz0=—W1L5(z—7>+w2L6<z—L5—?)+M4y

Le

L
- Myy = wyLg (z—%) — wyLg (Z—LS —?)

Ls? Le
= (_W2L6 + W1L5)Z — Wy T + W2L6 (LS + ?)
= 64.523z — 231.288
The bending moment equation is linear and it becomes maximum at z=Ls+Le+ L7+Lg=429.762

mm i.e., May [25046.372, 27498.246] Nmm.
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Figure 4-53 FBD between [Ls + Lg + L, Ls + Lg + L; + Lg]
The bending moment equation (Msy) on a range of length [Lg + Lg + L, + Lg, Ls + Lg + L, +
Lg + Lo] can be derived by taking an arbitrary section between this range by using equilibrium
equation see Figure 4-54.

W,
W, Ws

Flgure 4'54 FBD between [LS + L6 + L7 + LB' L5 + L6 + L7 + Lg + Lg]

L L Z —Ls—Lg— L, — Lg)?
ZMYZOZ—W1L5(Z—75)+W2L6(Z—L5—76>+W3( > 6 U 8) + Ms,

2
Ls Le (z—Ls—L¢—L;— Ls)z
= May = wibs (= 5) = wal (- Ls =) = ws 2
z? L2
5
== _W37+ (WlLS - W2L6 + W3(L5 + L6 + L7 + Lg))z _W]_T
L Le+ Le + L, + Lg)?
+W2L6(L5+76)—W3(5 62 ’ )

= —133.849z2 + 115110.521z — 24721430.408
The bending moment equation is quadratic and it becomes maximum at z=429.762 mm i.e., Msy
[27394.049, 24558.356] Nmm.
The bending moment equation (Mey) on a range of length [ Lg + Lg + L, + Lg + Lo, Ls + Lg +
L, + Lg + Lo + L] can be derived by taking an arbitrary section between this range by using
equilibrium equation see Figure 4-55.
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Flgure 4-55 FBD between [LS + L6 + L7 + L8 + Lg, L5 + L6 + L7 + Lg + Lg + LlO]

Ls Le Lo
ZMYZO:_WlLs(Z_7>+W2L6(Z_L5__)+W3L9<Z_L5_L6_L7_L8__>

2 2
Z—Lc—Le—L,—Lg— Lg)?
—w4( 5 6 _ 7 8 9) + M,
LS L6 L9
—>M6y=W1L5(z—7)—W2L6(Z—L5—7)—W3L9<Z—L5—L6—L7—L8—7>
(z—=Ls—Lg— Ly — Lg — Lg)?
+ wy
2
ZZ L52
=W47+(W1L5_WzLe_W3L9_W4(L5+L6+L7+L8+L9))Z—W1T

Le Ly
+ W2L6 <L5 + 7) + W3L9 <L5 + L6 + L7 + L8 +?>

(Ls+ Lg+ L, + Lg+ Lg)?
2
= 22.7492% — 21054.753z + 4874964.811

Wy

The bending moment equation is quadratic and it becomes maximum at z=Lg + Lg + L, + Lg +
Ly = 462.762 mm i.e., Mgy [21128.693, 3293.266] Nmm.
The free body diagram of the camshaft about y-axis is shown in Figure 4-56. The loads w5, w6,

w7, w8 and w9 are distributed loads over length Ls, L, Lg, Lo and L,, respectively i.e., ws

Rry /[ 267683 _ _ R,/ 29097 _ _E B
/Ls == = 29.743 N/mm, wg= /L6 =— = 58.194 N/mm, w, = C/Lg —

28.895

R
= 0.760 N/mm, wg = by/L9 = 222 — 87.400 N/mm and wy = "7/, =20 =

15.808 N/mm.
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Figure 4-56 FBD Diagram of Camshaft about y-axis
The bending moment equation (Mix) on a range of length [0, Ls] can be derived by using

equilibrium equation by taking an arbitrary section between this range see Figure 4-57.

Ly
_B Viy ) Mix

ws

Figure 4-57 FBD between [0, Ls ]

z? 72
Z M, =0 =—wq -+ M;x—— My, =wg > = 14.872z2

The bending moment equation is quadrtic and it becomes maximum at z=Ls=9 mm i.e., M [0,
1204.632] Nmm.
The bending moment equation (M2x) on a range of length [Ls, Ls + Lg] can be derived by taking

an arbitrary section between this range by using equilibrium equation see Figure 4-58.

y A 2
Ls
dsr,
‘F Vly MZ:;'
Ws
Ws

Figure 4-58 FBD between [Ls, Ls + Lg]

(z - Ls)z Ls (z - L5)2

L
z M, =0=—-wslLsz— ?5) + Wg > + My, —— Myy =wslgz — 7) — Wse >
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z2 Ls2
=—We— + (Wg + ws)Lgz — (wg + W5)% = —29.097z% + 791.433z — 3561.449
The bending moment equation is quadratic and it becomes maximum at z=Ls+Ls=14 mm i.e., Mox

[1203.664, 1814.159] Nmm.

The bending moment equation (Mzx) on a range of length [Ls + Le, Ls + Lg + L] can be derived

by taking an arbitrary section between this range by using equilibrium equation see Figure 4-59.
zZ

' Ls Ls
_diT _dSc

&l

Ws

ij MSK

LA S f——

Wi

Figure 4-59 FBD between [Ls + Lg, Ls + Lg + L]

Ls Le
ZMX =0=—-wsLs (2—7)+W6L6(Z—L5—7)+M3x

Ls Le
- M3y = wilLs (Z - 7) — WelLg (Z —Lg —7)

2

Ls Le
= (WsLgs — wglg)z — we - + weLg <L5 + 7)

= —23.287z + 2141.582
The bending moment equation is linear and it becomes maximum at z=Ls+Le+L, =391.762 mm
i.e., Max [1815.564, -6981.380] Nmm.
The bending moment equation (Max) on a range of length [Ls + Lg + Ly, Ls + Lg + L7 + Lg] can

be derived by taking an arbitrary section between this range by using equilibrium equation see
Figure 4-60.

Ls L6 L L7 . T
T‘_dSc ‘ !
%—-—-—-—-——é— _______ % Viy | Mix
- !
W, W7

Figure 4-60 FBD between [Ls + Lg + Ly, L + Lg + L, + Lg]
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L L Zz—Ls —Lg — L,)?
zsz0=_W5L5<Z__5>+W6L6<Z_L5__6)_W7( > 6 7) +M4X

2 2 2
L L z—Lg—Lg—L,)?
—>M4x=W5L5(Z—?5>—W6L6(Z—L5—76)+W7( > 26 7)
72 Lg? Lg
= W7? + (W5L5 - W6L6 - W7(L5 + L6 + L7))Z — W57 + W6L6 (LS + 7)
(Ls + Lg + Ly)?

= 0.38z% — 321.026z + 60463.018

Wo >
The bending moment equation is linear and it becomes maximum at z=Ls+Le+ L7 Lg=429.762 mm
i.e., Max [-6981.333, -7317.515] Nmm.
The bending moment equation (Msx) on a range of length [Lg + Lg + L, + Lg,Ls + L + L, +
Lg + Lo] can be derived by taking an arbitrary section between this range by using equilibrium
equation see Figure 4-61.

"Ls Le L7 Z . L3 \4%
dor e L G2 e
- AL

Figure 4-61 FBD between [Ls + Lg + L; + Lg,Ls + Lg + Ly + Lg + Lo]
Ls Le Lg
ZMX =0= —W5L5(z—7)+w6L6(z—L5 —;)—W7L8(Z—L5—L6—L7—?)
(Z—Ls — Lg — Ly — Lg)?
2

- W8 + MSX

Ls Le Lg
_>M5X=W5L5<Z—7)—W6L6<Z—L5_7)+W7L8<Z—L5—L6—L7—?>
(Z—Ls—1Le—L;—Lg)®

2

z? Ls?
= Ws? + (W5L5 - W6L6 + W7L8 - WS(LS + L6 + L7 + LS))Z - Ws%

+W8

(Ls + Lg + L, + Lg)?
2

Le Lg
+ W6L6 (LS + ?) - W7L8 (LS + L6 + L7 +?) + Wg

= 43.7z% — 37555.591z + 8061460.573

The bending moment equation is linear and it becomes maximum at z=Lg + Lg + L, +
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Lg=429.762 mm i.e., Msx [-7317.41, -6196.871] Nmm.
The bending moment equation (Mex) on a range of length [ Lg + Lg + L, + Lg + Lo, L + L +
L, + Lg + Lo + L4,] can be derived by taking an arbitrary section between this range by using

equilibrium equation see Figure 4-62.

v >
Ls Ls L7 Ly L
dr &5 : O [ de

+_-_j— ___.__—-——-»3— —_— —-—.-— —“—;— V()} Mﬁ\
w. Wi w, Wa Wy

Figure 4-62 FBD between [Ls + Lg + L; + Lg 4+ Lo, Ls + Lg + L; + Lg + Lo + L]

Ls Le Lg
ZMXZOZ—W5L5(Z—7)+W6L6(Z—L5—7)—W7L8(Z—L5—L6—L7—7)

L Z—Ls—Lg—L;,—Lg—Lg)?
_WSLB(Z_LS_Le—L7—L8—?9>+W9( : & 27 8 o)

+ Mgy
Ls Le Lg
—)M6X=W5L5(Z—7)—W6L6(Z—L5—7)+W7L8<Z—L5—L6—L7—7)
(Z—Ls—Lg— Ly — Lg — Ly)*
2

L
+W8L9<Z_L5_L6_L7_L8_?9)_W9

2
Z
= _Wg? + (W5L5 - W6L6 + W7L8 + W8L9 + Wg(LS + L6 + L7 + L8 + Lg))z

2

L5 L6 L8
_W5T+W6L6(L5+7)—W7L8<L5+L6+L7+7>
L Ls+Lg+ Ly + Lg + Lg)?

= —7.904z% + 7315.328z — 1692624.990
The bending moment equation is quadratic and it becomes maximum at z=Lg + Lg + L, + Lg +
Ly = 434.762 mm i.e., Mex [-6196.604, 0] Nmm.
The diameter of the camshaft can be analyzed by using 7,, and o, in each section. The torque in

the range of [0, Ls] is zero i.e., 7., = 0 and the normal stress g, is;

4% 138.188 16V2 x (328.374 + 1204.632) _ 175946 11041.523
d>? md3 N d? d3

017 =
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The diameter of the camshaft in the range of [0, Ls] can be analyzed by using maximum shear

theory i.e., 015 = 01y = Tyxz =

0'12 o1, 175. 946 11041.523
Tmax Tall + T.X'Z — 135 MPa = 7 = Zd zd

3 =0.652d + 40.895 - d = 3.508 mm

The diameter of the camshaft in the range of [0, Ls] can also be analyzed by using principal stress

|e, O1x = O-ly = Ti1xz = 0.

0'12 175. 946 11041.523
012 = Oqu =7i + 17,,%2 = 270 MPa = 0y, = pE PE

3 =0.652d + 40.895 —» d = 3.508 mm
The diameter of the camshaft in the range of [0, Ls] should be 3.508 mm.

The shearing stress 7,,, and the normal stress a,, in the range of [Ls, Ls+Lg] are;
16Ty 16X 58.270 x 103 _296.767 X 103

Toxz = a3 = nd? - a3
4% 138188 16vVZ x (672.048 + 1814.159) 175946 17906.982
G2z =~ d>? B wd3 T T4z T d3

The diameter of the camshaft in the range of [Ls, Ls+Ls] can be analyzed by using maximum shear

theory i.e., o35 = 03y = Tax, = 0.

0N, 175.946  17906.982\* (296.767 x 103\’
Tmax = (T) + 7,2 = 135 MPa = (— T >+ e

d?® = /(—0.652d — 66.322)2 + (2198.274)2 - d = 13.005 mm
The diameter of the camshaft in the range of [Ls, Ls+Ls] can also be analyzed by using principal

stress i.e., o5 = 02y = 0.

02z 02
012 = Oqui = Ti \/( 22) + Ty,,%2 = 270 MPa

175.946 17906.982
2d? 243

N ( 175.946 17906.982>2+ 296.767 x 103\’
2d? 2d3 d3
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d3® = —0.326d — 33.161 + \/(—0.326d —33.161)% + (1099.137)%2 > d = 10.207 mm
The diameter of the camshaft in the range of [Ls, Ls+Le]should be 13.005 mm.
The shearing stress t5,, and the normal stress o5, in the range of [Ls+Ls, Ls+Le+ L7] are;
16T 16 x 58.270 X 10° _ 296.767 x 10°

tsxz = g3 T nd? a3
4%138.188 16vZ X (25046.372 4+ 6981.380) 175946 230680.862
Gz =TT gz d? S 7 R E

The diameter of the camshaft in the range of [Ls+Ls, Ls+Le+ L7] can be analyzed by using

maximum shear theory i.e., g3, = g3, = 0.

Oap 2 , 175946 230680.862\% [296.767 x 103\’
Trax = (T) + Tgy,2 = 135 MPa = (— T )+ e

d?® = /(—0.652d — 854.374)2 + (2198.274)2 —» d = 13.317 mm
The diameter of the camshaft in the range of [Ls+Le, Ls+Le+ L7] can also be analyzed by using

principal stress i.e., g3, = 03, = 0.

. Oy, 2
012 = Oqu = % + \/(%) + Ty,,%2 = 270 MPa

175.946 230680.862
2d? 243

N (_ 175.946 230680.862)2+ 296.767 x 103\°
B 2d2 2d3 d3

d3® = —0.326d — 427.187 + \/(—0.326d —427.187)? + (1099.137)%? - d = 9.086 mm
The diameter of the camshaft in the range of [Ls+Ls, Ls+Le+ L7] should be 13.317 mm.
The shearing stress 7,,, and the normal stress a,, in the range of [Ls+Le+ L7, Ls+Le+ L7 +Lg] are;
16T _ 16 X 61.207 x 103 _ 311.725 x 103

taxz = 103 nd3 a3
4% 138188 16VZ X (27498.246 + 7317.515) 175946 250761.582
Gaz =~ nd? B nd3 T Taz T d3

The diameter of the camshaft in the range of [Ls+Le+ L7, Ls+Le+ L7 +Lg] can be analyzed by using

maximum shear theory i.e., g4, = 04y, = 0.
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Oagy 2 , 175.946 250761.582\% (311.725 x 103\°
Tmax = (T) + Tyxz" = 135 MPa = (— 2d2 - 2d3 ) + d3

d3 = \/(—0.652d —928.747)? + (2309.074)? -» d = 13.558 mm
The diameter of the camshaft in the range of [Ls+Le+ L7, Ls+Le+ L7 +Lg] can also be analyzed by

using principal stress i.e., o4y = 04, = 0.

o, AN
012 = Oqu = % + \/(?) + T4,,2 = 270 MPa

175.946 250761.582
2d? 243

.\ ( 175.946 250761.582>2+ 311.725 x 103)\°
242 2d3 d3

d3 = —0.326d — 464.373 + \/(—0.326d —464.373)? + (1154.537)? > d =9.198 mm
The diameter of the camshaft in the range of [Ls+Ls+ L7, Ls+Let L7 +Lg] should be 13.558 mm.
The shearing stress 7s,, and the normal stress oz, in the range of [Ls+Le+ L7 +Lg, Ls+Le+ L7
+Lg+Lo] are;

16T 16 X 61.207 X 103 ~ 311.725 103

tsxz = 103 d3 PE
4x138.188 16v2Z x (24558.356 + 6196.871)  175.946 221515.461
Oz =" paz d? S 7 R

The diameter of the camshaft in the range of [Ls+Le+ L7 +Lg, Ls+Le+ L7 +Lg+Lg] can be analyzed

by using maximum shear theory i.e., o5, = g5, = 0.

05,4\ 2 ) 175.946 221515.461\° 311.725 x 103 2
Tmax = (_) + T5y,% = 135 MPa = (— — ) +

2 2d? 243 d3

a3 = \/(—0.652d —820.428)% + (2309.074)? - d = 13.487 mm
The diameter of the camshaft in the range of [Ls+Le+ L7 +Ls, Ls+Le+ L7 +Lg+Lo] can also be

analyzed by using principal stress i.e., g5, = 05, = 0.

Os O52\2
010 = Oan = 5" \/(TZ) + 7,2 = 270 MPa
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_ 175.946 221515.461+ ( 175.946 221515.461)2+ 311.725 x 103\°
B 2d2 2d3 2d? 2d3 d3

d?® = —0.326d — 410.214 + /(—0.326d — 410.214)% + (1154.537)2 —» d = 9.333 mm
The diameter of the camshaft in the range of [Ls+Le+ L7 +Ls, Ls+Le+ L7 +Lsg+Lo] should be 13.487
mm.

The shearing stress 74, and the normal stress g, in the range of [Ls+Le+ L7 +Lg+Lo, Ls+Le+ L7
+Lg+Lo+ Lio] are;

16T 32 x61.207 X 103 _ 311.725 X 103

toxz = 103 d3 PE
4x138.188 16vZ x (3293.266 +0)  175.946 23719.849
G6z =~ nd? B nd3 - ar T d3

The diameter of the camshaft in the range of [Ls+Le+ L7 +Lg+Lo, Ls+Le+ L7 +Lg+Lo+ Lio] can be

analyzed by using maximum shear theory i.e., ogx = dg, = 0.

o 2 , 175946 23719.849\% (311.725 x 103\’
Trax = (T) + Tgy,? = 135 MPa = (— o )+ =

d?® = /(—0.652d — 87.851)2 + (2309.074)2 —» d = 13.221 mm
The diameter of the camshaft in the range of [Ls+Le+ L7 +Lg+Lg, Ls+Le+ L7 +Ls+Lo+ Lio] can

also be analyzed by using principal stress i.e., g6, = 04, = 0.

0, OcN\ 2
012 = Ogqu = % + \/(?) + Tgry? = 270 MPa

175.946 23719.849
2d? 243

N (_ 175.946 23719.849)2+ 311.725 x 103\°
B 2d2 2d3 d3

d3® = —0.326d — 43.926 + \/(—0.326d —43.926)? + (1154.537)2 - d = 10.348 mm
The diameter of the camshaft in the range of [Ls+Le+ L7 +Ls+Lo, Ls+Le+ L7 +Lg+Lo+ L1o] should
be 13.221 mm.

Discussion on Camshaft Diameters: The diameters of the camshaft are 3.508 mm, 13.005 mm,
13.317 mm, 13.558 mm, 13.487 mm and 13.221 mm for the range of [0, Ls], [Ls, Ls+Ls], [Ls+Ls,
Ls+Le+ L7], [Ls+Let L7, Ls+Let+ L7 +Lg] , [Ls+Le+ L7 +Ls, Ls+tLe+ L7 +Lg+Lo] and [Ls+Le+ L7
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+Lg+Lo, Lst+Le+ L7 +Lg+Lot+ L1o] lengths respectively. The diameter of camshaft for the bevel gear
is 13.221 mm as it is. However, its diameter for the single row deep groove ball bearing should be
15 mm because there is 13.487 mm bore bearing. The diameters of the camshaft on the conveyor
pulley should be 15.5 mm because the pulley is inserted from top and the camshaft should have a
shoulder to support the pulley. Therefore the maximum diameter of the camshaft becomes 16 mm.
It is between cam and conveyor pulley. The diameters of the camshaft on the cam becomes 15
mm. Finaly, its diameter on the single direction thrust bearing should be 12 mm which was 3.508
mm. The reason to increase this diameter is that the manufacturing cost becomes high during

removing on lathe from 16 mm to 3.508 mm.
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Part Drawing 4-16 Camshaft

Reselection of Thrust Bearings for Camshaft: The bearing on the lower part of camshaft is

single direction thrust ball bearing. The bore of bearing was 15 mm. However, after reconsidering

all the loads it becomes 12 mm bore single direction thrust ball bearing.

According to bearing catalogue [53], the specification of the single direction thrust ball bearing

for 12 mm bore thrust balling bearing is 26 mm outside diameter, 9 mm thickness, 10 KN dynamic

basic load ratings, 17 KN static basic load ratings, 0.62 KN fatigue load limit, 9 000 rpm reference

speed ratings, 13 000 rpm limiting speed ratings, 0.022 Kg mass and 51101 designation.

Key on Camshaft for Bevel Gear: It is used to transfer power from bevel gear to camshaft and

located at top end of camshaft. It is subjected to a torque of 61.207 Nm and the diameter of

camshaft on the bevel gear is 13.221 mm. Its cross section is square. The key has taper 1 in 100

on the top side only (R.S. KHURMI and J.K. GUPTA, 2005).
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It is made of quenched and tempered (Q&T) steels are from a single heat of 205°c. It has 1640MPa
yield strength, 510 BHN and AISI 4140 ASM designation (Budynas Nisbett, 2008). Since, the

system is used in the outdoor, its safety factor (n) is three. Hence, the allowable stress becomes:

o, 1640 N

_—=— = 546.667 MPa
n 3 mm?
The allowable shear stress can be determined by using maximum shear stress theory:

Oal1 546.667 N

Oqii = Oy =

> = 273.334 MPa
mm

The shearing stress developed on the key is the ratio of shearing force (F=2T/d) and shearing area
(Ixt). Where d, T, [ and t are diameter of camshaft on the bevel gear, T torque on the camshaft, [
length of key and t thickness of the square key. The thickness t is one fourth
(t=d/4=13.221/4=3.305 mm) of the diameter of camshaft.

2T 8T 8T 8 X 61207
a2 T T B2E X 273334
The crushing stress developed on the key is the ratio of crushing force (F=2T/d) and resisting area
(0.51t).

= 10.249 mm

T =

4T _16T 16T 16 x 61207
= —_— — [ = =
% = ar T qe d20,  13.2212 x 546.667

Discussion of Key on Camshatft for the Bevel Gear: Its length is almost one third of the length of

= 10.249 mm

camshaft (28 mm) on the bevel gear part. That means, the length of key way should be at the
middle of the length of camshaft on bevel gear part with a length of 15 mm. The depth of key way

both on the camshaft and bevel gear becomes 1.653 mm.
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Part Drawing 4-17 Key for Bevel Gear on Camshaft
Key on Camshaft for Conveyor Pulley: It is used to transfer power from camshaft to conveyor
pulley and located below the ball bearing. It is subjected to a torque of 2.099 Nm and the diameter
of camshaft on the conveyor pulley is 15.5 mm. Its cross section is square. The key has taper 1 in
100 on the top side only (R.S. KHURMI and J.K. GUPTA, 2005).
It is made of high carbon steel of Fe870 Indian standard designation and 870 N/mm? tensile

strength and 520 N/mm? yield stress (gy). Since, the system is used in the outdoor, its safety factor

(n) is four. Hence, the allowable stress becomes:

o, 520 N
Oqul = Oy = N 130MPa
The allowable shear stress can be determined by using maximum shear stress theory:
Oall 130 N
Tal =Ty = > = = 65 MPa

2 mm?

The shearing stress developed on the key is the ratio of shearing force (F=2T/d) and shearing area
(Ixt). Where d, T, [ and t are diameter of camshaft on the conveyor pulley, T torque on the camshaft,
[ length of key and t thickness of the square key. The thickness t is one fourth (t=d/4=15.5/4=3.875
mm) of the diameter of camshaft.

2T 8T l 8T 8 x 2099
= —— = =
P T an dZt  15.52 X 65
The crushing stress developed on the key is the ratio of crushing force (F=2T/d) and resisting area
(0.51¢).

=1.075mm

4T 16T 16T 16 x 2099

o, = ﬁ = ﬁ_) | = dzo'c = 1552 < 130 = 1.075mm

102



Discussion of Key on Camshaft for the Conveyor Pulley: Its length is smaller than the length of
camshaft (38 mm) on the conveyor pulley part. Hence, it is recommended to use 30 mm length of
key otherwise it will be difficult to manufacture 1.075 mm length of key and key way in our shop.

The depth of key way both on the camshaft and conveyor pulley becomes 1.938 mm.
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Part Drawing 4-18 Key for Conveyor Pulley on Camshaft

Key on Camshaft for Cam: It is used to transfer power from camshaft to eccentric cam and
located above the thrust bearing. It is subjected to a torque of 59.108 Nm and the diameter of
camshaft on the cam is 15 mm. Its cross section is square. The maximum length of this key should
not greater than 5 mm which is the thickness of eccentric cam. The key has taper 1 in 100 on the
top side only (R.S. KHURMI and J.K. GUPTA, 2005).

It is made of quenched and tempered (Q&T) steels are from a single heat of 205°c. It has 1640MPa
yield strength, 510 BHN and AISI 4140 ASM designation (Budynas Nisbett, 2008). Since, the

system is used in the outdoor, its safety factor (n) is three. Hence, the allowable stress becomes:
o, 1640 N
—_—=— = 546.667 MPa
n 3 mm?
The allowable shear stress can be determined by using maximum shear stress theory:
Oql1 546.667 N

Tauu = Tw = ) = ) mmz = 273.334 MPa

The shearing stress developed on the key is the ratio of shearing force (F=2T/d) and shearing area

Oqii = Oy =

(Ixt). Where d, T, [ and t are diameter of camshaft on the conveyor pulley, T torque on the

camshaft, [ length of key and t thickness of the square key.

2T 2T 2 x 59108

= a T UR T I5x5x27333a > 67mm

T
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The crushing stress developed on the key is the ratio of crushing force (F=2T/d) and resisting area
(0.51t).

4T . 4T 4 x 59108
= — =5t = =
dlt dlo, 15X 5 X 546.667

Discussion of Key on Camshaft for the Bevel Gear: Its length is same as length of cam (5 mm).

O¢ = 5.767 mm

The depth of key way both on the camshaft and cam becomes 2.883 mm.
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Part Drawing 4-19 Key for Cam on Camshaft

V-Grooved Pulley on Motor Shaft: This pulley is used to transfer power from the DC motor
shaft into intermediate shaft. A 5.934 N mm torque is applied on it with 1800 rpm (188.496 rad/s).
The pulley is v-grooved with 40 mm groove diameter. The diameter of motor shaft is 16 mm which
is taken from the specification of the selected motor. The motor shaft has a 4.768 mm width and
48 mm length square section key.

It is made of grey cast iron (FG 400) with density 7200kg/m3 400 MPa tensile strength,
proportional limit in tension approximately 40 MPa, E 100 GPa, G 40 GPa and 270 BHN. The
properties of cast iron, which make it a valuable material for pulleys, are its low cost, good casting
characteristics, high compressive strength, wear resistance and excellent machinability. The
compressive strength of cast iron is much greater than the tensile strength (R.S. KHURMI and J.K.
GUPTA, 2005). Since the system is used in the outdoor, its safety factor (n) is four. Hence, the

allowable stress becomes:

Oqil = Oy = — = — m =10 MPa

The poisons ratio can be calculated using:

E E 100

G=——— — = 1=—
20+v) T 26 2% 40
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The maximum radial and hoop stress set up in the pulley due to rotational speed is given by:

w? 7200 x 188.4962
Or-max = (3 + 17) pT (RZ - Rl)z = (3 + 0-25) 8 (0.02 - 0.008)2

= 14.966 KPa < o, = 10 MPa

2
pw
OH-max — T [(3 + U)RZZ + (1 - U)R12]

7200 x 188.4962
B 4

Where Ry and R are internal and external radius of pulley, 9 is poisson ratio, p is density, and w

[(3 +.25)0.022 + (1 —.25)0.0082] = 86.212 KPa < o,; = 10 MPa

is rpm of pulley. The internal diameter of pulley is equal to diameter of shaft (18 mm). The above
results show that the pulley is safe due to rotational effect.

Based on the international standard (ISO R 155), the distance between shaft centers recommended
for lower and upper limit of V-belt drive: ¢ >0.7(d2 + d1) and c < 2(d2 + d1) mm
respectively and average of 300 mm is selected.

Based on (R.S. KHURMI and J.K. GUPTA, 2005) width of flat or V-belt pulley B= 1.25b; where
b= Width of belt and for belt width up to 125 mm, the width of pulley to be greater than belt in
mm is by 13. Hence for V-belt of 13 mm width and thickness t=8 mm, the width of the pulley
becomes 26 mm. The depth of the groove (d) and groove angle (28) are 12 mm and 32°

respectively see Figure 4-63.
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Figure 4-63 V-Belt and V-Grooved Pulley [R.S. KHURMI and J]. K. GUPTA, 2005]
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Part Drawing 4-20 V-Grooved Pulley on Motor Shaft
V-Grooved Pulley on Intermediate Shaft: This pulley is used to transfer power from motor shaft
pulley into intermediate shaft. A 19.109 Nm torque is applied on it with 561.967 rpm (58.849
rad/s). The pulley is v-grooved 128.12 mm groove diameter. Its width w, depth of groove d and
groove angle (2f) are same as the v-grooved pulley on motor shaft which are 26 mm, 12 mm and

32° respectively see Figure 4-63.
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It is made of grey cast iron (FG 400) with density 7200 kg/m3, 400 MPa tensile strength,
proportional limit in tension approximately 40 MPa, E 100 GPa, G 40 GPa and 270 BHN. The
properties of cast iron, which make it a valuable material for pulleys, are its low cost, good casting
characteristics, high compressive strength, wear resistance and excellent machinability. The
compressive strength of cast iron is much greater than the tensile strength (R.S. KHURMI and J.K.
GUPTA, 2005). Since the system is used in the outdoor, its safety factor (n) is four. Hence, the

allowable stress becomes:

Oy 40 N
Oqii = Oy = 7 = Tmmz =10 MPa

The poisons ratio can be calculated using:

G E E 100 1= o025
= = —_—— = —_ = .
2(1+v) Y726 2 % 40
The maximum radial and hoop stress set up in the pulley due to rotational speed is given by:
w? 7200 x 58.8492
Or-max = (3 + ) p? (R; —Ry)* = (3+0.25) 5 (0.06406 — 0.0075)2

= 32.406 KPa = 0.032 MPa < o, = 10 MPa

2
pw
OH-max — T [(3 + v)RZZ +(1- v)Rlz]

_ 7200 x 58.8492
B 4
Where Riand R: are internal and external radius of pulley, 9 is poison ratio, p is density, and w is

[(3 + 0.25)0.064062 + (1 — 0.25)0.00752] = 0.083 MPa < o,

rpm of pulley. The internal radius of pulley is equal to diameter of shaft (15 mm). The above results
show that the pulley is safe due to rotational effect. The width of the pulley (B), the depth of the
groove (d) and groove angle (28) are 26 mm, 12 mm and 32° respectively which are determined

in the design of v-grooved pulley for the motor shaft.
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Part Drawing 4-21 V-Grooved Pulley on Intermediate Shaft
Intermediate Shaft: The force analysis of the intermediate shaft can be done by considering all
the machine elements attached on it. The internal diameters of the machine elements are bevel gear
(d4c), ball bearing (d4p), empty part (dse), drive pulley (d4,) and thrust bearing (d47) from right
to left as shown in Figure 4-64. The actual position of the shaft is horizontal; bevel gear right and

thrust bearing left end.
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Figure 4-64 2D Sketch of Intermediate Shaft
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Figure 4-65 FBD of Intermediate Shaft

The parameters like torque on pinion gear (Ty,;); tangential (W,=1273.952 N), radial (W,.=442.610
N) and axial (W,=138.188 N) forces of pinion; tangential force on drive pulley (F1p=298.298 N)
and torque on pulley (Tp;=19.109 Nm) are determined in kinematics, kinetics and force analysis

of bevel gear. The remaining parameters can be analyzed by applying equation of motion.

ZF,C:O

be - RTX - Wt = 0 _——> be - RTX = Wt = 1273.952 N """"""""""""""""""" 4'85

> B =0

Ry, = W, = 442.6100

Sre

Ryy — Rpy — Wy = 0 — == Ry — Rpy = Wy = 138,188 N —rcrereremememememememememememememece 4-86
S -
Lig Lys
(L11 + L1z + L1z + T) Rpz — (L11 + Ly + Lz + Lig + T) Wo + Mry = 0 ---mmmmmeeeeees 4-87

S, =0

L L L
(Lis +52) Fry + (Lyy + Lig + Ly +22) Rye = (Lua + Lup + Lyg + Lyg +=22) W, = 0 - 4-88

Y, =0

I 4-89
Note: In the force analysis of intermediate shaft, there are six unknows (L11, L14, Rtx, RTz, Rox and
Rbz) and four equations which is statically indeterminate. Since the lengths and diameters are
unknown, it can’t be solved by using the technique of displacement method for statically
indeterminate problem. For the time being, the shaft can be designed by considering the part from
bevel gear up to ball bearing which is positioned on the right end of the shaft see Figure 4-66.
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Because it is subjected to a higher load. After analyzing all the above unknowns, it is good to

redesign the shaft by considering the whole part.

Z U
M
AT L NV
E ( »
X kj — 4
Tm'l
Figure 4-66 FBD of Intermediate Shaft on Gear Portion

The loads on the pinion gear are axial compressive (W,=442.610 N), bending loads (W, and W
138.188 N and 1273.952 N respectively) and torsional moment (Ti=19.109 Nm). This shows that
the shaft is subjected to a combined load. The bending moment in the z-axis is the product of
tangential gear force (Wt) and half of thickness of bevel gear (L15=28 mm).

L 28
M, = Wt%S = 1273.952 X —- = 17835.328 Nmm = 17.835 Nm

The bending moment in the x-axis is the product of axial gear force (W) and half of thickness of

bevel gear (L,5=28 mm) plus bending moment (Mtx=W:Rmi) by axial gear force (W=442.610 N).
Lys 28
My =W, Ry = Wo—> = (442.610 X 15 — 138.188 x 7) Nmm = 4.705 Nm

Materials for Intermediate Shaft: It is made of high carbon steel of Fe870 Indian standard

designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (gy). Since the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

o, 520 N

—_=— = 130MPa

n 4 mm?

The allowable shear stress can be determined by using maximum shear stress theory:

Oall _ 130 N
2 2 mm

The axial stress in the camshaft can be determined by Beer and et al (2012) equation 4.58 by

Oqii = Oy =

Tau =Ty =

5 = 65 MPa

considering g, =0, =0

+

W, Myx My
YEA T, T2

The above normal stress (a,) becomes maximum at 45° between negative x- and y-axes when

x=y=d //8. The unit of the diameter is millimeter.
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nd? nd*

A=—li=—r=1,
4W, 16V2M, 16V2M, 4 x 138.188 16+/2 x (17.835 + 4.705) x 103
%= 7dz " " gd® | md® | md? wd3
175946  162.345 x 10°
B d? d3
The shearing stress due to torque T is;
_TC
Txz = T
C = g and | = n_d“
2 32
16T 16 x 19.109 x 103 97.321 x 103
Tz = g3 = nd3 - 3

The maximum shearing stress (,,4,) Can be analyze by using Beer and et al (2012) equation 7.16.

Oy

2
— — _Z 2
Tmax = Tau = ( 2 ) + Tz

65 - 2d2 2d3 d3

N 175.946 162.345 x 103\° s 97.321 x 103\°
mm?2

d?® = /(—1.353d — 1248.808)2 + (1497.246)2
The solution of the above equation is d = 12.516 mm.

The principal stress (o4 ) can be determined using Beer and et al (2012) equation 7.13.

175.946 162.345 x 103 s 175.946 162.345 x 103\° . 97.321 x 103\°
2d2 2d3 - 2d2 2d3 d3

d3® = —0.677d — 624.404 + \/(—0.677d —624.404)? + (748.623)2
The solution of the above equation is d = 4.063 mm.
Therefore, the diameter of intermediate shaft is 15 mm because there is no bore of bearings
between 12.948 mm and 15 mm.
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Note: Still the numbers of unknowns are greater than number of equations. Hence, it is advisable
to know the dimension of bearings thickness.
Selection of Bearings for Intermediate Shaft: The bearing on the right end of intermediate shaft
is sealed single row deep groove ball bearing. The bore of bearing is 15 mm.
According to bearing catalogue [51], the specification of the sealed single row deep groove 15 mm
bore balling bearing is 24 mm outside diameter, 5 mm thickness, 1.56 KN dynamic basic load
ratings, 0.8 KN static basic load ratings, 0.034 KN fatigue load limit, 60 000 rpm reference speed
ratings, 38 000 rpm limiting speed ratings, 0.0074 Kg mass and 61802 designation.
The bearing on left end of the intermediate shaft is single direction thrust ball bearing. The bore of
the bearing is 15 mm. According to bearing catalogue [53], the specification of the single direction
thrust ball bearing for 15 mm bore thrust balling bearing is 28 mm outside diameter, 9 mm
thickness, 9 KN dynamic basic load ratings, 15 KN static basic load ratings, 0.56 KN fatigue load
limit, 8500 rpm reference speed ratings, 12 000 rpm limiting speed ratings, 0.023 Kg mass and
51102 designation.
The lengths Li1, L1z, L14 and Lis becomes 9 mm, 26 mm, 5 mm and 28 mm. The length L13 is a
clearance between v-grooved pulley and bevel gear box which is 5 mm. The reaction forces on
both bearings can be determined as follows.
Ry, — Rpy = W, = 1273.952 N
Rry = W, = 442.6100
Ry, —R,, = W, = 138.188 N
37.5R,, — 59 x 138.188 4+ 15 X 442.610 = 0 — 37.5R;,, = 1513.942 - R,, = 40.372 N
— Ry, = 40.372 + 138.188 = 178.56 N
22 X 298.298 + 37.5R,, — 59 x 1273.952 = 0 - 37.5R;, = 68600.612
— Ry, = 1829.350 N
- Ry, = 1829.350 — 1273.952 = 555.398 N
The shear force and bending moment diagrams can be constructed after deriving the equations of
them in each ranges.
The transverse forces are applied about x- and z-axes. So that the bending moment is about x-and
z-axes. The shaft should be designed for the cumulative or resultant effect of these bending
moments as well as the torsional moment. The resultant moment can be determined after

determining bending moment about x- and z-axes in each section.
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The free body diagram of the intermediate shaft about x-axis is shown in Figure 4-67. The loads

w1, Wo, W3 and wj are distributed loads over length L4, L5, L1, and L, respectively i.e., w; =

Ry _ 555398 _ _ FTp/ 298298 _ _
/L11 = =— = 61711 N/mm, W, = L, = ¢ = 11473 N/mm, Wy =
R 1829.350 w 1273.952
'”C/L14 = ——— =365.87 N/mmand w, = t/L15 == = 45.498 N/mm.
Lu, Liz,  Lis | Lia Lis
T dse T da
dar _dee ’ dsc

Wi ,
W2 Wy
W3

Figure 4-67 FBD Diagram of Intermediate Shaft about x-axis
The bending moment equation (M1;) on a range of length [0, L,;] can be derived by taking an
arbitrary section between this range by using equilibrium equation see Figure 4-68.
Y
' d

AT
y 4% VIX M]z

Wi

Figure 4-68 FBD between [0, L]
2 2

Z M, =0= wl% + Myy—— My, = —wl% — 30.85622
The bending moment equation is quadrtic and it becomes maximum at y=L11=9 mm i.e., M1 [0,
2499.336] Nmm.
The bending moment equation (M) on a range of length [L,4, L1, + L1,] can be derived by taking

an arbitrary section between this range by using equilibrium equation see Figure 4-69.

Liq (y— Lq,)? L1g
Z MZ =0= W1L11(Y - T) - WzT + MZZ__) MZZ =- W1L11 (y - ) )
(v — L11)? y? L112
+WZT:W27—(W2+W1)L11}’+(W2+W1) >
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dat dup

Wy W2

Figure 4-69 FBD between [L11, L11 + L12]
= 5.737y? — 658.656y + 2963.952
The bending moment equation is quadratic and it becomes maximum at y=L11+L12=35 mm i.e.,
Mo, [2499.255, -13061.183] Nmm.
The bending moment equation (Ms;) on a range of length [L{; + L13, L1; + L1 + Ly3] can be
derived by taking an arbitrary section between this range by using equilibrium equation see Figure
4-70.

Lu L2

v ﬂ*, TN Vi) M

W
! W,

Figure 4-70 FBD between L1, + L13, L11 + L1 + L15]

o Li1 Ly,
M, =0=w;L; Y—T —w3Ly, Z—1411—7 + M3,

L L
- M3, = —w;Lqy (Y - %) + wyLg, (Z — Ly — %2)

2

_ Liq L1,
= (=w;Lq; + wyLi3)z + wy — T wyLio | Ly + 3

= —257.1z — 4063.265
The bending moment equation is linear and it becomes maximum at y=L11+L1>+L;3 = 40 mm i.e.,
M3, [-13061.765, -14347.265] Nmm.
The bending moment equation (Msz) on a range of length [Ly; + L5 + Ly3, L1 + L1y + L3 +
L,4] can be derived by taking an arbitrary section between this range by using equilibrium equation

see Figure 4-71.
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Lt L2 Lis

T E Vix | My,

Wy

Wiy

Figure 4-71 FBD between [L1; + L3 + L3, L11 + L1z + Ly3 + Lq4]

L14 L1, (z—1Ly; —Lip — L13)2
EMZ:O=W1L11(y_7)_W2L12(Z_L11_7)_W3 2 + My,

- M4-Z = _W1L11 (y - %) + W2L12 (Z - L11 - %) + wy ( 1 > 12 13)

2
2 L11

2

y
= W3 2l + (_W1L11 + wyLi; —ws3(Lyg + L + L13))y + wy

L12 (Lll + L12 + L13)2
- W2L6 (Lll + 7) + W3 )

= 182.935y2 — 14891.900y + 288632.735
The bending moment equation is linear and it becomes maximum at y=L;; + L, + L13=40 mm
i.e., My [-14347.265, -11059.390] Nmm.
The bending moment equation (Ms;) on a range of length [Ly; + L1z + L3 + L14, L11 + L1 +
L.z + L4 + Ly5] can be derived by taking an arbitrary section between this range by using

equilibrium equation see Figure 4-72.

x Y
Lu, Lz, Lis | Lia
dar | At  dege T dw
v ‘{__V___.__ _____ _._-___-—--3 VSX Mﬁz

Figure 4-72 FBD between [L11 + L12 + L13 + L14, L11 + L12 + L13 + L14_ + L15]

Liq L1, Lia
z M, =0=w;Ly; (Y - T) —w;Lg; (Z — Ly, — _) —W3Liy (Z —Ly; — L1z —Ly3— _>

2
(z—Ly; —Lip— Lz — L14)2
2

+ wy
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_ Liq Ly, L1g
- Mg, = —w;Lqg Y—T +wyLip |z — L1y Y +w3Lis(z— Lyg — L1z — Ly3 BN
(z—Lyg —Lip—Liz— L14)2

2
y
= —wy > + (—W1L11 +wyLip +W3lyg +wWyu(Lyg + Ly +Lig + L14))y

Li,2 Lo Lia
+ wy — wyLi (L11 + 7) — W3l <L11 +Lip+ L3+ 2 )
Ly + Lyg 4+ Lig + Lyy)?
. W4 ( 11 12 13 14) — _22.749y2 + 3619.660)] —_ 128181_115

2
The bending moment equation is linear and it becomes maximum at z=45 mm i.e., Ms; [-11363.14,

9566.684] Nmm.

The free body diagram of the intermediate shaft about z-axis is shown in Figure 4-73. The loads

Ws, We, and wy- are distributed loads over length L, 4, L,, and L respectively i.e., ws = RTZ/L11 =

178.56 40372 _138.188 _

=19.84 N/mm, wy = sz/L14 =——=8.074N/mm, and w, = W‘Z/L15 =0

4935 N/mm.

Lu L2 Lis | Lisa Lis
dat dsc

dap dee T da

Ws
W7
W

Figure 4-73 FBD Diagram of Intermediate Shaft about z-axis
The bending moment equation (M1x) on a range of length [0, L,;] can be derived by using

equilibrium equation by taking an arbitrary section between this range see Figure 4-74.
Y

dar ‘

v ! il] Vi | Mix

Figure 4-74 FBD between [0, L]
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y? y?
Z MX = O = _WS? + MlX__> MlX =W57 == 9.92y2

The bending moment equation is quadrtic and it becomes maximum at y=L11=9 mm i.e., My [0,
803.52] Nmm.

The bending moment equation (May) on a range of length [L,,, L;; + L] can be derived by taking

an arbitrary section between this range by using equilibrium equation see Figure 4-75.

Z y
Lu
dar | dap

Figure 4-75 FBD between [L1, L11 + L12]

Z My =0 = —wsLy (y - %) + Max—= Mpx =wsLyy (y - %) = wsLyyy — WsLlle
= 178.56y — 803.52
The bending moment equation is linear and it becomes maximum at y=L11+L1,=35 mm i.e., Max
[803.52, 5446.08] Nmm.
The bending moment equation (Msx) on a range of length [L{; + L1, L11 + L1, + L13] can be

derived by taking an arbitrary section between this range by using equilibrium equation see Figure
4-76.

Lu L
der G de

VSZ M}x

Figure 4-76 FBD between [L1, + L13, L11 + L15 + L1353/

o L1y B Lit) Ly, ?
My =0=—-wsL;; (y— - + M3, —— M3y =wslqq |y 5 )= wsLqiy — Ws ——
= 178.56y — 803.52

The bending moment equation is linear and it becomes maximum at y=L11+L13+L,;3 =40 mm i.e.,
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Masx [5446.08, 6338.88] Nmm.
The bending moment equation (Max) on a range of length [L,; + Ly, + L13, L1 + L1y + L5 +
L,4] can be derived by taking an arbitrary section between this range by using equilibrium equation

see Figure 4-77.

i A

Lu L2 Lis

I __I_______________ V4Z M4}(
Y ;

Ws

o
I
4 <

Figure 4-77 FBD between [Ly, + L1; + L13, L11 + L1z + L13 + L14]

L — Ly — Lyy — Ly2)?
ZMX=O=_W5L11(y_£)+W6 (y = 12 13) + My, —— My,

2 2
Li1 (Y —Ly; — Lz — L13)2
=wsLqy Y‘T — Wg )

2 2
y Liq
= —Wg ) + (W5L11 +we(Lyg + L1z + L13))y — Wg >

(Lll + L12 + L13)2
6
2
= —4.037y? + 501.52y — 7262.72

The bending moment equation is quadratic and it becomes maximum at y=L11+L12+ L13 +L14=40
mm i.e., Max [6338.88, 7130.755] Nmm.

The bending moment equation (Msx) on a range of length [L{; + L1y + L3 + Ly4, L1 + L1y +
Li3 + L14 + Lig] can be derived by taking an arbitrary section between this range by using

equilibrium equation see Figure 4-78.

L11 L4
My =0 = —wsLqy Y_T +WeLig\y — L1 — Ly _L13_7

(Y —Ly1 —Liz — Ly — 1414)2
— W7 2 + M5x
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_ Liq Lig
- Mgy = wsly; y—T — WeLia |y — L11 — L1z — L3 5
(Y —Ly1 —Liz — L3 — L14)2

+ wo >

Y
Lu L2 7 Lis | L4 7
der | dp dee . e dac

7777777,777777777,7,7,7,,7,% VSZ MSX
Y

Ws

W7
We

Figure 4-78 FBD between [L11 + L12 + L13 + L14, L11 + L12 + L13 + L14 + L15]

y2 L112
= W7 2 + (W5L11 - W6L14 - W7(L11 + L12 + L13 + L14))y —_ WST
L Lig + L1z + Lyz + Lyg)?
+ WeLis (L11 + L+ L3+ %) +w, (kay 12 2 13 14)

= 2.468y? — 82.887y + 5908.978
The bending moment quadratic is linear and it becomes maximum at y= L,y + Ly, + L3 + L14 +
L15=63 mm i.e., Msx [7176.763, 10482.589] Nmm.
The diameter of the intermediate shaft can be analyzed by using t,, and g, in each section. The

torque in the range of [0, L.1] is zero i.e., T, = 0 and the normal stress o, is;

4% 442.610 8v2 x (2499.336 + 803.52)  563.549 23788.92
S d? B P E

The diameter of the intermediate shaft in the range of [0, L11] can be analyzed by using maximum

shear theory i.e., 015 = 01, = T1xy, = 0.

_ _ O1y 2 _ _ Oy 563.549 23788.92
Tmax—’l.'a”—\/(—) +Txy2—65MPa—7— oz + PE

2

d3 = 4.335d + 182.992 - d = 5.932 mm
The diameter of the intermediate shaft in the range of [0, Li1] can also be analyzed by using

principal stress i.e., 01 = 01, = Tyxy = 0.

563.549 23788.92
d? + d3

o O1y\?
012 = Oau = %i \/(ﬂ) + 74y2 = 130 MPa = 0y, =

2
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d® = 4.335d + 182.992 - d = 5.932 mm
The diameter of the intermediate shaft in the range of [0, L11] should be 5.932 mm.

The shearing stress 7,,, and the normal stress a,,, in the range of [Li1, L11+L12] are;

16Ty; 16 X 19.109 X 103 97321 X 103

Yoy = T3 T nd? PE
4% 442,610 16vZ x (13061.183 + 5446.08)  563.549 133299.127
%2 =TT gz d? B TE

The diameter of the intermediate shaft in the range of [Li1, L11+L12] can be analyzed by using

maximum shear theory i.e., o,, = d,, = 0.

025\ 2 5 563.549 133299.127)\2 97.321 x 103 2
Tmax = (T) + T9,,° = 65 MPa = (— oz PE ) + PE

a3 = \/(—4.335d —1025.378)? + (1497.251)? - d = 12.266 mm
The diameter of the intermediate shaft in the range of [L11, L11+L12] can also be analyzed by using

principal stress i.e., o5, = g, = 0.

o Oy 2
01,2 = Oqu = % + \/(%) + TnyZ = 130 MPa

_ 563.549 66649.563+ ( 563.549 133299'127)2+ 97.321 x 103\°
B 2d2 2d3 2d2 2d3 d3

d3 =-2.167d — 512.689 + \/(—2.167d —512.689)? + (748.627)? - d = 7.293 mm
The diameter of the intermediate shaft in the range of [L11, L11+Li2]should be 12.266 mm.

The shearing stress 73,,, and the normal stress a3, in the range of [Lii+L2, Lii+Lao+Las] are;

16T 16 x19.109 x 10°  97.321 x 10°

Tsxy = g3 T d? PE
4% 442,610 16vZ x (14347.265 + 6338.88)  563.549 148992.591
Gy =TT qz d3 B TE

The diameter of the intermediate shaft in the range of [Li1+L12, L11+L12+L13] can be analyzed by

using maximum shear theory i.e., o3, = 03, = 0.

03y 2 X 563.549 148992.591\% (97.321 x 103\’
Tmax = (—) + T34, = 65 MPa = (— - ) +

2 2d? 243 d3

d? = \/(—4.335d — 1146.097)2 + (1497.251)2 - d = 12.426 mm
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The diameter of the intermediate shaft in the range of [L11+L12, L11+L12+L13] can also be analyzed

by using principal stress i.e., o3, = g3, = 0.

O3y

o 2
012 = Oquu = % + \/(T) + Tgxyz = 130 MPa =

563.549 74496.295
2d? 243

4 ( 563.549 148992.591)2+ 97.321 x 103\
2d? 243 ds

d3 = —-2.167d — 573.048 + \/(—2.167d — 573.048)? + (748.626)> - d = 7.138 mm
The diameter of the intermediate shaft in the range of [Li1+L12, L11+L12+L13] should be 12.426
mm.

The shearing stress 7,,, and the normal stress ay,, in the range of [Lii+Lio+ Lis, Lua+Lio+Las+

L14] are;
_ 16Ty 16 x19.109 x 10°  97.321 x 10°
Ty = gz T e E BEE
4 x 442.610 16v2 x (11059.390 + 7130.755) 563.549 131015.075
=TT e T T @B

The diameter of the intermediate shaft in the range of [Li1+L12+ Lis, Li1+L12+L13+ L14] can be

analyzed by using maximum shear theory i.e., g4, = 04, = 0.

T4y 2 5 563.549 131015.075\> [97.321 x 103\
Tmax = (—) + Taxy® = 65 MPa = (— - ) +

2 2d? 243 d3

d? = /(—4.335d — 1007.808)2 + (1497.251)2 - d = 12.242 mm
The diameter of the intermediate shaft in the range of [Li1+L12+ Lis, L1g+L12+L13+ L14] can also

be analyzed by using principal stress i.e., g, = 04, = 0.

o, T4\ 2
012 = Ogqu = % + \/(%) + T4xy? = 130 MPa
563.549 131015.075

2d? 243

N ( 563.549 131015.075)2_'_ 97.321 x 103\’
2d? 243 d3
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d3 = —2.167d — 503.904 + \/(—2.167d —503.904)2 + (748.626)2 » d = 7.316 mm
The diameter of the intermediate shaft in the range of [L11+L12+ Li3, L1a+L12+L1s+ L1a] should be
12.242 mm.

The shearing stress 7s,,, and the normal stress os,, in the range of [Lii+Li2+ Lis+Li4, Liz+Lao+Las+
List+L1s] are;

16T; 16 X 19.109 X 103 _97.321.643 X 103

Tsxy = g3 = nd3 d3
4 x 442,610 16V2 x (9566.684 + 10482.589) 563.549 144405.501
Tz =~ d? B md3 - T T4z T d3

The diameter of the intermediate shaft in the range of [Lii+Li>+ Lia+Lis, Lis+Lio+L13+ Lig+Ls]

can be analyzed by using maximum shear theory i.e., o5, = 05, = 0.

T2 , 563.549 144405.501\> (97.321 x 103\
tmax = [(57) +Ts? = 65 MPa = (— e )+ pe

d?® = \/(—4.335d — 1110.812)2 + (1497.251)2 —» d = 12.379 mm
The diameter of the intermediate shaft in the range of [Li1+Li2+ Lis+Li4, Laz+Lio+Las+ Lig+Ls]

can also be analyzed by using principal stress i.e., oz, = g5, = 0.

Os 057\ 2
0'1,2 = 0Oq = TZi \/(TZ) + Tsxzz = 130 MPa

563.549 144405.501
2d? 243

N ( 563.549 144405.501)2+ 97.321 x 103\°
2d? 243 ds

d?® = —2.167d — 555.406 + /(—2.167d — 555.406)2 + (748.626)2 —» d = 7.183 mm
The diameter of the intermediate shaft in the range of [Li1+L12+ Liz+Lia, L1g+Lio+L13+ LiatLs]
should be 12.379 mm.

Discussion on Intermediate Shaft Diameters: The diameters of the intermediate shaft are 5.932
mm, 12.266 mm, 12.426, 12.242 mm and 12.379 mm for the range of [0, Li1], [L11, L11+L12],
[Lii+Lli2, Lis+Lliotlas], [Lia+Llao+ Lis, Lia+Lio+las+ Lia], and [Lig+Lio+ Liz+Llis, ListLlio+List
L1s+L1s] lengths respectively. The diameter of intermediate shaft for the bevel gear is 12.379 mm

as itis. However, its diameter for the single row deep groove ball bearing should be 15 mm because
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there is bore bearing12.379 mm and 15 mm. The diameters of the intermediate shaft on the
clearance between ball bearing and v-grooved pulley should be 16 mm because it will support the
ball bearing. Therefore, the maximum diameter of the intermediate shaft becomes 16 mm. It is on
the clearance between ball bearing and v-grooved pulley. The diameters of the intermediate shaft
on the v-grooved pulley becomes 15 mm. Finaly, its diameter on the single direction thrust bearing
should be 12 mm which was 5.932 mm. The reason to increase this diameter is that the
manufacturing cost becomes high during removing on lathe from 16 mm to 5.932 mm.
Reselection of Bearing on Left end of the Intermediate Shaft: The bearing on left end of the
intermediate shaft is single direction thrust ball bearing. The bore of the bearing is 12 mm.
According to bearing catalogue [53], the specification of the single direction thrust ball bearing
for 12 mm bore thrust balling bearing is 26 mm outside diameter, 9 mm thickness, 10 KN dynamic
basic load ratings, 17 KN static basic load ratings, 0.62 KN fatigue load limit, 9000 rpm reference
speed ratings, 13 000 rpm limiting speed ratings, 0.022 Kg mass and 51101 designation.
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Key on Intermediate Shaft for Bevel Gear: It is used to transfer power from intermediate shaft
to bevel gear and located at right end of intermediate shaft. It is subjected to a torque of 19.109
Nm and the diameter of intermediate shaft on the bevel gear is 12.379 mm. Its cross section is
square. The key has taper 1 in 100 on the top side only (R.S. KHURMI and J.K. GUPTA, 2005).
It is made of high carbon steel of Fe870 Indian standard designation and 870 N/mm? tensile

strength and 520 N/mm? yield stress (ay). Since, the system is used in the outdoor, its safety factor

(n) is four. Hence, the allowable stress becomes:

o, 520 N
Oqil = Oy = poul ey 130MPa
The allowable shear stress can be determined by using maximum shear stress theory:
o1 130 N
Tan =Tw = =5 3= 65 MPa

The shearing stress developed on the key is the ratio of shearing force (F=2T/d) and shearing area
(Ixt). Where d, T, | and t are diameter of intermediate shaft on the bevel gear, T torque on the
intermediate shaft, | length of key and t thickness of the square key. The thickness t is one fourth
(t=d/4=12.379/4=3.095 mm) of the diameter of intermediate shaft.

2T 8T ; 8T 8 X 19109
—_——— = =

dit d?l d?t  12.379%2 X 65
The crushing stress developed on the key is the ratio of crushing force (F=2T/d) and resisting area
(0.51t).

= 15.348 mm

T =

AT 16T ] 16T 16 X 19109
= —_— = =
% =41t T qel d2a,  12.379% x 130
Discussion of Key on intermediate Shaft for the Bevel Gear: Its length (15.348 mm) is smaller

= 15.348 mm

than length bevel gear (28 mm) on intermediate shaft. That means, the length of key way should
be on the mid span of the length of intermediate shaft on bevel gear part. The depth of key way

both on the camshaft and bevel gear becomes 1.547 mm.
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Part Drawing 4-23 Key for Bevel Gear on Intermediate Shaft
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Key on Intermediate Shaft for \V-Grooved Pulley: It is used to transfer power from v-grooved
pulley to intermediate shaft and located between the thrust and ball bearings. It is subjected to a
torque of 19.109 Nm and the diameter of intermediate shaft on the v-grooved pulley is 15 mm. Its
cross section is square. The key has taper 1 in 100 on the top side only (R.S. KHURMI and J.K.
GUPTA, 2005).

It is made of high carbon steel of Fe870 Indian standard designation and 870 N/mm? tensile
strength and 520 N/mm? yield stress (ay). Since, the system is used in the outdoor, its safety factor

(n) is four. Hence, the allowable stress becomes:

gy, 520
Oqil = Oy = T A 130MPa
The allowable shear stress can be determined by using maximum shear stress theory:
Oall 130 N
Tau = Tyw = ) = ) mm2=65MPa

The shearing stress developed on the key is the ratio of shearing force (F=2T/d) and shearing area
(Ixt). Where d, T, | and t are diameter of intermediate shaft on the conveyor pulley, T torque on
the intermediate shaft, | length of key and t thickness of the square key. The thickness t is one

fourth (t=d/4=15/4=3.75 mm) of the diameter of intermediate shaft.

2T 8T 8T 8x19109
S @ T @ T TR
The crushing stress developed on the key is the ratio of crushing force (F=2T/d) and resisting area
(0.51t).

= 10.453 mm

T

4T 16T 16T 16 x 19109
O, =——=——— | = =
dlt  d?l d?c, 152 x130
Discussion of Key on Intermediate Shaft for the \/-Grooved Pulley: Its length (10.453 mm) is

= 10.453 mm

smaller than the length of intermediate shaft (26 mm) on the v-grooved pulley part. Hence, it is
recommended to make it at the mid span of intermediate shaft on v-grooved part. The depth of key

way both on the camshaft and conveyor pulley becomes 1.875 mm.
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Part Drawing 4-24 Key for V-Grooved Pulley on Intermediate Shaft
Star Wheel Assembly: It is used to collect, control and feed the grain into the cutter and then
convey the cut straw together with the lug. It has star wheel vertical rod, star wheel arm and roller
between them as shown in Figure 4-79.

Star Wheel Vertical Rod

\

Figure 4-79 Star Wheel Assembly
Star Wheel vertical Rod: It is used to maintain the star wheel in its position. A conveying force
of 28.895 N is applied on at a distance of the radius of star wheel 76.125 mm i.e., it creates a torque
of 2199.632 Nmm. The height of this rod must be equal to or greater than the vertical height
(v.=399.262 mm) between lug center and cutter bar position. The rod is fixed on its bottom end
and free at the top end. Hence, it is a cantilever beam which is in vertical position. The maximum
stress occurs at the bottom fixed end with a combination of torsional and bending stress. The
bending moment becomes the product of height y,. and conveying force F-..
M, = E.y, = 28.895 x 399.262 = 11536.675 Nmm

Materials for Star Wheel Rod: It is made of high carbon steel of Fe870 Indian standard
designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (a,,). Since, the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

126



ay_520 N
n 4 mm?

Oqii = Ow = = 130MPa

The allowable shear stress can be determined by using maximum shear stress theory:
o, 130 N
tal = tw = T = S
The bending stress and shearing stress can be determined as follows
M,y 11536.675xd/2 32x11536.675 117511.612
I wd? BE

The shearing stress due to torque T is;

> =65 MPa

o, =

_ TC
Tyz ]
d md*
C = E and] = H
32T 16 x 2199.632 11202.634
Yz = gz T nd3 B E

The diameter of the star wheel rod can be analyzed by using maximum shear theory i.e., o, =

ay=0

07\? X 117511.612\° [11202.634\°
Tmax = Tall = (—) + Tyz* = 65 MPa = <—) + (_)

2 243 ds3

d3 = \/903.9352 +172.348%2 - d = 9.727 mm
The diameter of the star wheel rod can also be analyzed by using principal stress i.e., o, = g, =
0.
Ty

ay 2
012 = Oau = + (7) +1,,% =130 MPa

_ 117511.612 N (117511.612)2 N (11202.634)2
B 2d3 - 2d3 d3

d® = 451.968 + \/451.9682 +86.174%2 > d = 9.698 mm
The diameter of the star wheel rod should be 10 mm.
Discussion on the Length of Star Wheel Rod: the length of star wheel should be the sum of the
vertical height (y,=399.262 mm), the height of the star wheel arm (20 mm), thickness of divider

(2 mm) and clearance between divider and star wheel arm (9 mm).
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The mass of the star wheel rod can be reduced by using hollow round bar. The proportional
dimension can be determined by considering same second moment of area both for solid and
hollow bar. The solid rod has a diameter of 10 mm and it has the following mathematical relation
with the internal (d;) and external (do) diameter of the hollow rod.

d*=d,* —d;* =100
The values of the internal (d;) and external (do) diameter of the hollow rod becomes 8 mm and 11

mm respectively [54].
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Part Drawing 4-25 Star Wheel Rod

Selection of Bearing Between Star Wheel Arm and Rod: This bearing is used to reduce the
frictional losses between the star wheel arm and rod. Since the orientation of the bearing is vertical,
it should be single direction thrust ball 8 mm bore bearing. According to bearing catatlogue [53],
8 mm bore single direction thrust balling bearing has 19 mm outside diameter, 7 mm thickness, 3
KN dynamic basic load rating, 4 KN static basic load rating, 0.15 KN fatigue load limit, 12 000
rpm reference speed ratings, 17 000 rpm limiting speed ratings, 0.007 Kg mass and BA 8
designation.

Selection of Round Tube for Bearing Seat: The outer diameter and thickness of the bearing

between star wheel arm and rod is 19 mm and 7 mm respectively. The seat for the bearing should
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have 19 mm internal diameter. It is selected 21.3 mm outer diameter and 2.5 mm thickness steel
which has 1.16 Kg/m weight from RFL steel Itd [52].
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Part Drawing 4-26 Bearing Seat for Star Wheel
Star Wheel Arm: It is used to collect and convey the straw. It is installed at the top end of the star
wheel rod. It has a radius of 76.125 mm. It is subjected to a transverse load of 28.895 N. Its cross
section is rectangular.
The maximum bending moment becomes;

M, = F.L = 28.895 X 76.625 = 2199.632 Nmm
Materials for Star Wheel Arm: It is made of high carbon steel of Fe E 650 Indian standard

designation and 870 N/mm? tensile strength and 650 N/mm? yield stress (gy). Since, the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:
gy, 650

—_—=— = 162.5MPa

n 4 mm?

The bending stress and shearing stress can be determined as follows
_ My _2199632x6 13197762 .
T T T mE T w2 T

The height h and base b of the cross section of the star wheel arm becomes 20 mm and 2 mm

Ogii = Oy =

respectively.
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Part Drawing 4-27 Star Wheel Arm Assembly

Divider: It divides the crop uniformly. The divider is load free. Hence, it should be designed only
its geometry. The divider has two ends. These are tail in the star wheel arm side and nose in the
uncut side of the crop. The tail depends on the diameter of the star wheel arm and the nose has
arrow. So that the divider has a kind of triangular shape with arc at the tail side. The star wheel
arm is completely covered in cut side but one third in the uncut side of the crop by the divider. The
part of divider becomes 76.125 mm and 25.375 mm in the cut and uncut side of the crop
respectively. According to Bailling (1985), the recommended values for the nose angle and
inclination angle of the divider is 28° and 20° respectively.

It is made of high carbon steel of Fe E 650 Indian standard designation and 870 N/mm? tensile

strength and 650 N/mm? yield stress (ay).
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Part Drawing 4-28 Divider

Star Wheel and Divider Assembly Support: It is installed below the guard lip bar which supports
the star wheel and divider assembly. It is subjected to a cobination of weight and conveying loads.
The downward weight is the sum of star wheel arm assembly (0.16 Kg),star wheel roller (0.007
KQ), star wheel rod (0.14 Kg) and divider (0.11 Kg) which is 0.417 Kg or 4.091 N. The horintal
conveying force is 28.895 N. These loads are applied at a maximum distance 346.564 mm
cantilever beam. The normal stesses created by the two loads are in the x-axis. The cross section
of the support is hollow square section in order to get good contanct for weld joint.

The loads creates two bending and torsional moments. The bending moments are about y-axis (My)
and z-axis (M) whereas the torsional moment is about x-axis (T).

M, =W X L = 4.022 X 346.564 = 1394.186 Nmm

M, = F, X L = 28.895 x 346.564 = 10016.163 Nmm
T =F, X L = 28.895 X 399.262 mm = 11536.675 Nmm
It is made of high carbon steel of Fe E 650 Indian standard designation and 870 N/mm? tensile

strength and 650 N/mm? yield stress (ay). Since, the system is used in the outdoor, its safety factor
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(n) is four. Hence, the allowable stress becomes:

g, 650 N
Oqii = Oy = " = 4 mm2 = 162.5 MPa

The allowable shear stress can be determined by using maximum shear stress theory:

Oall 162.5 N
Tal = Tw = T T s 81.25 MPa
The bending and shearing stresses can be determined as follows for the square section.
Myz M,y
Oy = ——
L 1

Tt

T=—
Ja

The second moment of area about y- and z-axes are same because it is square section.
I=1,=5 t=S52y="and ], = abt® = aS* = 0.2085*
o, = Il/;yz 4 A/izy _ 1394.;?6 X 6 N 10016:91363 X 6 _ 684?23.094
y z
T 11536.675 _ 55464.784

T 020853 020853 3
The side of the square cross section beam can be analyzed by using maximum shear theory i.e.,

T

g, =0, =0.

O\ 2 , 68462.094\%> /55464.784\°
Tmax = Tall = (7) T Tyy” = 81.25 MPa = (T) + (T)

§3 = \/421.3052 + 682.643%2 > § = 9.292 mm
The side of the square cross section beam can also be analyzed by using principal stress i.e., g, =
ay, = 0.
Oy (Gx

2
012 = Oqp = ?i ?) + Txyz = 162.5 MPa

68462.094 68462.094\% /55464.784\°
S [ (Y
253 253 S3

d® =210.653 + \/210.6532 + 341.322%2 > d = 8.489 mm

The side of the square cross section becomes 9.292 mm. However, the beam has hollow section in
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order to maximum the strength to weight ratio i.e., the second moment of area should be same both
for solid (S) and hollow section (S, and S;).
S*=5,*-5*=7454.814
The internal (S;) and external (So) sides of the square section can be optimized by iteration to 10
mm and 12 mm respectively [54].
The shearing stress should be checked for closed thin wall section.
So—S; _12-10
2 2
. T _ 11536.675
2tA 2x1x121

The bending stress in the x-axis becomes as follows.

68462.094S, 68462.094 X 12
O' p— —
st -5t 124 — 10*

=1mmand A =11x11 = 121 mm?

= 47.672 MPa

= 76.522 MPa

The maximum shear stress becomes;

2
_ (%= g 472 = 76.522 + (47.672)2 = 61.127 MPa <
Tmax ) Txy 2 . . a Tall

The maximum principal stress also becomes;

Oy O\ 2 ,_ 76.522 76.522\* ,
oo=o1t |(F) trot=—p—t ( : ) +47.6722 = 99.388 MPa < dgy

The applied normal and shearing stresses are less than the allowable corresponding stresses which

indicates that the beam design is safe.
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Part Drawing 4-29 Star Wheel and Divider Support

Frame for Solar Panel Support: It is used to spport the solar panel. It has four legs, five long

beams, two short beams and two stiffners as shown in Figure 4-80. Its cross section is square. It

also supports two solar panels i.e., W is 15 Kg each. The solar panel has 1580X808X40 mm

dimension. The length L in Figure 4-81 is 808 mm.
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Figure 4-80 Solar Panel Support Isometric View
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Figure 4-81 Side View of Solar Panel Support

The reaction forces Ry and R> can be determined by applying the equalibrium equations.

ZMRl =0

1.5LW + 0.5LW — LR, =0—> R, =2W =2x15x%x9.81 = 2943 N

ZF=O

R, +R,—2W =0-R, =R, +2W = —2943 4+ 2943 =0N

Discussion on the Reaction Force Rz and Heighth: There is no load on the right-side leg (R1=0

N). The solar panel has only two legs. It can be strengthened by using stiffeners on both sides.
There are two vertical supports at Rz which share the weight equally i.e., 147.15 N each. The
vertical support is subjected to a compressive load of 147.15 N. It should be designed by
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considering compressive stress and buckling of column fixed end on both sides. The height from
the ground up to the solar panel is approximately 2 m by considering the tallest person. The
diameter of the wheel is 394.165 mm. Hence, the height h becomes approximately 1.6 m.

Materials for the Solar Panel Support: It is made of high carbon steel of Fe870 Indian standard

designation and 870 N/mm? tensile strength and 520 N/mm? yield stress (gy). Since, the system is

used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

g, 520 N
Oqil = Oy = poal b Ry R 130MPa
The compressive stress is the ratio of compressive force 98.1 N and cross-sectional area S2.
R,
R,/2 , 7 14715
Oall = 53 -85 = o =130 - S5 =0.566 mm

The side of the cross section is very small (less than 1 mm). Hence, it should be designed by
considering the buckling. The critical load (F¢) can be determined as follows.
_4m?El _ m*ES* _ 31%P. 3 x1600% x 147.15

fe="7 3z "5 T T aZxzioooo S T 4832mm
The buckling stress o, is the ratio of critical load P. and area s°.
P.  147.15
O, = S_Z = m = 6.302 MPa

Discussion: the dimension of the cross section of the leg of the solar panel support is very small.
Hence, it is advisable to make it hollow square section. The smallest available hollow square has
10 mm outside dimension. The possible thickness for 10 mm can be determined using side of solid
square section (4.832 mm).
$2=85,2-85%>5%=5,2-5%=10%-4832%2 > S; = 8755 mm

The thickness can be determined by subtracting S; from S,,.

So—S; 10—8.755

2 2

The minimum available thickness is 1 mm. Hence, the leg has 10X10X1 mm hollow square

dimensions and 0.281 Kg/m [54].

The beam supports the solar panel at two sides i.e., a single solar panel is supported by two

t = =0.623 mm

cantilever beams. Half of the weight (73.575 N) of a solar panel is distributed over a length of L
(808 mm) cantilever beam i.e., w=W/2*1/L.=73.575/808=0.091 N/mm. A maximum bending
moment is created at the fixed end of the cantilever beam see Figure 4-82.
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Figure 4-82 FBD of Cantilever Beam of Solar Panel

Z M, =0
x? x%2 Wx?

_W7_M=0_)M=W7= 4L

The maximum bending moment becomes 29724.3 Nmm. The bending stress can be determined

for this maximum bending moment.

o = Myy 297243 x S/2 5 297243 X6
by = = =" "

S =11.111
1, st/1z 130 mm

As it is obvious hollow section with same cross sectional area is more stronger than solid section.

So the 11.111 mm solid square section can be changed to hollow square section as follows.
st=5,*-5*

The size of the hollow section can be descided by iteration starting from 11.111 mm for S, value.

It is economical to select 14 mm and 1.5 mm for S, and t respectively from [54].
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Part Drawing 4-30 Solar Panel Support

Gear Box: It is used to hold the bevel gears. It is also installed on the left top beam of cutter frame.
The gear box has hollow square cross section with size greater than the gear diameter (147.37 mm)
see Figure 4-83. It is subjected to a bearings loads which come from camshaft and intermediate
shaft. The bearing loads are 1338.475 N and 437.002 N in the x-and y-axes respectively from
camshaft and 1829.350 N and 40.372 N in the x-and z-axes respectively from intermediate shaft.
The resultant bearing loads become 1408.008 N and 1829.795 N from camshaft and intermediate
shaft respectively. The bearing outside daimeters and thicknesses are 24 mm and 5 mm
respectively both for intermediate shaft and camshaft.

The cross section of the square gear box is preferred to 160 mm outside dimension and 6.3 mm
thickness [54].

Material for Gear Box: It is made of high carbon steel of Fe E 650 Indian standard designation
and 870 N/mm? tensile strength and 650 N/mm? yield stress (gy). Since, the system is used in the

outdoor, its safety factor (n) is ten. Hence, the allowable stress becomes:
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Figure 4-83 Gear Box

o 650
Oqui = Oy = ==

n mez = 65 MPa

The allowable shear stress can be determined by using maximum shear stress theory:

_ _ Oall _ 65 N
Tau = Tw = -

5= ——=325MPa

The bearing stress (a;,) on the gear box from camshaft side is the ratio of 1408.008 N force (Rp)

and bearing area (Av).

R, _1408.008

= =—=11.733 MP
Ab 24 x5 33 a< Oall

Op

The shearing stress () on the gear box from camshaft side is the ratio of 1408.008 N force (Rp)

and shearing area.

_ R, _ 1408.008

YT T T 63t

=325-t, =6877mm

The bearing stress (a;,) on the gear box from intermediate shaft side is the ratio of 1829.795 N
force (Rv) and bearing area (Ab).

R, 1829.795

E = i xE = 15.249 MPa < oy

op =

The shearing stress (t) on the gear box from intermediate shaft side is the ratio of 1829.795 N
force (Rv) and shearing area.

Ry 1829795 . . ...
= _— = 5- = 8.
'S4 T T 63t 2 mm
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Part Drawing 4-31 Gear Box

Frame for Cutter: It is the main structure which is used to support all the power transmission,

cutter, conveyor and divider parts see in Figure 4-84. It transmits all the weight to tires. It is

subjected to a cummulative weight of 42.972 Kg or 421.555 N at different potition. So that it is

mainly under bending load. The beam has square cross section.

Table 4-4 Weight of Components on Cutter Frame

. . Total

S.No | Part Name Quantity | Mass in Kg Mass
1. | Bevel Pinion 1 0.230 0.230
2. | Bevel Gear 1 2.310 2.310
3. | Conveyor Pulleys on Conveyor 1 2.740 2.740
4. | Conveyor Pulleys on Cam Shaft 1 2.780 2.780
5. | Flat Belt 1 0.180 0.180
6. | Lug 13 0.030 0.390
7. | Rivet for Lug 30 0.002 0.060
8. | Bolt for Blade 16 0.007 0.106
9. | Nut for Blade 16 0.004 0.056
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10. | Blade or Cutter 8 0.030 0.240
11. | Cutter Bar 1 0.230 0.230
12. | Guard Lip 10 0.010 0.100
13. | Bolt for Guard Lip 24 0.009 0.209
14. | Nut for Guard Lip 24 0.003 0.067
15. | Guard Lip Bar 1 0.140 0.140
16. | Bearing for Cutter Bar Support 4 0.005 0.022
17. | Follower Bar 1 0.100 0.100
18. | Rollers for follower bar 8 0.004 0.031
19. | Rectangular Box for Follower Bar 1 0.170 0.170
20. | Vertical Position Pin for Follower Support 4 0.057 0.229
21. | Horizontal Position Pin for Follower Support 4 0.032 0.130
22. | Follower Head 2 0.130 0.260
23. | Idler Shaft 1 0.020 0.020
24. | Ball Bearing for Idler Shaft 1 0.003 0.003
25. | Thrust Bearing for Idler Shaft 1 0.004 0.004
26. | Camshaft 1 0.700 0.700
27. | Ball Bearing for Camshaft 1 0.007 0.007
28. | Thrust Bearing for Camshaft 1 0.022 0.022
29. | Eccentric Cam 1 0.520 0.520
30. | Key on Camshaft for Bevel Gear 1 0.001 0.001
31. | Key on Camshaft for Conveyor Pulley 1 0.004 0.004
32. | Key on Camshaft for Cam: 1 0.001 0.001
33. | V-Grooved Pulley on Motor Shaft 1 0.420 0.420
34. | V-Grooved Pulley on Intermediate Shaft 1 1.830 1.830
35. | Intermediate Shaft 1 0.080 0.080
36. | Ball Bearing on Intermediate Shaft 1 0.007 0.007
37. | Thrust Bearing on Intermediate Shaft 1 0.023 0.023
38. | Key on Intermediate Shaft for Bevel Gear 1 0.001 0.001
39. | Key on Intermediate Shaft for V-Grooved Pulley 1 0.001 0.001
40. | Star Wheel vertical Rod 4 0.140 0.560
41. | Star Wheel Arm 4 0.160 0.640
42. | Bearing Between Star Wheel Arm and Rod 4 0.007 0.028
43. | Frame for Solar Panel Support 1 0.950 0.950
44. | Crop Divider 4 0.110 0.440
45. | Star Wheel and Divider Assembly Support 4 0.190 0.760
46. | DC Motor 1 25.000 25.000
47. | Gear Box 1 0.170 0.170

Total 212 39.574 42.972

141




Fixed Beams
A

Columns
Figure 4-84 Frame for Cutter System
The frame has four cantilever beams, two fixed beams and two columns. The cantilever beams are
not loaded equally. The weight in Table 4-4 is shared by the four beams which have similar shape.
The camshaft assembly is supported by the left bottom cantilever beam on its shoulder as the reader
is considered as observer. The weight becomes 8.436 Kg or 82.757 N see Table 4-5.
Table 4-5 Weight Supported by left bottom cantilever beam on its shoulder

. Mass in | Total
Part Name Quantity Kg Mass
Bevel Gear 1 2.310 2.310
Conveyor Pulleys on Cam Shaft 1 2.780 2.780
Flat Belt 0.5 0.180 0.090
Lug 6.5 0.030 0.195
Rivet for Lug 15 0.002 0.030
Follower Bar 1 0.100 0.100
Rollers for follower bar 8 0.004 0.031
Rectangular Box for Follower Bar 1 0.170 0.170
Vertical Position Pin for Follower Support 4 0.000 0.000
Horizontal Position Pin for Follower Support 4 0.000 0.000
Follower Head 2 0.130 0.260
Camshaft 1 0.700 0.700
Ball Bearing for Camshaft 1 0.007 0.007
Thrust Bearing for Camshaft 1 0.022 0.022
Eccentric Cam 1 0.520 0.520
Key on Camshaft for Bevel Gear 1 0.001 0.001
Key on Camshaft for Conveyor Pulley 1 0.004 0.004
Key on Camshaft for Cam: 1 0.001 0.001
Star Wheel vertical Rod 2 0.140 0.280
Star Wheel Arm 2 0.160 0.320
Bearing Between Star Wheel Arm and Rod 2 0.007 0.014
Crop Divider 2 0.110 0.220
Star Wheel and Divider Assembly Support 2 0.190 0.380
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| | | | 8.435 |
The free end of the left bottom cantilever beam also supports half of the weight (0.585 Kg or 5.739

N) of the cutter and guard lip assembly see Table 4-6.
Table 4-6 Free End of the Left Bottom Cantilever Beam

S. No | Part Name Quantity | Mass in Kg | Total Mass
1 Bolt for Blade 8 0.007 0.053
2 Nut for Blade 8 0.004 0.028
3 Blade or Cutter 4 0.030 0.120
4 Cutter Bar 0.5 0.230 0.115
5 Guard Lip 5 0.010 0.050
6 Bolt for Guard Lip 12 0.009 0.104
7 Nut for Guard Lip 12 0.003 0.034
8 Guard Lip Bar 0.5 0.140 0.070
9 Bearing for Cutter Bar Support 2 0.005 0.011
Total 0.585

The beam is also sbjected to 138.188 N vertical downward force from axial component of bevel
gear, 290.97 N compressive force from cutting force and 8.438 N horizontal force from frictional
force on its shoulder. The total vertical downward force is 210.089 N which is the sum of 138.188
N vertical downward force and total weight 71.901 N at the shoulder. There is also 290.97 N
horizontal bending load at the free end which comes from cutter bar see Figure 4-85.

In general, the beam is subjected to three dimensional forces. These forces creates a normal stress
in the y-axis because the vertical downward force (210.089 N) creates a bending stress in y-axis,
the axial compress force (290.97 N) creates normal stress and the horizontal force (8.438 N) creates
bending stress in the y-axis. Finally the weight (5.739 N) on its free end creates normal stress in
the y-axis and torsional stress xy plane.

The length of the beam is equal to half of the width of cut (304.8 mm) in the cam side and
(88.7+5.2+10+3=96.9 mm) in cutter bar side see Figure 4-85.

Figure 4-85 FBD of Left Bottom Beam of Cutter Frame
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The loads W1, Fca, Rty, W2 and Rrx have a values of 5.739 N, 290.97 N, 267.683 N, 210.089 N
and 72.961 N respectively.
The bending moments in the x- and z-axes on any arbitrary section between fixed end and origin
can be defined by the following equations.
M, = W,y + W,y = 215.828y
M, = —Rp,y — F.q X 96.9 = —72.961y — 28194.993

The net axial force in the y-axis;

E, = F,¢ — Rpy = 290.67 — 267.683 = 23.287 N
The bending moments (M, and M,) becomes maximum at the fixed end which are 65784.374
Nmm and -50433.506 Nmm respectively.
The beam is also subjected to torsional moment (T).

T =W; X96.9 =5.739 X 96.9 = 556.109 Nmm
It is made of high carbon steel of Fe E 650 Indian standard designation and 870 N/mm? tensile
strength and 650 N/mm? yield stress (ay). Since, the system is used in the outdoor, its safety factor

(n) is four. Hence, the allowable stress becomes:

gy, 650

—_—=— = 162.5 MPa
n 4 mm?
The allowable shear stress can be determined by using maximum shear stress theory:

Oall 162.5 N
Tau = Tw = =

Oqii = Oy =

S =—5 ——="8125MPa

The bending and shearing stresses can be determined as follows for the square section.
o = E, M,z M,x
YA 1,
_ Tt
" a

The second moment of area about y- and z-axes are same because it is square section.

T

4
Iy =1,=> t=572=y=2 A =52 andJ, = abt® = aS* = 0.2085*

23.287 65784.374 x 6 30766.895x6  23.287 579307.614

Uy = 52 53 SS SZ 53
T 556109 2673.601
= 020853 02085 S°

The side of the square cross section of the beam can be analyzed by using maximum shear theory
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ie, o, =0, =0.

O 2
Tmax = Tall = (Ey) + Txyz = 81.25 MPa = \/(—

23.287 579307.614-)2 N (2673.601)2
252 AR S3

§3 = \/(—0.1435 — 3564.97)? + 32.906% - S = 15.280 mm
The side of the square cross section beam can also be analyzed by using principal stress i.e.,a, =
o, = 0.
Ox Oy\2 5
012 = Oqy = ?i (7) + Tyy® = 162.5 MPa

23.287 579307.614 23.287 579307.614\* (2673.601\’
252 253 252 253 s3

§3 = —0.0725 — 1782.485 + /(—0.072 — 1782.485)2 + 16.453%2 - § = 15.274 mm
The side of the square cross section becomes 15.280 mm. However, the beam should be hollow
section to maximize the strength to weight ratio i.e., the second moment of area should be same
both for solid (S) and hollow section (S, and S;).

S*=5,*-5*=154512.163
The internal (S;) and external (So) sides of the square section can be optimized by iteration to 23
mm and 25 mm respectively [54].

The shearing stress should be checked for closed thin wall section.
So—S; 25-23

=1mmand A = 24 X 24 = 576 mm?

2 2
T= T __ 56109 _ 0.483 MPa
2tA 2x1x576
The bending stress in the x-axis becomes as follows.
_ E, M,z M,x _ 23.287 65784.374 x 6S, 30766.895 X 65,
R T
23.287 65784.374 x 6 X 25 30766.895 X 6 X 25
T T252-232  25%—23*  25%—23%

= —130.972 MPa

The maximum shear stress becomes;
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o\ 2 —130.972\2
Tax = (7) +Ty? = (7> + (0.483)2 = 65.488 MPa < Ty

The maximum principal stress also becomes;

o Oy 2 , _ —130.972 —130.972\° ,
01y =2 (7) L e (T) +0.4832 = [130.974| MPa

< Oau

The applied normal and shearing stresses are less than the allowable corresponding stresses which
indicates that the beam design is safe.

Discussion on Lower Cantilever Beams: There are two cantilever beam on lower side; one is left
bottom beam on camshaft side and the other is right bottom beam on idler shaft side. They have
symmetrical shape and their cros sections depends on the loads applied on it. The magnitude of
loads on the left bottom beam are greater than the right bottom beam. The cross section of right
bottom should be less than the left bottom beam which is 25mm and 23 mm external and internal
side of a square section respectively. It is recommended to make the left and right beams from one
uniform square pipe. Therefore, the cross section of the right bottom beam becomes 25mm and 23

mm external and internal side of a square section respectively.
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Part Drawing 4-32 Bottom Cantilever Beam
The DC motor and gear box assembly is supported by the left top cantilever beam on its shoulder
as the reader is considered as observer. The weight becomes 27.762Kg or W=272.345 N see in
Table 4-7. This weight is applied aroud the shoulder of the beam.
Table 4-7 Masses of Motor Gear Box Assembly

S.No | Part Name Quantity | Mass in Kg -I{-/IO;?;
1. | Bevel Pinion 1 0.230 0.230
2. | V-Grooved Pulley on Motor Shaft 1 0.420 0.420
3. | V-Grooved Pulley on Intermediate Shaft 1 1.830 1.830
4. | Intermediate Shaft 1 0.080 0.080
5. | Ball Bearing on Intermediate Shaft 1 0.007 0.007
6. | Thrust Bearing on Intermediate Shaft 1 0.023 0.023
7. | Key on Intermediate Shaft for Bevel Gear 1 0.001 0.001
8. | Key on Intermediate Shaft for V-Grooved Pulley 1 0.001 0.001
9. | DC Motor 1 25.000 25.000
10. | Gear Box 1 0.170 0.170
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Total 10 27.762 27.762

The beam is also sbjected to Rn,=40.372 N vertical downward and Ryx=1829.350 N horizntal to
positive x-axis forces from intermediate shaft ball bearing and Ryx=1338.475 N horizntal to
positive x-axis and Rpy=437.002 N horizontal to left forces from camshaft ball bearing. In general,
the beam is subjected to three dimensional forces. These forces create a normal stress in the y-axis.
The length of the beam is equal to half of the width of cut (304.8 mm) in the cam side and
(88.7+5.2+10+3=96.9 mm) in cutter bar side see Figure 4-86.

3048 A v40372N
| 1829350 N1 0’mm437.002N
y 780 mm

96.9 mm 1338.475 N
Figure 4-86 FBD of Left Top Beam of Cutter Frame
The loads can be collected to the origin by considering their corresponding moments.
F, = 1829.350 + 1338.475 = 3167.798 N, F,, = 437.002 N and F, = —40.372 — 272.345
= —312.718 N
M, =437.002 x 80 + 40.372 X 80 = 38189.92 Nmm
M, = —1829.350 X 80 = —146348 Nmm
T = —1338.475 x 80 — 1829.350 x 80 = —253426 Nmm

The bending moments in the x- and z-axes on any arbitrary section between fixed end and origin
can be defined by the following equations.

M, = 38189.92 + 312.718y

M, = —146348 + 3167.798y
The net axial force in the y-axis;

F, = 437.002 N

The bending moments (M, and M,) becomes maximum at the fixed end which are 133503.928
Nmm and 819196.830 Nmm respectively.
It is made of high carbon steel of Fe E 650 Indian standard designation and 870 N/mm? tensile
strength and 650 N/mm? yield stress (ay). Since, the system is used in the outdoor, its safety factor

(n) is four. Hence, the allowable stress becomes:
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oy, 650 N
n 4 mm?

Oqil = Oy = = 162.5 MPa

The allowable shear stress can be determined by using maximum shear stress theory:

o 1625 N
T =Tw =" ="> e 81.25 MPa
The bending and shearing stresses can be determined as follows the square section.
F, Myz Myx Tt
O'y=Z— Ix IZ andr=]—a

The second moment of area about y- and z-axes are same because it is square section.

L=1,=,22y=" t =5, A=5?and ], = abt® = as* = 0.2085*
437.002 133503.928 x 6 819196830 X6  437.002 5716204.548
Oy = — g2 - g3 - g3 == S2 - S3
T 253426 _905092.857
= 020853 020853 3

The side of the square cross section of the beam can be analyzed by using maximum shear theory

e, o, =0, =0.

o. 2
Tmax = Tau = (7))) + Txyz = 81.25 MPa

_ ( 437.002 5716204.548)2+(905092.857>2
N 252 283 S3

§3 = \/(—2.6895 —35176.643)? + 11139.604% — S = 33.317 mm
The side of the square cross section beam can also be analyzed by using principal stress i.e.,o, =
o, = 0.
P ey 2 =162.5 MP
012 = Og = 7_ (7) + Tyxy” = . a

437.002 5716204.548
252 AR

437.002 5716204.548\%> /905092.857\°
£ (- - )+ )
252 253 §3

§3 = —1.3455 — 17588.322 + \/(—1.3455 —17588.322)% + 5569.8022 - S = 9.511 mm

The side of the square cross section becomes 33.317 mm. However, the beam should be hollow
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section to maximize the strength to weight ratio i.e., the second moment of area should be same
both for solid (S) and hollow section (S, and S;).
S*=5,*—5*=1232149.926

The internal (S;) and external (So) sides of the square section can be optimized by iteration to 35
mm and 40 mm respectively [54].
The shearing stress should be checked for closed thin wall section.
So—S; _40—35

2 2
T 253426

2tA 2 X 2.5x1406.25
The bending stress in the x-axis becomes as follows.

E, My M,x  437.002 133503.928 x6S, 819196.830 x 65,
O'y = = — = — =

t= =25mmand A = 37.5 X 37.5 = 1406.25 mm?

= 36.043 MPa

T

R P A T Syt -5
437.002  133503.928 x 6x 40 819196.830 X 6 X 40
T 402 -352 40% — 35+ - 40% — 35+
= —62.342 MPa

The maximum shear stress becomes;

0y 2 —62.342\°
Tmax = \/ () +rm2= j (—) +(36.043)2 = 47.652 MPa < Tqy,

2 2

The maximum principal stress also becomes;

oy 02 —62.342 —62.342\°
FEEE: (7) Pyl = — i\/( : ) +36.0432 = |78.823| MPa < a,
The applied normal and shearing stresses are less than the allowable corresponding stresses which
indicates that the beam design is safe.

Discussion on Upper Cantilever Beams: There are two cantilever beam on upper side; one is left
top beam on camshaft side and the other is right top beam on idler shaft side. They have
symmetrical shape and their cros sections depends on the loads applied on it. The magnitude of
loads on the left top beam are greater than the right top beam. The cross section of right top should
be less the left top beam which is 40 mm and 35 mm external and internal side of a square section
respectively. It is recommended to make the left and right beams from one uniform square pipe.
Therefore, the cross section of the right top beam becomes 40 mm and 35 mm external and internal
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side of a square section respectively.
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Part Drawing 4-33 Top Cantilever Beam
Fixed Beams: There two fixed beams; one is on the top and the other on bottom sides. These two
beams become fixed when we use the vertical stiffener. The stiffener can be neglected to simplify
the analysis. When the stiffener is removed the beams become cantilever. The lengths of the beams
are same (L1=303.983 mm) which is the sum of length of the length of cantilever beams (L4=106.9
mm) and radius of tires (394.165/2=197.083 mm).
The two beams are loaded in different magnitudes of loads see Figure 4-87 and Figure 4-88.
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Figure 4-87 FBD for Top Fixed beam

The value of loads in top fixed beam are 16.593 N, 137.154 N, -253426 Nmm, -312.718 N,
38189.92 Nmm, 3167.798 N, 437.002 N and -146348 Nmm for Ruy, W, My, Fz, My, Fx, Fy and M;
respectively. The lengths L1, L, and Lz are 197.083 mm, 304.8 mm and 609.6 mm respectively.

Table 4-8 Weight W of Bottom Beam Assembly on Top Fixed Beam

S. No | Part Name Quantity | Mass in Kg | Total Mass
1 Bevel Gear 1 2.310 2.310
2 Conveyor Pulleys on Conveyor 1 2.740 2.740
3 Conveyor Pulleys on Cam Shaft 1 2.780 2.780
4 Flat Belt 1 0.180 0.180
5 Lug 13 0.030 0.390
6 Rivet for Lug 30 0.002 0.060
7 Bolt for Blade 16 0.007 0.106
8 Nut for Blade 16 0.004 0.056
9 Blade or Cutter 8 0.030 0.240
10 Cutter Bar 1 0.230 0.230
11 Guard Lip 10 0.010 0.100
12 Bolt for Guard Lip 24 0.009 0.209
13 Nut for Guard Lip 24 0.003 0.067
14 Guard Lip Bar 1 0.140 0.140
15 Bearing for Cutter Bar Support 4 0.005 0.022
16 Follower Bar 1 0.100 0.100
17 Rollers for follower bar 8 0.004 0.031
18 Rectangular Box for Follower Bar 1 0.170 0.170
19 Vertical Position Pin for Follower Support 4 0.000 0.000
20 Horizontal Position Pin for Follower Support 4 0.000 0.000
21 Follower Head 2 0.130 0.260
22 Idler Shaft 1 0.020 0.020
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23 Ball Bearing for Idler Shaft 1 0.003 0.003
24 Thrust Bearing for Idler Shaft 1 0.004 0.004
25 Camshaft 1 0.700 0.700
26 Ball Bearing for Camshaft 1 0.007 0.007
27 Thrust Bearing for Camshaft 1 0.022 0.022
28 Eccentric Cam 1 0.520 0.520
29 Key on Camshaft for Bevel Gear 1 0.001 0.001
30 Key on Camshaft for Conveyor Pulley 1 0.004 0.004
31 Key on Camshaft for Cam: 1 0.001 0.001
32 Star Wheel vertical Rod 4 0.140 0.560
33 Star Wheel Arm 4 0.160 0.640
34 Bearing Between Star Wheel Arm and Rod 4 0.007 0.028
35 Crop Divider 4 0.110 0.440
36 Star Wheel and Divider Assembly Support 4 0.190 0.760
37 Bottom Cantilever Beam 1 0.080 0.080
Total 202 10.853 | 13.981

The axial stress is induced due to load Fx. The torsional moment T can be analyzed as follows.
T=F XL +M, =312.718 x 197.083 + 38189.92 = 100067.187 Nmm

The bending moment on the fixed between the origin and T connection can be defined as follows

both about y- and z-axes.

M, = —-M, — (F, + W)x = —253426 — (312.718 + 137.154)x = —449.872x — 253426

M, = —M, — (F, — Rpy)x = —146348 — (437.002 — 16.593)x = —420.409x — 146348
The bending moments M,, and M, becomes maximum at x=L1 which are -342088.123 Nmm and

-229203.467 Nmm.
These loads create normal and shearing plane stresses.
Materials: The beam has square section. It is made of high carbon steel of Fe E 650 Indian

standard designation and 870 N/mm? tensile strength and 650 N/mm? yield stress (o). Since, the

system is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

o, 650 N
—_ = — = 162.5 MPa
n 4 mm?2

The allowable shear stress can be determined by using maximum shear stress theory:

Oall 1625 N
Tau =Tw = > = ) mmz = 81.25 MPa

The bending and shearing stresses can be determined as follows the square section.
E Myz M,y

Oy = ————
I

A,

Oaquu = Ow =
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Tt
Ja

The second moment of area about y- and z-axes are same because it is square section.

T

I=1,=% 22y=2 t =5, A=5?and ], = abt® = as* = 0.2085*
3167.798 342088.123 x 6 229203.467 X6  3167.798 3427749.540
T T T T E N E R
T 100067.187 481092.245
' T 020853 T T 020858 3

The side of the square cross section of the beam can be analyzed by using maximum shear theory
ie., g, =0, = 0.
O-x

2
Tmax = T = |(3) +7n? = 8125 MPa

_ ( 3167.798 3427749.540)2+(481092.245>2
B 252 253 e

§3 = \/(—19.4945 —2109.228)2 + 5921.135%2 - § = 18.582 mm
The side of the square cross section beam can also be analyzed by using principal stress i.e.,a,, =
g, = 0.
coy =24 (2 41,2 = 1625 MP
012 = Oqu = 5T (7) T Tyy = . a
3167.798 3427749.540
252 253

3167.798 3427749.540\%> [481092.245\>
£ (- - ) +( )
252 253 S3

d3® = —9.747S5 — 10546.922 + \/(—9.7475 —10546.922)? + 2960.568% - d = 7.399 mm
The side of the square cross section becomes 18.582 mm. However, the beam should be hollow
section to maximize the strength to weight ratio i.e., the second moment of area should be same
both for solid (S) and hollow section (So and Sj).

S*=5,*—5*=119223.684
The internal (Si) and external (So) sides of the square section can be optimized by iteration to 35

mm and 40 mm respectively [54].
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The shearing stress should be checked for closed thin wall section.
So—S; 40-35
2 2
T 100067.187
T 2tA 2x25 x 1406.25

The bending stress in the x-axis becomes as follows.

k. Mz M,x  3167.798 342088.123 X 65, 229203.467 X 65,

=25mmand A = 37.5 X 37.5 = 1406.25 mm?

= 14.232 MPa

T

Ox 2 I + I, == 502 _ Siz - 504 — Si4 504 — 5i4
3167.798 342088.123 X 6 X 40  229203.467 X 6 X 40
T 402352 40% — 354 - 40% — 354
= —137.873 MPa

The maximum shear stress becomes;

O\ 2 —137.873\?
Tomax = (7") + 1,2 = \/(T) + (14.232)2 = 70.390 MPa < 1,

The maximum principal stress also becomes;

oy Oy 2 ,  —137.873 —137.873\° ,
o=k (7) R A (T) +14.2322 = |139.327| MPa
< Oau

The applied normal and shearing stresses are less than the allowable corresponding stresses which

indicates that the beam design is safe.

Figure 4-88 FBD for Bottom Fixed beam
The value of loads in bottom fixed beam are 12.302 N, 30.230 N, 284.419 N, 210.089 N, 72.961
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N, 267.683 N, 290.97 N and 5.739 N for Ry, W4, W3, W2, Rx, Ry, Fca, and W1 respectively. The
lengths L, L, L3 and L4 are 197.083 mm, 304.8 mm, 609.6 mm and 106.9 mm respectively.
Table 4-9 Weight W3 of Top Beam Assembly on Bottom Fixed Beam

S. Quantit | Mass in Total Mass in
No Part Name y Kg Kg
1 | Bevel Pinion 1 0.23 0.23
2 | V-Grooved Pulley on Motor Shaft 1 0.42 0.42
3 | V-Grooved Pulley on Intermediate Shaft 1 1.83 1.83
4 | Intermediate Shaft 1 0.08 0.08
5 | Ball Bearing on Intermediate Shaft 1 0.0074 0.0074
6 | Thrust Bearing on Intermediate Shaft 1 0.023 0.023
7 | Key on Intermediate Shaft for Bevel Gear 1 0.0012 0.0012
Key on Intermediate Shaft for V-Grooved
8 | Pulley 1 0.0012 0.0012
9 | Frame for Solar Panel Support 1 0.95 0.95
10 | DC Motor 1 25 25
11 | Gear Box 1 0.17 0.17
12 | Top Cantilever Beam 1 0.28 0.28
Total 12 28.9928 28.9928
Table 4-10 Weight W4 of Idler Shaft Assembly on Bottom Fixed Beam
S. No | Part Name Quantity | Mass in Kg | Total Mass in Kg
3 | Conveyor Pulleys on Conveyor 1 2.74 2.74
5 | Flat Belt 0.5 0.18 0.09
6 | Lug 6.5 0.03 0.195
7 | Rivet for Lug 15 0.002 0.03
23 | Idler Shaft 1 0.02 0.02
24 | Ball Bearing for Idler Shaft 1 0.0026 0.0026
25 | Thrust Bearing for Idler Shaft 1 0.004 0.004
Total 26 2.9786 3.0816

All the above loads create normal and shearing plane stresses. The normal stress is due to axial
and bending loads and shearing stress due to twisting moment. The axial stress is induced due to
load R1x=72.961 N. The torsional moment T can be analyzed as follows.
T = (W, — W,)L, = (210.089 — 30.230)304.8 = 54821.023 Nmm
The bending moment on the fixed beam between the origin and T connection can be defined as
follows both about y- and z-axes.
M, = —(W, + W3 + Wy)x — 2W;x = —(210.089 + 284.419 + 30.230)x — 2 X 5.739x
= —536.216x
M, = (R, + Ryy)x — RyeL, = (12.302 + 267.683)x — 72.961 X 304.8
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= 279.985x — 22238.513
The bending moments M,, and M, becomes maximum at origin (x=L1=197.083 mm) which are -
105679.058 Nmm and 32941.771 Nmm.
These loads create normal and shearing plane stresses.
Materials: The beam has square section. It is made of high carbon steel of Fe E 650 Indian
standard designation and 870 N/mm? tensile strength and 650 N/mm? yield stress (ay). Since, the

system is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

o, 650 N
Oqil = Oy = Poull e 162.5 MPa
The allowable shear stress can be determined by using maximum shear stress theory:
Oy 1625 N
T =Tw =" =""> 7= 81.25 MPa

The bending and shearing stresses can be determined as follows the square section.
K Myz M,y

Oy = ————

A L,
Tt
Ja

The second moment of area about y- and z-axes are same because it is square section.

T

4
Iy=1,=2,zzy=>,t = S, A = S? and J,, = abt® = aS* = 0.2085*

_ 72961 4 105679.058 x 6 4 32941.771 x 6  72.961 N 831724.974

Ox 52 53 53 52 53
T 54821.023  264043.380
' = 020853 020853 3

The side of the square cross section of the beam can be analyzed by using maximum shear theory

ie., o, =0, =0.

G2
Tmax = Tall = (7’() + T,y? = 81.25 MPa

_ (72.961 N 831724.974)2 N (264043.380)2
~J\ 2s? 253 S3

§3 = \/(0.4495 + 5118.308)2 4+ 3249.765% —» S = 18.241 mm

The side of the square cross section beam can also be analyzed by using principal stress i.e.,a,, =
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o, = 0.

o. O, 2
012 = Oqy = Exi (Ex) + T,y? = 162.5 MPa

72961 N 831724.974 N (72.961 N 831724.974)2 N (264043.380)2
282 253 - 252 253 S3

d3® =0.224S + 2559.154 + \/(0.2245 + 2559.154)2 + 1624.882% - d = 17.756 mm
The side of the square cross section becomes 18.241 mm. However, the beam should be hollow
section to maximize the strength to weight ratio i.e., the second moment of area should be same
both for solid (S) and hollow section (So and Sj).

S*=8,*—8§*=110711.969
The internal (S;) and external (So) sides of the square section can be optimized by iteration to 22
mm and 25 mm respectively.
The shearing stress should be checked for closed thin wall section.
So—S; 25-22
2 2
L T _ 54821.023
2tA 2 x1.5x552.25
The bending stress in the x-axis becomes as follows.

E, Mgz M,yx 72961 105679.058 x 6S, 32941.771 X 6S,
Oy =— — + = + +
A L, 1, s7%-572 S5 — s So* — Si*
72.961  105679.058 X 6 X  32941.771 X 6 X 25
252 —222 T 3025%—22¢ | 25t — 22

The maximum shear stress becomes;

t = =1.5mmand A = 23.5 X 23.5 = 552.25 mm?

= 33.089 MPa

= 133.492 MPa

O\ 2 133.492\°
Trax = (?") + T2 = \/ (T) +(33.089 )2 = 74.498 MPa < Ty

The maximum principal stress also becomes;

oy Oy\2 , _ 133.492 133.492\° ,
0-1,2 = 7 i (7) + Txy = T i (T) + (33089) - 14’1244 MPa < O'a”

The applied normal and shearing stresses are less than the allowable corresponding stresses which

indicates that the beam design is safe.
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The column has square cross section. It supports vertical load which creates compressive load.
The load is the sum of W1, W, W3 and Wa.

W =2W,+ W, +Ws+W, =2x5.739 + 210.089 + 284.419 + 30.230 = 536.216 N
Materials: The column is made of high carbon steel of Fe E 650 Indian standard designation and
870 N/mm? tensile strength and 650 N/mm? yield stress (gy). Since, the system is used in the

outdoor, its safety factor (n) is four. Hence, the allowable stress becomes:

gy, 650
—_—=— = 162.5 MPa
n 4 mm?
The compressive stress can be determined as follows the square section.
F, 536.216 N
Ox =~ = 162.5 MPa = <z - S5 =1817mm
The column can be designed by considering buckling for fixed ends. The column has a length from

bottom to top beam (542.762 mm) which is the sum of height of camshaft (462.762) and half of

Oqii = Oy =

the gear box (160/2=80 mm). The critical load can be determined as follows.
m2El sS4 _ AW L2 _ 4 x 536.216 x 542.7622

= [ =—= =
¢z T T2 neE 72 x 210000
The side of the square cross section of the column becomes 7.777 mm. However, the column

- S5S=7777mm

should be hollow section to maximize the strength to weight ratio i.e., the second moment of area
should be same both for solid (S) and hollow section (S, and S;).

S*=5,*—5* =3658.040
The internal (Si) and external (So) sides of the square section can be optimized by iteration to 8
mm and 10 mm respectively [54].
The critical load can be determined as follows.

P _ n’El _ m*E (so‘* - si‘*) % x 210000 (104 — g*
) =

= = = 865.377 N
412 412 12 4 x 542.7627 12 )

The designed critical load is greater than the applied load which indicates that the column design

is safe.
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Part Drawing 4-34 Column for Cutter Frame

Axel: 1t connects the two tires and supports all the weight attached on the cutter frame. The weight
is 74.438 Kg or 730.237 N see Table 4-11.
Table 4-11 Weight on Axel

ﬁllo Part Name Quantity I\K/I;SS " ;LO:?S; Mass
1 Bevel Pinion 1 0.230 0.230
2 Bevel Gear 1 2.310 2.310
3 Conveyor Pulleys on Conveyor 1 2.740 2.740
4 Conveyor Pulleys on Cam Shaft 1 2.780 2.780
5 Flat Belt 1 0.180 0.180
6 Lug 13 0.030 0.390
7 Rivet for Lug 30 0.002 0.060
8 Bolt for Blade 16 0.007 0.106
9 Nut for Blade 16 0.004 0.056
10 | Blade or Cutter 8 0.030 0.240
11 Cutter Bar 1 0.230 0.230
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12 Guard Lip 10 0.010 0.100
13 Bolt for Guard Lip 24 0.009 0.209
14 Nut for Guard Lip 24 0.003 0.067
15 | Guard Lip Bar 1 0.140 0.140
16 Bearing for Cutter Bar Support 4 0.005 0.022
17 Follower Bar 1 0.100 0.100
18 Rollers for follower bar 8 0.004 0.031
19 | Rectangular Box for Follower Bar 1 0.170 0.170
20 | Vertical Position Pin for Follower Support 4 0.057 0.229
21 Horizontal Position Pin for Follower Support 4 0.032 0.130
22 Follower Head 2 0.130 0.260
23 | Idler Shaft 1 0.020 0.020
24 Ball Bearing for Idler Shaft 1 0.003 0.003
25 | Thrust Bearing for Idler Shaft 1 0.004 0.004
26 | Camshaft 1 0.700 0.700
27 Ball Bearing for Camshaft 1 0.007 0.007
28 | Thrust Bearing for Camshaft 1 0.022 0.022
29 | Eccentric Cam 1 0.520 0.520
30 Key on Camshaft for Bevel Gear 1 0.001 0.001
31 | Key on Camshaft for Conveyor Pulley 1 0.004 0.004
32 Key on Camshaft for Cam: 1 0.001 0.001
33 | V-Grooved Pulley on Motor Shaft 1 0.420 0.420
34 | V-Grooved Pulley on Intermediate Shaft 1 1.830 1.830
35 Intermediate Shaft 1 0.080 0.080
36 Ball Bearing on Intermediate Shaft 1 0.007 0.007
37 | Thrust Bearing on Intermediate Shaft 1 0.023 0.023
38 | Key on Intermediate Shaft for Bevel Gear 1 0.001 0.001
39 Key on Intermediate Shaft for V-Grooved Pulley 1 0.001 0.001
40 | Star Wheel vertical Rod 4 0.140 0.560
41 Star Wheel Arm 4 0.160 0.640
42 Bearing Between Star Wheel Arm and Rod 4 0.007 0.028
43 Frame for Solar Panel Support 1 0.950 0.950
44 | DC Motor 1 25.000 25.000
45 | Crop Divider 4 0.110 0.440
46 | Star Wheel and Divider Assembly Support 4 0.190 0.760
47 | Gear Box 1 0.170 0.170
48 | Top Fixed Beam 1 0.581 0.581
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49 Bottom Fixed Beam 1 0.218 0.218
48 Bottom Cantilever Beam 1 0.080 0.080
49 | Top Cantilever Beam 1 0.280 0.280
49.4 | Column 2 0.154 0.307
50 Solar Panels 2 15.000 30.000

Total 220 55.887 74.438

The axel has fixed ends on the tires. Hence, it is fixed beam. Its length is 609.6 mm.

The forces and bending moments on the axel can be determined from the free body diagram shown
in Figure 4-89. Since the weight (W) is applied at the mid span of the axel and the support of axel
IS same at its ends, the reaction forces and moments should be equal. This implies that R:= R», and
Mi1= Ma.

L/2 L/2
W |
Mi | .
R1 M, ¢ ’ R2 y
Figure 4-89 FBD of Axel
W  730.237
ZFZ=O—>2R1—W=0—>R1=?= > = 365.119 N =R,

L
ZMX=O_)_M1_EW+M2+LR2 =O_)_M1+M2 =0_)M1 =M2
Note: The axel is statically indeterminate because there are two unknowns and one equation.
Therefore, the unknowns can be determined by considering deflection (both transverse and slope)
either at point 1 or 2 using elastic curve equations.
dy? EI

The bending moment equation on the range of [0, L/2] can be derived from Figure 4-90.
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M, emm | Vi My
/) R1
X
Figure 4-90 FBD of Axel Between [0, L /2]
ZMx = O d _Ml _le +M1y = 0 il Mly == Ml +yR1 == 365.119y+M1
d’z M, 365119 + M,
dy? EI EI
The 1%t and 2" integrals become as follows.
dz _ b — 182.560y% + M,y + C;
dy ' El

_ 60.853y° + 0.5M;y* + C1y + G,
N EI

The slope and transverse deflection at point 1 are zero. Hence at y=0, z = 8 = 0. This implies that
C;=0andC, =0
The deflection equations simplified as follows.

_ 182.560y% + M,y

Z

! EI
_ 60.853y° + 0.5M;y?
= El
The bending moment equation on the range of [L/2, L] can be derived from Figure 4-91.

y

: L/2 g

«—————r———

W VZZ MZy
M, S —

/) R1
X
Figure 4-91 FBD of[L/2, L]
L
ZMx=0—>—M1—yR1+W(y—E>+M2y =0-> My, =M, +yR1—W<y——>

= —365.119y + 222576.238 + M,

d?z M, —365.119 +222576.238 + M,
dy?  EI EI
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The 1%t and 2" integrals becomes as follows.
% o= —182.560y2 + 222576.238y + M,y + C;
dy * EI
_ —60.853y° + 111288.119y% + 0.5M,y* + C3y + C,
%2 = El
The slope and transverse deflection at point 2 are zero. Hence at y=L, z = 8 = 0. This implies that
C; = —67.841 X 10° — 609.6M, and C, = 13.785 x 10° + 304.8M,

The deflection equations can be simplified by substituting C5 and C, values.

—182.560y2 + 222576.238y + M,y — 67.841 x 10° — 609.6M,
2 =
El

Z3

_ —60.853y> +111288.119y* + 0.5M,y* — (67.841 x 10° + 609.6M,)y + 13.785 x 10° + 304.8M,
B EI

The reaction bending moment M; can be determined by equating 8, and 6, at the midpoint (L/2).

182.560 (%)2 + M, (%)

El

—182.560 (%)2 +222576.238 (%) + M, (%) — 67.841 x 10° — 609.6M,
EI
—91.28L% — 111288.119L — 67.841 x 106 — 609.6M,; = 0
609.6M, = —91.28L% — 111288.119L — 67.841 x 106 — M, = —278220.137 Nmm = M,

The bending moment equations can be simplified as follows.
My, = 365.119y + M; = 365.119y — 278220.137

M,, == —365.119y + 222576.238 + M; = —365.119y — 55643.899
The bending moment equations are linear both in the range of [0, L/2] and [L/2, L] which are [-
278220.137, -166931.866] and [-166932.170, -278220.441] Nmm respectively. The Maximum
bending moment is 278220.137 Nmm which occurs at the fixed end. So that the axel should be
designed for this bending moment.
Note: The axel is inserted in the bearing of the tire which has d=19.073 mm bore bearing. This
implies that the diameter of the axel should be greater than or equal to the bore of bearing. So that
it is advisable to analyze the materials property to decide its type because the diameter of the axel
is already known.
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M,z 32M, 32 x278220.137
Oqli = Ix = T[d3 = 77:190733 = 408.443 MPa = Oall

a* d
L, ="—andz==2
64 2

The yield strength of the material can be determined by using your factor of safety (n).

0, = nogy, = 4 x 408.443 = 1633.773 MPa

y
The next strong available material is quenched and tempered (Q&T) steel at 205 °C with 1640

MPa yield strength, 510 BHN and 4140 AISI number.
Discussion on the Diameter of Axel: The axel has 19.073 mm diameter. However, the diameter
should be increased to 20 mm because first there is no 19.073 mm diameter standard rod and

second there should be shoulder to fix the tire in a position.
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Part Drawing 4-35 Axel
Selection of Tires: It is used to transport the whole harvester. The tire is solid because it will be
used in fields where there is no maintenance of tires. Hence, Carlisle branded with solid micro-
cellular polyurethane material is selected. It has 4.80/4.00-8 size, 483781 product code, ribbed
tread, 3" centered hub, 3/4" (19.073 mm) precision bearings, 15.5° (394.165 mm) overall
diameter, 3.4’ (86.462 mm) width 8.0-pound (3.629 Kg) tire + wheel weight and 500-pound
(226.796 Kg) weight capacity [55].
Mathematical Modeling for Pushing the Harvester

The harvester should be stable during movement in a leveled field about the centroid of the axel.

The harvester is pushed by human hand force (Fn).
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Figure 4-92 2D Side View of Solar Harvester about yz-Plane
The pushing human hand force (Fn) can be determined by applying equilibrium equations for
Figure 4-92. The assembly has four sub-assemblies which has a centroid coordinates about the
local axis a local axis; tire sub assembly Gi (X1,y1,z1), whole cutter system sub assembly G:
(X2,y2,22), solar panel support Gz (X3,y3,z3) and solar panel G4 (Xas,ys,z4). The position of human
hand force is located at (xs,ys,z5) and the contact between ground and land has a coordinate of
(Xe,Ys,Z6)-
The summation of forces in the y-axis of the harvester can be defined as follows see Figure
4-92.
YE S0 —F+f <0 F>f = pgNp ----mmmmmmmmmmmem oo 4-90
The frictional resistance of the ground with the tires f is equal to ugNy.
The summation of forces in the z-axis of the harvester can be defined as follows see Figure 4-92.
YE=0——SNp =Wy + Wy + Wi+ Wy + Wy ommmmmmmmmmr e 4-91
The summation of moments about centroid (G) of the axel axis can be defined as follows by
considering diameter (d) of tires see Figure 4-92.
X Mgy =0 - Fr(zs — d/2) — Woy, — Ways + Woy, — Wiyy +fd/2 = 0 ------mmmmmmeeeee- 4-92
The pushing human hand force (Fn) can be defined by using the equations 4-90, 4-91 and 4-92.

WaYat+Ways—Wo Y+ Wy, —fd/2

e—d/2) T 4-93

Fr = Wy + Wy + Wy + W, + W,) or Fy, =
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Figure 4-93 2D Front View of Solar Harvester about xz-Plane
The summation of moments about centroid (G) of the axel in the y-axis can be defined as follows
by considering diameter (d) of tires see Figure 4-93. The weights w», ws and w4 passes through
the origin or centroid of axel in the y-axis. Hence, they cannot create moment about y-axis of the
centroid of axel.

2 Mgy =0 2 Wiy = 0 -mmmmmmmmmm oo 4-94

Discussion about Coordinate x;: Equation 4-94 shows that the value of x; must as small as
possible otherwise it will unbalance the stability of the harvester. The harvester will try to rotate
in the positive y-axis. Therefore, the position of solar panel and its support should be shifted to

the positive x-axis to counter act this moment. Equation 4-94 can be modified as follows.

w-
D M(;y =0->Wix, — (Wg + W4)X3 =0->x3 = ﬁ """"""""" -=-= --- 4-95
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Figure 4-94 2D Bottom View of Solar Harvester about yx-Plane

Gathered Information: the weights (w1, w2, ws and wa) and centroidal coordinates (X1, X2, X3, Xa,
Xs, X6, Y1, Y2, Y3, Y4, Y5, V6, Z1, 22, Z3, Z4, Z5, Zs) With respect to local axis. The four sub-assemblies
have a global coordinate which are taken from CATIA drawing. The global coordinate of sub-
assemblies are for tire sub assembly G (235.991, 422.734, -37.789), whole cutter system sub
assembly G (216.135, -37.5, 217.78), solar panel support Gz (247.991, 379.521, 1344.582) and
solar panel G4 (247.991, 379.521, 1486.335). In addition, the axel, tire 1 and tire 2 have centroidal
coordinates with respect to global axes (235.991, 174.434, -160.926), (-11.809, 174.434, -160.926)
and (483.791,174.434, -160.926) respectively. The diameter of the tire is 394.165 mm. The local
axis (0,0,0) is located at the mid-point of the tires in the x-axis 235.991, 174.434 in the y-axis and
-358.009 below z-axis with respect to the global axis. The centroidal coordinates of G1, G2, Gs,
G4, Gs, and Ge can be redefined in terms of local axis (0,0,0) i.e., tire sub assembly G (0, 248.3,
320.22), whole cutter system sub assembly G2 (-19.856, -211.934, 575.789), solar panel support
G3(12,205.087,1702.591) and solar panel G4 (12, 205.087, 1844.344). The position of the contact
between ground and land has a coordinate of Ge (+247.8, 0, 0). All dimensions are in mm. The
weights w1, w2, ws and ws are 14.655 Kg, 48.074 Kg, 7.432 Kg and 29.868 Kg or 143.766 N,
471.606 N, 72.908 N and 293.005 N respectively.

The coefficient of rolling friction u, between the ground and tire is 0.03 [56].

Discussion on Mathematical Modeling for Pushing the Harvester: The pushing human hand

force (Fn) can be determined by using the equations 4-93.

168



F, > 0.03(143.766 + 471.606 + 72.908 + 293.005) = 29.005 N
Any adult person can apply up to 300 N pushing force for prolonged time which indicate that the

harvester can be easily transported by a single person.

293.005 x 205.087 + 72.908 x 205.087 — 471.606 x 211.934 + 143.766 x 248.3 — 29.005 x 197.083
Frn = (25 — 197.083)
5,075.359
= 7.-197.083

----------------------------------------------------------------------------------------------- 4-96

The value of the pushing force in equation 4-96 is less or equal to 300 N which is a force applied

by adult person.

2075359 _ 300 - 25 > 214,000
——————————————————————— ﬁ .
s — 197.083 % = mn

The value of zs is the height of the handle from ground which depends on the height of the user.
Its value is estimated between 910 mm and 1120 mm [45]. It is preferable to choose average for
the time being 1015 mm. The width and diameter of the handle is recommended to 460 mm and
[25,38] mm respectively [45]. The width should be maximized to 500 mm by considering longest
shoulder. Hence, the xs value becomes 250 mm.

The moment about y-axis can be determined by using equation 4-94 as follows.

This shows that, there is no need to shift the position of solar panel and its support. Hence,
equation 4-95 becomes useless.

Wix; W; x0

S Wa W) (Ws+ W)
The stability of harvester about centroid (G) of the axel axis can be determined by using equation

X3

4-93 as follows.

Fp(zs — d/2) = Wyys — Ways + Woy, — Wiy, + % =0
29.005(zs — 197.083) — 293.005 X 205.087 — 72.908 x 205.087 + 471.606 x 211.934
— 143.766 x 248.3 + 29.005 x 197.083 = 0
29.005z5 — 10791.751 > 0 — z5 > 372.065 mm
Therefore, the height z5 (1015 mm) is more capable to push the harvester.
Handle: the handle is used to transfer power from hand to axel. It is subjected to 300 pushing force
and has 1015 mm height from ground. However, it is located on top of the handle and axel holder

which is fixed on axel. The axel is located at the center of the tire 197.083 mm above ground and
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the height of the handle above the tire becomes 817.917 mm.
The length [ of the handle is determined from the height 817.917 mm and base 600 mm [56] using
Pythagoras theorem see Figure 4-95.

l= \/817.9172 + 6002 = 1014.391 mm

+———
Fi/2

| 8 y X
. > <

Figure 4-95 Multi View of Handle Sketch
The handle has T-shape i.e., the handle head is under bending stress whereas the leg under
compressive and bending stresses.

Handle Head: It is cantilever beam about the joint. The maximum bending moment becomes

F
Moy = 7hx5 = 150 X 250 = 37500 Nmm

Handle Leg: it is also a cantilever beam about the joint between itself and handle holder. The

compressive load is equal to;

600
F, = F,cos0 =300 X ———— = 177.446 N

1014.391
The bending load and maximum bending moment become as follows.
817.917
Fy = Fsin@ = 300 X 7o =00 = 241.894 N

Mpax = Fyl = 241.894 x 1014.391 = 245375.097 Nmm
Note: Both the handle head and leg are circular cross section.
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Materials for handle: Both the handle head and leg are made of high carbon steel of Fe E 650
Indian standard designation and 870 N/mm? tensile strength and 650 N/mm? yield stress (gy).
Since, the system is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress

becomes:

gy, 650
—_ = = 162.5 MPa
n 4 mm?

The combined stress on the handle leg can be determined as follows for the circular section.

Ogii = Oy =

o= _fe My
A~ I,
The above normal stress (o) becomes maximum at y=d/2. The unit of the diameter is millimeter.
A md? - md*
T4 7Y 64
_ AR 32Mpqy 4 X 177.446 N 32 x 245375.097 L62.5MP
o= nd2 — md3 d? - md3 N ' @

d = 3/—1.390d + 15380.740 — d = 24.850 mm
The handle leg can be designed by considering buckling for fixed ends. The critical load can be
determined as follows.
m2EIl wd* 4F.L*> 4 X 177.446 x 1014.3912
=%z ' T wE 2 x 210000
The diameter of the leg of the handle should be 24.850 mm. However, the handle should be hollow

—-d=12.255mm

section to maximize the strength to weight ratio i.e., the second moment of area should be same
both for solid (S) and hollow section (S, and S;).
d* =d,* —d;* = 381334.038

The internal (di) and external (do) diameters of the square section can be optimized by iteration to
24 mm and 30 mm respectively [54].
The critical load can be determined as follows.

n2El w2E (d,*—d;* 73 x 210000 [30* — 24*

412 T 4]2 ”( 64 > T 4x 1014.3912< 64

) =11820.873 N

The designed critical load is greater than the applied load which indicates that the handle leg design
is safe.
The normal stress is also determined for the hollow section as follows.

4x 177.446 | 32 X 245375.097 X 30
m(302 — 242) ~  (30% — 244%)

o= = 157.489 MPa
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The applied normal stress is less than the allowable stress which indicates that the handle leg design
is safe.

Handle Head: The bending stress on the handle head can be determined as follows for the circular

section.
_ My
I
The above normal stress (o) becomes maximum at y=d/2. The unit of the diameter is millimeter.
. wd*
¥ 64
32M,,,,; 32 % 37500
= = = 162.5MP
o wd3 wd3 @
d =13.296 mm

The diameter of the head of the handle is 13.296 mm. However, the handle should be hollow
section to maximize the strength to weight ratio i.e., the second moment of area should be same
both for solid (S) and hollow section (S, and S;).

d* =d,* —d;* = 31252.447
The internal (di) and external (do) diameters of the square section can be optimized by iteration to
28 mm and 30 mm respectively [54].

The normal stress is also determined for the hollow section as follows.
32 x 37500 x 30

~ T n(30% —28%)
The applied normal stress is less than the allowable stress which indicates that the handle head

= 58.661 MPa

design is safe.
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Part Drawing 4-36 Handle

Threaded Rod: It is used to join the main harvester with the vehicle. In addition it is used to adjust
the height of cutting. The whole weight W> of the main harvester (471.606 N) is applied on it at
G2 (-19.856, -211.934, 575.789) with respect to the local axis. The location of the centroid of the
threaded rod is at (235.991, 101.763, -22.711) mm with respect to the global coordinate system.
Its centroid becomes (0, -72.723, 335.298) with respect to the local axis. The weight W> creates
compressive and bending stresses. The bending moments are about x- and y-axes.

M, = —471.606 x (—211.934 + 72.723) = 65652.743 Nmm

M, = —471.606 x (—19.856 — 0) = 9364.209 Nmm

Materials for Thread Rod: Both the handle head and leg are made of high carbon steel of Fe E 650
Indian standard designation and 870 N/mm? tensile strength and 650 N/mm? yield stress (gy).
Since, the system is used in the outdoor, its safety factor (n) is four. Hence, the allowable stress

becomes:

ay 650 N
Ogii = Oy = 7 = Tmmz = 162.5 MPa
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The normal stress due to the combined stresses becomes;

——= + =
2T L T,

The above normal stress (o,,) becomes maximum at y=d/2. The unit of the diameter is millimeter.
A_ndz ; _nd4_1
4 64 Y

4 x 471.606 32(65652.743 + 9364.209)
o, =— + =162.5
md? md3

d = 3/—3.695d + 4702.255 = 16.827 mm
This diameter is the core diameter of the threaded rod. The next available standard thread rod is
Mfr. Model # M20130.200.1000, Country of Origin Taiwan, Material Steel, Grade Class 10.9,
Threaded Rod Finish Black Oxide, Thread Size M20-2.5mm, Length 1m, Thread Direction Right
Hand, Min. Tensile Strength 145,000 psi, Temp. Range -58 Degrees to 302 Degrees F and Yield
Strength 130,000 psi [58].
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Part Drawing 4-37 Threaded Rod

Fit and Tolerance

Fit and Tolerance of Gear on its Hole: The fits between the hole of gear and both camshaft and
intermediate shaft is transition H7/k6. The magnitude of the common tolerance (IT) of the pinion
and gear can be determined as follows by using the Renard R5 geometric series of numbers (i) (

Joseph E. Shigley and Charles R. Mischke, 1996).

P = (0.45D1/3+0.001D)
h 1000

Where D is the geometric mean of the size range under consideration and is obtained from the

formula
D = /Dy Dimin === mm e e e 4-98
The basic size of hole of bevel gear is 13.221 mmm. It is in the size range between 10 and 18.
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D =+v18 x10 = 13.416

. (0.45 % 13.416'/3 + 0.001 x 13.416)
—_ =

! 1000
The tolerance of the shaft is IT6 for transition fit k6.

IT6 =10i =10 x 0.0011 = 0.011 mm

= 0.0011 mm

The formula for fundamental deviation of the shaft is determined as follows using « = 0, 8 =
0.6 and y = 0.33 for k fundamental deviation using (Joseph E. Shigley and Charles R. Mischke,
1996 table 19.4).

BDY 0.6 X 13.416933

1000~ >t 1000
The lower deviation of the shaft is equal to the fundamental deviation (0.001 mm). The upper

Fundamental Deviation = a + = 0.001 mm

deviation is the sum of IT6 grade and fundamental deviation.
Upper deviation of shaft = 0.001 + 0.011 = 0.012 mm
The shaft limits are;
Upper shaft limit = 13.221 + 0.001 = 13.222 mm
Lower shaft limit = 13.221 + 0.012 = 13.233 mm
The tolerance of the hole of bevel gear is IT7 for H7 transition fit. The formula for IT7 is:
IT7 =160 = 0.0011 X 16 = 0.017 mm

The formula for fundamental deviation of the hole is determined as follows usinga = 0, 8 =0
and y = 0 for h fundamental deviation using (Joseph E. Shigley and Charles R. Mischke, 1996
table 19.4).

pDY 0 x 13416°

1000 _ © 1000
The lower deviation of the hole is the negative of the upper deviation of the shaft i.e., -0.012 mm.

= (0.000 mm

Fundamental Deviation = a +

The upper deviation of the gear hole is equal to the sum of IT7 grade and lower deviation of hole
(Joseph E. Shigley and Charles R. Mischke, 1996).
upper deviation (hole) = lower deviation (shaft) + IT7 (Hole) = —0.012 + 0.017
= 0.005mm
The gear limits are;
Upper gear limit = 13.221 4+ 0.005 = 13.226 mm
Lower gear limit = 13.221 — 0.012 = 13.209 mm

The hole of the pinion gear is 12.379 mmm. It is in the size range between 10 and 18.

D =+v18 x 10 = 13.416
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. (0.45 % 13.416'/3 + 0.001 x 13.416)
-_ =

! 1000
The tolerance of the shaft is IT6 for transition fit k6.

IT6 =10i =10 x 0.0011 = 0.011 mm

= 0.0011 mm

The formula for fundamental deviation of the shaft is determined as follows using « = 0, 8 =
0.6 and y = 0.33 for k fundamental deviation using (Joseph E. Shigley and Charles R. Mischke,
1996 table 19.4).

pDY 0.6 X 13416°33

1000 - F 1000
The lower deviation of the shaft is equal to the fundamental deviation (0.001 mm). The upper

= 0.001 mm

Fundamental Deviation = a +

deviation is the sum of IT grade IT6 and fundamental deviation.
Upper deviation of shaft = 0.001 + 0.011 = 0.012 mm
The shaft limits are;
Upper shaft limit = 13.221 + 0.001 = 13.222 mm
Lower shaft limit = 13.221 + 0.012 = 13.233 mm
The tolerance of the hole of bevel gear is IT7 for H7 transition fit. The formula for IT7 is:
IT7 =160 = 0.0011 X 16 = 0.017 mm

The formula for fundamental deviation of the hole is determined as follows usinga = 0, =0
and y = 0 for h fundamental deviation using (Joseph E. Shigley and Charles R. Mischke, 1996
table 19.4).

BDY 0 x 13416°

1000 ~ ° T 1000
The lower deviation of the hole is the negative of the upper deviation of the shaft i.e., -0.012 mm.

Fundamental Deviation = a + = 0.000 mm

The upper deviation of the gear hole is equal to the sum of IT7 grade and lower deviation of hole
(Joseph E. Shigley and Charles R. Mischke, 1996).
upper deviation (hole) = lower deviation (shaft) + IT7 (Hole) = —0.012 + 0.017
= 0.005mm

The gear limits are;

Upper gear limit = 13.221 4+ 0.005 = 13.226 mm

Lower gear limit = 13.221 — 0.012 = 13.209 mm
Fit and Tolerance of Conveyor Pulleys on its Hole: The fits between the hole of conveyor pulley
and camshaft is transition H7/k6. The magnitude of the common tolerance (IT) of the conveyor
pulley and shafts can be determined as follows by using the Renard R5 geometric series of numbers
(1) (Joseph E. Shigley and Charles R. Mischke, 1996).
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~_(0.45D*3 +0.001D)
te 1000
Where D is the geometric mean of the size range under consideration and is obtained from the

formula

D = \/DimaxDmin
The hole of the conveyor pulley on camshaft is 15.5 mmm. It is in the size range between 10 and
18.

D =+v18 x10 = 13.416

_ (0.45 x 13.416'/% + 0.001 x 13.416)
B 1000
The tolerance of conveyor pulley on camshaft is IT7 for H7 transition fit. The formula for IT7 is:

IT7 =160 = 0.0011 X 16 = 0.017 mm
Correspondingly, the tolerance of the shaft is IT6 for transition fit k6.
IT6 =10 =10 x 0.0011 = 0.011 mm

= 0.0011 mm

-1

The formula for fundamental deviation of the shaft is determined as follows @ = 0, 8 = 0.6 and
y = 0.33 using (Joseph E. Shigley and Charles R. Mischke, 1996 table 19.4).

DY N 0.6 X 13.416933
1000 1000
The upper deviation is equal the fundamental deviation (0.001 mm). The lower deviation can be

Fundamental Deviation = a + = 0.001 mm

determined by subtracting 1T6 from fundamental deviation.
Lower deviation of shaft = 0.001 — 0.011 = —0.010 mm
The shaft limits are;
Upper shaft limit = 15.5 4+ 0.001 = 15.501 mm
Lower shaft limit = 15.500 — 0.010 = 15.490 mm
The lower deviation of the hole is the negative of the upper deviation of the shaft i.e., -0.001 mm.
The upper deviation of the conveyor hole is equal to the negative of the lower deviation of the
shaft plus the change in tolerance of that grade and the next finer grade (Joseph E. Shigley and
Charles R. Mischke, 1996).
upper deviation (hole) = —lower deviation (shaft) + IT6 (shaft) = 0.010 + 0.011
= 0.021mm

The conveyor hole limits are;
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Upper conveyor pulley on camshaft limit = 15.500 + 0.021 = 15.521 mm

Lower conveyor pulley on camshaft limit = 15.500 — 0.001 = 15.499 mm
Fit and Tolerance of Conveyor Pulleys on its Hole: The fits between the hole of conveyor pulley
and Idler Shaft is transition H7/k6. The magnitude of the common tolerance (IT) of the conveyor
pulley and shafts can be determined as follows by using the Renard R5 geometric series of numbers
(1) (Joseph E. Shigley and Charles R. Mischke, 1996).

~_(0.45D*3 +0.001D)
te 1000
The hole of the conveyor on Idler Shaft is 7 mmm. It is in the size range between 6 and 10.

D =+v10x 6 =7.746

. (045 x 7.746/3 + 0.001 x 7.746)
- =

! 1000
The tolerance IT is IT7 for H7 transition fit. The formula for IT7 is:

IT7 =160 =16 X 0.001 = 0.016 mm

= 0.001 mm

Correspondingly, the tolerance of the shaft is IT6 for transition fit k6.

IT6 = 10i = 10 X 0.001 = 0.010 mm
The formula for fundamental deviation of the shaft is determined as follows @ = 0, 8 = 0.6 and
y = 0.33 for k6 using (Joseph E. Shigley and Charles R. Mischke, 1996 table 19.4).

ﬁDV_(L+Q6x774G”3
1000 1000
The upper deviation is equal the fundamental deviation (0.001 mm). The lower deviation can be

= 0.001 mm

Fundamental Deviation = a +

determined by subtracting 1T6 from fundamental deviation.
Lower deviation of shaft = 0.001 — 0.010 = —0.009 mm

The shaft limits are;

Upper shaft limit = 7 + 0.001 = 7.001 mm

Lower shaft limit =7 — 0.010 = 6.990 mm
The lower deviation of the hole is the negative of the upper deviation of the shaft i.e., -0.001 mm.
The upper deviation of the conveyor pulley hole is equal to the negative of the lower deviation of
the shaft plus the change in tolerance of that grade and the next finer grade (Joseph E. Shigley and
Charles R. Mischke, 1996).

upper deviation (hole) = —lower deviation (shaft) + IT6 (shaft) = 0.009 + 0.010
= 0.019 mm
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The gear limits are;

Upper conveyor pulley on conveyor shaft limit =7 + 0.019 = 7.019 mm

Lower conveyor pulley on conveyor shaft limit = 7 — 0.001 = 6.999 mm
Flat Belt Tolerance: total length of belt=1281.993+50=1331.993 mm, width=25 mm and 5 mm.
The center distance between the two pulleys is 413.231 mm. The tolerance should be conducted
for the center distance. The magnitude of the common tolerance (IT) of the belt can be determined
as follows by using the Renard R5 geometric series of numbers (i) (Joseph E. Shigley and Charles
R. Mischke, 1996).

. (0.45D*3 +0.001D)
b 1000
Where D is the geometric mean of the size range under consideration and is obtained from the

formula
D = \/DinaxDmin
The center distance of the pulleys is 413.231 mm. It is in the size range between 400 and 500.
D =500 x 400 = 447.214

. (045 x 447.214'/3 + 0.001 x 447.214)
- =

l 1000
The tolerance of pulley assembly is IT7 for H7 transition fit. The formula for IT7 is:

IT7 = 160 = 0.004 x 16 = 0.064 mm

= 0.004 mm

Correspondingly, the tolerance of the shaft is IT6 for transition fit k6.

IT6 =10i =10 x 0.004 = 0.040 mm
The formula for fundamental deviation of the shaft is determined as follows @ = 0, 8 = 0.6 and
y = 0.33 for k6 using (Joseph E. Shigley and Charles R. Mischke, 1996 table 19.4).

BDY +_o.6><447.2140-33
1000 1000

The upper deviation is equal the fundamental deviation (0.005 mm). The lower deviation can be

= 0.005 mm

Fundamental Deviation = a +

determined by subtracting 1T6 from fundamental deviation.
Lower deviation of shaft = 0.005 — 0.040 = —0.035 mm
The center distance limits in terms of shafts are;
Upper shaft limit = 413.231 + 0.005 = 413.226 mm
Lower shaft limit = 413.231 — 0.035 = 413.196 mm
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The lower deviation of the center distance is the negative of the upper deviation of the shaft i.e., -
0.005 mm. The upper deviation of the center distance is equal to the negative of the lower deviation
of the shaft plus the change in tolerance of that grade and the next finer grade (Joseph E. Shigley
and Charles R. Mischke, 1996).
upper deviation (hole) = —lower deviation (shaft) + IT6 (shaft) = 0.035 + 0.040
= 0.075 mm

The center distance limits are;

Upper center distance limit = 413.231 + 0.075 = 413.306 mm

Lower center distance limit = 413.231 — 0.005 = 413.236 mm
Lug: The center distance between the two holes is 11mm. The tolerance should be conducted for
the center distance. The fit between the two holes is H7/k6 locational transition fit. The magnitude
of the common tolerance (IT) of the holes of lug center distance can be determined as follows by
using the Renard R5 geometric series of numbers (i) (Joseph E. Shigley and Charles R. Mischke,
1996).

~_ (0.45D'3 4+ 0.001D)
' 1000

Where D is the geometric mean of the size range under consideration and is obtained from the

formula
D = \/DinaxDmin
The center distance between the holes is 11 mm. It is in the size range between 10 and 18.
D =+v18 x 10 = 13.416

_ (045 x 13.416'/% + 0.001 x 13.416)
B 1000
The tolerance of center distance is IT7 for H7 locational transition fit. The formula for IT7 is:

IT7 =160 = 0.001 X 16 = 0.016 mm

= 0.001 mm

-1

Correspondingly, the tolerance of the shaft is IT6 for locational transition fit k6.

IT6 = 10i = 10 X 0.001 = 0.001 mm
The formula for fundamental deviation of the shaft is determined as follows « = 0, § = 0.6 and
y = 0.33 for p6 using (Joseph E. Shigley and Charles R. Mischke, 1996 table 19.4).

pDY 0.6 X 13.416933

1000= + 1000 = 0.001 mm

Fundamental Deviation = a +
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The upper deviation is equal the fundamental deviation (0.001 mm). The lower deviation can be
determined by subtracting 1T6 from fundamental deviation.
Lower deviation of shaft = 0.001 — 0.001 = 0 mm
The center distance limits in terms of shafts are;
Upper shaft limit = 11 + 0.001 = 11.001mm
Lower shaft limit =11+ 0= 11.0 mm
The lower deviation of the center distance is the negative of the upper deviation of the shaft i.e., -
0.001 mm. The upper deviation of the center distance is equal to the negative of the lower deviation
of the shaft plus the change in tolerance of that grade and the next finer grade (Joseph E. Shigley
and Charles R. Mischke, 1996).
upper deviation (hole) = —lower deviation (shaft) + IT6 (shaft) = 0 + 0.001
= 0.001 mm

The center distance limits are;

Upper center distance limit = 11 + 0.001 = 11.001 mm

Lower center distance limit = 11 — 0.001 = 10.999 mm
Rivet Tolerance: The magnitude of the common tolerance (IT) of the diameter 4 mm of the rivet
can be determined as follows by using the Renard R5 geometric series of numbers (i) (Joseph E.
Shigley and Charles R. Mischke, 1996).

~_ (0.45D'/3 4+ 0.001D)
be 1000
Where D is the geometric mean of the size range under consideration and is obtained from the

formula
D = /DmaxDmin

The diameter of the rivet is 4 mm. It is in the size range between 3 and 6.

D =+6x3 =4.243
. (045 x 4.2431/3 4+ 0.001 x 4.243)
->i= 1000 = 0.001 mm

The tolerance of the hole of the lug is IT7 for H7 clearance fit. The formula for IT7 is:
IT7 =161 =0.001 X 16 = 0.016 mm
Correspondingly, the tolerance of the rivet is IT6 for locational transition fit k6.
IT6 = 10i = 10 X 0.001 = 0.001 mm
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The formula for fundamental deviation of the shaft is determined as follows @ = 0, 8 = 0.6 and
y = 0.33 for k6 using (Joseph E. Shigley and Charles R. Mischke, 1996 table 19.4).

BDY 04+ 0.6 X 4.2430%33
1000 1000
The upper deviation is equal the fundamental deviation (0.001 mm). The lower deviation can be

= 0.001 mm

Fundamental Deviation = a +

determined by subtracting 1T6 from fundamental deviation.
Lower deviation of shaft = 0.001 — 0.001 = 0 mm

The diameters of the rivet are;

Upper shaft limit = 4 + 0.001 = 4.001mm

Lower shaft limit =4+ 0 = 4.0 mm
The lower deviation of the hole is the negative of the upper deviation of the shaft i.e., -0.001 mm.
The upper deviation of the diameter of the hole is equal to the negative of the lower deviation of
the shaft plus the change in tolerance of that grade and the next finer grade (Joseph E. Shigley and
Charles R. Mischke, 1996).
upper deviation (hole) = —lower deviation (shaft) + IT6 (shaft) = 0 + 0.001
= 0.001 mm

The hole limits are;

Upper hole limit = 4 + 0.001 = 4.001 mm

Lower hole limit = 4 — 0.001 = 3.999 mm

Note: The remaining fit and tolerances are calculated and put together in Table 4-26

Analysis of Solar Panels and Batteries

The DC Motor is driven by using solar power source. The total daily energy (Eq4) requirement to
drive the motor is the product of total power (P) to drive the motor at a time and working hours
per day (tw).
T —————— 4-99
The average sun peak power (Pp) is the ratio of the total daily energy (Eq) requirement and peak
power collecting time from sun (ts) per day.

R — 4-100

ts ts
The total numbers of solar panels (Np) needed to collect the peak power becomes the ratio of peak

power (Pp) and capacity of single solar panel (Ep).
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P, Pt
N, = L=_w
Ep  Epts

------------------------------------------------------------------------------------------- 4-101
The power is taken from batteries. In order to drive the motor, enough amount of batteries should
be installed. At a time, total power (P) is required to drive the motor. The capacity of the battery
(Pp) in KW is defined by multiplying its voltage V (v) and current | (A).

Pl = VT e 4-102
The number of batteries (Nb) becomes the ratio of total power (P) to drive the motor at a time and

capacity of the battery (Pp) in KW.

P __ P

N = oo o e oo nneennnnee e 4-103
P, VI

Discussion on Solar Panels and Batteries
The specifications of the DC motor are already decided mathematical modeling of power
requirement for the harvester. It has a specification of 1.5 hp power, 24 V, 1800 rpm, 62.5 Amps
Armature Full Load. The total power (P) to drive the motor at a time becomes 1.5 hp or 1118.55
watt. The standard working time (tw) is 8 hours per day. So that the total daily energy (Eq)
requirement can be analyzed using equation 4-99.

E; = Pt,, = 1118.55 x 8 = 8945.4 Wh
The average sun peak power (Pp) and collecting time from sun (ts) per day are depends the exact
location if the field. Solar harvester is recommended on places where the solar power is available
during harvesting time. Ethiopia is one of those places where there is plenty of solar power
throughout the year. Hence, our country Ethiopia can be considered as example. In Ethiopia, the
intensity of sun ray is good in between 7:30 Am and 5:30 Pm. Among this, the time between 8:00
Am and 5:00 Pm is preferable for harvesting which was proofed during the observational test in
the shop. Hence, there is 9 hours sun peak time (ts) to collect solar power.

8945.4
(2 9
The total numbers of solar panels (Np) needed to collect the peak power and capacity of single

= 994.267 Watt

solar panel (Ep) relation be seen in Table 4-12. A maximum of 200-Watt solar power was available
in Ethiopian market during proforma collection on 2017. Hence, five 200-watt Solarmax solar
panels are selected.

P 994.267

L
P Ep Ep
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Table 4-12 Relation Between Number of Solar Panels and Capacity of Single Solar Panel

capacity of single solar panel W | 994 | 497 | 331 | 249 | 199 | 166 | 142 | 124 | 110 | 99 | 90

83

Number of Solar Panels 1 2 3 4 5 6 7 8 9 |10 |11

12

At the same, 12 V and 200 Ah Copex solar battery was bought on 2017. The capacity of a single
battery can be determined using equation 4-102.

P, = VI =12 x 200 = 2400 KWh
The number of batteries (Nb) can be determined using equation 4-103.

N, - 111855
P 2400
This implies that a single battery can be enough to drive the system for one hour. An additional of

= 0.466

one battery is required to drive for the remaining time. Hence using two batteries it is possible to
drive the system for a day by substituting the charged battery.

Therefore, five solar panels (200W each) and two batteries (12v and 200Ah each) are used.
Carrying those elements is tiresome. The solar panels and one of the batteries should be place on
the ground. When the used battery becomes low in charge, the other battery replaces it. By doing
so, the weight to be pushed by the operator becomes reduced.

Discussion on Kinematic Analysis of Eccentric Cam and Flat Face Follower

The values of eccentric distance and radius of cam are 38.1 mm and 50.6 mm respectively. The
equation of displacement, velocity and acceleration can be simplified as follows.
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Figure 4-96 Relation between Displacement and Angular Position Graph

S =+/R? +e2 — 2Recos 6 — e2sin?0 —R + e

S =+/4011.91 — 3855.72 cos 6 — 1451.61sin26 — 12.5 mm

The graph in Figure 4-96 shows that the motion of the follower is sinusoidal simple harmonic
motion with 180° rise and the remaining 180° dwell. The displacement has maximum (76.2 mm)
and minimum positions (0 mm) at 180° and 0° respectively.

ds 2Re sin — e? sin 26

Vf = —= (OF}
dt  2vR?+ e2 — 2Recos 6 — e2sin?6
_ 35420.572sin 8 — 13335.215sin260 mm
V4011.91 — 3855.72 cos 0 — 1451.61sin20 S
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Figure 4-97 Relation between Velocity and Angular Position Graph
The graph in Figure 4-97 shows that the velocity of the follower is in a range of [-700, 700] mm/s
minimum (0 mm) at 0° and 180° whereas maximum at 90° and 270° (700 mm/s) at the minimum
angular speed (18.373 rad/s) of the camshaft. However, whenever there is an increase on the speed
of camshaft, the velocity of the follower becomes increased.

B Re cos 6 — e? cos 20 (2Re sinf — e? sin 20)? "
= VRZ + e2 — 2Re cos 6 — e2sin2 4(R? + e? — 2Re cos 0 — e?sin?0)1> s

_ l 650782.165 cos 6 — 490015.820 cos 26
V4011.91 — 3855.72 cos 8 — 1451.61sin%0

(17710.286 sin 8 — 6667.608 sin 26)> mm
(4011.91 — 3855.72 cos 8 — 1451.61sin?0)1>

s2
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Figure 4-98 Relation between Acceleration and Angular Position Graph
The graph in Figure 4-98 shows that the acceleration of the follower is in a range of -12861.357,
17000] mm/s? minimum (0 mm) at 112.162° and 247.838° whereas maximum at 41.2253° and
318.747° (1700 mm/ s?) at the minimum angular speed (18.373 rad/s) of the camshaft. However,
whenever there is an increase on the speed of camshaft, the acceleration of the follower becomes

increased.
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Figure 4-99 Relative of Value of S, Vrand ar versus Angular Position
Discussion on Kinetic Analysis of Eccentric Cam and Flat Face Follower
The vales of F,,, i, Ly, L, m, af, L3, mgp, 0, €, uz, R and b are 290.97 N, 0.0011, 78 mm, 98.9
mm, 0.992 Kg, 12.861 m/s?, 0.632 Kg, 9.81 m/s?, 38.1 mm, 0.029, 50.6 mm and 609.6 mm

respectively.
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Table 4-13 Mass mcb of Cutter Assembly

S. No | Part Name Quantity | Mass in Kg | Total Mass in Kg
8 Bolt for Blade 16 0.007 0.106
9 Nut for Blade 16 0.004 0.056
10 Blade or Cutter 8 0.030 0.240
11 Cutter Bar 1 0.230 0.230
Total 41 0.271 0.632
Table 4-14 Mass mr of Follower Assembly
S. No | Part Name Quantity | Mass in Kg | Total Mass in Kg
17 Follower Bar 1 0.100 0.100
22 Follower Head 2 0.130 0.260
Total 3 0.23 0.36

The mass m of cutter bar and follower assemblies becomes 0.992 Kg. The driving force applied

on the follower by the cam can be simplified by substituting all the parameters except ar in mm/s?.

F

_ Foo(Ly + 2uLy) +mLy(ug + ar) + 2uLymeyg
2ue sin @ + 2uusVR? + e% — 2Re cos 6 — e2sin20 + pu?usb — 2uusR — 2puze + (1 — pps) L,

22.760 + 7.738 x 1075,

= N
8.382 X 1075 sin 6 + 6.38 x 1075v4.012 X 1073 — 3.856 X 1073 cos  — 1.452 X 10~3sin26 + 7.799 x 102

Force Needed on Follower in N

308.8603 eI
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b
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Figure 4-100 Force on Follower Versus Angular Position of Cam

The graph in Figure 4-100 shows that the force needed on the follower is between [279, 308.860]

N at the minimum angular speed (18.373 rad/s) of the camshaft. The applied force is between

[664.397, 4714.56] N which is much greater than the required force. Therefore, the harvester can

be operated at any position of cam. The applied force is calculated by dividing the torque on cam

to the extreme positions of cam (12.5 mm and 88.7 mm). However, whenever there is an increase
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on the speed of camshaft, the applied and required force on the follower becomes increased.

The torque Te needed by the eccentric cam on the camshaft can be analyzed as follows.

Ty, =F (,u3\/R2 + e2 — 2Re cos 6 — e?sin?0 + e sin 9)

—F (0.029\/4.012 % 10-3 — 3.856 x 10-3 cos 6 — 1.452 X 10-3sin26
+0.0381 sin 6) Nm

10.9951 I._I" T "\‘,_I."‘I" T T T T I%:
9.9951 - 4
8.9951 : 3
7.9951 E
6.9951 =
5.9951 g 4
4.9951 3
3.9951 y =|
2.9951 . +4
1.9951 4
0.9951 & 3
-0.0049 2
-1.0049 =
-2.0049 /3
-3.0049 : =
-4.0049 ‘ 3
-5.0049 / 3
-6.0049 X 4
-7.0049 =
-8.0049 E
-9.0049 . -
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Figure 4-101 Torque on Cam versus Position of Cam
The applied torque Te on the cam is 58.932 Nm whereas it is needed between -11.163 and 11.670
Nm at the minimum angular speed (18.373 rad/s) of the camshaft. This indicates that the applied
torque is much greater than the required torque.
The total torque (T) needed to drive the camshaft becomes the sum of torques in the eccentric cam
(Tg) and conveyor pulley (T,), i.e.;

T=Tg+T,

The values of ds, py, mg, g, Ny, Vi, P, w3 and dg are 145 mm, 0.13, 34.7 mm, 9.81 m/s?, 8, 0.5
m/s, 95.819 mm, 18.373 rad/s and 1.983 mm respectively.

0.5 x 0.095819
373 x1.983 x 1073

ngk 8

v,

T, = u4msgz iwr:(;) =0.13 X 34.7 x 1073 x 9.812 5
S i-1 '

i»1

= 2.095 Nm

T=F (0.029\/4.012 X 1073 — 3.856 X 1073 cos 6 — 1.452 x 10~3sin?6 + 0.0381 sin 0)

+ 2.095 Nm
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Figure 4-102 Total Torque on Camshaft versus Angular Position of Cam

Th graph in Figure 4-102 shows that the total torque needed to operate both the conveyor and cam

is between 9 Nm and 14 Nm whereas 61.027 Nm total torque is applied on it at the minimum

angular speed (18.373 rad/s) of the camshaft. Hence, the applied torque is greater than the required.

Discussion on Mass of Harvester

The prototype is manufactured from materials which are purchased and collected from locally

available materials. Some materials are purchased with exact size whereas others nearest available.

The remaining materials collected from old spare shop around post office, ASTU production shop,

ASTU production garbage, MDME garbage and MDME store for those materials which were not

included in the proposal.

Table 4-15 Design and Prototype of Basic Parts

5. No Part Name Design Prototype
Specification | Qty Specification Qty
1.| DC Motor 1.5hp 1 1hp 1
2. | Solar Panel 200 Watt 5 200 Watt 2
3.| Solar Battery 12V200Ah 2 12VV200Ah 2
4. | Pulley Drive M D64xd16x26 1 O82xp19x1943 |1
5.| Pulley Drive | D82xp19x19.43 | 1 ®152.12x¢p15x15 | 1
6.| Cam ®101.2x5 1 d112x6 1
7. | Camshaft D16x462.76 1 ®20x450 1
8.| Conveyor Pulley C D145xp15.5x38 | 1 ®300xp19x100 |1
9.| Conveyor Pulley 1 D145xPp7x38 1 ®300xdp19x100 1
10| Cutter Bar 609.6x10x5 1 610x50x5 1
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11| Cutter or Blade 76.2x68.63x1 8 76.2x112.2x3 8
12| Gear Box 44x160x160 1 125x80x80 1
13| Guard Lip Bar 609.6x10x3 1 | 600x80x4 1
14| Guard Lip 96.92x15x4 10 | 154x20x4 9
15| Idler Shaft D8x55 1 ® 20x435 1
16| Intermediate Shaft D8x73 1 ®20x124.5 1
17| Lug 70x25%2 13 | 132x75x1 14
18 Rectangular Box for Follower 100x30x30x2 1 110x80x80x1.5 1
Support
19| Star Wheel Assembly ®152.4x20 4 ®213.9x20 3
20| Axel ®20x609.6 1 ®38x145 1
21| Belt for Conveyor 1281.99x25x5 1 1729x100x5 1
22| Bevel Gear ®147x ©13x44 | 1 ®62.4x d16x19 |1
23| Pinion Gear Dd55x P12x44 |1 D62.4x d16x19 |1
24| Frame for Cutter 1.466 Kg 1 24.3 Kg 1
25| Divider 276.25x152.5x1 | 4 466.956x210x2 3
26| Follower Head 132x16x8 1 120x120x15x2 1
27| Solar Panel Support 0.95 Kg 1 22.77 Kg 1
28| Star Wheel and Divider Support 539x12x12x1 4 818x20x20x2 3

Table 4-15 shows that the weight of the prototype components is greater than the weight of the
design component except the DC motor and bevel gear. Hence, the whole weight of the prototype
(190 Kq) is greater than the designed harvester (93.03 Kg). Due to the big weight of the prototype,
we were forced to use three tires; two at the rear and one at the front.

All the components are manufactured in our shop except drilling works which are more than 28
mm holes. The status of the machines in our work shop are very old. This made the manufacturing
of components very tedious and the components were manufactured far from the design value
specially for components which need drilling, milling and turning. Because, the machines were
not work properly in addition their vices were damaged and worn out. In general, the machines

needed maintenance during the prototype manufacturing period especially drilling machines.
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Testing

The harvester was tested in the shop in two stages. The first test was a test of the harvester after

completing the assembly in order to record the speed at different shafts and to make some

modification if it is required. The second test was conducted by feeding the row of straws in to the

harvester in order to check the functionality of the machine for real harvesting.
Shop (After Assembly) Test

Test Equipment: Two solar batteries, two solar panels, charge controller, Digital Tachometer,

multi meter, stop watch and harvester machine. The capacities of a single battery and solar panel

are 200 Ah and 200 Watt respectively

The shop test was carried out by using solar panel and solar battery separately. There are two solar

panels and solar batteries as a source of power available in order to drive the harvester. The

experiment was carried six times. These are using single battery, two batteries in series, two

batteries in parallel, single solar panel, two solar panel in series and two solar panel in parallel.
The testing of the harvest was carried out on October 31, 2018 around 3:15 PM.
Table 4-16 Voltage Recorded during the Test

Power 1 2 Series 2 Batteries | 1 Solar | 2 series Solar 2 parallel
source Battery | Batteries Parallel Panel Panel Solar Panel
Measured
_ 13.01 25.77 13.01 39.7 79.6 39.7
Voltage in V
Table 4-17 Measured RPM Values of Shafts
Speed in RPM
S . 2 1 2 series 2 parallel
No Shatts Bat%er éa?fe rrlieess Batteries | Solar Solar Solar
y Parallel Panel Panel Panel
1.| Motor output shaft 0 64 0 138 347.18 267
2.| Intermediate Shaft 0 59 0 136 223.52 171.9
. Cam shaft 0 56 0 129 176 135.4
4, Idler Shaft 0 47 0 49.9 75.12 57.8

The power requirement of the harvester becomes clear. The cutter system was in rotation when the

voltage supplied into the DC Motor becomes greater than 24 V, which is attained by using two

batteries in series, single solar panel, two solar panels in series and two solar panel in parallel.

However, the weight of the two batteries (Lead Acid) is 130 Kg, which is not feasible due to its
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high weight. Even if the cutter works by using single solar panel, it is not recommended to use it
as sole source of power because the test was conducted without load. Hence, two solar panel either
in series or in parallel can be used to drive the harvester.

Note: The DC motor used in the prototype is different from the selected DC motor both in size and
type due to unavailability during proforma collection period in Adama and Addis Ababa. The only
available DC motor with high power was 1 hp. The specifications of the motor were not clear
because it is written in Chinese language. The relation between voltage (V) supplied into DC motor

and its angular speed (w) is defined as follows (Daniel Collins, 2015).

14 TR

w:;—ﬁ ------------------------------------------------------------------------------------ 4'104

Where T is the torque of the DC motor, R is the resistance of the armature of the DC motor and k
is the torque and electrical inherent constant of DC motor.

The resistance R of the armature of the DC motor is constant. The speed of the DC motor shaft
was measured without a load hence the torque is also constant. The torque and electrical inherent
constant k of DC motor can be approximated by substituting the different corresponding values of
w and V from Table 4-16 and Table 4-17 in comparison with main plate attached on the motor
i.e., 200V and 1800 rpm.

13.01 TR

O = T - ; ----------------------------------------------------------------------------- 4'105
e — 4-106
60 k k2
13828 = 3 D e 4-107
60 k k2
347182 = 2 4-108
60 k k2
180028 = 200 D 4-109
60 k k2

Using simultaneous equation 4-105 and 4-109, k becomes;
(1800 — O)Z—H = 200~ 1501 -k =0.992
60 k
Using simultaneous equation 4-106 and 4-109, k becomes;
2 200 — 25.77
(1800 — 64) w- k = 0.958
Using simultaneous equation 4-107 and 4-109, k becomes;
2r 200 —39.7

(1800 — 138)% = -k =0.921
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Using simultaneous equation 4-108 and 4-109, k becomes;
(1800 — 347.18)2—n = M -k =0.791
60 k
The value of k can be considered by taking the average of the k values at different voltages.
I = 0.992 + 0.958 + 0.921 + 0.791
4

Using equation 4-105, TR can be determined as follows
TR =Vk — wk? =13.01%0.916 — 0 = 11.917

=0.916

Using equation 4-106, TR can be determined as follows

2T
TR =Vk — wk? = 25.77 x0.916 — 645 *0.916% = 17.982

Using equation 4-107, TR can be determined as follows

2T
TR =Vk — wk? =39.7 0916 — 138 * a0 *x 0.916% = 24.24

Using equation 4-108, TR can be determined as follows
TR =Vk — wk? = 79.6 x 0.916 — 347.18 * 2—7(; *0.916% = 42.41
Using equation 4-109, TR can be determined as follows
TR = Vk — wk? = 200 % 0.916 — 1800 * z—g *0.916% = 25.04

Since the values of TR is different at different voltage it is advisable to take average.
R = 11.917 + 17.982 + 24.24 + 42.41 + 25.04

5
The general formula can be simplified by substituting k and TR values, i.e.,

= 24.318

W= —— = 22328 _ 1 092V — 28.983 <-ennrmemmenecene e 4-110
0.916 0.916

The DC motor needs more than 26.54V to begin rotation.

The above equation shows that the relation between w and V is direct. The smallest angular
velocity of cam shaft is 18.373 rad/s 175.499 rpm) which is between 129 rpm and 176 rpm with
speed slippage ratio of 129/138=0.935 and 176/347.18=0.507 respectively. The average speed
slippage ratio (0.721) can be taken. The motor shaft speed becomes 18.373/0.721=25.483 rad/s or
175.499/0.721=243.411 rpm. Therefore, the minimum voltage supplied to get angular velocity of

25.483 rad/s becomes;

w +28.983  25.483 + 28.983
1.092 1.092

w =1.092V — 28983 -V = =49.877V
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This result shows that, two series 12V batteries, single solar panel or two parallel solar panels
cannot drive the harvester sufficiently to cut the grain.

In general, the above analysis helps us to characterize the DC motor i.e., the relation of the torque
T, the resistance R of the armature and the torque and electrical inherent constant k of DC motor.
The voltage supply should be greater than or equal to 49.877 V only for this prototype which is
attained by using two solar panel in series. This voltage will vary by using a different DC motor
or modifying the prototype for this possessed DC motor.

Shop (Functionality) Test

Test Equipment: Harvester, straw holder, wheat straws and grass (7eo<g) straws.

Test Preparations: The straw holder is made of 10x10 mm square pipe. It has seven rows and two
beams see Photo 4-1. The purpose of the beams is to hold the rows in a position whereas the rows
are used to hold the straws of grains in a vertical position. Each row has more than 20 holes using
4 mm drill bit.
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Photo 4-1 Straw Holder
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The straight and unbroken straws were separated from bent and broken straws.
Testing Method: The test was conducted by inserting straws into the holes in rows. It was carried

in successive five stages. The first test was carried by using one row of straws i.e., straws were
inserted into only one row see Photo 4-2.

Photo 4-2 Single Row of Straws before Cutting
The harvester cuts nicely the straws. This shows that the energy from two series solar panel is
enough to harvest the row of straws see Photo 4-3.

Photo 4-3 Single Row of Straws after Cutting
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The second test was carried by using double rows of straws i.e., straws were inserted into two rows

see Photo 4-4.
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Photo 4-4 Double Rows of Straws before Cutting
The harvester cuts nicely the straws. This shows that the energy from two series solar panel is

enough to harvest two rows of straws see Photo 4-5.

Photo 4-5 Double Rows of Straws after Cutting
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The third test was carried by using triple rows of straws i.e., straws were inserted into three rows
see Photo 4-6.

Photo 4-6 Triple Rows of Straws before Cutting
The harvester cuts nicely the straws. This shows that the energy from two series solar panel is

enough to harvest three rows of straws see Photo 4-7.

Photo 4-7 Triple Rows of Straws after Cutting
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The fourth test was carried by using quadruple rows of straws i.e., straws were inserted into three

rows see Photo 4-8.

Photo 4-8 Quadruple Rows of Straws before Cutting
The harvester cuts nicely the straws. This shows that the energy from two series solar panel is

enough to harvest four rows of straws see Photo 4-9.
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Photo 4-9 Quadruple Rows of Straws after Cutting
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The fifth test was carried by using quintuple rows of straws i.e., straws were inserted into five rows
see Photo 4-10.

Photo 4-10 Quintuple Rows of Straws before Cutting
The harvester cuts nicely the straws. This shows that the energy from two series solar panel is

enough to harvest five rows of straws see Photo 4-11.

Photo 4-11 Quintuple Rows of Straws after Cutting
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The test was also carried by using septuple rows of straws i.e., straws were inserted into seven
rows.

The harvester cuts nicely the straws. This shows that the energy from two series solar panel is

enough to harvest five rows of straws see Photo 4-12.

[ \a‘ ‘

Photo 4-12 Septuple Rows of Straws after Cutting
In general, the energy was energetic to cut for the designed width of cut (609.6 mm) using two

series solar panels 200 watt each.

Photo 4-13 Cross Section of Wheat (Left) and Gomech (777%*) Right
The harvester was also tested for harvesting grass called Gomech (7ev<p» local name). The relative
strength of Gomech (%avs*) is relatively stronger than wheat. Even if it is not supported by
numerical values, it is was proofed by three techniques. The first technique was by observation
during cutting the wheat and grass. The second technique was proofed by crushing the wheat and
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the grass using our hand. Lastly, it was checked by their difference in cross section. The grass sold
cross section whereas wheat hollow as shown in Photo 4-13.

Even if the grass is stronger than the wheat, the harvester was tested up to three rows of straws. It
cut the grass nicely these rows of straws.

Assembly Procedures

The harvester has 271 components with three main sub-assemblies see Assembly Tree 4-1.

] Tire Sub Assembly.CATProduct

. #| Solar Panel and its Support Sub Assembly. CATProduct
n *-:#%] Solar Harvester Gear Box Topi{C = roduct PP y
#31 Main Harvester Gear Box Top .CATProduct

%3 | Nut for Threaded Rod.CATPart
Assembly Tree 4-1 Solar Harvester Main Sub-Assemblies

As shown in the Assembly Tree 4-1, there are three main sub-assemblies in the harvester. The
main harvesting component sub-assemblies should be first assembled on to the tire sub assembly
through the threaded rod. The height of the main harvesting component sub-assemblies is adjusted
then after fixed by using the nut for threaded rod.
The components in the tire sub assembly are shown in Assembly Tree 4-2. They are assembled as
follows.

1. Weld the handle on the handle and axel holder
Insert the axel into the tire and tight it by nut for the axel
Insert the axel into the handle and axel holder
Insert the axel into the second tire and tight it by using nut for the axel

Adjust the position of handle and axel holder at mid span between the two tires

o g ~ w D

Finally fix the handle and axel hold by the axel grips and bolt for axel grips

3] Tire.CATPart

@3 Axel.CATPart

3 Handle and Axel Holder.CATPart
3] Handle.CATPart

-3!57 Holder for Solar Panel Support.CATPart
3 Nut for Axel. CATPart

) Axel Grip.CATPart

3] Bolt for Axel Grip.CATPart

‘9:)" Solar Panel and its Support Sub Assembly.CATProduct

%7 Main Harvester Gear Box Top .CATProduct

33 Nut for Threaded Rod.CATPart

@) Tire Sub Assembly.CA

n =2 ] Solar Harvester Gear Box Top.QATProduct

Assembly Tree 4-2 Components in Tire Sub Assembly

The components in the solar panel and its support sub assembly are shown in Assembly Tree 4-3.
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They are assembled as follows.
1. Weld the beams and columns
2. Weld the stiffeners for solar panels support one on the beam and the other end on the beam
3. Fix the solar panels on top of the support using wire

‘@ Tire Sub Assembly.CATProduct
;5] Solar Panel Support.CATPart
“») Solar Panel and its Support Sub Assembl{€a3 FBtifflercer for Solar Panel Support.CATPart
n *i@ Solar Harvester Gear Box Top.§A" Froduct e Supp N 51 HPP
@5] Solar Panel.CATPart

@ Main Harvester Gear Box Top .CATProduct
;5] Nut for Threaded Rod.CATPart

Assembly Tree 4-3 Components in Solar Panel and its Support Sub Assembly
The components in the main harvesting sub assembly are shown in Assembly Tree 4-4. It has 10
another sub-assembly. They are assembled as follows.
1. Weld star wheel sub assembly on to frame for cutter sub assembly
. Weld Guard lip sub assembly on to frame for cutter sub assembly
Insert cutter sub assembly into guard lip sub-assembly

2

3

4. Insert the follower bar into follower bar support and fix on the bottom frame

5. Insert conveyor belt sub assembly into camshaft sub assembly

6. Insert camshaft sub assembly into frame for cutter sub assembly

7. Insert idler shaft into the conveyor belt sub assembly and fix the idler shaft sub assembly
on its position

8. Insert V-belt into the pulley on the intermediate shaft and then

9. Insert this sub assembly in the gear box

10. Fix the DC motor on the top frame by tight the v-belt on the pulley of the motor

11. Strengthen the top and bottom frame by using the thread rod and its nut
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*‘@ Tire Sub Assembly.CATProduct

*-‘55] Solar Panel and its Support Sub Assembly.CATProduct

“Jw}'-ﬂ Frame for Cutter Sub Assembly Gear Box Top.CATProduct
"Jv!é;] Camshaft Sub Assembly Gear Box Top.CATProduct
‘-"g] Intermediate Shaft Sub Assembly.CATProduct

”JSJ Idler Shaft Sub Assembly.CATProduct

@SJ Conveyor Belt Sub Assembly.CATProduct

*"%v] Support for Follwer Bar Sub Assembly.CATProduct
*45] Guard Lib Sub Assembly.CATProduct

#@ Cutter Sub Assembly.CATProduct

.;5] Straw Supprt for Conveyor.CATPart

<§J Threaded Rod.CATPart

*%] DC Motor Sub Assembly.CATProduct

é:?S] V-Belt.CATPart

'@Sj Nut for Threaded Rod.CATPart

*@ Star Wheel Sub Assembly.CATProduct

n *i@g] Solar Harvester Gear Box Top.CAl

Assembly Tree 4-4 Components in Main Harvesting Sub Assembly
The components in the frame for cutter sub assembly are shown in Assembly Tree 4-5. They are
assembled as follows.
The top and bottom frame for cutter sub-assemblies are connected by using the column. The

column is fixed on them using nut for column

t-"is] Tire Sub Assembly.CATProduct
#"g] Solar Panel and its Support Sub Assembly.CATProduct

ﬁg] Top Frame Sub Assembly Gear Box Top.CATProduct

i%—] Bottom Frame for Cutter Sub Assembly Gear Box Top.CATProduct
"g] 33} Column for cutter Gear Box Top.CATPart
3 Bolt for Column.CATPart

331 Nut for Column.CATPart

EJ -2 %] Solar Harvester Gear Box Top.CATH

iﬁg] Camshaft Sub Assembly Gear Box Top.CATProduct
"-53 Intermediate Shaft Sub Assembly.CATProduct

ﬁg“ Idler Shaft Sub Assembly. CATProduct

‘@ Conveyor Belt Sub Assembly.CATProduct

i@l Support for Foliwer Bar Sub Assembly.CATProduct
G{wg] Guard Lib Sub Assembly. CATProduct

#‘%T Cutter Sub Assembly. CATProduct

-25] Straw Supprt for Conveyor.CATPart

!\"S] Threaded Rod.CATPart

Gg] DC Motor Sub Assembly.CATProduct

3] V-Belt. CATPart

3 Nut for Threaded Rod CATPart

i@ Star Wheel Sub Assembly. CATProduct

Assembly Tree 4-5 Components in Frame for Cutter Sub Assembly
The components in the camshaft sub assembly are shown in Assembly Tree 4-6. They are
assembled as follows.
1. Insert key for cam into the camshaft on its lower end
2. Insert cam into the camshaft in the position of it key

3. Insert thrust bearing in camshaft below cam
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n "'@g] Solar Harvester Gear Box Top.CATProd

Insert key for conveyor pulley into the middle key way of camshaft
Insert conveyor pulley into the camshaft on its top end

Insert ball bearing into camshaft

Insert key for bevel gear at top end of camshaft

Insert bevel gear into camshaft on the position of the key for bevel gear

t@ Tire Sub Assembly.CATProduct
*‘%j Solar Panel and its Support Sub Assembly. CATProduct

s@ Frame for Cutter Sub Assembly Gear Box Top.CATProduct

:*Sj Key for Bevel Gear on Camshaft. CATPart

:-Sj Key for Conveyor Pulley on Camshaft.CATPart
{-5:] Key for Cam on Camshaft. CATPart

{-Sj Bevel Gear .CATPart

'1%] Camshaft Sub Assembly Gear Box Top.CATPro ;-5] Conveyor Pulley for Camshaft. CATPart
{-5-] Eccentric Cam.CATPart

{')Sj Ball Bearing for Camshat.GATPart
{-)Sj Thrust Bearing for Camshaft. CATPart
’-;-51 Camshaft Gear Box Top.CATPart

*@ Intermediate Shaft Sub Assembly. CATProduct
*‘-gj Idler Shaft Sub Assembly. CATProduct
*‘%7 Conveyor Belt Sub Assembly.CATProduct

%8 Main Harvester Oxgr Box Top .CATProd

*'léu—-)j Support for Follwer Bar Sub Assembly. CATProduct
*,Q;j Guard Lib Sub Assembly.CATProduct

@ Cutter Sub Assembly.CATProduct

;n')—] Straw Supprt for Conveyor CATPart

{51 Threaded Rod.CATPart

C'gj DC Motor Sub Assembly. CATProduct

‘57 V-Belt. CATPart

ng Nut for Threaded Rod.CATPart

*"J?;] Star Wheel Sub Assembly.CATProduct

Assembly Tree 4-6 Components in Camshaft Sub Assembly

The components in the intermediate shaft sub assembly are shown in Assembly Tree 4-7. They

are assembled as follows.

1.

2
3
4.
5

Insert ball bearing into intermediate shaft

Insert key for bevel gear into intermediate shaft

Insert key for v-grooved pulley into intermediate shaft
Insert V-grooved pulley into intermediate shaft

Insert thrust bearing into intermediate shaft
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i@&)j Tire Sub Assembly.CATProduct
*Q}] Solar Panel and its Support Sub Assembly. CATProduct
‘:g] Frame for Cutter Sub Assembly Gear Box Top.CATProduct

%_3] Camshaft Sub Assembly Gear Box Top.CATProduct
@Sj Intermediate Shaft.CATPart

Key for Bevel Gear on Intermediate Shaft.CATPart
(%] "'Q—.)] Solar Harvester Gear Box Top. CATPr Key for V-Grooved Pulley on Intermediate Shaft. CATPart
‘:'g)] Intermediate Shaft Sub Assembly. CATPro! ;15] V-Grooved Pulley on Intermediate Shaft. CATPart
{ﬂ,}_] Bevel Pinion Gear.CATPart

"33 Ball Bearing for Intermediate Shaift.CATPart

{*5‘] Thrust Bearing Intermediate Shaft. CATPart

*ng Idler Shaft Sub Assembly. CATProduct

"i&)] Main Harvester
#‘{.}7 Conveyor Belt Sub Assembly. CATProduct

ar Box Top .CATPre

*"-Li;;] Support for Follwer Bar Sub Assembly. CATProduct
*@ Guard Lib Sub Assembly.CATPraduct

':‘gj Cutter Sub Assembly.CATProduct

-::*51 Straw Supprt for Conveyor.CATPart

-:"iEj Threaded Rod.CATPart

é_,_}] DC Maotor Sub Assembly. CATProduct

93| V-Belt.CATPart

{5] Nut for Threaded Rod.CATPart

i‘@ Star Wheel Sub Assembly.CATProduct

Assembly Tree 4-7 Components in Intermediate Shaft Sub Assembly
The components in the idler shaft sub assembly are shown in Assembly Tree 4-8. They are
assembled as follows.
1. Insert conveyor pulley into idler shaft
2. Insert ball bearing into idler shaft on top end
3. Insert thrust bearing into idler shaft on its lower end

&9 ] Tire Sub Assembly. CATProduct
*‘%] Solar Panel and its Support Sub Assembly.CATProduct

9\)—] Frame for Cutter Sub Assembly Gear Box Top.CATProduct

%j Camshaft Sub Assembly Gear Box Top.CATProduct
.%1 Intermediate Shaft Sub Assembly. CATProduct

n “"'Cg] Solar Harvester Gear Box Top.CATProdu ZDSJ Idler Shaft. CATPart

[ Conveyor Pulley for Idler Shaft. CATPart
%j Idler Shaft Sub Assembly.CATProduc!
'@ Ball Bearing for Idler Shaft. CATPart
‘Q‘:?E1 Thrust bearing for Idler Shaft. CATPart

%j Conveyor Belt Sub Assembly. CATProduct

'@;g] Main Harvester GeaxBox Top .CATProdu *Qﬂ Support for Follwer Bar Sub Assembly.CATProduct
*’%] Guard Lib Sub Assembly. CATProduct

tﬁ‘gl Cutter Sub Assembly. GATProduct

ﬁﬂsj Straw Supprt for Conveyor. CATPart

7257 Threaded Rod.CATPart

@‘;j DC Motor Sub Assembly.CATProduct

9"';51 V-Belt.CATPart

i;’jj Nut for Threaded Rod.CATPart

*‘Qﬂ Star Wheel Sub Assembly.CATProduct

Assembly Tree 4-8 Components in Idler Shaft Sub Assembly

The components in the conveyor belt sub assembly are shown in Assembly Tree 4-9. They are
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assembled as follows.
1. Align the holes of lug and flat belt
2. Fix them together by using rivet

#‘«‘g] Tire Sub Assembly. CATProduct
*’@g] Solar Panel and its Support Sub Assembly.CATProduct

“’3!;] Frame for Cutter Sub Assembly Gear Box Top.CATProduct

"'3{.3—] Camshaft Sub Assembly Gear Box Top.CATProduct
. #—%] Intermediate Shaft Sub Assembly.CATProduct
| =2 8] Solar Harvester Gear Box Top.CATProdu gg] Il Shaft Sub Assermbly. CATProduct

“:*_251 Bended Flat Belt for Conveyor.CATPart
“{'g] Conveyor Belt Sub Assembly. CATProdu 41;}_] Lug.CATPart

{DS'] Rivet for Conveyor.CATPart

"_Qg] *‘%] Support for Follwer Bar Sub Assembly.CATProduct
‘- Main Harvester Ge:

*‘l‘g] Guard Lib Sub Assembly.CATProduct
#%‘I Cutter Sub Assembly.CATProduct
{-‘5] Straw Supprt for Conveyor.CATPart
{-DI}—] Threaded Rod.CATPart

g'g] DC Motor Sub Assembly. CATProduct
:5] V-Belt.CATPart

{-DS] Nut for Threaded Rod.CATPart

#‘J‘-S] Star Wheel Sub Assembly.CATProduct

Assembly Tree 4-9 Components in Conveyor Belt Sub Assembly

The components in the support for follower bar sub assembly are shown in Assembly Tree 4-10.
There are one roller and two spacers in each bolt. The longer bolts are aligned vertically whereas
shorter horizontally. They are assembled as follows.

1. Insert half part of the bolt into the follower bar support

2. Insert one of the spacers into the bolt

3. Insert the roller into the bolt next to the spacer

4. Insert the remaining spacer into the bolt next to the roller

5. Finally fix the bolt on the follower bar support by using nut for follower bar support
The components in the Guard lip sub assembly are shown in Assembly Tree 4-11. They are
assembled as follows.
Align the holes of the guard lip bar and guard lip
Fix them together buy using bolts and nuts for guard lip bar
Insert bolt for bearing on guard lip into guard lip bar

Insert bearing for cutter bar support into guard lip bar

a ~ W e

Fix the bearing on guard lip bar using nut for bearings on guard lip bar
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B, Tire Sub Assembly. CATProduct
*"%)j Solar Panel and its Support Sub Assembly.CATProduct

‘%] Frame for Cutter Sub Assembly Gear Box Top.CATProduct

%-I Camshaft Sub Assembly Gear Box Top.CATProduct
%] Intermediate Shaft Sub Assembly.CATProduct
@23‘—}-] Idler Shaft Sub Assembly.CATProduct

n ""%7 Solar Harvester Gear Box Top.CATPro X
‘:'2.‘_';] Conveyor Belt Sub Assembly. CATProduct

1 Rectangular Box for Follower Support.CATPart

23 Bolt for Follower Support in Horizontal. CATPart

@j Bolt for Follower Support in Vertical.CATPart
5 Support for Follwer Bar Sub Assembly. CATPro —

-@j Roller for Follower Bar.CATPart
"%] Main Harvester Gdqr Box Top .CATPro {;‘l}] Spacer for Roller of Follower Bar Support. CATPart
{?}j Nut for Follower Support. CATPart

i‘:'gj Guard Lib Sub Assembly. CATProduct

# 95 ] cutter Sub Assembly.CATProduct

‘@ Straw Supprt for Gonveyor.CATPart

"ﬂj] Threaded Rod.CATPart

‘Q-)j DC Motor Sub Assembly.CATProduct

‘@ V-Belt. CATPart

@ Nut for Threaded Rod.CATPart

*‘9;-)] Star Wheel Sub Assembly. CATProduct

Assembly Tree 4-10 Components in Support for Follower bar Sub Assembly

#Dy] Tire Sub Assembly. CATProduct
*-{'gj Solar Panel and its Support Sub Assembly. CATProduct

@ Frame for Cutter Sub Assembly Gear Box Top.CATPraduct

@ Camshaft Sub Assembly Gear Box Top.CATProduct
C-gj Intermediate Shaft Sub Assembly.CATProduct

‘iﬂ Idler Shaft Sub Assembly.CATProduct

*"(ég] Solar Harvester Gear Box Top.CATProd ‘Q] Conveyor Belt Sub Assembly.CATProduct

"'dgj Support for Follwer Bar Sub Assembly. CATProduct

Ei}_j Guard Lip Bar.CATPart
:5] Guard Lip.CATPart

'@Sj Bolt for Guard Lip.CATPart

I'A%_] Guard Lib Sub Assembly. CATProdu -E;SJ Nut for Guard Lip.CATPart

-I-‘:'i';] Main Harvester Gdgr Box Top .CATProdul

:5] Bearing for Cutter Bar Support.CATPart

-Z-Ej Bolt for Bearings on Guard Lip Bar.CATPart
Ebsj Nut for Bearings on Guard Lip Bar.CATPart
*‘%j Cutter Sub Assembly.CATProduct

L‘?Sj Straw Supprt for Conveyor.CATPart

51 Threaded Rod.CATPart

@ DC Motor Sub Assembly.CATProduct

53 V-Belt. CATPart

L‘?Sj Nut for Threaded Rod.CATPart

*@ Star Wheel Sub Assembly.CATPraduct

Assembly Tree 4-11 Components in Guard Lip Sub Assembly
The components in the cutter sub assembly are shown Assembly Tree 4-12. They are assembled
as follows.
1. Weld follower bar on the follower bar head
2. Weld follower bar head on cutter bar
3. Align the holes blade and cutter bar and fix them by using bolt and nut for cutter or blade
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*‘i'g] Tire Sub Assembly.CATProduct
*Gig] Solar Panel and its Support Sub Assembly. CATProduct

%] Frame for Cutter Sub Assembly Gear Box Top.CATProduct

d‘%] Camshaft Sub Assembly Gear Box Top.CATProduct
é‘_\-)] Intermediate Shaft Sub Assembly. CATProduct

Gg] Idler Shaft Sub Assembly. CATProduct
= %5 Solar Harvester Gear Box Top.CATProduct
é“_-}:] Conveyor Belt Sub Assembly. CATProduct
{-}] Support for Follwer Bar Sub Assembly.CATProduct
@ Guard Lib Sub Assembly.CATProduct

":‘_’ﬁ Cutter Bar. CATPart

] -I Blade or Cutter Nov 2018.CATPart

"@ Main Harvester Ge: ox Top .CATProduct 5"95] Follower Head.CATPart

‘_(é.;] Cutter Sub Assembly.CATProduct
'3:95\] Bolt for Cutter or Blade. CATPart
";:?5\] Nut for Cutter or Blade.CATPart
.’;}_;S] Follower Bar.CATPart

@ Straw Supprt for Conveyor.CATPart

i:'gj Threaded Rod.CATPart

%\] DC Motor Sub Assembly. CATProduct

@ V-Belt. CATPart

i:;jj Nut for Threaded Rod.CATPart

*%] Star Wheel Sub Assembly.CATProduct

Assembly Tree 4-12 Components in Cutter Sub Assembly
The components in the DC motor sub assembly are shown in Assembly Tree 4-13. They are
assembled as follows.
1. Insert key for VV-grooved pulley into DC Motor shaft
2. Insert V-grooved pulley into DC Motor shaft

*{g] Tire Sub Assembly. CATProduct
*‘{'J"l:;] Solar Panel and its Support Sub Assembly.CATProduct

‘ﬁg] Frame for Cutter Sub Assembly Gear Box Top.CATProduct

"ig'l Camshaft Sub Assembly Gear Box Top.CATProduct
) 15\;-‘;] Intermediate Shaft Sub Assembly.CATProduct

n ”'t‘%;] Solar Harvester Gear Box Top.CATProdLI (g] Idler Shait Sub Assembly. CATProduct

‘%j Conveyor Belt Sub Assembly. CATProduct

‘:"g] Support for Follwer Bar Sub Assembly. CATProduct

{"l{.;] Guard Lib Sub Assembly. CATProduct

i-"eg] Cutter Sub Assembly. CATProduct
t"'i;] Main Harvester GedsBox Top .CATProdu
{E_IS] Straw Supprt for Conveyor.CATPart

‘;:-5] DC Motor.CATPart
"c'g] DC Motor Sub AssembyCATProduéisj Kef for DG Motor Shaft. CATPart

{-!33 V-Grooved Pulley on Motor Shaft. CATPart

e,
<
w
3
o)
b
B
o
5

El

2% Nut for Threaded Rod.CATPart

"‘:'g] Star Wheel Sub Assembly. CATProduct

Assembly Tree 4-13 Components in DC Motor Sub Assembly
The components in the star wheel sub assembly are shown in Assembly Tree 4-14. They are

assembled as follows.
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Weld star wheel rod onto the star wheel and divider support
Insert bearing for star wheel arm into star wheel rod

Insert star wheel arm into star wheel rod on the bearing part

N

Insert divider into star wheel rod on top of star wheel arm

d«f.-';] Solar Panel and its Support Sub Assembly.CATProduct

‘g] Tire Sub Assembly. CATProduct
+

i{%ﬂ Frame for Cutter Sub Assembly Gear Box Top.CATProduct

By Camshatt Sub Assembly Gear Box Top. GATProduct
— Q;)] Intermediate Shaft Sub Assembly.CATProduct

B == 9] solar Harvester Gear Box Top.CATProdu @y 1er Shart Sub Assembly GATProduct

%}] Conveyor Belt Sub Assembly.CATProduct

# 8] support for Follwer Bar Sub Assembly. CATPraduct

*‘%] Guard Lib Sub Assembly.CATProduct

. *’%] Cutter Sub Assembly.CATProduct
T4 | Main Harvester Gear Boxgp .CATProdu .

‘{?}j Straw Supprt for Conveyor.CATPart
@)
#@_3] DC Motor Sub Assembly.CATProduct
'2:‘_!.3j V-Belt.CATPart
-;}_)3] Nut for Threaded Rod.CATPart
EDS:I Star Wheel Arm.CATPart
E}Sj Star Wheel Rod Hollow.CATPart
S'Q‘)] Star Wheel Sub Assembly. CATProdu E}Sj Divider.CATPart
i@ Bearing for Star Wheel .CATPart

-@ Star Wheel and Divider Support. CATPart

Assembly Tree 4-14 Components in Star Wheel Sub Assembly
The components in the top frame sub assembly are shown Assembly Tree 4-15. They are
assembled as follows.
Weld gear box on the top cantilever beam
Weld intermediate shaft flat support on the top cantilever beam
Weld DC Motor support on the top cantilever beam
Weld stiffeners on the DC Motor supports

o > W N e

Weld thrust bearing seat for idler shaft
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# By Tire Sub Assembly CATProduct
i B Solar Panel and its Support Sub Assembly.CATProduct
3 Top Cantilever Beam Gear Box Tap.CATPart
& Gear Box.CATPart
@ Intermediate Shaft Flat Suppert .CATPart
1 Top Frame Sub Assembly Gear Box Top. 3| DC Motor Bottom Support Gear Box top. CATPart
,9 Stiffner for Bottom DG M Support.CATPart

Fa] %3 Thrust Bearing Seat for Idler top.CATPart
“,) | Frame for Cutter Sub Assembly Gear Box TofAC/ TRroduct
1 Bottom Frame for Cutter Sub Assembly Gear Box Top.CATProduct

% Column for cutter Gear Box Top.CATPart
| Bolt for Column.CATPart
'3 Nut for Column CATPart

9, Camshaft Sub Assembly Gear Box Top.CATProduct

] Intermediate Shaft Sub Assembly. CATProduct

1‘3‘- Idler Shaft Sub Assembly. CATProduct

8] Conveyor Belt Sub Assembly.CATPraduct

] Support for Follwer Bar Sub Assembly. CATPreduct

#8, ] Guard Lib Sub Assembly. CATProduct

9, Cutter Sub Assembly. CATProduct

3 Straw Supprt for Conveyor CATPart

3 | Threaded Rod.CATPart

%1 DC Motor Sub Assembly. CATProduct

3| V-Belt CATPart

3 Nut for Threaded Rod.CATPart

‘8| Star Wheel Sub Assembly. CATProduct

B =4 solar Harvester Gear Box Top.G

%% Main Harvester Gear

Assembly Tree 4-15 Components in Top Frame Sub Assembly
The components in the bottom frame for cutter sub assembly are shown Assembly Tree 4-16. They
are assembled as follows.
1. Weld bearing seat for camshaft on the bottom cantilever beam
Weld fixed beam on bottom fixed beam
. Weld bearing seat for idler shaft on idler shaft bottom support
Weld idler shaft bottom support on the bottom cantilever beam

Weld base for straw support holder on the bottom cantilever beam

o U A W N

Weld straw support holder on base for straw support holder

t@gﬁ Tire Sub Assembly. CATProduct
#‘@ Solar Panel and its Support Sub Assembly. GATProduct
i@mp Frame Sub Assembly Gear Box Top.CATProduct

23 Bottom Cantilever Beam .CATPart

23| Bearing Seat for Camshaft Thrust. CATPart

331 Fixed Beam Gear Box Top.CATPart

ﬁ Idler Shaft Bottom Support.CATPart
li2aring Seat for Idler Thrust CATPart

Sj Bolt for Column.CATPart

ﬁ Nut for Column CATPart

s@@ Frame for Cutter Sub Assembly Gear Box Top.CA} for Cutter Sub Assembly Gear Box Top.Cl

“ W@ Solar Harvester Gear Box Top.CAT

33 straw Support Holder for Govnveyor GATPart

3 Base for Straw Support Holder for Govnveyor.CATPart
3 Column for cutter Gear Box Top.CATPart

'3@ Camshaft Sub Assembly Gear Box Top.CATProduct

5@ Intermediate Shaft Sub Assembly. CATProduct

'3@ Idler Shaft Sub Assembly.CATProduct

@) Conveyor Beft Sub Assembly.CATProduct

y@ Support for Follwer Bar Sub Assembly.CATProduct

b‘-@ Guard Lib Sub Assembly, CATProduct

tigj Cutter Sub Assembly. CATProduct

%48y ) Main Harvester GearRox Top .CATI

3] Straw Supprt for Gonveyor. CATPart
3 Threaded Rod.CATPart

@ DG Motor Sub Assembly.GATProduct
3] v-Belt GATPart

3] Nut for Threaded Rod CATPart

*@ Star Wheel Sub Assembly.CATProduct

Assembly Tree 4-16 Components in Bottom Sub Assembly
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Manufacturing Process and Cost Analysis

The manufacturing processes are recommended by considering the following assumption.

1. The workshop is well organized.

. All the machineries are in good condition.

. All the raw materials are available and placed nearer to the workshop.

2
3
4. All tools are on the hand of the machinist.
5

. The machinist is full employee of 8495 monthly salary with rank of Chief Machinist Il and

176 hours working times. The rate of payment for the machinist becomes 48.267 Birr per

hour [65].

6. It is estimated by considering mass production otherwise it will be difficult to become

competent throughout the world.

7. The finished products placed inside the workshop.

Manufacturing Process

Bevel Gear see Part Drawing 4-1

The bevel gears can be manufactured in five main operations; cutting, turning, boring, milling

and facing. The first process is cutting on Hacksaw.

Machine Hacksaw Main Cutting
Operation
- Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 10 14
cleaning the machine, tools and work | 2
piece
The send process is turning on lathe to make the taper.
Machine Lathe Main Turning
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 5 455
Changing& tightening tools 5
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piece

Turning operation 30
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

The third process is boring to make the hole.

Machine Lathe Main Boring
Operation
o Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Changing& tightening tools 5
Boring operation 10
: J p. 23.5
Untightening tools 2
Untightening work piece 2
cleaning the machine, tools and work 2.5
piece
The fourth process is milling to make the teeth and key way.
Machine Milling Main Milling
Operation
o Time Taken in Sub Total Remark
Activities . X
Minutes Time
Layout making 10
Aligning & tightening work piece 2
Changing& tightening tools 2
Milling operation 60 83
Untightening tools 2
Untightening work piece 2
cleaning the machine, tools and work 5
piece
The last process is facing on ends.
Machine Lathe Main Facing
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
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Layout making 1
Aligning & tightening work piece 2
Changing& tightening tools 2
Facing operation 20
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

piece

29.5

Pinion Bevel Gears see Part Drawing 4-2

The bevel gears can be manufactured in five main operations; cutting, turning, boring, milling

and facing. The first process is cutting on Hacksaw.

piece

Machine Hacksaw Main Cutting
Operation

o Time Taken in Sub Total Remark

Activities . -
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 5 9
cleaning the machine, tools and work 2
piece
The send process is turning on lathe to make the taper.
Machine Lathe Main Turning
Operation

o Time Taken in Sub Total Remark

Activities . -
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Turning operation 20

. . 355
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

The third process is boring to make the hole.
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Machine Lathe Main Boring
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Changing& tightening tools 5
Boring operation 10
: J p. 23.5
Untightening tools 2
Untightening work piece 2
cleaning the machine, tools and work 2.5
piece
The fourth process is milling to make the teeth and key way.
Machine Milling Main Milling
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 10
Aligning & tightening work piece 2
Changing& tightening tools 2
Milling operation 40 63
Untightening tools 2
Untightening work piece 2
cleaning the machine, tools and work 5
piece
The last process is facing on ends.
Machine Lathe Main Facing
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 2
Changing& tightening tools 2 10.5
Facing operation 10
Untightening tools 1
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Untightening work piece

cleaning the machine, tools and work
piece

Conveyor Pulley on Camshaft See Part Drawing 4-3

It can be manufactured in four main operations; turning, facing, drilling and milling.

The first process is turning on lathe to reduce the diameter from 145 to 135 mm over a length of

12 mm.
Machine Lathe Main Turning
Operation

o Time Taken in Sub Total Remark

Activities . ;
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Turning operation 15

: _ 30.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece

The second process is facing on both ends to get 38 mm length.
Machine Lathe Main Facing
Operation

o Time Taken in Sub Total Remark

Activities . .
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 20

: : p- 355
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

piece

The third process is drilling to make the five holes.
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piece

Machine Drilling Main Drilling
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 5
Aligning & tightening work piece 10
Changing& tightening tools 5
Drilling operation 50
oo 875
Untightening tools 5
Untightening work piece 10
cleaning the machine, tools and work 2.5
piece
The last process is milling to make key way.
Machine Milling Main Milling
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Milling operation 10 36
Untightening tools 5
Untightening work piece 5
cleaning the machine, tools and work 5

Conveyor Pulley on Idler Shaft See Part Drawing 4-4

It can be manufactured in three main operations; turning, facing, and drilling.

The first process is turning on lathe to reduce the diameter from 145 to 135 mm over a length of

12 mm.
Machine Lathe Main Turning
Operation

. Time Taken in Sub Total Remark

Activities . -
Minutes Time

Layout making 1
Aligning & tightening work piece 5 30.5
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Changing& tightening tools 5
Turning operation 15
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece

30.5

The second process is facing on both ends

to get 38 mm length.

piece

Machine Lathe Main Facing
Operation

o Time Taken in Sub Total Remark

Activities . X
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 20

: : p. 355
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece

The third process is drilling to make the five holes.
Machine Drilling Main Drilling
Operation

o Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 5
Aligning & tightening work piece 10
Changing& tightening tools 5
Drilling operation 50

oo 875
Untightening tools 5
Untightening work piece 10
cleaning the machine, tools and work 2.5

Flat Belt see Part Drawing 4-5
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It can be manufactured in two main operations; cutting and drilling.

The first process is cutting using blade.

Machine Blade Main Operation | Cutting
Activities Time Taken in Minutes | Sub Total Time | Remark
Layout making |1
cutting operation | 1 2
The second process is drilling.
Machine Hand Drill Main Drilling
Operation
. Time Taken in Sub Total Remark
Activities . X
Minutes Time
Layout making 5
Changing& tightening tools 1
Drilling operation 8 26
Untightening tools 1
cleaning the machine, tools and work 1
piece
Lug See Part Drawing 4-6
It can be manufactured in three main operations; cutting, drilling and bending.
The first process is cutting on Shearing machine.
Machine Shearing machine Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities . ;
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 0.5 35
cleaning the machine, tools and work 1
piece
The second process is drilling.
Machine Hand Drill Main Drilling
Operation
. Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 1
Changing& tightening tools 1 8.5
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Drilling operation 2
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The third process is bending.
Machine Bending Main Operation | Bending
Activities Time Taken in Minutes | Sub Total Time | Remark
Layout making 1
Aligning & tightening work piece | 1
Bending operation 0.5 3.5
Untightening work piece 1
Cutter or blade see Part Drawing 4-7
It can be manufactured in three main operations; cutting, drilling and grinding.
The first process is cutting on Shearing machine.
Machine Shearing machine Main Cutting
Operation
o Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 5
Aligning & tightening work piece 1
Cutting operation 1.5 9.5
cleaning the machine, tools and work 2
piece
The second process is drilling to make the two holes.
Machine Hand Drill Main Drilling
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Changing& tightening tools 1
Drilling operation 2 85
Untightening tools 1
Untightening work piece 1
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piece

cleaning the machine, tools and work

2.5

The third process is grinding to make the knife edges.

Machine Grinding Main Operation | Grinding
Activities Time Taken in Minutes | Sub Total Time | Remark
Layout making 5
Aligning & tightening work piece | 1
Grinding operation 15 22
Untightening work piece 1
Cutter bar see Part Drawing 4-8
It can be manufactured in two main operations; cutting and drilling.
The first process is cutting on Hacksaw.
Machine Hacksaw Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 5 9
cleaning the machine, tools and work 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation
. Time Taken in Sub Total Remark
Activities . ;
Minutes Time
Layout making 5
Changing& tightening tools 1
Aligning & tightening work piece 1
Drilling operation 20
oo 315
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece

Finger or guard lip see Part Drawing 4-9
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It can be manufactured in four main operations; cutting, drilling, bending and welding.

The first process is cutting on Shearing machine the three pieces.

piece

Machine Shearing machine Main Cutting
Operation

. Time Taken in Sub Total Remark

Activities . :
Minutes Time
Layout making 3
Aligning & tightening work piece 3
Cutting operation 15 23
cleaning the machine, tools and work | 2
piece
The second process is drilling to make the holes on the bottom piece.
Machine Drilling Main Drilling
Operation

o Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 5
Changing& tightening tools 1
Aligning & tightening work piece 1
Drilling operation 5

: g p 16.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 25
piece

The third process is bending to make the flange of finger on the bottom piece.
Machine Bending Main Bending
Operation

. Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 1
Aligning & tightening work piece 1
Bending operation 0.5 6
Untightening work piece 1
cleaning the machine, tools and work 2.5

The fourth process is welding to join the three-pieces using electrode welding machine.
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Machine Welding Main Joining
Operation
o Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 2
Changing& tightening tools 1
Aligning & tightening work piece 1
Welding operation 6
. . 14.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
Guard lip bar see Part Drawing 4-10
It can be manufactured in two main operations; cutting and drilling.
The first process is cutting on Hacksaw.
Machine Hacksaw Main Cutting
Operation
o Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 5 9
cleaning the machine, tools and work 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 5
Changing& tightening tools 1
Aligning & tightening work piece 1
Drilling operation 25 36.5
Untightening tools 1
Untightening work piece 1
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cleaning the machine, tools and work
piece

2.5

Follower bar see Part Drawing 4-11

It can be manufactured in one main operation; cutting.

This process is cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities - :
Minutes Time
Layout making 3
Aligning & tightening work piece 3
Cutting operation 1 9
cleaning the machine, tools and work | 2
piece
Rectangular box for follower bar see Part Drawing 4-12
It can be manufactured in two main operation; cutting and drilling.
The first process is cutting using Portable Chop Saw.
Machine Portable Chop Saw | Main Cutting
Operation
o Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 3
Aligning & tightening work piece 3
Cutting operation 2 10
cleaning the machine, tools and work 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation
R Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 5
Changing& tightening tools 1
Aligning & tightening work piece 1 26.5
Drilling operation 15
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Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece

Follower Head see Part Drawing 4-13

It can be manufactured in one main operation; cutting.

This process is cutting using Portable Chop Saw.

piece

Machine Portable Chop Saw | Main Cutting
Operation

o Time Taken in Sub Total Remark

Activities : .
Minutes Time

Layout making 3
Aligning & tightening work piece 3
Cutting operation 2 10
cleaning the machine, tools and work | 2

Idler Shaft see Part Drawing 4-14

It can be manufactured in three main operations; turning, facing and milling. The first process is

turning on lathe to reduce the diameter from 8 to 6 and 7 mm over a length of 38 mm and 10 mm

respectively.

Machine Lathe Main Turning
Operation
o Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Turning operation 20
. . 355
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The second process is facing on both ends to get 48 mm length.
Machine Lathe Main Facing
Operation
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piece

o Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 15

: : p- 30.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece

The last process is milling to make key way.
Machine Milling Main Milling
Operation

o Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Milling operation 10 36
Untightening tools 5
Untightening work piece 5
cleaning the machine, tools and work 5

Camshaft see Part Drawing 4-16

It can be manufactured in three main operations; turning, facing and milling. The first process is

turning on lathe.

Machine Lathe Main Turning
Operation

. Time Taken in Sub Total Remark

Activities . -
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5 355
Turning operation 20
Untightening tools 1
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Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The second process is facing on both ends to get the required length.
Machine Lathe Main Facing
Operation
o Time Taken in Sub Total Remark
Activities . ;
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 15
: ; p- 30.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The last process is milling to make key way.
Machine Milling Main Milling
Operation
. Time Taken in Sub Total Remark
Activities : :
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Milling operation 15 2
Untightening tools 5
Untightening work piece 5
cleaning the machine, tools and work 5

piece

Intermediate shaft see Part Drawing 4-22

It can be manufactured in three main operations; turning, facing and milling. The first process is

turning on lathe to reduce the diameter from 8 to 6 and 7 mm over a length of 38 mm and 10 mm

respectively.
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Machine Lathe Main Turning
Operation
o Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Turning operation 20
. . 355
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The second process is facing on both ends to get 48 mm length.
Machine Lathe Main Facing
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 15
: ; p- 30.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The last process is milling to make key way.
Machine Milling Main Milling
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5 36
Milling operation 10
Untightening tools 5
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Untightening work piece

cleaning the machine, tools and work
piece

Eccentric cam see Part Drawing 4-15

It can be manufactured in three main operations; casting, drilling and milling. This process is

casting using die casting.

Machine Die Casting Main Casting
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Material Preparation 5
Aligning & tightening work piece 5
Casting operation 30 42
cleaning the machine, tools and work 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 5
Changing& tightening tools 1
Aligning & tightening work piece 1
Drilling operation 5
: g p 16.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 25
piece
The last process is milling to make key way.
Machine Milling Main Milling
Operation
. Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 1
Aligning & tightening work piece 1 24
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Changing& tightening tools 5
Milling operation 10
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 5

piece

Keys see Part Drawing 4-17, Part Drawing 4-18, Part Drawing 4-19, Part Drawing 4-23 and

Part Drawing 4-24

It can be manufactured in two main operations; cutting and milling. This process is cutting using

Portable Chop Saw.
Machine Portable Chop Saw | Main Cutting
Operation

o Time Taken in Sub Total Remark

Activities : .
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 1 5
cleaning the machine, tools and work | 2
piece
The second process is milling to make key way.
Machine Milling Main Milling
Operation

o Time Taken in Sub Total Remark

Activities . .
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Milling operation 10 36
Untightening tools 5
Untightening work piece 5
cleaning the machine, tools and work 5

piece

V-Grooved Pulley on Motor Shaft see Part Drawing 4-20

230



It can be manufactured in four main operations; turning, facing, drilling and milling. The first

process is turning on lathe to reduce the diameter from 64 to 40 mm over a length of 13 mm.

Machine Lathe Main Turning
Operation
. Time Taken in Sub Total Remark
Activities . ;
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Turning operation 20
: _ 355
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The second process is facing on both ends to get 38 mm length.
Machine Lathe Main Facing
Operation
o Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 10
: : p. 25.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The third process is drilling to make the hole.
Machine Drilling Main Drilling
Operation
. Time Taken in Sub Total Remark
Activities . X
Minutes Time
Layout making 1
Aligning & tightening work piece 2 215
Changing& tightening tools 2
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Drilling operation

piece

Untightening tools 2
Untightening work piece 2
cleaning the machine, tools and work 2.5

The last process is milling to make key way.

piece

Machine Milling Main Milling
Operation

o Time Taken in Sub Total Remark

Activities . .
Minutes Time

Layout making 2
Aligning & tightening work piece 2
Changing& tightening tools 2
Milling operation 10

: : p 22.5
Untightening tools 2
Untightening work piece 2
cleaning the machine, tools and work 2.5

V-Grooved Pulley on Motor Shaft see Part Drawing 4-21

It can be manufactured in four main operations; turning, facing, drilling and milling. The first

process is turning on lathe to reduce the diameter from 152 to 128 mm over a length of 13 mm.

piece

Machine Lathe Main Turning
Operation

o Time Taken in Sub Total Remark

Activities . ;
Minutes Time

Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Turning operation 25

: _ 40.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

The second process is facing on both ends to get 38 mm length.
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Machine Lathe Main Facing
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 5
Changing& tightening tools 5
Facing operation 15
: : p. 30.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The third process is drilling to make the hole.
Machine Drilling Main Drilling
Operation
o Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 3
Aligning & tightening work piece 5
Changing& tightening tools 5
Drilling operation 25 e3
Untightening tools 5
Untightening work piece 5
cleaning the machine, tools and work 5
piece
The last process is milling to make key way.
Machine Milling Main Milling
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 2
Aligning & tightening work piece 2
Changing& tightening tools 2 995
Milling operation 10
Untightening tools 2
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Untightening work piece

2

cleaning the machine, tools and work
piece

2.5

Star wheel vertical rod see Part Drawing 4-25

It can be manufactured in three main operation; cutting, turning and bending. This first process is

cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 2 6
cleaning the machine, tools and work 2
piece
The second process is turning on lathe.
Machine Lathe Main Turning
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 2
Changing& tightening tools 2
Turning operation 5
: J p 14.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5
piece
The last process is bending on bending machine.
Machine Bending Main Bening
Operation
. Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 1
Aligning & tightening work piece 2 7
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Bending operation

cleaning the machine, tools and work
piece

Bearing Seat for star wheel see Part Drawing 4-26

It can be manufactured in two main operation; cutting and boring. This first process is cutting

using Portable Chop Saw.

piece

Machine Portable Chop Saw | Main Cutting
Operation
Activities Tlme Taken in Sl_Jb Total Remark
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 5 9
cleaning the machine, tools and work | 2
piece
The second process is boring on lathe.
Machine Lathe Main Boring
Operation

. Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 1
Aligning & tightening work piece 2
Changing& tightening tools 2
Boring operation 15

: g p. 24.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 25

Star wheel arm assembly see Part Drawing 4-27

It can be manufactured in two main operation; cutting and welding. The first process is cutting

using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation
Activities Tl_me Taken in St_Jb Total Remark
Minutes Time
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piece

Layout making 1
Aligning & tightening work piece 1
Cutting operation 2 5
cleaning the machine, tools and work 2
piece
The second process is welding on electrode welding machine.
Machine Electrode Welding Main Joining
Operation

o Time Taken in Sub Total Remark

Activities . ;
Minutes Time

Layout making 1
Aligning & tightening work piece 2
Changing& tightening tools 2
Welding operation 25

: : 345
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

Divider see Part Drawing 4-28

It can be manufactured in two main operations; cutting and drilling. The first process is cutting

on Shearing machine.

Machine Shearing machine Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities . -
Minutes Time
Layout making 3
Aligning & tightening work piece 3
Cutting operation 1.5 8.5
cleaning the machine, tools and work 1
piece
The second process is drilling.
Machine Hand Drill Main Drilling
Operation
- Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1 7.5
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Changing& tightening tools

Drilling operation

Untightening tools

Untightening work piece

N R R R

cleaning the machine, tools and work
piece

Divider Support See Part Drawing 4-29
It can be manufactured in three main operation; cutting, turning and bending. This first process is
cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities . .
Minutes Time
Layout making 1

Aligning & tightening work piece

1
Cutting operation 2 6
2

cleaning the machine, tools and work
piece

The second process is bending on bending machine.

Machine Bending Main Bening
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
Layout making 1

Aligning & tightening work piece

2
Bending operation 2 7
2

cleaning the machine, tools and work
piece

Frame for solar panel support see Part Drawing 4-30
There are 12 components in solar panel support. It can be manufactured in two main operation;

cutting and welding. The first process is cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation
. Time Taken in Sub Total Remark
Activities . :
Minutes Time
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piece

Layout making 12
Aligning & tightening work piece 12
Cutting operation 12 38
cleaning the machine, tools and work 2
piece
The second process is welding on electrode welding machine.
Machine Electrode Welding Main Joining
Operation

L Time Taken in Sub Total Remark

Activities . ;
Minutes Time

Layout making 12
Aligning & tightening work piece 12
Changing& tightening tools 12
Welding operation 60

: : 125
Untightening tools 12
Untightening work piece 12
cleaning the machine, tools and work 5

Gear Box see Part Drawing 4-31

It can be manufactured in two main operation; cutting and drilling. The first process is cutting

using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation

. Time Taken in Sub Total Remark

Activities - X
Minutes Time
Layout making 3
Aligning & tightening work piece 3
Cutting operation 4 12
cleaning the machine, tools and work 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation

- Time Taken in Sub Total Remark

Activities : ;
Minutes Time

Layout making 5 21.5
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Changing& tightening tools 1
Aligning & tightening work piece 1
Drilling operation 10
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 2.5

piece

Frame for cutter see Part Drawing 4-32, Part Drawing 4-33, Part Drawing 4-34 and Figure

4-84

There are six components which comprise the frame for cutter assembly. It can be manufactured

by using three main operations; cutting, drilling and welding. The first process is cutting using

Portable Chop Saw.
Machine Portable Chop Saw | Main Cutting
Operation

o Time Taken in Sub Total Remark

Activities . :
Minutes Time
Layout making 6
Aligning & tightening work piece 6
Cutting operation 6 20
cleaning the machine, tools and work 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation

o Time Taken in Sub Total Remark

Activities : ;
Minutes Time

Layout making 5
Changing& tightening tools 3
Aligning & tightening work piece 3
Drilling operation 15 37
Untightening tools 3
Untightening work piece 3
cleaning the machine, tools and work 5
piece
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The last process is welding on electrode welding machine.

piece

Machine Electrode Welding Main Joining
Operation

- Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 6
Aligning & tightening work piece 6
Changing& tightening tools 6
Welding operation 30 -
Untightening tools 6
Untightening work piece 6
cleaning the machine, tools and work | 5

Axel see Part Drawing 4-35

It can be manufactured by using three main operations; cutting, turning and threading. The first

process is cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation

L Time Taken in Sub Total Remark

Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 5 9
cleaning the machine, tools and work | 2
piece
The second process is turning on lathe.
Machine Lathe Main Turning
Operation

. Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 1
Aligning & tightening work piece 2
Changing& tightening tools 2 195
Turning operation 10
Untightening tools 1
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Untightening work piece

1

cleaning the machine, tools and work
piece

2.5

Column for Cutter Frame Part Drawing 4-34

It can be manufactured by using three main operations; cutting, drilling and welding. The first

process is cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation

o Time Taken in Sub Total Remark

Activities . .
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 10 14
cleaning the machine, tools and work | 2
piece
The second process is drilling to make the holes.
Machine Drilling Main Drilling
Operation

. Time Taken in Sub Total Remark

Activities - -
Minutes Time
Layout making 5
Changing& tightening tools 3
Aligning & tightening work piece 3
Drilling operation 10 2
Untightening tools 3
Untightening work piece 3
cleaning the machine, tools and work 5
piece
The last process is welding on electrode welding machine.
Machine Electrode Welding Main Joining
Operation

- Time Taken in Sub Total Remark

Activities . ;
Minutes Time

Layout making 6
Aligning & tightening work piece 6 45
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piece

Changing& tightening tools 6
Welding operation 10
Untightening tools 6
Untightening work piece 6
cleaning the machine, tools and work | 5

Handle see Part Drawing 4-36

It can be manufactured by using two main operations; cutting and welding. The first process is

cutting using Portable Chop Saw.

Machine Portable Chop Saw | Main Cutting
Operation

. Time Taken in Sub Total Remark

Activities . :
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 6 10
cleaning the machine, tools and work | 2
piece
The last process is welding on electrode welding machine.
Machine Electrode Welding Main Joining
Operation

. Time Taken in Sub Total Remark

Activities . :
Minutes Time

Layout making 1
Aligning & tightening work piece 1
Changing& tightening tools 1
Welding operation 5

: : 12.5
Untightening tools 1
Untightening work piece 1
cleaning the machine, tools and work 25

piece

Threaded Rod see Part Drawing 4-37

It can be manufactured by using one main operation; cutting. This process is cutting using Portable

Chop Saw.
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Machine Portable Chop Saw | Main Cutting
Operation

o Time Taken in Sub Total Remark

Activities . -
Minutes Time
Layout making 1
Aligning & tightening work piece 1
Cutting operation 3 7
cleaning the machine, tools and work 2
piece
Cost Analysis

The cost of the machine was analyzed by considering manpower, machine rent, raw materials
and standard part costs.

Man power cost = time taken in min X rate of machinist Birr/min------------------ 4-111
machine cost = time taken in min X machine rent Birr /min---------------=------------ 4-112
Manufacturing Cost = Man power cost + machine coSt-------------==--=-mmcmmmommcmv- 4-113
Total Cost = Manufacturing Cost + standard part coSt ---------=--==-==-mmmmcmmeme- 4-114

Table 4-18 Manufacturing Costs [66], [67] and Table 4-25 Machine Rate (Source: Vision
International Consultants)Table 4-25

. . Man . Sub
Part _ Time Mach_lne Power Mass Materials | Raw _ Qua | Total
Machine Taken Cost in . . Cost Materials : .
Name . . . Costin | inKg . R ntity | Costin
in min. | Birr . Birr/Kg Cost in Birr .
Birr Birr
Hacksaw 14.00 26.83 11.26
CB;;\;?I Lathe 98.50 443.25 79.24 231 1.43 3.29 1 990.31
Milling 83.00 359.67 66.77
o Hacksaw 9.00 17.25 7.24
2‘:;?” Lathe 7850 | 35325 | 63.15 | 0.23 1.43 0.33 1 | 764.90
Milling 63.00 273.00 50.68
or Drilling 87.50 167.71 70.39 2.78 1.43 3.96 1 777.12
Pulley I | wmilling 36.00 | 156.00 | 28.96
Convey | Lathe 66.00 297.00 53.09
or . 2.74 1.43 3.91 1 592.10
Pulley | Drilling 87.50 167.71 70.39
Flat BI_ad_e 2.00 0.17 161 0.18 235.59 42.41 1 114.93
Belt drilling 26.00 49.83 20.92
Shearing Machine 3.50 5.37 2.82
Lug Drilling 8.50 16.29 6.84 0.03 0.71 0.02 13 106.65
Bending 3.50 4.08 2.82
Cutter Shearing Machine 9.50 14.57 7.64 0.03 0.71 0.02 8 1179.13
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Drilling 8.50 16.29 6.84
Grinder 22.00 84.33 17.70
Cutter Hacksaw 9.00 17.25 7.24
Bar Drilling 31.50 60.38 25.34 0.23 0.7 0.16 ! 110.37
Shearing Machine 23.00 3.53 18.50
Guard Drilling 16.50 31.63 13.27
. - .01 71 .01 1 1218.42
Lip Bending 6.00 7.00 4.83 0.0 0 0.0 0 8
Welding 14.50 31.42 11.66
Guard Hacksaw 9.00 17.25 7.24
Lip Bar | Drilling 36.50 69.96 29.36 0.14 0.7 0.10 ! 123.91
Followe
r Bar Portable Chop Saw 9.00 16.50 7.24 0.10 0.71 0.07 1 23.81
Rectang | Portable Chop Saw 10.00 18.33 8.04
ular . 0.17 0.71 0.12 1 50.24
Box .| Drilling 2650 | 50.79 | 21.32
fﬂé‘;‘é"e Portable Chop Saw | 10.00 | 18.33 | 804 | 0.13 | 071 0.09 2 52.94
Idler Lathe 66.00 | 297.00 | 53.09
— 0.02 0.71 0.01 1 535.07
Shaft Milling 36.00 156.00 28.96
Lathe 66.00 297. 53.09
Camsh - 97.00 0.70 0.71 0.50 1 561.24
aft Milling 41.00 177.67 32.98
Interm | Lathe 66.00 297.00 53.09
ediate . 0.08 0.71 0.06 1 535.11
Milling 36.00 156.00 28.96
Shaft
Casting 42.00 178.50 33.79
Eccentr —
ic Cam Drilling 16.50 31.63 13.27 0.52 0.71 0.37 1 380.86
Milling 24.00 104.00 19.31
Portable Chop Saw 5.00 9.17 4.02
. . .01 198.1
Keys  Milling 3600 | 156.00 | 2896 | 001 | 071 00 ! 98.16
V- Lathe 61.00 274.50 49.07
Pulley | Drilling 21.50 41.21 17.30 0.42 1.43 0.60 1 720.27
M Milling 22.50 319.50 18.10
v Lathe 71.00 319.50 57.12
Pullev | Drilling 53.00 101.58 42.64 1.83 1.43 2.61 1 639.04
4 Milling 22.50 97.50 18.10
Star Portable Chop Saw 6.00 11.00 4.83
Wheel lathe 14.50 65.25 11.66 0.14 0.71 0.10 4 426.55
Rod Bending 7.00 8.17 5.63
Seat Portable Chop Saw 9.00 44.92 7.24
for Star Lathe 24,50 4.50 19.71 0.03 0.71 0.02 4 305.55
Wheel
Star Portable Chop Saw 5.00 9.17 4.02
Wheel Welding 34.50 74.75 2775 0.13 0.71 0.09 4 463.14
Arm
. Shearing Machine 8.50 13.03 6.84
Divider - 0.11 0.71 0.08 4 161.43
Drilling 7.50 14.38 6.03
Portable Chop Saw 6.00 11.00 4.83 0.19 0.71 0.14 4.00 | 119.04
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Divider
Suppor | Bending 7.00 8.17 5.63
t
Solar Portable Chop Saw 38.00 69.67 30.57
Panel . 096 | 071 0.68 1 | 47231
Suppor | Welding 125.00 | 270.83 100.56
t
Gear Portable Chop Saw 12.00 22.00 9.65
- 0.17 0.71 0.12 1 90.28
Box Drilling 21.50 41.21 17.30
Frame Portable Chop Saw 20.00 36.67 16.09
for Drilling 37.00 140.83 29.76 4.34 0.71 3.09 1 419.57
Cutter | wWelding 65.00 140.83 52.29
Axel Portable Chop Saw 9.00 16.50 7.24 1.46 071 1.04 1 128.22
Lathe 19.50 87.75 15.69
Portable Chop Saw 14.00 25.67 11.26
Column | Drilling 32.00 61.33 25.74 0.17 0.71 0.12 1 257.83
Welding 45.00 97.50 36.20
Portable Chop Saw 10.00 18.33 8.04
Handle Welding 12.50 57 08 10.06 2.32 0.71 1.65 1 65.17
Thread
Portable Chop Saw 7.00 12.83 5.63 1.19 0.71 0.85 1 19.31
ed Rod
12658.7

Table 4-19 Cost of Standard Parts Sources [68], [69], [70], [71], [72], [73]. [74], [75], [76],
[771[78], [79] and [80]

EIZ:;[]E Materials Dimension glnr': Price in Quantity glijl?rTOtal o
DC Pc 15 hp 15493.18 1 15493.18
Motor

Solar Pc 400 W 1551.84 1 1551.84
Panel

Rivet Al bax7 0.323 26 8.398
Bolt Steel M4x11.5 0.647 16 10.352
Nut Steel M4x2.66 0.323 52 16.796
Bolt Steel M4x6.5 0.647 20 12.94
Bearing Ball d16xdp4x5 3.233 4 12.932
Bolt Steel M4x15 0.647 4 2.588
Bearing Ball $9xh4x2.5 6.789 8 54.312
Bolt Steel M4x35 0.647 12 7.764
Bearing Thrust d13xd6x5 3.556 1 3.556
Bearing Thrust $14x$p6X5 1.617 1 1.617
Bearing Ball $24xp15x5 16.165 2 32.33
Bearing Thrust $26x$p12x9 16.165 1 16.165
Bearing Thrust $28xdh15x9 16.165 1 16.165
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Bearing Thrust b19xh8x7 1.617 4 6.468
Solid Tire | polyurethane | $394.2x$19.1x86.5 549.61 2 1099.22
Nut Steel M20x15 0.485 6 2.91
Nut Steel M19x12 0.485 2 0.97
Nut Steel M9x6.75 0.323 4 1.292
Bolt Steel M4x18 0.647 4 2.588
Bolt Steel M4x45 0.647 4 2.588
Bolt Steel M9x32 0.647 4 2.588
Bolt Steel M4x65 0.647 4 2.588
Electrode | Pc $3.15 85 1 85
18447.147

The total cost of the machine can be estimated by using equation 4-114.

Total Cost=12658.7+18447.147=31105.847 Birr
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Conclusion and Recommendation

Conclusion

The small-scale solar powered harvester has been designed and prototyped by using materials
which are purchased and collected from ASTU and old spare sellers. It incorporates power
generation system, cutting system and vehicle system. The power is collected directly from sunray
using solar panels 200 watt each. This power is transferred to the cutting system using Dc Motor
with 1 Hp power rate.

The prototype needs 49.877 V to drive the whole system. However, it can be reduced by making
the prototype as per the design. The amount of solar power was enough to drive the whole system
which was proved during testing even if there are power losses at different stages. The harvester
should be driven by using only two solar panel for those farmers who are under low economy
level. However, it can be driven by using Li-ion solar battery for those farmers are capable of
buying this battery. In general, the harvester is effective by using solar panels instead of batteries.
Therefore, it is confidential to conclude that a small-scale solar harvest is feasible as one means of

harvesting grains in order to improve the amount of grains collected during harvesting.

Recommendation
The effectiveness of solar grain harvester is promising. Hence, it is recommended to manufacture
and supply to the users by improving some components. In order to do this, it is advisable to:
1. redesign and optimize the weight
2. manufacture the components as per the design.
The harvester will be used to collect grasses for animal feeds in addition to harvesting grains.
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Appendix
Table 4-20 Comparison for Advantages and Disadvantages of the Mechanisms [44]

Mechanism Advantage Disadvantage
Single crank and Simple, high efficiency, light | Flapping action is not
double-rocker mechanism weight, easy miniaturization completely symmetrical,
there is a phase difference
Double crank and double Structure and movement are | Two motors are out of
rocker mechanism completely symmetrical phase, and increases the
weight of the bodies
Slider-crank mechanism The structure is simple and Slide has big friction,
easy to implement efficiency is not high
The cam spring mechanism The structure is simple and Point, line contact, easy to
compact wear, difficult to
manufacture
Double crank and double The structure is simple and
rocker mechanism + passive compact, completely
rotation mechanism symmetrical, easy small

Table 4-21 Recommended Limits in the Selection of Hand and Powered Trucks and Carts

[45]

Maximum Maximum Transport Maximum Frequency Minimum Aisle Type of Transfer to and from

Type of Truck or Cart |Load Distance Units Width Mrucks
kg Ib m ft (per 8 hr - shift) m it

[2-wheeled hand cart 114 | 250 16 50 200 1.0 3 Ma, P
3-wheeled hand cart 227 | 500 16 50 200 1.0 3 Ma, P
K-wheeled hand cart 227 | 500 33 100 200 1.3 4 Ma, P
Hand pallet truck 682 | 1500 33 100 200 1.3 4 Me, UL
Electric pallet truck 2273 | 5000 82 250 400 1.3 4 Me, UL
Flectric handjack lift | 75 | 5000 33 100 400 1.3 4 Me, UL
ltruck
Power low lift truck 2273 | 5000 328 1000 400 20 6 Me, P, UL
Electric handstacking | a5 | 1500 | 82 250 400 13 4t Me, UL
ftruck
Power fork truck 2273 | 5000 164 500 400 2.0 G++ Me, UL

+ Ma = Manual; Me = Mechanical; P = Parts; UL = Unit Load
++ These trucks have tiering capability. In order to use it, ceiling must be more than 4 m (12 ft) high.

Adapted from: Ergonomic Design for People at Work: Vol. 2, by Eastman Kodak Company. Van Nostrand Reinhold, 1986.
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Table 4-22 Force Application and Push-Off Velocity [46]

Time of Force Application and Push-Off Velocity
(95th percentile American male -- 99.3 kg (219 1b))

Time in sec. for

Force NOb) 0.3 m (1 ft) push- Push-off velocity Time in sec. for 0.6 Push-off velocity

off m/sec (ft/sec) m (2 ft) push-off m/sec (ft/sec)
4.45 (1) 3.66 0.16 (0.52) 5.18 0.23 (0.75)
22.25(5) 1.64 0.37(1.21) 231 0.52 (1.71)
44.50 (10) 1.16 0.52 (1.71) 1.64 0.73 (2.40)
89.00 (20) 0.82 0.73 (2.40) 1.16 1.04 (3.41)

Time of Force Application and Push-Off Velocity
(72.6 kg (160 Ib individual))

Time in sec. for

Force N@b) 0.3 m (1 f) push- Push-off velocity Time in sec. for 0.6 Push-off velocity

off m/sec (ft/sec) m (2 ft) push-off m/sec (ft/sec)
4.45(1) 3.12 0.19 (0.63) 4.42 0.27 (0.89)
22.25(5) 1.40 0.42(1.41) 1.98 0.61 (2.00)
44.50 (10) 0.99 0.61 (2.00) 1.40 0.86 (2.82)
89.00 (20) 0.70 0.86 (2.82) 0.99 1.21 (3.97)

Time of Force Application and Push-Off Velocity
(5th percentile Japanese Female -- 40.3 kg (89 1b))

Time in sec. for

Force N(b) 0.3 m (1 ft) push- Push-off velocity Time in sec. for 0.6 Push-off velocity

off m/sec (ft/sec) m (2 ft) push-off m/sec (ft/sec)
4.45(1) 233 0.26 (0.85) 3.30 0.36 (1.18)
22.25(5) 1.04 0.57(1.87) 1.47 0.81 (2.66)
44.50 (10) 0.74 0.82(2.69) 1.04 1.15(3.77)
89.00 (20) 0.52 1.15(3.77) 0.74 1.63 (5.35)

Note: Please be aware that all of the above data was gathered under 1-g conditions.
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Table 4-23 Average Physical Properties of Common Metals: SI Units [42]

Temp. coefl.

Proportional limit

Ultimate strength

Modulus of elasticity

of linear (MPa)* (MPa) (GPa)* Percentage of
Density expansi el i
Metal (kgfm?) [pmf(m -°C)| Tension Shear T'ension Comp. Shear T'ension, E Shear, G (in 50 mm)
Steel, 0.2% carbon,
hot rolled 7850 240 150 410 b 310 200 80 35
0.2% carbon, Varies from
cold rolled 7850 110t 132 420 250 550 v 420 200 80 18
0.6% carbon, Average is
hot rolled 7850 1.7 420 250 690 b 550 200 80 15
0.8% carbon,
hot rolled 7850 480 290 830 b 730 200 80 10
Gray cast iron 7200 10.8 | | 140 520 i 100 40 Slight
Malleable cast iron 7200 11.9 250 160 370 b 330 170 90 18
Wrought iron 7700 12.1 210 130 350 b 240 190 70 35
Aluminum, cast 2650 23.1 — 90 b 70 70 30 20
Aluminum alloy 178T 2 700 231 220 150 390 b 220 71 30 —
Brass, rolled 8500 18.7 170 110 380 b 330 100 40 30
(70% Cu, 30% Zn)
Bronze, cast 8200 18.0 140 — 230 390 — 80 35 10
Copper, hard-drawn 8 800 16.8 260 160 380 b — 120 40 4

*The proportional limit and modulus of elasticity for compression may be assumed equal to these values for tension except for cast iron where the proportional limit is approximately 180 MPa.
®The ultimate compressive strength for ductile materials may be taken as the yield point, which is slightly greater than the proportional limit in tension.
“Not well defined: approximately 40 MPa

4 Cast iron fails by diagonal tension.

Table 4-24 Properties of Commonly used gear Materials [32]

Table 4-25 Machine Rate (Source: Vision International Consultants)

Machine Name Rate in Birr/60 Min | Remark
Milling 260
Lathe 270
Hacksaw 115
Drilling 115
Grinding 230
Shearing Machine 92

Material Condition Brinell hardness Minimum tensile
number strength (N/mni’)
(1 3) (4)
Malleable cast iron
(a) White heart castings, Grade B — 217 max. 280
(b) Black heart castings, Grade B — 149 max. 320
Cast iron
(a) Grade 20 As cast 179 min. 200
(b) Grade 25 As cast 197 min. 250
(c¢) Grade 35 As cast 207 min. 250
(d) Grade 35 Heat treated 300 min. 350
Cast steel — 145 550
Carbon steel
(a) 0.3% carbon Normalised 143 500
(b) 0.3% carbon Hardened and 152 600
tempered
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Bending Machine 70
Hand Drill 70
Welding 130
Portable Chop Saw 110
Die Casting 255
Table 4-26 Fit and Tolerances for Remaining Components
Fundamen Fundamen Lower
tal tal Upper Deviati Upper Lower
Part name basic size Dmax Dmin D i Fit Tolerance a B v Deviation Deviation on Limit Limit
shaft 4 6 3 4.243 0001 | k6 0.007 0| 06 | 033 0.001 -0.006 4.001 3.994
Bolt for Cutter 0.001
Hole 4 6 3 4.243 0001 | H7 0.012 0| 06 | 033 0.014 -0.001 4.014 3.999
Shaft 56.2 80 50 63246 | 0002 | k6 0.019 0| 06 | 033 0.002 -0.016 56.202 56.184
Cutter center 0.002
distance Hole 56.2 80 50 63.246 0.002 | H7 0.030 0| o6 | 033 0.035 -0.002 56.235 56.198
Cutter bar Shaft 20 30 18 23238 | 0001 | k6 0.013 0| 06 | 033 oo 0.002 -0.011 20.002 19.989
center distance Hole 20 30 18 23.238 0001 | H7 0.021 0| 06 | 033 0.024 -0.002 20.024 19.998
shaft 53.63 80 50 63246 | 0002 | k6 0.019 0| 06 | 033 0.002 -0.016 53.632 53.614
Guard Lip L1+t1 0.002
Hole 53.63 80 50 63246 | 0002 | H7 0.030 0| 06 | 033 0.035 -0.002 53.665 53.628
Boltfor Guard | shat 4 6 3 4.243 0001 | k6 0.007 0| 06 | 033 Coon 0.001 -0.006 4.001 3.994
Lip Hole 4 6 3 4.243 0001 | H7 0.012 0| 06 | 033 0.014 -0.001 4.014 3.999
Shaft 13 30 18 23238 | 0001 | k6 0.013 0| 06 | 033 0.002 -0.011 13.002 12.989
Guard Lip Bar 0.002
Hole 13 30 18 23238 | 0001 | H7 0.021 0| 06 | 033 0.024 -0.002 13.024 12.998
) 16 18 10 13.416 | 0.001 | k6 0.011 0| 06 | 033 0.001 -0.009 16.001 15.991
Bearing for Shaft
Cutter b: 0.001
utter bar Hole 16 18 10 13.416 0001 | H7 0.017 0| 06 | 033 0.020 -0.001 16.020 15.999
Bolt for Bearing | Shatft 4 6 3 4.243 0001 | k6 0.007 0| 06 | 033 oo 0.001 -0.006 4,001 3.994
Cutter Bar Hole 4 6 3 4.243 0001 | H7 0.012 0| 06 | 033 0.014 -0.001 4.014 3.999
Shaft 8 10 6 7.746 0001 | k6 0.009 0| 06 | 033 0.001 -0.008 8.001 7.992
Follower Bar 0.001
Hole 8 10 6 7.746 0001 | H7 0.014 0| 06 | 033 0.017 -0.001 8.017 7.999
9 10 6 7.746 0001 | k6 0.009 0| 06 | 033 0.001 -0.008 9,001 8.992
Roller for Shaft 0.001
Follower Bar Hole 9 10 6 7.746 0001 | H7 0.014 0| 06 | 033 0.017 -0.001 9,017 8.999
Rectangular Shaft 26 30 18 23238 | 0001 | k6 0.013 0| 06 | 033 0.002 -0.011 26.002 25.989
Box for 0.002
Follower Hole 26 30 18 23238 | 0001 | H7 0.021 0| 06 | 033 0.024 -0.002 26.024 25.998
Pin for shaft 4 6 3 4.243 0001 | k6 0.007 0| 06 | 033 0.001 -0.006 4.001 3.994
Follower 0.001
Support Hole 4 6 3 4.243 0001 | H7 0.012 0| 06 | 033 0.014 -0.001 4.014 3.999
Shaft 16 18 10 13.416 | 0.001 | ke 0.011 0| 06 | 033 0.001 -0.009 16.001 15.991
Follower Head 0.001
Hole 16 18 10 13.416 | 0.001 | W7 0.017 0| 06 | 033 0.020 -0.001 16.020 15.999
Shaft 5 6 3 4.243 0001 | k6 0.007 0| 06 | 033 0.001 -0.006 5.001 4.994
Idler Shaft 0.001
Hole 5 6 3 4.243 0001 | H7 0.012 0| 06 | 033 0.014 -0.001 5.014 4.999
shaft 377.76 400 315 35496 | 0004 | k6 0.035 0| 06 | 033 0.004 0031 | 377.764 377.729
0.004
Hole 377.76 400 315 35496 | 0004 | H7 0.057 0| 06 | 033 0.067 0.004 | 377.827 377.756
Camshaft
shaft 5 6 3 4.243 0001 | k6 0.007 0| 06 | 033 0.001 -0.006 5.001 4.994
0.001
Hole 5 6 3 4.243 0001 | H7 0.012 0| 06 | 033 0.014 -0.001 5.014 4.999
) 15 18 10 13.416 | 0001 | ke 0.011 0| 06 | 033 0.001 -0.009 15.001 14.991
Ball Bearing for Shaft
Camshaft 0.001
amsha Hole 15 18 10 13.416 | 0001 | W7 0.017 0| 06 | 033 0.020 -0.001 15.020 14.999
Shaft 12 18 10 13.416 | 0001 | ke 0.011 0| 06 | 033 0.001 0.001 -0.009 12.001 11.991
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Hole 12 18 10 13.416 0.001 | H7 0.017 06 | 033 0.020 -0.001 12.020 11.999
Thrust Bearing
9 10 6 7.746 0.001 | k6 0.009 06 | 033 0.001 -0.008 9.001 8.992
for Camshaft Shaft 0.001
Hole 9 10 6 7.746 0.001 | H7 0.014 06 | 033 0.017 -0.001 9.017 8.999
shaft 38.1 50 30 38.730 0.002 | k6 0.016 06 | 033 0.002 -0.014 38.102 38.086
0.002
Hole 38.1 50 30 38.730 0.002 | H7 0.025 06 | 033 0.029 -0.002 38.129 38.098
Cam
Shaft 101.2 120 80 97.980 0.002 | k6 0.022 06 | 033 0.003 -0.019 101.203 101.181
0.003
Hole 101.2 120 80 97.980 0.002 | H7 0.035 06 | 033 0.041 -0.003 101.241 101.197
Shaft 3.31 6 3 4.243 0.001 | k6 0.007 06 | 033 0.001 -0.006 3311 3.304
0.001
Key on Hole 3.31 6 3 4.243 0.001 | H7 0.012 06 | 033 0.014 -0.001 3.324 3.309
Camshaft for
Gear shaft 15 18 10 13.416 0.001 | k6 0.011 06 | 033 0.001 -0.009 15.001 14.991
0.001
Hole 15 18 10 13.416 0.001 | H7 0.017 06 | 033 0.020 -0.001 15.020 14.999
shaft 3.88 6 3 4243 0.001 | k6 0.007 06 | 033 0.001 -0.006 3.881 3.874
0.001
Key on Hole 3.88 6 3 4243 0.001 | H7 0.012 06 | 033 0.014 -0.001 3.894 3.879
Camshaft for
Pulley: Shaft 30 50 30 38.730 0.002 | k6 0.016 06 | 033 0.002 -0.014 30.002 29.986
0.002
Hole 30 50 30 38.730 0.002 | H7 0.025 06 | 033 0.029 -0.002 30.029 29.998
Shaft 5.77 6 3 4.243 0.001 | k6 0.007 06 | 033 0.001 -0.006 5.771 5.764
0.001
Key on Hole 5.77 6 3 4.243 0.001 | H7 0.012 06 | 033 0.014 -0.001 5.784 5.769
Camshaft for
Cam: shaft 5 6 3 4243 0.001 | k6 0.007 06 | 033 0.001 -0.006 5.001 4.994
0.001
Hole 5 6 3 4243 0.001 | H7 0.012 06 | 033 0.014 -0.001 5.014 4.999
shaft 20 50 30 38.730 0.002 | k6 0.016 06 | 033 0.002 -0.014 40.002 39.986
0.002
Hole 20 50 30 38.730 0.002 | H7 0.025 06 | 033 0.029 -0.002 40.029 39.998
V-Grooved Shaft 32 50 30 38.730 0.002 | k6 0.016 06 | 033 0.002 -0.014 32.002 31.986
Pulley on 0.002
Motor Shaft Hole 32 50 30 38.730 0.002 | H7 0.016 06 | 033 0.029 -0.002 32.029 31.998
Shaft 16 18 10 13.416 0.001 | k6 0.011 06 | 033 0.001 -0.009 16.001 15.991
0.001
Hole 16 18 10 13.416 0.001 | H7 0.017 06 | 033 0.029 -0.002 16.029 15.998
shaft 128.12 120 80 97.980 0002 | k6 0.022 06 | 033 0.003 -0.019 128.123 128.101
0.003
Hole 128.12 120 80 97.980 0.002 | H7 0.035 06 | 033 0.041 -0.003 128.161 128.117
V-Grooved
32 50 30 38.73 0002 | k6 0.016 06 | 033 0.002 -0.014 32.002 31.986
Pulley on Shaft 0.002
Intermediate 32 50 30 38.73 0002 | H7 0.025 06 | 033 0.029 -0.002 32.029 31.998
Shaft Hole
Shaft 15 18 10 13.42 0.001 | k6 0.011 06 | 033 0.001 -0.009 15.001 14.991
0.001
Hole 15 18 10 13.42 0.001 | H7 0.011 06 | 033 0.020 -0.001 15.020 14.999
Shaft 26 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 26.002 25.989
0.002
) 26 30 18 23.24 0.001 | H7 0.021 06 | 033 0.024 -0.002 26.024 25.998
Intermediate Hole
Shaft shaft 5 6 3 4.24 0.001 | k6 0.007 06 | 033 0.001 -0.006 5.001 4.994
0.001
Hole 5 6 3 4.24 0.001 | H7 0.012 06 | 033 0.014 -0.001 5.014 4.999
Shaft 15 18 10 13.42 0.001 | k6 0.011 06 | 033 0.001 -0.009 15.001 14.991
0.001
Hole 15 18 10 13.42 0.001 | H7 0.017 06 | 033 0.020 -0.001 15.020 14.999
Ball Bearings
24 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 24.002 23.989
for Shaft 0.002
Intermediate 24 30 18 23.24 0.001 | H7 0.013 06 | 033 0.024 -0.002 24.024 23.998
Shaft Hole
Shaft 5 6 3 4.24 0.001 | k6 0.007 06 | 033 0.001 -0.006 5.001 4.994
0.001
Hole 5 6 3 4.24 0.001 | H7 0.012 06 | 033 0.014 -0.001 5.014 4.999
Thrust Bearings | Shaft 12 18 10 13.42 0.001 | k6 0.011 06 | 033 o001 0.001 -0.009 12.001 11.991
for . 12 18 10 13.42 0.001 | H7 0.017 06 | 033 0.020 -0.001 12.020 11.999
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Intermediate

26 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 26.002 25.989
Shaft
Shaft 0.002
Hole 26 30 18 23.24 0.001 | H7 0.021 06 | 033 0.024 -0.002 26.024 25.998
shaft 9 10 6 7.75 0.001 | k6 0.009 06 | 033 0.001 -0.008 9.001 8.992
0.001
Hole 9 10 6 7.75 0.001 | H7 0.009 06 | 033 0.017 -0.001 9.017 8.999
Shaft 31 6 3 4.24 0.001 | k6 0.007 06 | 033 0.001 -0.006 3.101 3.094
Key on 0.001
i 3.1 6 3 4.24 0.001 | H7 0.012 06 | 033 0.014 -0.001 3.114 3.099
Intermediate Hole
Shaft for Pulley 15.35 18 10 13.42 0001 | k6 0.011 06 | 033 0.001 -0.009 15.351 15.341
Shaft
& Gear 0.001
Hole 15.35 18 10 13.42 0.001 | H7 0.017 06 | 033 0.020 -0.001 15.370 15.349
shaft 399.26 400 315 354.96 0.004 | k6 0.035 06 | 033 0.004 0.031 | 399.264 399.229
0.004
399.26 400 315 354.96 0.004 | H7 0.057 06 | 033 0.067 0.004 | 399.327 399.256
Star Wheel Hole
vertical Rod shaft 160 180 120 146.97 0.003 | k6 0.025 06 | 033 0.003 -0.022 160.003 159.978
0.003
Hole 160 180 120 146.97 0.003 | H7 0.025 06 | 033 0.047 0.003 | 160.047 159.997
Shaft 8 10 6 7.75 0.001 | k6 0.009 06 | 033 0.001 -0.008 8.001 7.992
0.001
Hole 8 10 6 7.75 0.001 | H7 0.014 06 | 033 0.017 -0.001 8.017 7.999
Bearing Shaft 19 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 19.002 18.989
Between Star 0.002
Wheel Arm Hole 19 30 18 23.24 0.001 | H7 0.021 06 | 033 0.024 -0.002 19.024 18.998
shaft 7 10 6 7.75 0.001 | k6 0.009 06 | 033 0.001 -0.008 7.001 6.992
0.001
Hole 7 10 6 7.75 0.001 | H7 0.014 06 | 033 0.017 -0.001 7.017 6.999
Shaft 213 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 21.302 21.289
0.002
213 30 18 23.24 0.001 | H7 0.013 06 | 033 0.024 -0.002 21.324 21.298
Star Wheel Hole
Bearing Seat Shaft 19 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 19.002 18.989
0.002
Hole 19 30 18 23.24 0.001 | H7 0.021 06 | 033 0.024 -0.002 19.024 18.998
Shaft 76.13 80 50 63.25 0.002 | k6 0.019 06 | 033 0.002 -0.016 76.132 76.114
0.002
star Wheel Hole 76.13 80 50 63.25 0.002 | H7 0.030 06 | 033 0.035 -0.002 76.165 76.128
Arm shaft 72 80 50 63.25 0.002 | k6 0.019 06 | 033 0.002 -0.016 72.002 71.984
0.002
Hole 72 80 50 63.25 0002 | H7 0.030 06 | 033 0.035 -0.002 72.035 71.998
Shaft 152.5 180 120 146.97 0003 | k6 0.025 06 | 033 0.003 0,022 | 152.503 152.478
0.003
Hole 152.5 180 120 146.97 0003 | H7 0.025 06 | 033 0.047 0,003 | 152.547 152.497
Shaft 200 250 180 212.13 0003 | k6 0.029 06 | 033 0.004 -0.025 | 200.004 199.975
0.004
Hole 200 250 180 212.13 0.003 | H7 0.046 06 | 033 0.054 0.004 | 200.054 199.996
Divider
Shaft 28 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 28.002 27.989
0.002
Hole 28 30 18 23.24 0.001 | H7 0.021 06 | 033 0.024 -0.002 28.024 27.998
shaft 20 30 18 23.24 0.001 | k6 0.013 06 | 033 0.002 -0.011 20.002 19.989
0.002
Hole 20 30 18 23.24 0001 | H7 0.021 06 | 033 0.024 -0.002 20.024 19.998
Shaft 153.68 180 120 146.97 0.003 | k6 0.025 06 | 033 0.003 0.022 | 153.683 153.658
0.003
Hole 153.68 180 120 146.97 0.003 | H7 0.025 06 | 033 0.047 0.003 | 153.727 153.677
Star Wheeland | shaft 80.4 120 80 97.98 0.002 | k6 0.022 06 | 033 0003 0.003 -0.019 80.403 80.381
Divider Support Hole 80.4 120 80 97.98 0.002 | H7 0.035 06 | 033 0.041 -0.003 80.441 80.397
Shaft 380.51 400 315 354.96 0.004 | k6 0.035 06 | 033 0.004 20.031 | 380514 380.479
0.004
Hole 380.51 400 315 354.96 0.004 | H7 0.057 06 | 033 0.067 0.004 | 380577 380.506
Shaft 1591.84 1600 1400 1496.66 | 0.007 | k6 0.066 06 | 033 0.007 0.060 | 1591.847 | 1591.780
0.007
Frame for Solar
| 1591.84 1600 1400 1496.66 | 0.007 | H7 0.106 06 | 033 0.126 -0.007 | 1591.966 | 1591.833
Panel Support Hole
shatt 1588 1600 1400 1496.66 | 0.007 | k6 0.066 06 | 033 0.007 0.007 -0.060 | 1588.007 | 1587.940

259




Hole 1588 1600 1400 1496.66 0.007 H7 0.066 0.6 0.33 0.126 -0.007 1588.126 1587.993
Shaft 1580 1600 1400 1496.66 0.007 ké 0.066 0.6 0.33 0.007 -0.060 1580.007 1579.940
0.007
Hole 1580 1600 1400 1496.66 0.007 H7 0.106 0.6 0.33 0.126 -0.007 1580.126 1579.993
Shaft 147.4 180 120 146.97 0.003 ké 0.025 0.6 0.33 0.003 -0.022 147.403 147.378
0.003
Hole 147.4 180 120 146.97 0.003 H7 0.040 0.6 0.33 0.047 -0.003 147.447 147.397
Gear Box
Shaft 15 18 10 13.42 0.001 ké 0.011 0.6 0.33 0.001 -0.009 15.001 14.991
0.001
Hole 15 18 10 13.42 0.001 H7 0.017 0.6 0.33 0.020 -0.001 15.020 14.999
Shaft 609.6 630 500 561.25 0.004 ké 0.043 0.6 0.33 0.005 -0.038 609.605 609.562
0.005
Bottom & Top Hole 609.6 630 500 561.25 0.004 H7 0.043 0.6 0.33 0.081 -0.005 609.681 609.595
Cantilever
Beam Shaft 106.9 120 80 97.98 0.002 ké 0.022 0.6 0.33 0.003 -0.019 106.903 106.881
0.003
Hole 106.9 120 80 97.98 0.002 H7 0.035 0.6 0.33 0.041 -0.003 106.941 106.897
555.76 630 500 561.25 0.004 ké 0.043 0.6 0.33 0.005 -0.038 555.765 555.722
Column for Shaft 0.005
Cutter Hole 555.76 630 500 561.25 0.004 H7 0.068 0.6 0.33 0.081 -0.005 555.841 555.755
Shaft 409.6 500 400 447.21 0.004 ké 0.039 0.6 0.33 0.004 -0.034 409.604 409.566
0.004
Hole 409.6 500 400 447.21 0.004 H7 0.062 0.6 0.33 0.073 -0.004 409.673 409.596
Shaft 20 30 18 23.24 0.001 ké 0.013 0.6 0.33 0.002 -0.011 20.002 19.989
Axel 0.002
Hole 20 30 18 23.24 0.001 H7 0.013 0.6 0.33 0.024 -0.002 20.024 19.998
Shaft 19.07 30 18 23.24 0.001 ké 0.013 0.6 0.33 0.002 -0.011 19.072 19.059
0.002
Hole 19.07 30 18 23.24 0.001 H7 0.021 0.6 0.33 0.024 -0.002 19.094 19.068
Shaft 394.165 400 315 354.96 0.004 ké 0.035 0.6 0.33 0.004 -0.031 394.169 394.134
Tires 0.004
Hole 394.165 400 315 354.96 0.004 H7 0.057 0.6 0.33 0.067 -0.004 394.232 394.161
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Photo 4-14 Photo during Field Test
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