East African Journal of Sciences (2024)

Volume 18 (1) 1-14

Design, Manufacturing and Testing of Composite Type Cylinder Sorghum Thresher

Bithanu Atomsa Gurracho'™, Abebe Fanta Bedie?, Yetenayet Bekele Tola3, Solomon Abera

Habtegabriel4, and Sirawdink Fikreyesus Forsido3

Department of Agricultural Engineering, Fadis Agricultural Research Center, Harar, Ethiopia

2Department of Agricultural Engineering, Institute of Technology, Haramaya University, Dire Dawa, Ethiopia

SDepartment of Postharvest Management, Jimma University, Jimma, Ethiopia

“Department of Postharvest Technology, Institute of Technology, Haramaya University, Haramaya, Ethiopia

Abstract

Background: Sorghum cultivars of widely diverse types of head structures and grain properties are
produced in Ethiopia. These require different key threshing actions of various functional elements. But
sorghum threshers with cylinder consisting of different functional elements are lacking in the country.

Objective: The study was aimed to design, manufacture, and test the functionality of a sorghum thresher
developed with a composite type cylinder using a selected sorghum variety.

Materials and Methods: Fundamental theories, basic principles of design analysis and methods reviewed
from the already published research output were followed to design the thresher. The produced prototype
was tested at different levels of concave clearance, cylinder speed and feed rate factors laid in 2x32 factorial
design with 3 replications using the sorghum variety of Gubbiye.

Results: The test results indicated increasing mean threshing efficiency from 96.15% to 99.52%, an average
cleaning efficiency of 95.43% and an average unthreshed grain loss of 1.42%. Grand mean of 0.77% grain
damage was observed with the means ranging from 0.25% to 1.07%. Grains remained with glumes
indicated the highest mean of 4.15% at 400 rpm that was reduced to 2.25% at 600 rpm.

Conclusion: The results revealed an average of 98.58% threshing efficiency, grain damage of 0.77%, and
3.16% grains remaining in glumes from the test made on Gubbiye variety. This implies that a designed
thresher is efficient which can be used by farmers for threshing grains of sorghum varieties in the country.
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1. Introduction

In Ethiopia, sorghum is a major staple cereal food grain
produced in lowland areas (Masresha Fetene ez al., 2011)
with a total production of about 5.02 million tons as
indicated by Food and Agticultural Organization (FAO)
(2020) engaging more than 5 million farmers according to
Central Statistics Authority (CSA) (2020). Regardless of
this high production level and its socioeconomic
importance to the mnation, the production method,
particularly the threshing method has remained traditional
without noticeable improvement for centuries. A
significant portion of sorghum grains produced in the
country is lost due to this traditional method, mainly
during posthatvest activities, particularly during threshing
and winnowing. During threshing and cleaning, grains are
lost physically because of incomplete threshing, spillage,
scattering of grain in the threshing field and grains passing
with the chaffs while qualitative losses occur due to
breakage of grain, grains remaining with their glumes and
contamination with soil dust and dirt spoilage which are
also major factors to enhance large deteriorations in the

store (Ali Mohammed and Abrham Tadesse, 2018). A
recent study of postharvest losses showed 25.81% annual
average losses of grain crops in Ethiopia with
considerable variation across crop types (Sisay Debebe,
2022). Sorghum postharvest loss assessment conducted
in different parts of Ethiopia indicated an average total
postharvest loss of 27.40% from which 67.39% was
accounted for pre-storage postharvest losses and 7.78%
of the total production was threshing and cleaning losses
(FAO, 2017). This report has indicated that the traditional
farmers’ practices of sorghum threshing as problem in
postharvest operation and a critical grain loss point in the
sorghum postharvest production process of the nation.

Some efforts have been made by different
governmental institutions and non-governmental
organizations in the last three decades to improve the
sorghum threshing method by introducing stationery
threshers adapted or modified from threshers originally
designed for other cereals like wheat and barley. The
threshers locally known as FR-Model thresher, modified
IITA multi-crop thresher, Jimma-multi-crop thresher
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with replaceable cylinder and FARC-multi-crop thresher
were thresher disseminated by different institutions
during last decades and cutrently in use for threshing of
sorghum besides other cereal crops (Samuel Adimasu ef
al., 2014; Husen Abbagisa e al., 2015; Takkalign Badada,
2018). All of them are peg types in their cylinder designed
majoring a key function of impacting action, though they
named as multi-crop threshers (Fu e# @/, 2018) and lack
sufficient components of other key threshing action
required for threshing of different crops.

The modified IITA multi-crop thresher of a relatively
better performance is the most adopted by farmers,
especially in wheat, barley and teff producing areas as
reported by SG-2000 (Samuel Adimasu ef al., 2014).
However, the modified IITA multi-crop thresher itself
has limitations on sorghum threshing as indicated by high
ratio of 9.33% grains remaining with glumes and low
threshing efficiency range of 87.89% to 95% reported for
Muyra sorghum varieties (Ttakkalign Badada, 2018, 2021).
This report indicated that even the maximum efficiency
of 95% was recorded at high speed of 900 rpm that
caused high grain damage on the other way. The FARC
Mult-crop thresher improved for sorghum from IITA
thresher was also reported for threshing efficiency
variation of 88.97% to 97.08% recorded from sorghum
produced in different locations by different farmers
(Abdulaziz Teha ef al., 2020) which means low threshing
efficiency of less than 95% on most of the sorghum types
involved in their study. This drawback could be lack of
the required other threshing action components, mainly
lack application of sufficient rubbing force which is the
important threshing action mostly required in sorghum
threshing (Sale ez a/., 2017).

Different crop types require different threshing actions
(impacting, cutting, pressing, rubbing, twisting, etc) for
the reason that they have different threshing properties
based on the inherent characteristics of a particular crop
type and/or a specific variety the same crop type
(Dhananchezhiyan e al, 2013). Similatly, the cylinder
functional elements are designed majoring a key threshing
action such that rasped bars are for rubbing action, pegs
are for impacting actions, flat spikes are for
cutting/shearing acton, etc and the selecton is
determined by the threshing properties of the specific
crop type and variety (Fu ez al, 2018). Sorghum crop
produced in Ethiopia are generally characterized by
widely diverse types of head structures that ranges from
the highly flexible open types to the closed and compact
type heads owning highly different threshing properties.
Development of a thresher for efficient threshing of these
diverse sorghum types requires designing of special
threshing cylinder consisting systematic arrangement of
various functional elements of different key threshing
actions. The objective of this study was thus, to design,
manufacture and test functioning of the thresher
developed with composite type cylinder using a selected
sorghum variety.
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2. Materials and Methods

2.1 Description of the Thresher and Working
Principle

The thresher was designed for axial threshing system with
radial feed inlet on one side near the axial end of the
cylinder and radial straw outlet on the opposite side near
the other axial end of the cylinder. The crop materials
entered at the inlet moves spirally in the threshing
chamber while the grains are threshed by repeated actions
of different functional elements before reaching the outlet
and thrown out. The threshed grains pass through the
concave holes and flow across the air stream blown under
the concave to removes the chaffs and other light
impurities from the grains. The grains dropped on the
slopping pan slide and flow to the output collection floor.
The thresher has provision for concave adjustment and
sliding engine seat to loosen and tighten the belt.

The main parts of the designed and manufactured
thresher include the threshing cylinder, the concave, the
upper and bottom covers of threshing chamber, the
blower and the main frame for assembling and holding
them together. The isometric view of its assembly is
shown in Figure.l without the cover of its upper
chamber. The thresher was designed and manufactured in
such a way that it can be easily dissembled into parts
(Figure 2) and can be moved to wherever needed and
assembled by any user. There is all also a detachable wheel
system developed for moving the thresher on the farm.
Hence, it can be transported from farm to farm or village
to village in rural areas either by draught animals or by
human labour, easily.

Figure 1. An isometric view of the designed thresher
without upper chamber cover.
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Composite type cylinder

Bottom chamber cover

Machine holder main Frame

Blower with its blades

Figure 2. Main component parts of the thresher designed
with composite type cylinder.

2.2 Design Analysis

The design began with the establishment of the desired
capacity, manageable size and stability during operation,
health and safety, availability of construction materials,
strength, durability and cost. The capacity of the thresher
was decided to be 1.2 t ha™ based on the average yield of
2.69 t ha™! sorghum produced by farmers (CSA, 2021) so
that it can serve an average of 3 farmers per day to address
more farmers in a given village or Kebele within short
seasonal duration before the onset of the small rainy
season. It was assumed that a thresher capable of
efficiently threshing the heads Gubbiye sorghum variety
with the relatively hardest threshing properties can thresh
other types of sorghum heads easily. The key threshing
actions required to thresh sorghum are impacting, cutting,
pressing and rubbing forces (Sale ¢ al, 2017). Based on
this assumption, flat spikes, round pegs, wite loop and
rasped bars type functional elements were selected to
combine functions of the indicated key threshing actions.

2.2.1 Design of threshing cylinder

The length of threshing cylinder is directly related to the
feed rate and it was computed with Eqn.1 (El-Sharabasy
et al., 2007; Yang et al., 2021).

Q =qLR 1

Where, Q = maximum feed rate (kg s™), q = allowable
feed rate per second per meter of cylinder length (kg s~
Im™); L. = cylinder length (m), and R = number of axial
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rows of threshing elements on the cylinder surface. Q and
q of 0.46 kg s7! and 0.095 kg s'm™, respectively were
computed depending on the intended thresher capacity
and average grain to straw ratio of 3.61:1 obtained from
data collected for this purpose from 3 varieties of
harvested sorghum heads. Six rows of key elements were
considered based on the 4 to 8 rows recommendation of
Klenin e al. (1985) for cylinder of cereals thresher.
Inserting these values in Eqn. (1), a cylinder length of 0.80
m was obtained.

The cylinder diameter was determined based on the
cylinder rpm and the peripheral velocity required for
sorghum threshing as given by Eqn. (2) (Sale ez /., 2016;
Idtis ez al., 2018).

_ nDpN

The peripheral diameter of the cylinder was calculated
using Eqn. (3) (Takkalign Badada, 2018).

Dp = (D, + 2Py) ©)

Where, V, = petipheral velocity of the cylinder (m/s), Dy
= peripheral diameter of the cylinder at the tip of the
cylinder elements (m), N = speed of the cylinder (rpm),
D. = diameter of the cylinder at bottom of the pegs (m),
and Py = height of the elements above the closed cylinder
surface (m).

Peripheral velocity of 10 to 12 m s™! was suggested for
sorghum threshing cylinder by Abich ez a/. (2017) after
evaluating at speeds of 8 to 12 m s™. Indris ez a/. (2018)
indicated 10 ms™ speed gave optimum throughput, better
efficiency and lower sorghum grain damage. Muhammad
et al. (2013) recommended tip velocity of 10 m s7! and
angular speed of 500 rpm after evaluating sorghum
threshers of different diameters.

Considering the velocities recommended by different
researchers, 10 m s™' and 500 rpm were selected, and
peripheral diameter (Dp) became 0.38 m using Eqn. (3).
The height of the cylinder elements above the cylinder
surface was determined to be 60.00 mm based on the
measured size of compact heads of the Muyra and Gubbiye
sorghum variety. Inserting this value for Py in Eqn. (3),
the diameter of the closed cylinder (D) was calculated to
be 260.00 mm. The cylinder functional elements were
composed of beater pegs, flat spikes and looped wires
arranged in six rows of axial direction on the cylinder
surface in a systematic order. In addition, three rasped
bars, each having a height of 56.00 mm and a length of
300.00 mm were bolted at angular intervals of 120° on the
outlet side of the cylinder (Figure 3).
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Figure 3. Dimensions of the composite cylinder and arrangement of the key functional elements.

2.2.2 Design of concave

A semi-circular concave was developed from meshing of
4 mm steel wire diameter to cover the bottom half of the
threshing cylinder. The concave mesh holes were 6.00
mm x 8.00 mm depending on the maximum mean of
sorghum grain major diameter value of 5.65+£0.33 mm at
moisture content ranging from 10% to 20% (wb)
obtained from grain physical and mechanical property
measured for 3 varieties with 50 grain samples taken at
intervals 2% moisture differences for each variety. The
concave diameter determined using Eqn. (4) (Sale ez al.,

2016).
Cq =D, +2C, )

Where, Cq = concave curvature diameter (m), Dp =
diameter of the cylinder at tip of the pegs (m), and C. =
cylinder-concave clearance (m).

A maximum of 30.00 mm uniform concave clearance was
considered for the design of the concave to get the
sufficient inlet clearance when installed off-centre and
also assuming future potential use of the thresher for
different crop types of larger grain sizes that resulted in a
concave curvature diameter of 440.00 mm using equation
(4). The concave was hinged off-centre at 50.00 mm inlet
clearance with adjustment system at the outlet side of the
cylinder. Two parallel bolts welded on the frame secured
the concave outlet side with the provision of two nuts on
each bolt used for adjusting the concave clearance
between 5.00 and 30.00 mm, whenever needed.

2.2.3 Determination of power requirement

The total power required at the thresher shaft is the sum
of all powers required to operate different components
and activities performed in threshing the crop. The total
power includes powers required to rotate the cylinder, to
thresh the crop, to overcome bearing frictions and air

resistance to the rotating cylinder as well as the power
required to drive the blower. The power needed to drive
the unloaded cylinder was computed by Eqn. (5) (Olaoye
et al., 2011).

_ 2mNTMg [ V_tz]

P
d 60x75

®)

r

Where, Pq = power to drive empty cylinder (w), N =
cylinder speed (rpm), Mg = total weight of cylinder part
with its pulleys (kg), r = effective radius of the rotating
mass (m), V. = cylinder peripheral speed (m s7!), and g
= acceleration due to gravity (9.81 m s72).

The second is the power required to thresh the crop. This
power includes the impacting force to detach the grain,
the forces to rubbing the crop against the concave and
push the crop materials through the chamber, and the
force needed to overcome friction of crop to crop and
crop to the metal parts. The total of this was given by
Eqn. (6) as used by Ali e al. (2021).

F.=F + F ©)

Where, F. = crop threshing force (N), F; = impact force
(N), F: = crop friction forces (N).
The impacting force depends on the feed rate, the speed

of crop materials and crop friction. It was estimated
according to Chavoshgoli ¢# al. (2019) using Eqns. (7) to

).

Fi=qV-W) )
E. = fF, ®)
V, = aV, O
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Substituting Eqns. (7) & (8) in Eqn. (6) and solving for F.
gave Eqns. (10) and (11).

F=q@V-V) + fE (10)
_ q(av—v1)
Fo=""5— 1mn

Threshing power was obtained by multiplying the
threshing force (F.) by velocity (Vy), (Olaoye e/ al., 2011)
using Eqn. (12).

P, =RV, = ({2 (“1";"1)) v, (12)

Where, q = feed rate (kg s7!), V2 = speed of crop as it
exits off the cylinder tip (m s™),

V1 = speed of the feed as it enters the cylinder (m s71); a
= empirical coefficient,

f = coefficient of friction, and V= cylinder tip linear
velocity (ms).

The exit velocity of the threshed crop (V2) just at the
cylinder tip is usually equal to the linear speed (V) of the
cylinder (Chavoshgoli ez al., 2019) and Vi is very small
nearer to zero when it reaches at the cylinder for manual
feeding, i.e.,, V2 = Viand Vi = 0.

Value of "a" is between 0.70 and 0.85 for cylinder length
of 0.80 m, grain moisture contents between 15.00% and
25.00% (db), and feed rate of 3.50 kg s!. The value of "f"
is between 0.65 and 0.75 for rasp bar and between 0.70
and 0.80 for peg type cylinder (Mohtasebi ef al., 2006). As
the length and moisture were similar, an average of the
range was taken and then extrapolated for the level of our
feed rate that resented in 0.78 for "a". In terms of “f”
average value of both conditions (0.73) was directly used
as our design is composed of both types of the cylinder
elements.

The power given by equation (12) was not enough for
threshing, hence, it needs additional power to overcome
the air resistance against rotation of the cylinder and
friction forces in bearings, and this additional power was
estimated using Eqn. (13) (Chavoshgoli e7 4., 2019).

P = AV, + BV} (13)

Where, P =power to overcome resistances to the cylinder
rotation (w), AV, = power to overcome force of bearing
friction (w), and BVt?> = power to overcome air resistance

(W)
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"A" and "B" atre coefficients of the threshing cylinder
physical properties as described in Mohtasebi ez a/. (2000),
and have values of 0.85 to 0.90 N per 100 kg mass of rasp
bar cylinder and 5.00 to 5.50 N per 100 kg mass of peg
types cylinder for "A"; and 0.065 Ns? m? per m length of
rasp bar cylinder of 0.55 m diameter and 0.045 Ns?>m™

pet m length of peg type of 0.55 m diameter for "B".

Values of A and B were extrapolated based on the given
criterion and values, for the composite cylinder type, with
given total mass and length of 0.80 m and diameter of
0.38 m. The mass of the composite cylinder was
calculated from densities and dimensions of the raw
material used for each component parts, i.e., Galvanized
Iron sheet metal rolled, round iron pipes and wire used
for rasp bars, round iron pegs, flat spikes, wire loops,
shaft and pulleys materials. The weight of the parts was
calculated using Eqn. (14).

M. = pwlt + pnr?h (14)

Where, pwlt = weight of the raw materials item with
rectangular dimension; pmr?l = weight of the raw
materials item with circular (cylindrical) dimension; Mc =
total weight of the threshing cylinder (kg); p = density of
the cylinder part material items (kg m~3); w, 1 and t, width,
length, thickness of flat raw material items used,
respectively (m); and r and h are radius and height of
circular raw material items (m). The first term of the
above equation just after the equal sign stands for
rectangular/flat shaped elements and the second term
stands for cylindrical elements of round/circular shape.
The threshing cylinder total mass was found to be 35.00
kg.

The total power required by threshing unit is the sum
of the power needed for crop threshing as calculated by
equations (12) and the power to overcome frictions forces
as calculated in equation (13) that was added using Eqn.
(15).

P=PR+PR =V (1) + (v +BYY) (1

2.2.4. Design of the cylinder pulleys

Diameters of the pulleys were determined according to
Khurmi and Gupta (2005) from the speed ratio of the
driving and driven pulleys (Eqn. 16). The rpm of the
larger pulley was the design speed of the cylinder and it
was taken 500 rpm. The speed of the smaller pulley is
simply the rated speed of the selected engine.

D
Ry="=2 (16)

Where, R, = pulley ratio; n = cylinder shaft rpm, N
=engine shaft rpm; D = larger pulley diameter (m); and d
= smaller pulley diameter (m).
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Diesel engines with a low-speed of 1400 rpm was found
in local markets and considered for power source of the
thresher. This engine speed should be reduced to the
selected 500 rpm of the threshing cylinder shaft from
which the pulley ratio of 2.80 was calculated. The pulley
diameter range of 114 to 140 mm was indicated from the
A-section v-belt drive standard Table for the fast pulley
turning at the speed of 1400 rpm (Bhandari, 2010).
Accordingly, the average diameter of 125.00 mm was
selected from the standard pulleys table resulting in the
larger pulley diameter of 350.00 mm.

The centre distance of the two pulleys was determined
following the general centre distance principle of D < C
< 3(D +d) suggested by Khurmi and Gupta (2005) and
Eqns. (17) to (19) were used to determine centre distance
and belt length.

C = b+/b%2-8(D-d)?

3 17)

b=2L,— (D +d) (18)
_ n (D-d)?

Le=2C+2(D+d) + - (19)

Where, D = larger pulley diameter (mm), d = smaller
pulley diameter (mm), C = distance between the centres
of the pulleys (mm), and L. = effective length of the v-
belt (mm).

The centre distance of 570.00 mm was determined based
on the general criteria of D < C < 3(D+ d) and the space
available on the frame for installation. The belt with a
standard length of 1910.00 mm obtained nearest to the
calculated value was selected from the A-section v-belt
rating. The contact angles between the belt and the
pulleys were calculated according to Khurmi and Gupta
(2005) with Eqns. (20) and (21); that resulted in 203° and

157° for larger and smaller pulleys, respectively.

6, = 180° + 2sin~ =2 20)

6y = 180° — 2sin™ =2 1)

Where, Op and 04 wete contact angles of the larger and
smaller pulleys, respectively.

2.2.5. Design of cleaning unit

The blower was designed to discharge a blast of cleaning
air through the threshing outputs under the concave. It
requires the air flowing at higher velocity than the
terminal velocity of the chaffs but lower than the terminal
velocity of the grains. Sabar ez a/. (2020) reported terminal
velocities of from 6.18 to 7.99 m s™! for sorghum grains
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moisture content ranging from 8.70% to 21.80% (wb) and
said cleaning air velocity should be some points below the
minimum terminal velocity. The optimum blower air
velocity of 4.68 m s was reported for maximum
sorghum cleaning efficiency of 96.40 % that decreased to
94.40% when velocity increased from 4.68 m s™! to 7.33
m s (Simonyan e/ 4/, 2006). A maximum sorghum
cleaning efficiency of 98.6% was also reported at air speed
of 4.66 m s™! for sorghum that decreased to 98.2% when
air speed increased to 7.82 m s7! (Yayock ez al., 2020).
Hence, air speed 4.67 m s™! was used averaging the two
speeds reported for maximum sorghum cleaning
efficiency since grain moisture were within similar range
in all cases. The rate of airflow desired for cleaning could
be determined from the concentration of the material
entrained by the air () which is defined as the ratio of
the impurity removal to that of air mass flow rate and its
value ranges from 0.20 to 0.30 while the airflow rate
required to remove the impurities can be calculated using
Eqn. (22) according to Bosoi ez al. (1990).

Q== @)

Where, Qa = air flow volume (m3s™); G, = air mass flow
rate (kg s71); pa = air density (1.20 kg m™3),

Gm = impurity to be removed (kg s), and p =
concentration ratio of G, to G,

The Qa value of 0.185 m?® s! was calculated using
equation (22) and taking Gm as 8% for sorghum (El-
Fakhrany ez al., 2017). The actual volumetric air flow rate
(Qa) required at air outlet can be estimated from air
velocity (V,), and cross-sectional area of the air stream
(Chavoshgoli ¢z al., 2019) as given by Eqn. (23).

Qa = VoA = VpdW 23)

However, the theoretical air flow rate has low flow
efficiency of 30% and could be corrected using Eqn. (24)
(Muhammad e# al., 2013).

_ Q4 _ VadW
Qr = 03 03 24)

Where, Qr = theoretical flow rate (m?s™); Qa = actual
flow rate (m?s™); V, = cleaning air velocity (m s71); dW
=A= blade area (m?); d = depth of air stream (m), and W
= width of air stream (m). Hence, Qr value of 0.617 m3
s was obtained from Eqn. (24).
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The width of the airflow stream was the same as the width
of the material flow stream under the concave. Hence, it
is equal to the effective material underflow length of 550
mm. The blower air inlet radius was calculated assuming
that the blower housing was airtight and had no air leaks,
hence air entering and leaving the blower house was
equal, and Eqn. (25) was used to calculate it (Zewdu Abdi,
2007).

Qin = Q4 = mrf (wry) (25)

Where, 1; = radius of air inlet (m), and ® = angular
velocity of the blower shaft (rad/s).

The blower rpm is determined from the suggested
cleaning air velocity, blower shaft rpm and blower blade
tip diameter. The blower shaft running at a maximum
speed of 1000 rpm as suggested for cereal cleaning (Bosoi
et al., 1990). This suggestion resulted with the speed ratio
value of 2 between the blower shaft and threshing
cylinder pulley to rotate at 500 rpm using Eqn. (106).

The minimum diameter of grove pulley available as per
the standard table was 75.00 mm for A-section v-belt at
pulley speed of 1000 rpm and 0.78 kW rated power that
leads to 150.00 mm diameter for the driver pulley on the
cylinder shaft based on the pulley ratio indicated above.
The centre distance between the driving and driven
pulleys of the blower was taken 450.00 mm based on
operation conveniency and available space on the frame.
The belt length calculated for the blower derive system
indicated 1250 mm resulting in contact angles of 160° and
200° on the smaller and larger pulleys, respectively. The
groove angle of the pulleys of 38° was selected from
standard Table A-section v-belts.

The blower blade tip diameter was determined from the
selected cleaning air velocity at the blower outlet and the
rpm of the blower shaft. The ratio of the blower blade
internal diameter or the air inlet diameter (d) to the blade
tip diameter (D) ranges from 0.40 and 0.70, i.e., 0.40 <
d/D < 0.70, according to ASME (Suleiman e al., 2016).
The ratio d to D, of 0.60 was used in this design, hence,
the internal diameter that equal to the inlet diameter (2r;
= 160 mm), then the external diameter, D = d/0.60 =
160.00 mm/0.60. Accordingly, D = 260.00 mm and d =
160 mm were used in the design.

Impeller absolute velocities at inlet (V;) and outlet (Vo)
were calculated using Eqns. (26) and (27), respectively
(Zewdu Abdi, 2007).

mwdN

v = (26)
DN
Vo = 27)
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Where, vi = impeller internal velocity (m/s), vo =
impeller external velocity, and N = blower shaft rpm
(1000).
Tangential components of absolute air velocities were
estimated using Eqns. (28) and (29) (Muhammad e7 /.,
2013).

_ Qa

v = e
_ Ot

1 = ndb, (29)

Where, d = impeller internal diameter (m); D = impeller
external diameter (m), bi = width of the blades internal
side (m); bz = blade external side width. But by and bz
were taken equal for rectangular blade.

The velocities, vi and vz indicate tangential components
of absolute velocities, and vz could be approximated as 20
% of the peripheral velocity of the impeller tip
(Muhammad ez a/., 2013). The power required to operate
the blower was computed as the sum of power needed to
rotate the blower blades with its shaft and pulley, and the
power required to develop the desired pressure head
differences to create the necessary airflow rate. The power
required to rotate 3.60 kg measured weight of blower
blades and its pulley on the shaft assuming no airflow
(Pns) was calculated using equation (5). Inserting the
values, the power needed to rotate the blower with no
airflow was found to be 0.112 kW. The power required to
suck and blow the mass of the air stream at a given
velocity to remove impurities was calculated using Eqn.
(30) (Korpella, 2011; Sale et al., 2017).

P, = PaQ':‘]gHt 30)

Where, P, = power required by the blower (W), o =
density of air (1.20 kg m™ at 20 °C),

Qr = theoretical volume of air discharge rate (m*s™!), g =
acceleration due to gravity (9.81 m s™!), H; = total pressure
head (m), and n = power efficiency of blower, and it varies
between 0.69 and 0.75 (Frank, 1997).

Total pressure head is sum of dynamic and static pressure
heads (Frank, 1997) as Eqn. (31).

H, = hy + hy 31)

The dynamic head of the blower pressure was determined
from Bernoulli’s principle as given by Eqn. (32)
(Schobeiri, 2010).

vé
h d -

= (2
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Where, hg = dynamic pressure head (m), V, = air flow
velocity (m s7!) and g = gravitational acceleration (m*s?);

Hence, hq was calculated using Eqn. (32) to be 1.11m. The
static pressure head depends on the resistance of air and
grain property was calculated by Eqn. (33) as used in
Bosoi et al. (1990).

py = Uk )b (3

Where, k = coefficient, and is 0.80, and hy = static
pressure head (m).

Inserting the values of hq and k in Eqn. (32), static head
h; found to be = 0.63 m. Substituting the values of hy and
hs in Eqn. (30), H; was estimated to be 1.74. Inserting the
value of H; in Eqn. (30), the power needed to blow the air
(Py,) was calculated and found to be 0.03kW.

The total blower power (Pg) = Pa + P, = 0.112kW +
0.025kW = 0.137 kW. Hence, the total power required to
operate the prototype threshing unit (P;) was 2.718 kW.
The total power required to effect threshing and cleaning
was calculated using Eqn. (34).

Pr=P +Pp=(F,+B+P)+Py (34

Inserting the values in Eqn. (34), Pr was estimated to be
2.86 kW.

Tensions (forces) in the belts were determined using
equations adapted from BANDO Chemical Industry
(2018) standard belt design manual as presented below
with Eqns. (35) to (38).

T, = m.v,? (35)
N

Vo =" (36)

m=p.A (37)

Where, T. = centrifugal tension (N); m = specific mass of
the belt (kg/m) = 0.12 kg m™ for rubber,

Vi, = belt velocity (m s7"); d = smaller pulley diameter (m);
N = rpm of smaller pulley (rpm).

p = density of the belt material (kg m™), and A = cross-
sectional area of the belt (m?).

Belt tension ratio could be computed with help of Eqn.
(38).

Ty — euecosec/} (38)
T2
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Where, T1 = tight side belt tensions (N); T2 = slack sides
belt tensions (N); i = coefficient of friction between belt
and grooved pulley surface; © = arc of contact on the
larger pulley (radian); B = half of the pulley grove angle
(degree), and e = base of natural logarithms (2.71828).
The coefficient of friction between pulley material and
belt () was taken as 0.30 (Khurmi and Gupta, 2005)
whereas the density of belt material (rubber belt) was
taken as 1250 kg m™ and the working stress of 2.26
MN/m? was used from power transmission belts’
standard table. The maximum allowable belt tension was
estimated from Eqn. (39).

Tonax = 0.4 (39)

Where, 6 = maximum stress of rubber belt (Nm-2), and
A= belt cross-sectional area (m?)

Effective tension (T.) was calculated using Eqn. (40) or
Eqn. (41).

T,=T, - T, (40)
__1000P;
ORT, = v, (41)

Where, P, = Power transmitted to the driven shaft (kW),
Vi = belt velocity (m s1); Pq = design power (kW), and
Ti=tight side tension (N).

The torque on a shaft was calculated using Eqn. (42).
T,=T,—T))r=Ter (42)

Where, r = radius of the pulley on the shaft (m).

Power transmitted by the belt was estimated from Eqn.
(43).

Pt = qu = Tewr = (T1 - Tz)V (43)

The total power required for threshing unit (Py) is then
sum of all components added as Eqn. (44)

Po=PR o+ P+ B =222 (g +%)| 4

[(2) ve] + [av + BV @)

The design power (Pgq) was obtained by multiplying the
calculated total power (P;) with the service factor (SF),
where its recommended value is 1.20 for small scale
machinery as indicated in BANDO Chemical Industry
(2018). The total design power was calculated using Eqn.
(45).
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Py =SF x P, (45)

Hence, substituting values, Pq= 1.2 x 2.844 kW = 3.43
kW.

Number of belts required to transmit the power to the
cylinder shaft is given by Eqn. (406).

Pg

N, =
b P,

(40)

Where, N, = number of belts; Pq = design power (kW),
and P, = correction power rating (kW).

343kW 1.30 = 2 belts of
3.33x0.8

Substituting values, N, =
A-section.
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2.2.6. Determination of shaft diameter

The minimum diameter of a milled steel shaft that
withstands all applied forces, torques, moments, fatigue,
etc. (Figure 4) with litle or no axial load can be
determined using Eqn. (47) (Aung ez al., 2019).

a3 = ([ (K, Mp)” + (K M,)?) 47)

TTmax

Where, d = shaft diameter, mm; M, = torsional moment,
N mm; M, = bending moment, N mm; K, K, =
combined shock and fatigue factor applied to bending
and torsional moment respectively; Ky, = 1.2 to 2.0; K, =
1.0 to 1.5; and Tmax = the maximum shear stress 55 MPa
for milled steel shaft without the key way and 40 MPa for
the shaft with the key way.

800 \i 150 )
- k

|
4}

R2 ’
W

3

Figure 4. Components of the forces acting on the threshing cylinder shaft.

The torsion on a shaft was calculated from the total power
(Eqn. (44)). Vertical forces were determined from the
weights of the components and belt tensions. Torsional
moment M; can be calculated with Eqn. (48) (Azharuddin
et al., 2010).

_ 60P
T 2nN

M, (48)

Where, P = power required to drive threshing (w), and N
= speed of the shaft (rpm).

The magnitudes of the forces acting on the cylinder shaft
indicated in Fig.4 were determined from the summation
of forces using Eqn. (49) and summation of the bending
moments using Eqn. (50).

YE=0=F+W,+W,+F,+W;+R; +R, (49)

The bending moments on the shaft at about Ry and Ro
were calculated using Eqn. (50).

XM, =YF.X; =0 (50)

The resultant bending moment was calculated using Eqn.
(51) (Azharuddin ez a/., 2016).

My = (My)? + (My)? 5D

Where, My = maximum bending moment on horizontal
(Nm), My = maximum bending moment on vertical plane
(Nm), and Mb = resultant bending moment (Nm).

The loads acting on the cylinder shaft and a summary of
their calculated values used to determine shaft diameter
are given in Table 1.
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Table 1. Calculated values of load acting on the shaft to determine shaft diameter.

Loads Parameters Values

Fy Total belt tension of the cylinder drive 335.25 (N)
Wi Weight of the driven cylinder pulley 10.80 (N)

Ry Reaction force at left side support 548.76 (N)
Ws Total weight of the cylinder at the centre of gravity 338.45 (N)
R» Reaction force at right side support 180.29 (N)
I Total belt tension of the blower dive 38.68 (N)
W3 Weight of the blower driver pulley on the cylinder shaft 5.89 (N)

M, Resultant bending moment 162.26 (Nm)
M Total torsional moment 54.65 (Nm)

Considering k, =1.5 and k. =1.25, and substituting values of moment and torque in Eqn. (47), the diameter of the shaft

was determined as follows

16
d3 = mJo.smm.zmmZ + (1.25x54.65Nm)?

Figure 5. loads acting on the blower shaft.

The loads acting on the blower shaft (Fig. 5), bending and
torsional moments, and shaft size were calculated in
similar ways using equations (47) to (51) that resulted in
milled steel shaft diameter of 18.32 mm and the standard
size of 20 mm was used.

2.3 Manufacturing and Prototype Functionality
Test
2.3.1. Location of the study area

The study was conducted at Fadis Agricultural Research
Centre (FARC) in Eastern Oromia, Ethiopia. The
designed thresher was manufactured in engineering
workshop according to the design and given
specifications. The prototype produced was tested for its
functionality on the research site of the centre using the
selected sorghum wvariety produced on the research
station.

10

d =0.0286 m = 0.03m = 30.00 mm was used

2.3.2. Test materials and facilities

The prototype thresher was tested using the Gubbiye
sorghum variety. Gubbiye variety was selected for the
testing because of its relatively the hardest threshing
properties, particularly for its known large grain ratio
remaining with glumes and high grain remaining on the
straws among the available varieties. It was selected based
on consultations an oral recommendations of sorghum
breeders and farm management experts. Digital
tachometer, digital calliper, oven dry and analytical
balance were some of the laboratory facilities used.

2.3.3.Design and treatments

The thresher was tested at 8.00 mm and 13.00 mm levels
of concave clearance factor, feed rates of 0.79, 1.18 and
1.58 t/h and cylinder speed factor levels of 400, 500 and
600 rpm while the grain moisture was maintained at
14.51% (wb). The experiment was laid in 2x3? factorial
design with 3 replications.
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2.3.4. Dependent variables

The data was collected for the dependent variables which
include the weight grain entered the thresher at inlet, the
unthreshed collected from the straws, the damaged grains
obtained in the samples of the grain output, the threshed
grains collected after passing with the straws and
scattering collected, the grain remained in glumes and
impurities obtained from the samples taken from of the
grain output and the weight of the clean grain obtained
per unit run time of the thresher. The data were converted
into percents using Eqns. from (52) to (56) as indicated in
Abich ez al. (2017) and Idris ez al. (2018).

Threshing efficiency (%) Ty = "% x100 2)
Cleaning efficiency (%) Cy = ~£x100 (53)
Unthreshed grain loss (%) U, = 100 — Tg (54)

Mechanically damaged grain (%) D, = (G;—Dx100 (55)
c

Grains remained with glumes (%) Q, = ‘Z—leoo (56)
c

Where, G; = total grain in the feed (kg); Gu = unthreshed
grain collected (kg); Mi = impurity in the output (g); Ms
= samples taken from output (g); Gp = damage grain (g),
and G¢ = sample taken from clean grain (g).

Design and Development of Cylinder Sorghum Thresher

2.3.5. Data analysis

The collected data was organized as per the design and
subjected to analysis of variance using GenStat 18®
edition statistical software. Ryan/Einot-Gabriel/Welsch
multiple comparison test method was used for
significance of the mean differences at 95% confidence
intervals using the least significant differences (LSD).

3. Results and Discussions

The variance analysis output of the data collected
indicated significant (p< 0.001) effect of the treatments
for variation of main factors’ levels and for variations of
the interactions between different levels of involved
treatment factors.

3.1 Threshing Efficiency and Unthreshed Grain
Loss

The threshing efficiency indicated 98.58% grand mean
with the entire means ranging from 96.15% to 99.52%
(Table 2) which in other ways indicates unthreshed mean
grain loss from minimum of 0.48% to the maximum of
3.85% with grand mean of 1.42%. The minimum
efficiency was obtained at 13 mm concave clearance and
feed rate of 1.56 t h'! for at speed of 400 rpm while the
maximum was recorded at 8 mm clearance, 0.79 t h™! feed
and 600 rpm.

Table 2. Means of threshing efficiency as affected by interactions between concave clearance, feed rate and cylinder speed

levels.

Concave clearances (mm)  Feed rates (t h™!)

Interaction means at different drum speed

400 rpm 500 rpm 600 rpm
8.00 0.79 98.971 defeghi 99.33iK 99.52!
1.18 98.77¢cdefg 99.00¢fghijk 99.14Mijkl
1.56 98.37¢ 98.69def 98.98deghijk
13.00 0.79 97.84b 98.93defehi 99.36
1.18 97.77° 98.52¢d 98.83cdefgh
1.56 96.15 97.69b 98.67¢de

The mean efficiency recorded is far greater than the
threshing efficiency range of 87.28 % to 95.30% reported
(Takkalign Badad, 2021) for the IITA multi-crop
modified for Muyra sorghum variety within speed range
of 500 to 900 rpm, 0.60 to 1.20 t h™! feed rates and 13 to
23 mm concave clearance levels.

3.2 Cleaning Efficiency

The means cleaning efficiency was ranged from 93.46%
to 97.83% indicating grand mean of 95.43%. The means
were increased from the minimum mean at the lowest
speed and the maximum feed rate to the maximum at the
highest speed for the minimum feed level. It was

increasing with increase of cylinder speed and decreasing
with increase in feed rates with no significant effect for
variation in concave clearance levels. The cleaning
efficiency increase from 83.07% at fan speed of 770 to
89.57% at increased speed of 910 rpm reported for
sorghum (Ermias Melkamu, 2019) at constant feed of 12
kg min™! (0.72 t h™) is far lower than our finding with
doubled feed rate and reduced speed.

11
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3.3. Damaged Grain Loss

Significantly different means of damage grains was
observed as affected by variation of the factors’ levels and
the interactions of the factors’ levels for which the entire
means ranged from 0.25% % to 1.07% with grand mean
of 0.77% (Table 3). The means were increasing with
increase of cylinder speed and decreasing with increase in
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concave clearance and feed rates. The means of
mechanical damage recorded were entirely lower than the
sorghum grain damage range of 2.25 to 3.73% reported
(Sale ez al., 2016) with grain moisture increase of 11% to
15% (wb) and decrease of feed rate from 300 to 180 kg
h™.

Table 3. Percent of damaged grains as affected by entire interactions of treatments’ levels.

Concave clearances (mm) Feed rates (th™)

Interaction means at different drum speed

400 rpm 500 rpm 600 rpm
8.00 0.79 0.81fs 0.99hi 1.07
1.18 0.67def 0.76¢f 1.02i
1.56 0.332b (0.58c¢de 0.85f
13.00 0.79 0.51bed 0.84f2 0.98gh
1.18 0.332b 0.47bed 0.71¢f
1.56 0.252 0.39abe 0.56de

3.4. Grains Remained with Glumes

The test result indicated means of grains remained with
glumes ranging from minimum of 2.02% to the maximum
of 4.15%, with grand mean of 3.16%, with and

respectively (Table 4). Increasing of clearance from 8 to
13 mm increased percent of grains in glumes from 3.61%
to 4.15% at 400 rpm and increase of speed from 400 to
600 rpm reduced grains in glumes from 4,15% to 2.25%.

Table 4. Means of grains remained with glumes for clearance and cylinder speed interactions.

Concave clearance levels

Interaction means at different drum speed

400 rpm
8.00 mm 3.61¢
13 mm 4.154

500 rpm 600 rpm
2.98b 2.25
3.48¢ 2.48®

The mean maxim of grain remained with glumes was
recorded at minimum speed of 400 rpm and 13 mm
concave and this is neatly a third of the 9.33% reported
by Takkaling Badada (2018) for the modified II'TA multi-
crop thresher on the Muyra sorghum variety.

4. Conclusion

Testing of the prototype showed a high average threshing
efficiency of 98.58%, with a minimal average grain
damage of 0.77% and a tolerable average of 3.16% in
terms of grains remaining in the glumes. Since the Gubbiye
sorghum variety is characterized by its challenging
threshing properties, this test result implies that the
thresher has good potential for use to thresh efficiently
this variety as well as other sorghum varieties in the
country. Further evaluation of the thresher at different
combination levels of concave clearance, cylinder speeds,
feed rates and grain moisture content treatment factors
are recommended to identify the best combination of
operational settings adjustment that reduce the grains
remaining in their glumes.
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